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ABSTRACT 

This report documents an independent evaluation of an energy retrofit of 4003 family housing 
units at Fort Polk, Louisiana, under an energy savings performance contract (ESPC). Replacement 
of the heating, cooling, and water heating systems in these housing units with geothermal heat 
pumps (GHPs) anchored the retrofit; low-flow shower heads and compact fluorescent lighting 
were also installed, as well as attic insulation where needed. Statistically valid findings indicate 
that the project will save 25.8 million kWh, or 32.5% of the pre-retrofit whole-community 
electrical consumption, and 100% of the whole-community natural gas previously used for space 
conditioning and water heating (260,000 therms) in a typical meteorological year. These savings 
result in an estimated reduction in C02 emissions of 22,400 tons per year. Peak electrical demand 
has been reduced by 7.55 MW, which is 43.5% of the pre-retrofit peak demand. These energy and 
demand savings correspond to an improvement in the whole-community annual electric load 
factor, which went from about 0.52 to 0.62. At the end-use level, the GHPs were found to save 
about 42% of the pre-retrofit electrical consumption for heating, cooling, and water heating in 
housing units that were all-electric in the pre-retrofit period. The ESPC also allows the Army to 
effectively cap its expenditures for maintenance of heating and cooling equipment in family 
housing at about 77% of previous costs. 

It should be noted that the “apparent” energy savings presented above do not necessarily 
correspond to the “contracted” energy savings under the shared-savings ESPC. For example, 
operational deviations that are beyond the control and responsibility of the energy services 
company under the contract could result in savings appearing smaller than they would appear if 
the operational deviations did not occur, and may require baseline adjustments so that “contract” 
savings can be determined. Changes in comfort setpoints and occupancy rate and increases in 
appliance and/or plug-load growth are among the deviations that may result in “contract” savings 
being 30 million kWh or more even though “apparent’)’ savings are 25.8 million kWh. Baseline 
adjustments are negotiated, and may be supported by engineering estimates such as those 
described in Sect. 7. 

This report also demonstrates an improved method of predicting energy savings. Using an 
engineering model calibrated to pre-retrofit energy use data collected in the field, the method 
predicted actual energy savings on one of the electric feeders at Fort Polk with a very high degree 
of accuracy. The accuracy of this model was in turn dependent on data-calibrated models ofthe 
geothermal heat pump and ground heat exchanger that are described in this report. In addition this 
report documents the status of vertical borehole ground heat exchanger (BHEx) design methods at 
the time this project was designed, and demonstrates methods of using data collected from 
operating GHP systems to benchmark BHEx design methods against a detailed engineering model 
calibrated to data. We also discuss the ESPC’s structure and implementation and how the 
experience gained here can contribute to the success of future ESPCs. 

xv 



1. INTRODUCTION 

Under an energy savings performance contract (ESPC) awarded to an energy services company 
(ESCO) by the U.S. Army, a number of measures were implemented to reduce energy and maintenance 
costs in family housing at Fort Polk Joint Readiness Training Center near Leesville, Louisiana. The most 
important of these measures was installing geothermal heat pumps (GHPs) to replace existing space 
conditioning systems in all 4003 of the family housing units at the base. This report describes our 
independent evaluation of the implementation and effectiveness of the ESPC. The work was sponsored 
by the U.S. Department of Defense and the U.S. Department of Energy. 

Energy savings performance contracting is gaining recognition as a viable means of implementing 
large-scale energy conservation projects, such as those that will be required to comply with Executive 
Order 12902, “Energy Efficiency and Water Conservation at Federal Facilities,” which was signed by 
President Clinton in 1994. The order directs federal agencies to develop and implement plans for 
reducing energy use in all their facilities by 30%, relative to 1985 consumption, by the year 2005. 
ESPCs are expected to be used in many federal housing installations such as military housing and low- 
income housing, as well as in privately owned planned communities such as condominium and 
townhome developments and senior-citizen housing. The information in this report should be useful to 
energy service companies, the facility owners contracting their services, and investors as future energy 
savings performance contracts are implemented. 

The objectives of this evaluation were (1 )  to determine statistically valid impacts of retrofitting with 
GI-IPs in military family housing at Fort Polk in terms of energy use, electrical demand, and operation 
and maintenance; and (2) to improve capabilities to evaluate, design, install, operate, and maintain GHPs 
in military family housing. 

Our evaluation was based on pre- and post-retrofit monitoring of energy flows through the electrical 
distribution feeders that serve the family housing areas of the post, with data taken at 15-minute intervals 
from August 1994 through February 1997. For reference, the retrofit construction period extended from 
March 1995 through August 1996. Data were also collected from a subsample of 13 buildings 
containing 42 apartments. Calibrated engineering models were used both to demonstrate a method to 
predict energy savings and to benchmark existing methods for determining average effective soil 
properties and designing vertical borehole ground heat exchangers (BHEx’s) -the aspects of GHP 
system design that are least familiar to the design profession. Using these models we were able to 
predict the energy savings attributable to the retrofit on one of the 16 electrical feeders with a high 
degree of accuracy (within 1% of monitored values) and to determine the proportion of energy savings 
due to each of the various energy conservation measures (ECMs) installed in housing on that feeder. 

Fig. 1.1. Entrance to Fort Polk Joint Readiness Training Center near Leesville, Louisiana. 
1 



1.1 SITE BACKGROUND 

The Fort Polk Joint Readiness Training Center is located in west-central Louisiana just outside 
of Leesville. The 200,000-acre facility contains military offices, training centers, equipment and 
storage warehouses, a hospital, and housing for some 15,000 service members and their families. 
Figure 1.1 shows the main entrance to Fort Polk. Approximately 12,000 people live in Fort Polk 
family housing, which is the focus of the ESPC. Located in two distinct areas called North Fort 
and South Fort, the family housing stock consists of 4003 living units in 1290 buildings that were 
constructed in nine phases between 1972 and 1988. Units range in size from 1073 to 2746 ft2, with 
an average area of 1393 ft2. Prior to the implementation of the ESPC, 3243 of the apartments 
(about 81%) were served by air-source heat pumps and electric water heaters, while the remaining 
760 had central air conditioners, natural-gas forced-air furnaces, and natural-gas-fired water 
heaters. Some of these apartments are shown in Fig. 1.2. 

Fig. 1.2. Family housing apartment buildings at Fort Polk. Attic insulation was installed in some 
apartments as part of the energy retrofit. 

1.2 TERMS OF THE ENERGY SAVINGS PERFORMANCE CONTRACT 

The Fort Polk ESPC was awarded in January 1994. As a “shared-savings” contract, it 
provides for the US.  Army and the ESCO to share the cost savings realized through the energy 
retrofit over the 20-year life of the contract. The entire up-front cost of all of the retrofits 
-approximately $18.9 million ($2867 per installed ton of cooling capacityFwas borne by the 
ESCO, which also assumed responsibility for maintaining the installed equipment for the duration 
of the contract. In return, the Army has contracted to pay the ESCO a percentage of the energy 
and maintenance savings realized each month. The structure of the ESPC is shown in Fig. 1.3. 

2 
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Fig. 1.3. Structure of Fort Polk ESPC. 

Monthly electrical energy savings are determined by subtracting actual kilowatt-hour 
consumption from the agreed-upon baseline consumption, which is a function of the number of 
heating and cooling degree days that occur during the month. The baseline is derived from a 
quadratic regression of historical data on monthly electrical consumption in family housing vs 
total degree days (Le., the sum of heating and cooling degree days, base 65°F) in each period. 
Similarly, natural gas savings are determined by subtracting actual gas consumption in therms 
from a weather-corrected baseline consumption derived from a regression of Fort Polk’s previous 
monthly natural gas consumption as a function of heating degree days. Dollar savings are then 
determined by multiplying the electrical and gas savings by that month’s base-wide average 
energy prices per kilowatt-hour and per therm, as determined from utility bills. Over the life of 
the contract, the ESCO will receive about 77% of the savings achieved. 

saves the entire amount previously paid annually for maintaining heating, ventilating, and air- 
conditioning (WAC)  equipment in family housing. This is specified in the contract as $335.83 
per residence per year (with minor cash flow adjustment stipulations and a consumer price index 
escalator). For the 4003 residences, this comes to approximately 24 cents/ft’ per year. As with the 
energy savings, the ESCO will receive about 77% of the maintenance savings over the life of the 
contract. 

Since the ESCO assumes full responsibility for maintaining the equipment installed, the Army 

1.3 THE EQUIPMENT INSTALLED 

Under the terms of the contract, the ESCO replaced the space conditioning systems in all of 
Fort Polk’s family housing with GHPs. The total capacity of GHPs is 6593 tons, installed in heat 
pump nominal capacities of 1.5’2.0, and 2.5 tons, with one heat pump per living unit. The mean 
size of heat pumps installed across the entire project is 1.65 tons. Each heat pump has its own 
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ground heat exchanger of the vertical U-tube type, with one circuit (two pipes) per bore and two 
circuits in parallel. (Two single-family housing units for high-ranking officers had 2.5-ton heat 
pumps and three circuits in parallel.) A total of 1,834,652 ft of 4 l/S-in. vertical bore was drilled. 
(The upper 3 ft of each bore is not part of the heat exchanger, so the total installed vertical heat 
exchanger bore length is 1,810,628 ft, with an average of 275 ft of bore per ton. A total of 
3,62 1,256 ft [about 686 miles] of 1-in.-diameter SDR-11 high-density polyethylene pipe was 
installed in the bores.) The bores were backfilled bottom to top with standard bentonite-based 
grout; no extraordinary measures were taken to thermally enhance the grout or to maintain space 
between the up and down pipes in the bore. Figures 1.4, 1.5, and 1.6 show several stages of the 
retrofit construction project. 

Gas-fired water heaters were also replaced with electric water heaters in the 760 apartments 
that originally used natural gas. The new GHPs include desuperheaters to supplement domestic 
water heating with energy recovered from the GHP when it is operating for heating or cooling. 
(Because of the distance between the heat pump and water heater, it was practical to connect only 
some of the desuperheaters, about 65%, to the hot water tanks during construction.) Low-flow 
shower heads and compact fluorescent lighting (in all indoor and outdoor fixtures attached to 
housing) were installed in all units, some fixtures were delamped, and attic insulation was installed 
as needed. Other energy conservation measures such as water-heater blankets were also identified 
but had not been implemented as of this writing. 

Fig. 1.4. A rig drilling vertical boreholes for the gound heat exchangers. A total of 1,834,652 ft of 
4 118-in. vertical bore was drilled for the vertical borehole heat exchangers. 
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Fig. 1.5. This pile of polyethylene piping-measured, cut, and ready to instalhives an idea of 
the scale of the retrofit project. The pipe installed in the vertical borehole heat exchangers at Fort 
Polk would reach 686 miles. 

Fig. 1.6. Above-ground loops of pipe show where ground heat exchangers have been installed and 
are ready to be connected to heat pumps. 
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1.4 EVALUATION METHODOLOGY 

Our evaluation included a range of studies designed to take advantage of the opportunity to 
analyze a large-scale energy retrofit anchored by GHPs. Our methods of evaluating overall energy 
savings, predicting energy savings, and modeling the performance of the GHPs are described 
briefly in the following paragraphs and in more detail in other sections of this report. We also 
performed analyses of the overall structure of the contract, its implementation, and the economic 
implications for the parties to the contract, the Army and the ESCO. Our conclusions from these 
analyses are discussed in Sects. 3, 7, and 8. 

1.4.1 Data Collection 

Our analysis of energy savings and our improved method of predicting energy savings were 
based on a three-level data collection strategy. Level- 1 represents monitoring of energy supplied 
by 14 of the 16 electrical feeders serving Fort Polk's family housing areas. On Level-2, we 
monitored total energy consumption and energy consumption by the W A C  outdoor units (heat 
pump or central air conditioner) in a set of 42 housing units selected at-random from the 
population of 4003 units. Level 3 added monitoring of energy use by the water heaters and air- 
handling systems in a subset of 18 of the 42 Level-2 sites. Data at all three levels were collected 
at 15-minute intervals for about one year before and one year after the retrofits. (The overall data 
collection period was from August 1994 through February 1997.) At one of the Level-3 sites (a 
five-plex), "energy balance" data were also collected on the operation of the vertical BHEx and on 
domestic supply water temperature and indoor temperature and humidity. This data allowed us to 
use inverse heat transfer techniques to determine average effective soil heat transfer properties, 
and thus calibrate the BHEx model. Figure 1.7 schematically illustrates the evaluation approach. 
Evaluation professionals may recognize this as a multi-tier, nested evaluation design. 

'he Housing Population (Level 1) 

donitored Subsample (Level 2) 

rechnical Sample (Level 3) 

5 of 18 units (1 building) for 
"Energy Balance" data 

18 of 42 housing units I 
.2 of 4003 housing units 

,003 housing units - 14 of 16 electrical feeders, each with L1 meter 

Fig. 1.7. The evaluation of the Fort Polk project was based on a three-level data collection approach. 
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1.4.2 Predicting Energy Savings 

The improved approach to predicting energy savings is based on an engineering model 
calibrated to the field-collected Level-1 data from the pre-retrofit period. A dynamic model of 
pre-retrofit energy use was developed for all the housing and nonhousing loads on one electrical 
feeder at Fort Polk. The feeder serves 46 buildings containing a total of 200 individual 
apartments. Analysis of pre- and post-retrofit data indicates that the retrofits have saved 30.3% of 
pre-retrofit electrical energy consumption on the feeder modeled for the prediction study. The 
method (described in Sect. 4) predicted this savings within 1% of its measured value, using only 
pre-construction energy consumption data and post-retrofit data from one pilot test site. 

1.4.3 Geothermal Heat Pump System Model 

A calibrated GHP system model at the apartment level was perhaps the most important factor 
in the accuracy of the overall feeder model used to predict energy savings. An apartment’s GHP 
system consists of a number of components, including the BHEx, the heat pump with 
desuperheater, the water tank, and the heating, cooling, and water heating loads served by the GHP 
system. A detailed component-based simulation of a GHP system was calibrated to monitored 
data from one family housing unit at Fort Polk. The system model was then exercised to 
demonstrate its capabilities to address soil property impacts, multibore interactions, long-term 
consequences of annual heat imbalance, bore spacing, bore diameter, pipe spacing, pipe diameter, 
grout properties, and most other elements of BHEx design. Calibration of the BHEx component 
model involves use of inverse heat transfer techniques to determine the average effective soil 
properties from the time interval heat transfer history in the data. This modeling effort is 
described in Sect. 5 of this report. 

1.4.4 Comparison of BHEx Sizing Methods 

The output from the detailed models calibrated to Fort Polk data were then used to test five 
practical BHEx design methods. Even with inputs kept as consistent as possible, these five 
practical methods calculate very different required borehole lengths necessary to keep the 
temperature of water entering the heat pump below a user-specified maximum. When the Fort 
Polk project was engineered, BHEx design was largely experience-based. A small cadre of 
experienced designers could develop effective BHEx designs by adjusting the outputs of the BHEx 
design methods they used based on experience. This study, detailed in Sect. 6, led to the 
conclusion that further calibration and comparison exercises should be done to give the developers 
of BHEx design methods an opportunity to calibrate and improve their methods, and to resolve the 
differences between the programs. This would help to expand the pool of designers that can 
develop effective BHEx designs. 

1.4.5 Analysis of Maintenance Costs 

To evaluate the ESPC in terms of maintenance costs and savings to the Army, we developed a 
rigorous baseline cost estimate based on a census of existing equipment age and a survey of 
maintenance records for the pre-retrofit W A C  equipment. The baseline cost estimate includes 
consideration of the reliability of the old existing equipment. An actuarial method was used to 
determine the number of units requiring replacement each year and the effect of these 
replacements on annual maintenance costs. This work is discussed in Sect. 3 of this report. 
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1.5 SUMMARY OF SAVINGS 

Analysis of our statistically valid monitored data shows that the energy retrofit at Fort Polk 
will save 25.8 million kWh in electrical energy use, or 32.5% of pre-retrofit whole-community 
electrical consumption, in a typical year in family housing. Figure 1.8 shows post-retrofit monthly 
energy use and savings. The total peak demand reduction for the family housing area is estimated 
at 7.55 MW, or 43.5% of pre-retrofit whole-community peak demand. These energy and demand 
savings correspond to an improvement in the whole-community annual electric load factor from 
about 0.52 to 0.62. These reductions are achieved even though the average electricity savings in 
the housing units that had natural gas appliances prior to the retrofit is only 16.7%, compared with 
35.3% for units that were all-electric before the retrofit. Converting to all-electric space 
conditioning and water heating in all units also saves an estimated 260,000 therms of natural gas 
consumption per year. At the end-use level, the GHPs were found to save about 42% of the pre- 
retrofit electrical consumption for heating, cooling, and water heating in housing units that were 
all-electric before the retrofit. 

A rigorous analysis of the costs of maintenance of HVAC equipment under the ESPC shows 
that the contract enables the Army to effectively cap its future expenditures for family housing 
HVAC maintenance at about 77% of its estimated 20-year average baseline maintenance costs of 
$335.83 per housing unit per year. This corresponds to a cap of about 18.1 cents/fI? per year. The 
net present-value maintenance cost savings to the Army over the life of the contract is estimated to 
be about $4.5 million. 

(Note that the energy savings reported in this document are “apparent” energy savings 
observed in the monitored data and should not be confused with the c ‘ ~ ~ n t r a ~ t ”  energy savings, 
which are used as the basis for payments under the shared-savings ESPC. Determining contract 
energy savings may require adjustments to the baseline for factors such as comfort setpoints, 
occupancy rate, and appliance and/or plug-load growth that are beyond the control and 
responsibility of the ESCO under the contract.) 
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Fig. 1.8. Monthly expected whole-community electrical energy savings in a typical meteorological year. 
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2. METHODOLOGY AND CALCULATION OF ENERGY SAVINGS 

2.1 FIELD DATA COLLECTION-LEVELS 1,2, AND 3 

A three-level data collection plan was developed for our evaluation of the ESPC. The 
approach is illustrated schematically in Fig. 1.7. Levels 1 , 2, and 3 are described in this section of 
the report. Energy-balance data were also collected to support the advancement of GHP system 
design and energy estimating methods and are discussed in Sects. 4,5, and 6. 

Level 1 addresses the total population of housing units. Data on electrical demand and 
consumption were collected at 15-minute intervals from submeters on 14 of the 16 electrical 
feeders that supply electricity to the family housing areas at Fort Polk. (We intended to monitor 
all feeders, but the project’s recording equipment could not be interfaced with existing metering 
on two feeders.) Temperature and humidity data were also collected at 15-minute intervals at four 
different locations within the family housing area. Level-1 data allows comparison of pre- and 
post-retrofit energy usage patterns in the aggregate of all loads served by each feeder. A 
schematic representation of the Level-1 data collection technique, pre- and post-retrofit, is 
presented in Fig. 2.1. 

vintages. In addition, all feeders serve street lighting, and some serve other loads as well, 
including sewage lift stations and a small maintenance facility. Table 2.1 lists the feeders and 
shows characteristics of the housing served by each feeder. 

Most feeders serve housing of just one construction vintage, but some serve a mixture of 

\ 
Fig. 2.1. Level-1 pre- and post-retrofit data collection technique. 
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Table 2.1 Characteristics of Fort Polk family housing stock 
Pre-retro Number Number Construction Total Average Installed 
HVAC of bldgs of units vintage ft2 ft*/unit tons 

1 all-electric 46 200 1981 231248 1156 300.0 
2 all-electric 416 1220 197611980 1741496 1427 2034.5 
3 all-electric 40 40 1976 74966 1874 80.5 
4 mixture 6 6 1975-1984 12004 2001 12.0 
5 gadelect. 45 100 197211975 149480 1495 190.0 
6 all-electric 22 80 1977 108768 1360 130.0 
7 all-electric 193 571 1977 906917 1588 987.5 

Feeder Retrofit 
Start 

81 1 Of95 
10/20/95 
311 1/96 
61 12/95 
513 Of95 
71 13/95 
3/12/95 

Construction 
end 

9/1/95 
3/25/96 
3/18/96 
8/8/96 
8110195 
811 Of95 
4130196 

11 gadelect. 57 152 
12 gadelect. 48 142 
13 gadelect. 47 162 
14 gadelect. 63 200 
15 all-electric 49 200 
16 all-electric 77 306 

975 212170 
975 184992 
975 202 168 
972 250 134 
984 276794 
987 387762 

396 269.0 4/11/95 4/17/96 
303 243.0 4/23/95 5/15/96 
248 265.0 4/29/95 5/16/96 
251 344.0 5/13/95 6/5/96 

267 459.0 6/5/96 7/1/96 
384 300.0 ~22195 6/24/96 

17 all-electric 82 275 1987 351873 1280 413.0 6/18/96 8/1/96 
18 all-electric 43 168 1988 235532 1402 273.5 6/18/96 8/1/96 
19 all-electric 56 181 1988 258313 1427 292.0 6/18/96 8/1/96 

TOTAL 1290 4003 5584617 1395 6593.0 
Notes: 
1. No family housing on Feeders 8 and 10; meter for Feeder 7 includes Feeder 9. 
2. Feeder 4 contains four units constructed in 1975 which were gadelectric prior to the retrofit, and two additional units 

constructed in 1977 and 1984 which were all-electric. 

Level-2 data focuses on a sample of 42 apartments in 13 buildings. Data on total electricity 
use of the apartment and the electricity use of the HVAC outdoor unit (heat pump or central air 
conditioner’s compressor, outdoor fan, and controls) were collected at 15-minute intervals in the 
pre-retrofit condition. Post-retrofit, data were collected on total electricity use of the apartment 
and total electricity use of the GHP (compressor, blower, ground loop pump and, desuperheater 
pump if connected). Level-2 data allows the determination of the coefficient of variation of 
savings across buildings and apartments. Figure 2.2 is a schematic representation of the pre- 
retrofit Level-2 data collection technique; Figure 2.3 represents post-retrofit data collection. 

In Level 3, more detailed energy use data were collected on a subsample of 18 of the 42 
Level-2 apartments (4 of the 13 buildings). In addition to total apartment electricity use and 
HVAC outdoor unit electricity use, 15-minute-interval data were collected to isolate the energy 
use of the water heater (electric resistance or gas), the electricity use of the indoor air handling 
system, and the heat energy use in the W A C  indoor unit (electric resistance or gas) in the pre- 
retrofit condition. In post-retrofit, in addition to data on total apartment electricity use and total 
GHP electricity use, data were collected to isolate the electricity use of the water heater and 
blower and compressor inside the GHP. Again, the subsample includes buildings whose floor 
areas, construction vintages, and other characteristics vary. This technical sample is useful for 
understanding the relative importance of the weather-sensitive end uses vs base loads, and it 
supports analysis to determine the savings attributable to the various conservation measures. Pre- 
and post-retrofit data collection is similar to that of Level 2, presented in Figs. 2.2 and 2.3. 
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Fig. 2.2. Level-2 pre-retrofit data collection technique. 

Fig. 2.3. Level-2 post-retrofit data collection technique. 
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2.2 CALCULATING ENERGY SAVINGS 

In order to determine electrical energy savings for each feeder, the 15-minute-interval energy 
consumption data were totaled for each day in the pre- and post-retrofit periods. Note that since 
construction took more than a year to complete, the pre- and post-retrofit periods are somewhat 
different for each feeder. The construction start and finish dates shown in Table 2.1 for each 
feeder (i.e., the dates when the first housing unit was started and the last housing unit was 
completed) were obtained from construction records; energy consumption data between these 
dates were excluded from the analysis. 

In Fig. 2.4, daily energy consumption is plotted vs daily average temperature for a typical all- 
electric feeder in the pre-retrofit period. The data fall into three distinct regions: a heating region, 
in which energy consumption is a linear function of temperature with negative slope; a cooling 
region, in which energy consumption is also a linear function of temperature, but with positive 
slope; and a constant-use region, in which energy consumption is independent of temperature. 
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Fig. 2.4. Daily electrical energy use for a typical feeder (Feeder 1) serving housing that was all- 
electric before the retrofits. 

The data in Fig. 2.4 suggests that a five-parameter, two-changepoint model can be used to 
describe the post-retrofit data for each feeder and the pre-retrofit data for those feeders that served 
all-electric residences. Daily energy consumption for these cases was correlated to a function of 
the form 

where Eo is laze non-weather-dependent da,, j energy consumption, Th ant T, are the heating and 
cooling changepoint temperatures, and mh and mc are the slope of energy use vs daily average 
temperature in the heating and cooling regions, respectively. 

A computer program was written to determine the parameters in Eq. (2.1) for a given data set. 
With an initial input of a guess for the changepoint temperatures, the algorithm calculates the non- 
weather-dependent consumption as the average energy consumption for all points corresponding 
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to temperatures between the changepoints. Points with temperatures below the heating 
changepoint temperature are correlated to a line which passes E, at the heating changepoint 
temperature. This determines the slope of the heating line. 

Correspondingly, points at temperatures above the cooling changepoint temperature are 
correlated to a line which passes through E, at the cooling changepoint temperature. Note that by 
using this algorithm, a trial five-parameter model is fixed once the two changepoint temperatures 
are selected. The program calculates the sum of squared errors between the energy consumption 
data and the energy consumption predicted by the trial five-parameter model. The downhill 
simplex method (Press et al. 1997) is used to determine the changepoint temperatures that 
minimize the sum of squared errors between the data and the model. 

typical feeder on which the residences were originally heated by natural gas. For these feeders, 
the data falls into only two regions: a cooling region, in which energy consumption is a linear 
function of daily average temperature, and a baseline region, in which energy consumption is 
independent of daily average temperature. For these feeders, a three-parameter, single- 
changepoint model was used, and the data were correlated to a function of the form 

Figure 2.5 is a plot of daily electrical energy consumption vs daily average temperature for a 

T I T, 
T’TC, 

where E, is the non-weather-dependent daily energy consumption, Tc is the cooling changepoint 
temperature, and m, is the slope of energy use vs daily average temperature in the cooling region. 
As with the algorithm for the five-parameter correlation, selecting a changepoint temperature fixes 
the values of the baseline energy consumption and the cooling slope. An algorithm similar to the 
one described above is used to determine the changepoint temperature that results in a model with 
the lowest sum of squared errors. 

12000 

10000 

8000 z 
f 
5 
A 6000 

w 

E 4000 
- 

2000 

0 
20 30 40 50 60 70 80 90 100 

Daily Average Temperature (F) 

Fig. 2.5. Daily electrical use for a typical feeder serving housing which was gadelectric before the 
retrofits. 

Daily energy consumption vs daily average temperature was correlated to a five- or three- 
parameter model as required for all 14 monitored feeders in their respective pre- and post-retrofit 
periods. The complete data set is shown in Fig. 2.6. Table 2.2 presents the parameters for each 
model. 
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Fig. 2.6. Pre- and post-retrofit daily electrical energy use for the 14 monitored feeders. 
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Table 2.2. Constants for five-parameter, dual-changepoint model for 
each feeder, pre- and post-retrofit 

mc RMSE rz Eo Th T c  mh 
(3%) ( O F )  (OF) (kWh/OF) (kWh/OF) Feeder Status 

1 pre 6597.5 
post 4729.6 

56.9 69.8 
49.1 65.7 

-200.7 
-97.6 

187.5 
104.7 

405.7 
461.7 

0.8938 
0.7295 

Pre 59304.4 
post 43003.9 

57.0 
54.5 

68.5 
65.7 

-2676.0 
-9 16.7 

2053.3 
1132.5 

434 1.8 
2345.4 

0.91 17 
0.9176 

Pre 
post 

2752.3 
2194.5 

57.5 
54.8 

68.1 
66.6 

-108.8 
-5 1.3 

89.3 
65.5 

271.1 
168.9 

0.8179 
0.8697 

4 Pre 350.9 
post 413.4 

62.4 
55.4 

69.1 
66.3 

-6.6 
-7.5 

19.7 
9.2 

XI 37.9 
33.6 

0.8519 
0.7600 

5 290.2 
100.2 

Pre 
post 

3766.5 
5009.8 

n/a 64.2 
57.0 65.5 

nla 
-78.8 

497.9 
389.1 

0.9437 
0.791 1 

6 Pre 3430.8 
post 2280.1 

56.7 
53.5 

67.9 
65.5 

-1 11.7 
-53.2 

106.7 
57.0 

297.4 
207.9 

0.8382 
0.8104 

7 pre 
post 

30 197.2 
13708.4 

57.6 
57.6 

69.6 
65.4 

-1488.0 
-355.0 

927.3 
365.3 

2347.4 
1047.3 

0.8922 
0.8703 

11 4149.7 
4212.6 

n/a 
53.9 

65.3 
64.3 

nla 
-89.7 

320.8 
121.0 

53 1 .a 
365.6 

0.9614 
0.8493 

Pre 
post 

12 pre 
post 

3594.6 
3649.1 

nla 63.7 
57.0 65.4 

253.0 
115.4 

427.8 
257.7 

0.9553 
0.9054 

nla 
-79.8 

13 pre 
post 

3968.9 
3994.3 

n/a 
54.6 

64.3 
65.4 

n/a 
-88.3 

297.1 
140.3 

478.3 
254.0 

0.9653 
0.8792 

14 pre 
post 

41 18.9 
4435.0 

63.9 
64.8 

nla 
56.6 

nla 
-109.6 

383.1 636.3 
144.8 359.1 

0.9649 
0.8985 

15 9000.9 
6120.3 

57.2 
57.0 

69.5 
66.3 

-465.5 
-169.7 

264.2 
135.6 

898.5 
427.6 

0.8729 
0.8936 

Pre 
post 

16 pre 
post 

13151.1 
11000.2 

54.1 
55.4 

70.0 
65.7 

-696.1 
-22 1.3 

576.4 1329.0 
250.7 630.3 

0.9042 
0.8972 

8736.7 
71 13.0 

70.6 
66.1 

17 pre 
post 

54.2 
54.9 

-483.9 
-156.0 

368.3 747.9 
151.6 413.9 

0.9246 
0.8852 

2.2.1 Level-1 Energy Savings 

Once pre- and post-retrofit correlations were developed for each feeder, energy consumption 
was normalized to a typical meteorological year (TMY). Lufkin, Texas, is the nearest inland 
location to Fort Polk for which TMY data exists, and the climate is similar to Fort Polk's. The 
average daily temperature was calculated for each TMY day, and the daily energy consumption for 
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each feeder in the pre- and post-retrofit condition was determined using the constants given in 
Table 2.2. Values for daily energy consumption were then totaled to give annual energy 
consumption for each feeder. The results of this analysis are shown in Table 2.3. 

from the other all-electric feeders. It was thought initially that energy consumption in these 
housing units would correlate well with year of construction, but this is not the case. However, 
Fig. 2.7 shows that there does seem to be a strong relationship between energy consumption per 
housing unit and the average floor area of the units. These correlations were used to estimate 
electrical consumption from the housing on Feeders 1 8 and 19. 

Based on this analysis, the total electrical energy consumption in family housing for a typical 
year at Fort Polk drops from 79.4 million kWh to 53.6 million kWh, a reduction of about 25.8 
million kWh, or 32.5% of the pre-retrofit consumption. This energy savings results in a reduction 
in CO, emissions of 20,900 tons per year, based on emission factors for the south-central region of 
the United States (Sand et al. 1997). Note that for units that were all-electric in the pre-retrofit 
period (housing on Feeders 1,2,3,6,7, 15, 16, 17, 18, and 19) the average savings is 35.3%, 
whereas for units that had natural gas heat before the retrofit (housing on Feeders 5, 11, 12, 13, 
and 141, the average savings is 16.7%. 

A possible shortcoming of the analysis is that the feeders may contain loads other than family 
housing. All feeders include streetlights, but it is known that Feeder 2, for example, serves both a 
sewage lift station and the offices of a maintenance contractor. Energy consumption for these 
nonhousing loads may not be the same for the pre- and post-retrofit periods. This seems almost 
certain to be the case for Feeder 4, which shows a net increase in energy consumption after the 
retrofits. The large reduction seen on Feeder 7 may also be due, in part, to a reduction in 
nonresidential loads. Another possibility is that some of the housing on Feeder 7 was switched to 
other feeders during the post-retrofit period. (The housing area feeders have switches and 
interconnections to enable power restoration when the normal configuration requires repair.) 
These possibilities could explain the relatively low savings on Feeders 3, 16, and 17. 

The analysis also assumes that the pre- and post-retrofit periods have the same rate of 
occupancy. Given the rate of vacancies in the Level-2 housing units, this appears to be the case: 
the vacancy rate in the pre- and post-retrofit periods is about 10% per month. However, as 
discussed in Sect. 2.4 below, occupancy does have a significant impact on electrical energy use in 
family housing. Given the method of monitoring and verification used in the Fort Polk ESPC, 
periods with a vacancy rate higher than 10% will appear to save additional energy; in fact this 
apparent “savings” is due to the unoccupied housing units. 

