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CHAPTER

ONE

INTRODUCTION

Consumer demand for dectricity, and the emissons associated with its generation, will continue to
rise steadily into the future if the current level of technology is maintained (WCDSR #2, 1994).

Residentid heating and cooling, which accounts for more than 25% of the nations total eectrica

energy consumption, holds potentia for large energy savings. The Department of Energy (DOE) is
promoting ground coupled heat pumps (GCHP) as an dternative to conventional heating and
cooling systems because of their ability to operate efficiently in most U.S. climates (U.S. Dept. of
Energy, 1994). This efficiency is due to the use of ground temperatures which do not experience
the extremes of ambient air temperatures used by ar source hest pumps. The high dectricd
efficiency and use of “clean” geothermd energy were noted as a tremendous opportunity to reduce
energy use and emission levels. The DOE program calculated that over the equipment lifetime of 20
years, every 100000 units will save over 37.5 trillion Btu of energy and reduce emissons by 2.18

million metric tons of carbon equivalents.

Customers may find the prospect of conserving energy and reducing pollutants enticing, however the
decison to ingtdl a GCHP would probably be one of economics. For instance, a customer
switching from dectric resstance heating to a GCHP would save money with each dectric hill.
However, the initid cost of a GCHP system is usualy thousands of dollars more than a conventiona
heating and cooling system due the added expense of coupling the system to the ground. The
customer saves money over a given period of time if the energy savings are large enough to offsst

the increase in ingdlaion cogs.  Although GCHP are dways economicdly competitive with
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resstance hedt, current natura gas and dectric rates in most locations are such that a GCHP isnot a
profitable economic dternative to a natural ges furnace. Therefore, GCHP markets have usudly
been in regions with a low penetration of natura gas service.  Wisconsan, which is currently
conddering an aggressve GCHP program, has no natura ges service for approximately 33% of its

1.81 million resdentid dectric customers.

1.1 Literature Review

In the past, GCHP systems have been modeled using bin anadyss methods. Two bin method
programs which are widdly used include a program from Oklahoma State University (OSU) and a
program from Water Furnace, a mgor GCHP manufacturer. The OSU program, caled Closed
Loop Ground Source Design (CLGS), uses two heat pump operating points to modd the heat
pump performance. The Water Furnace program, a pogranmed Excel spread sheet, has its
performance modds hidden from the user. Simple gpproximations are used in both of these
programs to modd the water temperature entering the GCHP. The two programs dso have
sections for buried heat exchanger sizing, each based on the line-source method (Hart, 1986). Field
ingalations have shown that this method provides safe loop length estimates, over predicting the
heat exchanger length required to return a dedred minimum entering water temperaure.
Desuperheater operation, an attachment to the GCHP which dlows it to heat water, is roughly
approximated by each of these methods. These models are popular because they are fast and easy
to use, and the buried hesat exchanger sizing programs can gpproximate the necessary design for a

number of loop configurations quickly.

A trangent andyss, which alows house loads, heat pump operation, and desuperheater operation
to be modeled with more complexity, will dso dlow for a more detaled modeling of the water
temperatures entering the GCHP. A finite difference modd of the buried heat exchanger alows for
the capacitance of the soil to be captured, enabling soil and heat exchanger fluid temperatures to
change with time. Severd modds were found in the literature that used this method to varying
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degrees of complexity. A modd from Oak Ridge Nationd Lab (ORNL) for the ground hest
trandfer was used as the bass for the modd used in this study (Mei, 1986). ORNL modeled a
buried pipe surrounded by a cylinder of %il, where heat transfer could occur both radialy and
circumferentidly. The pipe was broken into sections dong its length, and uniform soil properties
were assumed for the entire soil field. Temperatures at the outer radius of the cylinder varied, were
assumed undisturbed by the heat transfer from the pipe, and were given a redigic temperature
profile that changed with time and with depth. There was no moisture migration or soil freezing
accounted for inthe model. The ORNL modd is an excdlent basefor atrangent andysssnceit is
able to mode the capacitance of the soil and return a water temperature leaving the pipe for each

