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EXECUTIVE SUMMARY

Geothermal heat pumps, sometimes called gr@aadce heat pumps (GSHPs), have been proven capable

of significantly reducing energy use and peak demand in buildings. Conventional equipment for

controlling the temperature and humidity of a building, or §tipg hot water and fresh outdoor air, must
exchange energy (or heat) with the buildingbds out
source and heat sink consumes lessneaewable energy (electricity and fossil fuels) because the earth is
cooler than outdoor air in summer and warmer in wiritee most important barrier tapid growth of

the GSHP industry is high first cost of GSHP systems to consumers

The most common GSHP system utilizes a cldeed ground heat exchanger. This type&s&HP

system can be used almost anywhere. There is reason to believe that reducing the costlobglosed
systems is the strategy that would achieve the greatest energy savings with GSHP technology. The cost
premium of closedoop GSHP systems over convienial space conditioning and water heating systems

is primarily associated with drilling boreholes or excavating trenches, installing vertical or horizontal
ground heat exchangers, and backfilling the excavations.

This project investigates reducing thetooishorizontal closedoop ground heat exchangers by installing

them in the construction excavations, augmented when necessary with additional trenches. This approach
applies only to new construction of residential and light commercial buildings orcawdditi such

buildings.In the businesasusual scenario, construction excavatiars not used fahe horizontal

ground heat exchanger (HGHXhsteadhe HGHX is installed entirely in trenches dug specifically for

that purpose. The potential cost sagimgmes from using the construction excavations for the installation

of ground heat exchangers, thereby minimizing the need and exygatigging additional trenches

The term foundation heat exchanger (FHX) has been coined to refer exclusively tolgatind

exchangers installed in the overcut around the basement walls. The primary technical challenge
undertaken by this project was the development and validation of energy performance models and design
tools for FHX. In terms of performance modeling aedign, ground heat exchangers in other

construction excavations (e.g., utility trenches) are no different from conventional HGHX, and models

and design tools for HGHX already exist.

This project successfully developed and validated energy performancésmodealesign tools so that

FHX or hybrid FHX/HGHX systems can be engineered with confidence, enabling this technology to be
applied in residential and light commercial buildings. The validated energy performance model also
addresses and solves anothebjam,the longstanding inadequacy in the vgaggund building thermal
interaction is represented in building energy modeksther or not there is a ground heat exchanger
nearby.

Two sideby-side,threelevel, unoccupied research houses with walkout basesnigentical 3,700 ft

floor plans,and hybrid FHX/HGHX systems were constructed to provide validation data sets for the

energy performance model and design tdbk envelopes of both houses are very energy efficient and

airtight, and the HERS rating$ the homes are 44 and 45 respectively. Both houses are mechanically
ventilated with energy recovery ventilators, with space conditioning provided byteaerheat pumps

with 2 ton nominal capacities. Separate wabewater heat pumps with 1.5 ton nioral capacities were

used for water heating. In these unoccupied research houses, human impact on energy use (hot water draw,
etc.) is simulated to match the national average

At House 1 the hybrid FHX/HGHX system was installed in 300 linear feet of attocayand 60% of that
was construction excavation (needecaonstruct the home). At Housdh2 hybrid FHX/HGHX system
was installed ir860 feetof excavation, 50% of which was construction excavaiitirere are six pipes in
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all excavations (three paralicircuitsi out and back), and the multiple instances of FHX and/or HGHX
are all connected in seriéhe working fluid is 20% by weight propylene glycol in water.

Model and design tool development was undertaken in parallel with constructing the hmtigkisg
instrumentation, and monitoring performance for a year. Several detailed numerical models for FHX were
developed as part of the project. Essentially the project team was searching for an energy performance
model accurate enough to achieve gcbjpbjectives while also having sufficient computational efficiency

for practical use in EnergyPlus. Addmensional, duatoordinatesystem finite-volume model satisfied

these criteria and was included in the October 2011 EnergyPlus Version 7 pebiserefter being

validated against measured data. EnergyPlus using this model can complete an annual simulation of an
FHX thermally coupled to a basement in less than two minutes on a standard desktop computer.

A practical design tool for sizing pure FHX hybrid FHX/HGHX systems was also developed and
implemented in Excel using Visual Basic for Applications. Using the design tool, sizing the FHX or
FHX/HGHX for a residential application can be accomplished in about five minutes. Compared to one of
the numerical models, the design tool was found to oversize the ground heat exchanger by 17 to 20% in
five of sixbenchmarking locations, and by 29% in the remaining localfioa.design tool oversized the
hybrid FHX/HGHX system at House 1 by 23@iven the inherent uncertainties in design inputs such as
building loads and soil thermal properties, this level of accuracy in a simplified FHX design method is
acceptable.

One of the numerical models was used to investigatgebgraphical range oédhnical feasibility of

FHX systems. Preliminary analysis indicated that pure FHX systems are technically feasible for new
construction in nearly half the United States. Although not investigated, hybrid FHX/HGHX systems

using all available construction ex@aionsshould have some level of installed cost savings over
conventional HGHX systems in almost any residential or light commercial new construction project
involving significant excavatiorSince FHX and hybrid FHX/HGHX ground heat exchangees

desigred to maintain the same operating temperature range as conventional ground heat exchangers, the
energysavings performance of the GSHP system is the same regardless, making cost reduction the
primary goal.

Preliminaryestimates indicate that when implented at scale by a@duction builderground heat
exchanger in construction excavations (Fid>overcut around basemeamt HGHX in utility trenches)

may be feasible at $1,000 per ton. That compares with traditional wotigaiind sixpipe-pervirgin-
trench HGHXsystems that typidig are installed in East Tennessae$3,000 per ton and $2,250 per ton,
respectivelylf these values are correct, hybrid systems would warrant consideration evensshan
construction excavations exclusivédynot feasite. For examplga 3ton hybrid FHX/HGHX ground

heat exhanger application where construction excavationa@degquate for twohirds of the load would
cost $4,25@2 x $1000 + $2,250ompared to $6,75@ x $2,250¥or pure HGHXin virgin trench The
actal cost of a particular project may vary depending on drilling/trenching conditions, regional cost
variations, underground soil thermal properties and building georifélrgther cost reductiorterough

use of construction excavatioagenough for GSHPystems to gain significantly broader consideration
in new construction markets remains to be seen. The authors recommend several next steps to find out.






1. INTRODUCTION

Geothermal heat pumps, sometinnaied grounesource heat pumpS&EHP$, have been proven capable

of significantly reducing energy use and peak demand in buildings. Conventional equipment for

controlling the temperature and humidity of a building, or supplying hot water and fresh @itdourst
exchange energy (or heat) with the buildingds out
source and heat sink consumes lessneaewable energy (electricity and fossil fuels) because the earth is
cooler than outdoor air in summend warmer in winter. Heat pumps are always used in GSHP systems.