Since no data were available for Feeders 18 and 19, energy savings were estimated using data 

Natural Gas Savings 

Unlike electrical energy use, which is submetered at 16 different locations throughout the 
family housing areas, natural gas consumption at Fort Polk is measured by a single meter for the 
entire base, of which family housing is one part. Natural gas usage in family housing is 
determined by a formula that allocates energy use to various administrative accounts. The only 
data available to us were the 55 months of historical family housing natural gas allocations 
provided in the contract. This data is reproduced in Table 2.4. In Fig. 2.8, the adjusted natural gas 
consumption per month is plotted against heating degree days per month. After eliminating the 
outliers (data for April 1990, July 1992, and January 1993 appear to be in error), linear regression 
gives the following formula for monthly natural gas consumption: 

E = (5.013737 x X + 1150.209) x (d30) , (2.3) 
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Table 2.3. Pre- and post-retrofit TMY energy use by feeder for Level-1 data 

Savings 
- 

Pre-Retrofit Post-Retrofit 
Annual Annual Daily Annual Annual Daily Total Percent kWh per kWh per kWh/ton 
kWh kWh/ft2 kWh/unit kWh kWh/ftz kWh/unit kWh savings residence ft2 installed 

I 
2 
3 
4 
5 
6 
7 
11 
12 
13 
14 
15 
16 
17 
18 
19 

TOTAL (TMY): 

2873622 
27722779 

I27301 1 
1701 19 

1299381 
1551831 

139 1 8902 
2278945 
2002 139 
22 16799 
2530362 
4 137766 
61 12001 
40 15635 
3466581 
38436 15 

79413489 

12.43 39.36 
15.92 62.26 
16.98 87.19 
14.17 77.68 
8.69 35.60 

14.27 53.14 
15.35 66.78 
10.74 41.08 
10.82 38.63 
10.97 37.49 
10.12 34.66 
14.95 56.68 
15.76 54.72 
11.41 40.01 
14.72 56.53 
14.88 58.18 
14.22 54.35 

2001455 
18957249 

977428 
17660 1 

130 1 949 
999095 

62 17805 
1912352 
1678039 
1852790 
2076470 
2687859 
4763891 
30497 13 
2330146 
260374 I 

53586583 

8.66 
10.89 
13.04 
14.71 
8.71 
9.19 
6.86 
9.01 
9.07 
9.16 
8.30 
9.71 

12.29 
8.67 
9.89 

10.08 
9.60 

27.42 
42.57 
66.95 
80.64 
35.67 
34.22 
29.83 
34.47 
32.38 
3 1.33 
28.44 
36.82 
42.65 
30.38 
38.00 
39.41 
36.68 

872 I67 
8765530 
295583 

-6482 
-2568 

552736 
770 1097 
366593 
324100 
364009 
453892 
449907 
3481 10 
965922 
136435 

1239874 
25826906 

30.4% 
3 1.6% 
23.2% 
-3.8% 
-0.2% 
35.6% 
55.3% 
16.1% 
16.2% 
16.4% 
17.9% 
35.0% 
22.1% 
24.1% 
32.8% 
32.3% 
32.5% 

436 I 
7185 
7390 

- I080 
-26 

6909 
13487 
2412 
2282 
2247 
2269 
7250 
4406 
35 12 
6764 
6850 
6452 

3.77 2907 
5.03 4308 
3.94 3672 

-0.54 -540 
-0.02 - 14 
5.08 4252 
8.49 7799 
1.73 1363 
1.75 1334 
I .80 1374 
1.81 1319 
5.24 4833 
3.48 2937 
2.75 2339 
4.82 4155 
4.80 4246 
4.62 3917 

Notes: 
I .  
2. 

3. 

Calculations based on typical meteorological year for Lufiin, Texas, which is the nearest location to Fort Polk with complete TMY data. 
Average family housing electrical use for 1989-1992 was 81.4 MWh/yr, some 2.5% higher than the 1994-1995 baseline normalized to Lufiin 
TMY data. 
Percent savings varies by feeder because of a number of factors: 
- Type of HVAC equipment replaced (all-electric or gas/electric) 
- Retrofits installed (e.g., not all housing received additional attic insulation) 
- Existence of nonhousing loads on some feeders; see note (4). 
Meter 2 includes a sewage lift station and the offices ofa maintenance contractor; Feeder 4 also likely contains significant nonhousing loads 
No family housing on Feeders 8 and 10; meter for Feeder 7 includes Feeder 9 
Pre- and post-retrofit energy use are estimated for Feeders 18 and 19. 

4. 
5. 
6. 
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Fig. 2.7. Annual electrical use on feeders serving all-electric housing, pre- and post-retrofit. 

Table 2.4. Historical natural gas use in Fort Polk family housing 

Heating Gas use Heating Gasuse 
Month degree days (1 000 ft3) Month degree days (1000 ft') 
08/88 
09/88 
10/88 
11/88 
12/88 
0 1/89 
02/89 
03/89 
04/89 
05/89 
06/89 
07/89 
08/89 
09/89 
10189 
11/89 
12/89 
01/90 
02/90 
03/90 
04/90 
05/90 
06/90 
07/90 
08/90 
09/90 
10190 
11/90 

0 
0 

39 
152 
420 
333 
43 5 
300 
76 
0 
0 
0 
0 

12 
67 

205 
688 
339 
195 
179 
80 
5 
0 
0 
0 
5 

105 
191 

893 01/91 548 
1258 
1474 
2309 
3227 
2847 
3191 
342 1 
2465 
1495 
21 1 
815 
789 

1360 
1424 
2086 
4268 
236 1 
3117 
1520 

40 
151 1 
1502 
948 
978 

1193 
1483 
2125 

0219 1 
0319 1 
0419 1 
0519 1 
0619 1 
0719 1 
0819 1 
0919 1 
1019 1 
11/91 
12/91 
01/92 
02/92 
03/92 
04/92 
05/92 
06/92 
07/92 
08/92 
09/92 
10192 
1 1/92 
12/92 
01/93 
02/93 

304 
189 
18 
4 
0 
0 
0 
1 

26 
3 84 
358 
520 
309 
161 
73 
20 
0 
0 
0 

27 
17 

367 
380 
476 
3 77 

5304 

12/90 43 9 L L L - l  

2544 
268 1 
1474 
1140 
1191 
1192 
1452 
1199 
1199 
3 173 
2764 
3638 
2244 
2244 
1418 
1139 
1394 
3436 
5 83 
943 

1480 
2497 
4633 
98 1 

2428 

313< 
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Fig. 2.8. Natural gas consumption at Fort Polk based on historical data. 

where E is the gas consumption in thousand cubic feet, X is the number of heating degree days 
(base 65°F) per month, and n is the number of days per month. The 8 of the regression line is 
0.78. The regression line was used to estimate the natural gas savings which would result from the 
retrofits, assuming the historical allocations are correct. Using the TMY for Lufkin, Texas, the 
regression line predicts a pre-retrofit natural gas consumption in family housing of 23,588 kcf in a 
typical year. Assuming a heating value of 1000 Btu per cubic foot, this is 235,880 therms. 

subtracting the actual post-retrofit natural gas consumption from a weather-corrected baseline 
consumption formula, 

For the purposes of the performance contract, monthly natural gas savings are determined by 

E = (3.93279 x X + 1294.785) x (d30)  , 

where the variables are the same as in Eq. (2.3). Although this is different from Eq. (2.3), using 
the Lufkin TMY, the contract baseline predicts an annual natural gas consumption of 232,780 
therms. For comparison, the average annual allocation for January 1989 through December 1992 
from Table 2.4 is 235,590 therms. 

Prior to the retrofits, 760 housing units at Fort Polk used natural gas for space heating, water 
heating, and cooking. After the retrofits, only the gas-fired ranges and ovens remain. One 
published value for gas use in ranges and ovens is 60 therms per year (Huang et al. 1987). The 
Energy Information Administration, on the other hand, reports a national average of 77 therms per 
year, but this includes other appliances such as clothes dryers, outdoor gas grills, hot tubs, etc. 
(EIA 1995). Based on these figures we decided to use the lower estimate. We assumed that after 
the retrofits, gas-fired ranges and ovens in the 760 residences accounted for 45,600 therms of 
natural gas per year. The annual post-retrofit gas use will then be 45,600 therms. If the allocation 
formula is correct, the retrofits will save about 190,000 therms of natural gas per year. 

Another way to estimate the natural gas savings is to compare pre-retrofit electrical energy use 
in the gas/electric residences to the all-electric residences. Based on the data in Table 2.3, in a 
typical pre-retrofit year, gas/electric residences used about 10.3 8 kWhlft2, while all-electric 
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residences used 15.06 kWh/fl?. All things being equal, the difference of 4.68 kWh/fl? should 
represent the annual electrical energy use per square foot for space heating, water heating and 
cooking in the all-electric residences. ETA (1995) reports an average use of 458 kWh per 
household for electrical ovedrange combinations. Since there are 3243 all-electric residences 
with a total of 4,577,669 fl?, the electric ovedranges account for about 0.32 kWh/ft*. Thus we 
estimate that prior to the retrofits, water heating and space heating loads in the all-electric 
residences accounted for 4.36 kWh/fl? of electrical use. A conservative assumption is that the 
gas/electric residences have approximately the same loads as the all-electric housing. (Actually, 
as the oldest housing at Fort Polk, the gadelectric housing would tend to have higher loads than 
the all-electric housing.) Multiplying 4.36 kWh/ftz by the total floor area of the 760 gadelectric 
residences (1,006,948 fl?) gives 4,390,293 k W y r .  Converting this into natural gas requires some 
additional assumptions. 

First of all, based on our analysis of the Level-3 all-electric sites, we estimate that each 
gadelectric residence would have used 3826 kWh/yr for water heating prior to the retrofits, had 
electric water heaters been present. Multiplying this by the number of gadelectric residences 
gives 2,907,760 kWh/yr. To convert this number to natural gas we assume an energy factor of 0.9 
for an electric water heater and an energy factor of 0.55 for a gas water heater. Then the annual 
pre-retrofit gas use for water heating in the 760 gas/electric residences was approximately: 

(2,907,760 kWh) - (0.9/0.55) . (3413 Btu/kWh) (1 therm/l00,000 Btu) = 162,396 therm. 

Subtracting the energy used for hot water heating from the total leaves 1,482,533 kWh per 
year for heating. Assuming that the coefficient of performance (COP) of a heat pump in heating 
mode is 1.4, and for the gas furnace the efficiency is 0.7, the annual gas use for space heating in 
the 760 gadelectric residences is approximately: 

(1,482,533 kWh) - (1.4/0.7). (3413 Btu/kWh). (1 therm/100000 Btu) = 101,198 therm. 

Based on this analysis, a conservative estimate of the total annual natural gas use for heating 
and water heating is approximately 263,000 therms. Since this is some 38% higher than the gas 
use for space heating and water heating we would predict based on historical natural gas 
allocations, we conclude that the allocation formula underestimates the natural gas use in family 
housing. A more reasonable estimate is that the ESPC results in an annual natural gas savings of 
about 260,000 therms. This savings will also reduce CO, emissions by about 1500 tons per year, 
based on emissions for natural gas furnaces (L’Ecuyer et al. 1993). 

2.2.2 Level-2 Energy Savings 

In addition to the feeder-level data, 15-minute-interval data on energy consumption were 
collected for a sample of 42 housing units (1 single-family residence and 4 1 apartments) in 13 
separate buildings. Physical characteristics of these buildings are presented in Table 2.5. Given 
the high degree of variability in data from individual apartments in multiple-family buildings, we 
decided to develop energy-use models for entire buildings rather than for individual apartments by 
totaling the daily energy consumption for each apartment within each monitored building. Prior to 
the retrofits, all of the Level-2 sites were heated by electrically driven air-source heat pumps. 
Thus for each of the buildings, pre-retrofit daily electrical energy use was correlated to daily 
average temperature assuming a five-parameter, dual-changepoint model. A separate dual- 
changepoint correlation of daily energy use vs daily average temperature was then developed for 
the post-retrofit data. The parameters for the pre- and post-retrofit models for each building are 
presented in Table 2.6. 

21 



As in the Level- 1 analysis, pre- and post-retrofit energy consumption from the Level-2 sites 
were normalized to the Lufkin, Texas, typical meteorological year. For each day in the TMY, the 
average daily temperature was substituted into the corresponding dual-changepoint model to 
determine energy use on that day. Daily energy use was then summed over the 365 days to 
calculate TMY electrical energy use, pre- and post-retrofit, for each building. The results of these 
calculations are presented in Table 2.7. 

The Level-2 buildings are a random sample of the family housing population, and as such the 
energy savings for the sample should be representative of the savings achieved across the entire 
population. According to FEMP Measurement and Verification Guidelines (issued by DOE’S 
Office of Federal Energy Management Programs), the sample size n required to estimate savings 
for the entire population can be determined from the formula 

Z*CV(,y)* 

P2 
n =  ? 

where z is the random deviate corresponding to the degree of confidence of the estimate, cv(y) is 
the coefficient of variation across the population, andp is the precision level (DOE 1996a). FEMP 
recommends a value of z = 1.282 (corresponding to an 80% degree of confidence) and a precision 
level of 20%. Assuming a coefficient of variation of 0.5, the required sample size is 11, which 
indicates that the Level-2 sample of 13 buildings is adequate to characterize the entire population. 

From Table 2.7, the total annual energy savings for the Level-2 sample of 13 buildings is 
308,016 kwh. This is an average energy savings per building for the Level-2 sample of 23.69 
MWh per year (since the standard deviation is 13.32 MWh, the coefficient of variation is 0.56). 
Thus the Level-2 sample indicates that the total savings for the 982 buildings which were all- 
electric prior to the retrofits should be about 23,260 MWh. From Table 2.3, the feeder-level 
savings estimate for housing which was all-electric prior to the retrofits (Feeders 1,2,3,6,7,  15, 
16, 17, 18 and 19) is 24,330 MWh, or 35.3%. The Level-2 sample predicts the TMY energy 
savings calculated from the feeder-level data to within 5%. 

The foregoing analysis assumes that energy savings are normally distributed across the 
population. However, it is known that energy savings is related to building area. Figure 2.9 is a 
plot of energy savings vs floor area for the 13 Level-2 buildings. Linear regression of the data 
indicates that the TMY energy savings per building in MWh can be estimated by 0.006305 x 
A - 3.4627, where A is the building area in square feet. The total area of the 982 buildings that 
were all-electric in the pre-retrofit is 4,348,509 ft2; thus, the linear correlation predicts a TMY 
energy savings of 0.006305 x 4,348,509 - 982 x 3.4627 = 24,016,135 kWh, or 24,016 MWh and 
34.8% of pre-retrofit energy consumption. This is just f .3% lower than the value of 24,330 MWh 
obtained from the feeder-level data. The difference between the two estimates may be explained 
by the fact that power from the electrical feeders is transformed to 220 V for the building service 
entrances. The lower power consumption after retrofit reduces the load on the transformers, 
thereby reducing their losses. Since this savings is not measured in building-level data, it is 
expected that savings measured at the feeder level will be somewhat higher (Barnes et al. 1996). 

22 



Table 2.5. Characteristics of the 12 Level-2 buildings analyzed 

Number of Total f f i  Installed Const. 
ff unit tons vintage Building Feeder units 

209 7 4 7016 1754 6 1977 
210 6 4 4696 1174 6 1977 
21 1 3 1 1794 1794 2 1976 
213 1 4 4632 1158 6 1981 
214 2 2 3456 1728 4 1976 
215 2 4 4292 1073 6 1976 
216 2 2 3396 1698 4 1976 
217 2 2 3728 1864 4 1976 
218 2 4 4292 1073 6 1976 
219 2 4 4292 1073 6 1976 
220 2 5 6282 1256 7.5 1980 
22 1 16 4 5576 1394 6 I988 
223 19 2 2542 1271 3 1988 

Table 2.6. Constants for five-parameter dual-changepoint models 
for the 12 Level-2 buildings 

RMSE r? Eo Th TC mh  mC 
(kW) (OF) (OF) (kWh/"F) (kWh/OF) Building Status 

209 

210 

21 1 

213 

214 

215 

216 

217 

218 

219 

220 

22 1 

223 

Pre 
post 
Pre 
post 
Pre 
post 
Pre 
post 
Pre 
post 
Pre 
post 
Pre 
post 
Pre 
post 
Pre 
post 
Pre 
post 
Pre 
post 
Pre 
post 
Pre 
DOSt 

228.5 
174.9 
142.0 
67.7 
58.0 
41.5 

133.7 
85.5 
90.2 
99.4 

208.2 
91.4 
91.3 
82.0 

122.5 
72.3 

155.4 
146.0 
181.1 
103.6 
166.3 
94.8 

165.8 
110.2 
72.6 
73.2 

59.7 
56.7 
51.4 
51.8 
59.8 
55.9 
50.1 
55.6 
51.3 
51.7 
58.1 
58.3 
61.3 
55.8 
52.2 
55.8 
56.4 
56.6 
61.4 
56.7 
52.8 
44.7 
54.2 
55.6 
60.2 
52.6 

68.1 -12.38 
69.1 -5.5 1 
60.4 -4.79 
64.7 -2.10 
67.1 -2.16 
68.3 -1.22 
74.4 -10.07 
61.2 -1.49 
54.3 -5.56 
52.9 -0.53 
74.9 -5.03 
66.1 -1.87 
70.9 -7.47 
57.8 -1.77 
68.9 -7.18 
73.2 -2.38 
68.8 -6.28 
66.3 -1.10 
66.2 -6.01 
66.9 -2.09 
68.4 -8.4 1 
65.2 -4.66 
66.2 -7.42 
73.1 -3.69 
75.8 -5.15 
67.9 -1.44 

9.73 
4.91 
3.78 
2.61 
2.01 
1.47 
3.96 
1.46 
3.46 
0.10 
9.28 
6.42 
4.43 
2.17 
3.90 
3.44 
6.23 
3.86 
4.45 
0.08 
5.77 
3.46 
4.89 
6.82 
7.13 
2.33 

54.0 
38.8 
26.5 
22.7 
19.9 
12.0 
19.8 
20.3 
23.2 
15.5 
41.2 
25.5 
26.3 
17.0 
33.3 
23.7 
33.7 
22.0 
36.7 
19.4 
29.2 
23.4 
40.3 
25.7 
28.5 
17.1 

0.7158 
0.5181 
0.6320 
0.4546 
0.3838 
0.4122 
0.5062 
0.2696 
0.7045 
0.3 186 
0.5269 
0.7171 
0.6635 
0.5594 
0.495 1 
0.3679 
0.6089 
0.5577 
0.4770 
0.3454 
0.6343 
0.5357 
0.4456 
0.5544 
0.5581 
0.3282 
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Table 2.7. Pre- and post-retrofit TMY energy use for the 13 Level-2 buildings 

Post-Retrofit Projected Savings 
____ 

Pre-Retrofit 
Building Annual Annual Daily Annual Annual Daily Annual Annual Annual Annual Percent 

kWh kWh/ft2 kWhtuni kWh kWh/ft2 kWh/unit kWh kWh/unit kWh/ft2 kWhtton savings 
t 

209 
210 
21 1 
213 
214 
215 
216 
217 
218 
219 
220 
22 1 
223 

1 16,223 
67,54 1 
27,865 
55,895 
53,435 
87,72 1 
49,545 
55,045 
72,639 
84,333 
75,753 
76,293 
37,277 

16.57 
14.38 
15.53 
12.07 
15.46 
20.44 
14.59 
14.77 
16.92 
19.65 
12.06 
13.68 
14.66 

79.60 
46.26 
76.34 
38.28 
73.20 
60.08 
67.87 
75.40 
49.75 
57.76 
41.51 
52.26 
5 1.06 

76,836 
32,347 
18,776 
37,289 
37,121 
49,484 
40,463 
3 1,548 
62,65 1 
39,891 
43,69 1 
49,597 
3 1,856 

10.95 
6.89 

10.47 
8.05 

10.74 
11.53 
11.91 
8.46 

14.60 
9.29 
6.95 
8.89 

12.53 

52.63 
22.16 
5 1.44 
25.54 
50.85 
33.89 
55.43 
43.22 
42.9 1 
27.32 
23.94 
33.97 
43 -64 

39,387 9,847 
35,194 8,799 
9,089 9,089 

18,607 4,652 
16,314 8,157 
38,237 9,559 
9,083 4,541 

23,496 1 1,748 
9,988 2,497 

44,443 11,111 
32,062 6,412 
26,697 6,674 

5,420 2,710 

5.61 
7.49 
5.07 
4.02 
4.72 
8.91 
2.67 
6.30 
2.33 

10.35 
5.10 
4.79 
2.13 

6,565 
5,866 
4,544 
3,101 
4,078 
6,373 
2,27 1 
5,874 
1,665 
7,407 
4,275 
4,449 
1,807 

33.9% 
52.1% 
32.6% 
33.3% 
30.5% 
43.6% 
18.3% 
42.7% 
13.8% 
52.7% 
42.3% 
3 5 .O% 
14.5% 

Total: 859,565 15.35 56.07 551,549 9.85 35.98 308,016 7,334 5.50 4632 35.8% 
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Fig. 2.9. TMY energy savings vs building floor area for the 13 Level-2 buildings. 

2.2.3 Energy Savings by Energy Conservation Measure 

With the output from the calibrated TRNSYS model of one feeder (Feeder 1) supplying 200 
apartments in 46 buildings, it is possible to determine the relative impact of each of the four 
energy conservation measures. (This model is discussed in further detail in Sect. 4.) Table 2.8 
presents a breakdown of the pre- and post-retrofit average energy use per apartment per day for 
space conditioning, water heating, and lighting and appliances, based on the simulation of the 
entire feeder. The results, shown in Fig. 2.10, indicate that, due to the retrofits, energy use for 
lighting and other appliances was reduced by 18%, energy use for water heating was reduced by 
7 1 %, and energy use for space conditioning was reduced by 27%. Figure 2.1 1 shows the 
proportion of total energy savings contributed by each measure: the geothermal heat pumps 
(including desuperheaters) were responsible for 66% of total energy savings, lighting retrofits for 
29%, and low-flow shower heads for 5%. Although the housing on this feeder was constructed in 
1981, no additional attic insulation was installed as part of the ESPC project because in the 
ESCO’s judgement it would not have been cost-effective. 

case is insignificant. The analysis of these interactions is discussed in Sect. 4.4.2. 
There are interactions between the various conservation measures, though their effect in this 

Table 2.8. Average daily energy use per apartment per day (in kWh) 
for the modeled feeder 

Total 

Re-retrofit 13.81 7.08 20.52 4 1.40 
Post-retrofit 10.03 2.05 16.82 28.90 

Space Water Lighting/ 
conditioning heating appliance 



2.2.4 ESCO-Metered Data 

As part of its own efforts to document pre- and post-retrofit energy use, the ESCO manually 
recorded data from existing kilowatt-hour meters on a number of housing units at Fort Polk. Two 
sets of meter readings were obtained from the ESCO, one from March 1995 through November 
1996 covering 50 units, and another from October 1995 throughNovember 1996 covering an 
additional 95 units. Beginning in October 1995, the meters were read on the same day of the 
month for both sets, allowing them to be combined into a single set from that date on. Since the 
retrofit date for each unit was known, the combined readings were then divided into pre- and post- 
retrofit sets. 
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Fig. 2.10. Impact of retrofits on space conditioning, water heating, and lighting/appliance loads. 
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Fig. 2.11. Breakdown of energy savings by conservation measure. 
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In order to develop an independent estimate of energy savings based on these meter readings, 
it was necessary to normalize them to a TMY. This was achieved by correlating average daily 
consumption (in kWh/ftz per day) from the meter readings with the average heating and cooling 
degree days per day in each month (base 65°F) for the pre- and post-retrofit data. Note that since 
construction was ongoing during the period the meter readings were taken, the number of readings 
that fall into the pre- and post-retrofit categories varies from month to month. In each month, 
energy consumption was totaled for those units that had readings. This total was divided by the 
total square feet of living space contained in the units for which readings had been taken and by 
the number of days in the period. This gave the average kWMP per day for the period. Figures 
for heating and cooling degree days per day for each period were obtained from the project’s 
monitored weather data. 

A problem with the ESCO’s data was that the sample included only ten apartments that had 
gadelectric systems in the pre-retrofit period. Since the proportion of gadelectric apartments in 
the sample is much smaller than the proportion in the housing population, a separate correlation 
was attempted for the gadelectric apartments. However, of the ten apartments in the sample, only 
seven included any pre-retrofit data, and then for an average of only five months in each case. The 
correlation did not produce a reliable value for annual energy consumption per square foot for pre- 
retrofit gadelectric apartments, based on comparison with the figures in Table 2.3. Thus it was 
decided to eliminate the ten gadelectric apartments from the data. 

Table 2.9 presents the results of the analysis of the ESCO’s meter readings for the pre- and 
post-retrofit; the data is plotted in Fig. 2.12. Whennormalized to a TMY, the ESCO’s meter 
readings indicate an average annual pre-retrofit energy consumption of 14.89 kWhM? and an 
average annual post-retrofit consumption of 9.79 kWWft2, for a savings of 34.4%, which compares 
closely to the values of 35.3% obtained from our feeder-level data and 34.8% from our building- 
level data. The ESCO data were obtained from meters that were installed when the apartments 
were built and never calibrated or read on a regular basis thereafter, until the ESCO started to do 
so in 1995. Under the circumstances, the close agreement is surprising. 

Table 2.9. Summary of ESCO meter readings, pre- and post-retrofit 
Pre-Retrofit Post-Retrofit 

Days in Average degree- kWh/ft2 Total Days in Average degree- kWh/ft2 Total 
period days per day per day f t 2  period days per day per day ff 

28 
35 
35 
28 
28 
35 
30 
27 
33 
29 
33 
29 
31 
31 
31 
34 

9.05 
6.01 

14.09 
16.99 
21.10 
21.85 
14.70 
4.95 

11.08 
16.67 
20.07 
10.49 
1 1.22 
6.64 

12.09 
16.46 

0.0337 
0.0328 
0.0421 
0.0453 
0.0509 
0.05 12 
0.0552 
0.0325 
0.0321 
0.0447 
0.0540 
0.0389 
0.0372 
0.0409 
0.0409 
0.0495 

49500 
49500 
49500 
49500 
43740 
38874 

121423 
10998 1 
112736 
11 1546 
109400 
93215 
53214 
31791 
29 153 
1 1095 

28 
35 
35 
28 
28 
35 
30 
27 
33 
29 
33 
29 
31 
31 
31 
34 
30 
33 
28 
37 

9.05 
6.01 

14.09 
16.99 
21.10 
2 1.85 
14.70 
4.95 

11.08 
16.67 
20.07 
10.49 
11.22 
6.64 

12.09 
16.46 
18.64 
15.06 
8.96 
3.52 

0.0264 
0.0241 
0.0270 
0.0322 
0.0355 
0.0356 
0.03 1 1 
0.0235 
0.0238 
0.0256 
0.0304 
0.0247 
0.025 1 
0.0250 
0.0245 
0.0315 
0.0275 
0.0305 
0.0254 
0.0212 

19702 
19702 
19702 
18121 
18121 
18121 
433 19 
61088 
78016 
80002 
80002 
82148 

100672 
145406 
165639 
157406 
180837 
191567 
195948 
192628 
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Fig. 2.12. Electricity use per square foot per day from ESCO monthly meter readings, pre- and 
post-retrofit. 

2.3 CALCULATING PEAK DEMAND SAVINGS 

In general, electrical demand is a complex phenomenon that depends on a number of variables 
such as time of day and day of the week, outdoor temperature, average temperature during a 
number of past hours, and average temperature during a number of past days. Utilities commonly 
use five years or more of historical data for their demand models (Kim 1982). A rigorous analysis 
of electrical demand savings of the Fort Polk project would require the development of such 
models for both the pre- and post-retrofit for each feeder. As in the case of annual energy 
consumption, the models would then be normalized to a typical meteorological year to determine 
the savings. 

For the purposes of this evaluation, we used a simpler approach, more appropriate for the 
project (one year of pre-retrofit and about one year of post-retrofit data). Daily average 
temperature was assumed to be the dominant variable in determining peak electrical demand. The 
15-minute-interval energy consumption data allowed us to determine daily electrical demand 
profiles for each feeder. The hour of interest (coincident with serving utility peak demand) was 
taken to be 4 to 5 p-m. Demand profiles from three pre-retrofit and three post-retrofit days with 
essentially identical temperatures were selected and used to establish three-day-average pre- and 
post-retrofit profiles. Demand savings was determined as the difference between the three-day- 
average profiles averaged over the 4 to 5 p.m. time period. 

Fig. 2.13. The average temperature for the pre- and post-retrofit periods corresponds to the 
highest temperature observed in the post-retrofit period. The post-retrofit data are not available at 
the most extreme (highest) daily average temperatures observed in the pre-retrofit period on some 
feeders because the summer of 1996 was relatively mild, and retrofit construction on some feeders 

Pre- and post-retrofit demand profiles for a typical all-electric feeder, Feeder 2, are shown in 
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was not completed until well into August 1996. Since the demand savings of interest is the 
demand savings on the extreme days, it was necessary to repeat our matched group analysis (three 
days pre/post at essentially identical average daily temperatures) at several daily average 
temperatures and then extrapolate to the most extreme daily average temperature observed in the 
pre-retrofit data (91.58 OF). Figure 2.14 shows the results of this analysis for Feeder 2. 

f\ Reretrofit,~av= 88.3, i 
threedav averaae 

1 ,  

-b kUtilityPeakHour Past-retrofit, Ta~88.5, threeday average 

1200~~ ZWAM ~ W A M  6 0 0 ~ ~   AM ~ U O J A M  izmw zoom 4 0 0 ~ ~  6 m w  BWPM maw i zwm 
litTBdlby 

Fig. 2.13. Pre- and post-retrofit demand profiles for three-day average “peak day,” Feeder 2. 
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Fig. 2.14. Demand during utility peak hour vs daily average temperature, pre- and post-retrofit. 
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The results of the feeder-by-feeder analysis of peak demand are shown in Table 2.10. The 
total peak demand reduction for the family housing area is estimated at 7.55 MW, or 43.5% of the 
pre-retrofit peak demand. The energy and demand savings correspond to an improvement in the 
whole-community annual electric load factor from about 0.52 to 0.62. 

Table 2.10. Peak demand, annual consumption, and load factor by feeder, 
pre- and post-retrofit 

Feeder 
Pre-Retrofit Post-Retrofit 

Peak Annual Load Peak Annual Load 
kW kWh factor kW kWh factor 

Demand Percent 
reduction reduction 

1 600 2873622 0.55 405 2001455 0.56 1 94 32.4% 
2 5639 27722779 0.56 3376 18957249 0.64 2263 40.1% 

4 54 170119 0.36 28 176601 0.73 26 48.6% 
5 499 1299381 0.30 287 1301949 0.52 212 42.5% 
6 276 1551831 0.64 200 999095 0.57 75 27.3% 
7 2490 13918902 0.64 1125 6217805 0.63 1366 54.8% 
11 774 2278945 0.34 395 1912352 0.55 379 49.0% 

3 248 1273011 0.59 213 977428 0.52 35 14.1% 

12 603 2002139 0.38 354 1678039 0.54 249 4 1.3% 
13 702 2216799 0.36 341 1852790 0.62 36 1 5 1.4% 
14 865 2530362 0.33 438 2076470 0.54 427 49.3% 
15 782 4137766 0.60 448 2687859 0.68 334 42.7% 
16 1475 6112001 0.47 809 4763891 0.67 666 45.2% 
17 900 4015635 0.51 493 3049713 0.71 408 45.3% 
18 694 3466581 0.57 429 2330146 0.62 265 38.2% 
19 770 3843615 0.57 479 2603741 0.62 290 37.7% 

Total 17371 79413489 0.52 9820 53586583 0.62 7551 43.5% 
Notes: 
1. Pre- and post-retrofit annual consumption and demand estimated for Feeders 18 and 19. 
2. Post-retrofit demand was estimated for Feeder 13 because of an equipment failure during peak cooling season. 

2.4 EFFECT OF VACANCY RATE ON APPARENT ENERGY SAVINGS 

Although our pre- and post-retrofit data shows that electrical energy use in family housing 
at Fort Polk is highly dependent on daily average temperature, comparison with the historical data 
suggests that not all of the variation is explained by weather. Table 2.1 1 shows the metered annual 
energy use in Fort Polk family housing for 1989 through 1992, along with the predicted energy 
consumption based on our feeder-level daily energy consumption models. The predicted values 
were calculated using historical data on measured average daily temperature at Fort Polk. The 
standard deviation of the model error is 3.5 million kWh per year, or about 4.3% of the average 
annual electrical energy use during the period. 

more significant source of variability in annual energy use may be the rate of occupancy in family 
housing. Table 2.12 presents the number of vacant units per month from October 1995 through 
May 1997 (Gordon 1998). The average number of vacant units per month is 6 17, and the standard 
deviation is 148 vacancies per month. The data, which are plotted in Fig. 2.15, suggest that the 
major variation in occupancy is from year to year rather than month to month, All other things 

While some of the variation may be attributed to inaccurate meter readings (Gordon 1997), a 
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Table 2.11. Comparison of historical metered electrical energy use with predicted use 
Year Metered Predicted Error 

1989 79.7 81.4 1.8 
(lo6 kWh) (lo6 kWh) (lo6 kWh) 

1990 86.5 80.4 -6.1 
1991 83.5 80.9 -2.6 
1992 75.9 77.4 1.5 

Table 2.12. Vacant housing units per month 

Vacancy 
Month Vacant Units (%I 
Oct 95 408 10.2% 

Nov 95 436 10.9% 
Dec 95 469 1 1.7% 
Jan 96 465 1 1.6% 
Feb 96 43 8 10.9% 
Mar 96 445 11.1% 
Apr 96 423 10.6% 

May 96 494 12.3% 
Jun 96 63 8 15.9% 
Jul96 719 18.0% 

Aug 96 725 18.1% 
Sept 96 725 18.1% 
Oct 96 735 1 8.4% 

Nov 96 764 19.1% 
Dec 96 803 20.1% 
Jan 97 78 1 19.5% 
Feb 97 77 1 19.3% 
Mar 97 750 18.7% 
Apr 97 696 17.4% 

May 97 660 16.5% 

being equal, energy consumption in family housing should be proportional to the number of 
occupied housing units. From Table 2.3, the mean pre-retrofit energy use per housing unit at Fort 
Polk is 54.35 kwhlday, or 19,838 kWh/year. Thus if the number of occupied units varies by 148 
per year, we would expect the variation in weather-con-ected annual electrical energy use to be on 
the order of (19,838)(148) = 2.9 million kWh per year. This suggests that the model error of 3.5 
million kWh per year may be primarily due to varying occupancy. 

Figure 2.15 shows that the vacancy rate fi-om June 1996 through May 1997 was roughly 
double what it had been previously. Since about half of our post-retrofit data was collected during 
the low-vacancy period before June 1996 (for some feeders post-retrofit data collection began as 
early as September 1995), we would expect our model predictions for post-retrofit energy 
consumption to be somewhat higher than the actual energy consumption during months with high 
vacancy. 

To estimate post-retrofit energy use in a year such as 1997 with an average of 732 vacancies 
per month (87.1 % occupancy), we developed a simple approach to correct our feeder models given 
the data in Table 2.12. First, since no data were available on vacancy rates for the individual 
feeders, we assumed that the vacancy rate was the same across all feeders. Then, for each feeder 
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year). During the annual review, actual meter readings can be reconciled with the contract 
baseline conditions (normal weather, normal occupancy, etc.) before verifLing the guarantee. 
Under the old shared-savings authority where M&V was used to directly calculate the monthly 
ESCO payment, either the process of generating and approving monthly invoices was involved, or 
wildly varying monthly payments based on actual weather and occupancy resulted. 

