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Preface ;

The LoanSTAR program has now completed its second prototype year. This report
is Volume II of a two volume set that documents the progress since the January 1991
MARC meeting.

This second volume contains papers and supporting material prepared by the
LoanSTAR staff and faculty at Texas A&M University, as well as other supporting
material.

The first volume contains photocopies of the material presented at the Monitoring
and Advisory Review Committee (MARC) meeting held in Austin, Texas, on
August 19-20,1991. j

This material is intended to be for discussion purposes only. j :
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Improving Energy Conservation Retrofits
with Measured Savings.

David Claridge, Jeff Haberl, Dennis O'Neal, \ \
Warren Heffington, Dan Turner,

Mechanical Engineering, Texas A&M University

Carol Tombari, Mel Roberts, Steve Jaeger,
Texas Governor's Energy Office

ABSTRACT

Early results from a $98.6 million revolving loan program are demonstrating that
energy conservation retrofit programs can be significantly improved by installing
data acquisition systems to measure savings. With the advent of affordable multi-
channel, microprocessor-based data loggers such systems can be cost effectively
installed in larger buildings at the whole-building (and sub-metered) level for a
short period of time before the retrofit is installed and remain in place to measure
the retrofit energy savings. Often, such systems can even pay for themselves by
helping to identify operation and maintenance problems - an added bonus for
facility managers who are increasingly faced with tightened budgets. This article
provides an overview of a large state-wide program in Texas and presents early
results from measured savings of a VAV retrofit.

Introduction

In 1988 the Governor's Energy Office (GEO) of Texas established a $98.6 million
state-wide retrofit demonstration revolving loan program called the LoanSTAR
(Loan to Save Taxes and Resources) program. The LoanSTAR program uses a
revolving loan financing mechanism to fund energy-conserving retrofits in state,
public school and local government buildings. A unique feature of the program is
the Monitoring and Analysis Program (MAP) which has been established to
measure and report the energy savings from the retrofits - a quality assurance
measure to insure that agencies purchasing retrofits receive real savings from the
retrofits. This article provides a brief overview of the program (the LoanSTAR
box at the end of the article contains additional information) and discusses
measured savings of a VAV retrofit in one of the first agencies to participate in the
program, a large Engineering Center located in central Texas.

Current Status.

Many of the agencies participating in the program have previously received
assistance from the GEO. From 1984-86, approximately 100 facilities with 34.4

million f t^ (32 million nfi) were audited under the State Energy Conservation

Program. An additional 10.8 million ft2 (1 million m^) in 27 facilities were audited
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by the LoanSTAR program in 1989-90. A monitoring plan is developed for each
retrofitted facility to verify savings. Verification of savings includes measurement
of consumption data before and after the retrofit, and analysis of the data to
account for weather, changes in operation of the building, and so on.

Currently, the 33 buildings now being monitored range in size from a physical

plant of 10,000 ft2 (930 m2) to a large university library of 485,000 ft2 (45,000 m2)

with an average size of 232,000 ft2 (21,529 m2). Nearly all of these buildings have
heating and cooling supplied from central plants located outside the individual
buildings. The 33 buildings include nine office buildings which are primarily
government offices in the Texas state capitol complex in Austin, 11 multipurpose
university buildings which include classrooms, offices and laboratories, and 10
classroom/off ice university buildings which lack laboratories.

Over two-thirds of the $13,866,266 in retrofits scheduled for installation (or
already installed) in these buildings are HVAC system retrofits (primarily
conversions to VAV systems) or variable speed drive conversions as shown in
Table 1 and Figure 1. The remaining 31 percent of the retrofits are distributed
among lighting (incandescent to fluorescent, reflector installation), EMCS
installations or upgrades, and chiller, boiler and pumping system retrofits. All
except the pumping system and chiller retrofits are projected to have paybacks
between two and four years, with an average of 3.0 years over all 33 buildings.

Four levels of metering systems have been developed for the energy monitoring
program. These accommodate the necessary data requirements with the funds
available for monitoring retrofits and are compatible with different hardware
available on the market. The four levels are:

Level 0: FacUity/Whole-building(s) Utility Data. These data range
from monthly consumption data, based on utility bills, to weekly or daily utility
rnetered data. Such data are useful for separating consumption into heating,
cooling, and non-weather related consumption (e.g. water heating). A substantial
portion of retrofits in schools and local government buildings are expected to fall
within this category.

Level 1: Whole-building and Limited Sub-metering Hourly Data.
Level 1 utilizes one to four channel Data Acquisition Systems (DAS) or data
loggers, and captures hourly whole-building thermal and electric measurements. In
some cases, one or two sub-metered channels are included.

Level 2* Moderate Sub-metered Hourly Data. This level has all the
capabilities of the first two levels and also enables more detailed analysis for
identifying the savings from specific retrofits and pinpointing building operational
problems. Moderate sub-metered DASs are simple four to twenty channel
systems.

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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Level 3: Detailed Sub-metered Hourly Data. These systems typically

include at least 20 channels of data. Given current costs for these systems, they
are cost-effective only in large buildings and groups of smaller buildings.

Over 600 channels of hourly information are being collected from 33 sites at an
average cost of $1500 - $2500 per channel. Thermal metering and large
aggregations of electrical panels tend to dramatically increase the price per
channel. Typical installation time is about 6 to 10 weeks from the approval of the
loan and metering plan by the GEO to the collection of the first hourly records.
All of the current sites use Level 1 metering or higher with two-thirds using Level 2
data loggers. The data logger level is primarily influenced by the cost of the
retrofit. The type of retrofit measures (ECRMs) installed has little influence on
the selection of data logger level. More details are given in O'Neal et al. (1990).

Calibration Laboratory.
J

The accuracy of installed sensors is key to a successful energy monitoring project
Data obtained for this project must be accurate to maintain confidence and
reliability. In order to assure that accurate data are collected, a National Institute
of Standards and Technology (NIST) traceable calibration laboratory is being
established at the Energy Systems Laboratory at Texas A&M University. This
calibration facility includes the capability to measure dry-bulb, wet-bulb, and dew-
point temperature, humidity, air and hydraulic pressure, air and liquid mass flow
rates, air velocity, RPM, illumination levels, electrical energy, power factor, and
solar radiation. Typically the calibration accuracy is 2 to 10 times more accurate
than the sensors being tested (as recommended by national calibration standards).
Figure 2 is a photograph of the flow loop test facility where different types of flow
meters can be calibrated against the actual weight of the water that is passing
through the pipe. O'Neal et al. (1990) provides additional detail.

Acquiring and displaying the data.

Data are retrieved from the field recorders by polling with a modem over the
phone lines. This process is performed weekly, since the recorders store a fixed
amount of data before exhausting their memory and overwriting previously
recorded information. The resulting data files, which vary in format, are
converted to a standard format and archived into permanent storage on a UNIX-
based server. Analysis workstations access the data from the server for testing and
developing energy use models. Figure 3 provides a summary of the data collection
effort. Figure 4 provides a summary of the data collection statistics. Each week
about 2 MBytes of data are collected.

One of the key objectives of the program is to reduce energy costs by identifying
operational and maintenance improvements (see the LoanSTAR box). This

July 1991. Fa-discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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requires communication with and cooperation of facility engineers and building
operators. A key part of this process is the publication of a six page Monthly
Energy Consumption Report which is sent to every building. This report
summarizes energy consumption in different categories (electricity, heating,
cooling) and savings and provides comments on the past months performance.
Plots of daily heating and cooling energy as a function of ambient temperature are
provided along with time-series plots of hourly electricity use, heating, cooling,
ambient temperature and relative humidity such as that shown in Figure 5. This
figure shows the hourly electricity consumption for the Engineering Center in the
top trace which shows typical daily and weekly patterns with a base-level of
consumption approximately 70 percent of the peak. The lower traces show a
constant 120 kW consumption for a super computer in the building and a nearly
constant 350 kW load for the air handlers (also shown in Figure 8). There are some
dips in this trace due to construction activity which was converting the constant
volume dual-duct system to a variable volume system during this period. The third
trace shown is lighting and receptacle loads for the building. Nearly all of the
variation occurs in this portion of the load.

Three dimensional plots of electricity consumption are also provided in the lower
half of Figure 5. These plots show days of the month for two months along the
horizontal axis and hour of the day going into the paper. This figure shows lower
consumption during the first two weeks of January (the right hand side of the
figure) when classes were not being held due to semester break. Compiled files of
all data collected are also made available to facilities personnel along with data
exploration software so they can readily examine time series and cross plots of any
data collected.

Analysis Approach
i . • •

The engineering savings estimates for the LoanSTAR retrofit measures rely on
numerous assumptions made by the auditors. Most audits rely on estimates of
electrical gains, building schedules, and lighting schedules. Reliable data obtained
from monitored retrofits can be used to verify audit assumptions. In some cases
this may lead to recalculated savings estimates. A procedure is being developed
for "calibrating" the inputs used by the DOE-2 building simulation program.
Because this program is large and time-consuming to use, it is being restricted to
certain large installations.

Determination of overall cost savings require a standard evaluation technique
which can be applied to all buildings. Since data from many buildings is limited,
PRISM (Pels 1986) and SAS regressions (SAS, 1989) which require only whole-
building daily data and daily weather data, are used as the standard evaluation
techniques. More detailed approaches are explored when the available data

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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warrants or as required to adequately determine overall savings. An extensive
description of the analysis approved is given by Claridge et al. (1990).

Analyzing the savings due to individual retrofits varies from use of simple on-off
tests to cases which require the use of sophisticated techniques that incorporate a
more extensive set of influencing parameters and building characteristics. Models
which incorporate building schedules (Katipamula and Haberl, 1991), segmented
linear change point models (Ruch and Claridge, 1991), and sophisticated statistical
techniques such as principal component analysis (Ruch, et al.., 1991) are being
investigated for these applications. Time series methods, thermal lag models and
single-valued decomposition are also being examined.

Procedures Used for Retrofit Savings Analysis

The procedure used to determine energy savings resulting from energy conserving
retrofits relies on the use of a model for the daily consumption, Ep r e of the

building in the pre-retrofit configuration. Ep r e is typically a function of primary

influencing parameters such as ambient temperature, humidity, building
occupancy, etc. Following the retrofit, the energy saved, Es a v e is determined using

the measured daily consumption, Ejjjg^, as

where the temperature, T, is the measured ambient temperature on the post-
retrofit day for which Egave is being determined and likewise for any other

variables, xj, influencing Ep r e . Most of the buildings in the LoanSTAR program

use pre-retrofit data to determine a physical/empirical regression model for Ep r e .

If there is insufficient pre-retrofit data to adequately define a pre-retrofit model,
Ep r e may be determined using on-off experiments or calibrated simulation models.

Three or four pre-retrofit models are developed for each building with adequate
data. Models typically developed include ones for: 1) whole building electric
consumption, Elp re, 2) whole-building hot water or condensate, HWpre, 3) whole-
building chilled water, CHWpre, and possibly 4) sub-metered air handler
electricity, AHUpre.

Preliminary Retrofit Savings Analysis

Retrofits have been completed on three buildings. Preliminary savings results for
one of these buildings which has over a year of pre-retrofit data are presented.
Very little pre-retrofit data are available for the other two buildings. Calibrated

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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simulation models are being developed for these buildings in conjunction with use
of on-off tests to determine the retrofit savings.

Engineering Center Retrofit Savings. A large 325,000 ft2 (30,000 m2) engineering
center on the Texas A&M campus which contains classrooms, offices, computer
facilities and laboratories has been monitored since May, 1989 (Figure 6). The
Engineering Center is supplied with chilled water and hot water from the central
plant on campus. Heating and cooling in the building were supplied by 12 large
dual-duct constant volume air handlers prior to conversion of these air handlers to
dual-duct variable air volume (VAV) systems. Data available for this building
include whole-building electric, air handler electric, chilled water and hot water
consumption. The last three are used to determine the retrofit savings.

A representative period of pre-retrofit data was determined to be October 1,1989
to November 27,1990 after which the data began to show changes due to retrofit
construction activity. Hourly data for this period was summed to daily totals.
When less than 24 hourly readings were available for a single day, the entire day's
data were discarded. Daily chilled water and hot water consumption were
regressed against average daily outside air temperature. The average daily outside
air temperature was calculated as the average of the daily minimum and daily
maximum temperature recorded by the National Weather Service station located
at the Easterwood Municipal Airport in College Station. The regression equations
determined for pre-retrofit chilled water and hot water energy use are:

where T is the temperature in C and CHWpre andHWpre are given in units of

GJ/day.

Figure 7a shows the CHW consumption plotted as a function of ambient
temperature. The Model CHWpre is plotted as triangles with the CHW measured

during the construction period (November 28,1990 - March 4,1991) plotted as
open squares and the post-retrofit data for March 5,1991 - April 30,1991 plotted
as filled circles. It is clear that while some savings were realized during the
construction period, there was a dramatic increase in the daily savings after the
retrofit was completed. Some of the post-retrofit savings appear to be continuing
construction activity following system start-up.

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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Figure 7b provides a similar plot of HW consumption versus ambient temperature:
HWpre is plotted as triangles, HW during construction as open squares and post-
retrofit HW as circles. It is evident that there are no consistent savings during the
construction period, but that consistent, though relatively small savings follow the
retrofit.

Two motor control centers supply power to all the air handler units and pumps for
the hot water and chilled water. Electricity use by the motor control centers
remained relatively constant throughout the pre-retrofit period. The average
consumption of the air handler units was determined to be:

The VAV system was installed during the period November 27,1990 to March 4,
1991. Interestingly, the construction activities resulted in shut down of air handlers
and modifications to supply boxes so that savings appeared before the retrofit was
complete. A preliminary estimate of savings realized for December, 1990 - April,
1991 are given in Table 2. The savings for March include savings attributable to
construction as well as normal VAV savings.

Figure 8 shows the Motor Control Center electricity consumption for November
14,1990 - April 30,1991 with the pre-retrofit level shown as a horizontal dotted
line. The MCC powers air handlers almost exclusively. During the construction
period, there were numerous periods when one or two air handlers were shut down
for construction and often turned back on at night. On March 5,1991 consumption
dropped precipitously to less than half the previous value when the variable speed
drives were turned on. Subsequent consumption varies as a function of the system
requirements. .

The total electricity savings of 262,439 kWh correspond to cost avoidance of $7326,
the CHW savings of 13,916 GJ to cost avoidance of $61,608 and the HW savings of
636 GJ to cost avoidance of $2857. Hence, 86% of the cost savings to date for this
system are the result of chilled water savings. The savings realized are
approximately equal to those predicted before the retrofit by an hourly simulation
of the building and systems using the DOE-2 program.

CONCLUSIONS

This article has presented an overview of the Texas LoanSTAR program and
discussed measured savings from a VAV retrofit in an agency which is
participating in the program. It describes the organization of the LoanSTAR
Monitoring and Analysis Program, program objectives, equipment installation
and calibration procedures, and analysis techniques. During the first two years of

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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the program, 33 buildings have been instrumented and are now providing over 2
megabytes of data per week from over 600 data channels. The first retrofits in the
program were completed in January 1991, and preliminary analysis of post-retrofit
data through April 1991 from one site shows savings of over $80,000 which is
consistent with pre-retrofit audit estimates of the savings which would be realized
from the VAV conversion of a large engineering center.

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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Table 1: Summary of ECRMs for Buildings Being Monitored
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Table 2: Electricity, chilled water and hot water savings for VAV system installed in
Engineering Center.

July 1091. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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Figure 1: Summary of ECRMs for BuUdings Being Monitored. Values tabulated in Table 1
are presented in this figure to better illustrate the significant percentage of retrofits that are HVAC
and variable speed (VSD/VSP) conversions.

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.



DRAFT Clarldge et al. p. 13
Figure 2: Photo of the flow loop calibration facility. An important part of the monitoring
program has proven to be the calibration laboratory. This facUity serves as a test bed where
different types of sensors are certified and calibrated. The flow loop calibration facility is shown in
this photo. The accuracy of flow meters is tested in this facUity by comparing manufacturer's flow
rates to the actual weight of the water that has passed through the flow meter as measured by strain
gauges under the receiving tank.

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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Figure 3: Data collection summary. This figure gives a breakdown of the data collection efforts
for 33 of the agencies participating in the program. At any given moment roughly l/>00 channels (2
Mbytes/week) of information are being recorded as indicated. The largest portion of information
being collected is supplemental weather data (732 channels) obtained from the NWS over the
campus internet. Whole-building and sub-metered electricity use (251 channels), and whole-buMing
thermal energy use (92 channels) are the primary means used for assessing retrofit energy savings.
The database overhead represents date and time stamps for each hourly record.

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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Figure 4: Data collection summary statistics. Quite often project administrators have no idea
about how much data to collect or how that data will grow over time as new buildings come on line.
This figure graphically depicts both the number of sites for which data are being collected and the
size of the cumulative data base. Currently, about lj600 channels of hourly data are collected from
4 dozen buildings and 75 weather stations which increases the data base by about 2 Mbytes each
week .

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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Figure 5: Typical Monthly Agency Report. This figure has been extracted from several different
pages of the monthly report for the Engineering Center. The upper portion of the figure presents a
time series trace of the whole building electricity use (upper line), the derived lights and equipment,
the air handler electricity use, and the electricity use by a supercomputer located in the building.
The lower half of the figure is a 3-D plot of the energy use where the days of the month are located
along the x-axis and the time of day extends into the page. The energy use is then represented as the
height of a given point on the surface above the x-y plane.

July 1991 . For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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Figure 6: The Engineering Center. This engineering center is one of the first state agencies that
borrowed money to replace aging constant volume AHUs with more efficient VAV units. Measured
savings in the first four months amounted to $72000 which is approximately equal to those
predicted before the retrofit by an hourly simulation of the building and systems using the DOE-2
program. Quite surprisingly, the measured data also showed that construction activities amounted
to a sizeable portion of these early savings.

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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Figure 7a: Chilled water consumption plotted as a function of average daily ambient
temperature. The model for pre-retrofit consumption is shown with triangles while measured
consumption during construction and post-retrofit consumption for March-April, 1991 are shown as
squares and circles respectively. <

July 1991 . For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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Figure 7b: Hot water consumption is plotted as a function of average daily ambient
temperature. The model for pre-retrofit consumption is shown with triangles while measured
consumption during construction and post-retrofit consumption for March-April, 1991 are shown as
squares and circles respectively.

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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Figure &- Motor Control Center electricity use which is almost exclusively air handler use is
shown for November 14,1990 - April 30,1991. The horizontal dotted line shows average pre-
retrofit MCC use.

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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The Texas LoanSTAR Program:
A $98 Million Conservation Fund for Government Buildings.

In 1988 the Governor's Energy Office (GEO) of Texas received approval from the U.S.
Department of Energy to established a $98.6 million state-wide demonstration revolving loan
program called the LoanSTAR (Loan to Save T_axes And Resources) program. Initial capitol for
the program came from oil overcharge funds. The LoanSTAR program uses a revolving loan
financing mechanism to fund energy conservation retrofits in state, public school and local
government buildings. Retrofit projects are identified by energy audits conducted by engineering
teams under contract to the GEO. Each retrofit competes for funds on the basis of the estimated
payback period, ability to repay the loan through energy savings, engineering assessment of the
viability of the retrofit, and the feasibility of metering the project effectively. Loan repayment
schedules differ according to the payback period estimated by the audit of each facility.
Repayments are made semianniially at a 4.04-percent interest rate.

A unique feature of LoanSTAR is the Monitoring and Analysis Program (MAP). The
LoanSTAR MAP is responsible for: (1) installing and maintaining data acquisition equipment to
monitor the retrofit savings; (2) developing a state-wide computerized network (MAPnet) and
public domain software for acquiring and archiving the information; (3) developing methods for
analyzing and reporting energy savings; and (4) establishing an end-use data base for institutional
and commercial buildings in Texas.

The major goals of the LoanSTAR MAP are to: (1) verify energy and dollar savings of the
retrofits; (2) reduce energy costs by identifying operational and maintenance improvements; and
(3) improve retrofit selection in future rounds of the LoanSTAR program. The LoanSTAR
MAP is administered through the Governor's Energy Office (GEO) ~ formerly the Governor's
Energy Management Center (GEMC) - and conducted primarily at the Energy Systems
Laboratory at Texas A&M University. A Monitoring and Analysis Review Committee (MARC)
has been established to provide ongoing contact with other energy monitoring and analysis efforts
to ensure incorporation of applicable technologies and results from those efforts. Organizations
with participants on the MARC include the U.S. Department of Energy, the Electric Power
Research Institute, Lawrence Berkeley Laboratory, the Pacific Northwest Laboratory, Oak
Ridge National Laboratory, the Solar Energy Research Institute, Princeton University, MIT,
the University of Texas, and representatives from Texas utilities.

The primary work for the MAP has been divided into five tasks which include: (1) audit review
and assignments; (2) hardware installation and maintenance, (3) an equipment and hardware
calibration facility, (4) a communications test bench and technical support; and (5) energy
monitoring analysis and reporting. Each of the five primary tasks utilizes subcontractors as
needed to complete the work in a timely fashion.

Currently, the program is monitoring 1600+ channels of hourly data from over four dozen
buildings, and seventy-five weather stations, using public domain polling procedures that collect
information from microprocessor-based field data recorders supplied by several manufacturers,
and weather data from several weather networks. Additional information concerning the
program can be found in Verdict et al. (1990), Turner (1990), Nutter et al. (1990), O'Neal et al.
(1990), Haberl et al. (1990a;1990b), Claridge et al. (1990), Ruch et al. (1991), Ruch and
Claridge (1991), Katipamula and Haberl (1991), and Haberl et al. (1991).

July 1991. For discussion only. To be presented in the Nov.1991 ASHRAE Journal.
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THE TEXAS LOANSTAR REVOLVING LOAN PROGRAM.

The Texas LoanSTAR is a low-interest loan program that funds energy efficient retrofits in pubfic
sector institutions. This program is designed to demonstrate commercially available energy efficient
technologies and techniquews adn is funded with a portion of Texas' oil overcharge funds. AD local
government, state agencies, schools and state-owned buildings are eligible. Measures recommended
by an approved engineering audit with an estimated payback of approximately four years or less are
eligible for loans. The maximum loan to a local government or ISD is $1.2 million. The maximum
loan to a state agency or institution is $4.8 million, state agencies may borrow an additional $12
million with a 50/50 cash match requirement. The minimum loan amount is $100,000 per institution.

Figure 1: The Texas LoanSTAR Program. As of August 1991 over ???? agencies are participating
in the Texas LoanSTAR revolving loan program. Wouldn't you like to see your agency become part
of this program. NOTE: I was thinking of having the Texas State seal in the background in a tight
color with the map of Texas showing the LoanSTAR agencies and weather stations overlaid in black
print.

August 5, 1991. D : (6 page) brochure for the Texas LoanSTAR program.
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Figure 2: Example Agency - The Zachry Engineering Center. One of the first buildings to
participate in the LoanSTAR program was the Zachry Engineering Center on the Texas A&M
Campus. This large 324,000 square foot multipurpose building is saving as much as $25,000 per
month from a LoanSTAR-financed retrofit that replaced 12 aging, air-handling units with more
efficient variable-speed drives.

August 5, 1991. Draft (6 page) brochure for the Texas LoanSTAR program.
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Figure 3: LoanSTAR Monthly Consumption Report. One of the innovative aspects of the
LoanSTAR program is the Monthly Consumption Report. This report is supplied each month to
agencies that participate in the LoanSTAR program. The graphs in this figure are two that were
produced for the Zachry Engineering Center in March 1991. The upper line in the upper graph
shows total electricity use, the next trace is the electricity used by tights and equipment, followed by
the electricity used by the air handlers and finally, the electricity used by a large computing facilities
in the building. The lower graph shows electricity use as a function of the day of the year and the
time of day. This type of graphic feedback makes it easy for the agency administrators to spot
changes in energy consumption. For example, in this building the new energy efficient air-handling
units were switched on about March 19, resulting in a 120 + kW electricity savings.

MctttUj tmttq Comnnptkm Report©

LtuSTAl U°»iue.| k A . * * Fnfna » " AfcM V»*~»*IJ

August 5, 1991. Draft (6 page) brochure for the Texas LoanSTAR program.
i • .
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Figure 4: LoanSTAR data browsing software.Tbe LoanSTAR program is geared toward providing
the best feedback that agency operators can use to help them make better day-to-day energy-related
decisions. At the request of several of the agency administrators that are participating in the
LoanSTAR program special-purpose software was identified that would allow agencies to directly
browse through the data base and create their own graphs. Each month diskettes containing the data
base are sent out with the Monthly Consumption Reports. This browsing capability puts the data into
the hands of the people that can use it the most — the agency administrators and building operators.
NOTE: I was hoping to have one of the Voyager plots from a UT building here...

August 5, 1991. Draft (6 page) brochure for the Texas LoanSTAR program.
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Figure 5: LoanSTAR Cash Flow Diagroms.Tbe key features LoanSTAR's low-interest loan
program are shown in these figures. The 4.04 percent loans are repaid from the savings generated by
the retrofits within the payback period (usually 4 years). Payments are due back to the Governor's
Energy Office every six months and are based on engineering estimates of energy savings. Monthly
feedback from the LoanSTAR Monitoring and Analysis Program (MAP) provides added insurance
that the savings are accruing long before the payments are due. The lower graph shows the payment
schedule for the Zachry Engineering Center. The measured savings clearly show that the monthly
energy savings are exceeding the first 6 month payment.

Retrofit Installed

4 Year poybock Period

Augusts, 1991. Draft (6 page) brochure for the Texas LoanSTAR program.
i



Figure 6: LoanSTAR Conservation Measures. LoanSTAR energy conservation measures are very
diverse. As can be seen in this figure, many different types of energy conservation measures are
being funded. Lighting retrofits are the most effective measures (25.9%), followed by retrofits to
boilers (18.6%), chillers (12.9%), energy management systems (11.7%), variable speed drives
(10.8%), and a host of others. The table that follows fists some of the agencies that are participating
in the program.

I
Some of the Agencies Already Participating in the LoanSTAR Program

August 5, 1991. Draft (6 page) brochure for the Texas LoanSTAR program.

For more information about the Texas LoanSTAR program contact:

The Texas Governor's Energy Office
Texas LoanSTAR Program

P.O.Box 14248, Austin, TX 78711
(512)463-1931
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The Texas LoanSTAR Program: Early Measured Savings

ABSTRACT

D.E. Claridge
J.S. Haberl
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The Texas LoanSTAR Program is a $98.6 million dollar revolving loan program funding energy
conserving retrofits in state government buildings and schools in Texas. A unique feature of the
program is the installation of data acquisition equipment to monitor the energy use of the larger
buildings for a short period of time before the retrofits are installed and subsequent to the retrofits.
Over two megabytes of data are currently being acquired from 33 buildings every week. Installation of
the first retrofits was completed in January, 1991. This paper describes the overall program with
emphasis on the monitoring and analysis effort being conducted at Texas A&M University. The
overview describes the types of data acquisition systems used, calibration procedures, data acquisition
and archival procedures followed and the general analysis procedures implemented. Measured savings
are reported for the first building with a completed retrofit for which pre-retrofit data was collected.

INTRODUCTION

Background

The Governor's Energy Office (GEO) of Texas established a S98.6 million statewide retrofit
demonstration revolving loan program in 1988 called the LoanSTAR (Loan to Save laxes and
Resources) program. The LoanSTAR program uses a revolving loan financing mechanism to fund
energy-conserving retrofits in state, public school and local government buildings. Retrofit projects are
identified by energy audits conducted by engineering teams under contract to the GEO. Each retrofit
competes for funds on the basis of the estimated payback period, ability to repay the loan through
energy savings, engineering assessment of the viability of the retrofit, and the feasibility of metering the
project effectively. Loan repayment schedules differ according to the payback period estimated by the
audit of each facility.

Objectives of the Monitoring and Analysis Program

The LoanSTAR Monitoring and Analysis Program (MAP) was designed to serve the differing needs of
the many participants in the LoanSTAR revolving loan program. The energy monitoring program's first
objective is to determine whether retrofits save as much as estimated in audits. A monitoring plan is
developed for each retrofitted facility to verify savings. Verification of savings includes measurement
of consumption data before and after the retrofit, and analysis of the data to account for weather,
changes in operation of the building, and so on. This is a quality assurance measure to insure that
agencies purchasing retrofits receive real savings from the LoanSTAR retrofits.

The second objective of the MAP is to reduce energy costs in a building by evaluating its energy-using
characteristics to identify operation and maintenance problems. Previous experience at several
universities and at a large federal office building in Washington, D.C., has demonstrated that
continuous energy monitoring and analysis can lead to changes in operation and maintenance that
substantially reduce energy use in a building (Haberl and Claridge 1987; Haberl and Vajda 1988;
Haberl and Komor 1989).

Some retrofits may prove more effective and others less effective than expected. This knowledge
enables engineers who perform future audits to make more cost-effective recommendations. Hence, the
third objective is to increase the cost-effectiveness of future rounds of the LoanSTAR program by
screening out ineffective retrofits and improving energy retrofit calculations.

The final major objective of energy monitoring is the establishment of an end-use data base for
institutional and commercial buildings in Texas. The number and types of buildings in LoanSTAR for



which detailed data will be available will be limited, so data should be considered a supplement to
existing data bases. It will include data to evaluate retrofit effectiveness in a large number of buildings
in hot and humid climates. These data can be used by utility planners, building research scientists, and
government policy makers. A more detailed description of the energy monitoring and analysis program
is available in the papers by Verdict, et al. (1990), Turner (1990), and the report by Claridge et al.
(1989).

THE MONITORING AND ANALYSIS PROGRAM

Organization

The LoanSTAR MAP is administered through the Governor's Energy Office (GEO)
-- formerly the Governor's Energy Management Center (GEMQ - and conducted primarily at the
Energy Systems Laboratory at Texas A&M University. A Monitoring and Analysis Review Committee
(MARC) has been established to provide ongoing contact with other energy monitoring and analysis
efforts to ensure incorporation of applicable techniques and results from those efforts. Organizations
with participants on the MARC include the U.S. Department of Energy, the Electric Power Research
Institute, national laboratories, universities, and utility representatives.

Tasking and Status |

The primary work for the MAP has been divided into five tasks (Figure 1), which include audit review
and assignments, hardware installation, a calibration facility, systems communications bench test, and
energy monitoring analysis and reporting and technical support to the tasks. Each of the Sve primary
tasks utilizes subcontractors as needed to complete the work in a timely fashion.

The 33 buildings now being monitored (see Table 1) range in size from a physical plant of 930 m2 to a
large university library of 45,000 m2 with an average size of 21,529 m2. Nearly all of these buildings
have heating and cooling supplied from central plants located outside the individual buildings. The 33
buildings include nine office buildings which are primarily government offices in the Texas state
capitol complex in Austin, 11 multipurpose university buildings which include classrooms, offices and
laboratories, and 10 classroom/office university buildings which lack laboratories.

Table 1: Types and sizes of buildings monitored in the LoanSTAR program

Over two-thirds of the $13,866,266 in retrofits scheduled for installation (or already installed) in these
buildings are HVAC system retrofits (primarily conversions to VAV systems) or variable speed drive
conversions as shown in Table 2. The remaining 31 percent of the retrofits are distributed among
lighting (incandescent to fluorescent, reflector installation), EMCS installations or upgrades, and
chiller, boiler and pumping system retrofits. All except the pumping system and chiller retrofits are
projected to have paybacks between two and four years, with an average of 3.04 years over all 33
buildings.
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Table 2: Summary ofECRMsfor BuUdings Being Monitored

Task 1: Audit Review and Assignment

The GEO has contracted with 11 engineering consulting firms to conduct audits for the LoanSTAR
program. An audit firm is assigned to each building based on expertise, geographical location and
workload. Task 1 personnel then conduct an independent review of all energy audit reports submitted
by the consulting engineering firms under contract to the GEO. Reports are reviewed for use of
appropriate technology, conceptual correctness, adequacy of implementation cost data, numerical
accuracy, and compliance with program guidelines. The major functions of this task include: review
of preliminary on-site screening reports, desktop audit reviews, conducting meetings with the
engineering consulting firms, and developing audit format training workshops. A more extensive
description of these activities is given in Nutter et al. (1990).

From 1984-86, approximately 100 facilities with 3.2 million square meters of space were audited under
the State Energy Conservation Program. An additional 1 million square meters in 27 facilities were
audited by the LoanSTAR program in 1989-90.

Task 2: Selection and Installation of Monitoring Systems

I
This task ensures that adequate, reliable and affordable data are collected to monitor energy use of the
buildings participating in the LoanSTAR program. Data collected from the buildings serve as the basis
for determining the cost-effectiveness of different retrofits as well as providing indices of how well an
individual building is performing. The major functions of this task include: determination of metering
requirements, data acquisition system subcontractor qualification and selection, and supervision of
subcontractors who install and maintain the metering systems.

Four levels of metering systems have been developed for the energy monitoring program. These
accommodate the necessary data requirements with the funds available for monitoring retrofits and are
compatible with different hardware available on the market The four levels are:

Level 0: FacilitylWhole-building(s) Utility Data. These data range from monthly consumption data,
based on utility bills, to weekly or daily utility metered data. Such data are useful for separating
consumption into heating, cooling, and non-weather related consumption (e.g. water heating). A
substantial portion of retrofits in schools and local government buildings are expected to fall within this
category. .

Level 1: Whole-building and Limited Sub-metering Hourly Data. Level 1 utilizes one to four channel
Data Acquisition Systems (DAS), and captures hourly whole-building thermal and electric
measurements. In some cases, limited sub-metering is also included.
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Level 2: Moderate Sub-melered Hourly Data. This level has all the capabilities of the first two levels
and also enables more detailed analysis for identifying the savings from specific retrofits and
pinpointing building operational problems. Moderate sub-metered DASs are simple four to twenty
channel systems.

Level 3: Detailed Sub-metered Hourly Data. These systems typically include at least 20 channels of
data. Given current costs for these systems, they are cost-effective only in large buildings and groups
of smaller buildings.

Table 3 summarizes the monitoring systems now installed. Over 600 channels of hourly information
are being collected from 33 sites at an average cost of $1500 - $2500 per channel. Thermal metering
and large aggregations of electrical panels tend to dramatically increase the price per channel. Typical
installation time is about 6 to 10 weeks from the approval of the loan and metering plan by die GEO to
the collection of the first hourly records. All of the current sites use Level 1 metering or higher with
two-thirds using Level 2 data loggers. The data logger level is primarily influenced by the cost of die
retrofit. The type of retrofit measures (ECRMs) installed has little influence on the selection of data
logger level as shown in Table 3. More details are given in O'Neal et al. (1990).

Table 3: ECRMs, number and size of buildings monitored by different levels of data
acquisition systems

Task 3: Calibration Laboratory

The accuracy of installed sensors is key to a successful energy monitoring project. Data obtained for
this project must be accurate to maintain confidence and reliability. In order to assure that accurate
data are collected, a National Institute of Standards and Technology (NIST) traceable calibration
laboratory is being established at the Energy Systems Laboratory at Texas A&M University.

The objectives of the calibration laboratory are to: (1) test sensors against NIST traceable standards
and verify their compatibility with selected energy monitoring systems; (2) troubleshoot faulty sensors
found in the field; (3) construct a portable calibration system for in-situ field testing, troubleshooting,
calibration, and validation; (4) bench-test and pre-qualify proposed sensors and hardware prior to
approval for installation in the field; and (5) develop improved calibration procedures for in-situ field
testing.

This calibration facility includes the capability to measure dry-bulb, wet-bulb, and dew-point
temperature, humidity, air and hydraulic pressure, air and liquid mass flow rates, air velocity, RPM,
illumination levels, electrical energy, power factor, and solar radiation. Typically the calibration
accuracy is 2 to 10 times more accurate than the sensors being tested (as recommended by national
calibration standards). O'Neal et al. (1990) provides additional detail.
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Task 4: Testing of Systems Communications i)

The purpose of this task is to conduct bench-mark communications testing of all field Data Acquisition
Systems (DASs) for the LoanSTAR MAP. This includes testing the compatibility of sensors, DAS and
the host computer. Public domain software, using open communications protocol, has been developed
for polling, translating and analyzing the Held data. Data acquisition systems that adequately satisfy
the testing are then approved for use in the program. The primary functions of this task include: polling
and archiving data, the communications bench-test, and the software design, development, and testing.

In order to facilitate communications with any given manufacturer's field data recorder, the LoanSTAR
program is developing a public domain Data Recorder Unified Management System (DRUMS). The
DRUMS will perform several functions, including: (1) remote programming of DASs, (2) scheduling
the polling calls, and (3) translating the commands for and data records from any given manufacturer's
DAS. Additional information on this task is given by Haberl et al. (1990).

Task 5: Monitoring Plans, Analysis and Reports

This task analyzes collected data to determine the energy and dollar savings of the retrofits and reduce
energy costs by identifying operational and maintenance improvements. This task also includes
development of improved analysis methods, preparation of the overall project monitoring plan, the
development of a LoanSTAR MAP computer network to conduct the analysis, the verification of audit
assumptions through the analysis of energy use and site data, and the interaction and feedback to
agencies and operators through ongoing analysis of the data. i

Analysis Approach

The engineering savings estimates for the LoanSTAR retrofit measures rely on numerous assumptions
made by the auditors. Most audits rely on estimates of electrical gains, building schedules, and lighting
schedules. Reliable data obtained from monitored retrofits can be used to verify audit assumptions. In
some cases this may lead to recalculated savings estimates. A procedure is being developed for
"calibrating" the inputs used by the DOE-2 building simulation program (Bronson, et al. 1992).
Because this program is large and time-consuming to use, it is being restricted to certain large
installations. i

The primary objectives of the analysis are to determine: (1) the overall cost savings due to the retrofits
and (2) the savings and effectiveness of individual retrofits. These objectives require use of multiple
analysis methods and tools.

Determination of overall cost savings require a standard evaluation technique which can be applied to
all buildings. Since data from many buildings is limited, PRISM (Fels 1986) and SAS regressions
(SAS, 1989) which require only whole-building data and weather data, are used as the standard
evaluation techniques. More detailed approaches are explored when the available data warrants or as
required to adequately determine overall savings. An extensive description of the analysis approved is
given by Claridge et al. (1990).

Analyzing the savings due to individual retrofits varies from use of simple on-off tests to cases which
require the use of sophisticated techniques that incorporate a more extensive set of influencing
parameters and building characteristics. Models which incorporate building schedules (Katipamula and
Haberl, 1991), segmented linear change point models (Ruch and Claridge, 1991), and sophisticated
statistical techniques such as principal component analysis (Ruch, et al.., 1991)are being investigated
for these applications. Time series methods, thermal lag models and single-valued decomposition are
also being examined.

Procedures Used for Retrofit Savings Analysis

The procedure used to determine energy savings resulting from energy conserving retrofits relies on the
use of a model for the daily consumption, E of the building in the pre-retrofit configuration. E is
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typically a function of primary influencing parameters such as ambient temperature, humidity, building
occupancy, etc. Following the retrofit, the energy saved, E ,^ is determined using the measured daily
consumption, E , as

where the temperature, T, is the measured ambient temperature on the post-retrofit day for which E ^
is being determined and likewise for any other variables, xs, influencing E . Most of the buildings in
the LoanSTAR program use pre-retroftt data to determine a physical/empirical regression model for
E^. If there is insufficient pre-retrofit data to adequately define a pre-retrofit model, E ^ may be
determined using on-off experiments or calibrated simulation models (Bronson etal. 1992).

Three or four pre-retrofit models are developed for each building with adequate data. Models typically
developed include ones for: 1) whole building electric consumption, El 2) whole-building hot water
or condensate, HW^, 3) whole-building chilled water, CHW^, and possibly 4) submetered air handler
electricity, AHU^.

Figure 3 provides a similar plot of HW consumption versus ambient temperature: H W ^ is plotted as

triangles, HW during construction as open squares and post-retrofit HW as circles. It is evident that

6

Preliminary Retrofit Savings Analysis

Retrofits have been completed on three buildings. Preliminary savings results for one of these buildings
which has over a year of pre-retrofit data are presented. Very little pre-retrofit data are available for the
other two buildings. Calibrated simulation models are being developed for these buildings in
conjunction with use of on-off tests to determine the retrofit savings.

Engineering Center Retrofit Savings. A large (30,000 m2) engineering center on the Texas A&M
campus which contains classrooms, offices, computer facilities and laboratories has been monitored
since May, 1989. The Engineering Center is supplied with chilled water and hot water from the central
plant on campus. Heating and cooling in the building were supplied by 12 large dual-duct constant
volume air handlers prior to conversion of these air handlers to dual-duct variable air volume (VAV)
systems. Data available for this building include whole-building electric, air handler electric, chilled
water and hot water consumption. The last three are used to determine the retrofit savings.

A representative period of pre-retrofit data was determined to be October 1,1989 to November 27,
1990 after which the data began to show changes due to retrofit construction activity. Hourly data for
this period was summed to daily totals. When less than 24 hourly readings were available for a single
day, the entire day's data were discarded. Daily chilled water and hot water consumption were
regressed against average daily outside air temperature. The average daily outside air temperature was
calculated as the average of the daily minimum and daily maximum temperature recorded by the
National Weather Service station located at the Easterwood Municipal Airport in College Station. The
regression equations determined for pre-retrofit chilled water and hot water energy use are:

where T is the temperature in C and CHW^ and HW^ are given in units of GJ/day.

I
Figure 2 shows the CHW consumption plotted as a function of ambient temperature. The Model
C H W ^ is plotted as triangles with the CHW measured during the construction period (November 28,

1990 - March 4,1991) plotted as open squares and the post-retrofit data for March 5, 1991 - April 30,
1991 plotted as filled circles. It is clear that while some savings were realized during the construction
period, there was a dramatic increase in the daily savings after the retrofit was completed. Some of the
post-retrofit savings appear to be continuing construction activity following system start-up.



The VAV system was installed during the period November 27,1990 to March 4,1991. Interestingly,
the construction activities resulted in shut down of air handlers and modifications to supply boxes so
that savings appeared before the retrofit was complete. A preliminary estimate of savings realized for
December, 1990 - April, 1991 are given in Table 4. The savings for March include savings attributable
to construction as well as normal VAV savings.

Figure 4 shows the Motor Control Center electricity consumption for November 14,1990 - April 30,
1991 with the pre-retrofit level shown as a horizontal dotted line. The MCC powers air handlers almost
exclusively. During the construction period, there were numerous periods when one or two air handlers
were shut down for construction and often turned back on at night On March 5,1991 consumption
dropped precipitously to less than half the previous value when the variable speed drives were turned
on. Subsequent consumption varies as a function of the system requirements.

Table 4. Electricity, chilled water and hot water savings for VAV system installed in Engineering
Center. i

The total electricity savings of 262,439 kWh correspond to cost avoidance of S7326, the CHW savings
of 13,916 GJ to cost avoidance of $61,608 and the HW savings of 636 GJ to cost avoidance of $2857.
Hence, 86% of the cost savings to date for this system are the result of chilled water savings. The
savings realized are approximately equal to those predicted before the retrofit by an hourly simulation
of the building and systems using the DOE-2 program.

CONCLUSIONS

This paper presents an overview of the Texas LoanSTAR program . It describes the organization of the
LoanSTAR Monitoring and Analysis Program, program objectives, equipment installation and
calibration procedures, and analysis techniques. During the first two years of the program, 33 buildings
have been instrumented and are now providing over 2 megabytes of data per week from over 600 data
channels. The first retrofits in the program were completed in January 1991, and preliminary analysis
of post-retrofit data through April 1991 from one site shows savings of over $80,000 which is consistent
with pre-retrofit audit estimates of the savings which would be realized from the VAV conversion of a
large engineering center.

there are no consistent savings during the construction period, but that consistent, though relatively
small savings follow the retrofit. , ;

Two motor control centers supply power to all the air handler units and pumps for the hot water and
chilled water. Electricity use by the motor control centers remained relatively constant throughout the
pre-retrofit period. The average consumption of the air handler units was determined to be:
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Figure 2. Chilled water consumption is plotted as a function of average daily ambient temperature.
The model for pre-retrofit consumption is shown with triangles while measured consumption during
construction and post-retrofit consumption for March-April, 1991 are shown as squares and circles
respectively.

Figure 3. Hot water consumption is plotted as a function of average daily ambient temperature. The
model for pre-retrofit consumption is shown with triangles while measured consumption during
construction and post-retrofit consumption for March-April, 1991 are shown as squares and circles
respectively.

Figure 4. Motor Control Center electricity use which is almost exclusively air handler use is shown
for November 14,1990 - April 30,1991. The horizontal dotted line shows average pre-retrofit MCC

use.
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THE DOE-2 SIMULATION PROGRAM

TO NON-WEATHER DEPENDENT MEASURED LOADS.
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ABSTRACT

Hourly building energy models such as DOE-2 and BLAST provide an effective method
for simulating the energy usage of a building during the design stage. Increasingly, such
models are being used to evaluate retrofits in existing buildings. However, little
agreement exists among the users of the models as to how to calibrate the simulation to
the measured data from a building.

There is a need for calibrated computer models. Calibrated computer models could be
used to assess retrofit savings, and, when combined with an effective means of feedback,
could improve HVAC system performance by pinpointing differences between expected
energy use and actual energy use. Calibrated computer models could eventually become
the heart of intelligent control systems.

I
This paper presents a procedure for calibrating DOE-2 to non-weather dependent loads.
The procedure relies on comparative 3-D graphics that allow for hourly differences to be
viewed over the entire simulation period. Results from the application of four different
types of daytyping routines are presented as well as specific recommendations concerning
the calibration of the DOE-2 program.

INTRODUCTION
Calibrated Building Energy Models.

I
Hourly building energy models such as DOE-2 and BLAST provide an effective method
for simulating the energy usage of a building during the design stage. Increasingly, such
models are being used to evaluate retrofits in existing buildings. However, little
agreement exists among the users of the models as to how to calibrate the simulation to
the measured data from a building.

!
There is a need for calibrated computer models. Calibrated computer models could offer
a means of assessing retrofit savings, improving HVAC system performance and, when
combined with an effective means of feedback, could be used to pinpoint differences
between expected energy use (as simulated by the computer program) and actual energy
use (Hsieh et al. 1990). Such calibrated models can provide an accurate assessment of an
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energy conservation retrofit, or could serve as the heart of a model- based expert system
(Haberl and Claridge 1987).

Many studies have reported on various efforts to calibrate building energy simulation
programs to measured data from a real building (Diamond and Hunn 1981; Sorrell et al.
1985; Cumali 1988; Bahel 1989; Kaplan et al. 1990; Hsieh et al. 1989; Subbarao 1989;
Carroll 1989). Two studies of particular notice were Kaplan and Hsieh who showed that
calibrations at the hourly level seem to be what is needed to have true alignment between
the simulation program and the measured data.

However, hourly calibrations present enormous problems for the energy analyst who is
usually operating under cost constraints. How does one quickly and efficiently calibrate a
building simulation program to data from a real building when there are literally hundreds
of input variables (or "knobs") to adjust, and hundred of pages of output to search through
to see if the intended result has been achieved.

Recently, with the advent of very powerful computers now available to most energy
analysts, and more importantly, with the availability of advanced graphics (previously
available only on large mainframe computers) the possibility of developing toolkits to
help out with this calibration effort is becoming a reality.

This paper reports on the efforts to develop such a toolkit - a 3-D comparative plot
routine that allows one to efficiently view (and thus calibrate) DOE-2 (and eventually
other programs) to measured non-weather loads from a real building.

METHODOLOGY

In general we have determined that a multi-step, iterative procedure is best for calibrating
the DOE-2 simulated energy consumption to measured energy use for a specific building.
A method that seems to yield good results is to extract DOE-2's hourly data for
prespecified variables, translate the data into a contiguous columnar format, merge it
with measured data for the same period, and then compare the simulated hourly variable
to its measured counterpart using various graphical and statistical techniques.

The DOE-2 program is available for most mainframes, minicomputers and certain
microcomputers. The simulations performed for this paper were done on a
superminicomputer cluster using the DOE-2. Id version of the program. In addition to the
DOE-2 program, other supporting software is also needed. The types of software depend
on what is to be done and the volume of data to be handled. 2-D and 3-D plotting
programs with good data-handling capabilities are mandatory for viewing the data. The
procedures described here are specific to the graphics packages used to produce the plots

May 1991. To be presented in the 1992 ASHRAE Transactions. For discussion purposes only.
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yet are general enough to be of value for use with other packages (please see the
acknowledgments for a listing of the proprietary packages).