trangent Smulation time sep.
1.2 Project Scope

This project will investigate severa aspects of the GCHP market n Wisconsin usng computer

modeling techniques. TRNSY'S, atransent smulation program, will be used to modd GCHP and
conventiona hegating and cooling systems. The ground heet exchanger will be modded usang afinite
difference gpproach based on the modd by ORNL, where the soil around the pipeisdivided into a
grid nodes, each with a temperature and therma capacitance. Desuperheater operation will be
modeled using a dratified tank model that uses a hot water load profile generated with WATSIM, a
residentid hot water load generating program (EPRI, 1992). The house mode used to generate
loads for the heating and cooling equipment will consst of a sngle thermd capacitance and overdl

heat tranfer coefficient, with loads driven by weeather data containing an hourly account of the
ambient air temperature and the globd radiation leve.

The new TRNSY S modds will add in severd ways to the current array of GCHP energy andysis
programs avalable. The biggest advantage of the trangent smulation is thet it will dlow loads and
energy consumption to be tracked with time, allowing for the investigation of on and off pesk energy

use. The trandent smulaion will dlow for the desuperheater to be moddled more accurately by
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capturing the coincidence of heat pump operation and hot water demand, modeling the dependence
of desuperheater performance on the coldest tank water temperature, and caculating tank losses. It
will dso add to the currently avalable programs by dlowing performance vaiations such as
thermostat control strategies, desuperheater configurations, heat exchanger length, heat exchanger
depth, soil type, and location to be investigated.

The modes developed for this project will be used to investigate severd different aspects of GCHP
performance. Wesather data from two Wisconsn locations, Madison and Eau Claire, will be used
to create |oads on the house modd which has a design heating load of 50000 Btwhr. The heating
and cooling sysems used in the comparison will include resistance freating, natura gas furnace,
vapor compression air conditioning, air source heat pump, GCHP, GCHP with a desuperhester,
and awell source heat pump system with water heating accessory. The total energy consumption,
peak power, life cycle savings, and avoided codts of different heating and cooling systems will be
compared.

Many different Szes of GCHP are available for a house with a design winter heating load of 50000
Btuhr. This report will compare the life cycle savings and avoided costs of a 5.83, 4.75, 3.75,
3.33, and 2.83 ton GCHP, using a resstance heated house with a 3.5 ton ar conditioner as the
base system. This comparison will provide information on the best choices for the customer and the
utility. Performance in Madison and Eau Claire will be compared to evauate whether location has
any effect on the relative LCS of the systems.

High ingtdlation costs associated with the buried heat exchanger are the single largest obstacle to the
wide spread inddlation of GCHP. The effect of ingdlation cost will be investigated in two ways.
In the first gpproach, smulations with a 3.33 ton GCHP will be performed for heat exchanger
lengths ranging from 1000 to 3000 feet. Life cycle savings vs. heat exchanger length will be plotted
for this system 1 identify a possble drategy for Szing the heat exchanger for the best life cycle
savings. For the second approach, different buried heat exchanger inddlation costs will be
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investigated to compare how a change in indalation cost effects the GCHP life cycle savings. A
4.75 and 3.33 ton GCHP will be run with a set length, with only the costs of ingalation being

varied.

The effect of house sze on GCHP performance will be investigated using a 5.83 and 3.75 ton
GCHP, using resstance heat with a 3.5 ton ar conditioner as the base sysem. The house szes
tested will have 60, 50, and 40 MBtu/hr design heeting loads for a Madison location. This study is
looking to see how the LCS and avoided codts of the different syssems compare in differently szed

houses.



CHAPTER

TWO

HEAT PUMP SYSTEMS

This section discusses the vapor-compression cycle used by the heat pump, the advantages of

ground coupled heat pumps, and the options available for coupling the heat pump to the

ground.