Table 2.13. Annual energy use by feeder for 1997 adjusted for occupancy rate 
Degree-day Unadjusted High-vacancy 

weighted vacancy 1997 energy use 1997 energy use 
Feeder rate Correction factor ( k M )  ( k W )  

1 14.9yo 0.961 1,996,773 1,918,237 
2 10.8% 0.9 16 18,826,433 17,242,286 
3 17.2% 0.987 969,83 1 957,541 
4 9.8% 0.906 175,566 159,065 
5 14.9% 0.961 1,295,184 1,244,243 
6 14.9% 0.961 992,5 5 3 953,514 
7 10.3% 0.91 1 6,181,647 5,628,466 

11 17.8% 0.994 1,897,033 1,886,075 
12 16.6% 0.980 1,664,709 1,630,644 
13 18.4% 1.002 1,835,539 1,838,512 
14 16.5% 0.979 2,059,883 2,015,98 1 
15 18.8% 1.006 2,676,140 2,69 1,627 
16 18.8% 1.006 4,736,553 4,763,963 
17 16.1% 0.974 3,033,983 2,954,716 
18 15.4% 0.996 2,3 15,099 2,236,532 
19 1 5.4% 0.996 2,586,887 2,499,108 

Total 53,243,802 50,620,512 
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3. MAINTENANCE SAVINGS 

3.1 BACKGROUND 

Until 1994, the HVAC equipment in Fort Polk’s family housing was maintained by a series of 
private service contractors. For the most part, the experience with these contracts was less than 
satisfactory. According to Army personnel, some contractors tended to underestimate the labor 
required to maintain equipment in the 4003 housing units, resulting in poor service to the 
residents. Costs were also underestimated, resulting in financial difficulties for some contractors. 
The ESPC was seen as one way to resolve these problems. Since the ESCO will be entirely 
responsible for maintaining the HVAC equipment during the contract period, the maintenance 
savings are equal to the estimated baseline maintenance costs. 

Because historical baseline maintenance costs for Fort Polk’s family housing could not be 
separated from the total cost of facility maintenance, the Army developed an estimate of the 
maintenance costs based on bids received on a request for proposals (Aldridge 1995). The 
baseline maintenance cost was determined to be $335.83 per housing unit per year, or about 
24.1 cents/ft2 per year for the approximately 5,600,000 ft2 of family housing. From the Army’s 
point of view, this entire amount will be saved each year, since the ESCO assumes responsibility 
for all family housing W A C  equipment. The shared savings contract specifies the percentage of 
this savings that the Army will pay the ESCO each month, shown in the schedule in Table 3.1. 

Through the ESPC the Army has effectively capped its future expenditures for maintenance of 
family housing HVAC equipment. Averaged over the 20 years, the Army will pay the ESCO 
about 77% of the baseline maintenance costs, which amounts to $261.95 per housing unit per year, 
or about 18.1 cents/fi? per year. For comparison, the American Society of Heating, Refrigeration, 
and Air-conditioning Engineers (ASHRAE) Handbook (1995a) lists a mean cost for W A C  
system maintenance costs of 32 cents/fi? per year, with a median cost of 24 centsjft2 per year, in 
1983 dollars. Data from a 1994 survey concerning commercial buildings performed by the 
Building Owners and Managers Association (BOMA 1995) shows an average HVAC maintenance 
cost of 29 cents/ftz per year for federal, state, and local government buildings. Thus the Army’s 
estimate of the baseline maintenance costs for Fort Polk’s family housing is lower than these 
values. The true value of the baseline maintenance costs is very important because they represent 
about 40% of the total cost savings of this ESPC project (the rest being energy cost savings). 
Consequently, we developed an independent estimate of the baseline maintenance costs. 

In developing our independent estimate of baseline maintenance costs, we began by estimating 
the number of compressor-bearing outdoor units of air-source heat pumps (ASHPs) and central air 
conditioners (CACs) that would require replacement each year. Since no historical maintenance 
data were available, a survey was made of the existing ASHP and CAC outdoor units to determine 
their ages. The dates of manufacture of the outdoor units at 3879 of the 4003 residences were 
taken from the nameplate on each unit. A full census was not possible because some housing was 
connected to a “solar farm” and had no outdoor units and because some outdoor units were 
inaccessible-in a fenced yard with dog, for example. The average age of the 3879 outdoor units 
was determined to be 13.4 years. The survey results are shown in Fig. 3.1. 
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Table 3.1. Fraction of maintenance savings to be paid to ESCO in each month of the ESPC 

Month 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1 0  0 0 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 
2 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 
3 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 
4 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 
5 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 
6 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 
7 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 
8 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 
9 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 
10 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 
11 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 
12 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 
13 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 
14 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 
15 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 
16 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 
17 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 
18 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 
19 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 
20 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 
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Fig. 3.1. Age of pre-retrofit outdoor units in family housing. 
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Comparing the construction date of each residence with the manufacture date of its ASHP or 
CAC allowed us to determine whether the outdoor unit was original equipment or a replacement. 
The data showed that 679 of the units (1 7.5%) had been replaced at least once since the residence 
was constructed. Assuming some key facts, the dates of manufacture of the 679 replacement units 
can be used to derive statistics on the reliability of the compressor-bearing outdoor units. The 
assumptions are these: 

The 679 residences that had outdoor units replaced had them replaced only once since the 
residence was constructed. In general this is not likely to be true. In fact, it might be assumed 
that as many as 1 19 of the 679 apartments, or 17.5%, had them replaced twice. Of these, 
approximately 2 1 may have had three replacement units. However, in the absence of data on 
the history of replacements at each residence, we accepted this assumption, recognizing that it 
might produce a service life estimate somewhat higher than the true service life of the 
population. 

The year of manufacture of the current outdoor unit is the year in which the unit was installed 
and the year in which the original unit failed. The validity of this assumption depends on 
whether the replacement heat pumps were new equipment manufactured during the year in 
which they were installed or had been purchased previously and held in inventory. At most, 
this assumption should introduce an error of only one to two years. Note that this will tend to 
make the service life estimate somewhat lower than the true service life of the population. 

Under these assumptions, for each observed replacement occurrence, we estimated the age at 
replacement of the original outdoor unit as the difference between the year of manufacture of the 
replacement unit and the year of construction of the residence. The distribution of the age at 
replacement of the 679 outdoor units is shown in Fig. 3 2. 
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Fig. 3.2. Age of outdoor units at failure. 
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Since the outdoor units were installed in various construction phases between 1972 and 1988, 
an actuarial method (Nelson 1982) was used to determine the reliability of the outdoor units. This 
method has been used by the Electric Power Research Institute (EPRI 1990) and others (Bucher 
et al. 1990; Pientka 1987; Lovvorn and Hiller 1985) to determine the reliability of refrigerant 
vapor compressors and complete compressor-bearing outdoor units. Fig. 3.3 shows the fraction of 
original outdoor units remaining in service as determined by this method. The curve is assumed to 
follow a Weibull distribution, with 

R(t) = e~p[-( t /a)~]  , 

where R(t) is the fraction remaining in service. Taking the natural logarithm of both sides of the 
equation gives 

In(R) = -(t/a)p , 

and taking the natural logarithm again gives 

In(-ln(R)) = p in t - p In a . 
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Fig. 3.3. Fraction of outdoor units remaining in service as a function of their age. 

If a plot of In(-ln(R)) vs In t forms a straight line-the portion of interest being the long-term 
data-then the distribution can be modeled by a Weibull function, and the parameters a and p can 
be determined. Such a plot is shown in Fig. 3.4. The last five points fit quite well to a straight 
line, and a linear function fitted to these points gives a = 33.237, p = 2.686. From these values, 
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Fig. 3.4. Weibull plot of outdoor unit reliability vs time. 

the mean service life of the outdoor units at Fort Polk is calculated at 29 years. This calculation 
gives a somewhat greater value than the 20-year mean life determined by Lovvorn for ASHPs 
(Lovvorn and Hiller 1985), possibly because of errors introduced by the assumptions outlined 
above, because the outdoor units in our sample are of more recent manufacture, or because about 
20% of them are CACs. Climate may be another factor in the longer service life calculated for 
these heat pumps, since they rarely run in the heating mode and require fewer defrost cycles. 
Also, actuarial approaches to determining service life may be inherently optimistic because, unlike 
in human populations, planned termination and replacement of aging mechanical equipment is 
common. For comparison, ASHRAE lists the service life of residential air-to-air heat pumps as 15 
years (ASHRAE 1995a). To the extent that the service life determined here is optimistic, the 
estimated baseline maintenance costs and project maintenance savings will be conservative. 

developed to determine the likely number of replacements during each year. The spreadsheet 
begins in year zero with the distribution of heat pumps as determined from the survey. The 
expected number of failures in each age class is determined from the Weibull distribution, and the 
failed units are assumed to be replaced with new ones at mid-year. In the following year, the new 
units have age 1 and the remaining units in each age class are one year older, As an example, 
suppose that in year 0 the entire population consists of 100 outdoor units of age 10. If the 
expected number of failures is 20, then in year 1 the population will consist of 20 units of age 1 
and 80 units of age 1 1. 

Figure 3.5 shows the expected number of outdoor unit replacements as calculated by the 
spreadsheet, given the initial age distribution. In the first year, 61 outdoor units are expected to be 
replaced. Since the population is aging, the number of expected replacements grows to 90 by year 
12. As failed units are replaced with new ones, the average age of the population decreases, and 
by year 20 the expected number of replacements decreases to 85. 

Once the parameters of the Weibull distribution were determined, a spreadsheet model was 
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Fig. 3.5. Expected number of outdoor units replaced per year. 

3.2 ESTIMATE OF MAINTENANCE COSTS 

The ESCO assumed responsibility for maintenance of Fort Polk's family housing HVAC 
equipment in April 1994, about 12 months prior to the start of retrofit construction, and records 
have been kept of all maintenance activities since that time. To develop a model of the baseline 
maintenance costs, we audited the records from May 1994 through April 1995 for a random 
sample of 175 residences. The ESPC retrofit construction, including HVAC conversions to GHPs, 
started in July 1995 for the apartments in our sample, so all maintenance performed by the ESCO 
during this period was on the pre-existing ASHPs and gas furnace/CAC combinations. Data were 
collected on the date and type of service performed on each call. Data from the sample were 
scaled up to determine the labor requirements for the 4003 units in the family housing area. 
Figure 3.6 shows the expected number of service calls per day by month for the entire area. As 
expected, the frequency of service calls is greater during the summer months, but the maintenance 
staff remains busy during the entire period from May through November. Based on this data, each 
residence requires an average of 3 -2 service calls per year. While this seems rather high, it should 
be noted that residents of military family housing are discouraged from performing the minor 
repairs that homeowners usually perform on their own equipment. 

Table 3.2 lists the percentage of service calls by activity for the survey sample. The table also 
shows an estimate of the work hours and materials costs for each type of activity. These estimates 
were provided by a local HVAC service contractor (Butler 1996). The weighted average of 
service times is 1.23 hours per call, with an average of $34 in material costs per call. An overhead 
of 25% on service time for travel and administrative tasks brings the average service time per call 
to 1.54 hours. 
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Fig. 3.6. Average number of service calls per day, pre-retrofit, in family housing. 

Table 3.2. Maintenance activities, duration, and associated costs 

Activity Hours per Materials 
call costs Frequency 

Flush condensate panhain line 
Charge system with refrigerant 
Clean indoor coil 
Check system f no apparent problem 
Light gas furnace pilot 
Replace outdoor fan motor 
Repairheplace compressor wiring 
Repaidadjust indoor thermostat/wiring 
Repair refrigerant leakkharge system 
Reset circuit breaker 
Repairheplace outdoor fan motor wiring 
Replace indoor thermostat 
Clean outdoor coil 
Clean furnace heat exchanger 
Repair defrost cycle 
Repair/replace wiring to auxiliary heater 
Replace indoor fan motor 
Repairheplace indoor fan motor wiring 
Replace 1.5-2.0 refrigeration-ton compressor 
Replace outdoor unit 
Repair furnace pilot assembly 
Repair indoor fan 
Replace outdoor coil 
Replace gas hmace 
Replace furnace heat exchanger 
Repair outdoor fan motor 
Replace indoor coil 
Replace furnace gas valve 
Repair gas leak 
Weighted Average 

16.4% 
13.1% 
11.3% 
10.2% 
6.5% 
5.1% 
4.7% 
4.7% 
3.3% 
2.9% 
2.5% 
2.5% 
1.8% 
1.8% 
1.8% 
1.5% 
1.5% 
1.5% 
1.5% 
0.0% 
1.1% 
1.1% 
0.7% 
0.7% 
0.4% 
0.4% 
0.4% 
0.4% 
0.4% 

0.50 
2.00 
1 .oo 
0.50 
0.50 
1.50 
1.50 
1 .oo 
1.50 
0.50 
1 .oo 
1 .oo 
1 .oo 
2.00 
2.00 
2.00 
2.00 
1 .oo 
6.00 
4.00 
1 .oo 
1 .oo 
4.00 
6 .OO 
2.00 
1.00 
4.00 
2.00 
1 .oo 
1.23 

25 

125 
10 

25 

10 
75 
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15 
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10 
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10 

400 
500 
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10 
400 
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r Profit 10.0% 

ICOSt, 
I 

t/sq. ft. 24.6 

aj 3 otal Operating OH $ 201,620 
ak Overhead Kate 28.5% 

Fig. 3.7. Baseline maintenance cost estimate for year 1. 

It was determined that a staff of 12 regular service technicians would be needed to perform the 
required maintenance and to make one preventive maintenance call per year to each residence. 
During the months of May, June, July, and August, three additional technicians would be required 
to handle the increased number of calls. This averages to 13 full-time employees, in addition to 
office staff. Data from R. S. Means Inc. (1992) were used to develop an estimate of the total cost 
per year of performing the maintenance on the 4003 residences of $1,373,290. Details of the 
estimate are presented in Fig. 3.7. 

This estimate of baseline maintenance costs for the first year of the ESPC is based on 
maintenance activities actually performed by the ESCO from May 1994 through April 1995. 
However, the maintenance requirements of the population of outdoor units changes over time, as 
Fig. 3.5 indicates. But note that the maintenance records examined show no outdoor units being 
replaced. Because the ASHPs and furnace/CACs were being maintained only until they could be 
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replaced by GHP units, the ESCO did not replace entire outdoor units, choosing instead to replace 
components as needed. 

In order to adjust the first-year estimate to account for this ESCO behavior, some further 
assumptions must be made. Note that 1.5% of the service calls were for compressor replacement. 
Out of a total of 12,890 calls, an average of 3.22 calls per residence per year, approximately 193 
compressors were replaced. Since Fig. 3.5 indicates that 61 outdoor units would have been 
replaced during this year, we assume that in 32% of the cases (61 out of 193), the entire outdoor 
unit would have been replaced had the ESCO not been planning to replace everything with GHPs 
in the near future. Thus we add the activity “outdoor unit replacement’’ to the list of Table 3.2. 
The time for replacement of an entire outdoor unit is estimated to be 4 hours, with a cost of $1600 
for the typical 1 S-ton unit. Adding this task does not affect the labor requirements but does raise 
the average cost per service call. With these new materials costs, the total first-year baseline 
maintenance cost becomes $1,450,054. 

The baseline maintenance costs in subsequent years are estimated by allowing the frequency 
of “outdoor unit replacements” to change according to the expected number of outdoor unit 
replacements per year from Fig. 3.5. The resulting estimated baseline maintenance costs in each 
year of the ESPC are as listed in Table 3.3. Also listed are costs per unit per year, for comparison 
with the Army’s baseline. The average of the 20 values is $369.05 per housing unit per year, or 
26.0 centslft2 per year. The difference of 9.9% between this average and the Army’s calculated 
baseline seems to be within the accuracy of the model, given its assumptions. 

Table 3.3. Maintenance cost estimates by year 

Years from start Annual maintenance Annual cost per 
of project cost housing unit 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

20-year average 

$1,450,054 
$1,455,088 
$1,460,122 
$1,465,155 
$1,468,93 1 
$1,473,964 
$1,476,48 1 
$1,480,256 

$1,484,032 
$1,485,290 
$1,486,549 
$1,486,549 
$1,486,549 
$1,486,549 
$1,485,290 
$1,485,290 
$1,484,032 
$1,482,773 
$1,480,256 
$1,477,299 

$1,482,773 

$362.24 
$363.50 
$364.76 
$366.01 
$366.96 
$368.2 1 
$3 68.84 
$369.79 
$370.42 
$370.73 
$37 1.04 
$371.36 
$371.36 
$371.36 
$371.36 
$371.04 
$3 7 1.04 
$370.73 
$370.42 
$369.79 
$369.05 

Given the values in Table 3.3, the life-cycle cost to the Army of maintaining the family 
housing W A C  equipment over 20 years is $15,609,989 on a present-value basis, using the 
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standard 7% discount rate specified by the government (BLCC 1998). With the contracted 
baseline and the schedule of payments in Table 3.1, the life-cycle cost of the payments the Army 
will make to the ESCO is $1 1,076,395 on a present-value basis. This represents a net present- 
value cost savings to the Army of $4,533,594 over the life of the contract. 
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4. USING CALIBRATED ENGINEERING MODELS TO PREDICT 
ENERGY SAVINGS 

Accurate predictions of the energy savings to be expected from ESPCs can reduce risk, 
decrease financing costs, and help avoid post-construction disputes over performance contract 
baseline adjustments. This section demonstrates an improved method of estimating energy 
savings before construction takes place. Using an engineering model calibrated to field data on 
pre-retrofit energy use, the method can predict actual energy savings with a high degree of 
accuracy. This is verified with post-retrofit energy use data from Fort Polk. The method can also 
be used to determine the relative impact of the various energy conservation measures installed in a 
comprehensive energy conservation project. As an example, the breakout of savings from the 
geothermal heat pumps, desuperheaters, lighting retrofits, and low-flow hot water outlets is 
provided for one of the feeders at Fort Polk. 

4.1 INTRODUCTION 

It is well known that predictions of savings from energy conservation programs are often 
optimistic, especially in the case of residential retrofits. Fels and Keating (1993) cite several 
examples of programs that achieved as little as 20% of the predicted energy savings. Factors in 
the sometimes large discrepancies between actual and predicted savings include changes in 
occupancy, take-back effects (in which more efficient system operation leads occupants to choose 
higher levels of comfort), and changes in base energy use (for example, through purchase of 
additional appliances such as washing machines and clothes dryers). An even larger factor may be 
the inaccuracy inherent in the engineering models commonly used to estimate building energy 
consumption if these models are not first calibrated to site-monitored energy use data. 

The improved savings estimating approach described here is based on an engineering model 
calibrated to field-collected data from the pre-retrofit period. A dynamic model of pre-retrofit 
energy use was developed for all housing and nonhousing loads on an entire electrical feeder at 
Fort Polk. The feeder serves 46 buildings containing a total of 200 individual apartments. The 
model included the heat-transfer characteristics of the buiidings, the pre-retrofit air-source heat 
pump, a hot-water-consumption model, and a profile for electrical use by lights and other 
appliances. Energy consumption for all 200 apartments was totaled, and by adjusting thermostat 
setpoints and outdoor-air-infiltration parameters, the models were matched to field-collected 
energy consumption data for the entire feeder. The energy conservation measures were then 
implemented in the calibrated model: the air-source heat pumps were replaced by geothermal heat 
pumps with desuperheaters; hot water loads were reduced to account for the low-flow shower 
heads; and lighting loads were reduced to account for fixture delamping and replacement with 
compact fluorescent lights. Analysis of pre- and post-retrofit data indicates that the retrofits have 
saved 30.3% of pre-retrofit electrical energy consumption on the modeled feeder. The method 
outlined here predicts this savings within 1 % of its measured value, using only pre-construction 
energy consumption data and post-retrofit data from one pilot test site. 

and water heating prior to the retrofits. Here calibration to field-monitored data was more 
difficult, since no data were available on natural gas consumption. Energy use models for 142 
apartments in 3 8 buildings were calibrated to pre-retrofit feeder-level electrical energy 
consumption only. When the retrofits were implemented in the apartment models, the resulting 
feeder model predicted electrical post-retrofit energy consumption some 9% higher than the 

The technique was also applied to a feeder serving housing which used natural gas for heating 
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monitored post-retrofit consumption. The model predicted a savings of 9.5% of pre-retrofit 
electrical energy in a TMY, whereas the feeder-level data showed that the savings would be 
16.2%. However, the housing on this feeder was built in 1975, the second-oldest vintage in family 
housing, and project resources did not allow auditing the construction records to determine the 
extent of any addition of attic insulation, so no addition was assumed in the model. The lower 
modeled savings may be the result of this assumption. 

4.2 MODELING OF AN ALEELECTRIC FEEDER 

Figure 4.1 shows a site plan for the buildings on Feeder 1 at Fort Polk. The area contains three 
unique building types: 12 buildings designated as type 1,  a four-plex; 18 buildings designated as 
type 2, another four-plex; and 16 buildings of type 3, a five-plex. Although type 1 and type 2 
buildings have identical floorplans, they differ in the design of the roof and in the location of 
carports. Since the roof design was expected to have an effect on space conditioning loads, the 
two types were modeled separately. Table 4.1 lists the type and compass orientation of each 
building (south-facing buildings are at 0 degrees; the orientation is measured counter-clockwise 
from south). 
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Table 4.1. Construction type and compass orientation 
of the buildings on Feeder 1 

Building Type Orientation 
1 2 180" 
2 3 180" 
3 1 1 80" 
4 2 180" 
5 2 1 80" 
6 3 210" 
7 3 300" 
8 2 20" 
9 3 0" 
10 1 0" 
11 1 0" 
12 2 0" 
13 3 30" 
14 2 21" 
15 2 IO" 
16 3 0" 
17 1 0" 
18 3 90" 
19 3 170" 
20 1 170" 
21 2 170" 
22 1 180" 
23 2 200" 

Building Type Orientation 
24 3 
25 2 
26 2 
27 2 
28 3 
29 2 
30 3 
31 1 
32 3 
33 1 
34 2 
35 3 
36 2 
37 2 
38 I 
39 1 
40 3 
41 2 
42 1 
43 3 
44 3 
45 1 
46 2 

200" 
230" 
220" 
220" 
320" 

50" 
50" 
60" 

280" 
300" 
280" 
280" 
280" 
280" 

1 oo 
100" 
100" 
10" 
10" 
10" 

190" 
190" 
190" 

Among the three building types there are only two unique apartment floorplans: apartment 
type A, containing 1142 ft2 of living space, and apartment type B, containing 1 114 fi?. One 
apartment of type B exists in each of the five-plexes; all other apartments in all buildings are of 
type A. Thus, in total there are 184 apartments of type A and 16 apartments of type B. As-built 
plans for all three building types were made available for use in modeling the building 
performance. 

Prior to the retrofits, the apartments on this feeder used electric air-source heat pumps and 
electric water heaters. None of these units used natural gas or contained fireplaces, so the feeder 
meter captures all of the energy used in the 200 apartments. 

approximately one year, as monitored at the site. Each data point represents the total energy 
consumed on the feeder for one day; this value is plotted versus the average temperature for that 
day. Fitting a dual-changepoint model (discussed in Sect. 2.2) to the data shown in Fig. 2.4 gives 
the following relation between daily total energy use, E, and daily average temperature, T: 

Figure 2.4 presents the pre-retrofit electrical energy consumption on the feeder for a period of 

E 6597.5 - 200.7 x (T-56.9) {T < 56.9) 

(T > 69.8) 
6597.5 (56.9 I T I 69.8) (4.1) 
6597.5 + 187.5 x (T - 69.8) 
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4.2.1 Apartment-LeveI Energy Use Models 

In order to model the energy used in space conditioning equipment, controls, and water 
heating for the 200 apartments on the selected feeder, the TRNSYS (Klein et al. 1996) simulation 
software was employed. TRNSYS is a modular system-simulation package in which the user 
specifies the components that constitute the system and the manner in which these components are 
interconnected. In TRNSYS, components may be physical pieces of equipment such as pumps or 
controllers; or utility modules, such as occupancy forcing functions, shading effects due to 
overhangs and wingwalls, and weather data readers. 

For this study, each of the three building types was treated as a separate simulation. The 
component models were chosen to be the building and its associated forcing functions (weather, 
occupancy, infiltration, water draw), heat pumps for each apartment (air-source heat pumps for the . 
pre-retrofit simulations and geothermal with desuperheaters for the post-retrofit simulations), 
thermostats for each apartment, domestic hot water storage tanks, and pumps and fans for each 
apartment. 

Although the ambient temperature and relative humidity were measured at the site, these 
values were not used in the simulations because of the lack of solar radiation measurements. 
Instead, TMY weather data from Lufkin, Texas, were used for the simulations, as Lufkin 
represents the closest inland TMY site to Fort Polk. 

The TMY weather, which is a monthly best-fit average of 30 years of weather data, contains 
ambient temperature, relative humidity, incident solar radiation, and wind speed values at hourly 
increments for a year. The incident solar radiation on each of the exterior surfaces of the 
apartment buildings was processed and subject to overhang and wingwall shading effects, as each 
of the three building types has many such features. 

and Archenbach 1965). This correlation requires inputs of the mean annual surface temperature, 
the amplitude of the surface temperature, and the phase delay, and it calculates the hourly 
distribution of ground temperature with depth. For reference, the published values of these 
properties (ASHRAE 1977) for Alexandria, Louisiana, are the following: 

The ground temperature for the simulations was modeled with the Kusuda correlation (Kusuda 

Mean annual soil surface temperature: 69'F 
Amplitude of surface temperature: 17OF 
Day of minimum surface temperature: February 1 

Prior to the retrofits, each of the apartments was equipped with a nominal 1.5-ton split-system 
air-source heat pump. The heat pumps were manufactured in 198 1. An air-source heat pump 
model was written for this study so that the manufacturer's catalog data for the installed heat 
pumps could be read from a look-up table and interpolated, based on operating conditions, to 
provide the heating and cooling capacities and system power. Inputs to the model include the 
ambient and zone conditions (temperature and humidity), the conditioned air flow rate (assumed 
constant at its rated value of 650 CFM), and the control signal from the thermostat. Outputs from 
the model include the calculated values of exiting air temperature and humidity and the equipment 
capacity and power draw. 

At the 18 Level-3 residences included in the evaluation (none of which, incidentally, were 
located on the modeled feeder), data were collected at 15-minute intervals for the total residence 
electrical use, the energy used by the W A C  system, and the energy used by the water heater. 
Because the simulation would determine HVAC and hot water energy use from the building and 
equipment characteristics, it was necessary to derive an electrical load profile for the other 
appliances. This was obtained by subtracting the energy used by the HVAC system and the water 
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heater from the total apartment energy use in each 15-minute interval. We refer to the 
non-WAC, non-domestic-hot-water electrical energy use as the “lighting/appliance load.” In 
addition to residential lighting, it includes such things as clothes washers, clothes dryers, hair 
dryers, stereos, radios, and televisions. 

daily profiles were developed for the 18 Level-3 residences over the approximately one-year pre- 
retrofit monitoring period. (Since construction was ongoing during data collection, and the sites 
were randomly distributed across the base, the length of the pre-retrofit period varied by 
apartment.) On each weekday in the pre-retrofit period, an average was taken of the electrical 
energy use in each 15-minute period, for each apartment. The same average was taken for each 
weekend day. These average profiles are shown in Fig. 4.2. Since it was assumed that 
lighting/appliance energy use would be a function of apartment floorspace, the profiles were 
normalized by dividing each value by the average apartment floor area. 

7.5 kWh per day), there was a slight positive correlation between total daily energy use and 
apartment floorspace. The data is presented in Fig. 4.3. Note that each data point in the figure 
represents the average daily appliance energy use of several apartments with the same floor area. 
Although the correlation coefficient (8) was only about 0.2, we decided to use the regression 
equation to determine total daily appliance draw for the modeled apartments. In the absence of 
demographic data, apartment floor area was the only way to account for the variability seen in the 
data. Thus, to determine the daily appliance electrical profile for the modeled apartments, the 
normalized profile based on all the Level-3 apartments was used, with each 15-minute value 
multiplied by a constant that depended on the apartment floor area. 

The lighting/appliance load data were used in two ways. First, average weekday and weekend 

While the appliance use per day per apartment was highly variable (with standard deviation of 
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Fig. 4.2. Average electrical energy use per square foot per hour for lighting and other appliances. 
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Fig. 4.3. Average daily electrical energy use for lights and other appliances by apartment 
floorspace. 

The weekday and weekend electrical lightingappliance load profiles of Fig. 4.2 were used as 
an input to the TRNSYS models. In order to account approximately for exhaust fans and 
porch/entry lighting, only 90% of the electrical energy was returned to the building as a heat gain. 

As with the appliance energy use, the daily hot water draw profile used in the modeled 
apartments is an average of data collected at 18 Level-3 sites, adjusted by apartment floorspace. 
However, the data collected at the Level-3 sites represented hot water tank electrical energy use 
rather than hot water draw. In order to convert electrical use into hot water use, we assumed that 
the lowest energy use during the day represented standby losses. Then assuming an inlet 
temperature of 68°F (the average value seen at the energy-balance site) and a tank setpoint 
temperature of 130"F, the hot water use during every 15-minute interval could be determined. For 
the apartments on Feeder 1, the average daily pre-retrofit hot water use was determined to be 
36.2 gal. For comparison, ASHRAE (1995b) reports an average daily use of 42 gal for apartment 
buildings of 20 or fewer units. The lower figure derived from the Fort Polk data may be due to 
less than full occupancy in the apartments monitored, or showers being taken at the fitness 
facilities instead of at home, or the 130°F tank setpoint assumption (an assumption of 121°F would 
be consistent with 42 gal per day). The average weekday and weekend water draw profiles for the 
modeled apartments are presented in Fig. 4.4. They compare well with the ASHRAE profile 
(1 995b) for a typical residence. 

TRNSYS models. Each apartment is assumed to contain a standard 52-gal electric water heater 
with two 3300-W heating elements. 

The weekday and weekend hot water draw profiles of Fig. 4.4 were used as an input to the 

50 



I mWeekday 

I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 2223 24 
Hour of Day 

Fig. 4.4. Weekend and weekday hourly hot water draw for the average Fort Polk residence. 

4.2.2 Streetlights and Othet Nonhousing Loads 

In addition to serving 200 apartments, the feeder under consideration provides electrical 
energy for 68 streetlights: 52 lamps rated at 1 16 W and 16 lamps at 302 W. In order to include 
these loads in the total energy use of the feeder, a separate TRNSYS model was developed that 
simply turned on all of the streetlights each day at dusk and turned them off at dawn, using the 
value of solar radiation from the TMY file to determine the time of sunrise and sunset. Between 
109 and 152 kWh per day are added to the total housing load, depending on the length of the day 
throughout the year. 

In general, the sum of the electrical energy in the 200 apartments will not equal the electrical 
energy as monitored at the feeder - even when streetlights are considered -because of line 
losses and transformer losses. Although no information on these losses was available, they are 
expected to be small, in the range of 1 to 2%. This loss was not modeled: since the models were 
calibrated to feeder-level data, the energy consumption predicted for the apartments may be 1 to 
2% higher than actual energy consumption. 

4.23 Model Calibration to Pre-Retrofit Data 

The floor plans, construction details, and compass orientation of each of the 46 buildings, as 
well as the average 15-minute hot water draw and appliance electrical loads, provided sufficient 
information for the energy use to be modeled. Nevertheless, several unknowns still remained. No 
information was available about occupancy (number of occupants per apartment) or vacancy rate. 
Since the population of family housing at Fort Polk is given as 12,000 for the 4003 housing units, 
the average occupancy was assumed to be three individuals per apartment, even though the 
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modeled apartments are slightly smaller than the average family housing unit at the base. 
Thermostat setpoints were also unknown. 

The TRNSYS software allows the adjustment of a number of other parameters affecting 
energy use such as occupancy schedules, shading schedules for windows by curtains and blinds, 
and moisture capacitance of furnishings. Aside from thermostat setpoints, the single parameter 
that has perhaps the largest effect on energy consumption is outdoor air infiltration. Since the rate 
of outdoor air infiltration was unknown for the modeled apartments, we decided that the feeder 
model would be calibrated to the monitored pre-retrofit feeder energy use data by varying outdoor 
air infiltration. Thus, in this simulation, the outdoor air infiltration likely captures the effect of a 
number of other parameters (including vacancies) and probably does not represent the true 
infiltration rate of the apartments. 

were run at intervals of 45". Table 4.2 presents the building types and the number of each type at 
each 45" increment. Thus, building type 1 was simulated at orientations of 0", 45", 90°, 180" , 
3 15", and so forth. This reduced the number of cases run to 17. Each of the 17 cases was then 
weighted according to the number of buildings it represented. The daily streetlight energy use was 
added to this weighted sum to determine the energy use for the entire feeder. 

A constant of 0.05 air changes per hour was originally used to calibrate the model to the actual 
data. The output matched the monitored data quite well in the cooling season, but simulated 
energy use was low in the heating season. For this reason, a separate infiltration model was used 
for the heating season. The model assumed a constant of 0.05 air changes per hour plus a separate 
factor of 0.02 multiplied by the temperature difference between the room and ambient 
temperatures. Thermostat setpoints were fixed at 72°F in heating and 76°F in cooling, which 
agreeswith monitored data from other apartments at the site. Figure 4.5 compares the modeled 
data for the entire feeder, pre-retrofit, with the feeder-level data collected on-site. Assessed 
visually, the calibrated TRNSYS model appears to agree quite well with the actual pre-retrofit 
energy consumption of the feeder. For a typical meteorological year, the model predicts energy 
consumption of 3.02 million kWh, or an average of 41.4 kWh per apartment per day. The 
monitored data, when normalized to a typical meteorological year, gives an annual energy use of 
2.87 million kWh, or about 39.4 kWh per apartment per day. Thus on an annual basis, the 
calibrated TRNSYS model is able to predict energy consumption to within about 5% of the 
monitored data. 

In order to reduce the number of computer runs required, the building compass orientations 

Table 4.2. Orientations simulated for each 
building type 

Building type 
Orientation 1 2 3 

0" 5 5 3 
45" 1 1 2 
90" 1 0 2 

135" 0 0 0 
180" 4 6 4 
225" 0 3 1 
270" 0 3 2 
315" 1 0 2 
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Fig. 4.5. Feeder 1 pre-retrofit daily electrical energy use vs daily average temperature. Monitored 
data and calibrated simulation model. 