DOE-2 contains many input variables that can be adjusted during the calibration process.
One convenient grouping is to consider weather dependent and non-weather dependent
input variables. Obviously, weather-dependent variables include energy that is consumed
for space heating-cooling purposes (i.e., weather dependent); non-weather-dependent
energy use includes energy used for loads that are primarily schedule dominated (i.e.,
lights and receptacles). As one would expect, there is some overlap between the two
categories (i.e., weather-dependent loads that are scheduled, for example fan energy
usage in a VAV system).

This weather-dependent and non-weather-dependent categorization agreed well with the
monitored data for the case study building (Table 1) since data were being measured for
the whole-building electricity use and whole-building thermal energy use, and submetered
data were available for the motor control centers (i.e., air-handling units and pumps), and
a central computing facility. The remainder of this section discusses the procedures that
were developed for calibrating the non-weather-dependent loads.

Figure 1 is a flow chart of the overall DOE-2 calibration procedure. Our primary sources
of information included as-built drawings, audit reports, and on-site visits, as well as the
monitored data (Table 1). A DOE-2 input deck was then produced for the building and
measured weather data were then converted to suitable units and overlaid onto the TRY
weather tape for a local site, and repacked for use with the DOE-2 program using the
weather processing utilities that come with the DOE-2 program (LBL1981; 1984a, 1984b,
1985).

Hourly values were then extracted from the DOE-2 program, translated to a common
columnar format and compared to the measured data. Graphical comparison of the
simulated data to the measured data proved to be the most effective means of assessing
the progress of the calibration. 2-D, 3-D, comparative 3-D, and X-Y scatter plots were
found to be the most useful. This process was then repeated until the difference between
the simulated and measured data fell within an acceptable range.

Although this comparative graphical procedure seems trivial, the processing of the vast
amounts of data from the DOE-2 program into the hundreds of graphs needed for a
complete calibration is no simple feat. It became clear from the beginning of the project
that a robust, modular toolkit needed to be developed that would handle the various data
streams. Figure 2 is a flow chart of the software modules that were created to facilitate
the data handling. As much as possible, public domain procedures were used to hold down
costs, and to facilitate the development and distribution of public domain software that

May 1991. To be presented in the 1992 ASHRAE Transactions. For discussion purposes only.
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others can use.

To begin with, in the upper left-hand corner of the diagram, non- weather-dependent
electricity consumption data and weather data are extracted from the measured hourly
data. The non-weather-dependent data are then condensed into daytypes using a
daytyping routine (Katipamula and Haberl 1990) and the resultant information inserted
into the DOE- 2 schedules which are then multiplied by the appropriately scaled load
density (e.g., W/ft2) for the specific scheduled energy input.

The DOE-2 input deck and hourly weather data were then transferred from the
microcomputer to the superminicomputer cluster on which the DOE-2.1d program
resides. The measured weather data did not embody all the meteorological and insolation
parameters required in a TRY weather file. Therefore, an additional weather
preprocessing program was used to derive certain weather parameters from the measured
data and convert into the proper input units (i.e., horizontal solar was split into a direct
normal) and "repacked" into a TRY format weather file using the weather processing
program that comes with the DOE-2 program.

A DOE-2 simulation was then run on the superminicomputer cluster with the "repacked"
TRY weather tape and the input file that contained the actual non-weather dependent
load profiles. The simulation output file was transferred back to the PC, where hourly
values were extracted for each run.

i •
Each time a different aspect was being considered, it was necessary to edit the DOE-2
input deck, transfer the DOE-2 input deck to the superminicomputer for processing,
transfer the DOE-2 output back to the PC and extract and manipulate the hourly output
for the preparation of the necessary graphics. This process was very tedious at first, and
error prone. Hence considerable effort was required to automate the procedures needed
to produce the standard graphs that are used for comparative viewing.

The modules that were developed can be seen in the lower half of Figure 2. The goal of
all this data processing is to knit the two data streams together, as needed, into a graphic
format which facilitates the viewing of the progress of the calibration. Initially, the hourly
output had to be extracted from the DOE-2- formatted hourly reports which contained
extraneous header and footer information. In addition, DOE-2 displays the energy usage
in 1 to 24 format which needed to be converted to 0 to 23 format in order to match the
data from the field recorder (the format for which is determined by the manufacturer of
the field recorder). i

Separate files containing a date string and one variable were then extracted from each of
the processed hourly files and fed into the ARCHIVE program (along with the

May 1991. To be presented in the 1992 ASHRAE Transactions. For discussion purposes only.
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appropriate channel table). ARCHIVE attaches a decimal date to be used by succeeding
programs to totalize the data into daily format. Data from the field data recorder has
previously been fed through the ARCHIVE program which meant that both data streams
were now in the common ARCHIVE format (Feuerman and Kempton 1987).

The next path for the data stream depended on the type of graphs that were being
produced. 3-D surface plots were produced by a commercially available spreadsheet add-
on package. This was facilitated by rearranging the columnar data into a 365 by 24 matrix
format, then importing the data matrix into the spreadsheet for the production of the
graph. This was further automated with a spreadsheet macro that allowed this to proceed
in a batch fashion. Once the surface plot is in the graphic format (e.g., a *.PIC) it can
then be transferred to one of several devices for printing.

2-D time series plots were somewhat easier to produce. Columnar data from the
ARCHIVE program could either be imported directly into the spreadsheet to produce a
time series plot or knitted together with another variable of interest and imported into the
spreadsheet for an x-y plot.

Daily x-y scatter plots require more processing. Hourly data in columnar format first
need to be summed to daily totals (e.g., energy usage) or averaged into daily averages
(e.g., average daily temperature). Then, separate files containing daily data are knit
together into one file (using the TTMERGE routine that comes with ARCHIVE),
imported into the spreadsheet and plotted. Again, with the use of a spreadsheet macro file
this can all be done in a batch mode.

Alternative routines are also available for producing the 3-D, 2- D and X-Y scatter plots
using a proprietary graphic package (Haberl et al. 1990). However, these redundant paths
are omitted from the flow chart.

Applying the procedure to a case study building.
I

One of the primary motivations for the development of a procedure to calibrate DOE-2
came about during the review of the energy audits being submitted as part of the
LoanSTAR retrofit program. Occasionally, the energy auditor would submit a DOE-2 run
to document the energy use of a particular retrofit. If these DOE-2 runs could be better
calibrated to the buildings they could play a major role in the measurement of the retrofit
savings.

Realistically, obtaining hourly whole-building and submetered electricity consumption for
a several-month period is not always possible, nor cost effective. However, if this data
stream could be reduced to a shorter period, (e.g., a two-week period), then it could be

May 1991. To be presented in the 1992 ASHRAE Transactions. For discussion purposes only.
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obtained using portable meters and might considerably enhance the accuracy of the DOE-
2 simulation that the auditor uses to calculate the energy savings. Hence we sought to
determine how useful a two-week stream of hourly data could be in helping the energy
analyst calibrate the non-weather-dependent energy usage by extracting the necessary
data from a building which was already equipped with a data monitoring system - the
Zachry Engineering Center (ZEC) at the Texas A&M University. The ZEC was audited
in 1986 and received a VAV retrofit in 1990.

Figure 3 illustrates the three primary data paths used to gather data for the LoanSTAR
program. Data from remote microprocessor-based data recorders are collected
electronically via existing phone lines; data from utility billing records are entered
manually for verifying monitored data; and data existing on other computer networks
(i.e., the National Weather Service [NWS], and utility load research data) are transferred
either via the campus Ethernet or by electronic media.

The Zachry Engineering Center.

The Zachry Engineering Center (ZEC) is a large, multipurpose building which contains
classrooms, laboratories, faculty-staff offices, and a large central computer facuity. It is

located on the Texas A&M University campus in central Texas (30° 4'N, 96° 2'W) about
two hours Northwest of Houston. The ZEC, (and 250+ other buildings) on the central
campus receive steam, hot water, chilled water, electricity, and communication services
from a centralized utility distribution system.

The four story, 324,400 square foot facility was built in the early 1970's. The building
measures 339 feet (the long axis) by 221 feet and is 60 feet in height. The long axis is
oriented in a Northeast to Southwest direction and the building is not shaded by any other
structures. Parking is provided under the facility for 82 cars. Figure 4 is a photograph of
the building.

' I
One of the distinguishing features of the building is a large, centralized, three story atrium
in the Southwestern half of the building which provides access to the surrounding
classrooms, and offices. About 2,500 square feet of Northeast facing clerestory lighting
helps to illuminate the central staircase and computing facility.

The building can be characterized as an internal load dominated, high mass structure with
6-inch concrete floors and insulated concrete walls. Only about 9% of the exterior
envelope is glazed. This consists of about 2,500 square feet of single pane clerestory
lighting, and about 9,000 square feet of single pane windows which are set back 3 feet
between exterior concrete utility chaseways.

May 1991. To be presented in the 1992 ASHRAE Transactions. For discussion purposes only.
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The building has a maximum occupancy of 2,300 occupants which occurs during peak
periods each semester. The occupancy profiles are characterized by a 8 a.m. to 7 p.m.
weekday schedule. Significant evening usage of the building occurs during the weekdays
between 7 p.m. and midnight. Weekend usage is moderate.

The building's average air-change rate is strongly driven by the 10-20% fresh air that is
supplied to the air-handling units (AHUs). Internal lighting loads (2 W/ft2) and
equipment loads (2.4 W/ft2) peak during the weekdays in the early afternoon.
Considerable electricity is consumed in the evenings by the central computing facility.

The building has 12 constant volume, dual-duct AHUs which provide 330,500 CFM to the
90 + zones in the building. The AHUs are located in the parking garage with return air
paths provided by the concrete chaseways that encircle the exterior of the building.
Control of the ventilation systems is provided by 90+ zone thermostats. Prior to a recent
VAV retrofit the AHUs operated continuously. Secondary chilled water pumps and hot
water pumps are manually switched on to provide for varying levels of cooling or heating
capacity. A detailed description of the HVAC system is provided in the paper by
Katipamula and Claridge (1992).

RESULTS

To demonstrate the usefulness of this procedure several different daytypes were created
for the ZEC and input into the DOE-2 program. The resultant simulated profiles were
then compared to hourly measured data from the ZEC using the 3-D comparative plots.
Figure 5 shows the six month measured data that were recorded by a data acquisition
system that was installed in the building in May 1989 (for a description of the channels of
data see Table 1). Electricity consumption is available for the whole-building use, and
submetered data are available for the motor control centers and a large central computer
facility. The derived "lights and receptacles" (L&R) data are obtained by subtracting the
motor control and computer submetering from the whole-building electricity use. The
L&R data are used as the lighting and equipment input for the DOE-2 simulations.

Energy use for the building's lighting and equipment loads (or receptacle loads) was input
as a W/SQFT value and scheduled according to different daytypes (e.g., Mon-Fri, and
weekends and holidays). The motor control center electricity use was input by adjusting
DOE- 2's kW/SCFM (i.e., the electricity use per standard cubic foot of air per minute)
variable, and the electricity use for the computing facility was input as a building resource
so as not to interact with the ZEC's HVAC system since the computing facility has its own
cooling facility that is separately metered from the ZEC.

May 1991. To be presented in the 1992 ASHRAE Transactions. For discussion purposes only.
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Four different daytype profiles were tested with this procedure to demonstrate its
usefulness, including: daytype profiles generated with the standard DOE-2 profiles,
profiles generated with a procedure that is based on occupancy and electric load factor
(OLF-ELF) measurements (Haberl and Komor 1990), profiles that could have been
generated with two weeks of measured data, and daytype profiles that are based on the
daytyping procedure developed by Katipamula and Haberl (1991). These daytype
profiles are shown in Figure 6. The upper graph in Figure 6 shows the weekday profiles
for the DOE-2 profiles, two-week monitoring (auditor's) profiles, and ELF-OLF derived
profiles. The middle graph in Figure 6 shows the weekend profiles for the DOE-2, two-
week, and ELF-OLF derived profiles, and the lower graph in Figure 6 shows the profiles
which resulted from the application of the K-H daytyping procedure to the full six-month
data set (Katipamula and Haberl 1991).

The DOE-2 daytype profiles. The DOE-2 daytype profiles were obtained from the
DOE-2 Reference manuals (i.e., The Office Lighting and Receptacle Load Profiles were
used from Part 2, Version 2.1, Chapter 10, Pg. A-5, of the LBL1982-1989) manual and
applied to the ZEC by matching peak hourly profiles and then scaling the remaining
hours. Weekend profiles were scaled in a similar fashion. No attempt was made to adjust
the profile shape.

The ELF-OLF daytype profiles. The ELF-OLF daytype profiles were derived from
monthly electricity use and demand information and knowledge about occupancy
schedules (Haberl and Komor 1990). To apply the ELF-OLF daytype profiles to the ZEC,
the peak 60-minute demand data and monthly electricity consumption was extracted from
the monitored data (for each of the six months) and combined with the assumed schedule
for the ZEC (i.e., 100% occupancy from 9 a.m. to 5 p.m. Monday through Friday). The
occupied period electricity use was then calculated by multiplying the peak 60-minute
demand by the occupied hours (i.e., assumes a flat profile). Then, for each month, the
occupied-period energy use was subtracted from the total energy use and the remaining
energy use assigned to all unoccupied hours (including weekends). The resultant weekday
and weekend profiles can be seen in Figure 6.

The auditor's two-week daytype profiles. Weekday and weekend daytype profiles
were created with hourly data selected from a two-week period that was meant to
represent data that an energy auditing firm could have collected with portable metering
equipment. The weekday profile represents an average profile based on Monday through
Friday profiles and the weekend profile represents an average profile of Saturday and
Sunday data. These profiles can be seen in Figure 6.

The Katipamula-Haberl daytype profiles. The application of the daytyping routine by
Katipamula and Haberl (1991) to hourly data from the full six month data set yielded six

May 1991. To be presented in the 1992 ASHRAE Transactions. For discussion purposes only.
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primary daytypes as shown in the bottom graph of Figure 6. The originaly 5 daytypes (see
Katipamula and Haberl 1991) were expanded to include daytypes for Fall weekdays and
weekends, Spring weekdays and weekends, and semester-break weekdays and weekends.

Spring and Fall daytypes were necessary since, during the break between semesters, the
entire Computer Science department moved out of the ZEC to their newly constructed
facilities in a different building. The remaining departments then were reshuffled to fill-in
the vacant space. This resultant 100 kW drop in energy use can be seen at the beginning of
the Spring 1990 semester. Therefore, two daytypes describe the Fall semester data (i.e.,
weekday and weekend), two daytypes describe the break, and two daytypes describe the
Spring semester. Each of the daytypes represent average hourly profiles for the group of
days in their respective data sets.

Comparison of the daytype profiles.

Each of the four daytype profiles are compared to measured data for the corresponding
period (by utilizing the procedure that was previously outlined) in Figures 7 through 10.
Three dimensional profiles are an effective method of presenting the enormous amount
of data that must be inspected when one is viewing hourly data over a six month period.
Small differences between different data sets can be quickly identified because the viewer
can compare the individual features or "small multiples" that the surfaces produce (Tufte
1990).

The 3-D plots display the hour-of-the-day along the x-axis and the day-of-the-year along
the y-axis (beginning with September 1989 in the lower right corner). The energy use is
then height of the surface above the x-y plane. Comparing the minute differences between
two surfaces can be further enhanced with the use of 3-D comparative plots (Haberl and
Komor 1990b). 3-D comparative plots are produced by merging two surfaces into positive
and negative residuals. For example, in Figure 7 the upper graph represents the actual
measured data for the ZEC, and the second graph represents the daytype schedule that is
based on the DOE-2 schedule. The third graph represents the positive residual (i.e.,
simulated - monitored data for values that are greater than zero), and the fourth graph is
the absolute value of the negative residual (i.e., monitored - simulated data). Both positive
and negative residuals are trimmed at zero to enhance the features.

Figure 7 dearly shows that the canned DOE-2 profile understates the energy use during
unoccupied periods. In Table 2 the differences between the monthly totals are
summarized. Using the canned DOE-2 profile understates the electricity required for
lights and equipment in the ZEC by 21% to 28%, depending on the month.

In Figure 8 one can see that the ELF-OLF daytype estimation dramatically improves the

May 1991. To be presented in the 1992 ASHRAE Transactions. For discussion purposes only.
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daytype estimate. Since the ELF-OLF profile is derived from actual monthly data it
delivers the best monthly estimate of electricity use (less than 1% deviation). Only the
hourly fit was improved when one uses profiles that are based on average hourly profiles
since the ELF-OLF profile is a "squared" profile, and the hourly average profiles capture
the "smooth" shapes which are more representative of a large building with many lighting
and receptacle switches. Clearly, in the case where no hourly data exists, an ELF-OLF
profile may provide a better estimate of a building's profile than a canned DOE-2 profile.

- I
One precaution concerning the ELF-OLF profile is that it should not be used when the
monthly electricity use of the profile during occupied periods exceeds the metered
monthly electricity use. This can occur in buildings where hourly spikes artificially raise
the average occupied-period energy use above the actual occupied- period electricity use.

Figure 9 shows the comparison between the electricity use predicted by daytypes
produced with two-week auditor's data (October 16-30,1989) and measured electricity
consumption for the same period. Although the smoother shape in the two-week profiles
does a better job of capturing the late evening electricity use (this seems to be a
characteristic of academic laboratories), the estimate of the monthly electricity use (-6%
to +1% difference) does not improve over that of the ELF-OLF. The auditor's two-week
profiles also fail to capture the drop in energy use during the semester break. Other
features in the residuals will be discussed shortly.

i
Figure 10 shows the comparison between the electricity use predicted by the K-H
daytypes and measured electricity consumption for the same period. Gearly, as seen in
the residual plots, the K-H daytypes yield a shape that more accurately fits the hourly data
for the ZEC. Only a few days during the Christmas require further adjustment. The K-H
daytypes also provide an improved estimate of the monthly electricity use, as shown in
Table 2, yield estimates that differ from -3.3% to +4.0% for the six months that were
investigated. Only the ELF-OLF daytypes provide a better fit.

Special adjustments needed with the DOE-2 program.

Several special adjustments were made to the DOE-2 program to improve the match
between the simulated data and the measured data. Although trivial in nature, these
adjustments improved the fit of the simulated data and were very easy to detect with the
comparative 3-D plots. The signatures were specifically placed in Figures 7 through 9, and
removed in Figure 10 to allow the reader to recognize them.

In Figures 7 and 8, the two large spikes that occur in the Spring of 1990 are the result of
missing data. These were imputed in the data that was used for Figure 10 with average
data, hence they do not appear.

May 1991. To be presented in the 1992 ASHRAE Transactions. For discussion purposes only.
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In Figure 9 one can also see alternating "combs" or "picket fences" in both residuals for all
of 1990 (except the break). These are caused by a mismatch in the day-of-the-year. It
occurs when one uses one DOE-2 simulation to simulate contiguous data that passes
through the beginning of a new year. For example, the simulation in Figure 9 was run
with two run periods - one beginning in January and ending in February, and one
beginning in September and running through the end of the year. Since DOE-2 can only
use one year per simulation, this causes either the 1989 or 1990 measured data to be
mismatched with the day-of-the-week that DOE-2 is using ~ hence the alternating "picket
fence". The best way to eliminate this is to run two DOE-2 simulations and combine the
results afterwards.

Two other minor features in Figure 9 have been eliminated in Figure 10. First, there was a
daylight savings shift in the measured data that did not exist in the DOE-2 simulation.
These appear in Figure 9 as ridges that run parallel to the y-axis at 8:00 a.m. and at 5:00
p.m. in September and October. Certain holidays also needed to be adjusted in the DOE-2
simulation since the observed holidays at the ZEC did not match the default DOE-2
holidays.

DISCUSSION

This paper has presented a procedure for calibrating DOE-2 to non-weather dependent
loads. The procedure relies on comparative 3-D graphics that allow for hourly differences
to be viewed over the entire simulation period (8,760 data points if necessary). Four
different types of daytyping routines were used to demonstrate the effectiveness of the
procedure.

The use of the canned DOE-2 daytype profiles provided significant error in the
estimations of the non-weather dependent electricity consumption profiles. Several
simple measures were found to significantly improve the "fit" of the simulated daytype
profile to the measured daytype profile. A simple ELF-OLF daytype profile provided the
best estimate of monthly energy use but did not capture certain features in the daytype
profile. Daytype profiles that could have been obtained from two-weeks of monitored
data provided a better match to the measured profile and daytype profiles generated by a
routine by Katipamula and Haberl (1991) provided the best overall profile fit.

i • • .

Most importantly, the availability of comparative 3-D surface plots significantly improved
the ability to view small differences between the simulated and measured data which
allowed for the creation of a "super-tuned" DOE-2 simulation. Automation of these
routines also dramatically cut down on the processing time needed to produce a set of
plots.
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TABLE 1: Monitored data available from the case study Engineering Center. This table
shows the monitored data from the Z.E.C. Values from each of the channels shown are
recorded on an hourly basis.
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TABLE 2: Comparisons of DOE-2 simulated and measured Non-weather dependent
loads for the Zachry Engineering Center. Total monthly loads (MWh) are shown from the
monitored data, as simulated using daytypes from the auditor's two week monitoring, and
as simulated using daytypes from the full data.
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FIGURE 1: Flow diagram for the non-weather dependent calibration procedure.
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FIGURE 2: Flow diagram for producing the 3-D comparative plots and other graphics.
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FIGURE 3: Data Paths for the Texas LoanSTAR Program. The three primary data
paths for the LoanSTAR agencies are shown in this figure. Data can be polled
electronically, manually entered, or transferred to/from external data bases via the
campus Ethernet or electronic media.
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FIGURE 4: The Zachry Engineering Center.
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FIGURE 5: Measured non-weather dependent electrical energy consumption for the
ZEC. Six months of whole-building and submetered electrical energy usage for the ZEC
are shown in this figure. Starting from the top, the upper line represents the whole-
building energy use, the second line represents the lights and receptacles (a channel
derived through subtraction), the next line represents the motor control centers, and the
bottom line represents the energy use for the central computing facilities.
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FIGURE 6: Weekday and weekend daytype profiles for the ZEC. Daytype profiles are
shown in this figure that represent the DOE- 2, ELF-OLF, two-week auditor's monitoring
profiles for the weekday (upper graph), and weekend (middle graph), and daytypes
generated with daytypes from the full data set (bottom graph).

Weekday Lood Profiles
1.
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FIGURE 7:3-D Comparative plots using daytypes from the DOE-2 schedules.
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FIGURE 8: 3-D Comparative plots using daytypes from the ELF-OLF estimates.
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FIGURE 9: 3-D Comparative plots using daytypes from the two-week auditor's data.
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FIGURE 10:3-D Comparative plots using the K-H daytypes from the full data set.
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APPENDIX: The Texas LoanSTAR Program

The Texas LoanSTAR program is an eight year, $98 million revolving loan program for
energy conservation retrofits in Texas state, local government and school buildings funded
by oil overcharge dollars. The program began in 1988. Public sector institutions
participating in the program must repay the loans according to estimated energy savings in
four years or less.

As part of this program, a state-wide energy Monitoring and Analysis Program (MAP)
was established in 1989. The major objectives of the LoanSTAR MAP are to: 1) verify
energy and dollar savings of the retrofits, 2) reduce energy costs by identifying operational
and maintenance improvements, 3) improve retrofit selection in future rounds of the
LoanSTAR program, and 4) initiate a data base of energy use in institutional and
commercial buildings in Texas.

i ;
Currently, the program is monitoring 1600+ channels of hourly data from over four dozen
buildings, and seventy-five weather stations, using public domain polling procedures that
collect information from microcomputer-based field data recorders supplied by several
manufacturers. Additional information concerning the program can be found in Verdict
etal.(1990), Turner (1990), Nutter etal.( 1990), O'Neal et al. (1990), Haberletal.
(1990a), Claridgeetal.(1990), Ruch et al. (1991), Ruch and Claridge (1991),
Katipamula and Haberl (1991), and Haberl et al. (1991).

The main goal of the LoanSTAR program is to verify energy and dollar savings from
retrofits, by measuring the energy usage and primary influencing parameters during the
before and after conditions. Hourly pre-retrofit and post-retrofit energy use data are
collected at buildings where the size of the retrofit justifies the cost of the monitoring.
Data from each site include whole building energy use and measurements of the primary
influencing parameters; submetered data are often collected.
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ABSTRACT

The retrofit of dual-duct constant volume systems to variable air volume systems
has become common in recent years. Air handler measurements can be used to ex-
plain the degree to which such retrofits do or do not provide expected operating sav-
ings. A dual-duct constant volume air handler in a large engineering center in Central
Texas which was retrofit to a variable air volume system in March 1991 has been in-
strumented to monitor temperature and relative humidity at various locations, airflow
rate, pressure drop, electric consumption of the fan motor and run-time of the hot and
chilled water pumps. The monitored data from the air handler prior to retrofit is pre-
sented in this paper. Significant differences between design performance and mea-
sured hot deck and cold deck temperatures and outdoor air fraction as a function of
outdoor temperature were found. The measured data are also compared with the pre-
dictions of a partially calibrated simplified systems model based on the TC 4.7 Simpli-
fied Energy Analysis Procedure (Knebel 1983).

INTRODUCTION I

HVAC systems account for 63% of the energy used in the commercial sector in
Texas (Ponder and Verdict 1985), so systems efficiency is a crucial component of any
effort to reduce energy use in the commercial sector. Texas is currently implementing
a $98.6 million revolving loan retrofit program for state, local government and school
buildings known as the Texas LoanSTAR Program (Verdict et.al. 1990). A state-wide
Monitoring and Analysis Program (MAP) has been established as part of the LoanSTAR
Program to: (1) verify energy and dollar savings of the retrofits, (2) reduce energy
costs by identifying operational and maintenance improvements, (3) improve retrofit
selection in future rounds of the program, and (4) initiate a data base of energy use
in institutional ana commercial buiicrings in Texas. The program is currently monitor-
ing hourly data from over three dozen buildings using public domain polling procedures
that collect information from microcomputer based field recorders.

As part of the MAP, one air handler in a large office/classroom/laboratory build-
ing has been instrumented to study the influence of outdoor temperature and humid-
ity, cold and hot deck supply air temperatures, outside air intake, and various building
loads on the HVAC system energy use and performance. The data from this exper-
iments have identified operational improvements for the building and are being used
in development of a procedure for determining savings for buildings with minimal pre-
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retrofit data. The system monitored was a dual-duct constant volume (DDCV) system
when the sensors were installed in April 1990 and was converted to a dual-duct vari-
able air volume (VAV) system in March 1991.

This paper presents data from the DDCV system showing the influence of the key
variables noted above and provides preliminary comparisons of system performance
with predictions of the simplified systems model used in the TC 4.7 Simplified Energy
Analysis Procedure (SEAP) (Knebel 1983).

DESCRIPTION OF THE MONITORED BUILDING AND SYSTEMS

The building studied is a 324,000 gross sf (240,000 net) engineering center (EC)
in Central Texas with four-floors plus a basement parking level. It includes offices,
class rooms, laboratories and computer rooms and is open 24 hours per day, 365 days
per year. Occupancy and electrical consumption shows marked weekday/weekend dif-
ferences; weekday holiday occupancy is similar to weekend usage with intermediate
usage on weekdays when class rooms are not in use, but laboratories and offices are
occupied (Katipamula and Haberl 1991). The parking lot which is underground is lit but
not conditioned. |

The EC is a heavy structure with 6-inch concrete floors and insulated concrete
walls. The DDCV system used to heat and cool the building is supplied with hot water,
chilled water and electricity from the central campus plant. The campus does not indi-
vidually meter buildings, but a data logger was installed in the EC to collect hourly pre-
retrofit consumption data beginning in May 1989. Whole building data collected include
electricity use, air handler electricity, chilled water load (Btu), hot water load (Btu), and
hot water and chilled water pump run times. A weather station on the roof of the EC
collects outdoor dry-bulb temperature, relative humidity, horizontal solar radiation and
wind velocity data.

Twelve identical DDCV systems with 40 hp (29.8 kW) fans rated at 35,000 cfm
and eight smaller air handlers (2.7 hp average) are located around the perimeter of the
building. While the large AHUs are rated at 35,000 cfm, the air balance report shows
flows of 20,000 cfm to 28,000 cfm with a total air flow of 320,000 cfm for the build-
ing. The outdoor air intakes provide about 10% outdoor air when fully open; manual
dampers are normally closed by the operators to limit outside air for several months
wnen freezing outdoor temperatures are possible. There are 45 smaii exhaust fans
(200 - 4000 cfm) with a total capacity of 40,000 cfm. Two 30 hp chilled water pumps
and two 20 hp hot water pumps circulate water through the AHU coils when needed.
However, the chilled water and hot water are supplied at 100 psig on the campus loop,
so the building circulating pumps are normally used only when the campus pressure is
inadequate to supply the building loads.

The monitored air handler has a flow rate of 20,000 cfm with 2,000 cfm of outside
air when the damper is fully open. The heating coil is a two-row fin and tube heat ex-
changer with a surface area of 34.66 sf while the cooling coil has eight fin and tube

Katipamula and Claridge: August 13, 1991 2



rows with a surface area of 62.16 sf. The following points shown in Figure 1 have
been monitored since April 1990: return air temperature and relative humidity, hot deck
temperature, total air flow rate, pressure drop across the fan and the filter assembly,
fan power consumption, and hot and chilled water pump run times. The sensors are
scanned every 4 seconds and the values are integrated to give hourly totals or aver-
ages as appropriate.

MONITORED AIR HANDLER DATA

Data for the constant volume system is available for April 1990 through Febru-
ary 1991, but data after mid-December reflects construction activity during the VAV
changeover and is not used in the results reported here. Fan power consumption as
a function of air flow is shown in Figure 2. The power consumption of the fan motor
over a period of seven months was constant within three percent and the flow rate de-
creased slightly with power consumption. The pressure drop across the fan remained
constant at about 6.5 in of water through this period.

A cross plot of outdoor air temperature and mixed air temperature is shown in Fig-
ure 3. The mixed air temperature is strongly correlated with the outdoor air temper-
ature, showing a slope of about 0.1 F per F, consistent with 10% outdoor air and con-
stant return air temperature. Time series graphs of outdoor air temperature and mixed
air temperature for a two week period in December 1990 are shown in Figure 4. On
December 20, 1990 the outdoor temperature dropped from 75 F to 15 F, causing the
mixed air temperature to drop from 75 F to 69 F, again consistent with 10% outside air.
The operators normally close the outdoor air dampers for approximately three months
when freezing weather is possible and this would have reduced the heating load by «
2 mBtu/h. The scatter in mixed air temperature seen in Figure 3 at fixed outdoor air
temperature is probably due to changes in return air temperature or imperfect mixing.
This scatter is particularly evident for outdoor temperatures above 55 F. Problems with
the return air temperature sensor preclude verification of the cause of this behavior.

The cold deck supply temperature also shows a strong correlation to the outdoor
air temperature (Figure 5). The range in the cold deck temperature is the same as
the mixed air (14 F) range and the scatter increases with outdoor temperature as well.
The design cold deck supply temperature at 85 F mixed air temperature is 53 F. How-
ever, the cold deck supply temperature never reached the design temperature during
the monitoring period. Since tne central piant did not have a strainer IO filter din on its
chilled water lines, the cooling coils were severely fouled, so parts of the cooling coil
no longer cooled supply air. Therefore, they were effectively operating with a partial
bypass. A time series graph of outdoor air and cold deck temperatures for a two week
period in December 1990 are shown in Figure 4. When the outdoor dry-bulb temper-
ature was above 60 F the variation in the cold deck temperature at a given outdoor
temperature increases, probably due to changes in latent load and/or return air tem-
perature.

The hot deck supply temperature is supposedly controlled by the outdoor air re-
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Figure 1 - Air Handier Monitoring Schematic.
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Figure 2 - Fan Motor Power Consumption as a Function of Air Flow Rate.
(November 8 - December 16, 1990)

set schedule shown as the solid line in Figure 6. The data points shown in the figure
are the measured hot deck temperatures. The hot water pumps are supposed to be
staged on when the pressure from the central plant is insufficient to meet the heating
load. One of the two hot water pumps was on continuously leading to supply hot deck
temperatures above 100 F, except between August 12 and 14 when both pumps were
off (Figure 7) and the hot deck temperature was 80 F. At low outdoor temperatures
(below 40 F) the hot deck temperatures were lower than the schedule. If the second
pump had been on during cold weather the actual hot deck temperatures might have
followed the schedule. However, the scatter in the hot deck temperature below 70 F is
still large, indicating improper control.

Outdoor, mixed air and cold deck specific humidities for November 8 to December
20, 1990 are shown in Figure 8. The mixed air and cold deck specific humidity pro-
files have the same trend. The average chilled water suppiy and return Temperatures
are 45 and 55 F, respectively. The average coil surface temperature would be approx-
imately 50 F. At 50 F dew point the specific humidity of the air is about 0.008 Ibw/lba.
Therefore, below a mixed air specific humidity of 0.008 Ibw/lba, the specific humidity of
the cold deck is approximately the same as that of the mixed air. The mixed air spe-
cific humidity varies between 0 and 20% of the cold deck specific humidity.

The whole building heating load for the period August 1989 to December 1990
is plotted versus the outdoor air dry-bulb temperature in Figure 9. There is an obvi-
ous dependence on outdoor air temperature - linear regression analysis gives an R2
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Figure 3 - Mixed Air Dry-Bulb Temperature vs Outdoor Dry-Bulb Temperature.
(May - December 1990)

Figure 4 - Mixed, Cold Deck and Outdoor Dry-Bulb Temperature.
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Figure 5 - Cold Deck Supply Dry-Bulb Temperature vs Outdoor Dry-Bulb Temperature.
(May - December 1990)

Figure 6 - Hot Deck Supply Temperature vs Outdoor Dry-Bulb Temperature.
(May - December 1990)
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Figure 7 - Hot Deck Supply and Outdoor Dry-Bulb Temperature.

Figure 8 - Mixed Air, Cold Deck and Outdoor Dry-Bulb Specific Humidities.
(November 8 to December 20, 1990)
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of 0.87 when daily hot water consumption is regressed against average daily outdoor
dry-bulb temperature. Other significant variables influencing hot water consumption
are hot deck supply temperature and whole building electricity consumption. At out-
door temperature below 20 F the heating load tends to flatten because the hot deck
supply temperature is not high enough to maintain the desired zone temperatures. At
outdoor temperature above 70 F there are several points with zero consumption. The
Btu-meter integrates the energy consumption and sends out one pulse for every 100
kBtus consumed. If the consumption in any hour is less than 100 kBtus, no consump-
tion is recorded in the hour.

The whole building cooling load for the period August 1989 to December 1990
is plotted versus the outdoor dry-bulb temperature in Figure 10. Again, there is an
obvious dependence of chilled water use on outdoor dry-bulb temperature with an R2

of 0.86. However, the range of consumption values shown for each temperature in-
creases markedly above 60 F as outdoor specific humidity increases and latent loads
become increasingly important. The variation in cold deck temperature also contributes
to the scatter observed above 60 F. The importance of specific humidity can be clearly
seen by examining Figure 11 where the cooling load is plotted as a function of the
outdoor dry-bulb temperature and the outdoor specific humidity. As the outdoor dry-
bulb temperature and specific humidity increase, the cooling load increases.

Without monitoring the air handler continuously the malfunction of the hot and
cold deck temperature controls would have been difficult to detect. In buildings were
the air handlers are not monitored continuously the air handlers should be periodically
checked. However, most of the physical plant personnel spend their time attending
day-to-day activities. Unless the building has an EMC system or some type of contin-
uos monitoring, these problems would go undetected for long periods of time.

MODEL DEVELOPMENT

The compliance with or deviation from expected performance of the system can
best be determined if the measured data is compared with the predictions of a cali-
brated simulation model which uses measured values of weather variables and system
parameters. Hourly models (e.g. DOE-2, BLAST, etc.) are available, but these models
require many inputs, so the calibration process can be extremely time consuming and
complex. Therefore, an hourly model based on the TC4.7 SEAP was developed and
calibrated with the monitored air handier data.

The model simulates the heat and moisture exchange process that occurs in the
HVAC distribution system. The flow chart of the simulation process is shown in Figure
12. The model has two major parts: load calculation and system simulation. Since
this model was primarily intended for simulating the HVAC systems, the load calcula-
tions were simplified (Figure 13) as described in Knebel (1983).

Load Calculations

Climate Data. The monitored hourly outdoor dry-bulb temperature and relative
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Figure 9 - Whole Building Heating Load vs Outdoor Dry-Bulb Temperature.
(August 1989 - December 1990)

Figure 10 - Whole Building Cooling Load vs Outdoor Dry-Bulb Temperature.
(August 1989 - December 1990)

Katipamula and Claridge: August 13, 1991 10



Figure 11 - Coottng Load vs Outdoor Dry-Bulb Temperature and Specific Humidity. (Nov. 8-Dec. 16, 1990}
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Figure 12 - Schematic of the Simulation Procedure.
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Figure 13 - Schematic of the Load Calculation.
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humidity were used in the simulation process. ; i

Physical Data. The building dimensions, construction materials, percent glass
area, orientation of the building, number of zones, area of each zone, number of peo-
ple, peak electric consumption (equipment and lighting) were used to estimate the
loads. I

Envelope Loads. The envelope loads include conduction losses/gains and solar
heat gains. These were calculated using the SEAP procedure described in Appendix
A. Figure 14 shows these loads for the EC as a function of outdoor dry-bulb temper-
ature.

Lights and Equipment. In commercial buildings the internal loads constitute a
major portion of the total cooling loads. The load g/e due to internal loads varies with
time of day and day of week given by Eq. 1. The maximum lighting and equipment
use for the building is 2.25 w/sf and 1.15 w/sf, respectively, based on hourly mea-
surements giving a value of 3.4 W/sf for the peak lighting and equipment consump-
tion, qie. Ninety percent of 3.4 W/sf is directly attributed to conditioned area ( 3 W/sf).
Since the HVAC system is runs 24 hours and the zone set point temperature does not
change much, a CLF of one was assumed. An ON/OFF schedule was imposed to ac-
count for changes in the lighting and equipment load. The ON/OFF schedules for light-
ing, equipment and people were determined using measured consumption profiles for
weekdays and weekend days and are shown in Figure 15.

Katipamula and Claridge: August 13, 1991 14

People. The maximum sensible and latent cooling load due to building occupants
was estimated from Eqs. 2 and 3, respectively, and was adjusted for hour of the
day and day for the week by imposing a schedule. The schedule used for equipment
and lighting was also used for people. The maximum number of people occupying the
building on weekdays was assumed to be 2300 and 300 on weekends.

Infiltration and Ventilation. The cooling load due to infiltration or ventilation is
calculated from (Eq. 4 and 5):

In the simulation the infiltration mass flow rate was assumed to be equivalent to
0.2 air changes per hour.



Figure 14 - Conduction Heat Losses/Gains and Solar Heat Gains as
a Function of Outdoor Air Dry-Bulb Temperature.

Figure 15 - People, Lighting, and Equipment Schedules for Weekdays
and Weekends.
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SYSTEM SIMULATION !

The constant air volume system consists of an air handling unit with a fan, cooling
coil, heating coil, and mixing box (Figure 16). The cold deck and hot deck each may
be controlled as a fixed set point, outside air reset, or zone controlled reset. Air leav-
ing the mixing box is controlled by a zone thermostat to achieve the desired zone sup-
ply air temperature by mixing air from hot and cold decks. If the mixed air temperature
is lower than the desired cooling coil leaving air temperature, a preheat coil may be
used to heat the mixed air to the desired cooling coil leaving air temperature. The out-
side air may be set at a fixed amount or an economy cycle may be used to increase
the outside air quantity to reduce the cooling coil load.

The building was divided into two zones: an external zone and a core zone. The
core zone was assumed to be insulated from the envelope heat losses/gains, solar
heat gains and infiltration heat losses/gains. The zone loads for a given outdoor tem-
perature, hour of the day and day of week are calculated as described in the earlier
section. The zone temperature is assumed to be constant. The existing system has
a fixed set point for the cold deck and outside air reset for the hot deck. With outside
air reset, a heating coil supply air temperature controller is reset from a sensor located
outdoors. The supply air sensor maintains a control point based on the controller throt-
tling range and by varying the set point provided by the outside air sensor.

The zone supply air temperature (ZSADB), coil leaving air temperatures (CCLADB
and HCLADB), hot deck and cold deck air flows etc., are simulated following the SEAP
procedure outlined in Figure 17 and shown in Appendix A.

COMPARISON OF SIMULATED DATA WITH THE MONITORED DATA

Number of variables influenced the simulation of the DDS including: zone set-
point temperature, internal gains, outdoor air intake, and supply hot and cold deck tem-
peratures. Accurate measurement of zone set point temperature is a difficult because
there are several thermostats which control the zone temperature. However, one time
measurement of a select sample of typical zones should provide a reasonable esti-
mate of the zone temperature. ;

To get a reasonable representation of the internal gains for lights and equipment
at least 4 weeks of monitored data are reauired. Measured hot and cold deck temper-
atures are needed for accurate simulation, unless the controls work as specified.

The inputs to the DDCV model were dry-bulb temperature, relative humidity, day
of the week and hour of the day. The conduction load, solar heat gains, and infiltration
load are calculated for the given outdoor condition. The internal load is calculated for
the given day of the week and hour of the day.

Measured outdoor dry-bulb temperature and relative humidity were used in sim-
ulating the heating and cooling loads. Actual lighting and equipment densities and
schedules were also used (Katipamula and Haberl 1991). The hot deck supply tem-
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Figure 16 - Schematic Zones and the Dual-Duct System.
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Figure 17 - Schematic of the Dual-Duct System Simulation.
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perature was first simulated based on the existing outdoor air reset schedule shown in
Figure 6 and the cold deck supply temperature was maintained at 62 F. The simulated
heating load and the residuals (simulated - actual) for a four week period are shown in
Figure 18. ,

Changes in internal loads and solar heat gains at a given temperature cause the
variation seen in the simulated heating load (Figure 18). The residuals tend to go from
positive values at low temperature to negative values at high temperatures, indicat-
ing a systematic bias in the model. Figure 19 shows the simulated heating load
and residuals when the measured hot deck temperatures are used in the simulation
(instead of the outdoor reset schedule of Figure 6). The scatter in the residuals is re-
duced somewhat, and the maximum difference between the simulated and measured
heating load is reduced from 2 mBtu/h to 1.5 mBtu/h, but some systematic bias is still
evident, probably due to a difference between the calculated and as-built loss coeffi-
cient of the building. The scatter in the residuals appears to be primarily due to differ-
ences between simulated and actual values of internal gain and solar gain.

Figures 20 and 21 show the simulated cooling load and residuals as functions
of outdoor temperature. There is very little variation in cooling load below 50 F outdoor
temperature. Above 60 F outdoor temperature the changes in latent load increase the
variation in the simulated cooling load. The simulated cooling load was almost always
greater than the actual cooling load.

When, the monitored temperatures were used to simulate the cooling load for the
same period (Figure 21). The shape of the simulated cooling load distribution changes
substantially. The residuals are now distributed above and below zero and show no
obvious systematic bias. Below 60 F the simulated cooling load agreed with the mea-
sured cooling load within ±15%. The scatter may be due to differences between sim-
ulated and measured internal gains, solar gains, thermal mass effects, etc. The simu-
lated cooling load is shown as a function of outdoor dry-bulb temperature and specific
humidity in Figure 22. The simulated cooling load increases with outdoor dry-bulb and
specific humidity and shows why plots of cooling load versus outdoor dry-bulb temper-
ature show substantial scatter at high temperatures.

There are differences between the hourly model prediction and the measured con-
sumption, but these results suggest that the system is performing as expected except
for the problems identified earlier as part of the model development effort. The resid-
uals in Figures 19 and 21 are similar to the residuals from a calibrated DOE 2 model
and measured data (Haberl et al. 1992) and the simplified model is much easier to
calibrate. It appears that development of a calibrated TC 4.7 SEAP model for retrofit
systems without pre-retrofit monitored data may be useful tool for determining retrofit
savings (Katipamula and Claridge 1992).

CONCLUSIONS !

The monitored data show that air handler heating loads generally increased as
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Figure 18 - Simulated Heating Load and Residuals vs Outdoor
Dry-Bulb Temperature (Nov. 8 - Dec. 7, 1989).
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Figure 19 - Simulated Heating Load and Residuals vs Outdoor Dry-Bulb
Temperature. Measured Hot Deck Temperatures Used in Simulation

(Nov. 8 - Dec. 7, 1989).



Figure 20 - Simulated Cooling Load and Residuals vs Outdoor
Dry-Bulb Temperature. (Nov. 8 - Dec. 7, 1989)

Figure 21 - Simulated Cooling Load and Residuals vs Outdoor Dry-Bulb
Temperature. Measured Cold Deck Temperatures Used in Simulation
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Figure 22 - Simulated Cooling Load vs Outdoor Dry-Bulb Temperature and Specific Humidity.
IV)

•6"
to
3
c
sr
to

Q.

o

I
CD

I

<o
CO
•—V



outdoor temperature decreased as expected. Cooling loads generally increased as
temperature increased and also increased as specific humidity increased. However,
the combined monitoring and model development effort identified three problems in air-
handler operation:

(i) The cold deck temperatures showed a strong relationship to the outdoor air tem-
perature (due to fouled coils), although the controls were intended to maintain a
constant supply temperature.

(ii) The outdoor air dampers were left open during a hard freeze, when operating
practice called for them to be closed, causing increased heating consumption.

(iii) The hot deck supply temperature was controlled based on an outdoor air reset
schedule; however, the measured hot deck temperatures varied significantly from
the reset schedule, due to a control malfunction.

The simple systems model based on TC4.7 SEAP showed that after accounting
for these problems, the air-handler performed as expected. Differences between simu-
lated and actual internal gains and loss coefficients appear to limit the accuracy of the
simulation model. j
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NOMENCLATURE

Katipamula and Claridge: August 13, 1991 24

A — area of envelope component (sf)

Af = building conditioning floor area (sf)

cccfnij = Cooling air flow for zone j (cfm)

cceadb = Cooling coil entering air dry-bulb temperature (F).

cceaw = Cooling coil entering air specific humidity (Ibw/lba).

ccladb = Cooling coil leaving air dry-bulb temperature (F).

cclaw = Sp. humidity of cold deck supply air (Ibw/lba).

cfmzdj = Total zone air flow rate (cfm)

cfmtd = Total air flow rate (cfm)

CLFi — cooling load factor for solar loads

CLFS — cooling load factor for lights based on total hours of

operation and time.