2.1 Description of the Heat Pump Cycle

Heat pumps use the vapor compression cycle shown in Figure 2.1 on temperature-entropy

coordinates. Refrigerant enters the compressor at point A, whereit is compressed to a higher

Temperature

COMPressor

expansion
vave

evaporator

Entropy

Figure 2.1 Temperature-Entropy diagram of vapor compression cycle
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temperature and pressure, point B. In the condenser, energy is removed from the refrigerant
with a cool external fluid, causing it to cool to point C and condense to point D. At point D,
the refrigerant enters an expansion valve which decreases the pressure and temperature. At
point E, low temperature refrigerant enters the evaporator, evaporating as it removes energy

from awarmer externa fluid. It then reenters point A again and repeats the cycle.

The vapor-compression cycle can be used to both heat and cool. During cooling, the

evaporator coil cools and removes moisture from the indoor air stream, Q’a,ap . The condenser

is located outdoors and rejects Q’md (equal to Q’e\, V\chomp) to the surroundings. The

ap+

equipment arrangement for cooling in shown in Figure 2.2.

Fluid Stream
A from Surroudings
Compressor
A
Qevap W Qcond

* comp ' q

Evaporator Condenser
Expansion

' Vave v
HouseAir
Stream

Figure 2.2 Vapor compression cooling cycle arrangement.

For heating, the evaporator is located outdoors where it absorbs Q’evap from the surroundings.

The condenser, located indoors, releases Qlcond (equal to Q’evap + Weomp ) to the indoor air

stream. Thisarrangement is shown in Figure 2.3.



Fluid Stream
A from Surroudings
Compressor
Qeond W A Qevap
h‘ comp «
Condenser Evaporator
Expansion
) Vave v
HouseAir
Stream

Figure 2.3 Vapor compression heating cycle arrangement.

When used for heating, the performance of the vapor compression cycle is rated with a
coefficient of performance (COP), and when cooling, is rated with an energy efficiency ratio

(EER). These performance ratings are given in equations 2.1 and 2.2.

cop= \%Cond [Bruty] (2.2)
comp [BtU/hr]

Yevep [BtU/NI]

BER = —— -
comp [KW]

(2.2

Heat pumps are efficient heaters when compared to the conventional electric heating systems
which use resistance coils to heat the air. With a resistance heating coil, one unit of electric
energy isturned into one unit of heat supplied to the room, resulting in a COP of 1.0. A heat
pump operating with a COP of 3.0 can supply atotal of 1.0 units of heat using only 0.33 units
of electrical energy to run the compressor. The other 0.66 units of energy were absorbed by

the evaporator from the surroundings.
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The performance of the vapor compression cycle is sensitive to the evaporator and condenser
temperatures. A decrease in evaporator temperature, or an increase in condenser temperature,
decreases the cycle COP. This can be seen using the optimal case of the Carnot refrigeration
cycle. The Carnot refrigeration cycle is shown in Figure 2.4, where Ty is the condenser

temperature and T, is the evaporator temperature. Equation 2.3 is used to calculate the

Carnot COP.
cop = —1H (2.3)
Ty-Tc

TH —————— <
o
S5
® : :
g— e&Xxpansion compress on
°

TL —————— ' >

evaporator
Entropy

Figure 2.4 Carnot refrigeration cycle

If the temperature difference between the evaporator and condenser increases, the value of
the numerator will increase, thus the COP of the system will fall. For area system, thisdrop
in COP is tied to the rapid decrease in refrigerant density entering the compressor as
temperatures decrease. Since the compressor is approximately a constant volume device, this
decrease in density means that the mass flow rate of refrigerant through the entire system has
decreased, decreasing both the energy input by the compressor and the rate at which energy is

transported from the evaporator to the condenser.