They efficiently move heat from ground energy sources or to ground heat sinks as needed. Although heat
pumps consume electrical energy, they move 3 to 5 times as much energy betwedditigealnai the

ground than they consume while doing so.

Policy makers are seeking clean energy technology options that can be deployed with speed and scale to
provide large reductions in building energy uBee most important barrier tapid growth of th&sSHP
industry is high first cost of GSHP systems to consuntéuglites 2008 The most common GSHP

system utilizes a closddop ground heat exchanger. This type of GSHP system can be used almost
anywhere, regardless of the availability or suitability edimby surface wategray water, effluent, storm
water, rainwater, or groundwater. Since the numb&3SifiP systems installed can have a dramatic

impact on first cost to consumers (shipment volume begets affordability), there is reason to believe that
redwing the cost of closelbop systems is the strategy that would achieve the greatest energy savings
with GSHP technology. The cost premium of clokszp GSHP systems over conventional space
conditioning and water heating systems is primarily associathdiwiling boreholes or excavating
trenches, installing vertical or horizontal ground heat exchangers, and backfilling the excavations.

I n general, the | ength of the bore or excavation
space conitioning and water heating loads. Minimizing those loads minimizes the ground heat exchanger
size and the excavation needed for its installation. In the case of extremely energy efficient homes and

light commercial buildings, space conditioning and waéating loads may be so low that the

excavations required to construct the buildings provide sufficient space by themselves for the entire

length of ground heat exchanger. But even when insufficient for the entire ground heat exchanger, using
the constructin excavations minimizes the need for additional trenching and reduces costs. The
construction excavations are already bought and paidl fahy not use them for double duty?

This project investigates reducing the cost of horizontal clisguiground heat exchangers by installing
them in the construction excavations, augmented when necessary with additional ttarggvees.al,
construction excavations may include the ovearatind the basement walls, below the basement floor,
utility trenches (for buried water, sewer, and power), and trenches for draining the foundation footers. The
term foundation heat exchang&HX) has been coined to refer exclusively to ground heatagxyshrs
installed in the overcut around basement walls. The primary technical challenge undertaken by this
project was the development and validation of energy models and design tools for FHX. In terms of
performance modeling and design, ground heat exelnamg utility and footer drain trenches are no
different from conventional horizontal ground heat exchang¢®HX), and models and design tools for
HGHX already exist. When trenches are used for double duty, adequate spacing is of course required
(e.g.,between buried water lines and heat exchanger loops3irbple guidance on this issisexpected

to suffice.

Ground heat exchangers installed below the basement floor are not addressed in this report. Project
resources were insufficient to address WeittX and sukfloor systems, and it was important to tackle the
greatest technical challenge first. Since theffadr case has very simple geometry and boundary
conditions, the project team felt confident that this capability could be added to the nmobeésign



tools later. As it turned out, the computationally efficient performance model developed by this project is
able to model suliloor systems, although this capability has not yet been validated against measured
data.

A previous project successfuldemonstrated that a GSHP system using construction excavations was
feasible for a specific, small, ulttagh-energyefficiency house in one climate (Christiand Bonar

2008). The project documented in this report developed and validated performance models and design
tools so that FHX or hybrid FHX/HGHX systems can be engineered with confidence, hence enabling the
technology to be applied on a large scale.

In this day & scarce research and development resources, it is always important to design research
projects to solve multiple problems wherever possible. Another problem addressed and solvatéere is
longstanding inadequacy in the wagipund building thermal interetion is represented in building energy
modelsTodaybés fl agshi p bui2 EhdérgyRjus,eto)emverg grigimalty desitned ( DOE
with large commercial buildings in mind, and it is understandable that not much attention was paid to
ground building thermal interaction. Compared to many other large building characteristics at the time,
this feature had only a small influence on predicted building energy consumption. Recently, however,
there has been much greater emphasis on using energy modeistagrated wholéduilding design tool,
and mandatory energy codes and voluntary rating systems are driving higher levels of building energy
efficiency. In addition, usability of these models has improved their use in lightommercial and even
residenial projects is growin@ hence grounicbuilding thermal interaction is no longer negligible. The
numerical models developed by this project accurately characterize gboiidahg thermal interaction,
whether or not there is a ground heat exchanger nearby.

Oak Ridge National Laboratorf)RNL) assembled a team for the project that included Schaad

Companies, one of the largest home builders in East Tennessee, and a team led by Dr. Jeff Spitler of
Oklahoma State UniversityDSU) and including Dr. Simon ReeB¢ Montfort University, United

Kingdom) and several pegraduate students. ORNL provided the overall project management during the

multi-:y ear effort. ORNLOs role included providing Sch
t o ORNL 06 s rtiers durirgy the design and construction of two test homes having GSHP systems

using hybrid FHX/HGHX, developing the FHX/HGHX test plan, installing the instrumentation,

collecting and analyzing performance data, defining the technical scope of work @8th subcontract,
managing the OSU subcontract, and authoring this
theU.S. Department of EnergipQE) Building Technologies Program and Tennessee Valley Authority.

Schaad Companies (schaadcompanies)cq ORNL 6s foundi ng dpapulichner i n ZE
private partnership to maximize cadffective energy efficiency in buildings (zebralliance.cémhas

built four energyefficient test houses in the Crossroads at Wolf Creek Subdivision in Oak Ridge,

Tennessee. Schaad Companies acquired the land and built the test houses at their own expense, and leased
them for $1 per month each to ORNL for research purposes for 30 months. Houses 1 and 2, which were

used for the FHX research, are thlteeel homes wh walkout basements. Houses 1 and 2 were

completed in November 2009 and data collection began in December.

OSUb6s relationship to ORNL was that of a research
was provided to ORNL by the DOE Building Teclogies Program. OSU engaged De Montfort

University through a subier agreement. The role of the OSU team was to develop (1) a regeadeh
2-dimensional, finggrid, finite-volume FHX energy model in HYACSIM+, (2) a reseagrthde, mult

block, boundanfitted, 3-dimensional, finitevolume FHX energy model in EnergyPlus, (3) a

computationally efficient, -8limensional, duatoordinatesystem, finitevolume FHX energy model in

EnergyPlus, and (4) a practical FHX and hybrid FHX/HGHX design tool impleméaniedel using

Visual Basic for Applications (VBA). The OSU role also included using the measured data from the test

house provided by ORNL to validate the various FHX energy models and the practical design tool,
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integrating a validated FHX model into &ele-building energy simulation of a singtamily residence,
and using simulation to explore the geograpaige offeasibility of GSHP systems using pure FHX
ground heat exchangers in singgenily residences in the United States.