CLFTOT = 24 hour sum of CLF

CLTD = cooling load temperature difference (F) corrected for surface

color, latitude, month, inside and outside design temperatures,

and daily range of outdoor temperature

frac = fraction of the total lighting and equipment load in use

fracp — fraction of people present at a given hour

FPS = fraction of possible sunshine

hccfmj = Heating air flow for zone j (cfm)

cceadb = Heating coil entering air dry-bulb temperature (F).

hcladb = Heating coil leaving air dry-bulb temperature (F)

HGS = rate of sensible heat gain from occupants (Btu/hr-person)

HGt = rate of latent heat gain from occupants (Btu/hr-person)

j = Zone j

orientation, latitude and month (Btu/hr-sf)

No = number of people in building or space

q{/vj — latent cooling load due to outdoor air (Btu/hr)

?»•/«,« = sensible cooling load due to outdoor air (Btu/hr) .

qir = Return air heat gain for zone j (Btu/hr)

9J)3 = Zone sensible load (Btu/hr)

%w — inPu t rating of maximum simultaneous lighting or equipment usage (Btu/hr)



qi ~ Total building latent load (Btu/hr)

qie = internal heat gains from lights and equipment (Btu/hr).

qoj = latent cooling load due to space occupants (Btu/hr)

qoa = sensible cooling load due to space occupants (Btu/hr)

Qi/V = amount of outdoor air entering the building or space

SC = shading coefficient of fenestration component (dimensionless)

t = runtime of air conditioning system (hours)

T{ = indoor air dry-bulb temperature (F)

Tm — Mixed air temperature (F)

To = outdoor air dry-bulb temperature (F)

Tol == Outdoor air dry-bulb temperature (F)

To2 = Outdoor air dry-bulb temperature (F)

Tr = Average return air temperature (F)

Tsl = Temperature set point at outdoor temperature Tol (F)

Ts2 = Temperature set point at outdoor temperature To2 (F)

Tsp = Zone thermostat set point (F)

U = heat transmission coefficient of envelope component (Btu/hr-sf-F)

wi = indoor air humidity ratio (Ibw/lba)

wm = Mixed air sp. humidity (Ibw/lba)

w0 = Outdoor air sp. humidity (Ibw/lba)

wr = Average return air sp. humidity (Ibw/lba)

xoa = Outdoor air fraction.

zsadb = Zone supply air dry-bulb temperature (F).
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APPENDIX A

Load Calculations

Following the SEAP procedure (Knebel 1983), the loads are estimated as follows:

Conduction Loads. The conduction losses/gains are only a function of the out-
door dry-bulb temperature (for a constant overall transmission coefficient). They occur
through: walls, roof, windows, and floor. The loads are estimated at two typical out-
door temperatures for the cooling (97 F and 80 F) and the heating (10 F and 50 F)
seasons, respectively (Eq. A-1), to simplify load estimation. The losses become gains
when the outdoor temperature is above the zone set point temperature. At any other
outdoor temperature the conduction load is assumed to be a "piecewise" linear func-
tion of the outdoor temperature.

The total conduction losses/gains are obtained by summing the losses/gains through
each of the envelope components (walls, roofs, doors, windows, etc.). The CLTD val-
ues for various envelope components can be obtained from ASHRAE Fundamentals
(ASHRAE 1989). The estimated conduction load as a function of outdoor dry-bulb
temperature is shown in Figure 14.

Solar Heat Gains. The cooling load due to solar heat gain through each of the
fenestration components is estimated for January and July (Eq. A-2):

i

To approximate the seasonal variation of the solar load, a linear relationship of so-
lar load with outside air temperature is assumed. To develop the linearization the Jan-
uary solar contribution is associated with the winter design outside air temperature and
July solar contribution is associated with summer design outside air temperature. The
FPS accounts for the average cloudiness which reduces the clear day values. The
sum of the solar cooling loads through individual fenestration components gives the to-
la! design solar cooling lead for the building or zone. The values of GC and MSHGF,
CLFa and FPS are given in ASHRAE Fundamentals (ASHRAE 1989). The estimated
solar heat gains as a function of outdoor dry-bulb temperature are shown in Figure 14.

System Calculation '

The heating supply air set point can be calculated from (Eq. A-3):
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The above equation is valid for outdoor temperatures between Tol and To2. The
hcladb is equal to T a l for outdoor temperature above To i , and is equal to TS2 for out-
door temperature below ro2. The next step is to calculate the required zone supply air
temperature (zsadb) to maintain the prescribed zone temperature (Eq. A-4):

Next, calculate the heating and cooling coil air flow (Eq. A-5):

(A-5)

A-7):
The average return and mixed air temperature are calculated from (Eq.s A-6 and

The temperature of the air entering the cooling coil (cceadb) is the sum of the Tm

and the A T rise from the fan motor. The return and mixed air specific humidity are
calculated from (Eq.s A-8 and A-9):

11):

wm = wr + xoa(wo — wr) (A — 9)

The heating and sensible cooling capacity are calculated from (Eq.s A-10 and A-

where hceadb = cceadb. The dehumidification process will occur if wm > cclaw
(Eq. A-12):
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j lc = 4840 x cccfmi(cceaw — cclaw) (A-12)

Since the current model does not simulate a heat exchanger the specific humid-
ity of the air leaving the cooling coil can not be calculated. Therefore, the cooling coil
leaving condition is approximated by assuming a supply air relative humidity of 85%.
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DRAFT

MONITORED COMMERCIAL BUILDING ENERGY
DATA: REPORTING THE RESULTS

David Claridge, Jeff Haberl, Robert Sparks, Rob Lopez, Kelly Kissock
Energy Systems Laboratory

Mechanical Engineering Department
Texas A&M University

INTRODUCTION

Traditionally, the only monitored whole building energy data has been the

monthly utility bill. In many instances, this bill was sent to the accounting department

and ignored by everyone except the accountants. In recent years, as energy management

has become a visible activity, this billing data is sometimes examined by the energy

manager, and in special cases may be normalized for weather, building area, etc.

However, many large organizations such as government agencies, universities, etc., often

have an entire complex of buildings on a single meter, significantly complicating use of

billing data for energy management. A variety of techniques have been applied to the

use of utility billing data for energy accounting purposes, but these will not be discussed

in this paper. I

During the last ten years, with the growth of demand side management programs,

and the declining cost of data acquisition equipment and computers, there has been an

increasing number of programs where a non-utility third party monitors a number of

channels of energy and related data and archives the information for later analysis. The
!

data may be recorded in monthly increments, but is generally recorded more frequently,

typically daily or hourly.

The general pattern for collecting and reporting this data has been to poll the data

acquisition equipment at the building site by phone modem and archive the data on



magnetic medium at a regular interval (e.g. daily, weekly, monthly). Data quality checks

(e.g. sum checks, high-low limit checks, etc.) are sometimes applied when the data is

collected or within a few days of collection. However, plotting, analysis and reporting of

the data collected has generally followed at an interval of months to years following

collection. Many investigators have discussed data collected by monitoring projects such

as the ELCAP Project, (Pratt et al. 1989), Energy Edge (Diamond et al. 1990), and

monitoring conducted by utilities around the country while others such as MacDonald

and Wasserman (1988), Fels (1986), Hadley and Tomich (1986), Ruch et.al. (1991),

Claridge et al. (1990), etc. have emphasized techniques used to analyze the data

collected. I

Significantly less attention has been devoted to the format and timing of reports

on the monitored data. Lutz (1990) emphasized approaches which can be used to get

important results published in media with a broader audience than technical reports and

academic journals while Kempton and Komor (1990) examined formats for presenting

feedback, units used to present this information and the time intervals at which feedback

is presented. The relative lack of attention to this area is probably due to the typical

users of the data in the past. Researchers, utility planners, government planners, etc.

would all like to have the data immediately, but the information loses little currency if

delivered a year or two after collection, and may increase in value if it has benefited from

insightful analysis. Energy managers who wish to determine the success or failure of an

energy-saving retrofit project can still use the information a year later as a success story

to help sell the next project, though it would be more valuable if current.

However, the use of consumption data to provide near-term feedback to owners

and operators to increase operating efficiency has emerged in the last few years.

Methods which provided real-time feedback on energy cost to homeowners were

investigated in the 1970s (Seligman et al., 1978) but failed to catch on as concerns about

energy cost waned. However, the benefits of regular feedback have been shown in
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several case studies (Haberl and Claridge 1987, Haberl and Vadja 1988, Haberl and

Komor 1990, Kempton and Komor, 1990). Different forms of feedback including

weekly time series plots of consumption, 3-dimensional time series plots, 3-dimensional

residuals of measured less modeled consumption, plots of savings resulting from specific

operational improvements implemented, etc. have been found to be useful.

The Texas LoanSTAR program is a $98.6 million dollar revolving loan program

funding energy conserving retrofits in Texas state, local government, and school

buildings. Public sector institutions participating in the program must repay the loans

according to estimated energy savings in four years or less.

This program has established an energy Monitoring and Analysis Program (MAP)

which is installing data acquisition equipment to monitor the energy use of each large

building at the whole building level, with consumption often submetered for a short

period of time before the retrofits are installed and monitoring continued subsequent to

the retrofits. The major objectives of the LoanSTAR MAP are to: 1) verify energy and

dollar savings of the retrofits, 2) reduce energy costs by identifying operational and

maintenance improvements, 3) improve retrofit selection in future rounds of the

LoanSTAR program, and 4) initiate a data base of energy use in institutional and

commercial buildings in Texas. Over 2.4 megabytes of data are currently being acquired

from over three dozen buildings every week. Installation of the first retrofits was

completed in January, 1991. The program is described in more detail elsewhere

(Verdict, et al., 1990 and Turner, 1990).

As noted, the monitoring determines the retrofit savings in the program, but the

second major objective of the monitoring program is to use the monitored data to identify

additional measures which can be implemented to make the buildings operate more

efficiently. There are several facets to this question.

- Is the retrofit working properly?
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- Are the building systems working properly? i,

- Can changes in operation or maintenance lower operating cost?

Determining the answers to these questions requires a thorough understanding of

the data collected, and of the building and systems from which the data is collected. The

audit reports and site description information are very useful in developing an

understanding of the building, but a crucial part of the process is meetings and

discussions with the facilities engineer and building operators.

Furthermore, if O&M measures are identified, the cooperation of the facility

engineer and building operator is essential before any operational savings can be realized.

Part of the communications process is transmittal of the data collected from the building

to the operators in a format that they can easily understand. Traditional engineering

reports and papers are not current enough to be useful and the format and language

would typically obscure key information from most operators. Hence, we have

developed several forms of largely graphical reporting which are used with the facility

engineers and operators in the buildings monitored. The three forms described in this

paper are: j

1) Monthly Energy Consumption Reports

2) Computer files of the data with browsing software

3) Weekly inspection plots.

All three of these reporting forms are also used by program staff, building

operators, facilities engineers and program managers for a variety of purposes.

I

MONTHLY ENERGY CONSUMPTION REPORTS

A six page energy consumption report is sent monthly to each facility monitored.

This report contains two pages of tables and text and four pages with graphs of

consumption data for the previous month.
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The first page of the report provides a concise summary of current energy

consumption retrofit savings and a comments section. Figure 1 shows the first page of

the April 1991 report for a 324,000 sf Engineering Center which had a dual duct VAV

retrofit which became operational during March. The report shows that the building uses

electricity, chilled water and hot water. All three are supplied from a central plant and

were not metered at the building until data acquisition equipment was installed to acquire

pre-retrofit data. Peak 60-minute electricity demand is reported instead of the standard

15-minute demand since 60 minutes is the integration period for the data collected.

Though names have been removed from the figure, the original report contains two

names, addresses and phone numbers of individuals at the facility who can be contacted

regarding unusual data, building schedules, etc. and the name of a person with the

monitoring project to whom questions about this report can be directed. The retrofit

seems to be working well - the savings are slightly higher than projected by the audit

report The comments section provides individualized feedback to the agency and

building operators on items noted by the project staff, e.g. that savings were also

observed during the construction period and total savings of $83,694 have accrued.

The second page of the report plots daily chilled water (or other cooling energy)

consumption as a function of daily average dry-bulb temperature and hot water (or other

heating energy) as a function of average dry-bulb temperature. Figure 2 shows an

example taken from the March report for the Engineering Center shown in Figure 1.

Note that the March consumption is plotted using M,T,W,H,F,S,U to indicate days of the

week for the current month with the January-February consumption plotted using dots.

This helps identify changes in consumption patterns - the data of Figure 2 show sharp

drops after the VAV system became operational on March 4, when compared with the

January-February consumption. The use of letters also helps identify outliers and

determine whether specific events occurred on weekdays, weekends, holidays, etc.
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The third page of the report gives time series plots of the hourly chilled water and

hot water consumption for the month. Figure 3 is an example taken from the March

report when the VAV retrofit became operational. There is not any obvious change in

the consumption patterns after March 4, but the chilled water data shows gaps and

sporadic consumption which is characteristic of continued construction activity to replace

several chilled water coils after initial system startup.

The top half of the fourth page of the report shows a time series plot of the hourly

electricity consumption for the building, and also shows sub-metered electricity

consumption (Figure 4). The whole building consumption (top line) shows well-defined

weekday/weekend differences. Sub-metered data is shown for the air handlers, super-

computer room, and a derived channel for the lights and receptacle loads. The air

handler channel clearly shows the VAV start-up as the air handler consumption dropped

abruptly from about 380 kW to about 130 kW. The air handler consumption continues to

show evidence of construction/commissioning activity until March 18 and shows daily

variation typical of a VAV system thereafter. <" " •

The bottom half of page four shows the local ambient dry-bulb temperature and ,

relative humidity. '

Page 5 (Figure 5) gives two views of a three-dimensional surface plot of the

whole-building electricity consumption taken from the May consumption report for a

251,000 square foot classroom/office building at another university. This figure shows

the April and May consumption and provides more detail on daily patterns and day-to-

day variation than is readily apparent in the two-dimensional plots given on page 4 of the

reports. In the bottom part of this Figure, the decrease of about 200 kW in whole-

building electricity use due to the start-up of the VAV air handler drives in this building

is apparent The "canyons" show the typical week-end drop in consumption. The view

in the top part of this figure tends to make unusually high consumption during any part of

the period evident. It is clear that during the early morning hours of one day (which can
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be identified as May 10 in other plots), about 200 kW of loads normally turned off at

night were left on. The last page of the report provides a written summary of the

building envelope construction characteristics, HVAC system(s), building use and HVAC

schedules, lighting, and planned or installed retrofits and status. This page normally

changes only when retrofits or schedules change.

DATA EXPLORATION SOFTWARE

I

After the first consumption report is sent to the agency and operators, the agency

contact person is called and a session is scheduled where personnel from the monitoring

program meet with facilities engineers and operating personnel to discuss the report

format, answer questions, get feedback on report format, suggestions for improvements,

etc. There are inevitably requests for different graphs than are included in the report.

A computer loaded with data exploration software (Lantern, 1990) is taken to this

meeting. This software was originally developed to help organize and examine

meteorological data, but is capable of handling most kinds of time series and

geographically distributed data. It provides multiple window viewing and zoom-in

capabilities by utilizing a cross-indexed, compiled data base structure. All data collected

from each building monitored at the site is loaded in compiled form for browsing with

the software.

Table 1 shows that data available from the classroom/office building whose

whole building electricity consumption is shown in Figure 5.
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Table 1. Data types compiled for a typical classroom/office building.

Summary Channels

1. Whole building electricity (kWh/h)
2. Chilled water (kBtu/h)
3. Condensate return (MMBtu/h)
4. Total AHU and chilled water pump electricity (kWh/h)
5. Ambient dry bulb temperature (F)
6. Ambient humidity
7. Solar radiation on horizontal surface (W/m2)

Individual Channels '

1. Return fans 2-4A (kWh/h)
2. Suppl fans 2-5B (kWh/h)
3. Return fans 2-5B (kWh/h)
4. Supply fans 1A,B,C and return fans 1B,C (kWh/h)
5. Supply and return fans 5A (kWh/h)
6. Supply fans 2-4A (kWh/h)
7. Building meter B (kWh/h)
8. Building meter A (kWh/h)
9. Chilled water pumps 1-3 (kWh/h)
10. Chilled water flow (gal/h)
11. Chilled water Btu (kBtu/h)
12. Condensate return (gal/h)
13. Ambient dry bulb temperature (F)
14. Ambient humidity
15. Solar radiation on horizontal surface (W/m2)

Typical use of the software involves examination of time series data for say air

handler electricity use for periods ranging from a few days to a year or more to determine

when construction activity began on a VAV retrofit. Any variable shown in the table can

be plotted as a function of any other variable in the file in a matter of seconds. For the

classroom/office building noted above, a plot of CHW vs dry-bulb temperature (Figure

6) does not show any obvious temperature dependence except possibly for temperatures

above about 75 F. However, a plot of CHW vs Whole-Building Electricity consumption

(Figure 7) shows a strong correlation. Most facility managers and engineers who have
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seen the software demonstrated express an immediate desire to obtain a copy and over

half have done so within two months. • <

The software package cost is comparable to popular word processors, and

facilities personnel are encouraged to purchase a copy if they are interested in exploring

the data in greater detail than presented in the monthly reports. Subsequently, an

updated, compiled file of the building data is sent with the Consumption Report each

month.

INSPECTION PLOTS

Data quality control is essential if the measured savings are to be meaningful.

The monitoring equipment is installed by a subcontractor who checks initial readings

from the system against hand measurements. High-low limits for each channel are

checked with the ARCHIVE program. In addition, hard copy time series plots of all data

collected are generated each week with a total of over 700 plots produced each week.

The number of plots is somewhat smaller than the total number of channels collected

since most electricity consumption is measured using two or three channels for three-

phase service. A summary page of typically 10 plots is produced for each building

(Figure 8). The summary page shows whole-building electricity use, ambient dry-bulb

temperature, relative humidity and global horizontal solar radiation. It includes time

series plots of hourly chilled water Btu (or chiller electricity), condensate Btu (or other

heating quantity) as well as air handler/pump electricity whenever these are available.

Cross plots of the last three as functions of ambient dry-bulb temperature are also

included. Additional plots may be included in the remaining two slots if needed.

These plots are used for data quality control and as a diagnostic tool for

examining unusual consumption. The inspection plots are first used by the installation

subcontractors immediately following installation for range checking. They are scanned

on a weekly basis by project personnel using a checklist to detect data acquisition system

9



problems and building system changes. For example, at one site which was being

retrofit, most channels suddenly went to zero. A visit to the site revealed that the retrofit

contractor had cut all leads to the data acquisition system -in spite of large labels

requesting a collect phone call before disturbing the equipment.

As an example, the whole building electricity plot in Figure 8 shows that early

morning loads on May 10 were about 200 kW higher than normal. They dropped on

subsequent nights, but were still about 50 kW higher than previously. Examination of

the air-handler/pump consumption in the figure shows that essentially none of the air

handlers and pumps were turned off on the night of the 10th, and not as many of these

pieces of equipment were turned off on subsequent nights. Examination of the individual

channel inspection plots shown in Figure 9 shows that none of the chilled water pumps

were turned off after May 9, none of the supply and return fans were turned off on the

early morning of May 10 and a smaller portion of the fans were turned off on subsequent

nights. I

We have had numerous requests from facilities personnel who do not have the

data exploration software for the more detailed information contained in the inspection

plots, and they are released upon specific request, though they are primarily intended for

internal data quality checks and diagnostic purposes.

CONCLUSIONS

This paper describes three forms for reporting monitored building energy

consumption data which have proven highly useful for building operators, facility

engineers, design engineers, monitoring project research personnel and project managers.

These reports are:

1) Hard copy time-series inspection plots produced weekly for every channel

of data collected along with summary time-series plots and cross plots as functions of

10



ambient temperature are used for data quality control and diagnosis of operating changes

and problems;

2) Data exploration software is used by building operators and analysis

personnel to examine system performance and analyze consumption data to determine

retrofit savings; and

3) Monthly energy consumption reports provide hard copy tabular and

graphical feedback to building operators, facility engineers and project managers on the

monthly, daily and hourly performance of building systems and are also invaluable to

analysis personnel in spotting opportunities for improving the performance of building

systems and retrofits.
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Figure 1. Summary page (p. 1) from the April, 1991 Energy Consumption Report for
an Engineering Center at a large university with site-specific names removed.



Figure 2. Plots of daily chilled water and hot water consumption for January 1, 1991 -
March 31, 1991 for an Engineering Center as given on the second page of the March
Energy Consumption Report. Letters denote March consumption and dots denote
January-February consumption.
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Figure 3. Time series plots of hourly chilled water and hot water consumption for the
Engineering Center as shown in the March Energy Consumption Report.
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Figure 4. Hourly whole building and submetered electricity consumption, ambient dry
bulb temperature and relative humidity at the Engineering Center for March, 1991.



Figure 5. Two views of a three-dimensional plot of April-May, 1991 whole-building
electricity consumption for a university classroom-office building as shown on p. 5 of
the May Monthly Energy Consumption Report.
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I
Figure 6. January - April, 1991 chilled water consumption for a classroom/office
building plotted as a function of ambient dry-bulb temperature using data exploration
software.



Figure 7. January-April chilled water consumption for the classroom/office building
plotted as a function of air handler electricity use by the data exploration software.



Figure 8. Inspection plot summary sheet showing data for the classroom/office
building for the week May 7-13, 1991.



Figure 9. Inspection plots showing individual channels for the classroom/office
building for the week May 7-13, 1991.
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ABSTRACT

The Normalized Annual Consumption (NAC) index has proved useful in energy
analysis using the PRISM model. This paper develops NAC with rigorous statistical
error diagnostics for linear and four parameter change-point energy models. The
models are applied to daily data from several case study commercial/institutional
buildings, and the NAC estimates are analyzed and compared. The importance of
goodness-of-fit for a model toward producing an accurate NAC estimate is examined.

INTRODUCTION

Procedures used to determine energy savings resulting from energy conserving retrofits
when monitored pre-retrofit and post-retrofit consumption data are available typically
use the pre-retrofit data to develop a model for the consumption, Ej,re of the building in
the pre-retrofit configuration. Epre is typically a function of one or more primary
influencing parameters such as ambient temperature, internal gains, etc. Following the
retrofit, the energy saved, BMve is determined using the measured consumption,
as

where T is the measured average ambient temperature for post-retrofit day, or other
period for which EiMVe is being determined, and likewise for any other variables, Xj,
influencing Epp r e .

The savings for any period can then be determined by summing the values Ei,,^. Quite
early during the development of the PRISM model, it was found to be valuable to



Ruch and Claridge, page 2

determine a normalized value of the consumption (and subsequently the annual savings)
corresponding to the consumption (and the savings) occurring during a typical weather
year. Savings from a retrofit may be atypically low or high if the weather or other
influencing parameters are abnormal during the period of measurement, and the
building owner or others may be interested in the consumption and savings during a
"normal" year. The consumption value during this "normal" year is defined as the
"normalized annual consumption" (NAC) (Fels 1986). The PRISM NAC is defined for
the three-parameter change-point model used in PRISM. However, numerous energy
consumption channels affected by retrofits in commercial/institutional buildings are
modelled better by two- or four-parameter change point models or by simple multiple
linear regression models (Kissock et al., 1992). A normalized measure of consumption
for these models has not been previously defined.

This paper:
- Derives usable formulae for NAC for simple two-parameter and multivariate

linear models, and for the four-parameter change-point model;
- Develops a rigorous statistical error analysis for NAC with each model;
-Tests the error diagnostics on synthetic data;
- Computes NAC using these models on the same buildings and assesses the

performance of each model in estimating NAC;
- Determines the importance of goodness-of-fit toward producing an accurate

NAC estimate for daily data; and
-Introduces a statistic NSR helpful in identifying the quality of a models fit and

NAC estimate, relative to long-term weather data.

NAC FOR LINEAR MODELS

The variable-base degree-day model incorporated in PRISM is basically a linear model
of energy consumption as a function of temperature except that it assumes that
consumption is constant at a non-zero value above or below a reference or base
temperature. This model has a strong physical basis in many cases, e.g. residential
electricity consumption has a non-weather dependent component due to normal
household uses below a temperature, Tc. It men increases with temperature as cooling
energy is required in addition to the other uses. Heating and cooling consumption in
large buildings is often an approximately linear function of ambient temperature. This
can be seen by examination of system and load equations for common air-side systems
as given by Mitchell (1983), Knebel (1983) and others. It is also evident from
examining monitored consumption data (Kissock et al. 1992). It is sometimes
primarily a function of temperature and sometimes other parameters are important.
Kissock et al. found that a simple linear function of temperature provided a good fit for
15 of 38 channels of thermal data examined while a model linear in temperature and
electricity consumption provide a good fit for 7 of 38 channels.
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The Two Parameter Linear Model

so
NAC = 365 (a + b < T > ) (1)

where < T > is the long-term average daily temperature for the region.

To obtain the standard error for NAC, the basic properties of variance are
applied (see any introductory statistics book):

Formulas (1) and (2) are easy to use in practice because any standard software
package can produce the values for var(a), var(b) and cov(a,b) when the model is being
fit.

I
The parameter NAC has proved to be very reliable for the PRISM change-point

model, in the sense of small percent standard error of NAC, or CV[NAC], even when
the other model parameter estimates had a large degree of uncertainty (Fels 1986).

This stability of NAC will hold for the linear model as well. Consider the
following intuitive argument. Regardless of the scatter of a data set (Tj, Ej), a linear fit

to the data will always pass through its "centroid" (T,E), and the estimate a + bT = £
of the true mean of E will be quite reliable for any data set with a reasonable
temperature range. The level of certainty for a + bT will be high if T is in the middle

of the data set, close to T. Because <T> is generally close to T, it is intuitively clear
that NAC = 365 (a + b < T >) will be a stable parameter (see Figure 1).

Daily to monthly energy consumption data for a significant number of buildings
can be modelled adequately with a simple energy model E = a + bT. (Kissock et al.
1992.) Our derivation of NAC for this model begins with the definition of NAC.

For an average year of daily temperature data {Tj}, the estimated daily energy

consumption values are
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In fact, it can be proven that for most reasonable data sets, and all physically
meaningful models i

where Xj are independent variables that influence energy consumption (e.g.

temperature, electrical use.) Proceeding exactly as in the two-parameter case, the
derivation of NAC for this model yields

where X ^ y is the long-term average for the predictor variable Xj.

As with the two parameter cases, an application of the properties of variance
and covariance produces the standard error for NAC.

for cooling models (see Ruch 1991 for details.)
I

The NAC estimate for the linear model is sensitive to the < T > value chosen.
From equation (1), we see that an error of A<T> in the long-term temperature
average implies an error of ANAC = 365B*A<T>, which may be substantial if the
shape b is large. The standard error of NAC may also be affected (see equation (2)).

The number of years of long-term temperature data needed to compute <T>
depends on weather fluctuations in the region. The recommendation of Fels (1986) for
the PRISM model is to use at least 10 years of data. However, because only <T> is
needed for the linear model, a 30 year average can be obtained from climatological
records for the region.

i

The Multivariate Linear Model

A more complex linear model of energy consumption is

where X o L A V = 1, and Cj^ = covCbj,^. While formula (6) is unsightly, its

calculation is straightforward.
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LIBRARY BUILDING RESULTS

Building Description of Data Set

The case study is a heating model for a library in central Texas. Daily data for
steam consumption, ambient temperature and whole building electric use were collected
between November 1990 and June 1991. All data collected were clean, and the
majority of the year's heating season was included, so the data were considered
acceptable for a heating model study.

A plot of the data (Figure 2) reveals no change-point temperature, which suggests a
linear heating model HO = a + BT. The whole building electric is also considered as
a significant driving force, so a linear heating model HO = a + bj T + t^E is
developed.

Stability of NAC and Sensitivity to < T >

The data from the building were fit with the two- and three- parameter linear
models, using eleven years of local NWS data to compute < T > . The level of
certainty for the NAC estimate is considered, and its sensitivity to < T > is discussed.

The linear model of steam use as a function of temperature for the building is

where T is in degrees C.

The fit of the model is reasonable (R2 = .77) and estimates of NAC and the
slope b are very stable (Table 1). As discussed previously, CV(NAC) is lower than
CV(b) or CV(a). j

To measure the sensitivity of the NAC estimate to the long term average
temperature ( < T > ) , suppose the value of < T > were incorrect by AT = 1C. This
would change the estimate of NAC by ANAC = 1232 GJ, which is 5.6% of the NA<
estimate. In addition, ANAC is approximately 3.5 times the estimated standard erroi
for NAC, a considerable amount. Thus, it is important to use a reliable value for
< T > if s.e.(NAC) is to be taken seriously.

Adding electric use (kwh/day) as a second prediction variable results in the
heating model: I
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The fit of the model is improved significantly (R2 = .84) with the addition of
electric use. Electric use and temperature are nearly uncorrelated, with a correlation
coefficient of 0.16, so collinearity between the predictor variables is not a problem.

The NAC estimate (Table 2) is increased by only 0.69 % of the temperature-
only NAC estimate. For this case study, a significant improvement in goodness-of-fit,
while providing insight into the energy use of the building, does not appear critical to a
reliable estimate of NAC.

THE NONLINEAR FOUR PARAMETER (FP) MODEL

The four parameter change-point model of energy consumption was introduced
by Schrock and Claridge (1989) on physical and empirical grounds to explain
electricity use of a grocery store. Ruch and Claridge (1991) provided a statistical
justification and error diagnostics for the model and suggested that it would be
applicable to data from a large number of commercial buildings. Kissock et al. (1992)
found it to be the model of choice for 14 of 38 channels of thermal data analyzed.

I ; •
The four-parameter change-point energy model is

where T is the average daily temperature, t is the change-point temperature, bj is the
low temperature slope and b2 is the high temperature slope (see Figure X.) To derive

the NAC for this model, we begin with the definition of NAC. For an average year of
temperature data {Tj},

where DD.t) [DD+(t)] is the average number of degree days below (above) the

reference temperature t in an average year.
i

Note that dropping the DD.(t) [DD+(t)] term will yield the cooling (heating)

formulae for NAC used in the 3 parameter PRISM model. Because the FP model is
nonlinear, the simple approach used in calculating s.e.(NAC) for the linear models will
not work here.
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Instead, the model (8) is reparameterized to make NAC an explicit parameter in this
energy model. A likelihood-based standard error and confidence intervals for NAC can
then be calculated. A description of this process is given in the next section.

Calculating the Standard Error and Confidence Intervals for NAC

To reparameterize model (8), equation (9) is solved for the parameter a; this
expression is substituted into (7) yielding

parameter in the energy model, a confidence interval for NAC is defined as follows:
I

For a set of parameter estimates bj, b2, NAC, and t, let RSS(b1} b2, NAC, t) denote the
A A A A A

residual sum of squares for the model (8), and RSS denote RSSO^, b2, NAC , t) , where

b l 9 b2, NAC, t are the parameter estimates giving the best least-squares fit to the data. A

point x lies in the confidence interval for NAC if, and only if, there exist b l s b2 and t

such that

where e is the significance level of the confidence interval, m is the number of data

points and F®. _. is the F statistic with 1 and m-4 degrees of freedom.

We define the standard error (with significance level e) for a parameter to be
half the length of the confidence interval. The statistical theory behind the confidence
intervals is discussed in Beale (1960) and Hinkley (1969). The likelihood-based
approach used here is recommended by these authors. The algorithm used to compute
the endpoints of the confidence interval for NAC does so by finding, approximately,
the extreme values of NAC (MAXNAC and MINNAC) for which inequality (11) holds
for some values of b1 ( b 2 and t. This is done by searching along the t-axis, to the right

and left of t in increments of 0.1, for values of t such that inequality (11) is satisfied.
For each such value of t, the corresponding extreme values of NAC satisfying the
stability of NAC are found, and the "global" values MAXNAC and MINNAC updated

if necessary. If < T > is close to T, the NAC estimate will generally be more reliable
than the estimates of parameters a and b. When the search for acceptable values of t
is exhausted, the final values of MAXNAC and MINNAC are recorded as the
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endpoints of the confidence interval for NAC. Confidence intervals for the other
parameters are found similarly. See Ruch and Weber (1990) for complete details.

Testing Error Diagnostics on Synthetic Data

The standard error for NAC must be tested on synthetic data for three reasons.
The parameters of model (8) have been shown to be asymptotically normal (Feder
1975), so the error diagnostics output by the program should be very precise for large
samples. The program's output must be tested, first of all, to establish this as fact.
Secondly, the error diagnostics must be tested on smaller samples to ascertain the
sample size necessary for reliable standard errors. Finally, the "robustness" of the
error diagnostics should be tested. The phenomenon of heteroskdasticity is common in
energy data (Thomas 1988, Ruch and Claridge 1991) which often results in inaccurate
standard error estimates, even though the parameter estimates themselves are unbiased.
This problem can be handled by transforming the data on using weighted-least squares
(WLS) (Ruch and Claridge 1991), but this is a time-consuming statistical task. If the
error diagnostics are reasonably robust, the use of WLS can justifiably be omitted in all
but the most careful analyses.

Four numerical tests were carried out to validate the algorithm's NAC estimate
and error diagnostics. In all four tests, 200 data sets were generated. The first three
tests, developed to study performance on different sample sizes, used random normal
deviates on equation (8) with parameter values fy = 40, t>2 = 200, a = 8000, t = 15

and variance s2 = 4002. The data sets for these tests had sample sizes of 365, 120,
and 12, respectively, with temperature values {Tj chosen randomly from a 10 year

data set of average daily temperatures in the College Station, Texas area.

The data sets for the fourth test consisted of 365 observations on equation (1)
with the parameter values stated above, but used non-constant normal deviates
N(0,a"Tj) to test the NAC error diagnostics in the presence of heteroskedasticity.

For all tests, a four-parameter fit and accompanying parameter confidence
regions at significance levels of 0.32, 0.05 and 0.01 were constructed for each data set.
The mean value of the NAC estimates and the number of confidence intervals
containing the true value of NAC were tabulated for each test (Table 3).

The results for the first three tests indicate that the approximate confidence
intervals computed according to our algorithm are very accurate, because they contain
the actual NAC value at essentially the same percentage rate expected. The average
NAC estimates are quite accurate for the large and moderate sample size, but not so
good for the small sample size. If daily data are used for an energy model, several
months of data should be used to ensure quality performance by the algorithm. The
fourth test indicates that the estimated confidence intervals are inflated somewhat if the
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data is heteroskedastic. For such data sets, a WLS analysis may be warranted if highly
accurate confidence intervals are desired.

COMPARISON OF NAC ESTIMATES BY THE LINEAR, PRISM AND
CHANGE-POINT MODELS

The three models were applied to a set of daily data from three commercial
buildings in Texas. The goodness-of-fit and NAC estimates are compared, with the
goal of determining the importance of goodness-of-fit to the accuracy and level of
certainty of a NAC estimate.

Description of the Building Data

The daily data for Winship Hall were collected from October 1990 through
April 1991, when a retrofit to the building was carried out. A NAC estimate for the
cooling model is particularly interesting because it is necessary for determining retrofit
savings. The estimate is also somewhat difficult because data from the high
temperature region were largely unavailable.

The daily data for a heating model of Welch were collected from October 1990
through June 1991. All data were clean, with the exception of one week in February
when construction caused abnormal energy use.

The grocery store data for a cooling model covered 324 days in the period July
1989 - June 1990. Complete details are available in Ruch and Claridge (1990.)

I
These buildings were chosen for analysis because they all displayed change-

point behavior in varying degrees. Welch clearly deserves treatment by the FP model,
while a plot of the Winship data seems nearly linear, and the grocery store appears
accessible to a PRISM fit (see Figures 4,5,6.)

Application of the Models

All three models were fit to each building, and NAC estimated using an eleven
year set of daily temperatures from the region. The goodness-of-fit and NAC statistics
are detailed in Table 4.

In all three buildings, the four parameter (FP) model's fit of the data was (as
expected) the best; significantly so for Welch. In the grocery store case, all three
models gave similar NAC estimates, with small and reliable CVjNAC] estimates.
Even though the linear cooling model is incorrect for this data (Figure 4), the large
proportion of data points above the reference temperature, where the cooling load was
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also the greatest, forced a linear fit that was acceptable in the high temperature cooling
region, and consequently produced a reasonable NAC estimate.

Let us emphasize this point: if the model cannot fit the entire data set well, a
good NAC estimate can only be expected if the majority of the data lies in the high
consumption region. For this reason the FP model has an advantage over the simpler
models, in that its superior goodness-of-fit will make the structure of the available data
set less important for a reliable NAC estimate.

Turning to Winship Hall, what worked for a linear fit to the grocery store data
works against it with Winship. Data for this cooling model was only available from
November 1990 through April 1991. This resulted in a PRISM fit that underestimates
consumption for temperatures above 21° C (See Figure 5) where most of the
consumption takes place, and consequently gives a NAC estimate 9.2% less than that of
the FP model, while the PRISM CV[NAC} is only 1.4%. The linear NAC estimate is
7.3% lower than the FP model's estimate for similar reasons. Judging from the FP
model's superior goodness-of-fit and the above analysis of the data set, the estimates of
NAC and CV[NAC] for Winship from the linear and PRISM models must be
considered inaccurate and unreliable.

For the heating model of Welch, the data set included most of the annual
heating period (Figure 6). While the superior goodness-of-fit given by the FP clearly
indicates that its NAC estimate is to be preferred, the results produced by the linear and
PRISM models are reasonable: The PRISM HO NAC estimate is about two PRISM
standard errors above the FP NAC estimate (about 5% of the FP NAC estimate).
A close look at Figure 6 for temperatures above 24° C shows that the PRISM HO is
over-predicting on this region. Although consumption is fairly low per day, about 40%
of the days in an average year fall in this region. This appears to be the reason for
PRISM HO1 s overestimate of NAC.

Identifying a Model's Lack of Fit. Normalized to Long-term Weather:
The NSR Index

Traditional goodness-of-fit measures such as R2 may not emphasize temperature
regions of long-term importance, as seen in the previous section for the Welch and
Winship Hall buildings. For this reason, we now define the Normalized Systematic
Residuals Index (NSR), which gives a percentage measure of a model's residuals over
temperature regions defined by long-term temperature distribution. A large value of
NSR indicates that a model is consistently over or underestimating the data over a
significant long-term temperature region. NSR can be compared across both models
and buildings.



The NSR Index is

NSR = maximum* | AVE(Residual) | , | AVE(Residual) | }/W.AVE (E)

If the model's fit is good in both halves of the long-term temperature regions,
zero is the expected value of both AVE(Residual), the average residual of the model

over the upper half of the long-term temperature distribution, and AVE(Residual).

Thus a small value for NSR indicates a good fit to the data and, hopefully, a good
NAC estimate. |

NSR is defined in terms of residuals rather than square errors in order to detect
systematic over or underestimating by the model. The low values of NSR (less than
2%) in Table 3 are consistent with the NAC estimates considered good in the previous
section. This is not always the case with R2 or CV[NAC] values (see especially the
linear model of winship.)

These results can be summarized in a CV[NAC] against NSR plot (Figure 7) in
the spirit of CV[NAC] against R2 plots used by Reynolds (1990) in a PRISM study.
Building models with low CV]NAC] and NSR values have good NAC estimates. From
the previous discussion, it appears that models with NRS <_2% and CV[NAC] <_2%
are reasonable for large commercial buildings with daily data. However, more work
should be done testing the value of NSR on other buildings.

The NSR index could easliy be defined by splitting the data into three or more
portions rather than two. While this was not necessary to detect the systematic
residuals in the cases mentioned above, it merits further study.

CONCLUSIONS

The availability of NAC with rigorous error diagnostics for several energy
models allows more choices for fitting a physically meaningful model to data and
determining a reliable NAC estimate.

Ruch and Claridge, page 11

For a model being fit to data {Tj, E,}, let L be the subset of the data lying in the
lower half of the long-term temperature distribution line (i. e., for Tj less than the
long-term median temperature.) Similarly, let U denote the upper half of the data. We
also need an "average" energy value, weighted according to the long-term temperature
distribution:
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i i - •

For the case studies, it seems that a good fit to the data in "normal year" high
consumption regions is essential for a good NAC estimate. The term "high
consumption region" encompasses two important cases: regions where the daily energy
use is generally high, and regions that include a large percentage of the days in a
normal year. ;

The FP model allows for NAC estimates more accurate than those given by
linear and PRISM models for some buildings. The fundamental reason for this is the
greater goodness-of-fit offered by the FP model, this makes the FP model less
dependent on the structure of the data set for reliable NAC estimates. In particular, the
FP model may be especially useful when data from high consumption regions is scarce.

The NSR index defined in this paper identifies a model's systematic lack of fit
in temperature regions of long-term importance. For the case studies examined, the
NSR index appears promising as a tool for assessing the quality of a NAC estimate.
However, testing of NSR on more buildings should be undertaken.
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Table 1. Library Building (PCL) Results for the simple linear energy model.

Table 1M. Library results for the heating model HO = a + b{T + b2E.

Table 2: Numerical Test Results. The entries in the first three columns give the
percentage of the 300 approximate confidence intervals containing the true value of
NAC at the indicated significance level. The expected values for the column's entries
are 68, 95, and 99, respectively.
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Table 3. Goodness-of-fit and NAC statistics for Model Comparison, high values of
NSR indicate a systematic lack of fit over a region of the data, which may result in a
poor NAC estimate. The NAC estimates for the grocery store is in kWh, while the
NAC for Welch and Winship are given in Mbtu.
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Figure 1. Stability of NAC. If < T > is close to T, the NAC estimate will generally
be more reliable than the estimates of parameters a and b.

Figure 2. Library (PCL) data with linear fit.
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Figure 3. Four-parameter model. The change point coordinates are (t,a), the lower
temperature region slope is b j , and the high temperature region slope is b2 .

Figure 4. Grocery store data with PRISM CO and FP model fits.
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Figure 5. Winship Hall data with linear and FP model fits. The PRISM CO fit above
21° C is too low.

Figure 6. WELCH with FP and PRISM HO model fits. The PRISM HO fit is too
high above 24° C. Forty percent of the days in an average year will lie above 70° F.
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Figure 7. NSR vs. CV[NAC] summary. Buildings with low NSR and CVfNAC]
values have reliable NAC estimates. Linear (L), PRISM (P), and FP (F) models of the
three buildings are shown.
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ABSTRACT

Hourly building energy models such as DOE-2 and BLAST provide an effective method
for simulating the energy usage of a building during the design stage. Increasingly, such
models are being used to evaluate retrofits in existing buildings. However, little
agreement exists among the users of the models as to how to calibrate the simulation to
the measured data from a building or what the impact is of using real weather data in the
simulation.

This paper evaluates the impact of using measured weather data versus TMY weather
data for a calibrated DOE-2 simulation of a large institutional building. The procedure
relies on specially prepared plots that allow for differences in dry bulb temperatures,
specific humidity and the impact on hourly energy usage to be easily viewed over the
entire simulation period. Results from the application of the procedure to simulated
energy usage using TMY weather data and measured weather data that has been "packed"
into TRY formats are compared to actual energy usage for two different geographic
locations in central Texas. Specific recommendations concerning the impact on
calibration of the DOE-2 program are also included.

INTRODUCTION '
Calibrated Building Energy Models.

Hourly building energy models such as DOE-2 and BLAST provide an effective method
for simulating the energy usage of a building during the design stage. Increasingly, such
models are being used to evaluate retrofits in existing buildings. However, little
agreement exists among the users of the models as to how to calibrate the simulation to
measured data from an existing building.

Many studies have reported on various efforts to calibrate building energy simulation
programs to measured data from a real building (Diamond and Hunn 1981; Sorrell et al.
1985; Bahel 1989; Kaplan et al. 1990; Hsieh et al. 1989; Subbarao 1989; Carroll 1989).
However, little agreement exists about how to calibrate the simulation.

In general, hourly calibrations present enormous problems for the energy analyst who is
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usually operating under cost constraints. How does one quickly and efficiently calibrate a
building simulation program to data from a real building when there are literally hundreds
of input variables (or "knobs") to adjust, and hundreds of pages of output to search
through to see if the intended result has been achieved.

Recently, with the advent of very powerful desktop computers now available to most
energy analysts, and more importantly, with the availability of advanced graphics
(previously available only on large mainframe computers) the possibility of developing
toolkits to help with this calibration effort is becoming a reality.

In a previous paper (Bronson et al. 1991) we reported on a procedure for calibrating non-
weather dependent loads by using 3-D comparative plots. In this paper we report on
another toolkit that has proven to an effective looking glass" for viewing the impact that
different weather data have on a DOE-2 simulation of a building.

METHODOLOGY

Previously (Bronson et al. 1991), we determined that graphical presentation of hourly
DOE-2 output is an effective means of providing feedback to the simulator to help
him/her assess the impact the latest change to the (sometimes massive) input file. In
general we determined that one needs to be able to quickly and automatically view hourly
DOE-2 simulation results and readily compare them to hourly measured energy use for a
specific building. The previous method extracted DOE-2's hourly data for pre-specified
variables, translated the data into a contiguous columnar format, merged it with
measured data for the same period, and then compared the simulated hourly variable to
its measured counterpart using various graphical and statistical techniques.

The DOE-2 program is available for most mainframes, minicomputers and certain
microcomputers. The simulations performed for this paper used a superminicomputer
cluster running the DOE-2. Id version of the program. In addition to the DOE-2 program,
other supporting software is also needed. The types of software depend on what is to be
done and the volume of data to be handled. 2-D and 3-D plotting programs with good
data-handling capabilities are mandatory for viewing the data. The procedures described
here are specific to the graphics packages used to produce the plots yet are general
enough to be of value for use with other packages (please see the acknowledgments for a
listing of the proprietary packages).

i •

DOE-2 contains many input variables that can be adjusted during the calibration process.
One convenient grouping is to consider weather dependent and non-weather dependent
input variables. Obviously, weather-dependent variables include energy that is consumed
for space heating-cooling purposes (Le., weather dependent); non-weather-dependent
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energy use includes energy used for loads that are primarily schedule dominated (i.e.,
lights and receptacles).

Figure 1 is a flow chart of the overall DOE-2 calibration procedure. Our primary sources
of information included: as-built drawings, audit reports, and on-site visits, as well as the
monitored data. Additional information concerning the case study building is presented in
the previous paper (Bronson et al. 1991).

A DOE-2 input deck was produced for the building and measured weather data were then
converted to suitable units and overlaid onto the appropriate weather tape. In those
simulations where we had measured data for dry bulb temperature, humidity, and solar
data these data were overlaid onto TRY weather tapes and repacked for use with the
DOE-2 program using the FORTRAN weather processing utilities that come with the
DOE-2 program (LBL1982; 1984,1985,1989). Missing values were left in the input data
stream as -99.0 to assure that we did not have "mixed" weather data streams.

Hourly values were then extracted from the DOE-2 program (Figure 2), translated to a
common columnar format and compared to the measured data. Graphical comparison of
the simulated data to the measured data proved to be an effective means of assessing the
progress of the calibration. In the previous work (Bronson et al. 1991) we showed that
comparative 3-D plots were the most useful way of viewing small differences between the
simulated and measured data streams. However, we found that 3-D plots were not as
helpful in assessing the differences in weather dependent loads.

Figure 2 is a flow chart of the software modules that were created to facilitate the data
handling. As much as possible, public domain procedures were used to hold down costs,
and to facilitate the development and distribution of public domain software that others
can use.

! -
To begin with, in the upper left-hand corner of the diagram, non- weather-dependent
electricity consumption data and weather data are extracted from the measured hourly
data. The non-weather-dependent data are then condensed into daytypes using a
daytyping routine (Katipamula and Haberl 1991) and the resultant information inserted
into the DOE- 2 schedules which are then multiplied by the appropriately scaled load
density (e.g., W/ft2) for the specific scheduled energy input.

The DOE-2 input deck and hourly weather data were then transferred from the
microcomputer to the superminicomputer cluster on which the DOE-2.1d program
resides. The measured weather data did not embody all the meteorological and insolation
parameters required in a TRY weather file. Therefore, an additional weather

August 1991. To be presented in the 1992 ASME Transactions. For discussion purposes only.



D R A F T Haberletal. p. 4
preprocessing program was used to derive certain weather parameters from the measured
data and convert into the proper input units (i.e., horizontal solar was split into a direct
normal and diffuse components) and "repacked" into a TRY format weather file using the
FORTRAN weather processing program that comes with the DOE-2 program.

A DOE-2 simulation was then run on the superminicomputer cluster with the "repacked"
TRY weather tape and the input file that contained the actual non-weather dependent
electric load profiles. The simulation output file was transferred back to the PC, where
hourly values were extracted from each run.

Each time a different aspect was being considered, it was necessary to edit the DOE-2
input deck, transfer the DOE-2 input deck to the superminicomputer for processing,
transfer the DOE-2 output back to the PC and extract and manipulate the hourly output
for the preparation of the necessary graphics. This process was very tedious at first, and
error prone. Hence considerable effort was spent to automate the procedures needed to
produce the standard graphs that are used for comparative viewing.

The modules that were developed can be seen in the lower half of Figure 2. The goal of
all this data processing is to "knit" the two data streams together, as needed, into a graphic
format which facilitates the viewing of the progress of the calibration. For each run the
hourly output had to be extracted from the DOE-2- formatted hourly reports which
contained extraneous header and footer information. In addition, DOE-2 displays the
energy usage in 1 to 24 format which needed to be converted to 0 to 23 format in order to
match the data from the field recorder (the format for which is determined by the
manufacturer of the field recorder).