When fitted to a dual-changepoint model of daily energy use vs daily average temperature, the 
TRNSYS model gives the following equation: 

E = 7007.50 - 209.27 x (T-54.1) {T < 54.1) 
7007.50 (54.1 I T S  70.6) 
7007.50 + 237.10 x (T-70.1) {T > 70.6) 

Comparison with Eq. (4.1) shows that the “base load” constant derived from the TRNSYS 
simulations is about 8% higher than the constant derived from the monitored data. Also, the 
breakpoint for the heating region is about 3°F lower than the breakpoint derived from the 
monitored data. With further adjustments of setpoint temperatures, air-infiltration factors, and 
other parameters, it would have been possible to match the monitored pre-retrofit heating data to a 
higher degree of accuracy. But the intent here is to demonstrate that reasonably accurate 
predictions of savings are possible after only modest efforts to calibrate the model. An error of 
just 5% was obtained by varying only one parameter (air infiltration). 

4.2.4 Implementation of Energy Conservation Measures 

Once the model was calibrated to pre-retrofit data, the energy conservation retrofits were 
implemented in the model. Air-source heat pumps were replaced with geothermal heat pumps that 
included desuperheaters to provide additional heat to the hot water tank. The lighting load was 
reduced to account for fixture delamping and replacement of existing fixtures with compact fluore- 
scent lights (CFLs). Finally, the hot water load was reduced to account for the low-flow shower 
heads. The following sections describe how each of these measures was implemented in the model. 
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Geothermal Heat Pump Model 

The geothermal (ground-source) heat pumps that anchored the energy conservation retrofit at 
Fort Polk account for the largest impact on energy savings in the project. A GHP model written 
for TRNSYS as part of the overall evaluation was used for the post-retrofit simulations. (Sect. 5 
discusses our heat pump modeling work and Sect. 5.1 describes the heat pump systems in detail.) 
Figures 4.6 and 4.7 present diagrams of a typical ground heat exchanger configuration. 

The geothermal heat pump model uses a look-up table approach for both heating and cooling 
modes to determine the manufacturer’s published catalog data for capacity, power, and water heat 
transfer. Inputs to the model include temperature and flow rate of the entering water; temperature, 
humidity ratio, and flow rate of the entering air; and the control signal from the thermostat. 
Outputs from the model include temperature and flow rate of leaving water; temperature, humidity 
ratio, and flow rate of exiting air; and the equipment capacity and power draw. Energy balance 
and psychrometric calculations at each iteration ensure that the air-side and water-side results from 
the model at each time step are reasonable. 

For geothermal heat pump system simulations, the most important component model is the 
ground heat exchanger. Although several ground heat exchanger models were available, the duct 
ground heat storage model (Hellstrom et al. 1996) developed at the University of Lund, Sweden, 
was chosen for this study because it is well documented and validated, and it considers multibore 
interactions and long-term (multiyear) effects. This model was used to predict ground heat 
exchanger performance against measured data in our heat pump modeling study with excellent 
results (see Sect. 5). 

Lighting Retrofits 

Lighting retrofits in the 200 apartments included delamping of some conventional fixtures and 
replacement of lamps in other fixtures by CFLs. The retrofits are described in Table 4.3. In order 
to determine the reduction in electrical energy use, the average pre-retrofit electrical energy 
profile, which accounts for all electrical use exclusive of the HVAC and water heating systems, 
was adjusted to correspond to the retrofits. In the apartments under consideration, the total daily 
consumption for lightindappliance uses is 20.5 kWh. According to a reference from the 
U.S. Department of Energy (DOE 1994), lighting should account for 24.2% of this total, or about 
5.0 kWWday, leaving 15.5 kWWday for other uses such as cooking, refrigeration, radios, and 
televisions. 

In each apartment, lighting power was reduced from 1845 W to 458 W. If lighting is to 
account for 5.0 kWh in the pre-retrofit period, then, on average, these 1845 W must have been in 
use for 2.71 hours per day. Assuming lights are in use for the same number of hours after the 
retrofits, then post-retrofit lighting use will account for (458 W)(2.71 h) = 1.2 kWh/day. 
Assuming electrical use for other appliances remained constant, then the daily lightindappliance 
electrical use in the post-retrofit will be 16.7 k W d a y ,  or about 81% of the pre-retrofit use. Since 
lights are used mostly in the morning and the evening, it would have been possible to develop a 
lighting schedule. However, considering that the pre-retrofit profile was developed by averaging 
one year’s worth of daily profiles for 18 different apartments inhabited by occupants with varying 
work schedules, we decided to simply multiply each 15-minute consumption in the pre-retrofit 
lighting/appliance profile by 0.81 to obtain the post-retrofit energy use. 
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Fig. 4.6. Side view of the ground heat exchanger configuration. 

4.125 Inche- 

Fig. 4.7. Top view of a U-tube vertical ground heat exchanger. 
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Table 4.3. Lighting retrofits installed in apartments on Feeder 1 

Lamps per Watts per Number of Re-retrofit Retrofit Post-retrofit 
fixture lamp fixtures watts type watts Room Fixture type 

Kitchen Ceiling, fluor. 2 48 1 96 delamp 68 
Kitchen Range hood 1 25 1 25 CFL 13 
Dining Ceiling surface 5 100 1 500 CFL 65 
Family Pendant, fluor. 2 66 1 132 delamp 66 
Bath Wall, fluor. 1 46 1 46 CFL 26 
Closets Ceiling, keyless 1 60 1 60 CFL 13 
Bedrooms Ceiling surface 2 60 3 360 CFL 78 

Hall Ceiling surface 1 60 2 120 CFL 26 
Hall Wall bracket 1 60 1 60 CFL 13 
Utility Ceiling, fluor. 2 48 1 96 CFL 13 
Patio Wall bracket 1 60 1 60 CFL 13 
Ext. entry Wall bracket 1 60 2 120 CFL 13 
Carport Ceiling, keyless 1 60 2 120 CFL 26 
Total per apartment 1845 458 

Kitchen Under cab., fluor 1 25 2 50 delamp 25 

Low-Flow Shower Heads 

In order to determine the effects of the low-flow shower heads, the starting point was the pre- 
retrofit hot water draw profile developed from the hot water tank energy use profile. The draw 
profile indicates that the average residence on this feeder uses about 36.2 gal of hot water per day. 
According to a reference from DOE (1994), hot water use for showers accounts for about 59% of 
total residential hot water use on a national basis. Thus, it is assumed that the average pre-retrofit 
residence at Fort Polk uses approximately 21.4 gal per day for showers and 14.8 gal for other uses. 
The ESCO calculated that the shower heads installed would reduce water use per shower from 9.6 
gal to 6.0 gal, figuring an average of 2.2 showers per day per apartment. If the number and length 
of showers per day remain constant after the retrofits, hot water use for showers should drop to 
13.4 gal per day. The total post-retrofit hot water use would then be 28.2 gal per day, or about 
78% of its pre-retrofit value. 

Again, since most showers are likely to occur in the early morning and late evening, it would 
have been possible to develop a schedule and adjust the pre-retrofit water draw accordingly. 
However, considering that the pre-retrofit profile was developed by averaging daily profiles of 18 
apartments over one year, we decided to simply multiply each 15-minute draw in the pre-retrofit 
hot water draw profile by 0.78 to obtain the post-retrofit hot water draw. 

Desuperheater 

In the post-retrofit simulations, water is also heated by being drawn from the bottom of the 
storage tank and sent to the desuperheater of the geothermal heat pump when it is operating. The 
heated water is then returned to the top of the tank. The desuperheater in the geothermal heat 
pump is modeled with a constant heat transfer coefficient calculated from the manufacturer’s 
catalog data. Values for desuperheater refrigerant temperatures in heating and cooling modes 
were based on conversations with the manufacturer. 
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Attic Insulation 

According to the subcontractor who performed the retrofits, degraded attic insulation was 
repaired on a small number of upper-floor apartments on this feeder, but additional insulation was 
not added. Since no information was available either on the number of apartments that received 
these repairs or on the quantity of insulation replaced, no attempt was made to model this retrofit. 

4.2.5 Post-Retrofit Energy Use 

Total Energy Savings 

With all of the energy conservation measures implemented in the apartment models, the 
energy use was determined for each apartment on each day of a typical meteorological year. The 
parameters for occupancy, infiltration, and thermostat setpoints were the same as those used to 
model the pre-retrofit energy consumption. The same 17 cases were run; the streetlight energy use 
was added to the weighted sum of the cases to determine the total load on the feeder. 

Figure 4.8 is a plot of daily energy use vs daily average temperature as predicted by the 
calibrated TRNSYS model. Also plotted is the actual post-retrofit data monitored from the feeder. 
While the TRNSYS model predicts higher energy use in heating, there appears to be excellent 
agreement with the monitored data in cooling, which is the dominant operating mode in Fort 
PoIk’s climate. For a typical meteorological year, the calibrated TFWSYS model predicts annual 
energy use for the feeder’s 200 apartments of 2.1 1 million kWh, or 28.9 kWh per apartment per 
day. The monitored post-retrofit data, when normalized to a TMY, predicts an annual energy 
consumption of 2.00 million kWh, or 27.4 kWh per apartment per day. As in the pre-retrofit, the 
TRNSYS simulation is about 5% higher than the monitored energy use corrected to a TMY. 
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Fig. 4.8. Feeder 1 post-retrofit daily electrical energy use vs daily average temperature. 
Monitored data and calibrated simulation model. 
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Analysis of the monitored pre- and post-retrofit data for this feeder shows that for a typical 
meteorological year, the retrofits result in a savings of 872,000 kWh for this feeder, which is about 
30.3% of the pre-retrofit annual consumption. Comparing the pre- and post-retrofit annual 
consumption predicted by the calibrated TFWSYS simulations, the model presented here would 
have predicted a savings of 9 12,000 kWh, or 30.2% of the predicted pre-retrofit consumption. 
Applying this savings to the pre-retrofit monitored energy consumption data, the model would 
have predicted an annual post-retrofit consumption of 2,005,502 kWh on this feeder for a typical 
year. This is in excellent agreement with the normalized post-retrofit data collected at the site. 

Energy Savings by Energy Conservation Measure 

With the output from the calibrated TRNSYS model, we determined the relative impact of 
each of the four energy conservation measures installed in the housing units. Table 2.8 presents a 
breakdown of the average energy use per apartment per day for space conditioning, water heating, 
and lightinglappliances, pre- and post-retrofit, based on the simulation of the entire feeder. The 
results indicate that, due to the retrofits, energy use for lighting and other appliances was reduced 
by 1 8%, energy use for water heating was reduced by 71 YO, and energy use for space conditioning 
was reduced by 27%. 

measures installed in these apartments. For example, the 7 1% reduction in energy use for water 
heating was due to both the desuperheater and the low-flow shower heads. To account for these 
interactions, the calibrated feeder modei was used to determine the change in energy consumption 
for each end use when the conservation measures were added one by one. The results are given in 
Table 4.4 and presented graphically in Fig. 2.10. Adding the geothermal heat pumps (measure A) 
reduces the average daily energy consumption for space conditioning by 3.61 kWh per apartment. 
Addition of the desuperheaters (measure B) reduces the average daily energy use for water heating 
by 4.69 kWh per apartment. Adding the low-flow showers (measure C) reduces energy use for 
water heating by an additional 0.61 kWh/day. However, adding the lighting retrofits increases the 
energy use for water heating by 0.27 kWh/day. This is because the lighting retrofits reduce the 
amount of time the heat pump runs on an annual basis (cooling hours decrease more than heating 
hours increase), and the energy not provided by the desuperheater must be made up by the tank 
heating elements. On the other hand, the energy use for space conditioning drops by 0.3 1 
kWh/day as a result of the lighting retrofits. 

We recognized, however, that there are interactions between the various conservation 

Table 4.4. Daily average energy use per apartment (kWh) as retrofits 
are added successively. A = geothermal heat pumps; 

B = desuperheaters; C = low-flow shower heads; 
D = lighting retrofits. 

Total Space Water Lighting/ 
conditioning heating appliance 

he-retrofit 13.81 7.08 20.52 41.40 
A 10.20 7.08 20.52 37.80 
A+B 10.34 2.39 20.52 33.25 
A+B+C 10.34 1.78 20.52 32.63 
A+B+C+D 10.03 2.05 16.82 28.90 
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This analysis shows that while interactions do occur between the various conservation 
measures, in this case, their effect is not significant, Thus it is reasonable to conclude that of the 
872,000-kWh reduction in annual electrical energy use for the housing on this feeder, 
approximately 576,000 kWh is due to the geothermal heat pump (259,000 kWh for space 
conditioning and 3 17,000 kWh for water heating), 253,000 kWh is due to the lighting retrofits, and 
43,000 kWh is due to the low-flow shower heads. This is presented graphically in Fig. 2.1 1. 

Comparison with Monitored Data 

Pre- and post-retrofit data were available for one of the buildings on the modeled feeder; the 
data included total eIectricaI use and energy used by the HVAC system. When normalized to a 
typical meteorological year, the data shows good agreement with the TRNSYS model for this 
building (note that the TRNSYS model was matched to pre-retrofit data for the entire feeder, and 
not for this particular site). As shown in Table 4.5, TRNSYS can predict total energy and energy 
used by the HVAC system within 5% of the monitored values for both pre- and post-retrofit 
conditions. 

Table 4.5. Comparison of monitored apartment 
average daily energy use (kWh) 

and simulation results 

Monitored TRNSYS 
he-retrofit Total 38.2 40.5 

HVAC 14.6 13.2 
Post-retrofit Total 

HVAC 
27.3 
9.5 

28.0 
9.4 

4.3 MODELING OF A GASELECTRIC FEEDER 

To determine whether the calibrated simulation technique could be used to predict savings on 
a feeder serving housing that used natural gas for space heating and water heating in the pre- 
retrofit, a model was developed for Feeder 12. The housing on Feeder 12 was constructed in 
1975, and contains four unique building types: type A, a four-plex with two upper and two lower 
apartments; type B, a duplex with side-by-side apartments; type C, another side-by-side duplex 
with larger apartments, and type E, a six-plex with side-by-side, townhouse-style apartments. 
Among these four types, some were finished with stucco facing, and others with brick. Table 4.6 
shows the square footage of the apartments in each building type and the number of each type 
included in the study. 

Table 4.6. Building types on Feeder 12 

Brick 
apartment facing facing Total Ft? per stucco Building type 

A (four-plex) 1093 15 4 19 
B (duplex) 1292 3 2 5 
C (duplex) 1581 20 2 22 
E (six-plex) 1620 1 1 2 
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4.3.1 Pre-Retrofit’Equipment 

Each of the 142 apartments was equipped with a nominal 2-ton central air conditioner. An air- 
conditioner model was written for this study so that the manufacturer’s catalog data for the 
installed air conditioners could be read from a look-up table and interpolated, based on operating 
conditions, to provide the cooling capacity and system power. Heating was provided by a 50,000- 
Btu/h natural-gas furnace with 75% combustion efficiency, and water heating was provided by a 
52-gal tank with the same combustion efficiency. 

As with Feeder 1 , a TRNSYS model was developed for each building, including its heating 
and cooling system, hot water tank, and lightinglappliance load. To model the hot water draw and 
lightindappliance loads, the same profiles were used as those described above for Feeder 1 , with 
total daily draw dependent on the floorspace of each apartment. A one-year simulation of each 
apartment was then run at various compass orientations corresponding to the orientations of the 
existing housing. To model the entire feeder, a streetlighting profile identical to the one used for 
Feeder 1 was added to the sum of the energy use from each building. 

4.3.2 Pre-Retrofit Energy Consumption 

As with Feeder 1 , outdoor air infiltration was used to match the simulation results to the 
Level-1 pre-retrofit data. However, since no data on natural gas use was available, the simulation 
results were matched only to the feeder-level electrical consumption. The closest match to the 
feeder-level data was obtained when air infiltration on all of the apartments was set to 0.1 air 
changes per hour. The results are presented in Fig. 4.9. 
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Fig. 4.9. Feeder 12 pre-retrofit daily electrical energy use vs daily average temperature. 
Monitored data and calibrated simulation model. 



For comparison, the correlation derived from the feeder-level data is: 

Daily energy use as predicted by the model was correlated to daily average temperature using 
the program described in Sect. 2. The correlation is: 

E (kWWday) = 3755.0 (T < 66.7"F) (4.3) 
3755.0 + 321.4 x (T - 66.7) (T > 66.7'F) 

E (kWday)  = 3594.6 (T < 63.7'F) (4.4) 
3594.6 + 253.0 x (T - 63.7) (T > 63.7'F) 

The model predicts the baseline energy consumption to within 4.5% of the value measured at 
the feeder level; as with Feeder 1, the breakpoint temperature was about 3°F lower than the 
temperature derived from the feeder-level data. Again, with further adjustments of setpoint 
temperatures, air-infiltration factors, and other parameters, it would have been possible to match 
the monitored pre-retrofit heating data to a higher degree of accuracy. 

Although the estimate of pre-retrofit annual electrical consumption is at the same level of 
accuracy as the estimate for Feeder 1 , it is recognized that the calibration for Feeder 12 omits the 
heating season entirely because of the lack of data on gas consumption. In the calibration of 
Feeder 1, different values of air infiltration were used to match the simulation output to the 
monitored data during the heating and cooling seasons. Since this was not possible for Feeder 12, 
we suspected that when the retrofits were implemented, the post-retrofit simulation model would 
predict energy use with less accuracy in the heating season than in the cooling season. 

4.3.3 Post-Retrofit Equipment 

Once the apartments were calibrated to the pre-retrofit data, the retrofits were implemented in 
the model. Furnace/central air combinations were replaced with 1.5- or 2-ton geothermal heat 
pumps. The gas-fired water tanks were replaced with electric tanks, and the hot water draw profile 
was reduced to account for installation of low-flow shower heads. The lighting/appliance load 
was reduced to account for fixture delamping and installation of compact fluorescent lighting. 
Desuperheaters were installed in only 29 of the 42 buildings. The retrofits are summarized in 
Table 4.7. 

4.3.4 Post-Retrofit Energy Consumption 

Figure 4.10 presents daily energy consumption as predicted by the model for each day in a 
typical meteorological year. For comparison, the field-monitored data is also plotted. It is seen 
that the model overpredicts post-retrofit energy consumption by about 10%. The model predicts a 
savings of only 9.5% for a TMY, while the feeder-level data indicates the savings would be 
16.2%. The five-parameter correlation for the model output is: 

E = 4253.1 - 60.5 x (T - 62.8) (T < 62.8) 

{T> 71.2) 
4253.1 (62.8 I T I 71.2) (4.5) 
4253.1 + 161.7 x (T- 71.2) I 61 



Table 4.7. Orientation of Feeder 12 buildings and retrofits installed 

Units with stucco facing Units with brick facing 
Compass Heat pump desup. Type orientation nominal tons 

Compass Heat pump desup. Address Type orientation nominal tons 
5202 
5209 
5225 
5213 
5215 
5224 
5108 
5212 
5216 
51 16 
5206 
5207 
522 1 
51 10 
5203 
5 120 
5114 
5236 
5122 
5 124 
5208 
5217 
5220 
5248 
5246 
5234 
5 102 
51 12 
5242 
5244 
5205 
5230 
5106 
5240 
5210 
5214 
5218 
5222 
5228 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
B 
B 
B 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
E 

0" 
0" 
0" 

45" 
45" 
45" 
90" 
90" 
90" 

180" 
1 80" 
1 80" 
225" 
270" 
270" 
90" 

1 80" 
180" 
90" 
90" 
90" 
90" 
90" 

135" 
180" 
180" 
225" 
225" 
225" 
225" 
225" 
225" 
270" 
270" 
270" 
270" 
270' 
270" 
45" 

1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
.5 
.5 
.5 
.5 
.5 
.5 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
1.5 

5104 A 
5204 A 
5226 A 
520 1 A 
5232 B 
5238 B 
521 1 C 
51 18 C 
5219 E 

45" 1.5 no 
90" 1.5 no 

225" 1.5 no 
270" 1.5 no 

0" 2.0 Yes 
270" 2.0 Yes 

0" 2.0 Yes 
135" 2.0 yes 
90" 2.0 Yes 
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Fig. 4.10. Feeder 12 post-retrofit daily electrical energy use vs daily average temperature. 
Monitored data and calibrated simulation model. 

For comparison, the five-parameter correlation derived from the monitored data for Feeder 12 is: 

E = 3649.1 - 115.4 x (T - 57.0) (T < 57.0) 

(T > 65.4) 
3649.1 (57.0 I T < 65.41 (4.6) 
3649.1 + 257.7 x (T - 65.4) 

Here one source of error seems to be the 17% overprediction of daily energy use in the 
baseline region. We believe this is due to the lack of pre-retrofit data for the heating season. Had 
we been able to calibrate the pre-retrofit model with feeder-level natural gas consumption data, we 
likely would have chosen a different air infiltration factor for the heating season, as was the case 
for Feeder 1. In the absence of data on natural gas consumption, we assumed that the air 
infiltration was the same for both heating and cooling. This reduced the accuracy both in the 
heating region and in the baseline region, since the baseline includes operation of the equipment 
for both heating and cooling. In addition, the housing on this feeder was built in 1975, making it 
the second oldest vintage in family housing. Project resources did not allow auditing the 
construction records to determine the extent of any addition of attic insulation, so no addition was 
assumed in the model. The lower modeled savings may be the result of this assumption. 

4.4 IMPLICATIONS FOR FUTURE USE OF CALIBRATED MODELS 

Clearly, the calibrated simulation model approach works best when data for both the heating 
and cooling seasons are available. When we were able to calibrate the model to an entire year of 
data, the model predicted the energy savings to a high degree of accuracy. When only data from 
the cooling season were available, the accuracy of the models is less certain. 
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The results of this work depended on several data sets. In order to calibrate the TRNSYS 
model, pre-retrofit data on daily energy use vs daily average temperature for the entire feeder was 
required. While about one year’s data was available for this study, the experience at Fort Polk 
suggests that the feeder energy use profile can be characterized with as little as six months of data; 
however, this may not be the case in all climates. The data collection does not need to be 
continuous. All that is needed is a sample of days that are in the heating, baseline, and cooling 
regions. 

Since the lighting/appliance loads account for about 46% of the pre-retrofit electrical use on 
the all-electrical feeder, the 15-minute-interval profile of daily lighting/appliance energy use was 
also an important contribution to the accuracy of the model. This profile was developed using one 
year of 15-minute-interval data from 18 separate apartments. The profile presented in Fig. 4.2 - 
with suitable corrections for apartment floorspace - could be used for other projects in military 
family housing. The figure presents the kilowatt-hours used during every 15-minute period for the 
typical Fort Polk residence during a typical day. In other housing types, it would be necessary to 
examine the number and type of electric lights and appliances in a representative number of 
apartments to determine whether this profile would be suitable. 

could likely be used in future military housing projects. For other housing types, it may be 
necessary to monitor energy consumption of the domestic hot water tank in a representative 
number of apartments to determine whether this profile would be suitable. Factors such as climate 
may have an impact on hot water use. Nevertheless, since water heating accounts for only about 
15% of energy use on the feeder, an incorrect hot water draw profile will have a correspondingly 
small effect on predicted total energy use. 

Finally, it is recognized that the calibrated BHEx component model was perhaps the most 
important factor in the accuracy of the overall model. The calibration to our monitored site data 
on an operating GHP system produced soil heat transfer properties that were quite different from 
those estimated from measurements by others at the site using standard short-term testing methods 
available at the time the Fort Polk project was developed (see Sect. 5). In future projects involving 
geothermal heat pumps, it may be necessary to use improved short-term soil property tests or 
improved analysis on the short-term test data, or to collect at least six months of 15-minute- 
interval data from at least one pilot test GHP unit. 

The hot water draw profile presented in Fig. 4.4 compares well with published values and 
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5. GEOTHERMAL HEAT PUMP SYSTEM MODELS, 
CALIBRATED TO DATA 

Section 4 demonstrates an improved method of estimating energy savings before construction 
takes place. The method relies on engineering models calibrated to field data-specifically, pre- 
retrofit feeder energy consumption data and post-retrofit data from one pilot test site. During the 
development of large projects such as Fort Polk, it is feasible to install the full GHP-centered 
retrofit package in one apartment as a pilot test. This section describes the engineering model of 
one apartment served by a GHP system, and the process of calibrating that model to post-retrofit 
data from a test site. The apartment-level model is the building block for the feeder-level model 
described in Sect. 4. 

The apartment-level model represents the housing unit (heating, cooling, water heating, and 
lighting/appliance loads), geothermal heat pump, BHEx, thermostat, and the blower and ground 
loop pump inside the GHP. Each of these components was modeled and then calibrated to 
detailed field data. The calibrated component models were then interconnected to form the system 
model. The system model was then found to compare well with apartment-level data. 

elements of vertical borehole ground heat exchanger design, including soil property impacts, 
multibore interactions, long-term consequences of annual heat imbalance, bore spacing, bore 
diameter, pipe spacing, pipe diameter, and grout properties. The outputs from the calibrated 
system model have already been used to test and compare BHEx design methods (Sect. 6). 

component throughout the system, were monitored at five apartments in one selected five-plex 
building. The data from one of these apartments, the one that had the longest post-retrofit data 
collection period and was occupied for that entire period, was chosen to calibrate the model 
described here. This apartment, one of the ground-floor apartments in the two-story building, has 
a conditioned floor area of 1052 ft2. 

The five-plex was not retrofitted in advance of the rest of the housing and instrumented for 
energy balance data as a pilot test. But if it had been, the calibrated apartment-level model would 
have been available to support improved energy savings estimates prior to construction as 
described in Sect. 4. 

The system model incorporates a BHEx component model that is capable of addressing most 

“Energy-balance” data, or data needed to fully or partially veri@ energy baIances around each 

5.1 CONFIGURATION OF THE GEOTHERMAL HEAT PUMP 

The GHP in the apartment monitored for calibration data has a nominal 1.5-ton (17,300-Btuh) 
total cooling capacity and energy efficiency rating (EER) of 15.4 at ART. (Air-conditioning and 
Refrigeration Institute) 330 rating conditions, and an 11,800-Btuh heating capacity and 3.5 
coefficient of performance (COP) at AM 330 rating conditions. This GHP used water as the 
ground heat exchanger working fluid and came equipped with a desuperheater for supplying 
domestic hot water. Two U-tube BHEx’s connected in a parallel arrangement were used to 
exchange heat with the ground. Each U-tube BHEx was placed in a vertical borehole of 4.125411. 
diameter and 258-ft depth. These boreholes were spaced 16 ft apart, 25 Et from the exterior wall, 
and were backfilled with a bentonite-based grout after the installation of the U-tubes. The U-tubes 
themselves are of nominal I-in. SDR- 1 1 polyethylene pipe (1.08-in. ID; 1.3 I-in. OD) with a 
nominal center-to-center spacing of 2.565 in. The known center-to-center U-tube spacing is at the 
bottom of the BHEx (the bottom of the bore). No extraordinary measures were taken to maintain 
this spacing along the length of the bore. The horizontal runouts to the boreholes and the 
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horizontal piping between the bores are buried at a depth of 3 ft, with outbound and return legs in 
separate trenches. Figures 4.6 and 4.7 show the configuration of the ground heat exchanger. 

5.2 ENERGY-BALANCE MONITORING 

The detailed energy-balance monitoring began in late 1995 and continued through February 
1997. The following parameters were measured and recorded as 15-minute averages or totals: 

whole-apartment power 
total GHP power 
GHP compressor power 
water heater element power 
blower status 
ground loop pump status 
ambient temperature 

GHP entering water temperature (when on) 
ground heat exchanger temperature difference 

0 desuperheater pump status 
desuperheater inlet temperature (when on) 
desuperheater temperature difference (when on) 
reversing valve status 
ambient relative humidity 

One-time measurements of the following key parameters were also recorded: 

blower power draw 
loop pump power draw 
desuperheater pump power draw 
ground loop flow rate 
desuperheater loop flow rate 

Because of the possibility that desuperheater operation might confound some of the calibration 
steps, the desuperheater was intentionally disabled for most of the recording period. The 
calibrations reported here are for periods when the desuperheater was not operating. 

5.3 DETAILED ENGINEERING MODEL 

We used the public-domain simulation software TRNSYS (Klein et a]. 1996) as the platform 
for the detailed models because it can operate at any time step, which allows the use of ground 
heat exchanger models that require small time steps for stability and accuracy, and because it is 
relatively easy to drive with measured data. TRNSYS is a modular system simulation package in 
which the user describes the system's components and their interconnections. Components may 
be equipment, such as a pump or thermostat, or utility modules, such as occupancy forcing 
functions, weather data readers, integrators, or printers. New component models for the heat 
pump and BHEx are easily added to the existing component libraries to expand the capabilities of 
the program to include residential GHP systems. 

Unlike most of the commonly used building energy analysis tools, TRNSYS can operate in 
either "temperature level" or "energy rate" control (Klein et al. 1996). In energy-rate control, the 
heatinglcooling loads are calculated only on the basis of the net heat losses/gains from the 
conditioned space. The user specifies the setpoint temperatures for heating and cooling. The 
program then calculates the amount of energy required to keep the conditioned space at these 
setpoints. The calculated loads are then passed to the conditioning equipment, which exactly 
meets these loads at every time step. The advantage in using energy-rate control is that the loads 
for a given structure can be calculated once and then reused in subsequent equipment and plant 
simulations. However, the detailed interaction between the conditioned space and the equipment 
is not treated directly. 
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In temperature-level control, which we use in our model, the temperature of the conditioned 
space is a function of ambient conditions as well as of the inputs of the equipment. In this mode, a 
controller is required to command the equipment. For these reasons, temperature-level co.ntro1 
results in a more realistic and detailed simulation of the interaction between the conditioned space 
and the equipment. The equipment is either on or off in each time step and delivers whatever 
capacity would be expected given the operating conditions at that time. An earlier study (Hughes 
et al. 1980) demonstrated the value of using temperature-level control in heat pump system 
studies. 

each time step until the system of equations created by the interconnection of the component 
model inputs and outputs is solved. After considering accuracy, stability requirements, typical 
equipment cycle times, recorded data intervals, and simulation speed, we chose a time step of 15 
minutes. 

The software performs the dynamic transient analysis at user-defined time steps, iterating at 

5.3.1 Components of the System 

The performance of each of the components of the system must be characterized before the 
system can be characterized. In this case, the system components are defined as the building and 
its associated forcing functions, the heat pump, the BHEx, the thermostat, the ground loop pump, 
and the heat pump blower. The operation of these components and weather factors are briefly 
described below. For reference, a TRNSYS assembly panel schematic of the system information 
flow is included as Fig. 5.1. 

Fig. 5.1. Schematic of modeled geothermal heat pump system. 
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Weather 

Although the ambient temperature and relative humidity were measured at the site, these 
values were not used in simulations using the detailed heatingkooling load model because of the 
lack of solar radiation measurements. (The measured temperature and relative humidity data were 
used in simulations using a simplified load model that can be driven with just these inputs.) 
Instead, TMY weather from Lufkin, Texas, was used for the simulations. (Sect. 4.2.1 discusses 
TMY data.) As the time step for the simulation is less than the one-hour weather data interval, 
TRNSYS interpolates the weather data. The effects of incident solar radiation on each of the 
exterior surfaces, subject to overhang and wingwall shading effects, was included in the model. 

For reference, the 99% design temperatures for Alexandria, Lousisiana are (ASHRAE 1989): 

Winter design temperature: 23 "F 
Summer design temperature: 95°F 
Daily temperature range: 20°F 

A new TRNSYS component based on the Kusuda correlation (Kusuda 1965) was developed to 
estimate the undisturbed ground temperature as a function of depth and time of year for the 
simulation. This new model takes as input the annual average surface temperature, the amplitude 
of the annual surface temperature variation, and the phase delay, and calculates the hourly 
distribution of ground temperature with depth. We used ASHRAE (1977) reference values for 
Alexandria, Louisiana: 

Mean soil surface temperature: 69°F 
Amplitude of surface temperature: 17°F 
Day of minimum surface temperature: 32 

Building Load Model 

The detailed heating and cooling load model chosen for this simulation was the standard 
multizone building load model in TRNSYS. This model implements a nongeometrical balance 
model with one air node per zone. The model accounts for the effects of both short-wave and 
long-wave radiation exchange, internal generation (sensible and latent), occupancy effects, 
infiltration effects, ventilation effects, and convective exchanges. The walls, ceilings, and floors 
are modeled according to the ASHRAE transfer function approach (ASHRAE 1977). 

The building model was assumed to have one thermal zone representing the conditioned 
volume of the modeled apartment. [Analysis had shown negligible energy differences when 
compared against the same apartment modeled with ten thermal zones, seven conditioned zones 
(kitcheddining, family room, two bedrooms, bathroom, hallway, and utility room), and three 
unconditioned zones (storage areas).] The interactions between this single thermal zone and the 
apartments next door and upstairs, the ambient, and the ground (slab floor) were also considered. 

The internal gains to the space from lighting, equipment, and occupancy were scheduled on 
the basis of the time of day. The infiltration to the zone was modeled on the basis of a modified 
ASHRAE method (ASHRAE 1977) that calculates the air changes per hour as a function of the 
wind speed and the temperature difference between ambient and conditioned space. 

Operating TRNSY S in temperature-level control makes the thermal interaction between the 
zone and the conditioning equipment dynamic. Most other building energy analysis programs 
pass calculated building loads to the equipment/plant models, but TRNSYS uses a feedback loop 
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in which the zone temperature is a function of the equipment response (ordoff, capacity if on, etc.), 
which is itself dependent on the zone temperature. 

Thermostats 

We used the standard TRNSYS thermostat model, which accounts for hysteresis effects. 
When the temperature rises above the setpoint for cooling, for example, the thermostat calls for 
cooling and continues to do so until the temperature falls below the cooling setpoint temperature 
minus a user-specified dead-band temperature. Night setback and setup were not modeled because 
they are not used at Fort Polk. 

Ground Loop Pump 

A simple constant-flow pump model was used to simulate the ground loop pump. When the 
thermostat calls for conditioning, the pump flow value is a steady 4.64 gal/min, the one-time 
measurement from the site. Startup and shutdown power and flow transients were disregarded, as 
was the effect of varying pressure drop due to temperature-dependent changes in water properties. 
The power consumed by the ground loop pump was assumed constant, calculated as described in 
later sections. All the ground loop pump power was assumed to be converted to flow energy (Le., 
dissipated as heat into the fluid rather than radiated from the pump housing). Therefore, 
calculations to determine the required ground heat exchanger length will be slightly conservative 
when cooling is the dominant factor, as it is in Fort Polk. The pump model assumes that the power 
instantaneously reaches its steady-state value at the beginning of an on-cycle and instantaneously 
drops to zero at the end of an on-cycle. 