This report documentthe overall project in a brief and easily readable format and cites other publications
where the projectds technical work is documented
data acquisition and analysis, the detailed documentationluded in the body and appendices of this

report since it exists nowhere else.



2. FIELD TEST OF THE FOUNDATION HEAT EXCHANGER CONCEPT

2.1 Field Test of FHXd One of Many Experiments in the First ZEBRAlliance Project

ORNL and Schaad Companieaihded the ZEBRAIlliance in August 2008 through Memorandum of
Agreement MOAUTB-2008037 and a separaance agreement. ZEBRAlliance is a publfrivate

partnership to maximize the cesftective energy efficiency of buildings. As part of the first

ZEBRAlliance project, Schaad Companies built four enafigient test houses in the Crossroads at

Wolf Creek Subdivision in Oak Ridge, Tennessee. Schaad Companies acquired the land and built the test
houses at their own expense, and leased them for $1 pér ez to ORNL for research purposes for

30 months. Another member of the alliance, BarberMcMurry Architects, donated their time to design the
test houses. More than 30 ORNL industry partners became alliance members and donated their most
advanced energsfficiency products for use in the construction. The four ZEBRAlliance test houses are
being used for many different experiments. For more information ywigit.zebralliance.com

2.2 Descriptionof Houses 1 and 2

The sideby-side research houses, House 1 and House 2, have identical 3l filans.In these

unoccupied research houses, human impact on energy use is simulated to match the national average, with
showers, lights, ovens, washeagad other energgonsuming equipment turned on and off at exactly the

same times. Simulating occupancy eliminates a major source of uncertainty irhehséeenergy

consumption, enabling validsidy-s i de experi ments even sizbefane.each nc:

The primary experiment using houses 1 and 2 involved testing two different envelope stéatagies
structural insulated panebIP) envelope in House 1, and an Optimal Value Fram@gR) envelope in

House 2As implemented, both of theseategies had very low air leakage and high levels of insulation,
and thus have very low heat gain and loss through the building envelope, which of course contributes to
their very low space conditioning loads. In short, they are exactly the type of hdmesitxshould be

feasible to install a large portion of the ground heat exchanger in construction excatigiores 2.1

and 2.2 show front and rear viewfthe houses

The ground heat exchangers wukes 1 and 2 (described in Section 2.3) weratiot@ally similar to

provide experimental redundancy, essentially guaranteeing that experimental data would be available to
validate the models and design tools described in Chapter 3. Validation was based on the House 1 data set
for reasons explained late

The envelope characteristics of House 1 and House 2 are described in detail in Miller et al. 2010.

Summary descriptions of the building envelope subsystems are provided in Tatilstiaild be noted

that the basement walls are poured concrete withlyanerenhanced asphalt membrane spapplied to

the outside for waterproofingiberglass E in. drainage board is placed against and adhered to the

asphalt membrane. The drainage board serves dual purposes of insulating the outside of the basement wall
and acting as a drainage plane to enable rainwater to seep to the footer drains.
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Figure 2.1. Front view of House 1 (right) and House 2 (left) from the street.

Figure 2.2. Rear view of House 1 (left) and House 2 (right) showing the walkout basements.



Table 2.1. Description of House 1 and House 2Wilding envelope subsystems

House 1 House 2
Structural Insulated Panel Optimal Value Framing
Envelope component Strategy Strategy
Roof IRR standing seam metal IRR standing seam metal
Roof deck SIPs Foil facing on

phenolic foam

Roof deck ventilation

Open at eave and ridge above

Open at soffit and ridge below

sheathing sheathing
Sheathing DELTA®-TRELA Felt paper
R-35 R-50
Attic Cathedral Cathedral
(SIPs 10in.) (aged phenolic)
24 in. O.C.
Cladding  HardieN board and stack stone  HardieN board and stack stone
Exterior paint Coolwall® CoolWall®
Wall R-21 R-21
SIPs (6 in. thick) 2x6 wood frame, 24 in. centers
with ¥2 in. OSB
Wall cavity SIP (EPS) Flash & batt (%2 in. foam with R-
16 batt)
Window Pella triple pane, Pella triple pane,
third pane removable third pane removable
Floor 20 in. truss between basement 20 in. truss between basement
& first floor with installed & first floor with installed
ductwork and 18 in. truss ductwork.
between first and second floor.
Foundation Basement Basement

Weather-resistive barrier

Dr ai nWr apE

Barritech VP Liquid applied

Foundation wall above grade

12 in. poured concrete with

exterior 2 3/8 in. fiberglass

drainage board insulation;
stone facade

10 in. poured concrete with

exterior 2 3/8 in. fiberglass

drainage board insulation;
stone facade

Foundation wall below grade

12 in. poured concrete with
exterior 2 3/8 in. fiberglass
drainage board

10 in. poured concrete with
exterior 2 3/8 in. fiberglass
drainage board

Themeans of using the process control capabilities of the data acqussisimms to simulate occupancy

is described in detail elsewheoudreaux and Gel2011). The research team used the Building
America Research Benchmark (Hendron 2008) as the definition of national average occupancy. Loading
of the washer and dryer is bdsen the Code of Federal Regulations (2010a), and refrigerator loading is

based on the Code of Federal Regulations (2010b). Sensible heat gain from occupancy is simulated with

infrared space heaters on the main level and upstairs. Lighting and majoneggphae turned on and off

per the national average benchmark schedules. The cycling of the clothes washer and dishwasher causes

r el

ated hot

water

dr aws .

The

shower s 1in

domestic hot water usagehowers, baths, and sinks) and latent heat gain.

t he

homes

Houses 1 and 2 were rated in accordance with the Home Energy Rating System (HERS) methodology

andHERS ratings were determineding the Residential Energy Analysis and Rating Software. As par
of the metlodology, blower door testsere conductetb document the air tightness of the homes. For

comparison, aearby conventional stieuilt house that was constructed in accordance witR@6é
International Energy Conservation CodleGC) was also ratedlalde 2.2summaizesresultsof blower



door tests and HERS ratinfyg House 1 andHouse2 comparedo the stickbuilt fi bilderh o u that o
complies withIECC 2006.

Table 2.2. Comparison of HERS ratings and infiltration rates of House 1 (SIP house),

House2 ( OVF house), and ABuil der Housebo
House 1 House 2 Builder House?

ACH @ 50 Pa® 1.23 1.74 5.7

HERS® 46 47 101

®Built to comply with IECC 2006.
PAir changes per hour (ACH) measured by blower door tests conducted at pressurization of 50 Pa.
°Home Energy Rating System (HERS) i lower numbers indicate greater energy efficiency.