Separate files containing each run were then extracted from each of the processed hourly
files and fed into the ARCHIVE program (along with the appropriate channel table).
ARCHIVE attaches a decimal date to be used by succeeding programs to totalize the data
into daily format. Data from the field data recorder has previously been fed through the
ARCHIVE program which meant that both data streams were now in the common
ARCHIVE format (Feuerman and Kempton 1987).

The next path for the data stream depended on the type of graphs that were being
produced. In the case of the non-weather dependent calibration we used those modules
that produced comparative 3-D plots. Unfortunately, these 3-D plots proved to be of
limited use in assessing the impact of a building's weather dependence. This proved to be
particularly true for the case study building we were studying in central Texas where we
found that a significant portion of the building's cooling load was latent cooling.
Therefore, it was determined that a series of plots would be the most useful. Specifically,
an hourly scatter plot of energy use versus ambient temperature, a "mapping" of the
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energy use onto a psychrometric chart, histograms showing the occurrences of data in
both temperature and specific humidity bins and time series traces of all variables.
Furthermore, it was determined that aligning the different graphs around the
psychrometric chart also helped to improve the impact of the complex comparative
graphic. Figures 4 through 6 illustrate the complex comparative graphics that we
developed. We also found it helpful to look at x-y scatter plots that showed simulated
versus actual data (Figure 7).

I
Applying the procedure to a case study building: the Engineering Center.

I
One of the primary motivations for the development of a procedure to calibrate DOE-2
came about during the review of the energy audits being submitted as part of the
LoanSTAR retrofit program. Occasionally, the energy auditor would submit a DOE-2 run
to document the energy use of a particular retrofit. If these DOE-2 runs could be better
calibrated to a building they could play a major role in the measurement of the retrofit
savings since they could be used to calculate the energy savings.

!
The Engineering Center (EC) is a large, multipurpose building which contains classrooms,
laboratories, faculty-staff offices, and a large central computer facility. It is located on the

Texas A&M University campus in central Texas (30° 4'N, 96° 2'W) about two hours
Northwest of Houston. The EC, (and 250+ other buildings) on the central campus
receive steam, hot water, chilled water, electricity, and communication services from a
centralized utility distribution system.

The four story, 324,400 square foot facility was built in the early 1970's. The building
measures 339 feet (the long axis) by 221 feet and is 60 feet in height. The long axis is
oriented in a Northeast to Southwest direction and the building is not shaded by any other
structures. Parking is provided under the facility for 82 cars. Figure 3 is a photograph of
the building.

One of the distinguishing features of the building is a large, centralized, three story atrium
in the Southwestern half of the building which provides access to the surrounding
classrooms, and offices. About 2,500 square feet of Northeast facing clerestory lighting
helps to illuminate the central staircase and computing facility.

The building can be characterized as an internal load dominated, high mass structure with
6-inch concrete floors and insulated concrete walls. Only about 9% of the exterior
envelope is glazed. This consists of about 2,500 square feet of single pane clerestory
lighting, and about 9,000 square feet of single pane windows which are set back 3 feet
between exterior concrete utility chaseways.
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The building has a maximum occupancy of 2,300 occupants which occurs during peak
periods each semester. The occupancy profiles are characterized by a 8 a.m. to 7 p.m.
weekday schedule. Significant evening usage of the building occurs during the weekdays
between 7 p.m. and midnight. Weekend usage is moderate.

The building's average air-change rate is strongly driven by the 10-20% fresh air that is
supplied to the air-handling units (AHUs). Internal lighting loads (2 W/ft2) and
equipment loads (2.4 W/ft2) peak during the weekdays in the early afternoon.
Considerable electricity is consumed in the evenings by the central computing facility.

The building has 12 constant volume, dual-duct AHUs which provide 330,500 CFM to the
90 + zones in the building. The AHUs are located in the parking garage with return air
paths provided by the concrete chaseways that encircle the exterior of the building.
Control of the ventilation systems is provided by 90+ zone thermostats. Prior to a recent
VAV retrofit the AHUs operated continuously. Secondary chilled water pumps and hot
water pumps are manually switched on to provide for varying levels of cooling or heating
capacity. A detailed description of the HVAC system is provided in the paper by
Katipamula and Claridge (1992).

RESULTS

To demonstrate the usefulness of this procedure measured energy usage (Figure 4) and
DOE-2 simulated energy usage using TMY (Figure 5) and "packed" TRY weather tapes
(Figure 6) are displayed using the comparative plots. X-Y cross plots of the hourly, daily,
and monthly energy usage are shown in Figure 7. Summaries of the differences in the
consumption for the total 6 months period are presented in Table 1, and graphically in
Figure 8.

In Figure 4,5, and 6 the cooling energy use and heating energy use is displayed in a series
of graphs that were found to be helpful in visualizing differences in energy use that were
being caused by simple substitution of the weather tape. In each of these figures the
energy use is displayed as an x-y cross plot in the upper left corner, and as a 2-D time
series in the upper right plot. The position of each hourly point on the psychrometric
chart is then shown directly below the x-y cross plot. To the right of this plot is a
histogram that displays the numbers of hours for 10 specific humidity bins. Directly below
the psychrometric chart are the number of hours for temperature bins. Finally, in the
lower right corner a time series trace of dry bulb temperature and specific humidity is
plotted. One page of plots is produced for each simulation (or measured data set).

In Figure 4 a special feature has been added to the histograms to visually display the
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impact that missing humidity data had on the TRY weather packer. For the most part,
these missing data occurred because the type of relative humidity sensor we had chosen
was saturating in the early morning hours and creating erroneous readings. These
erroneous readings were all placed in the 0.0225 bin as missing data (a physically
unreasonable number) for graphical presentation only. They were replaced with -99
before passing on to the TRY weather packer. The TRY weather packer then imputes
these values with the most recent occurrence of specific humidity. Visually this has been
displayed as the dashed histogram in Figure 4 only. Figure 6 displays only the TRY
imputed specific humidity data. Figure 5 displays the TMY temperature and humidity
data for Austin, Texas. |

In general, if the goal of the simulation had been the accurate representation of the
building's heating and cooling energy use the time spent packing the real weather data
into the TRY weather data packer was time well spent. Except for the heating energy use
(which will be explained shortly) using packed weather data improved the fit of the
cooling energy use from +12.4% to +9.0%, and the simulation of the peak cooling load
from +29.4% to +21.0%. The fit on the electricity use and peak loads was relatively
unaffected. The 5.5% error introduced by the simulation, as discussed in the previous
paper (Bronson et al. 1991), can be corrected by inserting more accurate daytypes into
the DOE-2 schedule.

The fit of the DOE-2 simulation to the heating energy use using the packed weather tape
actually got worse. The DOE-2 simulation of the heating energy use using the TMY
weather tape overstated the heating energy use by +19.3%, and the peak heating energy
use by 19.8%. Using the packed weather data worsened the overstatement of the heating
energy use to +24.4%, pushing the heating peak to an almost unbelievable +53.8% over
what was recorded.

There are two reasons for this. First, lower temperatures were experienced by the real
building than occurred in the TMY weather data. This is somewhat obvious when one
compares looks at the scatter plot in Figures 4 and 6 to the scatter plot in Figure 5. This
can also be seen in the histograms which do not show temperatures below 25F in the TMY
weather tape. |

The second reason took quite a bit of detective work to ferret-out (Katipamula and
Claridge 1992). A closer look at the operation of the building revealed that the building
may have actually been starved for heating in very cold weather because only one of the
secondary pumps was running when the original balancing report called for two pumps to
run. This had the effect of "clamping" the energy use to a lower level which can be seen in
the scatter plot in Figure 4. Fortunately, this only occurs very infrequently for this high
mass building and therefore very little temperature degradation takes place.
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This problem was compounded by the fact that, over time, the building operators had
learned that if they left the outside air vents open at their normal setpoints (about 10-
20%) they stood a good chance of freezing the chilled water coils. So, they made it a
policy to shut the outside air vents in the late Fall when the first "Blue Northerner" came
through town and opened them again in the early Spring when they felt there was little
chance of freezing. This action most likely saved some energy and did not appear to
noticeably degrade the indoor air quality (although no specific IAQ tests were
performed). Needless to say, this operation schedule was very difficult to simulate with
DOE-2.

In Figure 7, cross plots are displayed of the actual cooling load versus the DOE-2
simulated cooling load for hourly, daily, and monthly values. This type of presentation
for this building was shown to be useful by Hinchey (1991). In the literature, it seems that
many authors use only monthly, and rarely daily energy use to see how well a DOE-2
simulation is tracking a building's energy use. One can clearly see from these graphs that
the real story begins to come into focus with daily presentations, and clearly solidifies
with the hourly presentations. Certainly, this presents a strong case for going well beyond
monthly comparisons when calibrating DOE-2 to an actual building - even when one has
packed a weather tape with measured weather data.

DISCUSSION

This paper presents a procedure for viewing differences in DOE-2 simulations that are
due to substitutions of weather tapes. This procedure is evaluated using measured
weather data versus TMY weather data for a calibrated DOE-2 simulation of a large
institutional building. The procedure relies on specially prepared plots that allow for
differences in dry bulb temperatures, specific humidity and the impact on hourly energy
usage to be easily viewed over the entire simulation period. For the case study building
the use of packed weather tapes significantly improved the cooling energy simulation.
Several other unexpected features were found as well.

First, the presence of missing data in the input weather stream triggers the TRY weather
packer to use imputed values for the missing values. Although this seems reasonable, the
user should always take the time to see exactly what this is doing to energy consumption
profiles.

Second, there appears to be very few dry days in the TMY weather tape for Austin,
Texas. The seems to have a negative impact on the cooling energy use for a building since
these hours are being replaced with conditions that carry an increased latent load. This
probably contributed significantly to the +12.4% overstatement of in the cooling load for
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the case study building.
At this point we have been unable to determine why TMY only has 380 hours when the
specific humidity falls below 0.0025 HWlba while we measured 750 hours (before the

TRY weather packer imputed this to 990 hours). We do not know the exact reason for
this. A further investigation of the TMY algorithms might be warranted.

In contrast to this, the histogram profiles for the TMY tape and the real data are
reasonably well matched. With the exception of the extreme cold days that were
experienced during the monitoring period, the substitution of the Austin TMY weather
tape appears to be a good match for the case study building (Austin is 100+ miles west of
College Station).

One additional result was quite unexpected, namely, the lack of scatter in the DOE-2
simulation of chilled water below 60F - a problem which may be due to variations in the
cold deck temperature that the case study building experienced during the monitored
period. This was revealed by other investigations (Katipamula and Claridge 1992) that
were being performed on an air handler in the building to determine if a simplified model
could be calibrated to the building. During this investigation it was discovered that this
same lack of scatter was also occurring in the simplified model, and that by introducing
the measured chilled water temperature into the simulation, the graph appeared more
scattered. Although this in itself is not solid proof as to what exactly is causing this inside
the DOE-2 model. It does give one a good place to start looking.
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Table 1: Comparisons of energy use and peak energy demand for cooling, heating,
electricity and total energy use. This table summarizes the comparisons between the
measured energy use and the energy use as simulated with DOE-2 using the Typical
Meteorological Year (TMY) or real weather data "packed" onto a Test Reference Year
weather tape. All values shown are for the period from September 1,1989 to February
28,1990.

NOTE:
(1) The values in parenthesis are the percent difference between the value shown and the
measured value.
(2) Differences between values published in this table and previously published values
(Bronsen et aL 1991) are due to variations in the electric load profile daytypes that were
used in the DOE-2 simulation.

(*) The peak electricity use is in kW x 1(P. Btu conversions for the electricity use used
3,313 Btu/kW. :
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Figure 1: General flow diagram for the non-weather dependent calibration procedure.
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Figure 2: General flow diagram for producing the graphics.
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Figure 3: The Case Study Budding - the Engineering Center.
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Figure 4: Measured energy usage and weather data for the Engineering Center
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Figure 5: DOE-2 simulated energy usage using TMY weather data (9/89-2/90).
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Figure 6: DOE-2 simulated energy usage using "packed" TRY weather data (9/89-2/90).
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Figure 7: Hourly, daily and monthly comparison plots of measured energy use versus
the DOE-2 simulated use.
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Figure 8: Comparisons of energy use and peak energy demand for cooling, heating,
electricity and total energy use. This figure summarizes the comparisons between the
measured energy use and the energy use as simulated with DOE-2 using the Typical
Meteorological Year (TMY) or real weather data "packed" onto a Test Reference Year
weather tape. All values shown are for the period from September 1,1989 to February
28,1990.
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Use of Simplified Systems Model to Measure
j Retrofit Energy Savings.

Srinivas Katipamula, Ph.D. and David E. Claridge, P.E.,Ph.D.

Energy Systems Laboratory, Dept. of Mechanical Engineering,
Texas A&M University, College Station, TX 77843.

ABSTRACT

The retrofit of dual-duct constant volume systems (DDCV) with energy efficient
variable air volume systems (VAV) has become common in recent years. In general,
the energy savings from such retrofits are estimated by developing a temperature de-
pendent regression model on the whole building pre-retrofit energy consumption data
and the model predictions are compared with measured post-retrofit consumption, to
determine the savings. In cases were the pre-retrofit energy consumption is not avail-
able such a method cannot be implemented. Therefore, a method is presented based
on use of a simplified calibrated system model to estimate the energy savings.

A VAV model was developed based on the ASHRAE TC 4.7 Simplified Energy
Analysis Procedure (SEAP) (Knebel 1983) and calibrated with the post-retrofit energy
consumption of a large engineering center in Central Texas. The calibrated VAV model
was used to develop a DDCV model, also based on TC 4.7 SEAP, and apparent sav-
ings were determined as the difference between the DDCV predicted consumption and
measured energy consumption.

The simulated cooling energy consumption from the VAV model was within
± 1 MMBtu/h of the measured energy consumption. The simulated daily consump-
tion from the VAV model compared much better than the hourly consumption with the
measured daily consumption (within ± 5%). The apparent saving from the retrofit of
the DDCV system with VAV was about 598 MMBtu in cooling energy and 56 MMBtu in
heating energy for a three week period June/July 1991.

INTRODUCTION \

A state-wide Monitoring and Analysis Program (MAP) has been established as
part of the Texas LoanSTAR (Loan to Save Taxes and E_nergy) Program (Verdict et al.
1990) to: (1) verify energy and dollar savings of the retrofits, (2) reduce energy costs
by identifying operational and maintenance improvements, (3) improve retrofit selection
in future rounds of the program, and (4) initiate a data base of energy use in institu-
tional and commercial buildings in Texas. The program is currently monitoring hourly
data from over four dozen buildings using public domain polling procedures that collect
information from microcomputer based field recorders.

Several state owned buildings with DDCV systems are being retrofitted with en-
ergy efficient VAV systems as part of Texas LoanSTAR Program. One method of de-
termining the energy savings is to develop a regression model of the whole building
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pre-retrofit energy consumption data and compare model predictions with the mea-
sured post-retrofit consumption to determining savings. This method is being used
in the Texas LoanSTAR monitoring and analysis program for buildings that have ad-
equate pre-retrofit monitored data.

Unfortunately, in some buildings the retrofits were completed before the monitor-
ing instrumentation was installed. Therefore, no pre-retrofit monitored data are avail-
able for these buildings. Another method is developed in this paper based on use of
the ASHRAE TC 4.7 SEAR This method involved developing two different models to
simulate VAV and DDCV systems. The VAV model was calibrated with the post-retrofit
monitored data. The calibrated VAV model was then used with the DDCV model to
predict the energy use of the building in the pre-retrofit condition.

This paper describes the development of VAV and DDCV models based on the
TC 4.7 SEAR The calibration of the VAV model based on post-retrofit measured data
is described. Finally, the savings determined from the retrofit of the DDCV with a VAV
system are also presented and compared with savings determined using pre-retrofit
and post-retrofit monitored data.

DESCRIPTION OF THE MONITORED BUILDING AND SYSTEMS

The building studied is a 324,000 gross sf (240,000 net) engineering center (EC)
in Central Texas with four-floors plus a basement parking level. It includes offices,
class rooms, laboratories and computer rooms and is open 24 hours per day, 365 days
per year. Occupancy, electrical consumption and chilled water consumption shows
marked weekday/weekend differences; weekday holiday occupancy is similar to week-
end usage with intermediate usage on weekdays when class rooms are not in use, but
laboratories and offices are occupied (Katipamula and Haberl 1991). The parking lot
which is under ground is lit but not conditioned.

The EC is a heavy structure with 6-inch concrete floors and insulated concrete
walls. In early 1991, all the constant volume DDCV system were retrofitted with dual-
duct VAV systems and a building wide energy management control system (EMCS)
was installed. The VAV systems are supplied with hot water, chilled water and electric-
ity from the central campus plant. The campus does not individually meter buildings,
but a data logger was installed in the EC (in 1989) to collect hourly consumption data.
Whole building data collected include electricity use, air handler electricity, chilled wa-
ter load (Btu), hot water load (Btu), and hot water and chilled water pump run times.
A weather station on the roof of the EC collects outdoor dry-bulb temperature, relative
humidity, horizontal solar radiation and wind velocity data.

Twelve identical dual-duct VAV systems with 40 hp (29.8 kW) fans rated at 35,000
cfm and eight smaller air handlers (2.7 hp average) are located around the perimeter
of the building. There are 45 small exhaust fans with capacities ranging from 200 to
4000 cfm. There is a constant outdoor air intake (« 1700 cfm) per air handler. The
outdoor air dampers are normally fully open unless freezing outdoor temperatures are
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possible. Two 30 hp chilled water pumps and two 20 hp hot water pumps circulate wa-
ter through the AHU coils when needed. The chilled water and hot water are supplied
at 100 psig on the campus loop, so the building circulating pumps are normally used
only when the campus pressure is inadequate to meet the building loads.

The heating coil is a two-row fin and tube heat exchanger with a surface area of
34.66 sf while the cooling coil has eight fin and tube rows with a surface area of 62.16
sf. The following points shown in Figure 1 have been monitored on one air handler:
return air temperature and relative humidity, hot deck temperature, total air flow rate,
pressure drop across the fan and the filter assembly, fan power consumption, and hot
and chilled water pump run times. The sensors are scanned every 4 seconds and the
values are integrated to give hourly totals or averages as appropriate.

MODEL DEVELOPMENT

The compliance with or deviation from expected performance of the system can
best be determined if the measured data are compared with the predictions of a cali-
brated simulation model that uses measured values of weather variables and system
parameters. Hourly models (e.g. DOE-2, BLAST, etc.) are available, but these models
require many inputs, so the calibration process can be extremely time consuming and
complex. Therefore, an hourly model based on the TC4.7 SEAP was developed and
calibrated with the monitored air handler data.

The current model simulates the heat and moisture exchange process that occurs
in the HVAC distribution system. The flow chart of the simulation process is shown in
Figure 2. The model has two major parts: load calculation and system simulation.
Since this model was primarily intended for simulating the HVAC systems, the load
calculations were simplified (Figure 3) as described in Knebel (1983).

Load Calculations i

Climate Data. The monitored hourly outdoor dry-bulb temperature and relative
humidity were used in the simulation process.

Physical Data. The building dimensions, construction materials, percent glass
area, orientation of the building, number of zones, area of each zone, number of peo-
ple, peak electric consumption (equipment and lighting) were used to estimate the
loads.

Envelope Loads. The envelope loads include conduction losses/gains and solar
heat gains. These were calculated using the SEAP procedure described in Appendix
A. Figure 4 shows these loads for the EC as a function of outdoor dry-bulb tempera-
ture. I

Lights and Equipment. In commercial buildings the internal loads constitute a
major portion of the total cooling load. The cooling load g/e due to internal loads varies
with time of day and day of week (Eq. 1). The maximum lighting and equipment (?/e)
use for the building is 3.4 w/sf, based on hourly post-retrofit monitored data. Ninety
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Figure 1 - Air Handler Monitoring Schematic.
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Figure 2 - Schematic of the Simulation Procedure.
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Figure 3 - Schematic of the Load Calculation.
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Figure 4 - Conduction Heat Losses/Gains and Solar Heat Gains as
a Function of Outdoor Air Dry-Bulb Temperature.

Figure 5 - People, Lighting, and Equipment Schedules for Weekdays
and Weekends.
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percent of 3.4 w/sf is directly attributed to the conditioned area (3 w/sf). Since the
HVAC system runs continuously and the zone set point temperature is not changed,
a CLF of one was assumed. Typical profiles for the lights and equipment for week-
days and weekends are shown in Figure 5. These profiles were generated using the
methodology developed by Katipamula and Haberl [1991], which is based on statistical
analysis of monitored hourly non-weather dependent loads (lights, equipment etc.).

People. The maximum sensible and latent cooling load due to building occupants
was estimated from Eqs. 2 and 3, respectively, and was adjusted for hour of the
day and day of the week by imposing a schedule (Figure 5). The maximum number of
people occupying the building on weekdays between 8 a.m. and 7 p.m. was assumed
to be 2300 with 300 on weekends and rest of the weekday hours. HGS and EG\ were
assumed to be 250 Btu/h/person.

In estimation of the infiltration load, mass flow rate was assumed to be equivalent
of 0.2 air changes per hour.

VAV SYSTEM SIMULATION

The dual-duct VAV system has a central air handling unit with a fan, cooling coil,
heating coil and mixing box (Figure 6). The air leaving the cooling coil and heating
coil may be controlled as fixed set point, outside air reset, or zone controlled reset. Air
leaving the unit is delivered to the mixing box that modulates the zone air flow rates in
response to the zone thermostat. When the air flow is at a minimum and there is a call
for heating, the zone thermostat opens the hot dampers in the mixing box. Since the
air flow is modulated to meet the zone load, fan power consumption will also modulate.
The outside air may be set at a fixed amount or an economy cycle may be used to
increase the outside air quantity to reduce the cooling coil load.

The air leaving the cooling coil, in the existing dual-duct VAV system in the EC, is
controlled as fixed set point (55 F) and the air leaving the heating coil is reset based
on the outdoor air temperature. A temperature sensor in the cold deck modulates the
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Infiltration. The cooling load due to infiltration is calculated from (Eq. 4 and
5):



Figure 6 - Schematic Zones and the Dual-Duct System.
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cold deck control valve as required to maintain a 55 F cold deck discharge temper-
ature. A temperature sensor located outdoors maintains the hot deck discharge air
temperature in accordance with the reset schedule (Table 1).

! Table 1 - Hot Deck Reset Schedule.

The EC was divided into two zones: an external zone and a core zone (Figure 6).
The core zone is assumed to be insulated from the envelope heat losses/gains, solar
heat gains and infiltration heat loss/gain. The envelope loads (conduction losses/gains,
and solar gains), for the external zone, for a given outdoor temperature are linearly
interpolated (Figure 5). The internal loads for both zones are estimated based on the
hour of the day and day of week as described in the earlier section. The infiltration
load is based only on the outdoor temperature and 0.2 air changes/hour. The zone
temperature is assumed to be constant (75 F).

The air flow rate for each zone (cccfmi, hccfmi) is estimated from the zone sen-
sible load. If the air flow rate is less than the minimum flow, (7,000 cfm for external
zone and 13,000 cfm for the core zone) the air flow rate is set to the minimum and the
fraction of hot deck and cold deck flows required to offset the zone sensible load are
reestimated. The zone supply temperature is estimated from the zone air flow rate.
The mixed air temperature is based on the return air temperature and the outdoor air
intake, which is constant in the EC (20,000 cfm). The rise in the return air duct is as-
sumed to be 1 F. |

Since the current model does not simulate a heat exchanger the specific humid-
ity of the air leaving the cooling coil cannot be calculated. Several hours of monitored
data from one air handler showed that the supply air relative humidly is between 95%
and 100%. Therefore, the cooling coil leaving condition is approximated by assuming
a supply air relative humidity of 95%. The dual-duct VAV simulation procedure is out-
lined in Figure 7 and details are given in Appendix A.

CALIBRATION OF VAV MODEL

The inputs to the VAV model were outdoor dry-bulb temperature, outdoor rela-
tive humidity, day of the week and hour of the day. The conduction load, solar heat
gains, and infiltration load were calculated for the given outdoor condition as described
in the earlier section. The internal load was calculated for the given day of the week
and hour of the day. |

Three weeks of hourly (June 21, - July 11, 1991) measured outdoor dry-bulb tem-
perature and relative humidity were used in simulating the heating and cooling loads.
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Figure 7 - Schematic of the Variable Volume Dual-Duct System Simulation.
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The model simulated no heating load for the three week period, which compared well
with the measured heating load consumption. But, the model simulated cooling load
for the EC did not compare well with the measured consumption for the same period.
Comparison of simulated and measured cooling load and residuals (simulated - mea-
sured) for a typical 24 hour period is shown in Figure 8.

Since the HVAC system is on 24 hours a day, all the internal gains from lights and
equipment were assumed to contribute to the cooling load instantaneously. This sim-
plification produced large errors between 7 a.m and 10 a.m. and between 4 p.m. and
8 p.m., when there was a large change in internal heat gains. Therefore, CLFs were
computed at every hour instead of assuming an average CLF for the entire day. The
simulated profile, with the new CLFs, compares much better with the measured cooling
load profile for the same 24 hour period (Figure 9).

The outdoor air intake was fixed at 20,000 cfm and zone set point temperature at
75 F for Figures 8 and 9. Decreasing the zone set point temperature would increase
the cooling load; but a change in the outdoor air intake will increase/decrease the cool-
ing load depending on the outdoor air temperature. Therefore, the next step was to
investigate the affect of the zone temperature on the residuals. It was difficult to detect
changes in at the typical 24 hour profile for small changes in zone set point temper-
ature. Therefore, the root mean square error (RMSE) was computed and compared
(Eq. 6). Table 2 shows RMSE for various zone set point temperatures. The RMSE de-
creased with as zone temperature increased from 72 to 78 F and then started increas-
ing (at constant 20,000 cfm outdoor air). Thus the zone set point temperature of 78 F
was found to be optimum. Leaving the zone set point constant at 78 F the outdoor air
intake was varied, the RMSE increased with both increase or decrease of outdoor air
intake. Thus the outdoor air intake of 20,000 cfm was assumed to be optimum.

RMSE = T,i=i(Simulatedi ~ Measuredj)2

V 71

The next step in the calibration process was to use the measured hot deck and
cold deck temperatures in the simulation, instead of assuming an outdoor air reset for
the hot deck and a fixed set point for the cold deck (55 F). The use of measured hot
deck and cold deck temperatures did not produce any significant change in simulated
cooling and heating loads (RMSE=0.712 for cooling load). This confirms proper opera-
tion of the discharge temperature controls on both hot and cold decks.

A time-series graph of simulated, and measured cooling load and residuals for the
three week period is shown in Figure 10. The simulated cooling load is within ± 1
MMBtu/h on most days (except the first Tuesday, Wednesday, and the second Satur-
day and Sunday). Few of the air-handlers in the EC were shut down for maintenance
on those four days; therefore, the simulated consumption was greater than the mea-
sured. Both simulated and measured cooling load show a different consumption pat-
tern for weekdays and weekends. The high occupancy periods during weekdays (8
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Figure 8 - Comparison of Simulated, and Measured Cooling Load and Residuals for a
Typical 24 Hour Period With no Calibration (July 2, 1991).



Table 2 - Comparison of RMSE Cooling Load at Various Zone Set Point Temperatures
and Outdoor cfm (for three week data excluding days when air-handler was shut down).

a.m. to 8 p.m) have higher consumption than weekends and low occupancy periods
during weekdays (9 p.m to 7 a.m.). The simulated cooling load and residuals (simu-
lated - measured) are shown as a function of outdoor temperature in Figure 11. The
residuals appear to be nearly randomly distributed but show a slight increase with out-
door dry-bulb temperature.

The simulated daily consumption (summing 24 hour by values) compared much
better with daily measured consumption (Figure 12). The RMSE for the daily con-
sumption was 6.455 MMBtu, which is less than 5% of the average daily consump-
tion. Figure 13 shows simulated daily consumption and residuals as a function of
average daily outdoor dry-bulb temperature. The simulated data shows two distinct
groups (weekdays and weekends) both increasing with outdoor dry-bulb temperature.
The residuals are quite evenly distributed, but again show a slight temperature depen-
dence.

DDCV SYSTEM SIMULATION

In the absence of pre-retrofit data the retrofit savings can be estimated by predict-
ing the pre-retrofit system behavior with the use of hourly simulation model. Therefore,
a DDCV model was developed based on the TC 4.7 SEAP methodology.

The constant air volume system has an air handling unit with a fan, cooling coil,
heating coil, and mixing box. The cold deck and hot deck each may be controlled as a
fixed set point, outside air reset, or zone controlled reset. Air leaving the mixing box is
controlled by a zone thermostat to get the desired zone supply air temperature by mix-
ing air from hot and cold decks. If the mixed air temperature is lower than the desired
cooling coil leaving air temperature, a preheat coil may be used to heat the mixed air
to the desired cooling coil leaving air temperature. The outside air may be set at a
fixed amount or an economy cycle may be used to increase the outside air quantity
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Figure 9 - Comparison of Simulated and Measured Cooling Load and Residuals for a
Typical 24 Hour Period With Change in CLF (July 2,1991).
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Figure 10 - Comparison of Simulated and Measured Cooling Load and Residuals.
Characters on X-axis Represent the Day of Week (June 21 - July 11,1991).
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Figure 11-Simulated Cooling Load and Residuals vs Outdoor Dry-Bulb Temperature. (June 21 -July 11,1991).
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Figure 12 - Comparison of Simulated Daily and Measured Daily Cooling Load
and Residuals, Without Air-Handler Shut Down Days (June 21 -Ju ly 11, 1991).

Figure 13 - Simulated Daily Cooling Load and Residuals vs Outdoor
Dry-Bulb Temperature, Without Air-Handler Shut Down Days (June 21 - July 11, 1991).
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to reduce the cooling coil load.

The inputs to the DDCV model were dry-bulb temperature, relative humidity, day
of the week and hour of the day. The calibrated loads from the VAV model (envelope,
solar, and internal) were used in simulation of energy use with the DDCV model. The
hot deck and cold deck controls that were used for the VAV model were also used
for the DDCV model. The air balance for the EC with the fan motors running 100%
showed a total air flow rate of 320,000 cfm. Therefore, a constant total air flow of 320,000
cfm was assumed while simulating the DDCV system. The simulation is outlined in
Figure 14 and details of the simulation procedure are given in Appendix A.

ENERGY SAVINGS FROM A RETROFIT OF DDCV TO VAV

The comparison of simulated cooling load with DDCV, measured cooling load
and energy saved for the three week period is shown in Figure 15. The peak cool-
ing consumption of the DDCV system is about 7 MMBtu/h compared to 6 MMBtu/h for
the VAV system (Figure 10) and the minimum consumption of the DDCV system is 4
MMBtu/h which is about 2 MMBtu/h more than the VAV system. The measured heat-
ing load for the three week period was zero. The simulated heating load with DDCV
system, and energy saved is shown in Figure 16. The saving is about .5 to 1 MMBtu/h.

The savings in cooling and heating energy from calibrated models is 598 MMBtu
and 56 MMBtu, respectively, for the three week period (Table 3). The measured sav-
ings (regression - measured) are higher (905 MMBtu cooling and 270 MMBtu heating).
The discrepancy is due to pre-retrofit control problem (discharge temperature).

Table 3 - Comparison of Cooling and Heating Load From VAV and DDCV
Simulation Measured, and Regresion Model for the Three Weeks*.

^(Excluding bad days)

CONCLUSIONS

The simple systems model based on the ASHRAE TC 4.7 SEAP is promising for
use with buildings lacking pre-retrofit data. The simulated VAV energy use and mea-
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Figure 14 - Schematic of the Constant Volume Dual-Duct System Simulation.
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Figure 15 - Simulated Cooling Load for a DDS System, Measured Cooling Load and Energy Savings.
Characters on X-axis Represent the Day of Week (June 21 - July 11,1991).
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Figure 16 - Simulated Heating Load for a DDS System, Measured Heating Load and Energy Savings.
Characters on X-axis Represent the Day of Week (June 21 - July 9,1991).
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sured compared quite well at daily intervals (within ± 5%).
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NOMENCLATURE

A = area of envelope component (sf)

Af = building conditioning floor area (sf)

cccfmj = Cooling air flow for zone j (cfm)

cceadb = Cooling coil entering air dry-bulb temperature (F).

cceaw = Cooling coil entering air specific humidity (Ibw/lba).

ccladb = Cooling coil leaving air dry-bulb temperature (F).

cclaw = Sp. humidity of cold deck supply air (Ibw/lba).

cfmzdj = Total zone air flow rate (cfm)

cfmtd = Total air flow rate (cfm)

CLFi = cooling load factor for solar loads

CLF3 = cooling load factor for lights based on total hours of

operation and time.

CLFTOT = 24 hour sum of CLF

CLTD = cooling load temperature difference (F) corrected for surface

color, latitude, month, inside and outside design temperatures,

and daily range of outdoor temperature

frac = fraction of the total lighting and equipment load in use

fracp = fraction of people present at a given hour

FPS = fraction of possible sunshine

hccfnij — Heating air flow for zone j (cfm)

cceadb = Heating coil entering air dry-bulb temperature (F).

hcladb = Heating coil leaving air dry-bulb temperature (F)

HGa = rate of sensible heat gain from occupants (Btu/hr-person)

HGi = rate of latent heat gain from occupants (Btu/hr-person)

j = Zone j i

MSHGF = maximum value of solar heat gain factor for a specific

orientation, latitude and month (Btu/hr-sf)

No = number of people in building or space

qIti = latent cooling load due to outdoor air (Btu/hr)

qii8 = sensible cooling load due to outdoor air (Btu/hr)

9y r = Return air heat gain for zone j (Btu/hr)

qj)8 = Zone sensible load (Btu/hr)

= i nPu t rating of maximum simultaneous lighting or equipment usage (Btu/hr)
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qi = Total building latent load (Btu/hr)
qle = internal heat gains from lights and equipment (Btu/hr).

q0)i = latent cooling load due to space occupants (Btu/hr)
qo,s = sensible cooling load due to space occupants (Btu/hr)

Qi/V = amount of outdoor air entering the building or space
SC = shading coefficient of fenestration component (dimensionless)

t = runtime of air conditioning system (hours)
Ti = indoor air dry-bulb temperature (F)

Tm = Mixed air temperature (F)
To = outdoor air dry-bulb temperature (F)

Tol — Outdoor air dry-bulb temperature (F)
To2 — Outdoor air dry-bulb temperature (F)
TT = Average return air temperature (F)

Tsl = Temperature set point at outdoor temperature Tol (F)
T32 = Temperature set point at outdoor temperature To2 (F)
Tav = Zone thermostat set point (F)

U = heat transmission coefficient of envelope component (Btu/hr-sf-F)
wi = indoor air humidity ratio (Ibw/lba)

Wm = Mixed air sp. humidity (Ibw/lba)
w0 = Outdoor air sp. humidity (Ibw/lba)
wr = Average return air sp. humidity (Ibw/lba)

xoa = Outdoor air fraction.
zsadb = Zone supply air dry-bulb temperature (F).
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ABSTRACT

This paper describes the methodology used to calculated retrofit savings at eight

university buildings which underwent VAV retrofits funded by the Texas LoanSTAR

program. Energy consumption data was collected at each site before and after each

building was retrofitted. A model of pre-retrofit energy use was developed for each

building's chilled water, steam, and AHU electricity use. The pre-retrofit model was

compared to measured data from the post-retrofit period to estimate retrofit savings.

Cumulative savings for all eight buildings eight months after the first retrofit was

completed are calculated to be more than $200,000.

INTRODUCTION

The LoanSTAR Program

The Texas LoanSTAR Program is a $ 98.6 million revolving loan program funding

energy conservation retrofits in Texas state, local government, and school buildings.

Public sector institutions participating in the program must repay the loans according to

estimated energy savings in four years or less.

As part of this program, a state wide Monitoring and Analysis Program (MAP) was

established in 1989. The major objectives of the LoanSTAR MAP are to 1) verify

energy and dollar savings from the retrofits, 2) reduce energy costs by identifying

operational and maintenance problems, 3) improve retrofit selection for future
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LoanSTAR sites, and 4) initiate a data base of energy use in institutional and

commercial buildings in Texas. Currently, the program is monitoring over 1600

channels of hourly data from over forty buildings, and seventy-five weather stations

using public domain polling procedures that collect information from microcomputer-

based data recorders. Additional information concerning the program can be found in

Verdict et al. (1990), Turner (1990), Nutter et al. (1990), O'Neal et al. (1990), Haberl

et al. (1990), Claridge et al. (1990), Ruch et al. (1991), Ruch and Claridge (1991), and

Katipamula and Haberl (1991).

I

Description of Buildings

This paper describes the methodology used to calculate energy savings at eight

LoanSTAR buildings (Table 1) for which retrofits have been completed and sufficient

measurements taken. Table 1 includes information about the use and size of each

building, its pre and post -retrofit HVAC system, and the dates of the pre-retrofit,

construction, and post-retrofit periods. The buildings are all located on university

campuses and vary in size from 49,000 ft2 to 484,000 ft2. The buildings house

classrooms, offices, laboratories, computer facilities, auditoriums, and workshops and

include a major campus library. All of the buildings are provided with electricity,

chilled water, and steam (or hot water) from campus utility plants that are separate

from the buildings.

The primary retrofit in all eight buildings was the conversion of constant volume air

handling units (CV-AHUs) to variable air volume air handling units (VAV-AHUs) and

controls. In seven buildings, constant volume pumps were converted to variable speed

pumps (VSP). In one building, incandescent hall lights were switched to compact

fluorescent lights, however, this paper will only consider energy savings from the VAV

and VSP retrofits.

To be presented at the 1992 ASME Solar Energy Conference 2
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Pre-retrofit, Construction, and Post-Retrofit Periods

Three important time periods, the pre-retrofit, construction, and post-retrofit, are

identified from measured energy consumption data and construction schedules for each

building. The pre-retrofit period is the period beginning before the retrofit during

which energy consumption data is available and during which retrofit construction does

not influence the building's energy use. The construction period is the period when

construction work on the retrofit alters the energy use of the building, but the retrofit is

not fully functional. Energy savings or losses due to retrofit construction can be

identified and are added to the total costs/savings of the retrofit. The post-retrofit

period begins when the retrofit is fully functional.

To be presented at the 1992 ASME Solar Energy Conference 3



Table 1. Site description information. This table describes each building's size, use, original HVAC system, post-retrofit
HVAC system, and important dates. The pre-retrofit period is the period beginning before the retrofit during which energy
consumption data is available and during which retrofit construction does not influence the building's energy use. The
construction period is the period when construction work on the retrofit alters the energy use of the building, but the retrofit is
not fully functional. The post-retrofit period begins wheh the retrofit is fully functional.
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Figure 1 shows electricity distributed by the motor control centers to the AHUs at

the Zachry Engineering Center. The pre-retrofit, construction, and post-retrofit periods

are clearly indicated by the change in the energy consumption patterns of the AHUs.

In the pre-retrofit period, the constant volume AHUs draw a nearly constant amount of

electricity. During the construction period, shut down and start up of the AHUs causes

a more erratic consumption pattern. Finally, the completed VAV system is brought on

line on March 6, 1991, causing AHU electricity use to decline by approximately 50%.

Figure 1. Motor control center electricity use at the ZEC. The pre-retrofit,
construction, and post-retrofit periods are clearly evident in this plot of electricity
consumed by the AHUs at the ZEC.

Savings Calculation Methodology

To calculate retrofit savings, each building's pre-retrofit energy consumption is

modeled using data from the pre-retrofit period. These models are then applied to the

To be presented at the 1992 ASME Solar Energy Conference 5
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Pre-retrofit model development and savings results are discussed in the sections that

follow.

PRE-RETROFIT MODEL DEVELOPMENT

Why Use A Pre-Retrofit Model?

Pre-retrofit models simulate how much energy a building uses in it's pre-retrofit

condition and provide a reference from which to calculate energy savings (Equation 1).

The primary purpose of using a pre-retrofit model is to eliminate the masking effect

that changing weather can have on retrofit savings. A weather dependent pre-retrofit

model can be used with post-retrofit weather data to predict how much energy the

unretrofitted building would have consumed in the post-retrofit period. This normalizes

weather conditions in the pre and post-retrofit periods so that differences in the

building's energy consumption are caused by the retrofits and not by changing weather.

Pre-retrofit models also provide the mechanism to predict a building's energy use

for a full year when less than a full year of pre-retrofit data is available. This is done

by correlating energy use with outdoor air temperature during the pre-retrofit period

To be presented at the 1992 ASME Solar Energy Conference

post-retrofit conditions to simulate wat the previous system would have consumed

under current conditions. Measured energy consumption from the construction and

post-retrofit periods is then compared to the energy consumption predicted by the pre-

retrofit model to determine energy savings. In equation form, the energy saved on any

day (d) in the post-retrofit period can be written as:

The total savings in any period P of n days is the sum of the individual daily savings:

6
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and then predicting energy use for the rest of the year based on that correlation and

measured temperatures.

This is not to say that the size and temperature range of the pre-retrofit model is not

important. The size of the uncertainty bands for calculated energy savings are directly

related to the size and range of data in the pre-retrofit period; the uncertainty bands

narrow as the size of the pre-retrofit data set grows. The problem of extrapolating a

regression model outside of the range of it's input data is also a real concern, however,
!

for most of the models considered here, the majority of temperatures for which energy

consumption is predicted fall within the range of the pre-retrofit data. For example, at

the Garrison building (GAR), average daily temperatures in the pre-retrofit data set

range from 21 F to 80 F even though the pre-retrofit period isonly three and one half

months long. Approximately 66% of Austin average daily temperatures from 1980 to

1990 fall within that range.

Another factor that influences savings estimates and that frequently changes after

the pre-retrofit period is the level of occupancy. At the Zachry Engineering Center

(ZEC), for example, the entire computer science department moved out of the building

in December of 1989, reducing thermal loads in the building. A pre-retrofit model

which does not include a predictor variable for occupancy may mistakenly attribute the

reduced thermal energy loads to a retrofit If the thermal energy pre-retrofit model

included a term for occupancy, however, the prediction of pre-retrofit energy use

would decline with the decline in occupancy and calculated savings would be

unaffected. Thus, pre-retrofit models which include predictor variables for operation

conditions such as occupancy, provide the added flexibility required to accurately

determine energy savings when those conditions change.

Weather dependent pre-retrofit models remove the effect of changing weather on

retrofit savings and help to compensate for short pre-retrofit data sets. Pre-retrofit

models that include other predictive variables that may change after the pre-retrofit

To be presented at the 1992 ASME Solar Energy Conference 7
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period can also improve the accuracy of savings calculations. For these reasons, pre-

retrofit models play an important role in the calculation of retrofit savings.

Model Selection

The first step in selecting a pre-retrofit model is to identify important predictor (or

independent) variables. The selection of these variables is guided by our physical

understanding of how a building uses energy. Predictor variables are then regressed

against energy consumption. Variables which increase a model's R2 statistic or

decrease a model's mean square error are generally good predictor variables.

Outdoor air temperature was found to be an important predictor of thermal energy

use in each of the buildings considered here. Thus, all pre-retrofit models of thermal

energy use include the term TEMP. In some buildings, the effect of the start up and

shut down of the AHUs must also be considered to adequately model the building's

energy consumption. These models include the term AHU (electricity consumed by the

building's AHUs). The heat produced by lights, electrical equipment, and people can

also influence the thermal load. A single term LE (lights and electrical equipment) can

account for these internal loads (including heat produced by people) in a regression

model, since lights and electrical equipment are usually on when people are in the

building. LE can be derived from other measured channels in the data.

A second step in model development is to account for non-linear relationships

between energy consumption and predictor variables. For example, the non-linear

relationship between chilled water use and temperature at the Hogg (WCH) building

(Figure 2.1) is accounted for by the use of a four parameter model (Ruch and Claridge,

1991) which minimizes the squared error by fitting a two-segment regression line to the

data. The non-linear relationship between chilled water and temperature at the Burdine

(BUR) building is fit with a PRISM model.

To be presented at the 1992 ASME Solar Energy Conference 8
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Third, unrealistic endpoint behavior such as model predictions of "negative hot water

consumption" at high outdoor air temperatures must be removed. Although, this is

strictly just another case of non-linear behavior, it is generally treated differently. In

some cases (Burdine (BUR), Education (EDB), Garrison (GAR), and Waggener

(WAG) steam use) PRISM (Fels, 1986) may fit the data well and provide a realistic

lower limit to a model's prediction. In other cases (Castenada Library (PCL) and

Waggener (WAG) chilled water use and Nursing (NUR) steam use), the data may

indicate the minimum level of energy use and a lower limit can be directly prescribed

in the model equation.

Finally, certain statistical assumptions must be satisfied if the models are to be

robust and the estimates of uncertainty accurate. In particular, collinearity between

predictor variables and autocorrelation of model residuals must be avoided. In all of

the models listed here, collinearity as measured by Pearson's correlation coefficient and

variable inflation factor is low. However, model residuals appear to be unsatisfactorily

auto-correlated. This may be a caused by the high autocorrelation of both the predictor

variable, outdoor air temperature, and the dependent variable, energy consumption.

This problem is currently being investigated.

The importance of the pre-retrofit model in calculating energy savings can not be

over emphasized. As such, a major focus of our future work is to refine and improve

these models. Thus, all of the models described here should be considered to be

preliminary models and subject to revision.

Table 2 lists the pre-retrofit models and associated goodness of fit statistics for

energy use at the eight building considered here. Note that the low R2 statistics of the

PRISM models do not necessarily imply a poor fit to the data. RMSE for PRISM

models is comparable to RMSE for simple linear regression models.

To be presented at the 1992 ASME Solar Energy Conference 9
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Table 2. Pre-retrofit models and associated goodness of fit statistics for each building
and type of energy. Burdine, Education, Garrison, and Waggener hot water use and
Burdine chilled water use are fit with PRISM. Hogg chilled water use is fit with the
Four Parameter program (Ruch and Claridge 1991). All of the other models are
standard regression equations fit with SAS (SAS Institute, 1989).

Chilled Water Use Models

The eight pre-retrofit models of chilled water use and the pre-retrofit data are

plotted as functions of outdoor air temperature in Figure 2.1. At three of the buildings,

BUR, PCL, and WCH, chilled water use and outdoor air temperature are non-linearly

To be presented at the 1992 ASME Solar Energy Conference 10
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related. The Burdine (BUR) building is fit with a PRISM model and chilled water use

at Hogg (WCH) building is fit with Ruch and Claridge's four parameter model.

The pre-retrofit data set at the Castenada Library (PCL) is extremely small and

estimates of savings based on this model are highly uncertain. The horizontal section

of the model is suggested by post-retrofit chilled water use (Figure 3.1), which remains

fairly constant even at low outdoor air temperatures. We believe that using the post-

retrofit data as an indicator of the pre-retrofit chilled water use is justified in this case,

since it is unlikely that the VAV retrofit would cause chilled water use to increase

during cold weather.

It is possible that the PCL data does not reflect the true pre-retrofit energy (both

chilled and hot water) consumption of the building, since some construction activity

had already begun when this data became available. We expect that the true pre-

retrofit energy consumption may be higher than that predicted by the pre-retrofit

model. If that is the case, savings estimates derived from these models (chilled water

and hot water) are conservative.

Chilled water use in the Education (EDB) building is nearly temperature

independent, and is satisfactorily fit by a multiple regression model that includes AHU

electricity (R2= .77, CV-RMSE= 11 %). For this model, mean pre-retrofit weekday

and weekend AHU electricity use were used as input to produce the two model lines

show in Figure 2.1. Similarly, the four model lines in the plot of the Nursing (NUR)

building's chilled water use result from four different values of mean AHU electricity

uses (Saturday, Sunday, Monday, and the remaining weekdays) used as model input

Chilled water use in the remaining three buildings, GAR, WAG, and ZEC is highly

dependent on temperature and is satisfactorily fit with regressions models using

temperature as an independent variable. The lower limit for cold weather chilled water

use at the Waggener (WAG) building is the mean of the lowest values measured there

last winter.

To be presented at the 1992 ASME Solar Energy Conference 11
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The pre-retrofit model at the Zachry Engineering Center (ZEC) appears as a cloud

of asterisk running through the middle of the pre-retrofit data. The model does not

appear as a single line in this plot because chilled water use is modeled as a function of

both temperature and lights and electrical equipment, LE. The addition of LE as a

predictor variable only marginally improved the fit of the data. However, it does

improve the model's ability to determine retrofit savings if the level of occupancy

changes significantly.