Blower 

A simple constant-flow device was also used to simulate the blower. When the thermostat 
calls for conditioning, the blower moves 600 fWmin of air across the heat pump coil, the nominal 
value from the catalog of performance data for this heat pump. This value was used because 
reliable measurements of air flow rates were not available. Startup and shutdown power and flow 
transients were disregarded, as was the effect of varying pressure drop due to changes in air 
properties caused by temperature and humidity. The power consumed by the blower was a 
constant, calculated as described in later sections. All the blower power was assumed to be 
converted to energy used to increase the temperature of the air stream. The blower model assumes 
that the power instantaneously reaches its steady-state value at the beginning of an on-cycle and 
instantaneously drops to zero at the end of an on-cycle. 

Heat Pump 

A new water source heat pump model was written for TRNSYS for this project. The heat 
pump model uses a look-up table approach in both heating and cooling modes to incorporate the 
manufacturer’s published catalog data for capacity, power, and water heat transfer. Inputs to the 
model include the temperature and flow rate of water entering the heat pump; the temperature, 
humidity ratio, and flow rate of air entering the heat pump; and the control signal from the 
thermostat. Outputs from the model include the calculated values of temperature and flow rate of 
water exiting the heat pump; temperature, humidity ratio, and flow rate of air exiting the heat 
pump; and equipment capacity and power draw. 
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The input values the first table asks for are water flow rate in gallons per minute and entering 
water temperature. In heating mode, the steady-state heating capacity, the steady-state heat pump 
power (blower + controls + compressor), and the steady-state rate of heat absorption from the 
water are interpolated from the data set. In cooling mode, the total steady-state cooling capacity, 
the sensible steady-state cooling capacity, the steady-state heat pump power (blower + controls + 
compressor), and the steady-state rate of heat rejection to the water are interpolated from the data 
set. 

The second table asks for the known air flow rate to obtain the published correction factors for 
steady-state capacity, steady-state power, and the steady-state heat rejectiodabsorption. 

The final table asks for the dry-bulb temperature (heating mode) or the dry- and wet-bulb 
temperatures (cooling mode) of entering air to determine the published correction factors. In 
cooling mode, the correction factors for steady-state capacity (both total and sensible), and the 
correction factors for.steady-state heat rejection to the water are read from the table. In heating 
mode, the correction factors for steady-state heating capacity, steady-state heat of absorption from 
the water, and steady-state power are read from the table. 

In order to allow for typical discrepancies between published catalog capacities and measured 
capacities, the heat pump model scales the calculated steady-state capacity values by a user- 
defined fraction. The heat pump model assumes that the heat pump power draw instantaneously 
reaches its steady-state value at the beginning of an on-cycle and instantaneously drops to zero at 
the end of an on-cycle. The model also assumes that the capacity rises asymptotically to the 
steady-state value at the start of an on-cycle and drops to zero instantly at the end of an on-cycle. 
The time constant of the capacity rise is input by the user. Energy balance and psychrometric 
calculations at each iteration assure that the results from the model at each time step are 
reasonable. 

Vertical Borehole Ground Heat Exchanger 

For vertical GHP systems, the most important component model is the BHEx. We chose the 
duct ground heat storage model (DST) to represent the BHEx for this study because it is well 
documented and validated, and it considers multibore interactions and long-term (multiyear) 
effects. Developed at Lund University in Sweden, DST has been updated and modified several 
times and has been used with excellent results (Hellstrom 1983; Mazzarella 1991; Hellstrom et al. 
1996; Hellstrom 1989; Pahud and Hellstrom 1996; Pahud et al. 1996). 

The heat transfer from the borehole system to the surrounding ground is approximated by pure 
conduction. The storage volume (the volume of earth containing the boreholes) has the shape of a 
cylinder with a vertical axis of symmetry. The boreholes are assumed to be uniformly placed 
within this storage volume. There is convective heat transfer in the boreholes and conductive heat 
transfer in the ground. It is convenient to treat the thermal process in the ground as a 
superposition of a global problem onto a local one. The global problem is to handle the large- 
scale heat flows in the storage and the surrounding ground, whereas the local problem is to 
account for the heat transfer between the heat carrier fluid and the storage. The local problem uses 
local solutions around the boreholes and a steady-flux part, by which the pumber of local 
solutions, and thus computation time, can be reduced without significant loss of accuracy. The 
global and the local problems are solved with the use of the explicit finite-difference method, 
whereas the steady-flux part is solved analytically. The total temperature at one point is obtained 
by a superposition of these three solutions. 

The short-term effects of the injectiodextraction through the boreholes are simulated with the 
local solutions, which depend only on a radial coordinate and consider a cylindrical volume 

In DST, a BHEx is defined as a system in which heat or cold is stored directly in the ground. 
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exclusively ascribed to each borehole. As the model assumes a relatively large number of 
boreholes, most of the boreholes are surrounded by other boreholes. Consequently, a zero heat 
flux at the outer boundary attributed to the symmetrical positions of the neighboring boreholes is 
prescribed. This assumption may lead to the under-prediction of heat transfer to the ground in 
cooling mode for installations with only a few boreholes. 

The heat transfer from the fluid to the ground in the immediate vicinity of the borehole is 
calculated with a heat transfer resistance. A steady-state heat balance (performed each time step) 
for the heat carrier fluid gives the temperature variation along the flow path. The local solution 
may take into account a radial stratification of the storage temperatures (due to a coupling in series 
of the boreholes), as well as increased resolution in the vertical direction. The local heat transfer 
resistance from the fluid to the ground (or borehole thermaI resistance) may depend on the flow 
conditions, that is, it can be dependent on both temperature and flow. It may also take into 
account the unfavorable internal heat transfer between the downward and upward legs of the U- 
tube in a borehole. 

The three-dimensional heat flow in the ground is simulated using a two-dimensional mesh 
with a radial and a vertical coordinate. The model assumes homogeneous and constant thermal 
properties within a horizontal ground layer. Several ground layers are permitted, and the thermal 
properties may vary from layer to layer. Insulation may be placed on the top and sides of the 
storage volume. A time-varying temperature is given for the ground surface. 

5.4 CALIBRATING THE ENGINEERING MODEL 

Although a detailed model of the thermal system at the modeled apartment provides a very 
useful tool in developing trends and evaluating the system operation, the same model calibrated to 
measured site data greatly increases the confidence in the answers that the model provides. 
Because of its modular nature, calibrating the system in TRNSYS implies calibrating each of the 
individual component models. The process used to calibrate each of the important system 
components is described briefly below. 

5.4.1 Controllers 

Even with the heat pump compressor, blower, and loop pump off, the packaged heat pump unit 
draws power because of the heat pump controls. To quanti@ this power draw, intervals when the 
heat pump compressor, blower, and loop pump were off for the entire 15-minute interval were 
extracted from the data. When plotted for the year, the large difference between control power in 
heating and cooling modes appears to be due to the reversing valve for the heat pump. Figure 5.2 
shows these differences for the month of April, the only month with both heating and cooling 
cycles, along with the position of the reversing valve (0 = heating, 1 = cooling). For modeling 
purposes, average controller power draws of 6 W in heating mode and 20 W in cooling mode were 
assumed. This controller power draw and the blower power draw (determined as described below) 
were subtracted from the calculated heat pump power (read from the catalog data at each time 
step) to determine the modeled heat pump compressor power. 

5.4.2 Blower 

During part of the monitoring period, special controls prevented occupants from directly 
controlling the compressor. Changing the thermostat setting only affected the blower. 
Compressor operation was driven by a return-air temperature sensor. This period of data was used 
to calibrate the blower model. The 15-minute periods when the blower was on but the compressor 
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and ground-loop pump were off were extracted from the data set. During these periods, the 
measured power consumption of the packaged heat pump unit is equal to the power consumption 
of the blower motor plus the controller power. The blower power can then be estimated as the 
power consumption in the 15-minute recording period minus the controller power 

- 0 8  

I 

3 3 0  0 

Fig. 5.2. Controller power draw in watts for each 15-minute interval in the month of April. 

divided by the blower run time. When plotted for the calibration period, the blower power draw 
was found to decay from a value of -160 W in February to -130 W in April. The blower power 
draw could not be checked after April, when standard compressor controls were restored. The 
one-time site measurement, taken early in the year, of 160 W compares well to the early 
calculations. The decay in blower power draw was thought to be caused by an increasingly dirty 
air filter. 

A calibration value of 130 W was selected as a better representation of actual operation. To 
investigate whether there were start-up spikes in blower power, the intervals where just the blower 
was on and had just turned on were extracted from the data. The average value at start-up appears 
to be indistinguishable from the calculated steady-state value. The assumption that the power 
instantaneously reaches its steady-state value of 130 W at turn-on, remains at that value until tum- 
off, and then immediately drops to zero appears adequate. 

Reliable one-time measurements of air flow rate were not available. The value of 600 ft3/min 
was used for the calibration. The manufacturer's catalog data reveals that a 15% change in air 
flow rate results in only a 1% change in total capacity, water heat transfer, and power con- 
sumption. The air flow rate was therefore assumed to reach its steady-state value instantaneously 
at blower turn-on, remain at that value until turn-off, and then immediately drop to zero. 
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5.4.3 Thermostat 

The occupants initially had no direct control over the heating and cooling setpoints. The 
thermostats controlled only the blower; a return-air thermostat controlled the heat pump 
compressor. However, many tenants found ways to work around these controls (shining heat 
lamps onto the return air sensor, for example). The system was converted to standard compressor 
controls (thermostat cycles compressor) in April. 

In an attempt to determine the heating and cooling setpoints for the year, the indoor 
temperature at the initiation and termination of heating and cooling periods was extracted from the 
data and plotted for each month. The thermostat setpoints and dead bands were extremely 
important in determining the building energy loads and the heat pump cycle times (which affect 
the maximum heat pump entering water temperature predictions). As suspected, the data, shown 
in Table 5.1 , indicated varying thermostat setpoints in each month after control reverted to the 
occupants. 

Figures 5.3 and 5.4 show the turn-on and turn-off temperatures for cooling in the months of 
May and August. The lack of a discernible temperature difference between turn-on and turn-off in 
August is due to the heat pump turning on and off during every 15-minute interval. 

With no distinct setpoints emerging from the data, the thermostat model in TRNSYS was 
modified to accept unique monthly values of the heating and cooling setpoints and the thermostat 
deadbands. Heating and cooling seasons did emerge from the data: the heating season ran from 
October through mid-April. 

Table 5.1. Monthly thermostat setpoints in beating and cooling modes (OF) 

Month Heat ON Heat OFF Cool ON Cool OFF 
March 
April 
May 
June 
Ju ly  
August". 
Septem b e f  
October 
Novembef 

72.2 
73.3 
NIA 
NIA 
NIA 
NIA 
N/A 
78.6 
66.0 

76.5 
76.2 
N/A 
NIA 
NIA 
NIA 
NIA 
78.9 
68.2 

N/A 
80.0 
80.8 
81.3 
70.7 
70.6 
77.0 
NIA 
NIA 

NIA 
76.3 
77.2 
76.8 
70.7 
70.6 
76.7 
NIA 
NIA 

"The heat pump ran in each of the 15-minute recorded intervals for the entire month 
with no discernible room temperature differences found between when the equipment 
turned on and turned off. 

'The setpoint temperatures in August show three unique steps: a cooling setpoint of 
-70°F for a very short period in the beginning of the month with no discernible turn-on and 
turn-off temperatures, a relatively long period where the space was maintained at -74°F 
with no discernible turn-on and turn-off temperatures, and a short period at the end of the 
month where the space was maintained at -62°F with no discernible turn-on and turn-off 
temperatures. 

cooling turn on temperature of -64°F with a cooling turn off at -64.5"F is observed 
followed by a relatively long period where the space is maintained at -78°F with no 
discernible turn-on and turn-off temperatures. 

impossible to determine the setpoints and deadbands. 

T h e  setpoint temperatures in September shows a unique step: a short period where the 

T h e  heat pump ran in only two of the 15-minute intervals for the month, making it 
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Fig. 5.3. Room temperatures for cooling turn-on and turn-off for the month of May. 

Interval 

90 

85 

h 

6 80 
8 
L 
1 

L 
Q) 

c, 
75 

E" 
70 

65 

60 

Fig. 5.4. Room temperatures for cooling turn-on and turn-off for the month of August. 
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5.4.4 Ground Loop Pump 

measurement of loop pump power draw. During these intervals, the power consumption of the 
loop pump is equal to the packaged heat pump consumption minus the consumption of the 
compressor, the blower, and the controls. The one-time site measurement of loop pump power 
(220 W), confirmed by plots of measured loop pump power, was used for the calibrated value. 
The power also was assumed to instantaneously reach its steady-state value at turn-on, remain at 
that value until turn-off, and immediately drop to zero. 

measurement when the pump was on, and zero when the pump was off. 

5.4.5 Vertical Borehole Ground Heat Exchanger 

The calibration of the detailed BHEx model was intended to be relatively straightforward. We 
chose to construct a BHEx model that only represented the vertical elements of the ground heat 
exchanger and did not represent the piping runouts to the ground heat exchangers or the horizontal 
buried pipes between the ground heat exchangers. Where possible, known values of the physical 
BHEx parameters were used: heat exchanger geometric data (borehole diameter and depth, header 
depth, borehole spacing, U-tube pipe sizes and shank spacing); and thermal properties of the 
polyethylene pipe and the grout (backfill) material (thermal conductivity, density, and specific 
heat). The undisturbed deep-earth temperature and the soil thermal properties (thermal 
conductivity, density, and specific heat) were varied to try and achieve a best fit between measured 
and modeled performance. The best fit is one that best matches the 15-minute recorded data to the 
model predictions for heat pump entering water temperature. This best-fit approach does not 
arrive at true soil properties for each of the various layers along the borehole, but rather arrives at 
average soil properties over the length of the bore, which are the effective properties when a pure 
conduction BHEx model is forced to match data that include effects beyond conduction (e.g., 
groundwater movement) that may be present, and that include effects of horizontal runouts and 
piping that were purposely left out of the model because they are small, relative to the BHEx. 

model, with any inaccuracies it may contain, to nonetheless track data and provide an accurate 
representation of BHEx behavior at the site. Since none of the practical BHEx design methods 
account for horizontal runouts and piping connections, these effective average soil properties are 
suitable for use in such methods (see Sect. 6) .  

With an accurate estimate of the heat pump exiting water temperature (which is the ground 
heat exchanger inlet temperature), the process of calibrating the BHEx model would have been 
simple. However, after much investigation we determined that the temperature-difference data 
used to calculate the heat pump leaving water temperature from the measured entering water 
temperature were inaccurate at operational flow rates. Without these data, our only alternative 
was to estimate the amount of energy transfer to/from the soil by using the heat pump 
manufacturer’s catalog data. This estimation was left to the heat pump component model, which 
allowed use of a user-defined fraction of the catalog stepdy-state capacity. For the purposes of this 
work, 95% of the catalog heating and cooling capacities were used for the steady-state heat pump 
capacities. The model also assumes that the capacity ramps up asymptotically at the start of an on- 
cycle and drops to zero instantly at the end of an on-cycle. The time constant calculation is 
described in the heat pump calibration section. 

times also recorded for the 15-minute period. The TRNSYS program operates in discrete time steps; 
the heat pump is either on or off for each time step. It was therefore necessary to run TRNSYS on a 

Data intervals showing continuous heat pump operation were used to verify the one-time field 

The ground loop pump flow rate was assumed to equal the value from the one-time 

Our goal here was to determine effective average soil properties that enabled our BHEx 

The measured loop temperature data was recorded in 15-minute averages with loop pump run- 
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sub-15-minute time step, so we discretized the data into 1-minute increments for the soil calibration. 
To try and match actual cycling times as well as possible, we arranged the run-times based on the 
state of the heat pump at the current, previous, and next 15-minute periods. 

During each 1 -minute time step, the heat pump leaving water temperature is calculated based on 
the measured 15-minute-average heat pump entering water temperature and the heat pump's 
calculated heat rejectiodabsorption, which is a function of the heat pump entering water temperature 
and time. This heat pump leaving water temperature, the one-time measurement of the flow rate, and 
the measured ambient conditions drive the ground heat exchanger model to produce a predicted heat 
pump entering water temperature. 

With these inputs from the monitored data and the heat pump model, and with the soil thermal 
properties and deep-earth temperature as varied parameters, the model-predicted temperature was 
compared to the collected data on outlet temperature from the ground heat exchanger. The simple 
statistical comparison to determine "best fit" was done by squaring the difference between the pre- 
dicted values and the collected data for each 15-minute interval and summing the squares over the 
length of the simulation. The soil properties with the lowest value were selected as the best-fit values. 

correspond almost exactly to the ASHR4E heavy saturated soil: a density of 200 lb/ft3, a specific 
heat of 0.20 Btu/lbm."F, and a thermal conductivity of 1.40 Btu/h.ft."F. The corresponding deep- 
earth temperature was found to be about 62°F. This first BHEx calibration was performed using data 
from the month of May, a month when the heat pump ran only in cooling mode. With the known 
borehole geometry and the best-fit soil properties, a pipe-to-soil thermal resistance of 0.2281 
h-ft-"F/l3tu was calculated by the DST model. 

difference between measured and predicted values was 0.145'F over the month-long test period. 
Figure 5.5 shows the predicted and measured 15-minute averages for three days near the end of the 
May soil calibration test. 

The results of our first attempt at a best match of the soil properties for this apartment 

Using these effective average soil properties as inputs for the model, the average temperature 
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Fig. 5.5. Predicted vs measured heat pump entering water temperatures for three days in the 
month-long soil-calibration test. 
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These effective average soil properties (for the South Fort area), determined using inverse heat 
transfer techniques on May data, are very different from the results of an independent analysis of 
the soil done before the GI@ installations at three locations around the base (Gordon 1997). The 
results from that analysis are shown below with our results for Comparison. 

Deep-earth Thermal conductivity 
Soil type temperature (Btu/h.ft."F) 

1995 Study 
South Fort Sand 673°F 1.156 
Mid Fort Clay 67.8"F 0.802 
North Fort Clay/Sand 673°F 0.964 

South Fort Heavy saturated 62°F 1.40 
TRNSYS 

5.4.6 Heat Pump 

Lacking an accurate temperature difference measurement across the ground heat exchanger, 
the calibration of the heat pump model proved difficult. We originally intended to strip from the 
data set all the points where the heat pump ran for the entire 15-minute interval. Using the 
measured heat pump water temperature difference and total power draw, the one-time 
measurement of water flow rate, and the calibrated steady-state values of blower and loop pump 
power draw, the actual operating capacity of the machine could have been determined as a 
function of the measured heat pump entering water temperature. This operating capacity curve 
would then have been compared against the model-predicted capacity as a function of entering 
water temperature and adjusted accordingly. Without the temperature difference measurement, an 
assumption had to be made about the value of the steady-state capacity for the installed machine. 
For this work, 95% of the manufacturer's reported catalog capacity was used as the steady-state 
value. 

One aspect of the heat pump model that could be checked was the compressor power as a 
function of entering water temperature. All the data points where the compressor ran for the entire 
15-minute interval were extracted from the data set and plotted against the measured value of the 
heat pump entering water temperature. Driving the model with the one-time measurement of 
water flow rate and varying the heat pump entering water temperature, the predicted steady-state 
compressor power curve was determined. As can be seen in Fig. 5.6, the original modeled value 
of compressor power in cooling mode was on the high side (labeled as "Catalog" in Fig. 5.6). To 
better match the recorded values of compressor power in cooling mode, the heat pump model was 
redone to include a linear fit from the data. The heat pump model's predicted compressor power 
in cooling mode (labeled as "Model" in Fig. 5.6) is then plotted against entering water temperature 
in Fig. 5.6. There are not enough data points in heating mode to compare against the model, so 
we used the catalog value for compressor power in the heating mode. 

Although the absolute value of the recorded heat pump water temperature difference was 
flawed, the measured heat pump entering water temperature could still be used in the heat pump 
cyclic analysis. To determine the capacity ramp-up function, we calculated the machine capacity 
for each of the intervals in the longest heat pump run-time cycle observed in the data (about 8 
hours). The capacity of the heat pump, or the heat transfer from the air, was calculated based on 
an energy balance taken around the packaged heat pump unit. The capacity is equal to the heat 
transfer to the water minus the power of the blower, the controls, the compressor, and the loop 
pump, and was fitted to a function of the form: 

Capacity = k l  x Time/(k2 +time) . (5.1) 
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Fig. 5.6. Energy consumption of the heat pump compressor as a function of heat pump entering 
water temperature in cooling mode. 

To approximate the observed asymptotic behavior, the heat pump model capacity calculation 
was modified to account for ramp-up by using this curve fit. In the model, k l  from Eq. 5.1 is 
represented by the steady-state capacity (calculated in the model) and k2 was set to 0. I 14265 (the 
curve-fit coefficient). 

5.4.7 Building Model 

Calibrating the detailed building model required calculating the amount of heat injected into 
and removed from the building. In heating mode, the rate at which heat was injected into the 
building was assumed to be 95% of the steady-state value of the catalog heat of absorption rate 
from the water plus the electrical energy consumption rate of the heat pump. The steady-state heat 
of absorption rate was taken from curve-fits to the manufacturer's data at the measured value of 
heat pump entering water temperature. The heat pump electrical consumption was recorded in the 
data set. The amount of energy to the space was calculated by multiplying the steady-state heat of 
absorption rate by the run time and adding the electrical energy consumption of the heat pump. 
Plotting the average energy rate to the zone against the corresponding ambient temperature bins 
gives a heating load line. Calculation of the cooling load line was analogous to calculation of the 
heating load line. 

With the "measured" heating and cooling load lines established, the calibration of the building 
model could proceed. The calibration of the building model proved to be the most difficult of all. 
There are hundreds of parameters that could be adjusted to try to match the cooling and heating 
load lines. Most of these building model parameters are based on the characteristics of the 
building (such as geometries, wall and window thermal properties, etc.) and were left to their 
modeled values. This left a group of parameters including internal gains (lighting, equipment, and 
occupancy) and infiltration to fit against the collected data. Once set, the internal gains (which 
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have a daily profile) were assumed to be identical for cooling and heating seasons, while distinct 
values of infiltration (a function of ambient temperature and wind speed) were established for the 
heating and cooling seasons. To establish the load lines for the modeled building, all of the 
conditioning equipment was stripped from the model, and the building was allowed to operate in 
energy-rate control mode. In energy-rate control, the space is assumed to be at its setpoint, and the 
amount of energy required to keep it there is calculated by the program. The heating and cooling 
load lines were calculated for the modeled building and compared with the load lines resulting 
from the measured data. The model's infiltration parameters were then adjusted until the load 
lines matched. Originally, the infiltration rate was simply a function of a constant, the wind speed, 
and the indoor-to-outdoor temperature difference. But to better match the observed heating and 
cooling load lines, the infiltration was redefined as a function of the square of the indoor-to- 
outdoor temperature difference. The heating and cooling load lines are shown in Fig. 5.7 for both 
the modeled system and the observed data. 

5.4.8 System Calibration 

With all the individual component models calibrated against the measured data, the 
performance of the entire system model was checked. In a GHP system, the main indicators of 
system performance are the maximum temperature of water entering the heat pump and the total 
energy consumed by the packaged heat pump unit (compressor + blower + loop pump + controls). 
The maximum temperature measured at the site was 85.1 O F .  The model predicted significantly 
lower temperatures, with a maximum of 81.1"F. 
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Fig. 5.7. Average heating and cooling load line comparisons. 
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In an attempt to resolve the differences between the measured and predicted temperatures of 
entering water, both the effects of the ambient temperature and the validity of the assumption of a 
62°F deep-earth temperature were investigated. The model originally used TMY weather data 
because the detailed building model used for the study required the ambient conditions 
(temperature, humidity, and wind speed) as well as the solar radiation. Only the ambient 
temperature and relative humidity were measured at the site. A simple “lumped capacitance” 
building model was created for this study so that the model could be driven by the outdoor 
conditions measured at the site. 

the thermal capacitance, the moisture capacitance, the ambient temperature and relative humidity, 
the infiltration rate, the internal sensible and latent heat generation, and the heat injection or 
extraction of the space conditioning equipment to predict the temperature and humidity of the 
conditioned space. Because the detailed model incorporated all the construction properties of the 
apartment building, the UA and the thermal and moisture capacitances were adjusted in the simple 
model until both models responded similarly to step changes in ambient temperature and relative 
humidity. This adjustment was performed assuming no infiltration and identical internal heat 
generation in both models. With the calculated loss coefficients and capacitances, the infiltration 
of the simple model was adjusted until the average heating and cooling load lines matched the 
average heating and cooling load lines determined from actual measurements (shown in Fig. 5.7). 

Next the effect of the deep-earth temperature assumption was explored. The original 
calibration of the BHEx model was performed using data from May, the end of the heating season 
and the beginning of the cooling season. The soil heat removal during the heating season had 
masked the true undisturbed deep-earth temperature, and the inverse heat transfer analysis arrived 
at a lower value of 62°F. The thermal conductivity tests discussed previously were measurements 
on newly installed BHEx’s with no thermal history. In October 1995, the undisturbed deep-earth 
temperature near the site was determined to be 673°F. Running the model with the “lumped” 
building data, measured weather, and the new assumption for undisturbed deep-earth temperature 
dramatically reduces the differences between the measured and predicted temperatures of water 
entering the heat pump. The monthly results are shown in Fig. 5.8. The maximum predicted 
entering water temperature for the year is now 85.9’F. This compares well with the measured 
maximum of 85.1”F. 

Once sufficient data became available, the soil properties were determined based on the 
entering and leaving water temperatures for all heating and cooling cycles over one year of 
operation of the GHP. Based on this data, the undisturbed ground temperature was found to be 
67.8”F, exactly the value measured at the site. However, the thermal conductivity of the soil was 
determined to be 1.41 Btu/hr-&-OF, with thermal diffusivity of 0.04 ft3/hr. These properties, which 
correspond to heavy saturated soil, are different from the values estimated from short-term tests. 

The total heat pump power consumption (blower + ground loop pump + compressor + 
controls), as modeled and as measured, is shown in Fig. 5.9. The power consumption comparison 
is an excellent measure of how well the system model approximates the data, since power 
consumption is a function of the building load, the ambient conditions, the BHEx performance, 
and the heat pump performance. The difference between the total heat pump power predicted and 
that measured over the calibration period was less than 0.2% (713.5 kWh measured, 71 1.8 kWh 
predicted). 

The lumped capacitance building model required the overall building loss coefficient (UA), 
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5.5 MODEL CAPABILITIES 

With an apartment-level model calibrated to measured data, project developers can have 
greater confidence in their ability to properly design BHEx’s and predict savings prior to 
construction. The following examples demonstrate the capabilities of the calibrated model with 
the lumped building model and the deep-earth temperature of 67.8’F. 

5.5.1 Effects of Soil Thermal Properties Assumptions 

The results for three ASHRAE soil types are presented in Fig. 5.10 and show a 22°F difference 
in predicted maximum heat pump entering water temperature. With these great differences 
between the soil types, some sort of industry-accepted BHEx effective average soil property test 
would certainly be beneficial. The BHEx soil test available at the time the Fort Polk project was 
designed indicated soils similar to ASHRAE “heavy damp soil” (ASHRAE 1989). The calibrated 
model indicates soils more like ASHRAE’s “heavy saturated soil.” It is likely that the data 
collected during the existing BHEx soil test are appropriate, with the exception of test duration, 
but that the analysis of the data to arrive at effective average soil properties needs to be improved. 
The BHEx model developed for this project may be useful in that regard. 
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Fig. 5.10. Maximum heat pump entering water temperatures for three different soil types. 
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5.5.2 Ten-Year System Performance 

Both the predicted minimum and maximum heat pump entering water temperatures show an 
approximate 2°F rise over a ten-year simulation period. These results were generated by the 
model driven with 12 months of ambient temperature and humidity data collected at Fort Polk, 
repeated 10 times. The data collection period was not long enough to verify or refute this 
prediction. Note that the BHEx model, which is based on the DST model from Sweden, considers 
conduction in the ground formation, but ignores the presence and movement of groundwater 
beyond the influence this may have on short-term data sets used to inverse effective average soil 
properties. Significant groundwater movement would have the effect of reducing the ten-year 
temperature rise. On the other hand, as the equipment ages its performance may degrade, and 
more heat may need to be rejected to the ground to satisfy the same cooling load. 
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Fig. 5.11. Predicted maximum EWT for various BHEx lengths (one-year analysis). 

5.5.3 BHEx Size 

In a cooling-dominated climate such as Fort Polk's, the BHEx for a geothermal heat pump is usually 
sized to ensure that the entering water temperature to the heat pump does not exceed 95 O F .  The maxi- 
mum EWT of 85.1 "F measured at the apartment-A energy-balance site indicates that the BHEx was 
oversized for this apartment. To determine the effect of BHEx length on maximum EWT, the calibrated 
(to apartment A) model was run with 4 different BHEx lengths for one year. The results are shown in 
Fig. 5.1 1. Assuming a temperature rise of 4°F over 20 years, two boreholes of 206 feet each 
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(corresponding to 275 bore feet per ton) would have provided sufficient heat exchanger length for this 
apartment during the monitored post-retrofit weather year, which was milder than normal. This is about 
equal to the installed average of 275 bore feet per ton for the entire project. 

Note that measured maximum EWTs at apartments A, B, C, D, and E indicate the expected upward 
trend with shorter BHEx lengths, but with the expected variation due to occupant behavior and setpoints, 
which affect GHP runtime. The measured duration curves for EWT over all run hours are presented in 
Fig. 5.12 for apartments A, B, C, D, and E. Note that although the maximum EWT at B was 98.3"F, 
EWT was above 94°F for only 0.1% of the run hours. 
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Fig. 5.12. Measured duration curves for EWT over all GHP run hours. (Figure continued on next 
page.) 
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6. COMPARISON OF PRACTICAL BHEx DESIGN METHODS TO A FORT POLK 
DATAMODEL BENCHMARK 

The calibration of an apartment-level engineering model against energy-balance data, 
described in detail in Sect. 5, produced a useful dadmodel benchmark for practical BHEx design 
methods. This section describes the comparison of five practical methods with the datdmodel 
benchmark and with one another in order to establish the degree of consistency among the 
methods available in 1994 when the Fort Polk project was designed. 

6.2 INPUTS TO THE PRACTICAL SIZING PROGRAMS 

The five practical BHEx design methods will be referred to here by a letter designation (A to 
E) instead of by application title. Each of the five practical methods requires a different set of user 
inputs. The general factors that influence the design size of the BHEx are: 

1. weather, 
2. building design loads, 
3. building loads (monthly and annual), 
4. soil thermal properties, 
5 .  working fluid, 
6 .  ground loop properties (both geometric and thermal), and 
7. installed heat pump. 

The values used for these input and the methods of deriving them from the calibrated 
apartment-level engineering model are discussed in this section. 

6.2.1 Weather 

Unlike the detailed model, none of the five practical programs required detailed hourly 
weather information. In fact, only two of the practical methods (D and E) require any type of 
weather information at all. Each of these requires the winter and summer design temperatures and 
the daily temperature range. Alexandria, Louisiana, is the closest city to Fort Polk with reported 
weather information; below are the accepted 99% design values for Alexandria, Louisiana. 

Winter design temperature: 23'F 
Summer design temperature: 95°F 
Daily temperature range: 20°F 

The weather inputs to the five practical programs and the detailed model are summarized 
below. 

Program A: Does not require weather information. 

Program B: Does not require weather information. 

Program C: Does not require weather information. 
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Program D: The design temperatures were added as specified above and the hourly 
temperature bins were calculated from the Lufkin, Texas, TMY weather tl 
used to drive the detailed model. 

Program E: Alexandria, Louisiana, was chosen from list a of available sites with propc 
specified above. 

TRNSYS: Used TMY weather for Lufkin, Texas, the closest inland TMY weather Sti 

6.2.2 Building Design Loads 

The detailed building model was calibrated to the measured data by adjusting the paran 
of the infiltration model until the resulting average load lines matched the average load line 
observed at the site. The average heating and cooling load lines from the calibrated model 
measured data are plotted against the binned ambient temperature in Figs. 6.1 and 6.2. 

The design temperatures for the site are 23°F in heating and 95°F in cooling. The desii 
heating and cooling loads cannot be read from Figs. 6.1 and 6.2 at these design temperature 
because the figures represent the average load lines, not the maximum. The calibrated buil 
model, however, predicts a design heating load of 15,760 Btu/h and a design total cooling 1 
(sensible and latent) of 19,348 Btuh. The data support these relatively large design loads f 
apartment, since the heat pump was observed running for periods of several hours (up to 8) 
heating and cooling modes, with a nominal heat pump heating capacity of 11,800 Btuh an( 
nominal cooling capacity of 17,300 Btuh. The building heating and cooling design loads s 
inputs required by Programs D and E. 

22 27 32 37 42 47 52 57 62 67 72 77 82 87 92 

Ambient Temperature ( O F )  

Fig. 6.1. Average heating load line comparison. 
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Fig. 6.2. Average total cooling load (sensible and latent) line comparison. 

Program D also requires the winter and summer balance-point temperatures for the building. 
In Fig. 6.1, the winter balance-point temperature (the ambient temperature at which the building 
heating load is exactly met by the internal gains) is about 60°F. This value is within the program's 
recommended range of 50 to 65'F. The 60°F balance-point temperature indicated by Fig. 6.1 is 
with the relatively constant heating setpoint of near 70°F from the measured data taken at the site. 
This 10°F difference can be attributed directly to the solar and internal gains of the space. 
Unfortunately, due to the wide range of cooling setpoint temperatures actually measured in the 
building, the summer balance-point temperature was more difficult to calculate. A cooling 
balance-point temperature of 64°F was chosen for the calculations, as this represents the average 
cooling setpoint (74°F) minus the effect of the solar and internal gains (10°F). This cooling 
balance-point temperature falls within the typical range of 50 to 70°F recommended by the 
program. The BHEx design lengths calculated by this program are extremely sensitive to these 
balance-point temperatures. 

Program C requires the average building loads in the four bins that define the design day: 8 
a.m. to noon, noon to 4 p.m., 4 p.m. to 8 p.m., and 8 p.m. to 8 a.m. The values used were taken 
from the detailed model results on the day of maximum heating and cooling loads. The design day 
load profiles are shown in Fig. 6.3 and summarized in Table 6.1. Program C does not allow the 
calculated building loads to be used with only one heat pump for maximum entering water 

-temperatures (EWTs) above 95°F (35OC), because under these conditions the heating and cooling 
loads are higher than the heat pump capacities. 
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Fig. 6.3. Hourly heating and cooling loads during the heating and cooling design days. 