Houses 1 and 2 are intentionally very air tight and require mechanical ventilation to satisfy ASHRAE
Standard 62.2. To satisfy this requirement, each house is outfittedméthergy recovery ventilator
(ERV), whose operation and performance characteristics are descritbetdil elsewhere (Fantech

2010.

The space cooling and heating design loadhdon s es 1 and 2 were calcul ated
Residential Load Calculatin 6 and associated software tools devel
Contractors of America (ACCA). The space conditioning design load calculations included consideration

of the impact of ERV mechanical ventilation. The calculated design heating andeoisib(e plus latent)

cooling loads wer82,698kBtu/h and23,954kBtu/h respectively for House 1, aBd,037kBtu/h and

23,813kBtu/h for House 2.

Space conditioning ihouses 1 and 2 is provided by watesair heat pump§WAHPS) connected to

ground heaéxchangers (combination of FHX and conventional HGHX, as described later). The WAHPs
were sized using ACCAO0s AManual S: Residenti al Eq
WAHPs Nominal 2 ton capacity units with twgiage compressors were séekcfor both House 1 and

House 2. For comparison, typically in East Tennessee, a house built to code an@ F&arigof floor

space would require a 4 to 5 ton nominal capacity unit for space condititminigif, and Monk2011).

Supplemental electric resistance heat was also installed.

It should be noted that both houses have rzoltie forced air distribution systems. Separate zone
thermostats are provided for the master bedroom, the rest of the main floor living area, tre apdta

the basement, for a total of four zones. The fact that the distribution systems amonilin the air side

does not influence space conditioning design loads or WAHP equipment selection, since the Manual J and
ManualS methodologies are based the wholebuilding block loads.

As noted previouslyhouses 1 and 2 are unoccupied research houses where the hot water usage is
simulated to match the national average (54 gallons per day for these houses) as defined by the Building
America BenchmarkThe hotwatersystemsn houses Jand 2 are identical and comprisedao$torage

tank whose set temperature is maintained by a vwateater heat pum (WWHP) ®nnected to the same
combination of FHX and BHX used for space conditioninfhe WWHPs selectaderely2 ton nominal
capacity with integral recirculation pumps for both the source and load sides. On the source side the
WWHPs are equipped with a control valve to limit the maximum leaving fluid temperaturéFto 65
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Figure 2.3s a photo of the WAHP ahWwWHP with associated hot water storage tank as installed in
House 1. The equipment installation in House 2 is identical. The characteristics of the WAHP and
WWHP units are summarized in Table 2.3.

Figure 2.3. Space conditioning equipment (WAHP oright) and water heating equipment (WWHP
and associated tank on left) at House 1.

2.3 Description of Ground Heat Exchangers Installed in Houses 1 and 2

In general, ground heat exchangers may be installed in the overcut around the basement wallg below th
basement floor, in utility trenches (for buried water, sewer, and power lines), and in trenches for draining
the footers. Depending on the application, the contractor may include extra trench in the design for
installation of conventional horizontal gmoal heat exchangerslGHX). This research project focused on

the greatest technical challenge, which was developing and validating models and design tools for FHX
inserted into the overcut around basement walls. In terms of performance modeling andycasigh,

heat exchangers in utility and footer drain trenches are no different from HGHX in supplemental trenches,
and models and design tools for HGHX already exist. This project did not explicitly address models and
design tools for ground heat exchangassalled below the basement floor, because that configuration

has very simple geometry and boundary conditions, and we felt that this capability could be developed
and added to the models and design tools later. We use the term FHX to refer exclugielpddeat
exchanger in the overcut around basement walls, and the term HGHX to refer to ground heat exchanger in
utility, footer drain, or supplemental trenches.

11



Table 2.3. Characteristics of WAHP and WWHP systems installed in House 1 and House 2

WAHP

WWHP

Performance Metrics

EFT® Range 20-120°F 20-110°F
Capacity 2 ton (nominal) 1.5 ton (nominal)
cop Cooling® Heating at source EFT = 68°F:
5.4 (full load) at sink EFT = 77°F 5.2 for 90°F load EFT
7.6 (part load) at sink EFT = 68°F 3.7 for 120°F load EFT
Heating® Heating at source EFT = 32°F:
4.0 (full load) at source EFT = 32°F 3.5 for 90°F load EFT
4.6 (part load) at source EFT = 41°F 2.5 for 120°F load EFT
Airflow Cooling: NA

850 CFM rated (full load)
725 CFM rated (part load)
Heating:

950 CFM rated (full load)
825 CFM rated (part load)

Fluid flow rate i ground 1.5 gpm/ton 5.0 gpm (maximum)

heat exchanger side Modulating valve maintains
LFT® below 65°F

HW flow rate NA 3.5 gpm

Other Salient Features

Size, in. (W x H x D)

22.4 x48.5 x 25.6

24 x 23.5 x24.5

Weight 266 Ib 166 Ib
Air coils Electro-coated to protect against NA
corrosion, airborne dust buildup, etc.
Compressor Copeland Scroll Ul t|LGE h-ffgiency rotary
Two-stage: 67% part-load capacity step single stage
Blower Wheel (Dia x W): 9 x 7in. NA
Blower motor Variable speed GE ECM NA
Half speed (1/2 hp) [373 W]
Full speed (1 hp) [746 W]
Current RLA
Compressor 10.3 Amps 6.6 Amps
Blower motor 4.3 Amps
Pump 0.8 Amps 0.43 Amps

Ground loop fluid

20% propylene glycol (by weight) in
water

20% propylene glycol (by weight) in
water

Refrigerant

HFC- 410A
58 oz. charge

HFC- 410A
56 oz. charge

%EFT = entering fluid temperature (entering heat pump from ground heat exchanger).

bCooling coefficient of performance (COP) at 80.6°F (27°C) DB, 66.2°F (19°C) WB entering air temperature.
Heating coefficient of performance (COP) at 68°F (20°C) DB, 59° (15°C) WB entering air temperature.
ILFT = leaving fluid temperature (entering ground heat exchanger from heat pump).

The primary objective of the experiment, then, was to generate experimental data for FHX inserted into
the overcut around basement walls, szt £nergy performance models and design tools for FHX in this
configuration can be validated against the measured data. Further, it is desirable that the models and
design tools have the flexibility to address applications where the ground heat exchaynger

comprised of a combination of FHX and HGHX. Hence, having a hybrid FHX/HGHX experimental
system was an advantage.