The ZEC model also uses a linear combination of the previous day and the current

day's temperature as a predictor variable (Table 2). Lagged temperature was found to

slightly improve the fit of the model and is related to the thermal mass of the building.

The use of lagged temperature as a predictor variable significantly improved the fit of

the PCL chilled water model. It's effect on other buildings is being investigated.

Steam Use Models

Steam use at all eight buildings (Figure 2.2) is highly dependent on outdoor air

temperature and in most cases appears to be linearly related to temperature. As in the

case of chilled water, the Zachry Engineering Center (ZEC) model appears as a cloud

of asterisks running through the data because of its dependence on LE. The addition of

LE to the ZEC models improves R2 by 1 % and decreases RMSE by 3% in the chilled

water model and 6% in the hot water model.

Steam use at four of the buildings (BUR, EDB, GAR, and WAG) is modeled using

PRISM to prevent the models from predicting negative steam use during the hottest

days of the summer. The lower limit for hot weather steam use at the Nursing (NUR)

building is an average of the lowest values of steam use measured during the pre-

retrofit period.

To be presented at the 1992 ASME Solar Energy Conference 12
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I

SAVINGS RESULTS

In Figures 3.1, 3.2, and 3.3, the pre-retrofit models described in the previous

section are now plotted with measured data from the construction and post-retrofit

periods. It is important to note that the pre-retrofit model lines in Figure 3 are not

meant to 'fit1 the data shown there; these pre-retrofit models simulate how much energy

the unretrofitted building would have consumed at a given temperature.

The model lines can be compared to the construction and post-retrofit data to

determine if the retrofit is reducing the building's energy consumption. A pre-retrofit

model line which is above the data points indicates that the un-retrofitted building

would have used more energy than the retrofitted building, and energy is being saved.

A pre-retrofit model line mat is below the data points indicates that the retrofitted

building is using more energy than the unretrofitted building would have and indicate

negative savings. The sum of the vertical distances between the pre-retrofit model line

and the data points graphically represents the cumulative savings generated by the

retrofit. !

It is expected that energy consumption in the construction period (represented by

filled in circles) will be higher than energy consumption in the post-retrofit period

(represented by open circles). This pattern is most readily apparent at buildings where

both construction and post-retrofit data occurs in the same temperature range, such as at

the Burdine (BUR) and Education (EDB) buildings.

At some buildings retrofit construction activity resulted in energy savings and at

other buildings it resluted in increased energy use. For example, at the Education

(EDB) building (Figure 3.1) nearly all of the chilled water use occurring during the

construction period is above the pre-retrofit model line, indicating increased chilled

water use during this period. The Hogg (WCH) building, Castenada Library (PCL),

and Zachry Engineering Center (ZEC) plots indicate chilled water savings at these

buildings during the construction period.

To be presented at the 1992 ASME Solar Energy Conference 13
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Chilled Water Savings

Chilled water use in the construction and post-retrofit periods is plotted with the

pre-retrofit model for each building in Figure 3.1. The large number of data points

below the pre-retrofit model lines in the Burdine (BUR), Garrison (GAR), Nursing

(NUR), Castenada Library (PCL), Hogg (WCH), and Zachry Engineering Center

(ZEC) plots indicate that these retrofits are saving energy and money.

The ZEC plot shows post-retrofit, construction, and maintenance data below the

cloud of asterisk which represent the pre-retrofit model. Near-zero chilled water use

was recorded on a number of days when the HVAC system was shut down for

maintenance. These data points are plotted as open squares.

Post-retrofit chilled water use at the Education (EDB) building is centered between

the weekday and weekend pre-retrofit model lines. This indicates that chilled water is

being saved on weekdays, but that the building is consuming more chilled water than it

used to on weekends.

Steam Savings

Post-retrofit steam use is consistently below pre-retrofit levels in all of the buildings

except the Castenada Library (PCL) (Figure 3.2). Steam savings are expected to grow

as we move into the cooling season.

Steam use at the Castenada Library (PCL) frequently appears to be greater than that

predicted by the pre-retrofit model. This behavior has been investigated and appears to

be linked to the single duct reheat system for central zones in the building. Steam to

those zones has since been valved off, resulting in steam savings of 24 million per day

and a similar amount of chilled water savings. At campus utility rates, the

identification and correction of this problem will save approximately $7,000 per month.

To be presented at Ibe 1992 ASME Solar Energy Conference 14
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Air Handler Unit Electricity Savings

Figure 3.3 shows pre-retrofit models of AHU electricity use plotted with

construction and post-retrofit data. Electricity use declined significantly at the

transition from the construction period (filled circles) to the post-retrofit period (open

circles) in all buildings for which post-retrofit data was available.

SUMMARY

This paper describes the methodology and results of calculated retrofit savings for

eight university buildings which underwent VAV retrofits funded by the Texas

LoanSTAR program. Energy consumption data was collected at each site before and

after each building was retrofitted. A model of pre-retrofit energy use was developed

for each building's chilled water, steam, and AHU electricity use. The pre-retrofit

model was compared to measured data from the post-retrofit period to estimate retrofit

savings. Cumulative savings eight months after the first retrofit was completed are

estimated to be more than $200,000 (Figure 4).

Figure 4. Cumulative savings eight months after the first retrofit was completed for
eight LoanSTAR buildings. Most of the savings so far are generated by PCL and
ZEC, in large part because these retrofits have been completed for the longest period of
time.

To be presented at the 1992 ASME Solar Energy Conference 15
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This approach to calculating retrofit savings relies heavily on the accuracy of the

pre-retrofit model. Future work will emphasize improvement of the pre-retrofit

models. In particular, the effects of humidity, the thermal mass of the building, and

internally generated loads on a building's energy consumption will be further

investigated. Future work will also focus on developing better methods to account for

end-point behavior and the auto-correlation of residuals. Work on developing

uncertainty bands for savings estimates has already begun.
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Figure 2.1 Pre-retrofit chilled water use and models for eight LoanSTAR buildings.



Figure 2.2 Pre-retrofit steam (or hot water) use and models for eight LoanSTAR buildings.



Figure 3.1 Pre-retrofit chilled water models plotted with construction and post-retrofit period chilled water use at eight LoanSTAR buildings. These models
simulate chilled water use during the pre-retrofit period; they are not meant to 'fit' the post-retrofit data.
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Figure 3.2 Pre-retrofit steam models plotted with construction and post-retrofit period steam use at eight LoanSTAR buildings. These models simulate steam
use during (he pre-retrofit period; they are not meant to 'fit' the post-retrofit data.



Figure 3.3 Pre-retrofit AHU electricity models plotted with construction and post-retrofit period AHU electricity use at eight LoanSTAR buildings. These
models simulate AHU electricity use during the pre-retrofit period; they are not meant to 'fit' the post-retrofit data.
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ABSTRACT

One of the inherent problems with monitoring hourly energy use and environmental conditions
in commercial buildings is efficiently processing the "sea" of data that accumulates into an easily
understood form. Even when the data exist, building energy analysts generally rely on multiple
"flat" ASCII files for storing and retrieving their data only to find that it can take several hours
to perform a simple task such as creating a 2-D time series plot of energy use using data from
several monitored channels. Integrated data base structures such as relational data bases, if
carefully designed, may offer some relief because they can provide the user with an easier
access to the data that automatically keeps track of where data are and how to assemble them to
satisfy a particular request.

This paper presents a brief review of the different types of data required for a large building
monitoring project, and the methods that have been developed for acquiring, archiving and
retrieving data for the Texas LoanSTAR program, an eight year, $98.6 million revolving loan
program for energy conservation retrofits in Texas state, local government and school buildings.

! . . • • • •

INTRODUCTION
The Texas LoanSTAR Program

The Texas LoanSTAR program is an eight year, $98 million revolving loan program for energy
conservation retrofits in Texas state, local government and school buildings funded by oil
overcharge dollars. The program began in 1988. Public sector institutions participating in the
program must repay the loans according to estimated energy savings in four years or less.

As part of this program, a state-wide energy Monitoring and Analysis Program (MAP) was
established in 1989. The major objectives of the LoanSTAR MAP are to: 1) verify energy and
dollar savings of the retrofits, 2) reduce energy costs by identifying operational and maintenance
improvements, 3) improve retrofit selection in future rounds of the LoanSTAR program, and 4)
initiate a data base of energy use in institutional and commercial buildings in Texas.

Currently, the program is monitoring 1500+ channels of hourly data from over three dozen
buildings, and seventy-five weather stations, using public domain polling procedures that collect
information from microcomputer-based field data recorders supplied by several manufacturers.

June 1991. Published in the Proceedings of the IBPSA Building Simulation '91 Conference. Sponsored
by the International Building Performance Simulation Association, Sophia-Antipolis, Nice, France, August 20-22,
1991.
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Additional information concerning the program can be found in Verdict et al. (1990), Turner
(1990), Nutter etal. (1990), O'Neal et al. (1990), Haberietal. (1990a), Claridge et al. (1990),
Ruch et al. (1991), Ruch and Claridge (1991), and Katipamula and Haberl (1991).

THE CURRENT LOANSTAR BUILDING ENERGY DATA BASE
Acquiring and storing the LoanSTAR Data

The monitoring of energy use and environmental conditions in commercial buildings depends on
the purpose of the data collection and analysis, the intended use of the data, the type of analysis
to be performed, the experiment design, the budget available, and the extent of monitoring and
data gathering required (Haberl et al. 1990b).

Because a primary goal of the LoanSTAR program is to verify energy and dollar savings from
retrofits, hourly pre-retrofit and post-retrofit energy use data are collected at agencies where the
size of the retrofit justifies the cost of the monitoring. Data from each site include whole
building energy use and measurements of the primary influencing parameters; submetered data
are often collected. Information being gathered for the agencies participating in the LoanSTAR
program is represented by three primary types of information as shown in Table 1: hourly data,
site description data, and utility billing data. Utility billing data is available for only a few of the
sites currently monitored.

Figure 1 illustrates the three primary data paths for the LoanSTAR agencies. Data from remote
microprocessor-based data recorders are collected electronically via existing phone lines; data
from utility billing records are entered manually for verifying monitored data; and data existing
on other computer networks (i.e., the National Weather Service [NWS], and utility load
research data) arc transferred either via the campus Ethernet or by electronic media.

Data are retrieved from the field recorders by polling with a modem over the phone lines. This
process is performed weekly, since the recorders store a fixed amount of data before exhausting
their memory and overwriting previously recorded information. The resulting data files, which
vary in format, are converted to a standard format and archived into permanent storage on a
UNDC-based server as shown in Figure 4. The primary software packages involved in this
processing include the Free Software Foundation's GAWK columnar processing software (FSF
1989), Princeton's ARCHIVE program (Feuerman and Kempton 1987), and various statistical
routines performed with PRISM (Fels 1986), and SAS (SAS 1990).

Analysis workstations access the data from the server for testing and developing energy use
models. The primary products of the analysis consist of weekly verification plots (Figure 2),
and six-page monthly agency reports (Figure 3), which include graphical consumption data and a
tabular accounting of the energy retrofit savings. Software packages used for graphical
reporting include Surfer and Grapher (Golden Software 1990). 3-D plots are produced using
SAS and Intex Solution's Lotus add-on product (Intex Solutions 1990; Lotus 1985). The final
layout of reports is controlled using TeX (TeX 1990). Browsing of the data is accomplished
with Voyager (Lantern 1990).

Weekly polling, archiving and processing of data from over three dozen sites and 75+ weather
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stations produces 103+ raw files, 500+ verification graphs and over 2 Mbytes of data that must
be checked for errors, converted into a standard format and placed on the Unix server. Although
more tedious than complex, this task occupies a major portion of the work load for several of the
full-time staff. j

The current processing scheme relies on multiple, fixed format, "flat" ASCII files and custom
batch files written for each site. The batch file shown in Table 2 uses the custom batch files to
produce the upper graph shown in Figure 3. All graphic output is produced in a similar fashion.
Data from each site is kept in multiple files housed in separate directories on the Unix server.
Access is closely controlled by the data base administrator to assure data integrity.

WHY USE AN INTEGRATED DATA BASE?

Placing the data under the control of an integrated data base system greatly reduces the amount
of data handling that would otherwise be performed by a person. This automation allows
scientists to spend their time more productively and protects the data from human error.
Furthermore, integrated systems often provide manipulation and summary tools that would
otherwise have to be created on an ad-hoc basis.

Luckily, for building scientists, several exciting prototypes have been developed that
demonstrate the true power of an integrated system and, in our minds, justify the work required
to design and develop such a system. One example is the Princeton Boiler Plant Electronic
Logbook, a hyper-media platform developed to instantly process and graphically display
manual readings from the campus boilers (Haberl et al. 1989; Englander et al. 1990). Another is
the Voyager data exploration software developed by Lantern Corporation (Lantern 1990).

The Princeton Logbook successfully combines a graphical user interface with a relational data
base management system to provide icon-driven data entry, automatic error checking, data
analysis, report generation, and data browsing for daily, monthly and annual boiler data. The
Logbook was also designed for use by the boiler plant foreman who had limited previous
experience with computers.

The Voyager data exploration software was originally developed to help organize
meteorological data, but has proven to have extended capabilities for most kinds of time series
and geographically distributed data. Voyager provides multiple window viewing capabilities,
and zoom-in capabilities, by utilizing a cross-indexed, compiled data base structure. Interval data
in columnar format can be compiled and browsed with this software in a straightforward fashion.

Most of these systems were designed to handle homogeneous data, storing the data from
different buildings in different files. Developing a data base for the heterogeneous monitored
data from more than three dozen buildings is not as simple. This problem led us to investigate
using the relational model (Ullman 1988, p.43) for managing the data.
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PROTOTYPE OF A RELATIONAL DATA BASE STRUCTURE FOR HOURLY
MONITORED CONSUMPTION DATA.

"A relational data base management system ... is a system that allows users ... to store data in,
and retrieve data from, data bases that are perceived as collections of relations or tables." (Date
1989, p. 3). Relational data base management systems (RDBMS) can provide an advantage over
flat-file ASCII data base systems because the access to and information about the data are
carefully controlled by the data base management system. In a carefully implemented system
this can allow the user to concentrate on data analysis and data presentation. Complex data
queries can be significandy reduced to a series of simple input commands by using a RDBMS.
For example, retrieving electricity consumption for air-handling units in buildings of 20,000
square feet and larger for the month of February when temperatures are 65F and greater can be
reduced to something as simple as:

SELECT BLDGJD, AHU1, AHU2, AHU3
FROM BLDGJDATA, BLDG.SPEC
WHERE BLDG_SPECBLDG_SIZE >= 20000

AND BLDG_DATA.MONTH = 2
AND BLDG_DATA.TEMP >=65

There are many commercially available data base management systems operating in just about
any computing environment. In order to investigate the use of a RDBMS for the LoanSTAR
data we are constructing prototypes for a pilot building's data in both the DOS (Borland 1990),
and Unix environments (SAS 1990).

One of the first things that needed to be considered was the structure of the individual records in
the data base. Table 3 illustrates the different structures that we decided to test In the upper
half of Table 3 is the untrimmed ASCII data structure that we currendy use for data storage.
Data for all channels are kept in a columnar format which is produced by the ARCHIVE
program (Feuerman & Kempton 1987). Each record has a site (building) number, month, day,
year, Julian day, decimal date, and hour time stamp followed by the actual channel values. For
the month of February, 672 of these records are gathered for each site. For the test site, our site
ID is 001, followed by six calendar-related channels and 39 data channels.

The second section in Table 3 is a trimmed traditional RDBMS structure where each hourly
value occupied one record, or 26,208 records for February. Each record contains the site ID,
start time, stop time, channel number, and value. There is considerably more overhead with a
traditional RDBMS (368%). Hence, one must weigh carefully the difference between
simplified queries, disk storage space and processing time.

The third section in Table 3 is the trimmed hybrid RDBMS file structure. This table also has
672 records. Each record has a site number, start time, and stop time followed by the 39 data
values. The major difference between this record structure and the ASCII record structure is the
replacement of the 6 previous calendar stamps with two start-stop stamps. As can be seen in
Table 4, the compiled hybrid RDBMS was very similar in size to the flat ASCII file (97%).
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The initial tests revealed that a hybrid RDBMS can be constructed which stores hourly building
energy monitoring data in about the same space as a flat ASCII file and actually can process the
intended graph in less time. A traditional RDBMS will use considerably more disk space to
perform the same function in about the same time.

Because we are really interested in storing data for more than one site, file size and processing
speed are not the only criteria that must be considered when prototyping a RDBMS for hourly
data. Query complexity and data base flexibility must also be considered. For one building, the
hybrid RDBMS seems to have the advantage over the traditional RDBMS in file size and
processing time. As other buildings are added, the queries using the hybrid RDBMS will become
exceedingly complex because each channel must be individually located within the table. The
traditional model should not exhibit this complexity.

The hybrid RDBMS structure will also have problems with flexibility. When a new channel is
added to a site some time after the data base was assembled,
the entire hybrid RDBMS must be reformatted (even prior to the event) to include it. The
traditional RDBMS does not suffer from this problem.

DISCUSSION

This paper has given a brief introduction to the Texas LoanSTAR Monitoring and Analysis
Program and a discussion about some preliminary results from the explorations with a RDBMS
to capture and store 1,500+ channels of hourly data from 3 dozen sites.

The investigations concerning the design of the RDBMS are far from complete. There appear to
be significant differences in files sizes, processing time, query complexity and data base
flexibility when one compares a hybrid data base with a traditional data base. One thing that has
been learned is that this type of prototyping process must be performed using the actual RDBMS
software that is intended for use.
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TABLE 1: Typical Flat Files required for LoanSTAR Agencies. Information being gathered for
the agencies participating in the LoanSTAR program is represented by three primary types of
information; hourly data, site description data and utility billing data. A listing of the different
types of information is given in this table.
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TABLE 2: Typical ASCII batch processing instructions. This table contains an example of the
ASCII batch processing instructions that are used to produce the electrical consumption plot
shown in the upper half of Figure 3. These graphs are produced each month for the agencies
participating in the program. Batch files similar to these are assembled for each site.

@echoofl
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TABLE 3: ASCII, traditional and hybrid RDBMS files structures. This figure contains
examples of three different files types: an untrimmed ASCII file (currently in use), a trimmed
traditional RDBMS file structure, and a trimmed hybrid RDBMS files structure.

Untrimmed ASCII file

0012 19191032 4049.0000 0 356.629 367.680 385.260 80.920 82.627 76.499 39.430 41.439 36.441 47.115 43.599
38.375 9.562 9.864 9.424 0.009 48.089 48.615 -8.928 0.332 38.000 41.000 118.832 53.964 56.427 80.496 20.872
73.975 26.681 503.238 -6.099 0.000 0.000 1.000 0.000 0.000 0.000 4500.000 304.000

0012 191910324049.0417 100 352.109 362.657 380.488 80.116 81.974 75.796 39.405 41.439 36.391 47.492 43.675
38.903 9.562 9.876 9.418 0.009 47.208 50.468 -9.240 0.346 37.000 43.000 118.945 53.795 56.828 80.158 21.122
73.806 26.831 494.620 -6.109 0.000 0.000 1.000 0.000 0.000 0.000 4580.000 303.000

0012 19191032 4049.0833 200 347.337 357.885 375.465 80.869 82.577 76.449 39505 41.490 36.492 46563 43.172
38.451 9.562 9.851 9.418 0.009 44.964 55.776 -9.240 0.346 36.000 44.000 120.294 53.514 56.878 79.821 21.147
74.088 26.831 496.775 -6.128 0.000 0.000 1.000 0.000 0.000 0.000 4644.000 305.000

Trimmed Traditional RDBMS File Structure

TABLE 4: Comparisons of file size and runtime for RDBMS and ASCII files. This table
contains comparisons of file sizes (39 channels, 1 month, 1 site) and runtimes for the current
ASCII files, hybrid RDBMS, traditional RDBMS and trimmed RDBMS files. Values in this
table were obtained on a 25 Mhz, 386-class PC with a math co-processor. The graph produced
in each test is similar to the 2-D electricity graph shown in Figure 3.

Note 1: Timed tests were not conducted on these files.
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FIGURE 1: Data Paths for the Texas LoanSTAR Program. The three primary data paths for
the LoanSTAR agencies are shown in this figure. Data can be polled electronically, manually
entered, or transferred to/from external data bases via the campus Ethernet or electronic media.
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FIGURE 2: Typical Weekly Verification Plots for a LoanSTAR Agency. This figure is an
example of the weekly verification plots for a building located at the University of Texas at
Arlington. Each graph represents one or more channels of information plotted in time-series or
versus another channel of information.
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FIGURE 3: Typical Monthly Agency Report. This figure is an example page of the monthly
agency report for the Zachry Engineering Center.
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FIGURE 4: LoanSTAR Polling and Processing Flowchart. This figure illustrates the primary
processing steps involved in retrieving, cleaning and archiving the data from a site. Data are
polled once per week and archived in both raw and processed format. Various modules have
been developed for removing extraneous characters, checking for missing data, calculating
derived weather data and producing various graphs.
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ABSTRACT

The Texas LoanSTAR program is an eight year, $98 million revolving loan program
for energy conservation retrofits in Texas state, local government and school
buildings funded by oil overcharge dollars. The program began in 1988. Public sector
institutions participating in the program must repay the loans according to estimated
energy savings in four years or less.

I
As part of this program, a state-wide energy Monitoring and Analysis Program (MAP)
was established in 1989. The major objectives of the LoanSTAR MAP are to: 1)
verify energy and dollar savings of the retrofits, 2) reduce energy costs by identifying
operational and maintenance improvements, 3) improve retrofit selection in future
rounds of the LoanSTAR program, and 4) initiate a data base of energy use in
institutional and commercial buildings in Texas. Currently, the program is monitoring
1500 + channels of hourly data from over three dozen buildings, and seventy-five
weather stations, using public domain polling procedures that collect information
from microcomputer- based field data recorders supplied by several manufacturers.

This paper provides a brief overview of the program at Texas A&M University and
discusses efforts taken to collect site description information from participating
agencies, including a comparison of the LoanSTAR data format, ASHRAE's Guide
for Building Characteristics, and DOE's Commercial Building Monitoring Protocol.

THE CURRENT LOANSTAR BUILDING ENERGY DATA BASE
Acquiring and storing the LoanSTAR Data

The monitoring of energy use and environmental conditions in commercial buildings
depends on the purpose of the data collection and analysis, the intended use of the
data, the type of analysis to be performed, the experiment design, the budget
available, and the extent of monitoring and data gathering required (MacDonald and
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Wasserman 1989, Haberl et al. 1990b).

Because a primary goal of the LoanSTAR program is to verify energy and dollar
savings from retrofits, hourly pre-retrofit and post-retrofit energy use data are
collected at agencies where the size of the retrofit justifies the cost of the monitoring.
Data from each site include whole building energy use and measurements of the
primary influencing parameters; submetered data are often collected. Information
being gathered for the agencies participating in the LoanSTAR program is
represented by three primary types of information as shown in Table 1: hourly data,
site description data, and utility billing data. Utility billing data is available for only a
few of the sites currently monitored. Additional information concerning the
LoanSTAR program can be found in Verdict et al. (1990), Turner (1990), Nutter et
al. (1990), O'Neal et al. (1990), Haberl et al. (1990a), Claridge et al. (1990), Ruch et
al.(1991), Ruch and Claridge (1991), and Katipamula and Haberl (1991), and
Haberl et al. (1991).

Figure 1 illustrates the three primary data paths for the LoanSTAR agencies. Data
from remote microprocessor-based data recorders are collected electronically via
existing phone lines; data from utility billing records are entered manually for
verifying monitored data; and data existing on other computer networks (i.e., the
National Weather Service [NWS], and utility load research data) are transferred
either via the campus Ethernet or by electronic media.

Data are retrieved from the field recorders by polling with a modem over the phone
lines. This process is performed weekly, since the recorders store a fixed amount of
data before exhausting their memory and overwriting previously recorded
information. The resulting data files, which vary in format, are converted to a
standard format and archived into permanent storage on a UNIX-based server. The
primary software packages involved in this processing include the Free Software
Foundation's GAWK columnar processing software (FSF1989), Princeton's
ARCHIVE program and associated toolkits (Feuerman and Kempton 1987). Savings
analysis are performed with various statistical routines, including PRISM (Fels 1986),
selected calibrated computer models (Bronson 1991), and several commercially
available statistical analysis packages (please see the acknowledgements for a listing
of the software). i •

Analysis workstations access the data from the server for testing and developing
energy use models. The primary products of the analysis consist of weekly
verification plots (Figure 2), and six-page monthly agency reports (Figure 3), which
include graphical consumption data and a tabular accounting of the energy retrofit
savings. Software packages used for graphical reporting primarily include proprietary

May 1991. For dtocortoo purpose* only. To be presented m the 1992 ASHRAE itanactfeM.
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packages which can be executed in a batch mode and produce encapsulated Postscript
output. The final layout of reports is controlled using TeX (TeX 1990). The current
processing scheme relies on multiple, fixed format, "flat" ASCII files and custom
batch files written for each site. All graphic output is produced in a consistent
fashion. Data from each site is kept in multiple files housed in separate directories on
the Unix server. Access is closely controlled by the data base administrator to assure
data integrity.

COLLECTING SITE DESCRIPTION INFORMATION
I

In a monitoring program such as the LoanSTAR program where before-after
monitoring is being used to measure the savings from various energy conservation
retrofits the collection of current site description information provides valuable about
a facility, how that facility is being operated and whether any changes have occurred
that may adversely be effecting the energy savings. In the section that follows, we
review several formats, or protocols that have been established for collecting site
description information, including the LoanSTAR protocol.

i
A example is provided that compares information gathered by using the three
protocols on the same building: the ASHRAE protocol (ASHRAE1989), the DOE
protocol (MacDonald 1989), and the LoanSTAR protocol. The final section is
provided that discusses some possible uses of the site description information in
regards to providing some enhanced "reasonableness" checks for newly acquired
building data.

Existing Site Description Protocols

Many protocols, or formats, have been developed for gathering information that
describes one or more aspects about a building. Usually, a common objective of
these protocols is to gather the important information about a building in such a way
that it can be used to compare one building with another. Since the LoanSTAR
project is primarily concerned with monitoring before-after conditions and reporting
on energy savings from an energy conservation retrofit, it was decided that a modified
version of the existing site description forms was needed to not only provide
comparative information but also to document the before-after conditions as part of
the analysis process. ,

The LoanSTAR Site Description Protocol

Information about the agencies participating in the LoanSTAR program is
documented in site notebooks which are kept at a central facility for access during the

May 1991. Foe dtaawkm (wrpowt only. To tie proeated in the 1992 ASHRAE TiMMCttoas.
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analysis process. These notebooks contain information that has been gathered about
the site with the use of a formatted questionnaire that is filled by the LoanSTAR staff
during a site visit. These site notebooks are meant to provide a centralized paper trail
for each site which can be used during the analysis process and to provide
comparative indices.

In addition to the information that is contained in Table 1, the LoanSTAR site
notebooks also contain: information about the monitoring equipment (calibration
constants, etc.), a log of conversations that has occurred with each agency, copies of
any/all transmittals between the agency and LoanSTAR personnel, copies of the
monthly consumption reports, and notes concerning the agency personnel interviews.
In general, all material that concerns each agency is kept in the site notebook for
centralized access. ,

The LoanSTAR site description forms were derived from the DOE and ASHRAE
forms. Basically, all information in both forms was assembled into a new form, field
tested on a site, discussed and reorganized, trimmed, expanded, retested and so
forth.

Figures 4, 5 and 6 provide diagrams of the electrical, thermal and special monitoring
that has been installed in the Zachry Engineering Center to measure the savings from
the VAV retrofit in that facility. A similar diagram is included for each agency that
describes the installed monitoring system.

COMPARISON OF THE ASHRAE, DOE, AND LOANSTAR SITE DESCRIPTION

PROTOCOLS.

Table 2 provides a comparison of how the information gathering differs between the
ASHRAE, DOE and LoanSTAR formats. Table 2 summarizes the differences
between the types of information collected (using the different forms) for the Zachry
Engineering Center.

The Zachry Engineering Center (ZEC) is a large, multipurpose building which
contains classrooms, laboratories, faculty-staff offices, and a large central computer
facility. The four story, 324,400 square foot facility was built in the early 1970's in the
Northeast corner of the Texas A&M University campus. The building measures 339
feet (the long axis) by 221 feet and is 60 feet in height. The long axis is oriented in a
Northeast to Southwest direction and the building is not shaded by any other
structures. Parking is provided under the facility.

•i
One of the distinguishing features of the building is a large, centralized, three story
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atrium in the Southwestern half of the building which provides access to the
surrounding classrooms, and offices. 2,500 square feet of Northeast facing clearstory
lighting help to illuminate the central staircase and computing facility.

General Data

In general, the LoanSTAR protocol collects considerably more information about the
building than does either the ASHRAE or DOE protocols. This was quite a surprise
since the original intention of the LoanSTAR form was to be a "quick" form that
would gather only the information that was needed to give a brief description of the
building. j

The LoanSTAR form contains slightly more information about the agency contacts
since one of the goals of the LoanSTAR program is to provide feedback to agency
personnel and the names, phone numbers, etc. of these person(s) need to be collected
during the site visit. Information about the telephone company was also needed since
all of the monitoring systems needed to have a phone line installed to transfer the
data.

Building Envelope Data.

This seems to be the area of the forms that agrees the best. All three forms asked for
the date of construction, and/or age of the building. The DOE and ASHRAE forms
also had a slot for the building type. Since, for the most part, the LoanSTAR
program is dealing with state agencies this information was omitted.

All three forms ask for the total floor area, and conditioned floor area. Some of this
information is subdivided between zones. Our main purpose for the conditioned
floor area was to serve as the denominator in a (W/ft2) equation.

Building Zone and Tenant Information.
I .

Since the LoanSTAR program is mostly involved with Texas State agencies
information regarding tenants was omitted. Zoning information is used primarily to
related internal loads to systems, thermostat setpoints, and controls.

Lighting Information.

The basis for the LoanSTAR lighting information involves counting the lighting
fixtures in each primary zone, assigning a ballast factor and totalling the connected
lighting load to provide a check point for the expected lighting end-use load.
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Therefore, a tabular format was chosen that allows for fixture counts, W/fixture, etc.
Although this is tedious, and consumes quite a bit of time during the site visit, we
found that it was the best way to learn about the lighting in a building, especially in a
larger facility that has been scheduled for a lighting retrofit.

Miscellaneous Load Data.

In a similar fashion to the lighting, the miscellaneous load data is collected in a
tabular format that allows for the totalizing of the connected load. Usually this is
collected at the same time that the lighting information and thermostat information is
collected for each zone, which allows for a single walk-thru in each zone.

Existing Data Acquisition Systems.

Since each of the larger agencies participating in the program will be receiving a data
acquisition system it was important to have a slot that specifically asked for
information about existing data acquisition systems, and/or utility load recorders that
might already be installed at the site. In several of the agencies, utility load recorders
were identified that are being used for whole-building electricity data.

Existing Energy Management Control Systems.

In a similar fashion to the information about an existing data acquisition system, it
was important to note at each site whether or not an EMCS existed, the manufacturer
of that EMCS, points being monitored, etc., in order to assess whether or not the
EMCS might be capable of performing some/all of the monitoring functions.

Primary Heating, Cooling, and DHW Systems.

Basic information about the heating, cooling, and DHW systems is asked by all of the
forms. In general the LoanSTAR program is interested in the nameplate information,
fuel being used, area served, and control of the equipment The LoanSTAR form
uses a tabular format for these data.

HV AC Distribution System and Air Handling Units.

A large portion of the energy retrofits in the LoanSTAR program involve VAV
retrofits to existing constant volume systems. Hence, this section of the form was
expanded to a tabular form to include information about each major air-handling unit
in the building, as well as the type of distribution system for the primary zones.
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Pumps, Elevators, and Miscellaneous Equipment. ;

i ! ! •

Connected loads and name plate information for the major pumps, elevators and
miscellaneous equipment were found to be important in the agencies. With such
information in hand one can calculate a connected load for the motor control centers
which serves a reasonableness check for the monitored data.

Energy Improvements.

A separate form (not shown) is used for this information. Since the funding for the
LoanSTAR program is directly related to the type and cost of the retrofits in each
agency, detailed information is assembled, including: a list of the ECRMs, cost of
the ECRMs, estimated payback of the ECRMs, proposed monitoring channels, etc.

Historical Energy Use Data.

For those sites that have monthly utility billing data, at least 12 months of
information is obtained for the primary fuel types. Information about the utility
meter, nameplate data, model number, etc. is also obtained. The name of the utility
company, contact and phone number is also duly noted.

Sketches, Photos, and Video Tapes.

Sketches, photos, and video tapes are also used to help document the sites. At least
one photo of the primary views of the building is made, and any other pertinent
features. It was also found that videotaping the mechanical rooms provided a
valuable record of what was at the different sites, especially, when some are located
in remote areas of the state. These video tapes also can be shared with the
installation contractors, and serve as an historical snapshot for the site should any
major changes occur.

I
SOME POSSIBLE USES O F SITE DESCRIPTION INFORMATION

One often asked question by program administrators is "Why bother with all this site
description information?" Why not just go to the building, install the monitoring
system and move on to the next facility? Often, when budgets are lean, this may
indeed be all that the budget allows. However, the science of monitoring energy and
environmental conditions in buildings is far from being a mature "off the shelf
technology.

Monitoring systems can tie installed and appear to be working but the data they are
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providing completely useless - which is sometimes discovered after reports have been
published and all funding expended. Therefore, considerable care needs to be taken
to assure that sensors are calibrated and remain calibrated throughout the lif e of the
monitoring project. One method that can be used to provide some initial cross-checks
or "reasonableness" checks is to compare monitored data from a site with information
that is gathered during the site visit.

An example of this is shown in Figure 7. In Figure 7 the measured whole-building
electricity use and submetered electricity use for the motor control centers and
computer center are shown (solid lines) along with the "reasonableness" checks that
could have been derived from the site description information. Having such
reasonableness checks available when the first data begin to arrive from the field data
recorder can immediately give one an order of magnitude check for certain of the
data that are being recorded.

The reasonableness checks (dashed line) for the motor control center represent the
(constant) sum of what hand-held measurements on each of the major air-handling
motors and pumps provides. The deviations that are shown are due to construction
involved with the VAV retrofit. In a similar fashion, the reasonableness check
(dashed line) for the computer center is shown compared to the actual measured data
for that load center.

The reasonable check for the whole-building energy usage was derived using a
method outlined by Haberl and Komor (1990a, 1990b). This method can be applied
any building that has monthly electricity usage and demand data, and a knowledge of
the operating hours. Using this method a "proxy" load shape can be constructed with
monthly energy data and an estimate of the load shape that is based on the occupancy
levels.

For the ZEC this involved identifying the peak hourly electricity demand for the
whole building (1,440 kW), obtaining the hours of operation for the building (Mon.-
Fri: 8:00 a.m. to 7:00 p.m.), and finally, obtaining the whole-building electricity
energy use for the month of February. An assumed profile was then generated which
assumes that energy is consumed at the peak rate (1,440 kW) during all occupied
hours (20 days x 11 hours per day = 316,800 kWh). The energy use for this period
was then subtracted from the total energy use for the month (776,700 kWh) leaving a
residual that was assigned to the remaining 4S2 hours in the month at a constant rate
of 1040 kW as shown in Figure 7.

: • | . • • - . - • • • ; : - • ;

With such a simplified proxy load shape in hand one can clearly see that the energy
use for the building is falling within the anticipated range. Further adjustments to the
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load shape, and/or a load shape that is based on an average shape can be developed
and substituted for this early proxy shape as data are collected for a given site. This
type of estimated load shape provides a very helpful "reasonableness" test for early
data coming from a site.

SUMMARY

This paper has provided a brief overview of the LoanSTAR program at Texas A&M
University and discusses efforts taken to collect site description information from
participating agencies. Comparisons were provided between the LoanSTAR site
description form and both the DOE and ASHRAE recommended protocols. For the
most part the LoanSTAR form has collected more detailed information about the
sites. Such information can also be very useful in establishing proxy load shapes that
can be used to check early data coming from a site for reasonableness.
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TABLE 1: Information contained in the LoanSTAR Site Description form. This
table summarizes the information contained in the LoanSTAR Site Description form.
Information concerning the items shown is collected during the site visit and is
supplemented by data collected during the LoanSTAR audit.

GENERAL DATA '
Agency Name, address, phone number, FAX number, building name, MAP ID#, SIC # , GEO # ,

location and address. Agency administrator name, phone # , operator name, phone number.
Maintenance contractor name, address, contact, phone # .
Telephone Company name, address, phone # , contact.
BUILDING DATA
Construction date, remodel type/date, total floor area, conditioned floor area, number of stories,

average ceiling height, floor to floor height,
Building shell description: wall construction, U-value, roof construction, U-value, door construction,

U-vahie, floor construction, U-value.
Glazing type (Single, double, triple, clear, tinted, reflective, other, fixed, operable).
Glazing Orientation (N,S,E,W): wall area, glazing area, shading.
BUILDING ZONE INFORMATION
For each zone: zone: area, heating/cooling (occupied/unoccupied) setpoints.
OCCUPANCY AND SCHEDULE INFORMATION
For each zone: hours open (MTWTFSS), hours closed (MTWTFSS), number of people.
LIGHTING LOAD
For each zone: zone number, lighting type, # of lamps working, # of lamps not working, Watt/lamp,

ballast factor, control code.
Estimated lighting load, estimated receptacle load.
MISCELLANEOUS LOAD DATA
For each type of energy use: description of the energy use, fuel, # of units, load/unit, load (kW),

location, zone #, and a summary of the connected loads.
HVAC SYSTEMS
Existing Data Acquisition Systems: Manf., model, operator, phone # , date installed, points being

monitored.
Energy Monitoring and Control Systems: Manf., model, operator, phone # , date installed, points.
Heating System Information: zone, boiler, electric, hot water, ID # , manf., rating, control.
Cooling System Information: zone, rooftop, central, absorp, ID # , type, fuel, rating, control.
Heat Recovery Equipment.
Economizer Information: in use, control.
Control of Outside Air.
HVAC Distribution Systems: by zone, single duct, dual duct, VAV, VAV reheat, other.
Air Handling Unit(s): A table containing: ID # , type, HP, area served, control, location.
Pump(s): A table containing: ID # , type, HP, max flow, area served, control.
Elevator(s): A table containing: manf., type, HP.
Zone Control: ED#, heat, cool, clock, electronic, setback, locked cover.
MONTHLY HISTORICAL BUILDING ENERGY USAGE TABLE
Electricity Energy Use, Natural Gas Use, Thermal Energy Use, Other Energy Use. For each fad:

meter manf., serial number, type, utility name, phone number, fuel cost from utility.
SKETCHES
Plan 'View: Meter Locations, Electrical Panel locations, Telephone panel location.
One-line diagram of electrical distribution, thermal distribution, and natural gas distribution.
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TABLE 2: Comparison of ASHRAE, DOE, and LoanSTAR Monitoring Protocols.
This table contains information about the Zachry Engineering Center which was
gathered using the three different monitoring protocols. In general, information that
has been omitted for a particular column signifies that the information was not asked
for by that protocol.
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TABLE 2(cont.): Comparison of ASHRAE, DOE, and LoanSTAR Monitoring
Protocols. ' ;
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TABLE 2(cont.): Comparison of ASHRAE, DOE, and LoanSTAR Monitoring
Protocols.
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TABLE 2(cont.): Comparison of ASHRAE, DOE, and LoanSTAR Monitoring
Protocols.
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FIGURE 1: Data Paths for the Texas LoanSTAR Program. The three primary data
paths for the LoanSTAR agencies are shown in this figure. Data can be polled
electronically, manually entered, or transferred to/from external data bases via the
campus Ethernet or electronic media.
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FIGURE 2:Typical Weekly Verification Plots for a LoanSTAR Agency. This figure
is an example of the weekly verification plots for a building located at the University
of Texas at Arlington. Each graph represents one or more channels of information
plotted in time-series or versus another channel of information.

May 1991. For discussion purposes only. To be presented in the 1992 ASHRAE Transactions.



DRAFT Atharetal. p. 20
FIGURE 3: Typical Monthly Agency Report. This figure is an example page of the
monthly agency report for the Zachry Engineering Center.
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FIGURE 4: Electricity Monitoring Diagram for the ZEC. This figure is a diagram
of the electricity monitoring system that has been installed in the Zachry Engineering
Center which monitors whole-building electricity and submeters motor control
centers, computers, and special monitoring on one air-handling unit.
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FIGURE 5: Thermal Monitoring Diagram for the ZEC. This figure is a diagram of
the thermal monitoring system that has been installed in the ZEC which monitors
whole-building chilled water and hot water energy use.
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FIGURE 6: Special monitoring installed in an air-handling unit in the ZEC. This
figure shows the special monitoring that has been installed an air-handling unit in the
ZEC to measure the impact of the constant volume to VAV retrofit.
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FIGURE 7: Measured and Estimated Energy Use for the ZEC for February 1991.
This figure shows measured electricity use for the Zachry Engineering Center for
February 1991, including submetered data for the motor control centers and a large
computer facility. Proxy load shapes derived from the LoanSTAR site information
are also shown (dashed lines).
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Testing Data Acquisition Systems
for Use in HVAC System Monitoring

Robert Sparks, Jeff Haberl, Souvik Bhattacharrya
Murthy Rayaprolu, Jinrong Wang, Sriram Vadlamani

DRAFT

Abstract:
The monitoring of building energy conservation retrofits for purposes of verifying
savings usually requires the use of microprocessor-based data acquisition systems that
remotely capture data from important monitoring points. Many small, robust data loggers
are available that appear to be well suited to this task. However, one is now faced with
the daunting task of choosing a system from dozens of manufacturers. This choice is
further complicated by a lack of standard communication protocols, and worse yet, no
standardized tests for reporting their capabilities. This paper reports on a battery of tests
that were developed and applied to nine data loggers, including tests for analog inputs at
varying temperatures, and digital pulse tests. i

Introduction:
The Texas LoanSTAR (Loan to Save Taxes And Resources) program was established in
1988 by the Governor's Energy Office. This $98.6 million program uses a revolving loan
financing mechanism to fund energy-conserving retrofits in state, public school and local
government buildings. One important facet of the program is the Monitoring and
Analysis Program (MAP), established to measure and report energy savings from the
retrofits. Before retrofits are installed in a building, a data logging device is connected to
monitor information, such as electricity consumption or steam condensate, that would
allow the effectiveness of the retrofit to be measured.
To ensure the highest level of confidence in the results of the MAP, data loggers from
each of the manufacturers participating in the program are being put through several
bench tests. Since few standards for testing data logging equipment have been developed,
it was decided to design the tests to reveal the logger's accuracy and limits on the
behavior of attached sensors.

Dataloggers:
The data loggers used in this program are special purpose devices dedicated to the task of
reading the values of a set of sensors and periodically storing those values in its memory
along with a time stamp. Loggers from different manufacturers may be attached to many
different types of sensors. The traits shared by most of the loggers in Table 1 include the
ability to measure the number of times a switch closes in some interval and to record the
value of an analog signal, typically a voltage or current. :

Bench Setup:
A testbench has been constructed to carry out the tests (Figure 1). A PC with special
circuitry is used to generate signals simulating the output of sensors in a building. Up to
4 analog signals and 20 digital signals can be generated simultaneously. A digital storage
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oscilloscope and a multimeter are used to inspect these signals. The tests are performed
with the logger placed in a controlled temperature environment. Another PC is connected
to the logger via modem or direct RS232 connection to initialize it, monitor the test's
progress, and download the results at the end of the test. A third PC can be placed
between the logger and the polling PC to monitor communications.

Digital Tests:
A digital sensor is a switch that changes state when a certain condition is met. Some
sensors send a open-closed-open pulse when the event happens (Figure 2a). Others
alternate between closed and open with each event (monitoring the KY side of a KYZ
pulse initiator for example - see Figure 2b). Each manufacturer has chosen which kind of
signal their data logger will record. Connecting a logger to a mismatched sensor will
cause the readings to be either half or twice as large as they should be. One interesting
test involves finding how long a switch must be closed for the logger to register a pulse
in the first case, and how close together the events can occur in the latter. This can be
determined by sending a string of pulses with constant on and off times (Figure 2c). In
Figure 3, the signal generating computer was programmed to send 2000 pulses to the
logger, alternating between 25 ms closed and 40 ms open. After the pulses were sent, the
logger would be polled to see how many it actually counted. This test would be repeated
with a different combination of closed/open times. The number of pulses to send is
always chosen to force the logger to store the total number of pulses in at least two bins.
For instance, if a logger is storing data in one minute intervals, the number of pulses
chosen would make the test last at least 2 minutes ( number of pulses > 2 * (length of
integration period)/(close time + open time)). In order to shorten the test without losing
accuracy, a form of two-dimensional bisection was used to minimize the number of
open/closed time pairs that were tested.

Digital Test Results:
The results of the tests on each logger were plotted as closed time vs. open time
(Figure 4). The plus signs indicate test points that passed. Test points that failed are
marked with a dark square. The grey area indicates those points that are inferred to be
bad based on the test points that failed. Most of the loggers were accurate at speeds faster
than specified in their documentation. One logger was able to record a signal faster than
our equipment could generate.
Two of the loggers exhibited unexpected behavior. One would occasionally miss a pulse
because its processor was busy performing internal bookkeeping. The other counted
significantly more pulses than were actually sent. It is suspected that the inputs to that
logger are very sensitive to the conditions between those of an open or closed switch.
This results in occasionally reading "chatter" (Figure 2d). The manufacturer is still
looking into this problem. !
It should be noted that of the loggers that accurately recorded pulse data, the slowest
required a pulse 1/5 second wide, and required pulses to be separated by 1/5 second. At a
typical LoanSTAR site, digital channels are averaging anywhere from 90 to 2450 pulses
per hour depending on what is being metered. This corresponds to averages from a pulse
every 40 seconds to a pulse every 1.5 seconds.
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Analog Tests:
Analog sensors send information to the data loggers by regulating some continuous
signal, typically voltage, current, or resistance. It is interesting to determine how closely
a logger can track the input signal, if the logger interprets a constant signal correctly over
time, and how much the signal must change before the logger can register it. To reveal
these characteristics, the following tests were designed:
Accuracy: (Figure 5) The logger is sent a waveform (either triangular or sinusoidal) with
a long period and another with a short period to test the logger's ability to track and
integrate the signal. This test is repeated at constant warm (120 degrees F ) , moderate (75
degrees F) and cool (45 degrees F) temperatures, and again with a sweeping
temperature.
Drift: The logger is sent a constant signal for several hours while exposed to a sweeping
temperature. If the logger appears to respond significantly to temperature variation, the
test is be repeated at a constant temperature. This test is performed with the input signal
at the minimum, midpoint and maximum value that the logger will record.
Resolution: Starting at the minimum, midpoint, and maximum input levels the logger
will record, the signal is slowly adjusted to determine how small a change the logger can
recognize.

Analog Test Results:
At the time of this writing, the analog tests are still in progress.