Table 6.1. Design heating and cooling loads for Program C 

Heating design values Cooling design values 
(kBtuih) OtBQm 

Bin 

8 a.m. to Noon 
Noon to 4 p.m. 
4 p.m. to 8 p.m. 
8 p.m. to 8 a.m. 

11.2 
3.8 
2.2 
8.3 

7.6 
13.8 
16.9 
11.8 

6.2.3 Building Monthly Loads 

Program B requires monthly building loads as inputs. With the calibrated apartment model, 
determination of the monthly heating and cooling loads was straightforward. The model was run 
for one year, and the energy delivered tohemoved from the zone was integrated in heating and 
cooling modes for each month of the year (Table 6.2). Program E requires the annual heating and 
cooling loads, that is, the sums of the monthly values listed in Table 6.2. 
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Table 6.2. Monthly heating and cooling loads 

Heating load Cooling load 
(kBW (kBW 

Month 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 
Annual Total 

2,962 
1,878 
1,174 

0 
0 
0 
0 
0 
0 

296 
121 

1,030 
7,461 

0 
0 
0 

286 
1,818 
2,856 
6,214 
6,229 
4,114 

332 
0 
0 

21,849 

Heat Pump Runtime 

Program C requires the equivalent full load heat pump run-time in both heating and cooling 
modes. Using the detailed simulation, the heat pump run-time was integrated into monthly totals 
in both modes. In the months for which the monitored data set was complete, the integrated heat 
pump run-time values from the model were compared with the measured values. The results from 
this comparison showed a difference of less than 15% in the run-times. Although a difference of 
15% seems high, note that the model is driven with TMY weather conditions for Lufkin, Texas, 
not those measured at the site. The model output was 538 full load heating hours and 1852 full 
load cooling hours. These values were inputs to Program C. 

Ground Loop Monthly Loads 

Program A requires the monthly totals of heat rejection to the ground from the heat pump 
(cooling mode) and heat absorption from the ground to the heat pump (heating mode). With the 
calibrated apartment model, determining the monthly rejectionlabsorption was straightforward. 
The model was run for one year, and the heat rejection to and absorption from the ground was 
integrated for each month of the year. The resulting values are listed in Table 6.3. 

6.2.4 Soil Properties 

As explained in Sect. 5, the best-fit effective average soil thermal properties corresponded 
almost exactly to the ASHRAE (1991) heavy saturated soil: a density of 200 Ibm/ft3, a specific 
heat of 0.20 Btu/lbm."F, a thermal conductivity of 1.40 Btu/h.f."F, and a thermal diffusivity of 
0.035 ft2k. The subsurface formation was largely clay with some sand. 
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Table 6.3. Monthly heat absorbed by and rejected to ground 

Heat absorbed Heat rejected 
(kBW (kBW 

January 2,20 1 0 
February 1,393 0 
March 867 0 
April 0 33 1 
May 0 2,133 
June 0 3,369 
July 0 7,724 

September 0 5,089 
October 20 1 410 
November 89 0 
December 76 1 0 
Annual Total 5,512 26,807 

Month 

August 0 7,75 1 

The thermal conductivity values for sand and clay from three of the five design sizing 
programs are given below. From these reported conductivity values, a value of 1.40 Btu/h-ft."F is 
certainly reasonable. 

Program B: Thermal conductivity of Sand, 1.30-1 .SO Btu/h.ft."F 
Thermal conductivity of Clay, 1.30-1 .SO Btu/h.ft-"F 

Program C: Thermal conductivity of Sand, 1.20-1 S O  Btu/h.ft."F 
Thermal conductivity of Clay, 1.00-1.40 Btu/h.ft."F 

Program D: Thermal conductivity of Sand, 1.75-2.00 Btu/h.ft.OF 
Thermal conductivity of Clay, 0.82-0.93 Btu/h-ft."F 

One of the five practical methods, Program E, reports that the deep-earth temperature (average 
surface temperature) for Alexandria, Louisiana, is 69°F. As discussed in Sect. 5 ,  the undisturbed 
deep-earth temperature at Fort Polk is 673°F. For the purposes of this comparison, we decided to 
bound this value and compare the programs at 62'F and 69°F. 

Program E also indicates that the amplitude of the surface temperature is 17"F, with the 
minimum surface temperature occurring at day 32 of the year. Since no data were collected that 
either substantiated or refuted the long-term average amplitude and the day of minimum 
temperature values, these values were used in all the programs, including the detailed BHEx 
model. 

this with the five practical methods are summarized below: 
We decided to perform this comparison with heavy saturated soil. The inputs to accomplish 

Program A: Added a new soil type to the available list, since the heavy saturated soil thermal 
diffusivity in the program was inconsistent with other sources. 

Program B: Selected heavy saturated soil from the list of soil types. 
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Program C: Requires inputs of thermal conductivity and thermal diffusivity. The values for 
heavy saturated soil were used. 

Program D: Saturated sand was substituted for heavy saturated soil, which was not an 
available option. 

Program E: Saturated soil was substituted for heavy saturated soil, which was not an 
available option. Only the deep-earth temperature corresponding to Alexandria, 
Louisiana (69'F) could be run because this value is hardwired into the program. 

TRNSYS: Thermal conductivity, density, and specific heat for heavy saturated soil were 
entered. 

The soil temperature inputs to the five methods are summarized as follows: 

Program A: 

Program B: 

Program C: 

Program D: 

Program E: 

TRNSYS: 

Requires the average surface temperature, surface temperature amplitude, and 
day of minimum surface temperature. 

Requires only the average surface temperature. 

Requires only the average surface temperature. 

Requires only the average surface temperature. 

Requires the average surface temperature, surface temperature amplitude, and 
day of minimum surface temperature. These values are automatically chosen on 
the basis of the selected weather city, which was Alexandria, Louisiana. 

Requires the average surface temperature, surface temperature amplitude, and 
day of minimum surface temperature. 

6.2.5 Working Fluid 

Water is the working fluid for the GHPs installed at the Fort Polk site. The working fluid 
inputs to the five practical methods are summarized as follows: 

Program A: The program does not allow the user to select water. Therefore, a new antifreeze 
that has the properties of water was added to the list. 

Program B: Water was chosen from list of available fluids. 

Program C: Assumes a working fluid (not clear which one). 

Program D: Water was chosen from list of available fluids. 

Program E: Assumes a working fluid (methanol 20%). 

TRNSYS: Takes the fluid thermal properties (density, specific heat, and thermal 
conductivity) as inputs. 
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6.2.6 BHEx Configuration 

The five practical sizing programs require different inputs to define the BHEx configuration. 
Four of the programs require geometric and thermal property information, which is readily 
available. Two of the programs require the user to input the borehole thermal resistance (the 
resistance to heat transfer from the working fluid to the borehole wall), which we estimated with 
the detailed model. The estimated value of thermal resistance for the chosen pipe, borehole 
geometry, and thermal properties was 0.228 1 h.ft.*F/Btu. Two of the programs require the B/H 
ratio, that is, the ratio of borehole depth to inter-borehole spacing. For the installed system, the 
BM[ ratio is 0.062. A value of 0.05 was used for the program that allowed only selected values of 
the B/H ratio. The ground loop configuration inputs are summarized as follows: 

Program A: 

Program B: 

Program C: 

Program D: 

Program E: 

TRNSYS: 

The type of U-tube pipe and the U-tube configuration were chosen from lists of 
available types. The distance between U-tube centers, the distance below the 
ground surface of the top of the U-tube, and the number of boreholes are inputs 
to the program. 

The borehole configuration (two in a line) and B/H ratio (0.05) are chosen from 
lists of available types. The borehole radius and borehole thermal resistance are 
inputs to the program. 

The borehole thermal resistance, equivalent diameter, borehole configuration, 
separation distance, and number of boreholes per parallel loop (one) are inputs to 
the program. The equivalent diameter was chosen from a table of equivalent 
diameters on the basis of the Utube pipe type and size. 

The pipe size, pipe type, and borehole configuration are chosen from lists of 
available types. The borehole multiplier is required as an input to the program. 

The borehole configuration and pipe size are chosen from lists of available types. 
The number of boreholes is internally selected, one borehole per ton. 

The user enters the thermal and geometric parameters of the pipe, the thermal 
properties of the borehole backfill material, and the geometry of the borehole. 

The thermal conductivity of the polyethylene pipe used by Program A was different from that 
used in the detailed model, and was different from those of the other sources as well. Using the 
detailed model, the assumed value from the detailed model was compared with the default value 
from Program A, and bore sizing differences on the order of 1 ft were observed. Since the 
resulting error was small, no attempt was made to force Program A to use the same pipe thermal 
conductivity value as the other programs. 

6.2.7 Heat Pump 
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Each of the five practical methods required a different method of inputting the heat pump 
characteristics. The heat pump input information to each of the programs is summarized as 
follows: 



Program A: Requires the nominal total installed heat pump capacity (1.5 ton) and the total 
heat pump water flow rate. 

Program B: Requires quadratic curve-fit coefficients for power and capacity in heating and 
cooling modes. The detailed model was exercised at the measured site flow rate 
and the results were fitted to a curve to determine the coefficients for the 
program. 

Program C: An external utility program in this package was run to generate a new heat pump 
data file for the installed system. Inputs to this utility were capacity and power at 
two flow rates and two inlet water temperatures. 

Program D: Because the heat pump installed at the site is not part of the equipment database 
that came with this program, the user must enter the heating and cooling 
capacities of the heat pump and the COPEER at each design entering water 
temperature for which the BHEx length will be calculated. These values were 
produced by exercising the heat pump component of the detailed model at the 
measured flow rate. 

Program E: Selected the unit from the internal equipment database. 

TRNSYS: A detailed component model of the heat pump was created for this study. Refer 
to Sect. 5 for a discussion of this model. 

The curve-fit coefficients required by Program B were determined by an external utility 
program because the internal curve-fitting routine in Program B gave unrealistic results. 

6.3 COMPARISON OF RESULTS 

Each of the five practical BHEx design methods reports the required borehole length as a 
function of the user-specified maximum allowable water temperature entering the heat pump unit. 
For the purposes of this comparison, the design lengths were calculated using a one-year analysis 
period: 

0 

0 

at entering water temperatures of 85,90,95, 100, and 105"F, and 
at undisturbed deep-earth temperatures of 62" and 69°F. 

The results from this comparison show a range of borehole lengths for two boreholes serving a 
1.5-ton heat pump-ranging from 83.6 ft per bore (at a maximum EWT of 105'F, with a deep- 
earth temperature of 62°F) to 388.8 ft per bore (at a maximum EWT of 85"F, with a deep-earth 
temperature of 69°F). The results from the comparisons are shown in Tables 6.4 aiid 6.5 and are 
graphed in Figs. 6.4 and 6.5. 

Differences on the order of a factor of 1.8 are observed between the detailed model and some of 
the practical BHEx design methods. 

The great variation in the results can be seen by reading across the rows of Tables 6.4 and 6.5. 
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Table 6.4. Design borehole lengths in feet per bore for various maximum EWTs 
at an undisturbed deep-earth temperature of 69OF 

ProgramA ProgramB ProgramC ProgramD ProgamE TRNSYS 

85°F 221.1 164.3 307.0 388.8 242.5 304.0 
90°F 
95°F 

163.1 
129.3 

100°F 107.3 

138.6 
120.4 
106.8 

249.0 
21 1.0 
NIA 

297.0 
242.8 
206.0 

197.5 
165.0 
142.5 

24 1.3 
198.0 
172.8 

105°F 91.8 96.3 N/A 179.3 125.0 148.6 
Note: According to the various methods, two boreholes of the indicated length would be required for the 

benchmark apartment with a nominal 1.5-ton heat pump. 

Table 6.5. Design borehole lengths in feet per bore for various maximum EWTs 
at an undisturbed deep-earth temperature of 62OF 

Program A ProgramB ProgramC ProgramD Program E TRNSYS 
85°F 147.6 128.6 229.0 268.3 N/A 21 8.0 
90°F 119.4 112.8 196.0 223.0 N/A 182.0 
95°F 100.4 100.7 172.0 191.3 N/A 158.0 
IOOOF 86.9 91.3 NIA 168.0 N/A 142.0 
105°F Program failure 83.6 NIA 150.0 NIA 130.0 

Note: According to the various methods, two boreholes of the indicated length would be required for the 
benchmark apartment with a nominal 1.5-ton heat pump. 
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Fig. 6.4. Design borehole lengths for various maximum EWTs at an undisturbed deep-earth 
temperature of 69OF. 
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Fig. 6.5. Design borehole lengths for various maximum EWTs at an undisturbed deep-earth 
temperature of 62°F. 

6.4 CONCLUSIONS 

When the Fort Polk project was engineered, BHEx design was largely experience-based. A 
small cadre of experienced designers could develop effective BHEx designs by adjusting the 
outputs of the practical BHEx design methods they used based on experience. Because of the 
uncertainty, the ESCO responsible for the project obtained multiple opinions from among this 
experienced group of professionals. 

Although costly, this approach was effective. Assuming the apartment used in the comparison 
is representative, interpolating the TRNSYS results at a 90°F maximum EWT between Tables 6.4 
and 6.5 to obtain borehole length at a 67.8"F deep-earth temperature results in 23 1 ft per bore. 
Performing the same interpolation at 95°F results in 191 ft  per bore. Since there are two bores and 
a 1.5-ton heat pump, these values equal 308 Wton and 255 Wton, respectively, based on a single- 
year analysis. As per Sect. 5, TRNSYS indicates a 2°F rise over ten years due to the large annual 
heat unbalance (see Table 6.3; heat rejected to the BHEx exceeds heat absorbed by a factor of 
4.86). If one assumes that the effects of groundwater movement wash out part of the heat buildup, 
one could conclude that the 2°F rise would occur over 20 or more years rather than 10. If 95°F is 
the maximum acceptable, interpolating between 308 and 255 Wton results in 276 Wton at 93°F in 
the first year. On average, the project was installed at 275 Wton. 

Note that Fig. 5.1 1 and associated discussion concluded that 275 Wton would have held 
apartment A to a maximum EWT of 9 1 "F during the monitored post-retrofit weather year, which 
was milder than normal, and to a maximum of 95°F after 20 mild years. The previous paragraph 
concludes that about 275 Wton would hold apartment A to a maximum EWT of 93°F during a 
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Lufkin, Texas, TMY, and to a maximum of 97OF after 20 TMY years. The designers apparently 
judged, based on experience, that the models over-predict heat buildup. 

Clearly, the pool of designers that could have been expected to arrive at this BHEx design in 
1994 was not very large. Expanding the pool of qualified designers is an important part of 
expanding the GHP industry. Our comparison demonstrates that even with consistent (to the 
extent possible) inputs, some of the five practical BHEx design methods and the detailed 
model/data benchmark calculated very different required borehole lengths. Except for the 
experienced few, designers are not in a position to adjust BHEx design method results to arrive at 
effective designs. We conclude that further well-documented calibratiodcomparison exercises are 
needed to give the developers of BHEx design methods an opportunity to improve and release 
next-generation BHEx design methods with the experience built in, so that the pool of designers 
that can develop effective designs can be expanded more rapidly than would otherwise be 
possible. 
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7. MEASUREMENT AND VERIFICATION OF ENERGY SAVINGS 

7.1 INTRODUCTION 

Measurement and verification of energy savings (M&V) is a fundamental component of energy 
savings performance contracting and has become more prominent since the Fort Polk project was 
initiated. The type of contract implemented at Fort Polk-the “shared savings” contract, wherein M&V 
is used to determine the amount of monthly payments to the ESCO-has since been supplanted by a 
contract form wherein M&V is used to verify that guaranteed savings are achieved over a period of time, 
which is typically a year (see the Federal Regulation at Title 10 CFR Part 436). 

Several major protocols for M&V were developed and published after the Fort Polk project was 
begun and the data acquisition systems associated with our evaluation were installed, such as the 
International Performance Measurement and Verification Protocol, the FEMP M&V Guideline for 
Federal Energy Projects, and ASHRAE Guideline 14. Still, many potential customers of ESPCs remain 
uncertain of the purposes, practices, and requirements of M&V. In this section we use examples and 
data from the Fort Polk project to demonstrate the four basic options defined under these protocols for 
determining energy savings: 

Option A: Performance is estimated based on engineering calculations, sometimes 

Option B: Uses ongoing field measurements on individual retrofits or a sample of individual 

Option C: Uses ongoing field measurements at the site, building, or apartment level (i.e., data 

Option D: Uses an engineering model calibrated to energy use data at the site, building, 

supplemented with short-term measurements. 

retrofits. 

from utility or customerESC0 meters). 

apartment, or end-use level. 

We demonstrate use of these options with examples to highlight their advantages and disadvantages 
in determining savings from different energy conservation measures (ECMs), or groups of measures, in 
an actual project. This discussion is intended to assist federal customers and ESCOs in evaluating their 
M&V options for future energy retrofit projects that are centered on geothermal heat pumps and are 
implemented as ESPCs. 

be established, (2) how energy savings that result from project installation will be determined, (3) how 
energy savings will be translated into dollar savings to verify that the guaranteed energy cost savings 
have been delivered, and (4) how the baseline will be adjusted if the operation of the subject buildings 
changes significantly. Figure 7.1 illustrates the elements of determining energy savings. No matter 
which M&V option is used, the three fundamental measures to determine performance are energy-use 
baseline, post-retrofit performance, and adjusted baseline. 

measurements and analysis. The parties to the contract agree on baseline equations that adequately 
represent pre-retrofit energy usage and estimate energy usage that would occur in the future if no ECMs 
were installed. The parties also agree on specific measurements, calculations, or stipulations that will be 
used to determine post-retrofit performance. In addition the parties must reach agreement on how the 
energy-use baseline will be adjusted in case of changes in factors beyond the ESCO’s control, such as 

All ESPCs must include site-specific M&V plans that address: (1) how an energy-use baseline will 

Before ECMs are installed, the baseline energy usage is determined from engineering calculations or 
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Fig. 7.1. Elements of determining energy savings. 

occupancy rate, comfort control setpoints, and increases in energy use over time that are not related to 
the ECMs installed under the contract. 

M&V plans typically specify tasks to be undertaken before and after ECM installation. Pre-retrofit 
tasks may include: (1) quantifying baseline energy use (e.g., over a two-week period measuring the 
runtime of each lighting fixture in a random sample of apartments and using spot watt measurements on 
all fixtures to calculate an average observed runtime across all fixtures); and (2) verifying baseline 
conditions (e.g., for the same sample of apartments, taking inventory of all lighting fixtures and their 
nameplate information). Typical post-retrofit tasks include: (1) verifying installation and operation 
(e.g., inspecting to confirm that new CFLs were installed and are operated by the light switches); (2) 
quantifying post-installation energy use (e.g., documenting post-retrofit installed lighting nameplate 
wattage); (3) quantifying energy savings [e.g., assuming pre- and post-retrofit average runtimes are 
equal, savings equal (pre-retrofit watts minus post-retrofit watts) x (average runtime)]; and (4) verifying 
ongoing potential to generate savings (e.g., annually verifying in a random sample of apartments that the 
CFLs are still installed and operable). 

The site-specific M&V plan set out in the contract also allocates responsibilities between the 
customer and ESCO, and sets the rules for determining whether or not these responsibilities are met. 
The cost and practicality of implementing Options A, B, C, and D to determine energy savings vary by 
project. In every project the customer and ESCO must balance cost and precision while selecting options 
and negotiating the final agreement. The customer and ESCO must also agree on how energy savings are 
to be translated into dollar savings. Unlike shared savings contracts, where M&V determines the 
monthly payment, the newer form of ESPCs generally specify that equal monthly payments will be made 
to the ESCO based on the assumption that the guaranteed energy cost savings level is being met over an 
annual period. The role of M&V in this kind of ESPC is to verify at the end of each year that the 
guaranteed energy cost savings were delivered. If savings exceed the guaranteed level, no ESCO 
payment adjustments are needed. In the case of a savings shortfall, the next year’s monthly ESCO 
payments are usually debited by 1/12” of the shortfall. 
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In energy savings performance contracts, the distinction between “apparent” and “contracted” energy 
savings is related to the energy-use baseline. “Apparent”) savings equal the energy-use baseline minus 
the post-retrofit performance (as measured, calculated, or stipuIated); “contracted” savings equal the 
adjusted baseline minus post-retrofit performance. 

If the M&V plan specified in the ESPC does not require measurements to determine post-retrofit 
performance (as in the simplest variation of Option A), no baseline adjustments will ever be required and 
“apparent” and “contracted” savings will always be identical. However, if measurements are required 
and they capture effects beyond the ESCO’s control and responsibility under the terms of the contract, 
then adjustments to the baseline may be required. Option C commonly requires baseline adjustments 
because the savings that are “apparent” from analyzing the data may differ from the “contracted” savings 
under the contract. For example, if the federal customer is responsible for operating space-conditioning 
equipment at cooling and heating setpoints of 78°F and 68”F, respectively, but instead operates at 
setpoints of 74°F and 72”F, an upward adjustment to the baseline may be required. In some projects it is 
possible to take Option-B measurements at the ECM level so that the measurements only capture the 
responsibilities of the ESCO, thus avoiding the need for baseline adjustments. 

7.2 OPTIONA 

For some ECMs it is not desirable to base energy savings determination on measurements; the 
measurements may be too costly or too difficult to perform, or may offer only marginally greater 
precision. In such cases savings can be estimated based on engineering calculations and stipulations, 
using a method agreed upon by the customer and the ESCO. The total savings are determined by 
multiplying the estimated energy savings per ECM by the total number installed. In the terminology of 
M&V protocols, this type of plan is designated as Option A. 

7.2.1 Option A for Low-Flow Shower Heads 

An example of an Option-A plan from Fort Polk is the M&V of savings from low-flow shower 
heads. Option A is chosen through a process of elimination. As discussed in Sect. 4, based on our 
analysis of site-level data, this particular measure saved about 322 kWh per residence per year. This is 
less than 2% of the pre-retrofit annual electrical energy use in a typical residence at Fort Polk. A 2% 
savings would be difficult to measure with an Option-C approach either at the level of the electrical 
feeders or from watt-hour meter readings from individual apartments. Given that several ECMs were 
installed, determining savings from low-flow shower heads by using Option-C measurements would be 
impossible. 

An Option-A approach to determining savings would be to take short-term measurements of 
electrical energy use at the hot water tanks in a sample of apartments, as we did, for at least two weeks 
before and after retrofit. The variation in use of hot water tank energy observed in the Level-3 data 
indicates that 10 to 12 apartments would have to be monitored to obtain a reasonably accurate estimate 
of savings for the entire housing population. It would be best to collect this short-term data and install 
this ECM in the sample during the project development phase, before any other ECMs are installed in 
these apartments. For example, geothermal heat pump desuperheaters were to be installed in most 
apartments during the construction phase, so certainly the post-retrofit data on the low-flow shower head 
sample needed to be collected before desuperheaters were installed. However, considering the level of 
savings expected from low-flow shower heads, one could argue that it is more important to spend limited 
project development resources elsewhere. Thus, the customer and the ESCO might agree on an Option- 
A energy savings determination approach based on engineering calculations rather than on short-term 
measurements. 
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7.2.2 Engineering Calculations 

At Fort Polk, the energy savings due to new low-flow shower heads can be estimated as follows: 
Based on figures presented by ASHRAE (1 99 l), the typical residence would be expected to use 42 gal of 
hot water per day. (This is higher than the hot water use we derived from the Level-3 data, but here we 
are assuming no such data are available.) On a national basis, showers are estimated to account for 
43.7% of total hot water use in residences (Koomey et a]. 1994). Thus we estimate that the average 
residence at Fort Polk uses about 18.4 gal of hot water per day for showers. Calculations based on 
information supplied by the manufacturer indicate that the shower heads will reduce water use from 9.6 
gal to 6.0 gal per shower. If the number and length of showers per day remain constant after the retrofits, 
average daily hot water use for showers will drop to 1 1.5 gal, which represents a savings of 6.9 gal per 
day or 25 19 gal per residence per year. With an average supply temperature of 68°F and a tank setpoint 
temperature of 125’F, the annual savings for each residence is estimated as 

(2519 gal) x (8.345 Ib/gal) x (1 Btu/lb.”F) x (57OF) x (1 kWM3413 Btu) = 351 kWh. 

The total savings from the low-flow shower heads in the 4003 residences is then estimated to be 
1,405,053 kWh. (Here we have ignored losses from the tank and piping system; although small, these 
losses could easily be included in the analysis, should one of the parties to the ESPC insist on it.) 

7.23 Advantages and Disadvantages of Option A 

The primary advantage of an Option-A M&V plan based on engineering calculations is its low cost. 
As long as the customer and the ESCO agree on how to make the estimate, the only costs involved in 
determining savings are the up-front engineering and negotiation costs. (It may also be desirable to 
collect some spot field data to improve the accuracy of the estimate; for example, in the case of the low- 
flow shower heads, it is important to know the average hot water supply temperature and makeup water 
temperature.) 

flow shower heads, a reduced occupancy rate may result in fewer showers being taken and 
correspondingly lower savings. The M&V plan could call for measuring occupancy rate in some way, 
such as measuring population per square foot of family housing, and including its effect in the 
calculation of “apparent” savings. But ESPCs generally assign responsibility for occupancy rate to the 
customer, so the question becomes: Why complicate the savings calculation only to adjust the baseline 
to arrive at the original savings answer again? “Take-back effects” can also affect savings. For example, 
residents may respond to restricted hot water flow by taking longer showers. The impact of “take-back” 
can be anticipated and perhaps corrected for by assuming that showers will be 10% longer with low-flow 
shower heads. 

A disadvantage of Option A is that there is no provision to verify energy savings. In the case of low- 

7.2.4 Summary of Option-A M&V for Low-Flow Shower Heads 

To summarize, a reasonable Option-A M&V plan for low-flow shower heads might be described as 
follows. The pre-ECM tasks of quantifying baseline energy use and verifying baseline conditions are 
satisfied by agreeing on engineering calculations to determine energy savings, accepting a handbook 
value for daily hot water use, and performing spot measurements to verify average hot water supply 
temperature and makeup water temperature. The installation and operation of the low-flow shower heads 
is verified during inspections to accept construction by verifying that in each apartment the devices are 
installed and operate satisfactorily when the faucet is turned on. We can reasonably assume that hot 
water supply and makeup water temperatures are the same before and after installation. The customer 
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and ESCO may agree that shower time will be 10% higher in the post-retrofit period. The resulting 
annual energy savings estimate, translated into dollars, becomes the guaranteed energy cost savings. 

The parties to the contract agree on annuaI payments to the ESCO that must be less than the annual 
guaranteed energy cost savings. In the first year, monthly payments to the ESCO are the annual ESCO 
payment divided by 12. The ongoing potential of the low-flow shower heads to save energy can be 
verified by annually performing inspections in a random sample of apartments. By definition, the ESCO 
has met its guaranteed savings level unless the inspections reveal conversions back to conventional 
shower heads. If the contract assigns responsibility for continuing operation of low-flow shower heads 
to the ESCO, the ESCO would need to propose an acceptable plan of action to restore them on an 
ongoing basis or would be subject to a debit to the next year’s payments for not meeting the guarantee. 

7.3 OPTIONB 

In an Option-B M&V plan, the goal is to take ongoing measurements at the ECM level in a way that 
isolates the ESCO responsibilities (e.g., ECM performance) from the customer responsibilities (e.g., 
operation). In a project like Fort Polk, with 1290 buildings and 4003 apartments, this necessarily 
involves pre- and post-retrofit measurements on a statistically valid sample. The total savings are 
determined by multiplying the estimated savings per ECM (obtained by analyzing the data from the 
sample) by the total number of such ECM devices installed. 

7.3.1 Option B for Lighting Retrofits 

An example of an ECM that could be suitable for Option-B M&V would be the lighting retrofits 
installed at Fort Polk. Table 4.3 in Sect. 4 lists the 14 types of fixtures that were retrofitted in the 
apartments on Feeder 1, as well as the pre- and post-retrofit power draw from each fixture based on 
nameplate information. As shown in Sect. 4, based on our analysis of site-level data, this particular 
measure saves about 1265 kWh per residence per year on Feeder 1. This is about 8.4% of the pre-retrofit 
annual electrical energy use in a typical apartment on Feeder 1. An 8.4% savings would be difficult to 
measure using an Option-C plan either at the level of the electrical feeders or from watt-hour meter 
readings of individual apartments because several other ECMs were also installed. An Option-B 
alternative would be to support savings determination with ongoing measurements of electrical energy 
use at the major end-use level in a sample of apartments. 

To simplify the discussion, we describe here only sampled apartments that were all-electric before 
and after the retrofits. We collected 15-minute-interval data on electricity use of the total apartment, 
W A C  systems, and water heaters. The lighting/appliance consumption is defined as the total apartment 
consumption less energy use for W A C  and water heating. A problem with this practical ongoing 
Option-B measurement is that it is not able to isolate lighting from appliance loads. The electrical 
circuits in the apartments mix lighting with electrical outlets. Working around this problem requires a 
detailed lighting survey. 

7.3.2 Isolating the Lighting Load 

During the pre-ECM project development phase, a detailed lighting survey can be used to quantify 
the baseline lighting energy use in the sample of apartments that are being monitored to measure energy 
consumption by end use. Stick-on devices can be used to measure the runtime of each lighting fixture 
over a two-week period. Hand-held clamp-on devices can be used to measure the watt draw of each 
lighting fixture when on, so that the mix of bulb sizes and number of burned-out bulbs are captured in 
measurement. This information allows the calculation of pre-ECM average daily lighting kWh over the 
two-week period in each sampled apartment. 
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Lighting will change over the year with day length. A reasonable adjustment can be applied to 
obtain a better annual estimate: Divide the daily watt draw of all fixtures in an apartment into daily 
lighting kWh to obtain daily average runtime of all fixtures during the two-week period. Look up the 
annual average hours between sunrise and sunset, and the hours between sunrise and sunset at the 
midpoint of the two-week survey period. Use the ratio of these two values to scale the two-week 
apartment-level values of daily average runtime of all fixtures to annual daily averages. The baseline 
annual lighting kWh for all housing is then built up from the sample of apartments, recognizing that 
lighting kWh depends on apartment size. The apartment-level annual lighting kWh values are scatter- 
plotted against apartment size in square feet, and a best-fit linear regression equation is determined. The 
regression equation is used to calculate the annual lighting kWh of each apartment size in family 
housing, and these values are multiplied by the number of apartments (per size) and summed to obtain 
the baseline annual lighting kWh for all housing. 

7.3.3 Engineering Calculations of Energy Savings 

An engineering estimate of energy saved by the lighting retrofits must also be made during project 
development. In this case the estimate could be based on the following. For the sample of apartments 
with detailed lighting surveys and ongoing lightingappliance monitoring, determine the nameplate 
values of watt draw for the CFLs to be installed and sum for each apartment. It is reasonable to assume 
that the apartment-level annual daily average runtime of all fixtures derived above for the pre-retrofit 
period would also apply after the CFLs are installed. Multiply watts by hours to obtain lighting kWh by 
apartment. The post-retrofit annual lighting kWh for all housing is then built up from the sample of 
apartments as it was for pre-retrofit energy use for lighting. Estimated annual energy savings from 
lighting retrofits across all housing equals pre-retrofit annual lighting kWh minus post-retrofit annual 
lighting kWh. The resulting annual energy savings estimate is translated into dollars. The customer and 
the ESCO may agree that a guaranteed energy cost savings level 5% lower than the estimate is 
reasonable. The agreed-upon annual ESCO payment must be less than the guaranteed annual energy cost 
savings. First-year monthly payments to the ESCO are 1/12* of the annual ESCO payment. 

7.3.4 Adjusting the Baseline 

Theoretically, an ongoing Option-B measurement at the ECM level can be done in a way that 
captures only the responsibilities assigned to the ESCO under the contract. If this were done, the 
ongoing measurement would be extremely useful at annual audit time to enforce the guarantee without 
having to adjust the baseline. However, the feasible ongoing measurement in this case cannot isolate 
lighting from appliance loads. If the observed annual lighting/appliance kWh rises over time, the cause 
could be a customer responsibility under the contract, such as growing appliance loads or a higher 
number of lighting operating hours. The lighting survey approach described above amounts to an 
Option-A M&V plan for lighting. The extra expense of the ongoing Option-B monitoring provides no 
additional value toward verifying that the lighting retrofit is delivering its guaranteed savings. The 
ongoing monitoring could be justified if it were needed for Option-B M&V plans for the W A C  and 
water heating retrofits. This is a possibility for projects of this type, though not the one selected by Fort 
Polk and the ESCO. The ongoing monitoring could also be justified if it were the least expensive way to 
calculate baseline adjustments for “plug-load creep,” the phenomenon of rising energy use with 
purchases of new appliances. Since the lighting survey provides a robust estimate of lighting kWh in 
both pre- and post-retrofit periods, the ongoing measurement of lighting/appliance kWh in the sample of 
apartments provides an estimate of appliance loads over time. Baseline adjustments for appliance plug- 
load creep are discussed in more detail in Sect. 7.4, under Option C. 
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7.3.5 Summary of Option-B M&V for Lighting Retrofits 

In summarizing Option-B M&V of energy savings from lighting retrofits, let us assume that ongoing 
monitoring is justified because the data is needed to support other areas of the overall M&V plan. Under 
these circumstances, a reasonable Option-B M&V plan for lighting might be described as follows. The 
pre-retrofit tasks of quantifying baseline energy use and verifying baseline conditions are satisfied by 
performing a detailed lighting survey on a random sample of apartments. The survey would include one- 
time measurements of pre-retrofit fixture watt draw and two weeks of runtime measurement. The parties 
then agree on engineering calculations to estimate pre- and post-retrofit lighting kWh for all housing, 
lighting kWh savings, and lighting energy cost savings. As part of this process, the parties agree to use 
catalog values for CFL watt draw and to assume that runtime remains the same pre- and post-retrofit. 
The parties also agree that the guaranteed energy cost savings wiIl be 5% less than the estimated energy 
savings, and that the annual ESCO payment must be less than the guaranteed annual energy cost savings. 