2.2 Air Source Heat Pump

The most commonly installed heat pump in residential applications is the air source heat
pump (ASHP). This means that the heat pump uses the surrounding ambient air as an energy
source or sink. When ambient temperatures do not drop below 40 or 50°F, the cycle operates
with a capacity and COP large enough to provide substantial energy savings compared to an
electric resistance heated house. If the ambient air temperature drops below 30°F, the low
evaporator temperature would result in a decrease of the heat pump cycle COP and capacity.
Evaporator temperatures below freezing promote the build up of frost on the evaporator
surfaces, decreasing its effectiveness, and further decreasing the cycle COP and capacity.
The frost is removed using a defrost cycle, where the system is run as an air conditioner,
forcing hot refrigerant through the frozen outdoor coils. These defrost cycles, which must be
run periodically, reduce the average COP of the heat pump system in two ways. First, the

energy

\ /
/,
\ _
N
~
’/

IIII\IIII

/

/

\
\
\

Figure 2.5 House heating load and ASHP heating capacity vs. Tampient
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used to melt the frost is lost to the surroundings. Second, since the defrost cycle is an air
conditioning cycle, the indoor space is being cooled. Resistance heat must be used to replace
the energy removed, maintaining the temperature of the house. These two effects will reduce
the COP of the system so drastically that most ASHPs do not operate when outdoor air

temperatures are below 20°F.

ASHPs ingtaled in homes are not sized to meet al of the heating load. As outdoor
temperatures drop and the heating loads increase, the COP and capacity of the heat pump
decrease due to lower evaporator temperatures, as shown in Figure 2.5. With the heat pump
only meeting from 0 to 20% of the load during the worst winter conditions, auxiliary heating
is required. Auxiliary heating is usually supplied in the form of staged resistance heat,
coming on when the heat pump cannot meet the entire heating load alone. When all of the
auxiliary heat stages are running, the overall COP of the heating system decreases,
approaching 1.0. This offsets the efficiency advantage that the heat pump has at more

reasonable ambient temperatures.
2.3 Ground Coupled Heat Pump Advantages

While the ASHP has proven to be a popular heating alternative in the southern states, their
poor performance in low ambient air temperatures has limited sales in the northern states
The low winter ambient temperatures cause severe decreases in system COP, increasing the
reliance on expensive auxiliary resistance heat. Furthermore, since ASHPs use the same
ambient air during the summer as a vapor compression air conditioner, they provide no peak
demand reduction. Utilities want to reduce summer peak demand, so they are not likely to
encourage the installation of ASHP units. Heat pump technology would benefit from the
elimination of the defrost cycle, increasing the average COP during heating. Heat pump

cycles could also be improved by utilizing more reasonable source and sink temperatures
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which would reduce the summer peak demand and auxiliary heat operation. Ground coupled

heat pumps (GCHP) provide these performance advantages.

The GCHP uses the temperature of the earth to maintain better evaporator and condenser
temperatures during both the cooling and heating cycles. The temperature of the earth does
not experience the extremes in temperature that the ambient air does. In fact, at reasonable
depths the ground temperature maintains an amost constant value, Tmean, throughout the
year. During heating, the higher evaporator temperature means better cycle COP and heating
capacity, resulting in less reliance on auxiliary heating. Also, since no heat exchanger surface

is exposed to ambient air, no defrost cycle is needed.

Another benefit of the GCHP is that the entire system, except for the buried heat exchanger,
can be located indoors. This reduces the wear and tear the system experiences, giving it alife
expectancy of 20 years. ASHPs, which locate an expensive heat exchanger and compressor

outside, have alife expectancy of only 10 years (Golish, 1994).

Another advantage the GCHP has over the ASHP is the capability to meet some of the hot
water load through the use of a desuperheater. The desuperheater, a heat exchanger located
immediately after the compressor, uses the hottest refrigerant of the vapor compression cycle,
the superheated vapor from point B to C in Figure 2.1, to exchange energy with tank water.
The desuperheater is named because it cools the superheated refrigerant toward the liquid-
vapor dome at point C. Water heated with the desuperheater utilizes the superior COP of the
heat pump, whereas water heated with resistance coils has a COP of 1.0. Since the cost of
heating water can be around 20 to 30% of the annual heating and cooling energy hill, the
savings generated by the desuperheater can be significant, paying for itself in a matter of

years.