12



It is apparent fronfrigure 2.2 that the basement walls at the back of houses 1 and 2 are above grade and
not available for FHX, and #t each house has a basement wall with marginal usefulness for FHX

because of a sloped grade. Hence the FHX was installed only along the two basement walls bounded by a
full-depth and level gradie the north (street side) and west walls. The rest ofritwengl heat exchanger

is HGHX installed in utility and supplemental trenches.

As no FHXdesign tool was available at thime, the team used a design tool for sizing conventional

HGHX loops as a guide, and then applied engineering judgment. The teardsalsbfpipe

configuration, meaning si inch diameter higlensity polyethylene pijgen the excavations (three

fluid circuitsi out and backjvith a minimum spacing of 1 ft between pipes. Ebi thermal

conductivity assumed was 0.75 Btu/(hr ). Maximum and minimum heat pump entering fluid
temperatures (EFTs) of 95 and 30F were used as the design constraints for sizing the ground heat
exchanger. The necessary design values for heat extraction from the ground during winter and heat
rejection to lhe ground during summer were derived from the space conditioning and water heating loads,
and efficiency of equipment satisfying those loads, using a bin analysis.

It was estimated that 300 feet of excavation would be required for House 1. The navbshbdsement

walls are 46 ft and 34 ft long, respectively, for a total of 80 ft. Since the pipe follows the outside perimeter
of the overcut excavation, which is longer than the actual basement wall due to features such as the
fireplace and the outsiderrer between the north and west basement walls, the effective FHX excavation
length is approximately 100 ft (as determined by the 3D CAD model described in Section 2.4). The
remaining 200 ft of required excavation was provided in the form of utility grlenqental trenches.

The layout of the ground heat exchanger at House 1 (the SIP House) is illustFitpde?24. The

trench for the buried electrical service entrance (northeast or upper right) provides 30 ft of the 200 ft
required. The trench for tteipply water connection (Southwest or lower left) provided 50 ft of the 200 ft
required. The remaining required HGHX is installed south of the house. Although part of this HGHX
segment is | abeled Arain gar de n,hesamdas thaleguivalens h o w
amount of sixpipe horizontal trench (i.e., the trench length required to accommodate the same amount of
pipe as was installed in the rain garden). The equivalent length-pijpgixrench (in the rain garden or

not) south of thdnouse provides the remaining 120 ft of the 200 ft required. In other words, 60% (180 of
300 ft) of the excavations used for installation of the ground heat exchanger were required anyway to
construct the home.
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Figure 2.4. Layout of the FHX and HGHX atHouse 1.

10

It was estimated that 360 feet of excavation would be required for House 2. Again, the effective FHX
excavation length is approximately 100 ft, so in this case an additional 260 ft is required. The layout of
the ground heat exchanger at Hougeéh2 OVF House) is illustrated Figure 2.5 The trench for the

buried electrical service entrance (northwest or upper left) provided 50 ft; the trench for the supply water
connection (northeast or upper right) provided 30 ft; and the equivalguipsittench (in the rain garden

or not) south of the house provides the remaining 180 ft of the 260 ft required. In other words, 50% (180
of 360 ft) of the excavations used for installation of the ground heat exchanger were required anyway to

construct the home
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Figure 2.5. Layout of the FHX and HGHX at House 2.

As shownin Figure 2.6, the FHX/HGHX supply and return headers are brought into the basement by
installing them under the basement floor and bringing them up through the floor near where the WAHP
andWWHP units will be placed. The three parallel circuits comprising the FHX/HGHX tap off of the
supply and return headers as shown in FigureTh& flow direction of the fluid in the FHX/HGHX

pipes is indicated in figures 2.4 and 2.5louses 1 and.2

Inside the basement, the WAHP and WWHP units are also installed in parallel with each other. Both heat
pump units have internal pumps that activate to circulate FHX/HGHX fluid through their refrigerant

fluid heat exchanger whenever compressors aredyeleThe FHX/HGHX working fluid is 20% by

weight propylene glycol in water. Total fluid flow through the FHX/HGHX dependsiwether neither,

one, or botltirculator pumps are operating.

Figures 2.8 and 2.$hows a segment of FHX installed in the ovesround the basement wall, and
HGHX installed in one of the utility trenches.
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Figure 2.6. FHX/HGHX supply and return headers (brown covering) installed up through basement floor.

Figure 2.7. Connection of the three parallel FHX/HGHX circuits to thesupply and return headers.
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Figure 2.9. HGHX installed in a utility trench.
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2.4 Ground Heat Exchanger Performance Measurements

Measurements taken to establish FHX/HGpkRtformance and enable model validation included the

thermal loads (heat rejection and extraction) imposed by the equipment, undisturbed far field temperature
of the soil at various depths, numerous temperatures on the outside surface of the pipes, Wwaliemen

heat flux, drainage board and neall soil temperatures in a few locations, soil thermal conductivity,

and weather data at the demonstration site.

The manufacturer of the WAHP and WWHP units installed a differential pressure transducer across the
fluid side of the internal flai-to-refrigerant heat exchangand used factory turbine flow meter

measurements to generate calibration curves for heat exchanger pressure drop vs. ground heat exchanger
flow rate at several entering fluid temperatlE€ () values. These softwaimplemented calibration

curves enabled fluid flow rate through the unit to be deduced from the pressure drop measurement during
the field experiment. The valve modulating the fluid flow through the WWHP unit can result in very low
flows under some operating conditions and insufficient measurement accuracy of the flow rate using the
calibration curve approach. Therefore a redundant turbine flow meter measurement was included in the
field experiment. Since the WAHP and WWHP were plumbegabrallel, the total FHX/HGHX fluid

flow rate equaled the sum of the fluid flow rates through the separate units.

The manufacturer also installed thermal wells on the inlet and outlet of the fluid side of the internal fluid
to-refrigerant heat exchangd& he thermal wells were used for fluid temperature measurements during the
field experiment. Heat rejection to, or extraction from, the FHX/HGHX was deduced from the
measurements of fluid flow rate and inlet and outlet fluid temperatures whenever the ¥WWaHWWHP
compressors were operating. Appropriate corrections were applied during data reduction to account for
the working fluid being 20% propylene glycol by weight in water, rather than pure water.

Undisturbed far field soil temperature measurements veken at two diffeent locations at 3, 4, and 5 ft
depths ahouses 1 and 2. The locations of these measurements are shown in figures 2.4 and 2.5. The
temperature measurements were made with thermistors that were carefully calibrated prior tooinstallati

Fluid temperatures along the FHX/HGHX pipes were approximated by measuring the outside pipe
surface temperature of all six pipes at nine different locatinmebered as 1, 2, 4, 5, 6, 7, 8, 9, and 10

(the number 3 was not used) in figures 2.4 andAtain, all temperature measurements were made with
thermistors that were carefully calibrated prior to installation. The thermistors were applied directly to the
outside of the pipes and then wrapped with insulation. Green dots were applied to thelinswtthe
thermistor locations to facilitate use of photogrammetric techniques (described later in this section) to
document the exact sensor locations. For clarity on what was done, Figure 2.10 identifies for House 1 the
nine pipe measurement locaticarsd two undisturbed soil temperature measurement locations. The photo
images in Figure 2.10 showWwdhe sensor locations are marked with green dots.