The installation and operation of the CFLs is verified during inspections to accept construction by 
turning each light switch on and verifying that CFLs are installed and delivering the required lighting 
levels. First-year monthly payments to the ESCO are 1/12" of the annual ESCO payment. The ongoing 
potential of the CFLs to save energy can be verified annually by performing inspections on a random 
sample of apartments. By definition, the ESCO has delivered the guaranteed savings unless the 
inspections reveal conversions back to incandescent bulbs. If so, and the contract assigns responsibility 
for continued operation of CFLs to the ESCO, the ESCO would need to propose an acceptable plan of 
action to restore them on an ongoing basis or would be subject to a debit to the next year's payments for 
failing to meet the guarantee. 

lighting hours remain the same, the change in appliance loads from the previous year would be 
determined. Assuming appliance loads remain the same, the change in lighting hours would be 
estimated. These values would be available for comparison with estimates generated elsewhere in the 
overall M&V plan. 

The ongoing lighting/appliance measurement can be manipdated in several ways. Assuming 

7.4 OPTIONC 

Whereas Option-A and Option-B M&V approaches attempt to verify that guaranteed cost savings are 
achieved by each ECM, Option C uses ongoing field measurements at the site, building, or apartment 
level to verify that the entire package of ECMs is delivering the guaranteed cost savings. The Fort Polk 
project did use Option C, but the M&V objective under the shared-savings-type contract was to 
determine the monthly payment. The following discussion on Option C is relevant to future federal 
ESPC projects where the objective is to verify that the guaranteed energy cost savings are delivered each 
year. To simplify the discussion, we use only all-electric housing in our examples. 

Before committing to an Option-C M&V plan, the customer and ESCO must be confident that the 
package of ECMs will result in energy savings large enough to be discernible in site-, building-, or 
apartment-level data. This very comprehensive project meets that criterion because its ECMs address 
about 65% of the load, including cooling, heating, water heating, lighting, and the attic portion of the 
envelope. About half of the energy in the treated end uses was actually saved by the project across all 
housing (as shown in Sect. 3), but a project developer will have only energy savings estimates on which 
to judge. Often estimates are developed individually for each ECM with no or only vague consideration 
of ECM interactions. The preceding discussions of Option-A and Option-B plans provide examples of 
how this might be done for low-flow shower heads and lighting. 

Calibrated engineering models can be used to develop energy savings estimates. This approach, 
which allows ECM interactions to be considered with greater precision, is described in Sect. 4 and is 
integral to Option-D M&V plans discussed below. Whatever method is used to estimate energy savings, 
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the customer and ESCO must apply their experience and judgment when agreeing on guaranteed savings 
levels. In cases where crude estimates are made per ECM without consideration of interactions, with 
little historical data, and with only limited short-term and spot measurements to support them, 
guaranteed levels 30% below estimates may be advisable. When well-calibrated engineering models are 
used, a 5% discount or less may be possible. The guaranteed energy savings level is then translated into 
guaranteed energy cost savings over a 12-month period, and the customer and ESCO agree on an annual 
ESCO payment that is less than the guarantee. In the first year the monthly payment to the ESCO equals 
1/12* of the agreed-upon annual ESCO payment. 

7.4.1 Determining Baseline Consumption 

The objective of the Option-C M&V plan is to provide information €or the year-end audit to verify 
whether the guaranteed energy cost savings were delivered during the year. At Fort Polk, the Army had 
manually recorded monthly meter readings of the cumulative kWh flowing into family housing through 
16 electric distribution feeders over a 4.5-year period, and planned to continue these manual readings 
during and after retrofit construction. The pre-retrofit data was available for development of baseline 
equations, which project the baseline into the post-retrofit period. Energy savings are then determined as 
the projected baseline minus the actual post-retrofit monthly reading. 

Manually recorded historical data often require manipulation by an experienced professional to be 
properly applied in the development of baseline equations. Manual historical data collection is often 
more “casual” than automated data collection, because personnel assigned to the task typically have 
many responsibilities of higher priority than “reading meters.” ESCOs typically initiate their own 
manual recordings as soon as they become involved in a project because data recorded on the same day 
and time each month is less costly to rehabilitate and use. For example, data from all 16 feeders at Fort 
Polk were not necessarily recorded on the same day, and the days of data collection varied from month to 
month. During some months certain meters were not read and zeroes were entered for their electrical use 
until a recording of cumulative consumption was made in a subsequent month. In other cases, the figure 
from the previous month was entered to plug the hole in the data until actual recordings resumed. 
Irregularities such as these must be sorted out before the data are used to develop baseline equations. 

We recommend that project developers using feeder-level data to develop baselines should consider 
developing separate baseline equations for each feeder for several reasons: First, the connected loads on 
some feeders may be predominantly facilities treated by the project (e.g., all housing except for 
streetlights), but other feeders may serve other significant loads as well (e.g., sewer lift stations, supply 
water pumping stations, offices, fast food restaurants). Accurate determination of savings on “clean” 
feeders will help reconstruct or estimate savings on feeders where other loads mask true savings. 
Second, it is important that baseline equations be as simple as possible yet remove as much of the 
variation between predicted and actual energy use as possible. For example, the equation used at Fort 
Polk was a simple regression between monthly kWh and total degree days (sum of monthly heating and 
cooling degree days, base 65’F). A simple weather index such as total degree days can eliminate more 
of the variation due to weather when it is applied monthly to feeders serving populations of housing that 
have only one type of space conditioning system (e.g., air-source heat pumps) rather than a mixture of 
types. Other causes of variation include changes in occupant behavior, occupancy rate, number of 
holiday and weekend days, and changes in streetlight operating hours from month to month. These other 
variations will still be there, but at least the variation due to weather will be minimized if each feeder is 
considered separately. 

We have one caveat to the recommendation to develop baseline equations for each feeder. In the 
case of feeders serving only a few apartments (say 10 or fewer), variation is driven by occupant behavior 
and can be decreased with greater aggregation, so we recommend combining the data from small feeders 
with others that serve apartments equipped with the same type of space-conditioning equipment. 
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7.4.2 Comparison of Baseline Equations 

To support our recommendation to use simple baseline equations, we compared the RMSE (root 
mean square error) of three regression equations: the contract equation, a true least-squares quadratic 
equation, and a true least-squares linear equation. RMSE is a statistical measure of variation-the lower 
the value the better. The comparison is done across all housing at Fort Polk. The contract baseline 
equation was developed by the ESCO during project development. Although the Army supplied 
historical data on total electrical consumption from these feeders for a period of 55 months, from August 
1988 through February 1993 (see Fig. 7.2), the ESCO used a subset of this data to develop the baseline 
formula, which is specified as 

kWh/month = (- 6.40743 x X2 + 13095.7 x X + 2,899,270) x (n/30), (7- 1) 

where X is the total number of heating degree days and cooling degree days (both base 65°F) occurring 
during the month at the base airstrip, and n is the number of days in the month. The minimum and 
maximum values of X over the historical data period were 120 and 690, respectively. The RMSE of Eq. 
(7.1) is 1,236,125 kWh, or about 18.5% of the average monthly consumption. 
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Fig. 7.2. Historical electricity consumption in Fort Polk family housing (normalized to a 30-day month). 

Note that Eq. (7.1) is not a true least-squares fit to the entire 55-month data set represented in Fig. 
7.2. An actual least-squares quadratic regression of all historical data gives: 
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kWh/month = (2.7541 x X 2  + 4970.6 x X + 4,398,939) x (d30)  . 
The RMSE of this equation is 1,202,902 kWh, which is 17.9% of the average monthly electrical 
consumption. 

When plotted these quadratic expressions appear almost linear; therefore, a linear regression 
equation was also developed. A least-squares linear regression of all historical data gives 

kWh/month = (6900.5 x X + 4,073,720) x (d30)  . 

The RMSE of the linear regression is 1,203,813 kWh, which is 17.9% of the average monthlj 
consumption. In this case there appears to be no advantage to using a subset of the historical dat 
using quadratic as opposed to linear regression. If this project were done again, we would recomi 
developing separate baseline equations for each feeder and using linear regression equations whei 
RMSE is comparable to the quadratic RMSE. 

For projects that lack sufficient historical data for development of baseline equations, we recc 
collecting the necessary data during the project development phase. For example, we presented ii 
4 the details of baseline equations that predict daily energy use for the housing on each feeder ba: 
average daily temperature. When used to predict total housing electricity consumption for the 55 
baseline period, our model shows an RMSE of 1,072,624, or 16.1 % of the average monthly const 
This indicates that in the case of Fort Polk family housing, and most likely for most other facilitie 
accurate baseline models can be derived from daily data collected over a period of 6 to 12 month: 
daily interval enables the collection of sufficient data for development of statistically valid regres 
equations, even though the calendar period is relatively short. The 6 to 12 months are needed to i 
that heating-dominated, cooling-dominated, and intermediate days are represented. Such a baseli 
equation appears to be as accurate as the baseline equations developed with 4.5 years of historica 
monthly data. 

Table 7.1 shows the actual kWh usage in family housing (from manually collected meter rea( 
comparing it with the weather-corrected baseline usage predicted by our model (the “ORNL base 
developed from 12 months of 15-minute-interval data) and with the contract baseline. The table i 
compares the payments the ESCO would receive for 77% of the kWh savings based on the two bi 
assuming an electrical energy price of $0.06 per kWh. The agreement between the two over the 5 
month period (a difference of less than 1%) indicates that a baseline developed from 12 months o 
minute-interval data may be just as accurate as one developed from about 4.5 years of historical c 

All of the baseline equations are able to predict annual consumption for the 1989-1992 periol 
about 7%; this is shown in Fig. 7.3. The point here is that the statistical accuracy of a baseline ec 
is often less important than the fact that both parties to the contract-the customer and the ESCO 
to use it. 

Table 7.1 Comparison of payments to the ESCO: O W L  baseline vs contract baseline 

O W L  baseline Contract basc 

7/96 31 5,954,810 607 8,041,738 $96,416 8,770,467 $ 
8/96 31 5,53 1,792 508 7,455,011 $88,853 8,161,637 $ 
9/96 30 4,245,368 35 1 7,210,381 $136,984 6,706,459 $ 
10196 31 4,290,899 194 6,115,453 $84,294 5,37 1,975 $ 
1 1/96 30 3,478,709 237 5,978,498 $1 15,490 5,643,052 $ 
12/96 31 4,733,698 379 7,143,831 $111,348 7,173,576 $ 
Total 28,235,276 $633,385 
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Fig. 7.3. Annual electricity consumption in family housing as billed by the utility provider and as 
predicted by three methods. 

7.4.3 Sources of Variability . 

Ail four opthe above baseline equations utomatically adjust the bas line for w ather but do not 
attempt to remove variation from other sources. Aside from weather, occupant behavior is the next 
largest source of variation. The very large variation seen in apartment- and building-level data is due to 
occupant behavior, but over larger populations such as all the apartments on a feeder, the average 
behavior of occupants becomes apparent in the form of less variation. Based on our experience, baseline 
equations do not need to address occupant behavior explicitly as long as the data are sufficiently 
aggregated (about 10 or more apartments). 

Occupancy rate, which differs from occupant behavior, is also worth mentioning. Military family 
housing occupancy rates are generally steady beeause such accommodations are less expensive to service 
personnel than off-base housing. However, the occupancy rate is generally below full capacity because 
apartments are held open for transfers and because occupants leave periodically for vacations. Large 
upward changes in occupancy rate are physically impossible. In times of crisis calling for large troop 
movements, large numbers of service personnel may be shipped out, leaving only dependents behind. If 
the baseline equation does not consider occupancy rate, the "apparent" savings during these times will be 
larger than normal, but the Army would still be making the same fixed monthly payments under the 
ESPC, not larger ones. M&V only serves to verify the guarantee at the end of the year, which would 
easily be met under these circumstances. In fact, as discussed in Sect. 2.4, there is some evidence that 
low occupancy during 1997 caused an "apparent" energy savings of 2.62 million kWh. 

It would be possible to introduce another variable into the baseline regression equation: Y, defined 
as the monthly average population per square foot. If this were done the "apparent" savings would fall 
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with occupancy rate and a year-end true-up payment by the ESCO would be required if the contract 
assigned responsibility for occupancy rate to the ESCO. However, our expectation is that the Army 
would be assigned responsibility for occupancy rate under the contract. Therefore, moving large 
numbers of troops out for extended periods would trigger a baseline adjustment, with the net effect of 
adjusting “apparent” savings upward to a “contracted” value that, all else being equal, would exceed the 
guaranteed energy cost savings level. We see no reason to complicate the baseline equation only to 
create the need for additional baseline adjustments so that the same answer-that guaranteed savings 
were delivered -is obtained at these times. 

Although properly developed baseline equations can prevent unnecessary baseline adjustments, our 
experience indicates that customers and ESCOs should expect that baseline adjustments will be needed 
whenever Option-C M&V is used in a long-term ESPC. For example, a particular concern in housing is 
that the use of electrical energy tends to rise over time because of purchases of new appliances (Le., by 
plug-load creep). According to DOE (EIA 1995), electrical energy use in U.S. residences, exclusive of 
space conditioning and water heating, rose by 22% between 1980 and 1993, or by 1.54% annually as a 
national average. 

To see how this could affect the Fort Polk project, consider that the contracted baseline, based on 
1989-1992 data, predicts a pre-retrofit energy use of 79.4 million kWh per year; our analysis of the post- 
retrofit data predicts an annual consumption of 53.6 million kWh, for an annual “apparent” savings of 
25.8 million kWh in a TMY. Inspection of Fig. 7.2 indicates that baseline water heating/lighting/ 
appliance use is about 4.1 million kWh per month or 49.2 million kWh per year. According to DOE 
(EIA 1995), 46% of this, on a national average, is for water heating and lighting, the remainder of 26.6 
million kWh per year being used for appliances. 

conceivable that by year 20 of the contract, the residences at Fort Polk could be using 63.1 million kWh 
per year, even when the energy used for lighting, space conditioning, and water heating is held constant. 
If the baseline consumption is still 79.4 million kWh per year, the “apparent” savings in the last year of 
the contract would drop to just 16.3 million kWh per year, 37% less than the first-year value. Although 
this is only a rough estimate, it illustrates the point. Since it is our expectation that the customer will 
generally be assigned responsibility for plug-load creep under ESPC contracts, periodic baseline 
adjustments will likely be necessary. 

7.4.4 Baseline Adjustments for “Plug-Load Creep” 

If appliance use in Fort Polk family housing follows the national trend and rises 1.54% annually, it is 

It is important for the customer and ESCO to agree on an approach to periodic baseline adjustments 
that is practical yet makes the best use of available information. Two parameters must be agreed upon or 
estimated to support consideration of baseline adjustments for plug-load creep at the annual true-up: the 
annual baseline appliance load and the annual percentage of growth. As indicated above, a ballpark 
estimate of baseline water heating/lighting/appliance use can be obtained from Fig. 7.2. A value of 4.1 
million kWh per month is obtained by drawing a horizontal line to determine the Y-intercept of the 
lowest data points. To understand how months with total degree days ranging from 100 to 400 could 
have the same kWh use, consider that a month with outdoor temperature equal to 75°F every hour of 
every day would accrue 10 heating degree days (base 65°F) per day or 300 in a 30-day month, and no 
electricity use for heating and cooling would be expected. In Louisiana the weather is not that steady and 
some of the kWh use in these months may be for heating and cooling. On the other hand, some of these 
months may have had unusually low occupancy rates. 

There are several ways to estimate the baseline water heating/lighting/appliance use. Setting X equal 
to zero in Eq. (7.2) gives 4,398,939 kWh per month. Setting X equal to zero in Eq. (7.3) gives 4,073,720 
kWh per month. Averaging the data used to plot Fig. 7.2 for the six months of lowest energy use results 
in 4,3 17,797 kWh per month (rather than the 4,100,000 value that can be seen in Fig. 7.2). These values 
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include all non-WAC loads on the feeders, including nonhousing loads such as streetlights. For an 
estimate which does not include loads outside of the apartments, we analyzed pre-retrofit Level-3 data 
from 13 all-electric apartments and found that, weighted by apartment size, the average non-WAC 
apartment load was 0.0257 kWh/p per day. Multiplying by the total square feet of family housing and 
by 30.417 days per month gives an estimate of 4,359,332 kWh per month. Given the general agreement 
among these estimates, the customer and ESCO may agree on a value of 4.3 million kWh per month at 
the apartment level, or 5 1.6 million kWh per year. 

Next an estimate of baseline appliance load isolated from the combined water heating/lighting/ 
appliance use is needed. Using national averages for energy use in all-electric households, 28% is for 
water heating (EIA 1995) and 25% of the remaining use is for lighting (DOE 1994), leaving (1 - 0.28)( 1 
- 0.25) = 54%, or 27.9 million kWh per year as the baseline appliance load. In this case, the Level3 
data could be used for water heating rather than relying on national averages for water heating and 
lighting (see Sect. 4). This would result in an estimate of 29 million kWh per year as the baseline 
appliance load. The customer and ESCO may agree on a value of 29 million kWh per year. 

would be to agree to upward adjustments equal to the actual national average of annual growth in the 
base year appliance load of 29 million kWh per year according to some periodically updated official 
source such as the DOE CORE Datu Book (DOE 1994). Under this approach the year-end adjustments to 
the constant term of the baseline equation [e.g., Eq. (7.3)], assuming 1.54% load growth in the most 
recent year, would be 0.4466 million kWh in year one, 0.4535 million kWh in year two (if the most 
recent year load growth continued at 1.54%), etc. An alternative approach would be to maintain an 
ongoing monitoring effort in a sample of apartments to measure lighting/appIiance load as described 
above under Option By assume lighting remains constant (unless surveys of random samples of 
apartments indicate that CFLs are being replaced by incandescents), and calculate the annual percentage 
growth in appliance loads from the data. Other reasonable approaches could also be developed and 
agreed upon. 

Next the customer and ESCO must agree on the actual adjustments to the baseline. One approach 

7.4.5 Summary of an Option-C Plan for an ECM Package 

To summarize, a reasonable Option-C M&V plan for the comprehensive package of ECMs might be 
described as follows. The pre-ECM task of quantifying baseline energy use is satisfied by gathering the 
historical monthly feeder-level kWh readings, inspecting and cleaning up the data, and developing 
baseline regression equations. The pre-ECM task of verifying baseline conditions is satisfied by a 
variety of actions necessary to support engineering estimates of energy savings for the package of ECMs. 
For low-flow shower heads this may include developing engineering calculations to determine energy 
savings, accepting a handbook value for daily hot water use, and performing spot measurements to verify 
average hot water supply temperature and makeup water temperature. For lighting this may involve 
developing engineering calculations to determine energy savings and performing a detailed lighting 
survey on a random sample of apartments that would include one-time measurements of pre-retrofit 
fixture watt draw and two weeks of runtime measurements. For attic insulation this may involve 
developing engineering calculations to determine energy savings, inspecting a random sample of upper 
apartments representing all construction vintages to establish existing conditions, deciding on typical 
improvements per vintage, and using construction drawings to estimate the total area. For 
desuperheaters this may involve developing engineering calculations to determine energy savings, spot 
measurements to verify average hot water supply temperature and makeup water temperature, collecting 
two weeks of 15-minute-interval data on hot water tank element kWh for a random sample of 
apartments, and inspecting construction drawings to estimate the number of apartments where the 
proximity of heat pumps and hot water tanks makes desuperheater installation practical without major 
equipment relocation. For heat pumps this may involve developing engineering calculations to 
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determine energy savings when they are converted to geothermal units, inspecting construction drawing 
equipment schedules to establish the sizes of existing air-source units and the number of each, using 
construction drawings and the plans for other ECMs as the basis for developing design heating and 
cooling load calculations for each apartment type in order to size the geothermal units, and installing 
several BHEx’s and taking short-term measurements on them in order to determine the effective average 
soil properties of the subsurface formation. 

The installation and operation of all ECMs is verified during inspections to accept construction by 
verifying that each apartment has had the ECMs installed and that (attic insulation excluded) the ECMs 
operate satisfactorily. The resulting annual energy savings estimate for the package of ECMs is 
translated into dollars, and judgment is used to establish the guaranteed savings level relative to that. An 
annual payment is established that must be less than the annual guaranteed cost savings. The first-year 
monthly payments to the ESCO are 1/12* of the annual payment. 

With Option-C M&V the first annual true-up for an ESPC may go something like this: The long- 
term average (or TMY) base 65OF monthly heating and cooling degree days for the site are assembled 
and summed to obtain the long-term average (or TMY) total degree days for each month. These values 
are fed into baseline equations for the 16 feeders to determine TMY kWh by feeder by month. In this 
case summing across all values shows consumption of 79.4 million kWh in a TMY across all family 
housing. For this example, let us assume that the estimated energy savings for all ECMs was 32 million 
kWh in a TMY, or $1.92 million at $0.06 per kWh. Let us also assume that the ESCO guaranteed energy 
cost savings of $1.92 million in a TMY and agreed to an annual payment equal to 78% of that, or 
$1,497,600. During the first year the customer paid 1/12* of this amount, or $124,800, to the ESCO each 
month. 

Next the year-specific base 65°F monthly heating and cooling degree days that occurred at the site 
are assembled and summed to obtain the year-specific total degree days for each month. These values 
are fed into the 16 feeder baseline equations to determine the year-specific kWh by feeder by month, and 
summed to determine the year-specific baseline consumption. If the weather was more severe than 
typical, the year-specific baseline will be higher than 79.4 million k W y e a r ,  and if weather was milder it 
will be lower. The year-specific manual monthly kWh readings from each of the 16 feeder meters are 
assembled and summed to obtain the actual kWh consumption over the year. The savings actually 
delivered over the year equals the year-specific baseline consumption minus the actual consumption. 
One would expect actual savings to be higher in years with severe weather and lower in years with mild 
weather. 

A statistically valid verification of whether the guarantee was met may not be possible at the end of 
the first year because this requires the development of post-retrofit regression equations to determine 
post-retrofit monthly consumption as a function of total degree days, and only 12 data points (ie., pairs 
of monthly kWh and monthly total degree days) are available after one year. However, the equations can 
be developed, the RMSE values noted, and estimates of post-retrofit consumption in a TMY made. 
Apparent energy cost savings in a TMY equal 79.4 million kWh minus post-retrofit consumption in a 
TMY, multiplied by $0.06 per kWh. If this value exceeds $1.92 million the guarantee has been met. If 
the guarantee does not appear to be met, but RMSE values indicate that the post-retrofit equations are not 
yet reliable, it may be desirable to delay true-up payments for another year. Data points for 24 months 
will likely support robust post-retrofit regression equations, and 36 data points most certainly will. 

There are several ways to implement true-up payments if an ESCO fails to deliver the guaranteed 
savings. Within a specified period after the year-end audit, the ESCO could repay the customer in full 
with a single payment; alternatively, the monthly ESCO payment in the following year could be reduced 
by 1/12* of the true-up amount. The method of guarantee enforcement is stipulated in the contract. 

Even with Option-C M&V it may be a good idea to verify the ongoing potential of all installed 
ECMs to continue to generate energy savings. This can be done by annually drawing a random sample 
of apartments and performing inspections to verify that low-flow shower heads and CFLs are in place 
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and functional, the hot water tank electric resistance element control is set at the proper temperature, the 
desuperheater loop pump is properly cycling in response to controls and its flow and temperature rise are 
in expected ranges, the ground loop pump is properly cycIing in response to controls and its flow and 
temperature rise are in expected ranges, and the heat pump filter is clean and refrigerant charge and 
power draw and other parameters are within expected ranges. The ESCO should be implementing a 
preventative maintenance program, and annual inspections can verify that their program is effective. 

7.5 OPTIOND 

All ESPC projects require some type of engineering model to estimate savings. The model may be 
as simple as the Option A plan to predict energy savings due to installation of low-flow shower heads, or 
as complex as DOE-2, TRNSYS, and BLAST, which can consider interactions between ECMs and 
permit detailed modeling of building energy use. Option-D M&V uses this type of detailed building 
model, calibrated to site-monitored data at the feeder, apartment, building, or end-use level, to determine 
energy savings. 

Section 4 discusses the use of a calibrated model to predict energy savings. We used TRNSYS to 
model the pre- and post-retrofit electrical energy use for an entire electrical feeder that supplied 200 
apartments. If such a model is used for Option-D M&V, the first requirement is to collect pre-retrofit 
baseline data on electrical energy use for the feeder. Since energy use in housing is closely correlated to 
outdoor temperature, it is most useful to collect energy use and weather data during the same period. If 
new data are being collected during the project development phase, daily data are recommended so that 
the needed data can be obtained over a modest calendar period. Although data were collected at Fort 
Polk for about a year prior to the retrofits, we have shown elsewhere that daily energy use falls into three 
separate regions corresponding to heating, cooling, and mild-weather days. To characterize the behavior 
of the feeder we recommend collecting daily energy use and daily average temperature data for at least 
10 days when the daily average temperature is below 50"F, 10 days with daily average temperature 
above 75"F, and 10 days with daily average temperature between 60 and 70'F. At Fort Polk, the 
required number of days can be captured by monitoring continuously for six months beginning on 
January 1. The minimum monitoring period for other sites would of course depend on the local climate. 
At Fort Polk the required data could even be obtained with disciplined manual recordings from the 
existing feeder meters. 

The next step is to model the buildings and streetlighting loads connected to the feeder. As-built 
construction plans are obtained from the site, and the construction details are entered into the model. For 
this project we used TRNSYS because it was convenient for implementing a BHEx model, but for other 
projects not involving geothermal heat pumps, software packages such as BLAST or DOE-2 would be 
adequate. 

monitored apartments; however, the profiles obtained from this data were similar to handbook values. 
Thus, in future projects it would not be necessary to perform detailed end-use monitoring unless there 
were reason to suspect that some aspect of energy use deviated significantly from the values we obtained 
or the available handbook information. Our calibrated model also relied on post-retrofit data from a pilot 
installation of the package of ECMs in one apartment. Specifically, this data was used to calibrate the 
BHEx model by inversing the effective average soil properties experienced by the BHEx. If accurate soil 
property data is available, it would not be necessary to collect this data. 

To calibrate the model we varied outdoor air infiltration and heatingkooling setpoint temperatures 
until the modeled and metered feeder annual energy use in a TMY (estimated from five-parameter dual- 
changepoint models of the modeled and metered daily data) matched, and the changepoints of the five- 
parameter models matched. In other projects where outdoor air infiltration will be affected by ECMs 
installed-for example, weather-stripping and caulking of windows- it would be necessary to use a 

Our model for Feeder 1 used data on hot water draw and lighting/appliance electrical use from other 
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measured value for air infiltration and to calibrate the model by varying some other parameter that 
affects heating and cooling loads- for example, envelope thermal characteristics. 

prediction with site-monitored data on a daily basis. The daily analysis is useful for calibrating the 
model and allows acquisition of all the necessary data in as little as six calendar months, but a monthly 
model is more practical for the purposes of M&V. Figure 7.4 compares the model’s monthly predictions 
for a TMY with two years of historical energy use data from the feeder. With the exception of two 
outliers (probably related to low occupancy rate), the model corresponds quite well to the historical data. 

The results of the calibration for this feeder were presented in Fig. 4.5, which compares the model’s 
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Fig. 7.4. Comparison of the calibrated model’s monthly predictions of monthly energy usage for a TMY 
with two years of historical energy use data from the modeled feeder. 

Once the pre-retrofit model is calibrated to the feeder-level data, the package of ECMs is 
implemented in the software, and the model is run again with all other parameters remaining the same as 
in the pre-retrofit case. The results were presented in Sect. 4, and Fig. 4.8 presents a comparison of the 
model with actual post-retrofit data. Figure 7.5 illustrates the modeled pre-retrofit energy use, post- 
retrofit energy use, and energy savings for a TMY. The calibrated model predicts an annual energy 
savings of 30.2%. For comparison, the metered data normalized to a TMY indicated an annual energy 
savings of 30.1 %. Also the metered data, when normalized to a TMY, predicts an annual pre-retrofit 
energy use of 2,874,000 kWh, so by applying the estimated savings percentage to the observed pre- 
retrofit annual use an estimated annual savings of 868,000 kWh is obtained. The ESCO would likely 
multiply this by a safety factor, say 0.95, and guarantee 824,500 kWh of savings for the feeder. 
Translating this into dollars at 6 cents per kWh, the guaranteed annual energy cost savings would be 
$49,470. Under an ESPC, the agreed-upon annual ESCO payment would have to be less than or equal to 
the guaranteed savings, so let us assume it is $49,470. 

With the engineering model calibrated to pre-retrofit data, an Option-D M&V plan would operate as 
follows. In each month during the first year, the facility pays the ESCO an amount corresponding to 

114 



350000 

300000 

2 250000 
E 

E 2 200000 
X v 

150000 a * 
P 

100000 
W 

50000 

0 

: 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Month 

Fig. 7.5. The calibrated model’s predictions of pre-retrofit energy use, post-retrofit energy use, and 
energy savings for a TMY. 

1/12’” of the annual ESCO payment, which in this case is $4,122.50. The baseline equation is determined 
from a linear regression of the historical pre-retrofit monthly energy use vs total degree days. Baseline 
energy consumption in a TMY is determined by driving the baseline equation with TMY total degree 
days for each month, and summing to obtain the annual total. The post-retrofit consumption equation is 
determined from a linear regression of the post-retrofit monthly energy use vs total degree days. Post- 
retrofit energy consumption in a TMY is determined by driving the post-retrofit consumption equation 
with TMY total degree days for each month, and summing to obtain the annual total. “Apparent” energy 
savings in a TMY is calculated as the difference between baseline energy consumption and post-retrofit 
consumption. If there are no baseline adjustments, “apparent” and “contracted” energy savings are 
equal; otherwise the adjustments are applied to determine “contracted” energy savings, which are 
converted to dollars. A verification is made that “contracted” energy cost savings exceeds guaranteed 
energy cost savings at the end of each year. If contracted savings are less than guaranteed savings for the 
year, monthly ESCO payments in the following year would be debited by 1/12” of the shortfall. 

Up to this point, the only difference between our examples of Option-D and Option-C M&V plans is 
the greater accuracy of the savings estimate in Option D. However, a major advantage of a calibrated 
simulation model is its usefulness for developing baseline adjustments. In order to demonstrate the 
concept, we will use a slightly different data set for Feeder 1 than the one we have been using previously. 
The reason is that, as is apparent from Fig. 2.6, the post-retrofit daily electrical consumption for Feeder 1 
falls into two separate regimes. The phenomenon is most evident in the heating data, where the 
regression line lies between what appear to be separate “high” and “low” electrical consumption regimes. 
Examination of the data shows that the transition from high to low consumption occurs on a specific date 
and lasts for about three months, after which time the feeder resumes “high” consumption. Given this 
behavior, it is likely that a portion of the load was switched to another feeder during the three-month 
period. Since the existence of the two regimes made detailed calibration difficult, we decided to 
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eliminate the “low7’ consumption period for the purposes of this analysis. In the following discussion we 
refer to a reduced data set from which the period of abnormally low consumption is eliminated. The pre- 
and post-retrofit data are presented in Fig. 7.6. Based on the reduced data set, the post-retrofit TMY 
annual consumption (derived from a least-squares regression to a dual-changepoint model) is estimated 
at 2,125,444 kWh. The estimated pre-retrofit TMY consumption remains at 2,873,622 kWh, which 
represents an annual savings of 748,179 kWh, or 26% of the pre-retrofit total. 
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Fig. 7.6. Reduced data set for Feeder 1. 

As an example of how a calibrated simulation model can be used to perform baseline adjustments, 
assume that the contract specifies heating and cooling setpoints of 68°F and 78”F, respectively, and 
assigns responsibility to the customer for maintaining them. Say the customer and ESCO originally 
agreed to install heat pump compressor controls that are not adjustable by tenants (control input from 
bulb-type return air temperature sensors rather than conventional thermostats), but when these provoked 
complaints from tenants, conventional thermostats were installed. The energy cost savings estimate, 
guaranteed cost savings level, and agreed-upon annual ESCO payment were all based on 68”F/78”F. But 
now the apartments are being operated at tenant-selected setpoints that cause greater energy use, and 
“apparent” energy cost savings are less than the guaranteed level. This is clearly a case where a baseline 
adjustment is reasonable, and the calibrated simulation model provides the means to estimate a 
reasonable correction. 

The engineering model calibrated to pre-retrofit data predicts annual TMY energy consumption of 
2,832,698 kwh. The heating and cooling setpoints which best matched the data were 73°F and %OF, 
respectively. When the retrofits are implemented in the calibrated engineering model with heating and 
cooling setpoints of 68°F and 78”F, the model predicts a post-retrofit annual TMY consumption of 
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1,923,181 kWh; thus, had the setpoints been adhered to, the contractor would have based his savings 
estimates on a figure of 909,5 17 kWh. But now the tenants are allowed to control their own setpoints. If 
short-interval data is no longer being collected, the engineering model calibrated to pre-retrofit data can 
still be used to estimate annual consumption in the post-retrofit period. Since tenants controlled their 
own thermostats before the retrofit, it is logical to assume that in the post-retrofit period they maintain 
the living units at the same setpoints. The calibrated model predicts that with heating and cooling 
setpoints of 73°F and 78"F, this feeder would consume 2,007,277 kWh in a typical year. Thus, the 
apparent effect of the setpoint change is to reduce the electrical savings by 84,096 kWh annually on this 
feeder. When scaled up to the entire population of 4003 housing units at Fort Polk, the change in 
setpoints reduces annual savings by 2.03 million kWh. This value provides a reasonable starting point 
for negotiating a baseline adjustment. 

after more efficient systems are installed, and this could be the basis for an even larger baseline 
adjustment. In this case we also have the necessary post-retrofit data to calibrate the model and 
determine the best-match post-retrofit setpoints. The result of this effort is best-match setpoints of 
71 "F/74"F, indicating that there was a small take-back effect. With these setpoints, the model predicts an 
annual TMY energy consumption of 2,109,577 kWh for the feeder. Had the setpoints remained the same 
as in the pre-retrofit, annual energy consumption would have been only 2,007,277 kWh. The difference, 
103,300 kwh, when added to the 84,096 kWh derived from the analysis above, indicates that the total 
effect of allowing tenants to control their own thermostats was to increase annual energy consumption by 
187,396 kwh per year. Housing-wide, this represents an annual loss of 4.53 million kWh in electrical 
savings because setpoints of 68"F/78"F were not adhered to in the post-retrofit period. This exercise 
could be repeated on several feeders if the parties could not agree that the 200 apartments on Feeder 1 
were sufficiently representative of the population. 