Discussion
These tests were designed to reveal limits on input signals and the accuracy of recordings
made by data loggers. Most of the units tested exceeded the manufacturers specified
ability to record digital inputs. Some were found to have design flaws that caused
recording errors that were not a function of the signal rate.
Some of the loggers made available to us for testing are capable of measuring electrical
consumption without an external watthour transducer. Future testbench work could
include investigating these power inputs. !
Work is in progress to generalize the communication schemes used by various
manufacturers. Many loggers communicate with a rigid, packet based system that is
difficult to decode without a computer's assistance. Others use a people oriented "user
friendly interface" that makes them simpler for interactive use, but can make automated
interaction difficult. We are encapsulating the different formats into a general protocol
and constructing software modules that allow the same user interface to apply to many
different data loggers.
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Participating Manufacturers:
Automated Measurements, Inc., 508 SW Jefferson, Corvallis, OR 97333
Campbell Scientific, Inc., P.O. Box 551, Logan, UT 84321
Gfe Energy Management, 1980 Post Oak Boulevard Suite 1495, Houston, TX 77056
Gulton Industries, Inc., Gulton Industrial Park, East Greenwich, RI02818
Lambert Engineering, 601 NW Harmon Blvd, Bend, OR 97701
Landis & Gyr Metering, Inc., P.O. Box 7180, Lafayette, IN 47903
Process Systems, Inc., 24 Starway, Willis, TX 77378 ;
Slumberger Industries, 180 Technology Parkway, Norcross, GA 30092
Synergistics Control Systems, Inc., 5725 Bundy Road, New Orleans, LA 70127
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Table 1
Typical Logger Characteristics

1"V = voltage, R = resistance, C = current

2 P = Proprietary, D = public Domain

3Observed/Manufacturer's published specifications

^Logger performs correctly to the limit of our abilities to test it

5 Input exhibits hysterisis
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Figure 1
Testbench Setup
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Figure 2
Digital Signals
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Figure 3
Digital Test Setup

The program used to generate signals for the testbench is icon-object based. Icons can be dragged down
from the top menu and placed anywhere on the worksheet. They may then be connected left to right. This
worksheet is generating digital pulses. When the Start button is clicked with the mouse, the Output Signal
Icon is allowed to start generating pulses. The Count pulses icon totals the number of pulses generated so
far. The Stop after icon watches for a user selectable upper bound and when it is reached, turns off the
Output Signal through the use of the feedback icons. The Pulse Icon labeled Output Signal can be
connected to a digital output icon (disabled in this display) and the signal will appear on a termination
board next to the PC.

August 1991. To be published in Solar Engineering. For discussion purposes only.



Figure 4
Digital Test Results
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Figures |
Analog Test Setup

This is the worksheet used to generate signals for the analog tests (See figure 3). Two triangle waves are
being generated here. The two 4-W-20 mA icons can be connected to analog output icons (disabled in this
display) and the signal will appear on a termination board next to the PC. When the user pushes the
Signal On button, the Fastgate-Timer-4 to 20 mA set of icons produces the triangle wave with the shorter
period (that period is set in the gate icon).The integration icons provide signal integration over the test to
be checked against the value recorded by a data logger.
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ABSTRACT

This paper discusses the different facets of data management for monitored building

energy data from agencies participating in the Texas LoanSTAR Monitoring and

Analysis Program. A description of the various processing routines used to process and

check the raw data is given. Some of the problems encountered when trying to apply

simple solutions to the general problem of multiple-site management are discussed.

Future directions of software development are listed and discussed.

I
INTRODUCTION

The Texas LoanSTAR (Loans to Save Taxes And Resources) Program was established

in 1988 by the State of Texas Governor's Energy Office. This eight year, $98.6 million

program uses revolving loans to fund energy conserving retrofits in state and local

government buildings. Established the following year, the Monitoring and Analysis

Program (MAP), attempts to measure and report energy savings from the various

retrofits. Several months prior to installing retrofit equipment in the larger state

agencies, data acquisition systems are installed to monitor energy consumption (Haberl,

1990a, 1990b). By analyzing data collected both before and after the retrofit, the

overall effectiveness of the energy conservation measures can be determined.

I
Currently, the LoanSTAR MAP is collecting data from 47 buildings located in various

cities throughout Texas as well as weather data from 50 National Weather Service

stations in the state. Since 1989, the number of buildings which are being monitored,

and consequently the amount of data which is collected, has increased in dramatic

fashion. Figure 1 gives an historical perspective of the data collected for the MAP,

increasing from one prototype site at the main Texas A&M campus to the 47 sites across

the state. From these sites and the National Weather Service stations almost 1500

different data channels are extracted; every week the size of the MAP data archive

increases by over two megabytes. Within the next six months, the number of sites is
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expected to increase by another 30 percent. Obviously, the management of the data is

of prime importance.

LoanSTAR MAP data management includes five major functions: polling the data from

the data acquisition systems (DAS), processing the data from all the various sites into a

reasonably generic format, controlling data quality, generating reports, and retrieving

data for analysis. This paper describes the methods employed at LoanSTAR for

managing the data archive and briefly explains some of the issues that have been faced

in the management of building energy data for multiple buildings.

OVERVIEW OF DATA MANAGEMENT IN THE MAP

POLLING

The first step in this data management scheme is the entry of data into the system. This

includes both the retrieval of building data from the remote data loggers and the

acquisition of National Weather Service data. At LoanSTAR, each building is polled

weekly. Polling of the DAS is currently accomplished with IBM PC-based software

supplied by the DAS manufacturers. In general, these programs allow the user to

connect to the DAS through either a modem or a direct serial port and perform

rudimentary functions on the system from remote locations; they also allow data to be

downloaded into predetermined formats. These formats might simple ASCH text,

spreadsheet workfiles, or complicated proprietary formats that need special vendor-

supplied software modules to decode.

The LoanSTAR MAP currently utilizes systems which allow data to be downloaded as

basic ASCII text. Each remote DAS collects hourly consumption information which is

stored in onboard volatile memory. Since these systems have a finite amount of

memory, the DAS is polled once per week to avoid older data being overwritten by

newer data and lost As each site is polled, the data itself is saved as one text file per

site. Therefore, every week 47 new raw data files containing 168 hourly records each

are saved. Prior to processing, these files are stored in a temporary directory on the

polling PC. After the data has been processed, the raw files are archived to floppy disk

with a shareware data compression and archival utility. In case problems are identified

somewhere in the processing stream at a later date, all raw data is still readily available

for reprocessing.
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The National Weather Service data is initially collected by the Texas A&M

Meteorology Department using satellite technology. The MAP has been allowed to

transfer this data over the campus Ethernet for internal use in analysis. The

Meteorology Department is actually collecting data from many more sites than those

needed by LoanSTAR. Therefore, some initial filtering is done on the Meteorology

computer before the package is transferred. The data requires substantial processing to

be usable by the LoanSTAR analysis teams. After processing, the raw files are archived

onto tape. This allows reprocessing at a later date if problems with the routines are

discovered or if new pieces of the data need to be retrieved.

PROCESSING AND QUALITY CONTROL

Processing and quality control are performed through a combination of public domain

utilities, inexpensive commercial software, and routines written in-house to knit the data

stream together. It should be noted that wherever possible, inexpensive existing

software has been used to decrease development time. This methodology has caused an

interesting assortment of modules to evolve over the past year. The routines written for

LoanSTAR are generally programmed in either GAWK or C++. GAWK (FSF, 1989) is a

public domain version of AWK, a powerful UNIX file processing language. GAWK is

available in both DOS and UNIX versions.

! •

The cornerstone of the processing and quality control areas is a public domain DOS

program called ARCHIVE, which was developed at Princeton University (Feuermann and

Kempton, 1987). ARCHIVE is a general purpose program for manipulating and checking

columnar data. As input, ARCHIVE requires the raw data and another file containing a

channel table, which is a description of the input columns and the output format,

including any translations which might need to take place. Table 1 gives a short

example of a channel table, ARCHIVE allows several date translation schemes. For

example, given a MM DD YY date and a time, ARCHIVE can report the corresponding

decimal date. This type of translation is essential for graphing time series data for

periods of varying length. ARCHIVE output is the standard LoanSTAR format For each

hourly record (row) in a file, this format is as follows:
i

site # MM DD YY JulianDate DecimalDate Time data-i data-2 ... data-n
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The site number is a unique three digit LoanSTAR number that is associated with each

site. These site numbers arc extremely important in the quality control process. The

first stage of any data audit involves checking the site numbers in the file against each

other as well as the site number required by the analyst

For additional quality control, static lower and upper bounds can be associated with any

channel in the channel table. For readings outside the specified range, ARCHIVE will

flag the value in a diagnostic log file as well as replace the suspect value with a -99 in

the output data. This allows an automated method for assuring that data is reasonable.

For example, a dry bulb temperature channel for a site in most parts of Texas might

have a lower bound of -10 and an upper bound of 120. Obviously, it is quite useful to

have a program check the 168 hourly readings each week rather than doing this by hand.

ARCHIVE can also perform simple data translations. For example, linear transformations

can be used to convert between different units. A linear translation is used to attach the

site number to every record in the output.

ARCHIVE produces two files as output: the diagnostic log file (with the DOS file

extension "LOG") and the actual output data (with the DOS file extension "ACH"). The

log files are inspected every week to ensure data quality. The .ACH files undergo further

processing.

Table 2 gives a very short example of raw data collected from a particular DAS.

Unfortunately, ARCHIVE only understands numbers and spaces in input data. As can be

seen in Table 2, many characters need to be stripped out of this data (the":","/", and " V

" status columns, for example) before it can be processed with ARCHIVE. Therefore, an

AWK script, RAW2DAT.AWK, was written to remove these characters. Once the raw data

has been run through this script, it is ready to be run through ARCHIVE.

After the call to ARCHIVE, the next step in the process is to check the .ACH file for

missing hours. It is not terribly uncommon for a data logger to lose power in the field.

Usually these loggers have battery backups that perform a minimal amount of work:

refreshing the internal memory. This allows the logger to keep any data it has collected

up to this point, but the logger does not collect any new data until the power is restored.

This in turn causes gaps to exist in the dataset. For purposes of merging weather data

and certain types of analysis, it was determined early in the project that missing hours
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should be added back into the data with the -99 flag for all data values. Therefore, the

.ACH file is filtered through an AWK script, MISSING.AWK, to scan for missing hours and

put them back in as necessary. While the concept of scanning and replacing missing

hours is easy to understand, a general program must take into account day boundaries,

month boundaries, year boundaries, leap year boundaries, and several other special

conditions. The output of MISSING.AWK consists of two files: a diagnostic log file (with

the DOS file extension "LOG") which reports the number of hours added back in, and the

actual output (with the DOS file extension "ACS"). This .ACS file is the final version in

which all LoanSTAR hourly data is kept These .ACS files are archived to floppy disk

and are transferred to a UNIX file server over the campus Ethernet Storing the data on a

large file server allows immediate access to all the data across all sites as well as

providing access to powerful tools such as the UNIX version of AWK, C, C++, and

commercial statistics packages.

The National Weather Service data is translated into the LoanSTAR format through the

use of several UNIX shell scripts and supporting AWK scripts. Table 3 shows the actual

structure of the incoming raw data. This processing of this data into the LoanSTAR

format is accomplished as follows:

1) Pull data from the initial input files.

I

2) Parse the input for the key pieces of information and remove those pieces which

are not necessary (weather advisories, cloud cover, et cetera). At this point the

windspeed is converted from knots to miles per hour.

I
3) Convert the timestamps from Greenwich Mean Time (GMT) to Central Standard

Time (CST) or Central Daylight Time (CDT). This is a nontrivial step.

;
4) Translate the three character National Weather Service designation for each site

into its equivalent LoanSTAR site number.

I .
5) Reorder the output by site number.
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These processed files are transferred to a PC for quality control verification with the

ARCHIVE program. At the end of every month, this final version is archived onto floppy

disk and also transferred back to the UNIX file server.

WEEKLY REPORT GENERATION

While simple automated quality control checks have been implemented, a key function

of the whole process is the production of weekly verification plots. These plots are

circulated between the project's Principal Investigators and research staff in a bundle

referred to as the IPN (Inspection Plot Notebook). An example page of verification

plots is given as Figure 2. The plots allow for possible problems with the data to be

identified by visual checks. Because of the long stream of software filters that the data

is subjected to prior to the production of the plots, any potential problems are usually

brought to the attention of the Database Manager, who determines if a processing

problem could have corrupted the data. If this is not the case, then a genuine data

problem may have occurred (for example, a metering problem), and an appropriate

message is forwarded to the field engineers.

These weekly plots are produced with a commercial graphics package, along with some

supporting AWK scripts and a controlling DOS batch file. Currently, three different

kinds of plots are created: time series readings of all channels, scatterplots of some

channels (thermal channels and motor control center electricity consumption) versus

temperature, and scatterplots of LoanSTAR weather data versus National Weather

Service data. For any plot, this graphics package requires two files: a template graph

layout (with the DOS file extension "GRF") and a data file (with the DOS file extension

"DAT"). The template graph layout file contains information such as axis limits, axis

labels, and the name of the corresponding data file. This style of layout causes a major

problem in the batch oriented, hands-off production environment: while the axes on

scatterplots do not change, the time series layout files must be adjusted each week to

account for the correct dates. This is accomplished with a short, though complex, series

of AWK scripts. The script xxxDATE.AWK (xxx is the three digit site number) checks

the .ACS file and determines the earliest decimal date in the file. As output, it generates

a small batch file called xxxCHGRF.BAT. This short program runs the accompanying

script xxxCHGRF.AWK by using the decimal date reported by xxxDATE.AWK to adjust

the axis labelling in the time series graph layout file. Examples of these scripts are
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given as Figure 3a (100DATE.AWK), Figure 3b (1OOCHGRF.BAT), and Figure 3c

(1OOCHGRF.AWK).

In the simplest case, the .DAT file is just a temporary version of the .ACS file, with a

different DOS file extension. If the site in question does not contain a weather station,

however, external weather data from the region must be merged to create the

scatterplots. This is performed easily with other AWK scripts, assuming the data files

and the weather files contain the same number of records; this was the major motivation

for the creation of MISSING.AWK.

An example of the controlling batch file is given as Figure 4. This batch file performs

the following functions:

1) Copy the .ACS file to a temporary location and change the file extension.

2) Merge weather data, if necessary.

3) Adjust the time series templates to refer to the correct dates.

4) Run the graphics package on all templates.

5) Scale and adjust the output to place twelve graphs on a landscape-oriented page.

6) Plot the pages to printable files (the LoanSTAR MAP uses laser printers that are

configured for Postscript).

7) Clean the temporary directory.

I
It should be noted here that many of the pieces of this puzzle, specifically the scripts

involved with changing dates and all the .GRF files, must be tailor-made for each site.

Individually, this requires a minimum amount of effort to set up; however, the

LoanSTAR MAP currently produces roughly 700 of these small graphs, 65 pages in all,

each week. The start-up time was substantial and the computing time required each

week is not trivial. All told, the entire process from polling through the circulation of

plots requires between 20 and 30 man-hours every week. This does not include the time

spent by the Principal Investigators and engineers reviewing the plots themselves. It is

estimated that the staff spends an additional twenty hours reviewing the IPN, although

this value is hard to quantify because the interested parties have different methodologies

and goals.
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M O N T H L Y REPORT GENERATION

The weekly generation of inspection plots allows for internal verification of the

monitoring systems. However, a primary goal of the project as a whole is the creation

of Monthly Energy Consumption Reports (MECR) which are sent back to the facilities.

This is the major feedback route from the MAP back to the participating agencies. The

content and value of the MECR has been discussed before (Claridge, 1991). Briefly,

each building receives a six page report that consists of:

1) A title page giving the mail/phone contacts both at the agency and at the

LoanSTAR MAP. Additionally, this page gives a monthly total of chilled water

and hot water usage, electricity consumption, and sixty minute demand data. For

buildings in which the retrofits have already been installed, the page lists both

estimated and actual monthly retrofit savings. Finally, a comment section is

included to bring important points to the agency's attention.

2) Scatterplots of daily hot water usage versus average daily outside dry bulb

temperature and daily chilled water usage versus average daily outside dry bulb

temperature. .

3) A time series of hourly hot water usage and chilled water usage.

4) A time series of total building electricity consumption and submetered data

where possible. Additionally this page shows a time series of outside dry bulb

temperature and relative humidity for this area.

5) Two three dimensional plots that graph hourly total building electric in daily

slices.

6) A summary page with information about the building (square footage, occupancy

schedules, retrofit dates, et cetera).

Examples of various monthly plots are given as Figure 5a (a page two plot), Figure 5b

(a page four plot), and Figure 5c (a page five plot). The plots for pages two, three, and

four are produced with the same commercial graphics package used to produce the IPN,

while the three dimensional plots on page five are created with a commercially available
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statistics package on the UNIX file server. The Postscript versions of pages two through

four from the PC are transferred to the UNIX file server and knitted together with the
Postscript version of page five using the TEx typesetting program (Knuth, 1986). Pages

one and six are created entirely within TEx.

Although the data is kept online, a significant amount of work must be done each month

to create quality reports for external distribution. Each month the appropriate weekly

files are concatenated into monthly files and a conversion script, MAKEDAY.BAT, is used

to convert the hourly data into daily total data for page two. Average daily dry bulb

temperatures are calculated by the script MAKEADB.BAT using the available hourly

weather data. After an initial set of plots are created, they are circulated to determine

the comments for page one as well as to catch any processing errors. One of the

interesting advantages of producing monthly plots is that the data interval is large

enough to spot many problems that are not noticed when viewing graphs at the weekly

level. I

After two rounds of circulation, the plots are sent to the corresponding agencies. Not

including review time by the various Principal Investigators, the MECR requires

roughly 120 man-hours to produce. Usually two people working full-time can produce

the MECR in about a week and a half. Including another three days for comment

circulation and printing, the target date for report delivery is somewhere around the 15th

of the following month.

• . i

DATA RETRIEVAL AND DELIVERY

Immediately prior to the production of the MECR, a monthly dataset containing the

previous month's data for all sites, weather data for each region, and daily total data is

produced for the analysis teams. Currently, a standard data update is provided on floppy

disk, usually within two days after the final polling cycle of the previous month. The

textual, columnar format of the data is generic enough to be readily used as input to

most commercial statistics packages.

I
Additionally, a very impressive, commercially available data browsing package is used

by the analysis teams to view the data. This software was originally developed to

analyze meteorological data, but has been adapted very well to the analysis of building

energy data. As with the statistics packages, this program can read textual, columnar
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data readily. However, this particular package transforms the data into a compiled

database for internal use. For agencies which have purchased this software, the

LoanSTAR MAP provides monthly updates to their compiled databases.

DISCUSSION

Since the beginning of the MAP in early 1989, this project has been able to construct a

valuable set of tools and a process for collecting, verifying, and reporting monitored

building energy data on a regular, timely basis. This process has been developed

basically from the bottom up: abstract ideas were formalized and matched with available

software components when possible. Tailor-made filters have been developed to knit

the modules together into a continuous stream. After the first addition of new sites in

September 1990, the project was able to start into a production mode within six months:

a very brief design phase given the concurrent influx of new sites (Figure 1).

!
Figure 6 summarizes the flow of information through the various routines and functions

which make up data management at the LoanSTAR MAP. Although progress has been

rapid, each phase of the data management scheme has contained its share of problems.

At the beginning of the project, the problems were centered around polling and

processing. Specifically, there were no hard and fast rules on how to poll or when to

poll, much less any real direction on how to store the data. Although those questions

were resolved early on, as the number of sites multiplied, new problems began to appear

concerning quality control and report generation. Additionally, as more and more data

is processed and stored, answers to old questions become obsolete and need to be

rethought.

Data transmission speed is a major problem in the polling phase. Generally, the

modems supplied with these systems operate at 1200 baud; while this is fast enough

from a user's perspective when polling one site, it requires a large amount of "dead

time" (waiting for the system to finish data collection) when polling many buildings.

Currently, polling requires nearly six hours per week to gather data from all 47 sites.

Unfortunately, these data loggers are generally installed in machine rooms that contain

so much electrical noise that faster data transmission rates would be unreliable.

Although Figure 6 gives the illusion of a simple flow between points, an extra

dimension should always be envisioned: the processing routines must be performed for
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each and every site. As with the polling phase, this leads to a generous amount of idle

time while waiting for the processing computer to complete the processing stream for all

sites. At LoanSTAR, the polling and processing computer is also utilized as a general

purpose machine on non-peak days. Since graduate students and staff use some of the

same commercial software, such as the graphics package, for other purposes, the

Database Manager must be constantly ready to "fix leaks" in the processing stream -

those created when the unknowing user has changed some important setting on the

software. Although the project has been in a production phase for many months,

occasionally unexpected problems occur with the data, and the routines must be

retooled. For example, a particular DAS vendor recently released a new version of its

polling software. The new software produces output that is just slightly different from

the old software. This caused severe problems for RAW2DAT.AWK and consequently all

subsequent routines. Simple modifications to this AWK script fixed the problem.

For data quality control, the circulation of the IPN is tremendously valuable. Problems

with processing, metering constants, and the equipment itself have all been identified

and solved by this method. Since the IPN circulates weekly, these problems can be

addressed promptly, and a minimum of valuable data is lost. As stated before, the

production of monthly plots has also greatly improved the quality of data because the

MECR allows the staff to visualize a larger window of information than the weekly

plots. The logistics of circulation of the IPN and preliminary versions of the MECR

between several Principal Investigators and key staff members should not be taken

lightly, however. j

When each site is viewed in isolation, the collection of data, quality assurance of the

data, and production of reports for the building require small amounts of work, and the

return on the investment is very high. The amount of time and effort required to

manage data efficiently for multiple sites (more than 10) at the same rate of return has

proven to be tremendous. The problems associated with management have not seemed

to grow linearly as the number of sites has increased; rather they have gotten larger

much faster. Nuisances at the one site level become major roadblocks at the multiple

site level. For example, the time required to print a graph is not usually taken into

account, but the first laser printer that the project owned required almost five hours to

print the inspection plots every week. This caused severe strains on productivity for

other people needing access to the printer. Even the smallest items are magnified

I • .
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greatly when they have to be repeated many times each week. However, the assurance

of quality data as well as the rapid turnaround time of monthly reports to participating

agencies is essential.

FUTURE DIRECTIONS

One of the major areas of future development will be the introduction of a commercial

integrated database package to help maintain the data. While small models have been

developed in the DOS environment (Haberl, et al., 1991), the sheer size of the data

stream has made further development much harder. Most DOS machines and database

packages perform poorly given the large dataset size. The transition to an integrated

database in the UNIX environment is costly: up to $10,000 for the software alone.

Therefore, the project has been very cautious in this area. However, the man-hours

required for data retrieval and delivery might be substantially reduced.
I

Additionally, public domain software is being developed to poll particular vendors'

loggers, process the data into the LoanSTAR format, and perform quality control - all in

one package. This will replace many of the steps in the current data stream. In turn this

should eliminate much of the damage control / problem resolution which occurs

periodically. Much of the polling work will be automated by having the PC call the

loggers automatically during the night to download data. This will free nearly 20 hours

a week of valuable work time.

More advanced methods for quality control are being developed. Routines are being

developed to scan the 47 weekly ARCHIVE .LOG files automatically and generate

summary reports of the problems encountered at the various sites. Work is beginning

on the replacement of the static upper and lower data bounds in channel tables with

dynamic data limits. For example, tighter bounds can be used to check outdoor

temperature data depending on the season. Also, this might allow standard relations

between channels to be verified. For example, submetered electricity consumption at a

building should obviously be less than the whole building consumption; at sites with

numerous submetered points, human verification of this simple fact can become tedious.

CONCLUSION !

The LoanSTAR MAP is producing a set of public domain software modules that can

process data collected from buildings, perform data quality control checks, produce
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professional quality production graphs for external release, and package the data for

analysis. By using off the shelf components and small patchwork scripts, the cost has

been reduced to a bare minimum. Feedback is being given to participating agencies on

a regular, timely basis. There is still much that can be done, but the project was able to

go into a production mode within six months after the first new sites were added. Many

of the management headaches remain, but the overall return on the investment actually

seems to be very high. Several retrofits already have been significantly improved

because of the feedback that the program has provided. Initial responses from

participating agencies are generally favorable.
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Table 1: The ARCHIVE channel table for LoanSTAR site 100. The channel descriptor

table for a basic LoanSTAR site is given. ARCHIVE channel tables allow for a certain

amount of quality control by associating static lower and upper bounds with each

channel.
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Table 2: Raw data recorded by a typical data acquisition system. This table gives a

small snippet of data recorded at LoanSTAR site 100. Notice the very readable format,

but also the alphabetic characters. ARCHIVE does not handle characters that are

nonnumeric except spaces.

Table 3: Raw National Weather Service data. This table shows a very few example

National Weather Service readings. The first data column is the three character N.W.S.

code for the collection site. The third data column is a timestamp given in Greenwich

Mean Time.

August 1991. To be published in Solar Engineering. For discussion purposes only.
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Figure 1: Data Collection at the LoanSTAR MAP. This graph shows the increase in the

number of sites and the amount of data in the database from the beginning of the project

in May 1989 to the time this paper was written, August 1991.

August 1991. To be published in Solar Engineering. For discussion purposes only.
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Figure 2: A typical page from the Inspection Plot Notebook (IPN). The IPN consists of

small graphs of each channel at all of the various LoanSTAR sites. These pages are

circulated amongst the Principal Investigators and professional engineers for data

quality control purposes.

August 1991. To be published in Solar Engineering. For discussion purposes only.
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Figure 3: Scripts for changing time series axis labels in graph templates. Figure 3a is a

listing of 100DATE.AWK. Figure 3b is 100CHGRF.BAT, which is automatically created

by 100DATE.AWK. Figure 3c shows lOOCHGRF.AWK, the script which actually makes

the changes.

August 1991. To be published in Solar Engineering. For discussion purposes only.
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Figure 4: The controlling batch file for creating verification plots. This figure shows

the DOS batch file for creating the inspection plots for LoanSTAR site 100 using the acs

file.
I
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Figure 5: Examples of monthly plots. Figure 5a is a scatterplot of daily chilled water

data versus daily average outside temperature as given on page 2 of the MECR. The

alphabetic characters are days in the most recent month. The stars are datapoints from

previous months. Figure 5b is an example of the electricity consumption time series as

given on page 4. Figure 5c is a three dimensional plot of electricity consumption. Each

slice is 24 hours.

Figure 5a

Figure 5b

August 1991. To be published in Solar Engineering. For discussion purposes only.
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Figure 6: Summary of data management paths for building energy data. This figure

shows the normal pathway of data through the entire data management scheme.

August 1991. To be published in Solar Engineering. For discussion purposes only.
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ABSTRACT

Experiences with instrumentation, installation and maintenance of building energy metering
systems are presented. The building energy metering is installed to support the Texas
LoanSTAR program in sites throughout the State of Texas. Metering typically includes
monitoring the whole building electric load, building thermal loads and selected submetered
motor loads. The emphasis of the lessons learned is on the instrumentation used and
installation problems encountered during this project.

INTRODUCTION

During the past two years, Texas A&M University has been under contract to the Texas
Governor's Energy Office to install building energy monitoring systems in over three dozen
buildings throughout the state of Texas. The monitoring equipment provides data to support
building energy analysis and energy savings due to energy conservation measures to be
implemented in the candidate building(s). The installed equipment has typically included
thermal metering (chilled and hot water Btu (kW)), electrical load metering (kW),
psychrometric data (cooling and heating coil temperatures and relative humidity), and weather
monitoring (solar radiation, wind speed, ambient air relative humidity, and ambient air dry
bulb temperature). During this time, valuable "on-the-job" experience has been gained
relating to building energy metering instrumentation and installation.

This paper summarizes our experience related to building energy metering instrumentation and
installation. There have been many other building energy monitoring projects, notably the ELCAP
study in the Pacific Northwest and utility studies in the Northeast, involving millions of dollars for
metering instrumentation and installation. Prior to this project, there seemed to be little information
available to the engineer to aid in the planning or direction of a building metering project. There also
was very little information on the type of instrumentation recommended or problems that had been
identified concerning different types of metering equipment. Therefore, it is important that valuable
lessons learned on one project be noted and shared with others who endeavor to undertake such a
project. The knowledge shared could potentially allow major savings in manpower and costs.
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+ + + Research Associate - Mechanical Engineering



If energy monitoring is being conducted to evaluate the potential savings due to a planned
energy conservation retrofit measure (ECRM), then prompt installation of energy metering
equipment will provide the analyst with a wealth of pre-retrofit data. Many of the lessons
described will provide the reader with information that should help speed the installation of a
metering project. Some of the identified problems may seem so obvious that "anyone who is
careful" should be able to avoid them. However, even experienced installers of building
energy metering systems seem to struggle with some of these "obvious" problems and if a
solution is developed, often there is no written record left for future reference.

The presentation of the material is divided into three categories: (1) Administration, (2)
Equipment, (3) Installation, and (4) Maintenance. Administratively, there have been many
lessons learned on how to conduct and manage a large energy monitoring project [1].

ADMINISTRATION

As with any large project, there are problems with multiple contractors and the management of
these firms. On the Texas LoanSTAR project [2] there have been several contractors involved
in the installation of building energy metering systems. Though the focus of this paper is
related specifically to the metering instrumentation, there are some administrative cautions
which should be passed on.

1. The installation subcontractor should have an engineer on-site during the metering
installation. During our first contract year, several data acquisition system contractors were
selected through a request for qualifications (RFQ) process. Only one of the contractors had
an engineer supervise the installation of their metering projects. The others felt that an initial
site visit of the project engineer to get their installing subcontractors (electricians, mechanical,
etc.) started and a single follow-up visit to finish the assigned project was adequate. We
quickly learned that the supervision of the installation of this type of instrumentation has to be
continuous during the project duration. Too many installation errors were made on the sites
with little or no engineering supervision. Equally disturbing, was when an electrical or
mechanical subcontractor encountered a problem, they often did nothing until the project
contractor could be reached, the problem described, and a solution developed. This process,
at times, would involve weeks of delay on the project.

2. Contractors should be assigned a "test" site to judge their capabilities.
Even though the contractors selected through the request for proposal process looked very
good on paper, it was decided to assign each contractor a single site so that an evaluation could
be made on the quality of an actual installation. Again, it became evident during this process
which of the contractors were capable and those that weren't. On one of the installations, it
became necessary to terminate our contract with the contractor.



EQUIPMENT

To have a meaningful analysis of energy use data on buildings, it is critical that the
instrumentation be reliable and provide accurate information on what is being measured.
Unfortunately, instrumentation can provide a stream of numbers that may not reflect what is
actually being measured. Equipment problems encountered in the first two years of this
project have included instrumentation used in thermal metering, electrical measurement, and
psychrometric measurements.

Thermal Metering

Thermal metering is important for large commercial building applications where the building is
purchasing chilled water, hot water, or steam. In addition, thermal metering may be applied
where the user wants to track the efficiency of a chiller. Thermal metering is complex because
it typically involves monitoring entering and leaving temperatures of the water and the water
flow rate. These data points typically feed into a thermal energy ( "BTU" ) meter which
processes the temperatures and flowrates to calculate the energy use. Some problems with
thermal metering have included:

1. A thermal energy meter may pick up 60 Hz noise from its noisy surroundings. In
many building energy applications, a thermal energy meter and the instrumentation associates
with it are located in an equipment room which is an electrically "noisy" environment because
of large pump and fan motors. If a turbine flow meter is connected to the thermal energy
meter, the thermal energy meter will be expecting a signal from the flow meter which has a
frequency component. We have seen instances where, with improper shielding, the only
signal the thermal energy meter gets from the flow meter is a 60 Hz noise signal. The analyst
may not even realize he has a problem because the total thermal energy may show a change
from hour-to-hour because of fluctuations in the entering and leaving temperatures of the
water. However, the actual thermal energy may be quite different than what is being
measured. This problem is being investigated further at our calibration facility.

2. Two different brands of thermal energy meters most likely will not agree with each
other. On one site, one brand of thermal energy meter that was installed according to the
manufacturer's recommendations was replaced by a second brand of thermal energy meter
installed according to its manufacturer's recommendation. The net result was that the
"measured" thermal energy increased by a factor of two. Currently, both of these brands of
thermal meters are being studied in our calibration facility to see if either one of them can be
trusted.

3. A thermal energy meter that is not field scaleable may be set wrong at the factory.
The initial brands of thermal energy meters we utilized had to be set for a specific application
at the factory. We had to provide information on the type of flow meter, anticipated
temperature difference, pipe size, maximum estimated energy, etc. The factory would then
"burn in" a ROM for that particular application or install other hardware for that specific
application. Often the estimating of the actual energy used in the chilled or hot water line was



off by an order of magnitude. Likewise, the facilities personnel at the building had only
estimates of the pipe sizes and these were often wrong. There also were several meters
delivered from the factory that had been incorrectly set. The net result was that the settings
that the factory provided were not appropriate for the particular application. It was not
unusual for the manufacturer of the thermal energy meter to tell us that it would take four to
six weeks to reprogram the meter.

Electrical Metering

For many building energy applications, electrical measurements are in many cases the only
measurements made. Typically, these measurements include whole building feeds, motor
control center feeds, individual motor loads, and lighting loads. Experiences with electrical
measurements have included:

1. The marked polarity of current transformers (CTsi may be opposite of its actual
polarity. The polarity of CTs should be checked before installation. On a single phase
application a CT with a reverse polarity may be a nuisance (you'll get a negative power).
However, on a three phase application, one CT with reverse polarity will cause major errors in
the measured total power of the equipment. For instance, in a recent application, we had one
CT with reversed polarity on a 30 kW three phase variable speed motor. The CTs had been
installed according to the manufacturer's instructions (i.e., with the arrow pointing toward the
load). The indicated power of the motor was 1.5 kw, which did not make sense because of the
size of the motor and the fact that it was running at 82% of it's maximum speed. A close
check of one of the CTs used to monitor the equipment revealed it's polarity was marked
incorrectly. Switching the leads to the CT changed the indicated total power to 20 kw.

I
2. The output of a current transformer may be far different from it's rating. Much of

the data acquisition equipment used in our monitoring studies utilizes a current transformer
that produces a 333 mVac output at rated full load. We have seen output voltages of 3 and 10
Volts from some CTs that were clearly marked 333 mV output. Inputting 10 Vac instead of
333 mVac to the data logging equipment has produced some unusual readings from the power
channels in the data logger. For instance, we've seen the power signals slowly decay over
time. The net result is that the bad CT not only affected the channel to which it was
connected, but all power readings from that particular logger.

Other Instrumentation j

In some building applications, it is important to do measurements of the energy transfer
into or out of the air stream. These data can be used to better simulate the air-side of the
system. Experiences learned thus far include:

1. Some relative humidity (RH) instrumentation will be temperature dependent.
While relative humidity instrumentation is not supposed to have any dependency with
temperature, our experience has shown that specific brands of RH equipment do show a
dependency on temperature. If the RH sensor outputs a 0 to 5 Vdc signal, you would expect
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that it would generate a signal of 2.5 Vdc for 50% RH whether the temperature is 10 C or 30
C. We have seen some RH sensors indicate that we are putting water into the air across a
heating coil (where only sensible heat is being input). While a small error is acceptable, we've
seen errors that far exceed the stated measurement uncertainty of the equipment (typically +_
3%). Closer inspection of the instrumentation has shown that as the air temperature
increases, it increasingly deviated from the actual RH.

2. Relative humidity instrumentation will fail to perform adequately after only a few
months operation. Many of the RH sensors use a bulk polymer element. If the humidity
instrumentation becomes saturated (100% RH) for any length of time, this type of element
does not seem to perform reliably afterwards. Particular applications where this will occur
include placement of a RH sensor on the downstream side of a chilled water coil and in
weather stations at locations where there are considerable times (usually at night) when the
ambient air is saturated.

3. The data logger manufacturer will not tell you about an undocumented calibration
procedure for their data logger until you ask. In one application, we noted that all of the
analog channels were not producing readings that were believable. For instance, the entering
chilled water temperature was -7 C. All instrumentation was checked closely for any
possibility of a stray voltage being fed into one of the channels. Finally, out of frustration, a
call was made to the data logger manufacturer. The applications engineer diagnosed the
problem as an analog board that had not been properly calibrated. He provided a step-by-step
calibration procedure that was not documented anywhere in the technical specifications or user
manual for the data logger. However, not having the board calibrated earlier probably cost us
about a months worth of useable data from that data logger. It has now become one of the
regular checks we make at each logger equipped with the analog option.

EQUIPMENT INSTALLATION

While the above section dealt more on characteristics of the instrumentation out of the box,
many problems associated with instrumentation focus on their application (or misapplication).
Some problems learned during the installation of instrumentation are listed below. The same
order is followed as was before. Thermal metering is discussed first, followed by electrical
instrumentation and psychrometric instrumentation.

Thermal Metering

Problems with the installation of thermal metering includes the temperature and flow inputs to
the thermal energy meter as well as the thermal energy meter itself.

I
1. The flow velocity may be outside the useful range of the flow meter. With some

buildings, there is already flow instrumentation in place such as a venturi, orifice plate, or
turbine meter. It can be very cost-effective to utilize this instrumentation. However, for
buildings designed before the early 1970s when dual-duct and reheat systems were
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predominantly installed in buildings, the flow instrumentation was probably designed for much
higher flowrates (and correspondingly higher chilled or hot water usage) than is actually
occurring in the building. We have seen venturi flowmeters that were operating with flows
that were one-third of their minimum rating. In addition, if no flowmeter is in the piping,
then a flow meter must be installed. The linear range for several typical insertion meters
ranges from 0.6 to 9 m/s. Typical chilled water design flow velocities range from 1.2 to 2.4
m/s. Thus, one would typically expect the flow velocities to be within this range. However,
we have had a number of installations where the velocities ranged from 0.15 to 0.6 m/s. At
these lower velocities, insertion flowmeters are no longer operating within their linear range.

2. Asbestos insulation may be on the piping where your thermal metering
instrumentation will be installed. Unfortunately, asbestos is one of the hazards encountered in
thermal metering in buildings. If the building was constructed before 1970, one can almost
count on asbestos being used in the piping insulation in some of the piping. Asbestos
abatement can drive the cost of metering so high that it can endanger the installation. "Is
there asbestos on the chilled or hot water piping?" should be one of the first questions an
engineer should ask of the facilities or building manager before even going to the trouble of
developing an instrumentation plan. The next logical question to ask is: "Who is going to pay
for the abatement of the asbestos?"

!
3. The leads from the RTD sensors to the thermal energy meter may follow the longest

path and will not be compensated. In many of our installations, we use 100 ohm RTDs to
measure the entering and leaving hot or chilled water. If the lead length to one RTD is 5 m
and the other is 25 m, then it is possible to have several degrees of temperature difference
indicated in the thermal meter that is strictly due to the differences in lead length. Ideally, a
three wire RTD should be used which will allow compensation for the differences in lead
length. I

4. The diameter of the pipe in which the flowmeter is installed may be different from
that told you by the facility manager or indicated on the building schematics. With many
insertion flowmeters, the pipe size is a critical piece of information for both installing the
flowmeter at the right depth in the pipe and setting the thermal meter correctly. If the pipe
diameter is incorrect, then the pipe thickness is also incorrect, which means the depth of the
flowmeter is also incorrect. While building operators or building schematics (which may not
reflect the as-built condition) are useful, the only diameter for the pipe that should be trusted
is the one which is directly measured (preferably twice). We have seen where the information
provided on as many as five different pipes at one site (out of five) was incorrect.

5. If a temperature probe can be reached by a person from the floor, the probe will be
used as a chin-up bar, step ladder, or some other climbing aid. On our first major site, a
number of RTD probes were mounted in a near horizontal position and within easy reach of
personnel using the building. Within six months, most of these RTDs were at 45 degree
angles to the pipe where individuals had used them in ways for which they were not designed.
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6. If a temperature probe is no longer functioning, it may be because it no longer
exists. On some of our early installations, the compression fitting used for the insertion of
RTDs into a pipe allowed the RTD probes to vibrate within the pipe. The vibrations
eventually produced a failure of the probe where it protruded from the compression fitting into
the flow stream. The probes broke off and disappeared into the pipe.

Electrical Metering

There have been several problems with the installation of electrical metering equipment. In
many cases, the problems could have been avoided if the installing electrician had been
properly supervised. .

1. If multiple transformer feeds are available in the building, then the potential
transducer may be connected to the wrong reference voltage. The data logger we use has the
ability to accept two different potential transducer (PT) references which are used for CT
reference and the proper internal calculation of active power. A common field error is
referencing CTs to the wrong PT or referencing all CTs in a building to a single PT when
there are several transformers (requiring several PTs) in the building. The most extreme case
involved a large 12 story office building which has 4 different transformers in the building.
Only one PT was installed and used as a reference for all the CTs in the building. Several
costly fixes have been necessary to correct the problem and several months worth of pre-
retrofit data have been lost.

I
2. If current transformers are installed on an existing CT secondary, they may not be

scaled properly. On large electrical loads (ie. main building feed, centrifugal chiller feed)
there often are existing current transformers available. These existing CTs are used by
building operations personnel to monitor the electrical loads at these devices. For example, a
large centrifugal chiller might have CTs with 1000 to 5 ratios on each of the 3 feeds to the
chiller motor. The ratio indicates that the CT will output 5 amps if the motor is loaded at
1000 amps. The monitoring technique consists of installing a second 5 amp CT on the existing
CT secondary wire. The CT ratio of the primary and the secondary CT is then necessary to
calculate what the final CT ratio actually is. This is the ratio used to properly scale (through
the data logger software) the signal received at the data logger. In some installations, the
primary CT ratio was not determined and the ratio was guessed. Only after the existing CT
ratio is properly determined and field verified, can the signal be trusted.

3. The standard convention of phasing of power in electrical cabinets may not be
followed. Electricians often use a standard set of rules for installing the A, B, and C phases of
three phase equipment. These three phases should go (as you face the electrical connection)
left-to-right (A, B, C), up-to-down (A, B, C), or front-to-back (A, B, C), depending on the
style of the cabinet. One subcontractor we used installed all the three phase current
transformers with the above assumptions without checking to see that the electricians who
installed the original equipment in the cabinets were consistent. The net result was that the



phasing on most of that installation was incorrect, resulting in almost every current
transformer having to be rewired to obtain a correct installation.

Other Instrumentation
i

1. Data acquisition boards on the data logger can substitute as expensive fuses. With
the particular data logger we use, we have found that when a 4 to 20 milliamp is installed into
a channel that was expecting a 0 to 5 Volt dc input, the analog board on the logger becomes an
expensive fuse that protects that rest of the data logger from any damage. The only problem is
that the analog board must be replaced after each mistake.

2. The data logger will probably be programmed incorrectly when you first start
collecting data. The data loggers we use vary from 4 to 47 channels. While care is taken to
program the data loggers correctly when the site is first brought on line, the loggers on every
site have had to be carefully checked channel by channel to ensure that what is given in the
documentation is in fact what was programmed into the logger.

EQUIPMENT MAINTENANCE

Once the instrumentation is in place, it will have to be maintained. The maintenance may be
more difficult to handle than the original installation. If an instrument fails, it requires a trip
to the site to diagnose the problem and at least one more subsequent trip to the site to fix the
problem. The cost of maintenance will probably exceed your initial expectations. The types
of failures seen in the field will depend on the type of instrumentation used. The rule of
thumb is to expect the instrumentation to fail at some point in the program. In two years, the
types of maintenance problems and failures seen thus far include.

1. Modem failure - While the number of modem failures in the past two years has
been less than five, the failure of one modem potentially cuts off two to three buildings with
the data acquisition system we're using. One particularly annoying failure of the modem
occurs after a short power outage. The modem will not properly reset, and when calls are
placed to the data logger, the modem does answer. Thus, the logger cannot be reached
remotely via the phone. The modem and the logger have to be physically turned off and then
on to be properly reset. Because we have buildings hundreds of kilometers from each other,
doing this more than once can be very time consuming and costly.

2. Dewpoint sensor getting dirty - After the temperature dependence and saturation
problems were identified with some RH instrumentation, chilled mirror dewpoint sensors were
specified for several of our weather stations for high humidity sites. While more accurate and
reliable, these sensors require at least bi-monthly maintenance to clean the mirror surface and
should be completely recalibrated every six months.



3. Equipment disconnected or damaged - As some sites start to have their energy
conservation retrofits installed under the LoanSTAR program [3], we are starting to see some
of our equipment damaged by the retrofit contractor. This damage is not evident until we poll
the data logger. The problems cannot be diagnosed without a visit to the site. At one site, we
found that an electrical subcontractor had disconnected the wiring for both power and CT
inputs to our logger. At another site, an asbestos abatement contractor tore the wire from our
steam pressure transducer and caused a short to the data logger. The problem caused the loss
of several weeks building data. We are striving to assure that the building operations people as
well as the designers for the energy retrofits are made aware that there is metering
instrumentation installed in their buildings.

4. Aspirating fan failure on weather station - Our weather stations are equipped with
aspirating fans which ensure that an adequate fresh air sample crosses the relative humidity
(dewpoint) sensor and the dry bulb temperature sensor. When measured air temperatures
approached 50 C at one site, it became obvious that there was a problem. During a visit to the
site, it was found that the aspirating fan had become "stuck" and after being given a helping
twirl, it started again. Subsequent data showed marked improvement.

5. Current transformer failure - There have been several instances of the shunt resistor
failing in the CT. This allows the CT to output a voltage far higher than the 333 mVac at
rated load. In one case the CT was outputting 10 Vac which caused the logger to record false
power readings for the affected channel as well as other channels.

Summary and Conclusions

There are two things which have helped to ensure that the data which is collected is of good
and consistent quality; 1) We have narrowed the number of contractors active on the project
to one, and 2) We have developed the experience "in-house" to perform basic trouble-shooting
diagnostics and take corrective actions. Another helpful development has been provided by
our programming and analysis group. After the data has been downloaded from the data
loggers, it is sent through a number of data reduction routines and checked for missing data,
outliers, or other data stream problems [4]. After this process, the data is graphed and the
finished graphs inserted in a project binder which contains approximately six weeks of graphed
data. This binder is circulated to several of the principal engineers and analysts involved in
installation and analysis on the LoanSTAR program. If there are instrumentation problems in
the field, they are most often identified through the inspection of these weekly graphs. If a
plot of a particular data channel has some questionable trends, the problem is sited and passed
on to our group for investigation. A formal procedure has been developed to track any data
related problem from identification through corrective action taken. As the project continues,
this problem database will become a valuable source for future metering projects. Though it
sounds as though there has been nothing but problems on this project, we feel that the majority
of the installations have gone in with little or no trouble. The "war stories" sited in this
paper are examples of the types of problems which have been encountered. It has been our
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intent to present them openly so that others involved in building energy metering projects may
benefit from our experience and avoid similar pitfalls.
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Building Energy Instrumentation for Determining
Retrofit Savings: Status Update

Dennis L. O'Neal
John Bryant
Keith Boles

This year has seen the addition of another engineer to Task 2 and die completion of several
large metering installations. There has been further evolution of the administrative aspects of
the project as well as new experiences gained regarding the installation and maintenance of
building metering systems.

Administrative Changes

• Task 5 now has gained considerable experience utilizing the data from approximately 36
buildings and about 355 channels of metering information. It has become very productive to
meet with the Task 5 analysts before the initial visit to a new site by a Task 2 engineer. They
are briefed on the facility layout and on the proposed ECRMs for the site. This information is
distilled from the audit report for that agency. A "wish list" of desired metering points is
developed and any important budget constraints are considered. During the actual site visit,
the Task 2 engineer has a very definite metering goal and can more accurately develop the
appropriate SiteMAP. We have found that our primary Data Acquisition System
Subcontractor (DASS), Neat, also prefers this methodology.

• When an Agency applies for a loan, the metering budget will be set at 3% of the cost of the
ECRM implementation. We now immediately issue a contract amendment to Neat which
allows them to speed the installation by approximately 2-3 weeks. With an amendment
already in place for a given site, Neat can schedule their field engineer for the pre-installation
work and start processing purchase orders for equipment for the metering system.

• With the increasing number of completed sites and some of the systems approaching one
year of service, we are beginning to see maintenance and repair problems. A formal
procedure has been started to track problems as they are identified and continue through to the
resolution of the problem. This process starts with the polling procedure and continues with
the weekly inspection plots. As problems are identified, they are logged for the site and some
quick checks are performed to eliminate data processing or other "easy" causes for the
problem. From that point, either of the Task 2 engineers investigate the problem at the site or,
if convenient, Neat is called. An Amendment specifically for maintenance and repair on an as
needed basis has been issued to Neat for the remainder of this fiscal year and a line item in
next year's budget was included for this service.

• At one of our large metering sites the electrical subcontractor installing the variable speed
drive retrofits severely damaged our metering installation. The damage was not discovered
until it was found that we could not communicate with one logger and most of the channels



were not active in another. In both cases, the current transformers (CTs) for the monitored
motors had been disconnected. This has been a warning of what we might encounter as more
of the Agencies begin their energy retrofit work. To avoid further disruption of metering, we
are coordinating with the design consultants at the various sites. This effort is going through
the Governor's Energy Office (GEO)construction management consultant. It is hoped that the
effort will pay off as more construction is begun.