At both houses, six heat flux transducers were installed to measure heat flux through the basement wall.
Three of the wall heat flux transducers were located at pipe temperature location 6, and the remaining
three at pipe temperature location 7. Center lines of the transducers were approximageig 7, i

below grade at both locations. Also at locatiéremnd 7, temperatures were measured abdksde of the
drainage board insulation at 1,,ahd 7 ft below grade, and in the soil 2 ft from the basement wall at 1 and
3 ft below grade. Again, where feasible, the green dotphoathgrammetric techniqueseve used to
document the exact locations.
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Figure 2.10. Location of pipe and undisturbed far field soil temperature sensors at House 1.

Prior to backfilling the foundations and trenches, a portable device known as the KD2 Pro, shown in

Figure 2.11, wassed to measure soil thermal conductivity at House 1. KD2 Pro measurements are based
on the transient line heat source method. The manual measurements were taken at five locations as shown
in Figure 2.12, corresponding to the north wall overcut, northeiist trench, west wall overcut,

southwest utility trench, and rain garden. At each location six measurements were taken, three at the
bottom of the excavation and averaged, and the remaining three at the excavation side walhdt3, 2

ft from the wttom and averaged. The results of these measurements are summarized in Table 2.4.

The in situ soil thermal conductivity measurements exhibited very large variation. It is unclear how much
of the variation is attributable to actual changes in the theromaluctivity of soils only a few feet apart
versus the measurement device itself. For the natteHesign tool validation studies described in

Chapter 3a soil thermal conductivity value 6f68 Btu/(h@OF) was used, which correspondshe

simple arithmetic average of all the readings. As previously noted, a vaugsdBtu/(h@GF) was used

in the calculations to size the FHX/HGHX for houses 1 and 2. The handbook value range for heavy clay
with 5% water is 0.6 to 0.8 Btu/(@OF) (ASHRAE 201).
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Figure 2.11. Portable soil thermal conductivity measurement device.
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Figure 2.12. Manual soil thermal conductivity measurement locations (blue dots) at House 1.
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Table 2.4. Summary of insitu soil thermal conductivity measurementresults (Btu/(hr-ft-°F))

Location of Measurement

1 2 3 4 5
Measured spot North wall Utility trench West walll Utility trench Rain garden
Bottom T average 0.44 0.23 0.64 0.90 0.58
Walli average 0.98 0.86 0.67 0.88 0.61

In order to use the FHX/HGHX data to validate the models and design tool, it was critical to know the
exact location of ground heat exchanger piping, temperature sensors, heat flux transducers, and other
features in relation to the basement walls. Givemiture of construction sites, it was expected that the
excavations would take irregular shapes, making it difficult to document the actual geometry of what was
installed.In addition, the location of pipes and sensors canndetemired after theexcawations are
backfilled. For this reason, photogrammetric techniques that allow the spatial location of objects to be
determined from photographs were used to develop an accurate geometric model of the FHX/HGHX and
foundations. PhotoModeler, a softwaoel which helps to create accurate, highality, three

dimensional §D) models and measurements from photographs using an ordinary camera, was used for
this purpose. (More information on this general technique and the PhotoModeler tool are available at
http://www.photomodeler.com

In the simplest example, the 3D coordinates of points on an object are determined from measurements
made on two or more photographic images taken from different angles. When coginierape

identified on each image, a line of sight can be constructed from the camera location to the point on the
object. The intersection of these rays then determines the 3D location of the point. For each important
feature, certain key reference paiaind reference lengths were identified. For example, numbered

stickers were affixed to the ground heat exchanger piping atfibwemntervals. Further, the previously
mentioned green dots were affixed to each sensor location. Photographs of thedosratatithe piping

were then taken from multiple angles around the site. Based on the photographs, the software interpreted
these key reference points and lengths and produced a 3D CAD model of the FHX/HGHX and
foundations.

Figures 2.13 and 2.14 show tlireal 3D CAD models of houses 1 and 2, respectively. In these models,

the six pipes (three for supply and three for return) and the sensors for the FHX in the overcuts around the
basement walls were modeled individually, whereastmyentionaHGHX is modeled as one linfor

each three pipes, whether supply or return

Based on the 3D CAD models, one can easily determine the 2D coordinates locating features such as the
basement wall, FHX pipes, and sensors on pipes for a specific cross section perpdndivelpipe and
basement wall. By manually outputting multiple 2D cross sections and averaging them, the 3D CAD

model was used to determine the average coordinates of these features along the entire length of the north
and west basement walls having FHXis capability was extremely useful for model validation using

the measured data. An example of a 2D cross section generated by the 3D model appears in Figure 2.15
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Figure 2.13. 3D model of the FHX/HGHX and foundation of House 1.

Figure 2.14. 3D model of the FHX/HGHX and foundation of House 2.
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Figure 2.15. 2D cross section for thelouse 1 foundation location indicated in the 3D image on upper right

For weather data, a collection station was mounted on the roof of Housestafitve measures outdoor
dry bulb temperature, relative humidity, nigity and solar irradiance, wind speed and direction,
precipitation, and barometric pressure.

A comprehensive list of all measurements taken to establish FHX/HGHX performance andrertsble
and design tool validation is providedthre Appendix The data was collected and stored using Campbell
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Scientific Model CR3000 micHbpggers and retrieved remotely over dedicated telephone lines. Frequent
data retrieval enabled the project tearhdawe early warning of data channel malfunctions so that any
issues could be resolved quickly.general the data is measurea aapid scan rate with averages logged
at 15 minute intervals, but some channels were logged at intervals as short as Asniegtssary.

2.5 Measured Performance

The WAHP and WWHP units were replaced by prototypes of a new gsmourde integrated heat pump

in December 2010, which interrupted data collection. Hence all of the measured performance reported
here is for Januarough November 2010. However, eleven months was an ampleetddta deriving
accurate analytical approaches (e.g., empirical models) to estimate values for December 2010, enabling
performance results to be reported for a full year.