A take-back effect has been observed in some past projects when tenants choose greater comfort 
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8. CONCLUSIONS 

Our conclusions from our evaluation of the Fort Polk ESPC project are presented below in subsections 
that correspond to topics covered in Sects. 2 through 7 of this report, with the exception of our conclusions 
about the economic outcome of the project, which are given in Sect. 8.3, just after discussions of the 
energy, demand, and maintenance savings. 

8.1 ENERGY AND DEMAND SAVINGS 

Our findings indicate that the GHP-centered retrofit project will save 25.8 million kWh in a typical 
meteorological year (TMY), or 32.5% of the pre-retrofit whole-community electrical consumption, and 
100% of the whole-community natural gas use for space and water heating (260,000 therms), in Fort Polk 
family housing. These savings result in a reduction in CO, emissions of an estimated 22,400 tons per year. 
Summer peak electrical demand has been reduced by 7.55 MW, which is 43.5% of the pre-retrofit peak 

demand. These energy and demand savings correspond to an improvement in the whole-community 
electric load factor from about 052  to 0.62. At the end-use level, the GHPs were found to save about 42% 
of the pre-retrofit electrical consumption for heating, cooling, and water heating in housing units that were 
all-electric in the pre-retrofit period. 

These values are the energy and demand savings that are “apparent” from analyzing the monitored 
data. The “apparent” savings may differ from the “contracted” savings. Determining “contracted” savings 
may require adjustments to the baseline (see Sect. 7) for factors that are beyond the ESCO’s control and 
responsibility under the ESPC contract. Baseline adjustments are negotiated, may be supported by 
engineering estimates (see Sect. 7), and in this project may result in “contracted” savings of 30 million 
kWh or more. The Army pays the ESCO 77% of the “contracted” energy cost savings under this 20-year 
shared-energy-savings contract. 

8.2 MAINTENANCE SAVINGS 

Historically Fort Polk maintained the HVAC equipment in family housing using private service 
contractors. Averaged over the 20 years, our estimate of the baseline maintenance cost was $369.05 per 
apartment per year, or 26 cents/ft2 per year for the approximately 5,600,000 ft2 of family housing. For 
comparison, the baseline maintenance costs appearing in the contract and agreed upon by the Army and 
ESCO are 24.1 centslft2 per year. These baseline maintenance costs may be somewhat low, depending on 
the assumption for existing HVAC equipment service life. For example, if the handbook value (ASHRAE 
1995a) of 15 years is used rather than the value derived from the actuarial approach (Sect. 3), the 
26 cents/ft2 per year becomes 32.8 cents/ft2 per year. 

From the Army’s point of view, 100% of the baseline maintenance cost will be saved each year, since 
the ESCO assumes responsibility for W A C  maintenance in family housing for the 20-year contract 
period. However, under the contract the Army pays the ESCO a 77% share of these savings, or about 18.1 
centslft2 per year. 
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8.3 ECONOMIC OUTCOME 

8.3.1 The Fort Polk Perspective 

The Army’s annual cash flow for energy nd nergy-related maintenanc for Fort P Ik family housing 
is presented in Fig. 8.1 for three periods-before, during, and after the 20-year contract. Before the 
retrofit project the Army was consuming 79.4 million kWh of electricity in family housing, and spending 
$4,764,000 at $0.06 per kWh in a TMY. The Army was also consuming 260,000 therms of natural gas for 
space and water heating in family housing, which cost $130,000 at $0.50 per therm in a TMY. In addition 
the Army was going to spend, on average over the next 20 years, 26 cents/ft* or $1,456,000 annually for 
HVAC maintenance in family housing. The sum of the pre-retrofit costs is $6,350,000 per year. 

The “apparent” savings of the project are 25.8 million kWh ($1,548,000) in electricity in a TMY, 
260,000 therms ($130,000) in natural gas in a TMY, and 26 cents/ft2 ($1,456,000) annually for HVAC 
maintenance. The sum of the apparent savings is $3,134,000 in a TMY. Figure 8.1 assumes that the 
payment to the ESCO is 77% of the “apparent” savings, or $2,413,180 in a TMY. The Army must also 
pay for the remaining electricity consumption of 53.6 million kWh ($3,216,000) in a TMY. The sum of 
the costs in a TMY during the project is $5,629,180, or about $720,820 less than the “before” baseline. 
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Fig. 8.1. The Army’s annual cash flow for energy and energy-related maintenance for Fort Polk family 
housing before, during, and after the ESPC contract period. 

After the 20-year contract term the ESCO payment goes away, but the Army will then need to hire a 
private services contractor (perhaps the ESCO) to maintain the W A C  equipment. Figure 8.1 assumes 
that this extended maintenance could be obtained for 18.1 cents/ft2 per year or $1,013,600, the 20-year- 
average price the Army is paying the ESCO during the project. Figure 8.1 also assumes that the electricity 
consumption and payment would remain at $3,216,000. The sum of the costs in a TMY after the ESPC 
contract expires would be $4,229,600, over $2 million less than before the project. 
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Using a standard 7% annual discount rate over the 20-year life of the contract (BLCC 1998) the net 
present value of the shared energy savings contract to Fort Polk is $8.2 million. This figure does not 
include the salvage value of the improvements at the end of the contract period, nor the continuing savings 
of over $2 miIlion annually for as long as the systems remain operable. The water-source heat pumps may 
be near the end of their service lives after 20 years (ASHRAE 1995a indicates a 19-year life for 
commercial water-to-air heat pumps), but the vertical borehole ground heat exchangers will likely outlive 
several more heat pumps. This will reduce the Army's cost to renew the space conditioning and water 
heating systems, should it desire to do so. 

factors that are beyond the ESCO's control and responsibility under the contract may be required. For 
example, Sect. 7.4.4 discusses periodic baseline adjustments for plug-load creep. About 29 million kWh 
of the 79.4 million kWh baseline consumption in a TMY is appliance loads, which historically have grown 
about 1.54% annually in residences on a national average. If the parties agree to annual baseline 
adjustments according to the most recent CORE Data Book trends (DOE 1994), and if appliance loads 
actually grow by that amount while energy use for lighting, space conditioning, and water heating is held 
constant in a Th4Y by continued performance of the ECMs installed and maintained by the ESCO, then 
the net effect of the annual baseline adjustments is to keep the annual ESCO payment constant even 
though family housing electricity use and cost in a TMY rises. The rationale is that the appliance load 
growth is the responsibility of Fort Polk, and would have happened with or without the project. 

setpoints, as described in Sect. 7.5. Before the project the residents of family housing were enjoying their 
desired comfort levels of about 73°F for heating and 78°F for cooling. But consider the effect if Fort Polk 
tries to use the opportunity of the retrofit project to impose the comfort levels prescribed by law (at the 
time) of 68°F and 78°F on residents, but changes course during the early stages of construction when 
occupants complain. The ESCO has agreed to accept 77% of the savings over a 20-year period on the 
basis of savings estimates based on the 73OFI78"F setpoints before the retrofits and 68"F/78"F after. Had 
the savings estimates been based on 73"F/7S0F before and 71°F/74"F after, the ESCO never would have 
agreed to 77% of the savings over 20 years. The ESCO would have required a larger share of the savings 
over 20 years, or a longer contract term. In this case the purpose of the baseline adjustment of 4.53 
million kWh or $27 1,800 in a TMY is to effectively raise the ESCO's share of the savings from 77% to 
86% over the 20 years, to correspond to what the original agreement would have been had the contract 
specified "resident-desired comfort levels" before and after the retrofit and if the "take-back'' effect had 
been anticipated and factored into the savings guarantee. Under this scenario the "apparent" savings of 
25.8 million kWh per year is consistent with a "contracted" savings of 30.3 million kWh per year. 

If the comfort level baseline adjustment is implemented it would result in a one-time increase in the 
ESCO payment in a TMY from $2,413,180 to $2,685,000, effective at time of Fort Polk's acceptance of 
the retrofit construction. Only the comfort level baseline adjustment affects Fort Polk's retained savings 
during the contract, shown in Fig. 8.1 as $720,820, which decrease to $449,020. The baseline adjustments 
for plug-load creep account for load growth that was not considered in Fig. 8.1 , and would have happened 
with or without the project. In effect, these adjustments would offset declines in "apparent" energy 
savings due to plug-load growth, which is not the responsibility of the ESCO. 

The values in Fig. 8.1 are based on "apparent" energy savings. Several adjustments to the baseline for 

Another example of a potential baseline adjustment would be for deviation from contracted comfort 

8.3.2 The ESCO Perspective 

From the standpoint of the ESCO the financial picture is somewhat different. The ESCO secured 
$18.9 million in capital to finance the construction of the project. As retrofitted buildings were accepted 
by the government, the ESCO would draw down h n d s  that covered direct costs as well as a margin to 
allow recovery of indirect project development costs and profit, until all construction was completed and 
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accepted and all funds drawn. During the 20-year performance period the ESCO’s primary liability, aside 
from costs to maintain W A C  equipment, is debt service on the $1 8.9 million borrowed to purchase and 
install the ECMs, recover the working capital required to develop the project, and earn a profit on these 
implementation-period tasks. At 9% interest compounded monthly, this would be about $2.025 million 
per year. If payments from the Army are on the basis of “apparent” savings, the payment in a TMY would 
be $2.413 million, leaving $388,000, or about 6.9 cents/ft2 for maintaining the equipment installed in the 
4003 housing units. Even considering the Consumer Price Index escalator on the maintenance payment 
built into the contract, it would be very difficult for the ESCO to provide acceptable maintenance over the 
20 years under these conditions. 

would rise to $2.685 million, leaving $660,000, or about 12 cents/ft2, for maintenance. Since the most recent 
published figures for maintenance costs of GHP equipment (Cane et al. 1998) are in the range of 7 to 11 
cents/ft2 per year, ESCO delivery on their 20-year maintenance commitment appears financially feasible. The 
ESCO also has a variety of good business practices at its disposal to improve its financial return on the 
project, including refinancing their debt at a more favorable interest rate (at 8% the annual debt service drops 
to $1 384  million) and implementing a preventive maintenance program to minimize maintenance costs over 
the 20-year period. 

Implementing annual plug-load creep baseline adjustments would not change the ESCO payment in a 
TMY, but would prevent the erosion of the ESCO payment over time due to load growth that is the 
Army’s responsibility under the contract. 

In general, ESPCs are long-term partnerships between customers and ESCOs, and each party has an 
obligation to be reasonable and negotiate contract issues in good faith. In the case of this project, there 
may be some basis for consideration of additional baseline adjustments to account for an overly 
conservative maintenance cost baseline, occupant installation of numerous ceiling fans with attached lights 
(given out to occupants by the family housing self-help program), and other factors. Additional baseline 
adjustments could increase “contracted” savings above 30.3 million kWh per year and improve the 
ESCO’s financial outlook on this project. That said, customers and ESCOs on future projects may also 
benefit from a stronger technical basis for proposed baseline adjustments, so that trust is maintained 
throughout the negotiation process, and negotiations can be concluded on a more timely basis. 

However, assuming the comfort level baseline correction is implemented, the ESCO payment in a TMY 

8.4 USE OF CALIBRATED ENGINEERING MODELS TO PREDICT ENERGY SAVINGS 

Accurate predictions of the energy savings to be expected from ESPCs can reduce risk, decrease 
financing costs, and help avoid post-construction disputes over performance contract baseline adjustments. 
Use of calibrated engineering models to predict energy savings was determined to be an accurate and 
effective approach. The method relies on engineering models calibrated to field data-specifically, pre- 
retrofit feeder energy consumption and post-retrofit data from one pilot test site (see Sect. 8.5). 

As described in Sect. 4, an engineering model of pre-retrofit electricity use was developed for all 
housing and nonhousing loads on an entire feeder (Feeder 1) serving 46 buildings containing 200 all- 
electric apartments. This model was calibrated to the pre-retrofit feeder data normalized to a TMY by 
varying one parameter, the infiltration rate. The retrofits were then implemented in the model and the 
model used to estimate the post-retrofit electricity consumption of the feeder in a TMY. Comparison of 
the pre- and post-retrofit modeled results indicated an estimated electricity savings in a TMY of 30.2%. 
Comparison of the pre- and post-retrofit data indicated an electricity savings in a TMY of 30.3%. 
Applying the modeled savings of 30.2% to the pre-retrofit baseline consumption in a TMY derived from 
data would have resulted in an estimate of electricity savings within 0.1% of the observed value. 

This methodology was also applied to a feeder that served gadelectric apartments before the retrofit 
project. In this case an engineering model of pre-retrofit electricity use was developed for all housing and 
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nonhousing loads on Feeder 12, which served 48 buildings containing 142 gadelectric apartments. This 
model was calibrated to the pre-retrofit feeder data normalized to a TMY, again by varying the infiltration 
rate. The retrofits were then implemented in the model and the model used to estimate the post-retrofit 
electricity consumption of the feeder in a TMY. Comparison of the pre- and post-retrofit modeled results 
indicated an estimated electricity savings in a TMY of 9.5%. Comparison of the pre- and post-retrofit data 
indicated an electricity savings in a TMY of 16.2%. This prediction is also reasonably good, considering 
the lack of data on pre-retrofit natural gas consumption for use in calibration and the uncertainty as to 
whether attic insulation improvements were implemented in this vintage- 1975 housing as part of the 
ESPC. 

8.5 GEOTHERMAL HEAT PUMP SYSTEM MODELS CALIBRATED TO DATA 

The apartment-level engineering model is the building block for the feeder-level model used for 
predicting energy savings. The pre-retrofit apartment-level model represents the housing unit (heating, 
cooling, water heating, and lighting/appliance loads), conventional space conditioning and water heating 
equipment, and controls. Conventional models of this sort are widely available. However, to represent 
the post-retrofit case, the apartment-level model must be able to implement all of the ECMs of the project, 
including the GHP system, and for greatest accuracy the ECM representations should be calibrated in 
some way. 

In this project the model of the post-retrofit apartment served by the GHP system was calibrated 
against “energy-balance” data, or data needed to fully or partially veri@ energy balances around each 
component of the system. The data were recorded at one apartment after the full GHP-centered retrofit 
package was installed. Each component model was calibrated to post-retrofit data. The calibrated 
component models were then interconnected to form the system model. The system model was then 
found to compare well with apartment-level data. 

To illustrate the level of agreement achieved, the maximum predicted heat pump entering water 
temperature (from the BHEx) was 85.9”F, compared to a measured value of 85.1 OF. Over the nine-month 
calibration period the predicted heat pump electricity consumption was within 0.2% of the measured data. 

Perhaps the most important model inputs determined during the calibration exercise were the effective 
average soil thermal properties required by the BHEx component model. Inverse heat transfer techniques 
were used to determine values near handbook values listed for heavy saturated soil (thermal conductivity 
of 1.41 Btuh-ft-OF, and thermal difisivity of 0.04 ftjh). Short-term tests at the site during the project 
development phase had suggested values corresponding to heavy damp soil. If effective average soil 
thermal properties can be more accurately determined during project development by using improved 
short-term tests, or by better analysis of test data, pilot test sites may not be necessary, because all GHP 
system components except the BHEx are conventional and well understood. 

8.6 COMPARISON OF PRACTICAL BHEx DESIGN METHODS TO A FORT POLK 
DATA/MODEL BENCHMARK 

The calibration of an apartment-level post-retrofit (i.e.7 GHP) engineering model against energy- 
balance data produced a useful datdmodel benchmark for practical BHEx design methods. Five practical 
methods were compared with the datdmodel benchmark and with one another in order to establish the 
degree of consistency among the methods available in 1994 when the Fort Polk project was designed. 

Great variation was observed in the recommended BHEx sizes from the tested methods, as described 
in Sect. 6 .  Differences on the order of a factor of 1.8 are observed between the detailed calibrated model 
and some of the practical BHEx design methods. This occurred even though inputs to all methods were 
kept as consistent as possible. 
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When the Fort Polk project was engineered, BHEx design was largely experience-based. A small 
cadre of experienced designers could develop effective BHEx designs by adjusting the outputs of the 
practical BHEx design methods they used based on experience. Except for the experienced few, designers 
are not in a position to adjust BHEx design method results to arrive at effective designs. We conclude that 
further well-documented calibratiodcomparison exercises are needed to give the developers of BHEx 
design methods an opportunity to improve and release next-generation BHEx design methods with the 
experience built in, so that the pool of designers that can develop effective designs can be expanded more 
rapidly than would otherwise be possible. 

8.7 MEASUREMENT AND VERIFICATION OF ENERGY SAVINGS 

M&V of energy savings is a fundamental component of energy savings performance contracting and 
has become more prominent since the Fort Polk project was initiated. The type of contract implemented at 
Fort Polk-the “shared-energy-savings” contract, wherein M&V is used to determine the amount of 
monthly payments to the ESCO-has since been supplanted by a contract form wherein M&V is used to 
verify that guaranteed savings are achieved annually (see the Federal Regulation at Title 10 CFR Part 
436). 

As discussed in Sect. 7 ,  several major protocols for M&V now exist, which describe four basic 
options for determining energy savings: 

Option A: 

Option B: 

Option C: 

Option D: 

Performance is estimated based on engineering calculations, sometimes 
supplemented with short-term measurements. 
Uses ongoing field measurements on individual ECM retrofits or a sample of 
individual ECM retrofits. 
Uses ongoing field measurements at the site, building, or apartment level (i.e., 
data from utility or customerESC0 meters). 
Uses an engineering model calibrated to energy-use data at the site, building, 
apartment, or end-use level. 

We conclude that there is no best approach to M&V, and that all options or even combinations of 
options may be appropriate for future GHP-centered ESPC projects. Customers and ESCOs need to 
balance cost and precision as they evaluate and agree on methods for their projects. M&V implementation 
is another project cost that must be covered by the savings generated by the project. Overly zealous M&V 
may mean fewer ECMs can be implemented as part of the project than would otherwise be the case, or that 
the contract term must be longer than would otherwise be the case. 
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9. RECOMMENDATIONS 

9.1 FUTURE ESPC PROJECTS 

We recommend that federal agencies and any other entity responsible for buildings seriously 
consider GHP-centered comprehensive energy efficiency and renewable energy retrofit projects as a tool 
for achieving their facility management objectives. A nearly universal facility management objective is 
to minimize the capital investment and annual energy and maintenance operating expenses necessary to 
keep buildings, and the energy-consuming systems within them, renewed and delivering the 
environments that enable successful activities within. Added to this universal objective is the mandate 
by the National Energy Policy Act of 1992 and Executive Order 12902 for federal agency sites to reduce 
their energy consumption by 30% relative to a 1985 baseline by 2005. Results at Fort Polk demonstrate 
that comprehensive projects centered on GHPs are able to support both the universal and unique federal 
objectives. 

As of this writing, Fort Polk is the largest ESPC already constructed and generating savings in the 
federal sector. It is also the largest installation of geothermal heat pumps in the world. Based in part on 
the objective technical evaluation of the project documented in this report, Fort Polk, the Army Corp of 
Engineers, and the ESCO (Co-Energy Group) were recently awarded Vice President Gore’s Hammer 
Award. The Hammer Award recognizes work being done to make government “work better and cost 
less” and symbolizes efforts to “hammer away” at unnecessary bureaucracy and costly inefficiency. We 
applaud these efforts under the old “shared-energy-savings” federal statutory authority, which have 
created momentum for use of the updated ESPC statutory authority. 

Geothermal heat pump projects can potentially provide significant savings of energy and taxpayer 
dollars; however, we encourage sites to develop realistic expectations about the GHP-centered projects 
they are considering, especially if the projects are to be implemented as ESPCs. For example, at Fort 
Polk the investment required by the ESCO to develop the project, design it, build it, and gain government 
acceptance of it was $18.9 million, or about $4700 per apartment (with an area of about 1400 #per 
apartment on average). The “apparent” energy savings at $0.06 per kWh and $0.50 per therm are 
$1,678,000 annually, or about $419 per apartment. Our estimate of maintenance savings, which includes 
“replace on failure” equipment renewal, equals the 20-year average baseline maintenance cost estimate 
because the ESCO assumes full maintenance responsibility under the contract. The maintenance savings 
estimate is 26 cents/# or $1,456,000 annually, or about $364 per apartment. The total “apparent” 
project savings is $3,134,000 or $783 per apartment, 53.5% due to energy savings and 46.5% due to 
maintenance and equipment renewal savings. This is the cash flow savings created by the project and 
available for payment to the ESCO or to be retained by the agency site. 

one at Fort Polk so long as the savings to the annually appropriated operating budget for energy and 
energy-related maintenance exceed the ESCO payment, which must come from this operating budget 
(see the Federal Regulation at Title 10 CFR Part 436). The only appropriation needed to enter into an 
ESPC is the current year’s operating budget, although Congress must be notified if the sum of ESCO 
payments over the ESPC term exceeds $750,000. (This will almost always be the case; at Fort Polk the 
sum of ESCO payments over 20 years is on the order of $50 million.) 

The federal statutory authority for energy savings performance contracting allows projects like the 

9.1.1 Opportunities Through Super-ESPC Procurements for GHPs 

While ESPC authority is an improvement over “shared-energy-savings” authority, we recommend 
some measures that will make the implementation of GHP-centered ESPC projects in the federal sector 
more practical. First, we recommend that a national GHP-technology-specific “Super-ESPC” 
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procurement be implemented. Under Super-ESPC procurements, a small cadre of the best qualified 
ESCOs receive indefinite-delivery, indefinite-quantity (IDIQ) contracts covering any federal facility in a 
specified geographic area. Federal agency sites can then implement their ESPC projects as delivery 
orders (or task orders) against the IDIQ contracts, which is a far less onerous process than implementing 
a site-specific ESPC procurement from scratch. For example, Fort Polk took over 3 years from concept 
to start of construction, whereas it is hoped that delivery orders can be done in 4 to 6 months. The Super- 
ESPC concept is now in common use, as DOE, the Army, and the Air Force are in various stages of 
blanketing the country with IDIQ contracts with ESCOs (Energy Services & Telecom Report 1997). 
However, these are all ccgeneral-purposey7 IDIQ awards, where the scope of allowable energy-cost-saving 
measures (ECSMs) is a list of about 15 mainstream energy efficiency and renewable energy technology 
categories. 

realizing energy and cost savings through GHP-centered ESPCs. As demonstrated at Fort Polk, GHP- 
centered projects offer an extremely comprehensive “3 0%-plus deep savings” option, but the GHP 
energy and maintenance savings will not be found unless the ESCO is specifically looking for them, and 
having an IDIQ contract that requires any delivery orders to be GHP-centered provides the necessary 
motivation. In addition, having the GHP-centered ESPC IDIQs available as an option will help 
overcome the well-founded concerns of federal agency sites about the competence of typical 
architecture/engineering contractors with GHP technology, given that it is relatively new and not yet in 
the mainstream. 

federal agency sites will have GHP-centered ESPC IDIQs available as an option. The recommended 
scope of ECSM technology categories would include the mainstream ECSM categories that are in the 
“general-purpose” Super-ESPCs that apply to buildings that are candidates for GHPs. This will enable 
the same sort of comprehensive “30%-plus deep savings” delivery order projects as the one implemented 
at Fort Polk. 

The scope of the GHP Super-ESPC should also include an ECSM category for energy cost reduction 
through rebates and rate reduction. Utility demand-side management rebates are becoming increasingly 
rare, but where they are available they should be brought into projects to effectively lower the financed 
amount. The ESCO should also be empowered, at agency option, (1) to advise federal agency sites to 
change to more favorable rate schedules or otherwise negotiate lower rates with their current energy 
suppliers; and (2) where the law allows, to advise and arrange for federal agency sites to secure lower- 
cost supplies of energy where available. The Fort Polk project raised the annual electric load factor 
across all family housing from 0.52 to 0.62. If the post-retrofit consumption of 53.6 million kWh in a 
TMY could be secured for $0.01 per kWh less as a result of this load factor improvement (possible 
where choice of electricity supplier is allowed by law or by negotiation with the current supplier), that 
would be an additional savings of $536,000 per year. Applying 77% of this to the ESCO payment as 
with the other savings would have shortened the term of the ESPC at Fort Polk from 20 years to 15. 

A national GHP-technology-specific Super-ESPC procurement could overcome several obstacles to 

The recommended scope of the GHP Super-ESPC is national, so that after only one procurement all 

9.1.2 Improving ESPC Statutory Authority 

We also recommend that federal legislative action be taken to improve ESPC statutory authority to 
make its implementation more practical. The current ESPC authority and implementing rules and 
regulations do allow a simpler ESCO payment scheme than with shared savings (flat payments with 
annual verification of guaranteed savings, rather than onerous calculations to determine varying monthly 
payments). Current rules also allow the contract term to be as long as 25 years, and improved M&V 
protocols have clarified determination of energy cost savings. In other ways, however, the current 
authority (or interpretation of authority) is still quite restrictive. 

126 



Qualified Maintenance Savings 

ESPC rules require that any maintenance savings claimed must be real savings, i.e., they must be 
cuts in amounts of money that the government is currently either spending or planning to spend. If not, 
the money will not be available in the government’s appropriated operating budget for ESCO payments. 
Since many federal facilities are currently operating in a mode where maintenance is done in-house, staff 
reductions have already occurred, and the activities of remaining staff are crisis-driven; ESPC projects in 
many federal facilities will not be able to generate real maintenance savings as defined above, but only 
alleviate crises by partially unloading in-house maintenance staff. In cases where the maintenance is 
currently subcontracted it is relatively easy to capture maintenance savings in an ESPC. The item is 
currently in the government’s operating budget, the ESCO assumes the task under the ESPC, and hence 
real savings are generated. Another case where it is relatively easy to capture the maintenance savings is 
when the government chooses to lay off maintenance personnel because the ESCO assumes the task. 

The dilemma for GHP-centered ESPC projects is that, because of the nature of the technology, 
energy and maintenance savings are about equal in magnitude. The Fort Polk project could not have 
been done on the basis of energy cost savings alone. Although the ESCO did assume the responsibilities 
of previous maintenance subcontractors and generated real savings, the payments to the previous 
subcontractors were inadequate for the task as evidenced by their financial failure. The Army exercised 
flexibility to recognize this, and agreed to a higher 20-year average baseline maintenance cost than they 
had been spending with poor result. Our analysis indicates that even this higher maintenance cost 
baseline is probably low. 

term, we anticipate that customers and ESCOs pursuing GHP-centered projects will have to work very 
hard on a case-by-case basis to justify their maintenance cost baselines and demonstrate that the 
spending is real. They will have to work equally hard to defend the assertion that the real life-cycle 
maintenance costs of GHP systems are substantially lower than for conventional W A C  systems. We 
recommend that acceptable approaches to maintenance cost baseline development be documented. We 
also recommend that GHP stakeholders accelerate efforts to use the installed base of systems to develop 
service life and maintenance cost estimates that are statistically valid and acceptable at ASHRAE. 

Flexibility in Financing 

Since the ESPC rules regarding treatment of maintenance savings are unlikely to change in the short 

Narrow interpretation of current ESPC rules is also effectively restricting the government’s ability 
to follow basic principles of good business practice. After having entered into an ESPC, a federal agency 
site’s options are limited to continuing as originally planned until the end of the contract term, or 
terminating the contract and paying the cancellation price with an appropriation. The government should 
be able to aggregate ESPCs signed during periods of high interest rates, seek and obtain an appropriation, 
and pay off the debt portion of the contracts, but retain the performance-based services of the ESCOs for 
the duration of the original contract term. This could save millions at Fort Polk, where the government is 
servicing an $18.9 million debt at 9% as part of its monthly ESCO payment over a 20-year term. 
Currently the U.S. Treasury Department can borrow like-term money for about 6.5%. Assume the 
prepayment penalty is 0.5% on the principal balance ($94,500). With no buyout, the government will 
pay $1 68,782 per month for 240 months, or $40.5 million, as part of the ESCO payment stream. With 
buyout, the government would pay $94,500 to the ESCO plus $140,154 per month for 240 months to 
whomever bought the treasury bonds, or $33.7 million in total. If the government had the flexibility to 
buy out the ESPC debt, it could pay $7 million less over the next 20 years on this project for the same 
level of guaranteed savings. Interest rates rise and fall, and the government should be able to act in a 
businesslike manner and refinance at opportune times. 

127 



We recommend the adoption of new statutory language to clarify that federal agencies can buy out 
the debt service portion of an ESPC, just as they routinely use end-of-year funds to buy out the debt 
service portion of energy service contracts under their basic ordering agreements with serving utilities. 
This will remove any risk from agency lawyers and contracting officers who interpret “payments cannot 
exceed savings in any year,” a passage in the current ESPC rule, to mean that agencies cannot buy out 
debt at opportune times. 

Required Payback Periods and ESPC Terms 

As if the ESPC rules were not restrictive enough, some federal agencies have developed even more 
restrictive requirements for energy savings performance contracting because of an apparent confusion 
between a project’s simple payback period and the necessary term of an ESPC. The simple payback of a 
project is calculated from the building owner’s viewpoint assuming the owner is making the investment, 
maintaining the facilities, and retaining all of the savings. In the case of Fort Polk, the investment is 
$1 8.9 million and the “apparent” energy savings are $1,678,000 annually. The maintenance savings 
equals the 20-year average baseline (26 cents/@ or $1,456,000 annually) less the 20-year average 
estimated cost to maintain the new systems (let us assume this is the amount for which the ESCO agreed 
to do it, 1 8.1 cents/ft2 or $1 ,O 13,600 annually), or $442,400 annually. The simple payback period is then 
the investment divided by the savings per year, or about 10 years. 

Although the simple payback of the project is 10 years, the term of the shared-savings ESPC needed 
to be 20 years because Fort Polk is retaining about 23% of the annual savings during the project, and the 
77% ESCO share must cover debt service on the $18.9 million investment as well as maintenance. The 
term of an ESPC is generally longer than the simple payback period by a factor of 2 or more. 

less than 25 years without good justification. Consider the example of a 10-year maximum ESPC term. 
As a consequence of the 10-year term limit, the maximum aggregate simple payback of the 
comprehensive package of ECMs within a project is limited to 5 years or less. Since the National Energy 
Policy Act of 1992 and Executive Order 12902 direct federal agencies to implement energy projects with 
1 0-year simple paybacks or less, a 10-year term limit effectively eliminates energy savings performance 
contracting as a tool for fully implementing these mandates. Agency policies limiting ESPC terms are 
particularly detrimental to GHP-centered projects which must, by definition, replace the conventional 
W A C  systems. HVAC replacement is always a long-payback action, even when conventional new 
systems are installed. 

Our recommendation is that individual federal agencies avoid establishing maximum ESPC terms of 

Applying Savings from Avoided Capital Projects 

Some agency lawyers and contracting officers are reluctant to allow use of appropriated capital 
dollars in ESPC projects that avoid the need for the originally planned project. The ability to apply 
savings from avoided capital projects is particularly important for GHP-centered ESPCs, because all 
GHP-centered ESPCs must replace conventional HVAC systems. A logical time for the replacement is 
when the conventional HVAC is near the end of its service life, when agencies may have budgeted and 
programmed appropriations earmarked for renewing the conventional equipment. By allowing the 
ESCO to draw down appropriated funds as phases of construction are completed until such funds are 
depleted, and then finishing construction with private financing, the government can effectively lower 
the “financed amount” of the ESPC. This means the ESPC can have a shorter term, lowering overall 
debt service costs, and allowing the government to retain all of the savings sooner. We recommend 
adoption of new statutory language to remove this risk from agency lawyers and contracting officers, 
allowing such savings to be realized. 
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9.2 MEASUREMENT AND VERIFICATION OF ENERGY SAVINGS 

In Sect. 8.7 we conclude that customers and ESCOs need to balance cost and precision as they 
evaluate and agree on M&V methods for their projects. M&V implementation is another project cost 
that must be paid for out of the savings generated by the project. That said, we do have some specific 
recommendations for future projects similar to Fort Polk. 

We recommend Option-D M&V, which involves the use of engineering models calibrated to 
energy-use data. The major benefit of Option D, a benefit shared with Option C (see Sect. 7), is its low 
implementation cost. Data collection at Fort Polk is accomplished by driving around to 16 electric 
feeder meters on a monthly basis and manually recording meter readings. At year end, the monthly 
heating and cooling degree days can be pulled in over the internet, and the necessary calculations can be 
made on a spreadsheet to veri@ whether guaranteed savings were delivered over the year. 

Concerning development of baselines and adjustments for plug-load creep, which would apply to 
either Option C or D, we recommend: (1) developing separate baseline regression equations for each 
feeder meter serving a large number of apartments (more than 10); (2) combining feeders serving a small 
number of apartments (10 or fewer) with an adjacent feeder serving apartments with the same type of 
space conditioning equipment; (3) that the functional form of the baseline regression equations be as 
simple as possible (linear, if the RMSE is comparable to quadratic, with one independent variable-the 
total degree days); (4) collecting daily baseline data over a period of 6 to 12 months during project 
development if historical data is not available, and developing monthly baseline regression equations 
from that data; and (5) agreeing to automatic annual baseline adjustments for plug-load creep indexed to 
the most recent national average increase for buildings of similar use. 

Option-D M&V has two major advantages over any other M&V option: better capability to 
estimate energy savings prior to construction and the availability of a calibrated engineering model to 
address technical issues and resolve disputes. Accurate predictions of energy savings are important 
because they reduce risk, decrease financing costs, and help avoid post-construction surprises and 
disputes. Disputes that do arise are more easily resolved by using the calibrated model to bring 
additional information into the negotiation process. 

9.3 VERTICAL BOREHOLE GROUND HEAT EXCHANGER DESIGN 

As described in Sect. 6,  even with inputs kept as consistent as possible, five practical BHEx design 
methods calculated very different required borehole lengths when compared to each other and to a 
detailed Fort Polk model/data benchmark. We recommend that further well-documented 
calibrationlcomparison exercises be performed to give the developers of practical BHEx design methods 
an opportunity to improve and release next-generation BHEx design methods. These next-generation 
methods can have the experience built in, so that the pool of designers that can develop effective designs 
can be expanded more rapidly than would otherwise be possible. 

The most important inputs to any BHEx design method are the effective average thermal properties 
of the soillrock formation into which the BHEx is installed. In Sect. 5 we noted that the effective 
average thermal properties determined by applying inverse heat transfer techniques to time-interval data 
collected from an operating heat pump system at Fort Polk were quite different from the values obtained 
from analyzing short-term data from several BHEx’s at Fort Polk installed solely for the purpose of 
property testing during the project development phase. We recommend that further well-documented 
calibrationlcomparison exercises be performed to give developers of methods to determine thermal 
properties an opportunity to improve their data collection protocols and data analysis methods so that 
reliable and cost-effective inputs to BHEx design methods are available for future projects. 
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