• Our primary DASS, Neat, has found that during the actual installation of the metering
equipment the coordination problems between them and the Agency can quickly bring the
work to a complete standstill. This is especially true on the larger sites which seem to have a
more complex management structure in place. There have been instances when the Neat field
engineer has had to coordinate 4 or more individuals for the Agency to accomplish a single
objective. During the initial site visit, we are stressing to the administrators the need for
cooperation with our DASS to ensure a smooth metering installation.

Installation Status

• Since the last MARC meeting 10 metering sites have been completed and are collecting
building energy data. These projects range from simple three channel, whole building
information, to complex multi-logger sites with more than thirty metered points. A chart with
the currently active sites, location, costs and completion dates is shown below (Figure 1). The
projects are arranged from finished sites to (new) by their completion (estimated) dates.

Figure 1. Agency Metering Status



The two largest sites, The Capitol Complex and U.T. Austin have both been on-line for almost
one year. For most sites, the chronology is - start: initial Site visit, 2 weeks later: pre-
installation DASS visit, 4-6 weeks later: DASS installs system. Some of the more complex
sites require and additional 3-5 weeks for coordination and verification.

• The sites "under construction" range from essentially complete to those sites where
equipment is just being ordered. Most of these sites should be completed by the end of 1991
and will add approximately 35 buildings and 210 channels of metering information. There are
2 large sites in Houston that are lacking only the telephone numbers and delivery of the
parameter sets. |

• There are two new sites which have been only recently visited for the first time. The sites
which are anticipated will, in general, be "smaller" in size than the majority of the projects we
have seen to date. The GEO is encouraging local governments and school districts to apply for
loans under the LoanSTAR program. These loans are for a maximum of $1.2M per agency
and gives Task 2 a maximum metering budget of approximately $30,000. Most of the smaller
loans will be less than $300,000. The Midland County project is typical of this size loan and
we have determined that to meter a building at the primary electric and thermal level will
require a budget of at least $5,000. Not all sites will be receiving metering under this
constraint and we will work with the GEO and Task 5 to determine which sites will be
metered.

Future Plans

• As metering systems approach one year of service, the need to certify the performance of
these systems will become increasingly important. Task 2 will be working closely with the
Task 3 calibration facility to perform the certifications and recalibrate sensors as they are
rotated in from field installations. To facilitate the rotation of these sensors, we are purchasing
and stocking a number of the most often used devices. This will give our DASS a ready
inventory of "common" equipment for short duration installations as well as a source of stock
for rotation and recalibration for field use. A by-product of these bulk purchases has been the
ability to secure substantial discounts on the devices which are most often used in our
installations.

I • - -
• It will become increasingly important to ensure that the design consultants are made aware
of the existence of energy metering in the affected sites. As stated earlier, we want to avoid a
repeat of the damage we suffered at two of our metered buildings. Additionally, there are at
least two sites where we are going to be installing metering on equipment which hasn't been
built yet. Both sites are incorporating chilled water storage systems into existing facilities.
This presents interesting metering problems as well as the problem of coordination with the
consultants and Agency during the design process. If properly arranged, the additional
metering required for the new equipment can go in with minimal problems and lower costs.
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ABSTRACT

In 1988, the Texas Governor's Energy Office received approval from the Department
of Energy to establish a $98.6 million statewide retrofit demonstration program, the
LoanSTAR (Loan to Save Taxes and Resources) Program. The LoanSTAR Program is
designed to demonstrate commercially available, energy efficient, retrofit technologies and
techniques. Part of the approved DOE program is to monitor the buildings to determine
the effectiveness of the conservation retrofits. The Energy Systems Laboratory (ESL) of
the Department of Mechanical Engineering at Texas A&M University has the technical
responsibility for metering the buildings and analyzing the energy savings. This paper
describes the development of the Calibration Facility that will be used for sensor
calibration. The Calibration Facility can measure liquid flow rates, temperatures, hydraulic
pressures, air pressures, humidity, electrical power, electrical current, electrical voltage, air-
flow rates, rotational speed, solar radiation and illumination levels. A portable calibration
capability is also being developed for field certification and checkout. This paper will
describe the development and capabilities of the Calibration Facility.

INTRODUCTION

In 1988, the Governor's Energy Office (GEO) of Texas received approval from the
Department of Energy to establish a $98.6 million statewide retrofit demonstration
program, the LoanSTAR (Loan to Save Taxes and Resources) Program, funded by oil over-
charge settlements. The LoanSTAR Program is designed to demonstrate commercially
available, energy efficient retrofit technologies and techniques. The Energy Systems group
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at Texas A&M received the contract for the monitoring and analysis portions of the
program and divided that responsibility into five tasks, as follows:

Task 1. Desk Top: Provide independent engineering review of audit reports
submitted by consulting engineering firms hired by the GEO to conduct the audits.
Also, coordinate the agency preview of the audit report, and assist the GEO with
the solution of independent audit teams.

Task 2. Metering Hardware and Vendor Selection: Select data acquisition systems.
Select and supervise metering installation contractors. Oversee installation of
metering at each retrofit site and troubleshoot field problems.

Task 3. Calibration Facility: Maintain National Institute of Standards and
Technology (NIST)-traceable instrumentation to bench-test and qualify classes of
sensors and other hardware for use in the metering program. Develop portable
calibration instrumentation used to check field installations.

Task 4. Systems Communication Testing and Development: Bench-test hardware
system types before they are accepted for use in the metering program. Develop
software for use in polling and archiving data.

Task 5. Monitoring Analysis. Plans and Reports: Analyze monitored data from
LoanSTAR buildings. Report the savings and O&M measures identified to the
GEO and the agencies.

This Calibration Facility is used to maintain other research instrumentation
calibration at the Energy Systems Lab (ESL). Since this is a teaching/research university,
this facility is available as an instructional laboratory for both graduate and upper-level
undergraduate students. The students working on projects at the ESL will also be allowed
to use this facility for equipment calibration.

DEFINING THE CALIBRATION FACILITY

The ESL, previously known as the Fan Testing Laboratory from 1939 to 1960 and
the Engineering Test Laboratory from 1960 to 1984, is a laboratory within the Texas
Engineering Experiment Station. It is housed within the Mechanical Engineering
Department at the Riverside Campus and is a residential ventilation and air conditioning
research and test facility. It is the official testing laboratory for the Home Ventilating
Institute, an association of residential ventilation equipment manufacturers. The ESL had
calibration facilities for air flow rates, air velocity, sound measurements, and capacity
measurements of air conditioners/heat pumps prior to the addition of the Calibration
Laboratory for the LoanSTAR Program.

The purposes of the Calibration Facility are:
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1. To construct an NIST-traceable facility which can be used to test classes of
sensors and verify compatibility with the selected monitoring systems.

2. To establish a facility to troubleshoot faulty sensors found in the field and to
check for differences between bench test and field sensor installations. This
facility will also allow for postmortem analysis of removed faulty field sensors,
and, if necessary, allows for the creation of correction curves that can be used
to correct metered data obtained from the faulty sensor. ,,

3. To develop a portable field certification kit which will be used for field
checking, testing and verification. After the initial warranty period, ESL
engineers and technicians, using this portable field kit, will be responsible for
maintaining the certification of the field sensors. This portable field
instrumentation will undergo periodic recertification calibrations at the ESL.

4. To establish a facility to bench test and pre-qualify proposed hardware
systems prior to installation in the field. This would include classes of
sensors and data acquisition systems.

5. To develop field certification techniques, installation guidelines, and error
analysis for systems. There will be some field installations that will not
and/or cannot meet the manufacturer's recommended installation
requirements. With this facility, we can simulate these field installations and
look at their effects on the performance of the sensor, make
recommendations on the sensor, and develop appropriate calibration and
error correction information. .

The Calibration Facility has twelve test stations with the capability of measuring and
calibrating: 1) Liquid Flow Rates, 2) Temperature, 3) Hydraulic Pressure, 4) Air Pressure,
5) Humidity, 6) Electrical Power, 7) Electrical Current, 8) Electrical Voltage, 9) Air-Flow
Rates, 10) Rotational Speed, 11) Solar Radiation, and 12) Illumination Levels. Table 1
shows the calibration ranges and accuracies of these test stations. Table 2 shows the classes
of sensors each test station can calibrate. Weather stations are installed at major metering
locations. Figure 1 is a schematic layout of the Calibration Facility at the Energy Systems
Laboratory. References 1-6 provide more information on the LoanSTAR Program and on
the Calibration Laboratory. ,

METERING LOCATIONS AND SENSORS INSTALLED A

The metering hardware is installed at each retrofit location connected to data
loggers, and queried at regular intervals to dump the data to the computer system used by
the ESL for data storage and analysis (Lopez and Haberl 1992). Through July of 1991,
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Table 1 Ranges and Accuracies of the Calibration Facility



Table 2 Calibration List of Sensors



TABLE 3
SUMMARY OF MONITORED SITES



FIGURE 1 CALIBRATION FACILITY LAYOUT



Figured -Tangential Paddlewheel in a 61' Pipe



FIGURE 3 - Typical Temperature-Humidity Test for Nominal 80%

Relative Humidity Test

0.025



there are approximately 47 buildings being monitored. The need for a calibration
laboratory/field certification program is obvious after looking at Table 3. There are
hundreds of electrical sensors (current transducers, power transducers, etc.), five weather
stations (solar, humidity, wind speed, temperature), 21 installations where flow meters are
installed (plus others where signals are being monitored from existing meters), plus some
test locations where specialized metering is being installed. Altogether, there are 414
channels of building-related data being recorded hourly as of July 1991.

STATUS OF CALIBRATION LABORATORY

All test stations except for lighting and solar have been completed, and the solar
station should be operational by August 31, 1991. The lighting cell is to be used to certify
light meters and should be complete by Fall 1991. All stations are to be fully automated
in the collection of data, using a commercially available data logger, the same type of
logger used in most of the field metering installations. Some additional work will be
required at several test stations to get them to an "automatic" data collection status.

The status of each station and the equipment used are as follows:

Temperature: A Polystat Model 1194-0 constant temperature bath, a Walter H.
Kessler set of ASTM Precision NIST-traceable thermometers, and a distilled water
ice bath are used with this station. Comparison techniques are used to verify
performance. j

Hydraulic Pressure: An Omega Model DWT 1305D dead weight tester is used. A
certified pressure transducer was used for initial calibration and certification.

Air Pressure: A Dwyer Model 1425 hook gauge is used along with an L. S. Starrett
set of precision-length rods. The certification accuracy was provided by the
manufacturer and verified by precision calipers.

Electrical Current. Voltage, and Power: An NIST-traceable Easterline Angus PMT,
Model PRM, Motor Load Surveyor, has been the initial calibration device.
However, NIST-traceable meters are being purchased for voltage, current, and
power measurements. These Ohio Semitronics devices will provide both a digital
display and a 4-20 milliamp output for data logging. Current will be measured using
a CT5-100E, 0-100 amp, meter; voltage will be measured using a VTR 004E, 0-600V
meter, and the watt transducers will be Model PC5-060E2, 0-40KW.

Rotational Speed: An HP Model 506A light photocell and an HP 5330A counter,
an aluminum disk with a hole mounted on an electric motor, and a variac to control
motor speed are part of this setup. The light photocell carries NIST traceability and
is used as the standard.

August 1991. To be presented at the 1992 ASME Solar Energy Conference.



Liquid Flow: The liquid-flow station consists of 10,000 gallon supply and receiving
tanks, three pumps of various sizes, one return pump, assorted valves, and a flow
test section, currently with a 6" pipe. The receiving tank is mounted on four
Sensortronics Model 65016 (25,000 lb. each) load cells. The station is a dynamic
weighing system, and the load cells were calibrated by the Department of
Agriculture Weights and Measures Division, State of Texas, using NIST-traceable
dead weights.

As noted in Table 3, the 6"-diameter pipe is the most common chilled-water line size
among the state agencies monitored thus far. Expansion plans at the Calibration
Facility include provisions for 8" and 10" pipe test sections, as well as the use of the
existing 4" return line as a test section.

i
One of the initial problems investigated in the flow loop was the sensitivity of the

insertion flow meters to depth of insertion. The manufacturer recommends a certain depth
of insertion for each pipe size, but it is difficult to install the meters exactly to the proper
depth. With perhaps inexperienced contractors, the insertion depth could vary slightly from
installation to installation. There is also an axial alignment required on the insertion flow
meters, and we wanted to measure the sensitivity to off-axis installation. Figure 2 is a
graph of the velocity error (flow meter vs. load cells) as a function of insertion depth of the
flow meter. The 0.75" results (diamonds in the plot) represent the manufacturer's
recommended insertion depth, and the recommended depth generally produces good results
for velocities above 2-3 fps. There are several notable observations from Figure 3.

1) The maximum errors occur at the smallest insertion depths (.25" - "solid"
squares in the plot), and the absolute error increases with velocity.

2) At the maximum insertion depth of 2.72", which corresponds to the paddle
wheel at the center line of the pipe, all the velocity readings were high, but
the absolute error decreased with velocity.

3) For typical installations we would expect that the insertion meters would be
installed within ± 1/4" of the manufacturer's recommendations (triangles and
pluses in the figure), and for these depths, the velocity differences are all
within ± 1 fps. Worse results are obtained if the flow sensor is slightly
underinserted than if it is overinserted.

4) At low velocities (< 3 fps), most of the velocity differences are positive,
indicating the insertion meter is reading too high. This presents a potential
problem in accuracy with some of the state agency installations because the
flow velocities are generally below 3 fps.
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HUMIDITY

A temperature-humidity chamber was initially planned for use; however, we were
not able to maintain good humidity control. The approach now used and which is
recommended by NIST is to use the chamber for temperature control and use various
saturated salt solutions to maintain the desired humidity level. The following salt solutions
are available to use: lithium chloride (11% RH); magnesium chloride (32% RH);
magnesium nitrate (54% RH); sodium chloride (75% RH); potassium chloride (85% RH);
and potassium sulfate (97% RH). The salt solutions are mixed in a pan, placed in the
chamber, and are allowed to come to equilibrium before beginning a test. The temperature
is then varied from low (40°F) to high (115°F) for each salt solution. Figure 3 is a graph
showing data from a limited test. The circles represent the "witness" or reference sensor,
whereas the squares represent the humidity sensor being certified/calibrated. The
computer-generated psychrometric chart will be used to display the data.

The calibration standard for the station is a chilled-mirror, dew point sensor,
General Eastern Model M2/D2/T100 Humidity Analyzer.

SOLAR RADIATION

The solar radiation station will monitor total solar radiation on a horizontal surface
using an NIST-traceable Eppley Precision Spectral Pyranometer (PSP). There are currently
five LoanSTAR weather stations installed at various sites around the state, and the solar
sensors on these stations will be calibrated and certified annually.

Light/Illumination: This station is not constructed, but its purpose will be to provide
a test facility to verify the accuracy of light meters, primarily the portable, hand-held meters
used in energy auditing. Measurement of light levels is important in delamping/relighting
for energy conservation. An NIST-traceable light meter will be used as the reference
meter.

I
Air Flow: Velocity and air-flow measurements will be made using a thermal

anemometer as the NIST reference source, a TSI Model 1051-ID. An existing test
chamber can be used for any fan testing up to a capacity of 50,000 cfm.

CALIBRATION PROCEDURES

Procedures needed to be developed, tested and adopted to provide guidelines for
operation so that this Calibration Facility can operate properly and with long-term
repeatability. Following the NIST guidelines we have initiated a Measurement Assurance
Program. The purpose of this program is to:
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1. Quantitatively establish the total uncertainty of measurement process.

2. Provide proof that measurements are as good as specified.

3. Evaluate the entire measurement system in question (operators, environment,
methods, instruments, installation, data acquisition, etc.

4. Develop in-house standards, procedures and recommendations on the
measurement process.

All the test station measurements will meet rigorous criteria for quality assurance. The
calibrations undertaken will be carried out regularly under pre-established and well-defined
conditions. The quality assurance program and procedures will be well defined and strictly
followed. Each calibration test will be planned and documented to permit continuity of
testing over time.

We are beginning this stage of development for the Calibration Facility. All test
stations will be tied to central data loggers, the Synergistics C-180. Procedures will be
written for each test station, and technicians and graduate students will be instructed as
follows:

1. Introduction to the facility giving general and safety information.

2. A general description of the specific test procedure. i

3. Detailed list of equipment required for the test. "!

4. Set-up instruction on the testing equipment including a check-off sheet.

5. Test procedure step-by-step instructions.
I

6. Instructions for generating the graphs and computer printouts.

7. Instructions for recording the calibration test in the record book.

8. Instruction for disassembling, cleaning and storing the test setup.

9. Instructions for returning the calibrated unit including a calibration sticker.

10. Test recording forms.
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CONCLUSIONS

The Calibration Facility adds another strong research component and capability to
the Energy Systems Laboratory. The LoanSTAR program is initially an eight-year
program, but if it functions as we hope it will become a perpetual program providing a
long-term, verifiable energy-savings program for the State of Texas. The Calibration
Facility is an integral part of the LoanSTAR Program and complements the
certification/calibration and research capabilities of the Energy Systems Laboratory.
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ABSTRACT

Affordable multi-channel, microprocessor-based data loggers are beginning to make
it possible for building operators to cost effectively monitor energy savings from
HVAC retrofits. Affordable thermal energy monitoring, requiring liquid flow
measurements, is usually required for an accurate assessment of retrofit savings.
This paper reports on efforts to establish a large liquid flow loop for measuring the
accuracy of insertion-type flowmeters in pipe sizes ranging from 3 to 12 inches in
diameter, with varying flow rates from 1/2 fps to 10 fps. Preliminary tests indicate
that paddlewheel-type insertion flowmeters appear to be reasonably accurate for
flow ranges varying 2 to 5 fps, but tend to significantly overstate flow at rates below
2 fps. The apparent repeatability of the measurements seems to indicate that
eventually, sensor-specific, flow-dependent corrections, can be developed for
different pipe sizes and applied to the flow data to improve the overstatement of
flow below 2 fps. Sites with flow rates below 2-3 fps should use alternative metering
technologies.

INTRODUCTION

In 1988 the Governor's Energy Office (GEO) of Texas received approval from the
U.S. Department of Energy to established a $98.6 million state-wide demonstration
revolving loan program called the LoanSTAR (Loan to Save Taxes And Resources)
program. Results from the program are demonstrating that energy conservation
retrofit programs can be significantly improved by installing data acquisition systems
to measure savings.

With the advent of affordable multi-channel, microprocessor-based data loggers
such systems can be cost effectively installed in larger buildings at the whole-
building (and/or sub-metered) level for a short period of time before the retrofit is
installed and remain in place to measure the retrofit energy savings. Often, such
systems can even pay for themselves by helping to identify operation and
maintenance problems - an added bonus for facility managers who are increasingly
faced with tightened budgets.

i ' •
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Currently, 33 buildings are being monitored that range in size from a physical plant

of 10,000 ft2 (930 m2) to a large university library of 485,000 ft2 (45,000 m2) with an

average size of 232,000 ft2 (21,529 m2). Nearly all of these buildings have heating
and cooling supplied from central plants located outside the individual buildings.
Over 600 channels of hourly information are being collected from 33 sites at an
average installation cost of $1500 - $2500 per channel. Thermal metering and large
aggregations of electrical panels tend to dramatically increase the price per channel.

Figure 1 gives a breakdown of the data collection efforts for 33 of the agencies
participating in the program. At any given moment roughly 1,600 channels (2.4
Mbytes/week) of information are being recorded as indicated. The largest portion
of information being collected is supplemental weather data obtained from the NWS
(53.7%), followed by whole-building electricity use (4.7%) and sub-metered
electricity use (13.7%), and whole-building thermal energy use (6.7%, or 92
channels). Clearly, thermal energy monitoring is a significant portion of the data
being collected and almost all of the thermal metering relies on measurements of
liquid flow.

Calibration Laboratory.
I

The accuracy of installed sensors is key to a successful energy monitoring project.
Data obtained for this project must be accurate to maintain confidence and
reliability. In order to assure that accurate data are collected, a National Institute of
Standards and Technology (NIST) traceable calibration laboratory is being
established at the university. This calibration facility includes the capability to
measure dry-bulb, wet-bulb, and dew-point temperature, humidity, air and hydraulic
pressure, air and liquid mass flow rates, air velocity, RPM, illumination levels,
electrical energy, power factor, and solar radiation. O'Neal et al. (1990), and
Turner et al. (1992) provide additional details.

There are many different types of mature technologies used to meter fluids (Miller
1989), including: orifice plates, venturi meters, in-line turbine meters, in-line
target meters, ultrasonic flowmeters, magnetic flowmeters, and tangential
paddlewheels. Each type of metering technology has its own advantages and
disadvantages.

The long-term monitoring of HVAC equipment in existing buildings presents its
own special requirements, namely, (1) low cost flowmeters, (2) accurate flow
measurements of variable flow rates in the turbulent regime (Re 50,000 to
500,000+), (3) insertion of flowmeters into live" liquid lines without interruption of

August 1991. To be presented in the 1992 ASME Solar Energy Conference For discussion purposes only.



D R A F T Haberictal. 3

service, (4) robust flowmeters that are easily maintained and recalibrated. Several
flowmeters that meet these criteria include, insertion turbine meters, insertion
target-type meters, and insertion tangential paddlewheels. In order to verify the
accuracy of the different flowmeters in pipe sizes ranging from 3 inches to 12 inches
(1/2 to 10 fps) a dynamic-weigh flow loop was developed.

Description of the Flow Loop

A liquid flow loop calibration facility was developed that compares the flow rate
from a manufacturer's flowmeter to the dynamic weight of the water passing
through the meter as continuously measured by strain bridge load cells under a
receiving tank. A photo of the facility is shown in Figure 2, and a diagram of the
facility is given in Figure 3. The dynamic weight of the water is measured by
summing the signal from 4 symmetrically placed load cells under a 10,000 gallon
receiving tank. Water at varying flow rates is drawn from the supply tank by using
different combinations of pumps, pumped through a removable 20 foot test section
at varying flow rate trials, and diffused into the receiving tank where the changing
weight of the water is compared to flow rates from a manufacturer's flowmeter, and
the flow rate from an ultrasonic flowmeter. Interchangeable test sections allow for
varying flow rates to be tested in pipe sizes ranging from 3 to 12 inches in diameter.
After each test water is pumped from the receiving tank back into the supply tank
for the next test.

Electronic signals from the flow loop are converted into digital data using a data
acquisition system and a PC-based desktop microcomputer. The 40-600 mV
magnetic pulse signal from the paddlewheel is converted into either a 4-20 mA
signal or digital pulse, depending on the type of test being performed and the type
of transducer attached to the flow transmitter. Fluid temperatures are recorded
with a 100 Ohm RTD via a 4-20 mA signal that is fed directly into the data
acquisition system. The dynamic weight is obtained by summing the signals from the
4 strain-bridge load cells located symmetrically under the 10,000 gallon receiving
tank, and conditioning them to a 0 to 10 VDC range. The load cells were calibrated
by sequential loading of 8,000 lb. certified weights up to the maximum 75,000 lb
capacity.

A real time display of data from a test in progress is shown in Figure 5. The public
domain PC-based software (written in C) facilitates side-by-side viewing of the data
for 4 preselected channels. Commands are entered in the upper left panel, and the
direct display of the individual channels as they are recorded to disk is shown in the
lower left panel. Data from the load cells is shown in graph 1, temperature of the
water is shown in graph 2, the flow rate from a secondary ultrasonic flowmeter is

August 1991. To be presented in the 1992 ASME Solar Energy Conference For discussion purposes only.
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shown in graph 3 (note the characteristic slow response). The flow from candidate
flowmeter is shown in graph 4. The most recent value of each channel is displayed
directly above each graph. All data are recorded to disk at 5 second intervals for
later analysis.

RESULTS
Preliminary Results From Depth-of-Insertion Tests.

One of the problems faced by field engineers that install insertion flowmeters is
what depth to install the flowmeters at. Recommendations for similar meters vary
dramatically from vendor to vendor. In order to resolve this problem a simple series
of depth-of-insertion tests were performed on one type of tangential paddlewheel
that is shown in Figure 6. These flow meters are attached to a "live" chilled water or
hot water pipe by using a "weld-o-let" saddle tap that is arc-welded directly onto the
fluid-laden pipe. Special tools then remove a circular section of the pipe leaving a
hole through which the paddlewheel can be inserted into the flow stream. A fully
ported ball valve (or gate valve) is used to seal the penetration in between tool
changes, thereby minimizing leakage during installation and recalibration.

I
In Figure 6, the depth-of-insertion indicates how far into the flow stream the axle of
the paddlewheel has been inserted as indicated by the depth dimension "D".
Typically, this is an inferred measurement since one does not normally have access
to the inside of the pipe. Careful adjustment of threaded rods along length "L" place
the paddlewheel into the flow. Measurements of the distance to the outside
diameter of the pipe, thickness of the pipe, and valve body length all must be
carefully accounted for.

I
Figure 7 shows the results of preliminary tests to determine how much the insertion
depth effects the accuracy of the measurements. A 20 foot, 6 inch PVC plastic test
section was carefully fitted with an insertion-type paddlewheel flowmeter that is
representative of meters in use in the program. Over 70 trials were then run with
the paddlewheel inserted into the 6 inch pipe at varying depths, and varying flow
velocities of 05 to 10 feet per second. In each trial, the paddlewheel was
established at the appropriate depth, and the flow loop was operated at a constant
velocity for a period that was long enough for the meters to stabilize. Transition
data were then trimmed (for example, the data from the Doppler were usually
slower to respond than the paddlewheel or the load cells), and the average and
standard deviation taken for each trial of data points.

Values for the set of trials that were performed for a 0.75" insertion depth at flow
rates ranging from 0.5 to 10.0 feet per second are listed in Table 1 for all three flow
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meters. In the upper half of Figure 7 the data are displayed as a flow difference
(i.e., meter - load cells) for flow velocities ranging from 1/2 to 10 fps. The lower
half of Figure 7 displays these same data as a percent difference (i.e., (meter - load
cell)/load cell).

The preliminary test data seem to indicate that flow measurements taken with a
tangential paddlewheel flowmeter in a 6 inch pipe compare reasonably well with
dynamic-weight measurements for flow rates in excess of 3 to 5 feet per second, at
insertion depths varying from 0.5 inch to 1.5 inch. However, the flow reported by
the paddlewheel begins to significantly overstate the flow in velocities below 3 feet
per second. This over-statement of flow rate peaks roughly at 1 feet per second and
varies from 40% to 80% depending on the depth of insertion. Our measurement
error in these measurements seems to be reasonably good for flow velocities above
2 feet per second averaging from 2.2% to 3.9% of the average flow. The
measurement error increases significantly for the lower flow rates.

DISCUSSION

Affordable multi-channel, microprocessor-based data loggers are beginning to make
it possible for building operators to cost effectively monitor energy savings from
HVAC retrofits. Affordable thermal energy monitoring, requiring liquid flow
measurements, is usually required for an accurate assessment of retrofit savings.
This paper has reported on efforts to establish a large liquid flow loop for measuring
the accuracy of insertion-type flowmeters in pipe sizes ranging from 3 to 12 inches in
diameter, with varying flow rates from 1/2 fps to 10 fps. Preliminary tests indicate
that paddlewheel-type insertion flowmeters appear to be reasonably accurate for
flow ranges varying 2 to 5 fps, but tend to significantly overstate flow at rates below
2 fps.

A survey of sites that are being monitored by the program revealed that several of
the sites were experiencing flow rates below 2 fps as shown in Figure 8. In Figure 8
minimum, average and maximum flow rates are shown for selected buildings from
data that has been collected during the first six months of operation. Fortunately,
for this program, correcting this problem will most likely improve the measured
savings since many of these buildings experience lower flow rates after the retrofit is
installed. ,

The apparent repeatability of the measurements seems to indicate that eventually,
flow-dependent corrections (or K-factors, a discrete signal per gallon of flow) can
be developed for different pipe sizes and applied to the flow data to improve the
overstatement of flow below 2 fps. Those sites with extremely low flow rates (1/2
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fps and less will need to have alternative flow technologies applied. The need for a
preliminary assessment of the flow rate at every site is certainly warranted. In the
worst cases, existing piping can be modified with supplemental "metering legs" that
raise the flow rates by forcing the flow through a smaller diameter pipe ~ although
this is not always an affordable option.

The error reported for the Doppler flowmeter is attributable to manually adjusted
gain and damping settings. This error could have been reduced with additional fine
"tuning" of the gain and damping. Accuracy in the 10 to 15% range is not uncommon
for Doppler flowmeters with manual adjustment.
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Table 1: Flow Velocities From a Test of Paddlewheel and Doppler flowmeters vs
Load Cells. This table contains actual data taken from preliminary tests performed
on the flow loop to determine the impact of the depth-of-insertion. The data are for
a tangential paddlewheel inserted 0.75" into the flow stream of a 6" pipe. Average
and standard deviations are for each group of at least 10 + readings taken after all
meters had stabilized.

NOTE: |
(*) The Doppler flow meter was unavailable for this trial.
(**) The paddlewheel appeared to stop rotating at this low velocity.
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Figure 1: Data collection summary. This figure gives a breakdown of the data
collection efforts for 33 of the agencies participating in the program. At any given
moment roughly 1,600 channels (2 Mbytes/week) of infonnation are being recorded
as indicated. The largest portion of information being collected is supplemental
weather data (732 channels) obtained from the NWS over the campus internet.
Whole-building and sub-metered electricity use (251 channels), and whole-building
thermal energy use (92 channels) are the primary means used for assessing retrofit
energy savings. The database overhead represents date and time stamps for each
hourly record.
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Figure 2: Photo of the liquid flow loop calibration facility. The liquid flow loop
calibration facility is shown in this photo. The accuracy of flow meters is tested in
this facility by comparing manufacturer's flow rates to the actual weight of the water
that has passed through the flow meter as measured summing signals from 4 load
cells under the 10,000 gallon receiving tank to the right of this photo.
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Figure 3: Diagram of the liquid flow loop calibration facility. This figure is a
diagram of the flow loop that is shown in the photo in Figure 1. Water at varying
flow rates is drawn from the supply tank, pumped through the test section at varying
flow rates, and diffused into the receiving tank where the changing weight of the
water is compared to the manufacturer's flow rate.
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Figure 4: Liquid Flow Loop Electronics and Data Acquisition System. Electronic
signals from the flow loop are converted into digital data using a data acquisition
system and a PC-based desktop microcomputer. The 40 - 600 mV magnetic pulse
signal from the paddlewheel is converted to either a 4-20 mA signal or digital pulse,
depending on the type of test being performed. Fluid temperatures are recorded
with a 100 Ohm RTD via a 4-20 mA signal. The dynamic weight is obtained by
summing the signals from the 4 strain bridge load cells located under the 10,000
receiving tank and conditioning them to a 0 to 10 VDC signal. All channels are
scanned and displayed every 5 seconds and displayed as shown in Figure 5. Data are
captured to disk for later analysis at a prespecified recording interval.
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Figure 5: Real time Display of a Test in Progress. The real time display of a test in
progress is shown in this figure. This software (written in C) facilitates side-by-side
viewing of the real time data for 4 preselected channels. Commands are entered in
the upper left panel, and the direct display of the individual channels as they are
recorded to disk is shown in the lower left panel. Real time displays of the 4
preselected channels is accomplished using simple time series graphs. In this figure
data from an actual test is shown. Data from the load cells is shown in graph 1,
temperature of the water is shown in graph 2, the flow rate from a secondary
ultrasonic flowmeter is shown in graph 3 (note the characteristic slow response),
and the data from the candidate paddlewheel is shown in graph 4. All data are
recorded to disk at 5 second intervals for later analysis.
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Figure 6: Insertion-type Tangential Paddlewheel Flowmeter. A cross section of a
typical insertion-type paddlewheel flow meter is shown in this figure. These flow
meters are attached to a "live" pipe by using a "weld-let" saddle tap that is arc welded
directly onto the fluid-laden chilled water pipe. Special tools then remove a circular
section of the pipe which is used to insert the paddlewheel into the flow stream. A
ball valve is used to minimize leakage during installation and recalibration.

August 1991. To be presented in the 1992 ASME Solar Energy Conference For discussion purposes only.



Figure 7: Preliminary Results from Tangential Paddlewheel depth-of-insertion
tests. Preliminary results from tangential paddlewheel depth-of-insertion tests are
shown in this figure for a 6 inch pipe at flow velocities ranging from 1/2 to 10 feet
per second. Each symbol represents the average value of a series of consecutive
measurements.
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Figure 8: Measured Flow Velocities in HVAC thermal piping. This figure shows
typical measured flow velocities in agencies participating in the LoanSTAR
program. The high and low velocity measurements are typical of hourly maximum
and minimums, respectively. The average velocities are representative of
measurements taken during the six month period from January 1991 to June 1991.
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Abstract

A brief history of LoanSTAR program energy audits is presented. Recent (covering
the period January, 1989-July, 1991) annual savings identified in the audits are $7.3
million with an investment cost of $24.8 million. These are in addition to earlier savings
and investment costs of $21.3 million and $42.9 million, respectively. Energy savings
are about 25% for the meters supplying the audited buildings (and sometimes supplying
additional buildings) and 16% of the utility cost. Lighting retrofits account for about
one-third of both costs and savings since January, 1989, and electricity is about two-
thirds of the energy conserved, as well as accounting for about the same fraction of the
energy supplied to the facilities audited. Audit costs have risen about 60% when
compared to an earlier program. Changes in the audit process to streamline the auditing
process are discussed.



Introduction

Texas A&M University's portion of the LoanSTAR program is presently divided into

five tasks. The main purpose of the first task (Task 1) is to provide an independent

review of energy audit reports which are completed by consulting engineering firms.

Assignments of audits to the firms are also part of Task 1 duties. The audit reports

contain calculations of energy and cost savings, and sufficient detail about

implementation costs to allow capital decisions to be made (i.e., die implementation costs

generally determine the amount of the loan).

In the process of reviewing the reports, data are compiled about the energy saving

retrofits (primarily known as energy cost reduction measures, or ECRMs) being

recommended by the consulting engineering firms and about utility use by the facilities

involved. Audit cost data is also of interest.

The personnel of Task 1 have also been involved in updating die guidelines and audit

format1 for the program, and in improvements to the audit process. Improving the audit

process has become a priority, and will be a sixth task in the next contract year. It has

already begun with a pilot program of incorporating pre-audit demand data into the audit

data and report, which is briefly discussed below.

Task 1 has also performed such miscellaneous items as reviewing the consulting

firms qualifications, reviewing special work they have done, and providing personnel

support to the Governor's Energy Office (GEO).

Background |

The predecessor to LoanSTAR began in 1983 as the Texas Energy Cost Containment

Program (TECCP).2 In 1984 and 1986 two rounds of audits of state-owned facilities

occurred and produced the results shown in Table I.3 In addition to the relatively

complex and capital-intensive ECRMs, a category of energy conservation projects known

as Maintenance and Operations (M&Os) is shown. M&Os are projects which can be

1



performed by building staff members at little or no cost, and which generally do not

require outside funding assistance.1

TABLE 1

TECCP Audit Results.3 Building area is in million
square feet and cost and savings are in million dollars. Dependencies

I between projects are considered.

Early in the TECCP, funding was sought by direct legislative action or bond sales.

These sources never materialized, but $98.6 million of funds from petroleum violation

escrow (oil overcharge) accounts have been allocated to accomplish the energy efficient

conservation projects known as ECRMs. M&Os were never intended for program

funding. They are generally so lucrative and simple that funding is expected to be

available from more traditional sources such as maintenance budgets.

Generally, TECCP audits were performed by consulting engineering firms and the

Texas Engineering Extension Service, an arm of the Texas A&M University System.4-5

In 1984 the reports were independently reviewed by consulting engineers, but by 1986

engineers and students of the Energy Systems Laboratory at Texas A&M performed that

function.

In 1988, when a source of funding became evident, updating of the TECCP audits of

1984 and 1986 mainly to account for price changes and changes in project status was

2



necessary. Energy costs had generally declined and implementation costs had increased.

The TECCP had identified 750 ECRMs in 1984 and 1986, and by July of 1988, 179 had

been completed, their funds secured by the facility operators from a variety of sources.

Another 41 ECRMs were scheduled for completion, and 84 were no longer desired,

having been superseded over the intervening time by other projects or changes in

building operations.3

The resulting summary6 identified 415 ECRMs (of the 750 originally identified* for

accomplishment), with an updated cost of $30.5 million, annual savings of $10.9 million

and a payback of 2.8 years on a dependent basis. The payback had lengthened, not only

due to the declining energy costs and increasing capital costs, but also due to the fact that

many of the 179 accomplished ECRMs were the more attractive, shorter payback ones.6

In 1989, with funding from oil overcharge funds becoming available as a

demonstration of the revolving loan funding mechanism,7 another round of auditing

began. At this time the program name became LoanSTAR (loan to Save Taxes and

Resources) to emphasize the unique loan feature of the program, and it was expanded to

include city- and county-owned buildings, and buildings owned by independent school

districts.

Audit Results

Between January, 1989, and July, 1991,43 reports covering 17.4 million square feet

and 328 buildings have been accepted. The total number of reports includes four

streetlighting reports which have no associated area or buildings. The area values used in

this paper are somewhat general because of factors such as streetlighting and physical

plants, which may have unusually large energy use associated with a small

The total of 750 ECRMs cannot be reconciled with the sum of the various categories given here due to
differences in accounting for measures (primarily differences in counting facility-wide measures which
may affect several buildings).6



area. Any detailed accounting based on area (which this is not meant to be) should

account for these factors. Table 2 shows the results of the audits. ;

TABLE 2

LoanSTAR Audit Results. Cost and savings are in million dollars,
and dependencies between projects are considered.

The ECRM payback is 3.4 years for the dependent projects. This may be compared

with independent values for cost savings and implementation of $7.8 million per year and

$25.9 million, yielding a simple payback of 3.3 years.

Data from the individual audit reports have been extracted to give the amount of

energy saved on both a source and site basis. Table 3 shows savings of 2.4 trillion Btu

per year on a source basis, equivalent to about 440,000 bbl of crude oil annually.

In Table 3, purchased steam/hot water and chilled water make up 11% of the source-

based energy savings identified in buildings in Texas. Buildings which use these sources

are mostly university campuses and medical centers. These utilities are purchased from

third parties.



TABLE 3 :

Energy Conservation Identified in LoanSTAR Audits

* Btu savings calculated on the basis of 11,600 Btu/kWh, 1,030,000 Btu/MCF, an assumed efficiency of
75% for production of steam/hot water, and 12,000 Btu/ton-hr.

Table 4 is the summary of the estimated implementation cost and predicted cost

savings for the facilities receiving LoanSTAR audits. The recommended ECRMs have

been divided into eight categories in Table 4, and dependencies between ECRMs are not

considered in this data.

According to this information, lighting retrofits have the largest implementation cost

(33%) and cost savings (35%) with a payback of 3.1 years. Energy audits of commercial

and institutional buildings always seem to result in recommended lighting modifications.

These modifications include energy efficient fluorescent lamps, energy efficient ballasts,

changing incandescent to screw-in fluorescent lamps, reflectors, exit sign replacement

and motion sensors. Pumping system retrofits have the longest payback in Table 4.

ECRMs concerning boiler and steam retrofits have the shortest payback. A majority

of the ECRMs in this category are steam trap replacements, which have very short

paybacks. Variable speed drives for air handling units, variable speed pumping and

HVAC system retrofits vary from 3.3 years to 3.6 years.

Utility Supplies |

The engineering firms responsible for auditing and reporting are required to include

twelve consecutive months of utility data within each report. This data is used to analyze



TABLE4

Summaiy of ECRM's for Buildings Receiving LoanSTAR Audits
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trends and better understand the facility's energy consumption. Thirty-five of the 39

facilities consumed only electricity and natural gas. The utility data was often supplied

for entire facilities and not just for the buildings of interest, because only one primary

meter often exists for each energy type at the facilities. Therefore, energy use and cost

indices for all audited facilities are not available.

Each utility company charges customers based on set rate schedules. Electrical costs

are split into two main charges: energy and demand. Typically, energy charges are the

sum of several components (i.e., energy charge, fuel charge, power cost recovery charge,

cogeneration charge, fuel cost adjustment, etc.). The energy charge is usually in a

declining block structure dependent on the billed demand set that month. Demand is

typically charged as the highest or average of the four highest fifteen-minute periods of

energy usage each month. Demand charges can be dependent on earlier months if large

variations occur and a ratchet clause applies. Natural gas rates are simpler and are a set

charge per volume (i.e., $/MCF) of gas supplied and generally no demand (or rate of use)

charge is applied, although block structures are encountered.

For the purpose of energy conservation analyses, the avoided cost of energy and

demand charges are calculated for each rate schedule and included in each report. In

other words, avoided cost is the amount of money whose spending would be "avoided" if

one unit of energy or demand is conserved due to a retrofit project. The avoided cost of

electrical energy and demand is not the same as the average cost. For the 39 facilities

audited thus far, the avoided cost of electrical energy and demand ranged from

$0.024/kwh to $0.039/kwh and $8.00/KW-mo to $14.50/KW-mo, respectively. One

utility company charges their customers for demand on a total power (KVA) basis, while

all the rest charge for real power (KW). Natural gas avoided costs ranged from

$2.41/MCF to $4.86/MCF.

Table 5 shows the energy consumption used by the 39 facilities as well as the total

cost and the total amount of source energy. Some of the utility bills provided in the



reports are for entire campuses where only a fraction of the buildings were audited.

Table 5 represents the energy consumption of at least 700 buildings, while only 328

buildings were audited. Table 5 also shows the fraction by which the energy

consumption and savings are projected to be reduced (obtained by dividing the site

energy savings in Table 3 by the corresponding consumption value in Table 5 and by

dividing the combined annual savings in Table 2 by the utility cost in Table 5).

I TABLE 5

Total Energy Consumption, Utility Cost and Savings. Energy and cost values
are in millions of units.

Table 6 shows a percentage breakdown of the different energy types used according

to source energy and cost. It is interesting to note that approximately two-thirds of the

cost and energy used is due to electrical usage. Also, on a cost basis, the fraction

supplied by natural gas is less while others are relatively higher. This is attributed to gas

being a primary energy source while electricity, chilled water and steam are not. On a

site energy basis, almost equal amounts of electricity and natural gas were used.

TABLE 6

Fractional Comparison of Source Energy Types and Cost
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The ratio of electrical energy consumption to natural gas consumption in Table 6 is

3.0 to 1, which may be compared to a value of 2.6 to 1 found in a study of fifteen

industrial plants audited by the Energy Analysis and Diagnostic Center of Texas A&M

University.8 Industries might be expected to use relatively more natural gas due to

operations involving gas-fired product heating.

Audit Costs

There are 38 reports with available area and audit cost information. One report for

eight buildings was omitted because the audit costs were not specified. For the 38

reports the average audit cost was $0.081/SF. This is the total cost paid to the

consultants (including screening costs) and does not include the cost of the review

process by Texas A&M and administrative cost for coordination of agencies and

consultants by the GEO. The average audit cost of accepted reports for this program

through August of last year was $0.054/SF.9 This average only included fourteen reports

totaling 5.2 million square feet. The next 24 reports and 12 million square feet raised the

average audit cost $0.027/SF. The total cost for auditing during the 1986 TECCP was

$0.050/SF.2 In Figure 1 the 38 LoanSTAR audit costs are shown and two straight lines

were fit to the data. Equations for the lines on Figure 1 are given in Table 7 as a function

of building area A, where A must be in square feet. Similar lines for TECCP audit costs

are overlaid for comparison.2 The TECCP equations were derived from 14 reports of

medical buildings whereas the LoanSTAR equations were derived from 38 reports cont

containing all types of buildings (320 buildings).

TABLE 7

Equations of Cost Data

Cx.86 = $0.25/SF - $2.6 x 10-6 A/SF

C2.86 = $0.054/SF - $2.4 x 10"8 A/SF

C,.91 = $0.66/SF - $4.4 x 10-« A/SF

C2.91 = $0.095/SF - 2.0 x 10-8 A/SF



Figure 1. Audit Cost as a Function of Building Size.
The data points are for the 38 LoanSTAR reports with available audit cost

data (January 1989 - July 1991).

10



In 1986 the amount of typical* building area such as offices, schools and university

classroom buildings was 63% of the total, and the amount of complex space such as

medical buildings and hospitals was only 37%.2 Size also is a significant influence as

Figure 1 shows. For 38 reports since January, 1989, 8% of the area audited was simple

space such as warehouses, gymnasia, and parking garages. The typical areas accounted

for 83% of the area, while only 9% constituted complex space. The complex spaces

include hospitals, large medical research facilities, and physical plants. This larger

fraction of typical buildings indicates that audit costs have risen significantly since 1986.

Physical plants have very little area to represent the large amount of energy using

equipment they house, relative to even other complex spaces. Fifteen of 22 complex

buildings are physical plants or mechanical buildings, but they only represent 12% of the

complex area.

The ECRM savings of the 38 reports averaged $0.374/SF-yr, and the implementation

cost averaged $1.288/SF. This yields an overall payback of 3.4 years. These are

dependent values of cost savings and implementation costs derived on a per report basis.

The annual ECRM savings in 1986 averaged $0.838/SF with an implementation cost of

$ 1.99/SF.2 This yielded a payback of 2.4 years.

The differences seen here may be that the LoanSTAR program has seen more large

facilities (Figure 1) such as university campuses and research facilities. The LoanSTAR

program also has a secure funding base which would justify the consultant proposing

more capital-intensive retrofits. Note that the LoanSTAR audit cost averages 21% of the

annual savings identified and 6% of the implementation cost. In 1986 the audit cost were

just under 3% of the implementation costs.2 When the audit costs are added to the

implementation cost (as is done in the loans) the payback becomes 3.7 years.

The "typical" buildings in 1986 were designated "simple".2 The designation of "typical" follows die
later terminology of 1990.8
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In other words, on average, it takes 2.5 months of savings to pay for the audits. These

numbers are averages over the total program and can vary widely from report to report.

Changes in the Audit Process

The LoanSTAR program audit procedure was originally developed from the

Institutional Conservation Program procedure and format (ICP) which generally required

an individual report for every building. Therefore, TECCP and early LoanSTAR reports

had individual sections for each building which could easily be fit into the ICP format, if

necessary.

As the program matured detailed guidelines were written requiring more building and

background information, much of which was intended to benefit the subsequent

monitoring and analysis of the retrofits. Consultants were at first required to specify

metering requirements to monitor retrofits. This information was not used for a variety

of reasons, and now consultants do not have to address this question at all. Actual

metering requirements are now determined entirely by the metering and analysis group at

Texas A&M.

As efforts were made to simplify the audit process the format was changed to an

ECRM basis. The goal was to save on both audit cost and the time required to produce

and review a report. Instead of repeating an ECRM write-up and calculation for each

building, all building data could be compiled and calculated in just one ECRM. This

saved effort and often substantially reduced the volume of the report by eliminating

repetition. Much of the summaries and background information was consolidated to

single page table formats and the metering estimate requirements were eliminated.

A recent effort has been made to simplify the routine procedure even further. Energy

saving measures which are simple to calculate and typical to implement are now done in

a fill-in-the-blank type form, referred to as Simplified Calculations.1 Reference tables

with common equipment data (e.g., electric motor efficiencies) and building data (e.g., u-

factors) are provided with the forms in order to save consulting time and provide a
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standard reference base for calculations. The simplified forms have now been

computerized into spread sheet programs known as SimpCalc10 to further speed the

process.

Changes being considered for the future are to break the ECRMs into categories by

degrees of complication. Category I will be those measures whose energy savings are

straight forward and paybacks are historically consistent. These measures may include

such things as simple lighting conversions, delamping, steam trap repair, photocells, and

timeclocks. An initial list is shown in Table 8 with paybacks. Category I ECRMs are

proposed to be based on estimated equipment quantities, with the annual cost savings to

be determined by dividing the implementation cost by standard paybacks such as those in

Table 8. Actual equipment numbers will be determined for loan purposes by counts of

installed or removed equipment made during or after the retrofit. This may not even be

done by the consulting firms. The two-year paybacks for the screw-in flourescent lamps

and energy-efficient fluorescent lamps will be achieved by having a lower limit on

operating hours; in general these may have longer paybacks.

| TABLE 8

Proposed Category I ECRMs and Historical Paybacks

Category II ECRMs will use the already developed fill-in-the-blank simplified

calculations or the SimpCalc program. This program includes retrofits such as lighting

conversions and controls, building ceiling/attic insulation, solar window controls and

more.
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Category III ECRMs will continue to be detailed calculations in the existing format.