Measured performander the space conditioning systems at houses 1 and 2 is summairiabtkin?2.5

and 2.6. In both houses the heating and cooling thermostat set points in alhkesinaye maintained
throughout the gar at 71 and 76°H appears that the hybrid FHX/HGHsystems were reasonably well

sized at both house&nnual maximumand minimumEFTs measured at houses 1 and 2 were 93.2°F and
33.4°F, and90.3°F and 33.7°Hespectively These values compare well with the design values for

maximum and minimum ET of 95°F and 30F used to size the FHX/HGHX. The measured WAHP

heating and cooling COPs are also about what would be expected for a GSHP system with a properly
sized ground heat exchanger. Data analysis beyond what is shown in the tables indicated that the
supplenental electric resistance heating elements were never activated at House 1 and consumed only 66
kwh at House 2, which verifies that the WAHPs were appropriately sized at 2 tons nominal capacity.

Table 2.5. Summary of measured performance of spaceonditioning system atHouse f

Month Electric consumption Energy delivered/removed Coefficient of Ghyé 9YyGSNRy ahyé ! @
(loads met) Performance (COP; (EFT) Qutdoor Air
(includes pumping) Temp. QAT)
Heating Cooling Heating Cooling Heating Cooling Min Avg. Max. Heat Cool
(kwh) (kwh) (kwh) (Kwh) R (A (°F) (°F) (°F)
10-Jan 856.1 0 3051 0 3.6 36.6 40.3 45.8 317
10-Feb 823.9 0 2829.9 0 3.4 33.4 37 40.9 33.3
10-Mar 565.8 0 1987.1 0 3.5 33.6 38.7 445 445
10-Apr 61.8 36.3 252.9 218.3 4.1 6 41.9 51.2 58.4 51.9 76.3
10- 0.5 158.7 2.2 857.1 4.6 54 55.2 63.8 70.1 53.8 75.9
May
10-Jun 0 387 0 1789.1 4.6 65.6 75.8 84.8 81.4
10-Jul 0 532.5 0 2182 4.1 75.6 83.8 89.5 82
10-Aug 0 635.1 0 2394.1 3.8 81.7 89 93.2 81.7
10-Sep 0 384.3 0 1508 3.9 78.8 86.2 93.2 77.4
10-Oct 2.9 46.9 14.2 2115 4.9 4.5 65.1 76.1 83.6 38.7 69.8
10-Nov 137.4 0 625.2 0 4.6 55.2 60.9 67.8 395
10-Dec 842.4 0 2973.3 0 35 - 44.8 - 31.3
Total 3,290.8 2,180.8 11,735.8 9,160.1 3.6 4.2 334 59.8 93.2 354 80.1

# December values are estimated.
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Table 2.6. Summary measured performance of space conditioning system ldbuse2?

Month Electric Energy Delivered/Removec  Coefficient of ahyé¢ 9yGiSNRy ahyé | @
Consumption (Loads Met) Performance (COP; (EFT) Outdoor Air
(Includes Pumping) Temp. (OAT)
Heating Cooling Heating Cooling Heating Cooling  Min Avg. Max. Heat Cool
(kwh)  (kwh)  (kwh) (kwh) A A (A A P
10-Jan| 1084.4 0 3801.1 0 35 36.8 39.8 47.3 321
10-Feb | 1028.6 0 3495.6 0 34 33.7 362 394 33.9
10-Mar 684.8 0 2399.4 0 3.5 34.3 38.9 43.9 451
10-Apr 126.9 37.6 531.3 235.8 4.2 6.3 425 51.3 56.3 55 77.3
10-May 7.3 157.1 334 841.8 4.6 54 54.8 63.3 68.9 55.5 77.6
10-Jun 0 442.5 0 1967.1 4.4 66.2 751 80.8 82.3
10-Jul 0 610.9 0 2403.7 3.9 75.8 82.6 87.3 82.3
10-Aug 0 667.1 0 2437.5 3.7 819 87.2 90.3 82.1
10-Sep 0 352.2 0 1353 3.8 78.2 84 88.1 78.6
10-Oct 8.3 17.9 41.1 79.5 5 4.4 66.8 73.6 79.9 39.4 73.3
10-Nov 210 0 956.4 0 4.6 555  60.3 68.2 42.8
10-Dec | 1,056.7 0 3,689.5 0 35 - 43.1 - 31.9
Total | 4,207.0 2,285.3 14,947.8 9,318.4 3.6 4.1 33.7 55.0 90.3 36.4 81.5

# December values are estimated.

Measured performance of the water heating systems at houses 1 and 2 is summarizeii taiues

2.8 Although the water heating COPs observed at House 1 were as expected, the water heating COPs at
House 2 were considerably lower. This is one of theamawhy the data set from House 1 was used to
validate the FHX/HGHX models and design tool. The lower than expected water heating efficiency at
House 2 was attributable to a smaller sotgide pump than in House 1. As a result the WWHP

experienced lowdoop flow, especially when it had to compete with the larger pump in the WAHP when
both were operating simultaneously.

A more detailed understanding of the performance of the space conditioning and water heating systems at
Houses 1 and 2 is conveyedthples 2.9 and 2.1@vhich summarize measured performance by standard

5°F outdoor air temperature bims is common practice in the ASHRAE community. Higher space
conditioning loads were anticipated in Housard they materialized for heating but notdooling. The

slightly higher cooling at House 1 may be attributable to this house being a frequent tour stop for visitors
to ORNL when the weather is nice. The higher estimated space conditioning loads for House 2 caused the
project team to size the Hougd-HX/HGHX excavation at 360 ft compared to 300 ft at House 1, which
explains the slightly lower heat pump EFTs during WAHP cooling and WWHP water heating operation.
The average EFTs for fAond heating,figwesdl6iand@.1l7 and
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Table 2.7. Summary of measured performance of water heating system &touse 1

ConsELlﬁzgtli%n of Average WWHP Average COP Water Heating
WWHP and Pumps EFT When i (Includes Pumping) Energy Delivered

(kwh) (P (kBtu)
10-Jan 149 40.3 2.8 1,418
10-Feb 129 37.3 2.7 1,190
10-Mar 138 39.5 2.7 1,267
10-Apr 100 51.3 3.0 1,010
10-May 97 62.0 3.1 1,028
10-Jun 86 73.9 34 984
10-Jul 74 82.5 3.3 848
10-Aug 96 87.5 34 1,125
10-Sep 95 83.9 3.6 1,181
10-Oct 107 73.7 35 1,257
10-Nov 108 63.2 3.3 1,209
10-Dec 142 36.3 2.8 1,342
Total 1321 57.0 3.1 13,858

# December values are estimated.

Table 2.8. Summary of measured performance of water heating system &touse2?

ConsEllj%::)rtli%n of Average WWHP Average COP Water Heating
WWHP and Pumps EFT When i (Includes Pumping) Energy Delivered

(kwh) (3] (kBtu)
10-Jan 132 40.2 2.3 1,019
10-Feb 136 36.6 2.2 1,039
10-Mar 153 39.7 24 1,277
10-Apr 104 50.8 2.7 959
10-May 107 62.1 2.7 991
10-Jun 94 72.0 2.7 879
10-Jul 89 81.4 2.8 845
10-Aug 88 85.6 2.8 834
10-Sep 93 82.1 2.7 872
10-Oct 102 72.4 2.7 952
10-Nov 116 61.9 2.7 1,073
10-Dec 141 36.1 2.3 1,128
Total 1,355 56.0 2.6 11,868

% December values are estimated.
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Table 2.9. Measured performance of space conditioning and water heating &ouse J,

by 5° outdoor air temperature bin

Outdoor Air Heating Cooling DHW

Bin

Mid- Ave Ave Ave

Point Bin ahyé ahyég Load ahyé ahyé Load ahyé ahyé Load

Temp Time EFT Time Met EFT Time Met EFT Time Met
(F) (hr) (F) (hr) (kBtu) (F) (hr) (kBtu) (F) (hr) (kBtu)
7 6 37.9 4.4 93.3 39.3 0.4 6.4
12 27 38.9 23.8 479.6 38.5 4.8 68.7
17 121 39.6 88.6 1,694.7 38.5 14.0 196.3
22 223 39.1 166.5 2,882.0 38.9 19.0 264.5
27 435 37.9 364.5 5,915.9 37.4 56.2 761.9
32 278 38.8 219.2 3,543.0 44.4 33.2 504.4
37 881 39.3 638.1 10,085.9 40.8 112.0 1,599.3
42 500 42.2 174.9 2,656.9 47.9 51.1 801.9
47 614 41.9 162.9 2,338.3 49.3 64.4 1,030.8
52 642 43.1 95.4 1,257.1 51.5 66.3 1,097.4
57 533 41.9 31.4 447.9 74.0 5.7 94.6 58.3 47.9 851.3
62 590 41.9 14.2 172.2 74.8 31.0 503.9 63.5 47.0 865.9
67 787 42.3 7.2 104.5 77.4 92.5 1,493.5 66.7 61.2 1,162.4
72 993 44.3 4.5 41.7 80.4 252.8 4,124.0 71.7 70.6 1,371.7
77 824 50.1 0.2 0.6 82.2 373.0 6,196.7 75.9 66.5 1,290.6
82 641 45.0 0.2 3.4 81.5 379.7 6,474.0 77.7 51.7 997.0
87 438 83.6 311.7 5,323.6 81.9 28.9 572.7
92 202 85.2 176.7 3,127.1 84.6 13.7 263.3
97 26 87.1 24.9 446.3
58 8,760 40 1,996 31,717 82 1,648 27,784 57 809 13,707

Table 2.10. Measured performance of spaceonditioning and water heating atHouse2,
by 5° outdoor air temperature bin

Outdoor Air Heating Cooling DHW

Bin

Mid- Ave Ave Ave

Point Bin ahyé ahyé Load ahyé¢ dahyé Load ahy ¢ ahyé€ Load

Temp Time EFT Time Met EFT Time Met EFT Time Met
(F) (hr) (F) (hr) (kBtu) (F) (hr) (kBtu) (F) (hr) (kBtu)
7 6 39.4 5.5 129.1 42.5 1.9 19.6
12 27 40.7 25.7 604.4 40.7 10.3 102.6
17 121 40.6 114.6 2,638.1 39.5 19.1 197.2
22 223 39.3 209.0 4,609.8 37.1 56.0 593.3
27 435 37.8 393.2 8,240.0 44.8 40.2 472.3
32 278 38.5 225.2 4,220.6 40.5 122.1 1,369.0
37 881 39.2 715.4 13,135.1 47.5 72.4 906.1
42 500 42.7 248.0 4,421.7 48.2 75.8 973.7
47 614 42.0 252.7 4,435.8 50.6 77.6 1,035.5
52 642 43.8 178.5 3,206.3 57.1 56.5 797.2
57 533 43.1 63.7 1,133.9 68.7 1.0 19.3 62.5 49.7 733.9
62 590 45.0 29.8 543.5 63.2 5.8 109.4 64.2 74.0 1,101.4
67 787 45.0 15.3 294.1 69.2 36.8 672.8 71.8 74.9 1,094.3
72 993 47.2 6.9 128.8 78.7 164.2 2,893.8 74.1 69.0 993.5
77 824 49.7 2.6 50.6 80.5 313.2 5,486.4 73.9 60.1 860.9
82 641 50.2 1.8 35.1 79.0 362.9 6,486.3 78.3 33.4 467.5
87 438 46.2 0.3 52 81.0 285.8 5,151.8 81.6 18.0 266.3
92 202 83.1 164.7 2,986.3 83.5 0.7 10.0
97 26 85.1 25.1 476.9
58 8,760 40 2,488 47,827 80 1,360 24,283 56 912 11,994
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Figure 2.18&howshourly trendplots for several variables for the periddnuarythroughNovember 2010

for House 1. The figure shows the entering radingfluid temperaturdor the WAHP, outside air
temperatureyndisturbedfar field) and dsturbed(in excavationunderground temperature, and delta T
(i.e., entering fluid temperatum@inusleaving fluid temperatuje Theperiods ofcooling only, heating

only, and mixed cooling/heatiraye also noted. Outdoor air temperature ranges &tm®6°F, while the
undisturbed undergrouridmperaturat a5 ft depthranges fron#5to 78°F, which explains the potential
for horizontal GSHP systems to perform better thais@iirce heat pumps. Also note that outdoor air
temperature can fluctuate by 0\28°F in a day while soil temperature at a 5 ft depth changes very little
in any given dayAs expected, the absolute value of delta T across the FHX/HGHX in cooling mode of
5.7°F exceeds the heating mode valugafF, because in cooling mode hegjection includes the load
met plus WAHP power consumption, whereas in heating mode the heat extraction equals the load met
less the WAHP power consumption.

Figure 2.18. Hourly trends for outdoor air (OA), entering and leaving water/fluid temperature
(EWT or LWT), undisturbed ground and disturbed ground temperatures, and delta T (EWT minus LWT),
at House 1

Monthly heat transfer between the WAHP and WWHP and the ground (rejection or extraction) at houses
1 and 2 is summarized in tab24.1 and 2.2. This same data is graphed in figueet9 and 2.20Net

heat transfer to the ground on an annual basis was nearly zero (well balanced) at House 1, and showed a

modest net extraction at House 2. If the ground heat exchangers served onbposgdéming (rather
than also serving water heating), both houses would have had a modest annual net heat rejection.
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