This category should include complicated projects which vary widely in either energy

savings or implementation costs. These may include VAV or VFD conversions, chilling

system conversions, EMS systems, and rate schedule changes.

The value of dependency calculations is being evaluated. Major effects occur when

either equipment is removed or operating hours are changed, such as delamping or

timeclocks (EMS). Recommended rate schedule changes can also have a major effect.

A review shows that 19 of 43 reports have no (or negligible) dependencies, and 21

reports have dependencies which affect the calculations of cost savings by more than

about three percent. Three are more than 10% of the composite report.

Dependencies must be considered, but allowing them to be handled in the same

manner as those for M&Os are presently handled will ease reporting. Accounting for

dependencies may be done from the first in each ECRM, and no independent calculation

will be required as is presently the case.1 Several consultants have informally estimated

that this will reduce reporting efforts by 10 to perhaps 30%.

Also, it appears that M&Os will be entirely eliminated from reporting requirements.

A pilot program has begun with three of the consulting firms under contract to the

GEO in 1990-1991 to use demand data in audit reports to provide information about

demand control strategies, unnecessary equipment operation, operating hours, power

factors, requirements for energy management systems, and verification of other metered

data. It is anticipated that information on selected system loads and load factors can be

obtained by operating systems singly during off-hours. Data covering 28 days is sought.
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Problems |

A detailed enumeration of problems encountered in reports by consulting engineers

was given earlier.9 Common problems (e.g., inadequate documentation of data and costs,

and mathematical errors) were listed. Those problems continue, although there is

definite improvement as the personnel at the firms go through the process of report

preparation and acceptance over and over. Initially, report quality is quite different from

firm-to-firm. The common review process has resulted in a common good quality of

accepted reports.

Recently many of the reports have been by firms practiced in the procedures and

problems are considerably reduced. However, the addition of new personnel even at an

experienced firm has been seen to result in quality lapses. One new firm recently turned

in two reports (and a professional engineer sealed them) which identified annual savings

greater than annual utility costs.

Many problems could be solved if the firms pay attention to program requirements,

and carefully and critically proofread each report before it goes out. The value of a

careful and conscientious word-processing operator skilled in technical report production

is great.

There is great value in reducing reporting requirements which the auditors do not

thoroughly understand or which do not contribute directly to the final calculation.

Metering requirements and unusual building description data have fallen into that

category at various times in this program.

Conclusion j

An overview of the results of the energy audit portion of the LoanSTAR program has

been presented. Annual savings and investment cost data have been given, as has

energy-savings data from various classes of ECRMs. As expected, electricity as an

energy source and lighting as a retrofit project account for major portions of energy use
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and conservation. Audit costs have risen dramatically over a five year period, even

though the relative amount of uncomplicated building space audited has increased.

Changes in the audit process to streamline and reduce the cost of audits were

discussed. It is proposed that retrofits which are known to have good paybacks and

which can be easily implemented be installed without performing detailed calculations,

and that the requirement for calculating each ECRM project both independently and

dependently be relaxed so that only dependent data is presented in the audit reports.
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ABSTRACT

Monitoring of building energy consumption, operation, and weather variables are important parts of
retrofit evaluation projects. However, effective monitoring can be quite expensive. In this report, we dis-
cuss work that was done to investigate the feasibility of using a building's existing energy management
and control system (EMCS) for gathering some or all of this required data, rather than installing dedicated
data-logging equipment. Three case studies in the Texas LoanSTAR retrofit monitoring program were
used to explore the current applicability of existing EMCSs for monitoring, and to identify areas requiring
additional development.

INTRODUCTION

The Texas LoanSTAR program is a revolving loan program supported by the state of Texas's oil over-
charge funds. Loans are used to fund energy conservation retrofits in state and local government facili-
ties, and are paid back from energy savings. The program also has a strong emphasis on monitoring and
evaluating the performance of the retrofits. The monitoring will include acquiring facility or whole-
building utility data, hourly whole-building data, and hourly submetered data.

Most of the data acquisition is done by installing dedicated monitoring equipment, i.e., equipment whose
sole purpose is to perform monitoring for this project Dedicated monitoring equipment must include
several different types of devices (summarized in Table 1). The first, of course, are the sensors needed to
measure the required quantities. Once the sensors have been installed, wiring must be installed to con-
nect the sensors to the datalogger. The datalogger includes software to sample, condition, average, and
store the data. There must also be storage devices: short term, volatile memory, and possibly a longer
term permanent storage device, such as a magnetic tape drive. The data can often be retrieved remotely,
requiring a modem and some algorithm for downloading the data. All of this equipment, hardware and
software, must be purchased.

Upon reviewing this list of equipment required for monitoring, one will recognize that most Energy
Management and Control Systems (EMCSs), used primarily to control a building's systems, include all
these same devices. An EMCS usually includes a large number of sensors; sophisticated interconnections
between sensors, actuators, and processors (often comprising a local area network); a powerful processor
capable of extensive computation; a large amount of memory; a large variety of available peripheral
storage devices; and a modem and communications capabilities.

Since all this required equipment is likely to be present at a site, it would seem to make sense to make use
of it in a monitoring project. However, since the EMCS was designed for control of the building systems,
often several details have to be worked out to apply it to remote monitoring. In this project, we used
three case study facilities in the LoanSTAR program to investigate how existing EMCSs can be applied
to remote monitoring, and to determine what limitations exist and what areas require further develop-
ment.
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TABLE 1-Comparison of Dedicated and EMCS-Based Monitoring Capabilities.

EMCS MONITORING

Dedicated monitoring consists of four steps: measurement, storage, access, and processing. These same
steps are used in EMCS monitoring, although they are somewhat altered since the monitoring equipment
belongs to the building personnel, and must primarily serve their needs.

Data Measurement

EMCSs monitor a variety of control points within a building. To do so, an EMCS is equipped with a
large number of sensors. In most cases, these sensors are very similar to those used in dedicated monitor-
ing projects, and can include power or energy meters; and temperature, pressure, and humidity sensors.
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An important figure, used to indicate the size or complexity of an EMCS, is the number of installed
points. The term "points" refers to inputs (sensors), outputs (actuators, for example damper motors and
valves), and intermediate values (for example setpoints).

One should keep in mind that the primary objectives for installing an EMCS are to facilitate better control
and simplify day-to-day operation of the building, as well as to reduce energy consumption. Sensors
were added to meet the building's objectives, and not a monitoring project's objectives. Hence, while
certain variables such as whole-building energy consumption may usually be measured, submetered con-
sumption typically are not. Existing sensors may or may not be of sufficient accuracy or reliability for the
monitoring project's needs. Also, the sensors cannot be easily calibrated or verified by the researchers.
Depending on the needs of the monitoring project, it is possible that the project can entirely make use of
existing sensors, and require no installation of sensors.

Data Storage

Some of the data collected for immediate use in control applications, (for example in a calculation to
determine if more cooling is required), can be stored for further analysis. Stored data can be used to
determine, for example, how much temperatures in a certain zone have been fluctuating over the past day,
or how much energy consumption has changed over the past year.

Because of the usefulness of this type of data for building operation, most EMCSs have a facility for stor-
ing large amounts of data, often called "trending." Trended data can be stored in several locations in the
EMCS. Many EMCSs now have a distributed architecture (see Figure 1), with networked command
modules, each connected to local modules; and the ability for a host computer to be connected in the net-
work. A small amount of data can sometimes be stored on the local module, a larger amount of data can
be stored on the command modules, and long-term storage of data can be done with the host computer,
and its peripheral data storage media (hard or floppy disk or magnetic tape). The storage medium, the
number of points that can be trended, and the amount of data that can be stored for each point vary quite a
bit among different EMCSs, although in most cases the hardware capacity is sufficient for remote moni-
toring needs.

Data Access

EMCSs are usually designed to present trended data in a graphical format or in a numerical report format.
The EMCS operator can either look at the data report on the screen of the EMCS computer, print the data
to a printer, or write the data to a computer file in order to later read it into another program, such as a
spreadsheet or database program.

!

In order to access the data remotely, we make use of the fact that most EMCSs allow for a remote com-
puter to be tied into the system's network. This remote computer can either be a "dumb" terminal or a
microcomputer, equipped with a modem and communications software, and communicating over com-
mercial telephone lines. This remote computer is used to allow operators to check in on the system and
control it from another location, or for vendors to trouble-shoot problems from their office. Most EMCSs
include the required hardware for communications, and have a telephone line dedicated to the EMCS use,
and these can usually be used by monitoring projects.
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FIGURE 1-Architecture of a Typical Energy Management and Control System. Many EMCSs
have a distributed architecture, allowing data to be stored or displayed at any of a number of locations,
and allowing a remote computer to connect at any of a number of places.
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The procedure we used most often was to use an IBM PC compatible computer to dial up and connect to
the EMCS's modem. Any commercial communications program could be used to make this connection,
and we used Procomm Plus, (or PCPLUS). Table 2 shows the procedure used to configure the communi-
cations program to connect to the EMCS, for PCPLUS as well as for Kermit and Crosstalk, two other
commonly used communications programs. There are then two ways of transferring data: displaying a
report on the remote computer's screen, and downloading the data file. In the first method, one uses the
remote computer to log onto the EMCS system just as any other user, and run the trend utility, requesting
that the data report be presented on the screen. The entire session is recorded in a log file on the remote
computer, so that while the report is displayed on the screen, it is simultaneously recorded on the remote
disk. In the second method, the data are stored to an EMCS disk file, and transferred to the remote com-
puter, using some kind of file transfer algorithm. The file transfer algorithm can either be embedded in
the EMCS computer software, or can be implemented in a communications program, running in parallel
with the EMCS software. If communications software is running in parallel, the EMCS must be on a
computer with an operating system that allows multiple processes, and the asynchronous communications
must not conflict with the more essential EMCS operations. Both procedures could be automated using a
script file to watch for certain prompts coming from the EMCS, and to output the proper responses.

Data Processing

Even with dedicated monitoring, some data processing is necessary, in order to translate data from dif-
ferent sources into a common format. In the case of EMCS monitoring, the relevant data are usually
embedded in a lengthy text report, and the log files have to be processed to create data files. We wrote
programs to process some of the data formats using a pattern scanning and processing language, AWK.
This is a common UNIX utility, although PC versions are also available.

EMCS MONITORING ADVANTAGES

The most obvious advantage of EMCS monitoring is that it can make use of existing hardware and
software. Since dedicated monitoring can cost on the order of $1000 per monitored point, monitoring can
be a very expensive proposition. With EMCS monitoring, it is often possible to make use entirely of
existing equipment, and to install absolutely no hardware. Since no protocols exist for EMCS monitor-
ing, each EMCS is a unique case, time will be required to learn how to use the existing capabilities, and
coordination with building personnel. Time will also be required to ensure that the EMCS is capable of
monitoring, and possibly for some reconfiguration. This time will represent the only costs involved. Of
course, once EMCS monitoring is more routinely applied, and once EMCS manufacturers begin design-
ing their systems with remote monitoring in mind, the time and costs involved will be greatly reduced.

Another advantage of EMCS monitoring is that it is possible to obtain much more information about the
building operation than is typically economically feasible in a dedicated monitoring project. In dedicated
monitoring, the number of points that can be monitored is usually limited by the number of available
input channels on the data logger, and the cost of hardwiring the connections from the sensors to the
logger. With an EMCS, however, many points of interest are monitored in order to control the building,
and the network connecting the sensors to the data storage medium is already in place.
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TABLE 2-Procedures for Setting Communications Parameters
and Calling up an EMCS from a PC.
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The computational capabilities of EMCS processors are quite extensive and often underutilized. This
provides the opportunity to perform basic processing of the data at the retrofit site, before the data are
transmitted to the monitoring site. This kind of processing can include things like calculation of chilled
water energy consumption or of heat recovery energy savings from flowrates and temperatures, and dif-
ferent kinds of averaging.

With access to different types of data, different types of analysis will also be possible. For example, the
EMCS can match equipment hourly runtime with hourly energy consumption to obtain a more accurate
representation of energy consumption during equipment operation. Or the status of motion detectors can
be aggregated across the building, and used to automatically normalize energy consumption for occu-
pancy.

METHODOLOGY

The method used to investigate the application of EMCSs to performance monitoring was to apply it in
case studies. Several case studies have been performed in the past (see Akbari et al. 1989, Flora et al.
1986, Heinemeier and Akbari 1987, and LeConiac et al. 1986), and the case study approach has been
found to be quite useful for this technology. Since remote energy monitoring has not been recognized as
an application by EMCS manufacturers, each EMCS model, and in fact, each site investigated has pro-
vided unique challenges. By investigating several manufacturers, and several different sites, we begin to
discover what the generic issues are, and what limitations seem to be generally applicable.

The three sites we investigated were all originally LoanSTAR program participants (although one site
was subsequently dropped from the program). All sites are college facilities in Texas (see Figure 2). Each
site used a different EMCS. (See Table 2.5).

We report here on the steps that were required to initiate monitoring, the problems that were encountered,
the solutions to those problems, and our evaluation of the entire process of obtaining data from the sites.
We were able to obtain data from all three sites, and samples of those data are presented here as well.

PRAIRIE VIEW A&M

Building and EMCS

The Prairie View A&M (PVAM) campus, located near Houston, consists of about 46 buildings, and is
shown in Figure 3. Several conservation measures have been recommended in many buildings with a total
area of 1,532,000 square feet. These conservation measures include lighting controls and retrofits, vari-
able speed chilled and hot water pumping, chiller installation, steam leak repairs, and controls to operate
water well pumps during off-peak periods. These conservation measures are expected to result in energy
cost savings of $298,000/year. The final list of retrofits has not yet been determined.



FIGURE 2-EMCS Case Study Sites. The locations of the case studies described in this report. Open
squares indicate the sites, and filled circles indicate major cities for reference.



TABLE A: Characteristics of Energy Management and Control Systems Investigated in LoanSTAR
Project.

' •••THIS HASN'T BEEN UPDATED YET»«*
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FIGURE 3~Prairie View A&M University. The Prairie View A&M University Campus, is located
near Houston, and consists of about 46 buildings.
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The PVAM campus is equipped with a Johnson Controls EMCS, model JC/85/40. The EMCS is con-
nected to over 2000 points throughout the campus, including numerous kWh and Btu points. Table 3
illustrates the type of points that can be available for each air handling unit and each building.

TABLE 3--Typical Data From Prairie View EMCS.

Johnson Controls has a facility energy management contract with the campus. We were able to get infor-
mation from Johnson Controls personnel at the site in Prairie View, at the regional office in Houston, and
at the headquarters in Milwaukee. We visited the site and toured several buildings in June of 1990, and
met with personnel at the site again in April 1991. We have received documentation on trending, as well
as on the operation of the Extended Application Workstation (EAW), and the PC Distributed Data Base
Manager (PCDDBM).

Data Storage

During our meetings, we were told that the system can trend up to 99 points, and can store up to 3000
samples for each point, using this system. However, this limit only applies to a JC/85/40 that is running
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on a PC. The JC/85/4O at this site is running on a minicomputer (TI990-12), and with this hardware, the
absolute limit on trending is approximately 200 points.

There is also a facility for trending data at the level of the DSC, (Digital System Controller, or remote
control unit). Up to 400 points can be trended at this level. For each point, only 64 samples can be stored
at the DSC before new data begin to overwrite the oldest data. Data must therefore be uploaded to the
JC/85/40 periodically. For example, if hourly data are collected at the DSC, they must be uploaded once
every 64 hours, or about every other day. This can be done automatically by defining a weekly schedule.

Although one is allowed to trend quite a few points, the real limitation may be on communications rates.
If too many points are trended, or points are sampled too frequently, communications within the system
can become clogged, and system operation can be affected. According to the operators, communications
paths in this system are already fairly loaded, and it would not be possible to trend many more points.
The building operators currently use 35-40 trend points for facility operation. For troubleshooting, they
sometimes use up to 80 points. It was therefore possible for us to use a few of the existing trend points.

As of press time, Prairie View had not submitted their yet loan application. Therefore, during this pro-
ject, we did not know which buildings would receive retrofits. As a demonstration of the monitoring pro-
cedure, we have begun trending points representative of the kinds of points that are monitored in the
LoanSTAR program. We selected to monitor the J.B. Coleman library—the largest energy consumer on
the campus. The points we added were:

• whole-building electrical power for Coleman Library;

• whole-building cooling power, for Coleman Library;

• whole-building heating power, for Coleman Library;

• outdoor air drybulb temperature; and

• outdoor air wetbulb temperature.

The energy data represented in the trend report are hourly samples of power, not hourly averages. The
electrical power is measured using a pulse counter, where each pulse represents a given amount of energy.
The sample, then, represents the number of pulses recorded in the previous minute. The EMCS has a
facility for totalizing, or averaging values. This is used at the site to prepare monthly summaries of
energy consumption. However, it is not possible to integrate totalization with trending, to collect hourly
averages.

When trends are initialized, one selects the time for trending to begin, so that it is possible to collect data
on the hour. These data are collected at each sample interval and stored on the JC/85/40. If the JC/85/40
loses power and restarts, it resumes trending normally, at the correct times. Of course it would lose the
samples that should have come in while the system was down.

Data Access

After some initial logistical problems, we can now log on directly to the JC/85/40~the EMCS's central
processor.
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Although the trending facility is fairly sophisticated, it is not presently written to allow remote access to
data. Trend data can be stored in a disk file, or printed to a printer. However, the disk file cannot be
automatically transferred to our computer, and the trend data cannot be displayed on the screen to be sub-
sequently captured into a log file by our computer. A solution to this limitation was found by personnel
at the regional office of Johnson Controls. They set up the system so that remote dial-in computers are
configured to be printers. In this way, when the JC/85/40 thinks it is printing data to a printer, it is actu-
ally going over phone lines, and appearing on our computer screen, and being saved in our log file. Fig-
ure 4 shows an example of the log file containing an entire EMCS session, including trend data. Figure 5
shows some of the data that were collected from this site.

!

There are several advantages to this method of remote access. Since very little input is required of the
operator to request the trend data (only the login, and one command line for each point to be trended), this
method lends itself very well to automation. Also, the trend report for a particular point includes the time
and date of the first sample, the sample interval, and then a stream of data samples, ten per line (see again
Figure 4). Therefore, since each sample does not take up a whole line, and is not individually times-
tamped, data transmission time is minimized.

However, there are also several problems with this method of remote data access. First, it is impossible
to check for data transmission errors. Secondly, although no manufacturer software modifications were
necessary, the system had to be site-reconfigured. The site personnel did not have the expertise to do this.
It was also a problem because once the system is reconfigured to recognize dial-ins as printers, all dial-ins
were recognized as printers, including operators calling in from home to check on the system, or the
regional office calling in to trouble shoot problems. Apparently, this is not a severe problem as there is
very little that cannot be done with the computer configured as a printer, although the interface is less
user-friendly.

We also considered an alternate method of remotely accessing the data, using a PC-based Extended
Application Workstation (EAW). An EAW is a personal computer containing a Johnson Controls net-
work card, and running EAW software. It communicates over an RS-232 connection to the JC/85/40.
The monitoring project could purchase a PC to serve as such a workstation. This PC would reside on-
site, and it would periodically run the data base manager program to collect trend data from the JC/85/40.
The data base manager has facilities to periodically upload trend data from the JC/85/40, and to translate
these data into an ASCII DOS file in "DIF" format, quite suitable for LoanSTAR purposes. We could
then dial into the EAW, and transfer this file.

I
Unfortunately, purchasing a PC to serve as an EAW is a relatively expensive solution to the problem. It
may be possible to make use of one of the other existing EAWs. Limitations on this approach are:

• space on the hard drive of the computer—we were told that the hard drive on at least one of the
installation's EAWs was already quite full, and probably would not have space for our data;

• sensitivity of the operation of the EAW—one of the EAWs at this site is dedicated to fire and secu-
rity operations, and they would not allow us to use it for a relatively low priority task such as data
collection.

Another way to reduce the cost of using a PC as an EAW would be if the EAW could be located in a
remote location, such as in the LoanSTAR office. Since the connection between the EAW and the
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FIGURE 4--Log file from Prairie View A&M EMCS. In an EMCS session, trend data are displayed to
the screen, and the entire session is captured to this file. User responses are indicated in boldface, and the
data which will be distilled from the file are indicated in italics.



FIGURE 5a) and b)--Prairie View A&M EMCS Data. This is a sample of the data retrieved from the
EMCS at Prairie View A&M. Hourly samples of instantaneous demand and chilled water use are shown
for about a week. The demand data illustrate the need for hourly total energy measurements, rather than
instantaneous demand.



FIGURE 5c)--Prairie View A&M EMCS Data. Outdoor drybulb and wetbulb temperature data collect-
ed from the EMCS at Prairie View A&M.

I
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JC/85/40 is an RS-232 cable, it may be possible that a modem and phone-line could be included in the
connection. It would theoretically be possible to have one computer dedicated to downloading data from
several Johnson Controls sites, using the Johnson Controls hardware and software, or possibly to have
hardware and software from several different manufacturers contacting different sites. We would also
need to make sure that the EAW could support an Ethernet adapter or other means of connecting this
computer to the LoanSTAR network.

Data Processing

Processing of the data is fairly straightforward for this site. The log file includes a command line, a
header, and lines of data samples. The headers must be removed, and a time stamp for each sample must
be calculated. One additional processing step is that the convention in the LoanSTAR database is to have
one row of data for each time period, consisting of several different data points. Therefore, several dif-
ferent points must be placed next to each other to form columns of data. All of these processing steps can
be done easily in AWK.

TEXAS TECH UNIVERSITY HEALTH SCIENCE CENTER

Building and EMCS

The Texas Tech University Health Sciences Center (TTHSC) is a very large medical research building
located in Lubbock (see Figure 6). The 811,000 square foot facility is scheduled to receive conservation
measures including lighting controls and retrofits, variable-speed air handler conversion, HVAC econom-
izers, night setback controls, steam trap repair, pipe insulation, and new heating and chilled water pump
controls. Additional conservation measures planned for the heating and cooling plant serving the facility
include chiller replacement, variable speed chilled water pumping, and steam turbine electrical generation
at a pressure-reducing station. Expected savings from the measures total $920,000/year.

The TTHSC is equipped with a Honeywell Delta 1000 EMCS with approximately 1800-2000 points (see
Table 4). The system is instrumented for energy monitoring at each of the four mechanical "pods" serving
the building. These points include chilled water supply and return temperatures and flow, condensate
flow, and electrical consumption for each pod. Weather sensors and condensate meter points were added
under the LoanSTAR monitoring funds. EMCS operators at TTHSC have been visited by LoanSTAR
staff and have shown a favorable interest in the project

Data Storage

TTHSC staff have used the EMCS to collect energy consumption information for the center for the past
several years. A large amount of previously-collected EMCS historical trend data was acquired from
TTHSC to facilitate baseline analysis for the planned energy retrofits. The trend data covers the period
from September 1, 1988 to August 31, 1990, and includes a variety of points which are monitored by
their EMCS, including outside temperature and humidity, chilled water flow rates and temperatures, con-
densate flow rates, and electrical demands. A computer program was developed to filter the trend data and
store it on hard disk for analysis and conversion to LoanSTAR format. The trend data currently occupies
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FIGURE 6-Texas Tech Health Sciences Center. The Texas Tech Health Sciences Center is a 811,000
square foot facility located in Lubbock. It is split into four mechanical "pods."
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TABLE 4--TypicaI Data From Texas Tech EMCS.

It was determined that this form of trend data was too difficult to poll remotely from the system, so the
Energy Auditor software module was purchased and installed. The Energy Auditor program allows
trending of up to 999 points, so trending capacity is not a problem at this site. Texas Tech personnel set
up data trends for the following points:

• electrical power, for each pod;

• cooling energy, for each pod;

• steam flowrate, for each pod;

• chilled water flowrate, for each pod;

• chilled water load, for each pod;

• chilled water supply temperature, for each pod;

I
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• chilled water return temperature, for each pod;

• condensate return flowrate, for each pod;

• wind speed;

• solar insolation;

• outdoor air drybulb temperature; and

• outdoor air humidity, i

Data collection begins as soon as the trend points are initialized, which may or may not fall on the hour.
If the system is ever powered down and rebooted, data collection begins immediately. Therefore, it is
impossible to ensure that hourly data values will be recorded at the top of the hour. Additionally, most of
the data values are instantaneous samples, rather than hourly averages, which is particularly a problem for
the energy points.

Data Access

We have been able to dial into the Honeywell EMCS at Texas Tech, and run the Energy Auditor (see the
EMCS log in Figure 7). Unfortunately, the Energy Auditor does not allow remote access to the trended
data. Trended data can be stored to a disk file, but that file cannot be automatically transferred to our
computer. The data can also be printed to a printer, but not to the screen.

The only way we were able to access the data is to have the data stored to disk files, and have the Texas
Tech EMCS operators send diskettes of trended data to A&M, via the mail, (see data in Figure 8). This
manual mailing method proved to be too slow, and a way was worked out to have the data sent electroni-
cally via FTP, the ARPANET standard File Transfer Protocol. To do this, the data are transferred from
the PC-based computer to a mainframe running UNIX. The data are then sent over a computer network at
a very high transmission rate, and with very high reliability (error checking and correction). This method
gives us the data we need for now, but a more automated method will have to be developed, that does not
rely on operator assistance. We will try to work with Texas Tech and Honeywell personnel to develop
another way of accessing data. Honeywell appears to be interested in developing this type of procedure.
According to the director of Plant Operations Engineering, Honeywell has identified TTHSC as a test
location for developing the software needed to do remote accessing. Discussions with Honeywell indi-
cate that they may be interested in some form of cooperative development work.

Data Processing

Once the data files have been delivered (either manually or electronically) to LoanSTAR, they are fairly
simple to process. The files are stored in DIF format. "DBF" stands for Data Interchange Format, and was
developed for Visicalc, an early microcomputer spreadsheet program. DIF is a file format that can be
written and read by different programs, although it is a very bulky way of transmitting data. Microsoft
Excel was used to translate from DIF format to text. Once in text format, headers and unnecessary infor-
mation are easily removed using AWK. Figure 9 shows the data processing stream for these data. Some
points are reported as accumulating values. One step in processing, then, involves subtracting one value
from the next to calculate the hourly change.
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FIGURE 7--Log file from Texas Tech EMCS. This log documents an EMCS session using the Energy
Auditor software. It was not possible to display data to the screen.
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FIGURE 8~Texas Tech EMCS Data. This figure contains an example of the inspection plots that are
produced each week when the Texas Tech data are retrieved from the site. Note that the data shown
represent early attempts to obtain data from the site. The demand data are instantaneous values, and
therefore appear quite erratic. The steam values are cumulative, and differences should be calculated.
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FIGURE 9~Texas Tech Data Processing Stream. The data from this EMCS are converted to DIF for-
mat by the Energy Auditor Software. After the data are received by LoanSTAR, they are converted to
text, filtered, and archived.
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UNIVERSITY OF TEXAS SOUTHWEST MEDICAL CENTER

Building and EMCS

The University of Texas Southwest Medical Center (UTSMC) is a large medical research center located
in Dallas. A map of the facility is shown in Figure 10. The campus received an energy audit in 1986.
Several retrofits were recommended in buildings F, G, H, and J, so these buildings were the focus of our
earliest monitoring efforts. As LoanSTAR negotiations continued, other buildings were identified as
more likely retrofit candidates. Finally, however, it was determined that this site would not be a Loan-
STAR loan recipient, and further monitoring efforts were suspended. Although this site will not be part
of the LoanSTAR program in the future, it is included in this report because our experiences with moni-
toring there were quite valuable.

The campus is equipped with a Landis & Gyr Powers System 600 EMCS with nearly 6000 connected
points. The types of points connected to the system for each air handling unit and for the whole building
are summarized in Table 5. One should note that building F has nine AHUs, G has four, H has ten, and J
has eight, so a large volume of data is available. All of the buildings are on a central utility electricity
meter, and steam and chilled water are circulated to each building from a central plant.

Each of the four buildings we were initially interested in has one or two electrical meters. A pulse gen-
erator is installed on each meter, and generates a pulse each time a given amount of energy is consumed.
The pulses are counted and collected by the EMCS. The energy consumption is saved as cumulative
kWh, so one reading must be subtracted from the next to determine incremental energy consumption. The
reading is supposed to be zeroed at the beginning of every month, but this appears not to be done regu-
larly. The electrical meters were installed 18 years ago and have never received maintenance. The audit
of the facilities recommended recalibration of these meters.

I
Unfortunately, no water flow data are collected. The supply and return temperatures of the chilled water
and the steam condensate temperature are measured, but their flowrates would have to be known in order
to calculate thermal energy consumption of the buildings. Turbine flowmeters are installed in almost all
building condensate and chilled water supply lines, but they are not providing reliable data, and hence
they are not connected to the control system, although data channels have already been allocated for these
meters. If functioning meters were installed, they could easily be incorporated into the system. This was
also recommended in the audit of the facility.

Data Storage

This Landis & Gyr, Powers EMCS uses a unique method of data collection. A system can either collect
conventional hourly data, or it can use a technique known as Change of Value (COV) to record informa-
tion. The system at this site uses COV trending. In COV trending, the system collects a piece of data
only when its value changes. Since an EMCS is capable of a high degree of accuracy in measuring point
values, it would greatly overload the flow of data across the network trunk lines if data were collected
every time the last decimal place changes. Therefore, a factor must be defined for each point, the COV,
which determines how much a value must change before it is considered a new value. For example, for a
temperature point, if the COV is defined as one degree, nothing will be recorded until the temperature has
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FIGURE 10--University of Texas Southwestern Medical Center. UTSMC is located in Dallas, and
consists of about 23 buildings.
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TABLE 5--Typical Data From UTSMC EMCS.

changed by one degree. This clearly has several advantages. If a value is not changing at all, it would be
wasteful to continually record its value. Conversely, if a value is changing rapidly, it is of much greater
interest, and short time interval data would be valuable.

However, this has made analysis of the electrical consumption in the building more difficult. The electri-
cal meters in the four buildings have been set for a COV of 300 kWh. Data are recorded whenever 300
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kWh have gone by, so the data are always in 300 kWh increments. However, it also records the time
when the consumption passed 300 kWh, so this information can be used to create a profile similar to an
hourly profile. Since this method of collecting data is slightly different from the hourly method more fam-
iliar to energy analysts, it is worth a more thorough discussion, as found in the Appendix.

The EMCS at UTSMC has three facilities to record and report data: trending, remote trending, and
archiving. The trending facility is capable of recording data for 50 variables: five groups at ten points
each. These data are originally acquired by the remote control unit, but then are immediately transmitted
over the network to be stored on the host computer's disk. Few of the available trend points are being
used at the site, so trend capacity is not a problem.

I
Remote trending is a facility very similar to trending, except that the data are stored in the local memory
of a remote control unit, and are only transferred to the host computer upon request. With remote trend-
ing, the limitation on the amount of data that can be collected comes from the amount of memory avail-
able on the remote unit.

In the archive facility, the data are transmitted just as in the trending facility, and are then stored in a
dynamic file, to be archived to a more permanent disk file once a day. Only this permanent file can be
accessed, so data within the last day are not available. At this facility, the archive file is stored to mag-
netic tape once every two weeks.

!
The points that were monitored for this project are:

• whole-building electrical energy, for each building, one or two meters per building;

• chilled water supply temperature, for buildings G and H;

• chilled water return temperature, for buildings G and H;

• chilled water temperature difference, for buildings G and H; and

• steam condensate temperature, for buildings F, G, and H.

Data Access

Figure 11 shows the procedure for logging on, requesting an archive report, and logging off. The pro-
cedure for trend and remote trend reports are similar. Figure 11 also shows the format in which the
archive data are retrieved. The processed data are shown in Figure 12.

I
There are several problems with this method of downloading data. First, the data reports are defined to fit
on a 132-column display, but the EMCS is configured to display only 80 columns. Therefore, several
columns are truncated and their data are not accessible. The second problem is that no error checking is
possible when simply capturing characters as they are displayed on the screen. Finally, quite a bit of user
interaction is required to request a report. This suggests that automation of the procedure would be
difficult.

Two alternate methods for transferring the collected data may solve these problems. One is to obtain a
copy of the magnetic tape on which the building operators store the archive data. This tape could be
picked up periodically. The other alternative also makes use of the archive utility provision to save data
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FIGURE 11-Log file from UTSMC EMCS. In an EMCS session, archive data are displayed to the
screen, and the entire session is captured to this file. User responses are indicated in boldface, and the
data which will be distilled from the file are indicated in italics.



FIGURE 12a) and b)~UTSMC EMCS Data. This is a sample of the data retrieved from the EMCS at
UTSMC Demand data in COV format for about a 17 days, are shown for buildings F and J, in Figures
12 a) and b) respecUvely. The demand of building F is greater than the COV rate (300 kWh/COV), so
data are collected at a frequency greater than hourly. The demand for building J, however, xs much lower,
and hence data are recorded less frequently than once per hour.
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FIGURE 12c)-UTSMC EMCS Data. A sample of temperature data retrieved from the EMCS at
UTSMC. The chilled water supply and return temperatures for buildings G and H are shown, for about
three days.
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in a LOTUS-compatible file, and send the data file using the Kermit file transfer protocol. This would
have the advantage of automatic error checking, and would also require no postprocessing (see below). It
would have to be set up by the building personnel, however, and would require the purchase of an IBM
PC compatible computer for the facility.

Data Processing

For the data from this site, processing was complicated by several things. First, the EMCS did not send
carriage returns at the end of each line. The log file, then, often consisted of several very long lines. The
second problem is that the EMCS display included a status line, which is refreshed once a minute. This
line was embedded in the log file wherever the report happened to be when status line refresh occurred.
Another problem is that the data are not reported in a straightforward columnar format. For COV data, a
row is added to the file for each COV, consisting of one timestamp, and one energy value. The times-
tamps are always in the first column, but the location of the energy value depends on which point or
which date the data correspond to. Therefore, to process the data, one must be able to determine in which
column the energy value is found, which is not easy to do.

In addition to processing the report file into a more readily handled data file, the data must be translated
from COV format to an hourly format, for consistency with data from other buildings, and from other
monitoring projects. This can be easily done using either a linear or spline fit of the data. The output of
this data fitting procedure is an hourly series of cumulative values, and, just as in the Texas Tech EMCS,
the data must be processed to calculate the consumption during the hour. How this is done is explained in
more detail in the Appendix. Figure 13 illustrates both the COV and an hourly linear fit of the COV data
for the second meter in building G. It can be seen that, for this building, little error is introduced in
transforming to hourly data. The graphs presented earlier are in COV format. For buildings F and H
which have higher demands, (see, for example, Figure 12), data are recorded at an even shorter interval,
so that errors are even less. For building J, (Figure 13), which has a much smaller demand, data are
recorded only very infrequently, and COV data do not provide sufficient detail to convert to hourly data.

None of these are serious problems, but they make processing more difficult. We wrote AWK programs
to process some of the data formats. Essentially, the programs split up long lines, extract the relevant
information, and output the data into an intermediate data file. We defined a format for this file that
would be easily read by a program such as LOTUS-123, although almost any output format would be
possible.

EVALUATION

We were able to get data from all three case-study sites, Each site required a slightly different method of
retrieval, and none of the systems can be said to be ideal for monitoring, although each had promise.
Each system had its advantages and disadvantages. The systems are compared in Table 6, according to
several criteria, as discussed below. In this table, a"+" indicates a favorable evaluation of the system for
that criterion, and a "-" indicates an unfavorable evaluation. One should also note that in some cases a
negative evaluation is due to a limitation of the EMCS model itself, while in other cases it is due to unim-
plemented but available options, or other site-specific limitations. The latter is indicated with an asterisk.
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FIGURE 13a) and b)--Transforming COV Data to Hourly, for UTSMC. Figure 13a) shows the data
in its original, COV format. Rather than collecting a datapoint each hour, it collects a datapoint when
300 kWh have been consumed. Therefore, data are not at even intervals along the x-axis. In Figure 13b),
a linear fit of the COV data has been performed, and hourly data have been generated from this fit. Clear-
ly, there is little difference in the profiles.



- 3 2 -

TABLE 6-Applicability of Case Study EMCSs for Monitoring.

* Site-specific limitation.
Trend Capacity

All of the sites had sufficient trending capacity, at least in theory. In practice, however, both Prairie View
and UTSMC are limited by communication considerations. Both Prairie View and UTSMC had several
different ways of collecting data, due to the distributed architecture of each EMCS. These sites indicate
that networking concerns may be more important considerations than raw data storage space or absolute
point limits in evaluating the usefulness of an EMCS for monitoring. Availability of the trend capacity is
therefore difficult to predict for a particular site by simply knowing the EMCS model.

Appropriateness of Stored Data

Beyond measuring the appropriate variables, an important consideration in EMCS monitoring is how the
values are stored. All three of the systems investigated were capable of trending only instantaneous
values. This is appropriate for some types of data, and not for others. For example, at UTSMC electricity
consumption pulses are constantly totalized to provide a cumulative value, while at Prairie View and
Texas Tech, the number of pulses received in the last minute are used to indicate "instantaneous" power.
Hourly samples of cumulated energy consumption can be used to calculate hourly average energy con-
sumption, but hourly samples of power will be quite inaccurate for reporting hourly energy use. The
Prairie View EMCS had a facility for totalizing values, but it could not easily be integrated with hourly
trending. Allowing for collection of data averaged over some period is an important feature for monitor-
ing, which many EMCSs do have.
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Hourly Data, Recorded on the Hour

I
In order to be compatible with data from other monitoring projects and other buildings within this project,
and with weather data, the data available from EMCSs should be reported at the top of each hour. The
EMCS at Prairie View is capable of doing this reliably. The EMCS at Texas Tech could theoretically
record data at the top of each hour, although when the system is rebooted, it will not begin collecting at
the correct times, so it can be considered unreliable in this sense. The EMCS at UTSMC provides data by
COV rather than by time. The data can be processed to provide hourly data values at the top of the hour.
If the COV level is set correctly, little error should be introduced by doing this (see Appendix for a more
complete discussion). Since COV trending has both advantages and disadvantages, EMCSs should allow
the user to select which form of trending to use for each variable. More recent versions of the EMCS
model used at UTSMC do allow for this facility.

Easily Automated Access

When performing case studies, it is not a problem to manually log onto an EMCS to download data.
However, in a larger-scale evaluation project, a more automated method of data retrieval must be used.
Most communications software packages allow the user to create a script file, which can automatically
dial the phone, watch for prompts coming from the EMCS, issue the appropriate responses, and log the
session. The Prairie View EMCS is very well suited to this form of automation. After dialing the phone,
the script file has only to provide the correct login name, and then issue one-line commands to request the
data. Interactions with the UTSMC EMCS, on the other hand, are more complex. A whole series of
questions are asked, and responses must be provided to request the data. This could be automated,
although it is significantly more complex than the Prairie View EMCS. The Texas Tech procedure, since
it involves a human step, cannot be considered automated. From the LoanSTAR end, however, the FTP
procedure could be easily automated.

Short Transfer Time

The amount of time required for transmission of the data is also an important consideration. Most
EMCSs allow a dial-in connection at 1200 or 2400 baud. However, the speed of the transfer will depend
to an even greater extent on the conciseness of the report format The data from Prairie View are in a
very compact form. The data from UTSMC are in a much more bulky report format, and take quite a bit
longer to transmit. The data from Texas Tech are in data interchange format (DIF), which is very bulky.
However, the transmission from Texas Tech takes place over a mainframe network, and at a very high
transmission rate.

Error Checking

The reliability of the data collected by the EMCS is related to the reliability of the sensors and the data
storage medium. These should be relatively high. However, errors can occur when transmitting data
from the site to LoanSTAR. With both Prairie View and UTSMC, data are displayed on our computer
screen, and simultaneously stored in a log file. No form of error checking takes place, and any noise in
the phone lines can obliterate data, or change values. At Texas Tech, the data are transmitted over a com-
puter network, using a standardized file transfer protocol, FTP. This protocol includes both error checking

I
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and correction, so transfer will be quite reliable.

Easily Processed

The convention for data in the LoanSTAR database is to have one file for each datalogger, including one
line for each hour. Each line contains a timestamp, and data values for several different points. EMCSs
should be capable of providing data in this format, or the data should be able to be processed into this for-
mat. The Texas Tech data are reported in an acceptable format, and only minor processing had to be
done, such as parsing the date into day, month, and year, and subtracting cumulative values to obtain
hourly values. With the Prairie View system, the data must be processed to calculate a timestamp, and put
data in columnar form. UTSMC data requires quite a bit of sophisticated processing, due to several fac-
tors: only 80 columns of data are displayed, carriage returns are not transmitted, a status line can interrupt
the data at any time, the data are not in conventional columnar format, and the data are in COV rather
than hourly format. All of these can be dealt with, but when taken together, they make this a rather
cumbersome way of collecting data.

No Additional Hardware Required

Aside from a few sensors at Texas Tech, no hardware was added at any of the sites. Monitoring would
have been greatly facilitated at UTSMC and at Prairie View if a PC were purchased and added to the sys-
tem. However, one of the key advantages of EMCS monitoring is that it is capable of making use of
existing hardware. Most of the difficulties encountered in this project were related to easily remedied
software problems, and few problems with existing EMCS hardware were encountered.

No Software Modifications Required

No major software modifications were made at any of the sites. UTSMC required no reconfiguration, and
Prairie View required a minor configuration change. However, for all sites relatively minor changes to
the software would have greatly facilitated monitoring. For Prairie View, it would have been much easier
to set up monitoring if the software allowed the trend reports to be printed to the screen, or if it allowed
the system to have more than one type of dial-in computer. Texas Tech also would benefit from being
able to print the data to the screen, or to be able to transfer a disk file using a file transfer protocol, such as
FTP or Kermit. UTSMC would require the most minor modifications, including the ability to store data
by hour as well as by COV (their more recent models do allow this), and a more streamlined report pro-
cedure.

CONCLUSIONS

Using in-place EMCSs for building performance monitoring has many potential advantages over conven-
tional dedicated monitoring. We were able to use the EMCSs in three different sites to collect perfor-
mance data. However, at each site, issues arose making development of the data collection procedures
more complex.
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Relatively minor modifications to the available EMCS software could greatly improve this method of col-
lecting data. In particular, EMCS software should be modified to allow data to be averaged over an hourly
interval and reliably reported at the end of each hour, create concise and consistent formats for requesting
and reporting the data, and create some simple means of displaying or transmitting the data.

I
The simplest way for us to gain access to the data in these existing cases was to have the data displayed
on the screen and captured into a log file. However, this is not the most appropriate method, due to the
inability to perform error detection and correction, and the time it takes to transmit and process the report.
Ideally, controls manufacturers should incorporate into their basic software a procedure for transmitting
data files to a remote, dial-in terminal, using a standard file transfer protocol.

I
One means of encouraging controls manufacturers to make these modifications would be if a major moni-
toring program, such as LoanSTAR, were to create specifications for EMCS monitoring capabilities.
Whenever an EMCS is specified as a conservation measure, it should be used for monitoring, and, to do
so, it must meet some minimal monitoring specifications. Since this would favor selection of EMCSs
that meet these specifications, it would provide EMCS manufacturers with an incentive to make the
required software modifications.

With co-funding from the Department of Energy (DOE), we are working on identifying and outlining
EMCS-based monitoring specifications. Future collaboration between LoanSTAR and DOE will help
meet the LoanSTAR objectives of developing inexpensive, powerful, and reliable methods of perfor-
mance monitoring.
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APPENDIX: COV MONITORING

Change of value monitoring (as implemented at the UTSMC site) is an innovative way of collecting data,
since it collects the most data when things are likely to be most interesting. When COV's are used with
cumulative energy data, they collect the most data during peak hours, which may be of the greatest
interest for utilities. If COV's were used with instantaneous power, they would record the most data dur-
ing shoulder hours, when things are changing. This may be of the greatest interest to building research-
ers. However, it is a data format that is not familiar to most building energy researchers, and is not com-
patible with most other building and weather data.

Can COV data be transformed to hourly data without introducing significant error? To analyze the
impact of using COV data, we wrote several programs to easily generate COV and hourly data files. The
first program reads in a one-minute data file and produce cumulative data in both hourly and COV for-
mats. The hourly file contains hourly samples of cumulative energy consumption, as one would expect to
find from many EMCSs. The COV file contains a sample of cumulative energy consumption every time
the user-defined COV value has been reached; for example, the time and cumulative energy consumption
are recorded whenever 300 kWh have been consumed. Another program then reads these files and calcu-
lates hourly average power values. The real hourly file is simply the difference between two consecutive
cumulative energy readings. The COV-hourly file uses a linear fit to calculate hourly energy consump-
tion. Ideally, these would be identical for both hourly and COV data.

We used synthetic data to test and evaluate the applicability of COV data. The one-minute data file was a
sinusoid, with a period of 24 hours, consisting of 1440 values per day. Hourly data were generated from
the one-minute data, and are shown in Figure 14 as squares. COV data were then generated, for several
COV levels. Hourly data were then generated from linear fits of the COV data. The graph indicates a
close comparison between the real hourly data and the COV-hourly data so long as the COV level is less
than about twice the hourly energy consumption. This corresponds to one sample every two hours (for
example, 250 kW divided by 500 kWh/sample is 1 sample in two hours). For higher and higher COV
values, there is a larger and larger discrepancy between the two.

Figure 15 shows this discrepancy as a function of the current sampling rate, for three different COV lev-
els, and over 24 hours. For example, when the COV is set to be equal to the peak hourly consumption
level (diamonds, in Figure 15), the effective sampling rate reaches a maximum of one sample per hour
during peak periods. However, during the nighttime, data are coming in much less frequently, and the
discrepancy between this COV data and hourly averaging can be fairly high. When the COV is set to be
equal to the minimum consumption level (squares, in Figure 15), at least one sample is recorded each
hour, so there is never a discrepancy of more than two percent. However, during peak periods the
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FIGURE 14-Analysis of the Effect of the COV Level. For sinusoidal synthetic data, an hourly profile
was created (squares). COV data were also generated from the sinusoidal data, using several different
COV levels. A linear fit was performed on the COV data, and hourly data were generated, shown here for
the different COV levels. When the COV level was low relative to the peak demand (COV=300, crosses)
little deviation is found from the original hourly data. For higher COV levels, a greater deviation is
found, and the profile is distorted.
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sampling rate increases, up to almost five samples per hour. This may or may not cause communications
problems. It is interesting also to look at an intermediate COV level (crosses, in Figure 15). In this case
the sampling rate is never greater than two samples per hour, and the error is almost always less than two
percent. The few hours with larger errors occur in the middle of the night, which may be acceptable for
some analysis.

Clearly, the COV value is an extremely important figure-it determines whether the communications lines
will be overloaded with data, or whether only one or two data points will be collected each day, or some-
thing appropriately in between these extremes. The setting of this value is probably the most important
determinant of whether or not COV data collection is appropriate for energy monitoring. Yet, how is the
value determined? We are not sure yet how it is typically done, but it seems clear that during the EMCS
commissioning period, this value should be monitored and evaluated, and an analysis similar to ours
should be done.
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FIGURE 15~Errors Introduced by Using COV Data. For 24 hours, the percent (absolute value)
difference between hourly data and hourly data generated from COV data, are shown versus the sampling
rate, for different COV levels. With a low COV level, (for example, equal to the minimum demand rate-
-squares), very litfle error is introduced, although the relatively high sample rate may cause problems with
communications. With a high COV level, (equal to the maximum demand rate-diamonds), the sampling
rate is reduced, but errors are introduced. An intermediate COV level, (equal to the mean demand rate-
crosses), results in a good compromise: low sampling rate, and low errors. The few times higher errors
do occur for this COV level are during the middle of the night, and may be acceptable.
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