8
During the cooling season, some of the energy to be rejected by the condenser as waste heat
is sent to the hot water tank. In effect, the water is being heated for free. During the winter,
operation of the desuperheater reduces the heating capacity of the heat pump by diverting
energy to the hot water tank that would have gone to the house. Thermostats monitor when
the full heat pump capacity is needed to heat the house, shutting down desuperheater

operation.

2.4 The Ground as Sour ce and Sink

The energy of the earth is tapped with a buried heat exchanger or through the use of well
water. The well water system, or well source heat pump, draws water from an underground
water table, uses it to extract or reject energy, and then returns it to the surface. It has the
advantage of being inexpensive to install when the property already has an existing well. It
also has the advantage of operating at a nearly constant water temperature throughout the
year. This water temperature, which is around 50°F in Wisconsin, gives excellent

performance for both heating and cooling.

A closed loop heat exchanger circulates an antifreeze solution through a circuit of buried
polyethylene or polybutylene pipes. Turbulent flow is maintained to encourage high heat
transfer coefficients. The antifreeze passes through the heat pump heat exchanger
(evaporator or condenser) where it delivers or absorbs energy. The fluid then continues
through the pipe circuit absorbing or rejecting energy to the ground. The closed loop ground
heat exchanger has less ideal operating temperatures than the well source. During operation,
fluid temperatures from a heat exchanger at a depth of 6 feet in Wisconsin can vary from 25
°F in the winter to 80°F in the summer, causing the efficiency of the GCHP to decrease. The
buried heat exchangers are also more expensive to install than the well source. However,
they may be the only choice for areas where ground water is not abundant, proper drainage is

not available, or local regulations prohibit the use of well water.
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Closed loops come in three varieties. horizontal, vertical, and pond loops. A pond loop
consists of a series of coiled plastic tubes placed on the bottom of a body of water. Anti-
freezeis circulated from the heat pump to the submerged coils which use the |ake water as an
energy source or sink. Pond loops are used when a pond is located close to the residence to
avoid digging long trenches to and from the pond. Instalation costs for pond loops are

usually the lowest of the buried heat exchangers (Hoover, 1994).

Horizontal Heat Exchanger

GCHP

Water In

Figure 2.6 Horizontal closed loop ground coupled heat pump

The horizontal closed loop heat exchanger consists of pipes that are buried in horizontal
trenches in the ground. The pipe depth can be from 3 to 8 feet depending on the geographic
location. The installation of the horizontal heat exchanger requires a large amount of space,
since loop lengths will often consist of afew thousand feet of pipe. Figure 2.6 isasimplified
picture of a horizontal heat exchanger. In order to reduce the installation cost of horizontal

heat exchangers, several pipes can be placed in one trench. Arrangements of two, four, six,
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and even nine pipes per trench are currently being installed by contractors. Figure 2.7 shows

cross-sectional views of different multiple pipe configurations (OSU, 1988).
Ground Level

4t06
feet

¥

Ground L evel

4106
feet

¥

Figure 2.7 Cross sections of multiple pipe per trench formations

Pipes placed in close proximity will thermally interfere with one another, reducing the heat
transfer per lineal foot of pipe. However, the cost of the installation is not driven by the heat
transfer per lineal foot of pipe, but by heat transfer per lineal foot of trench, since the cost per
lineal foot of pipeis much lower than the cost per lineal foot of trench. Increasing the density
of pipes per trench will increase the effectiveness of the trench, reducing the total length of

trench needed.

The most expensive closed loop installation is the vertical heat exchanger. Vertical heat
exchangers are installed where land space is limited and a water well with adequate drainage
isnot available. A vertical heat exchanger consists of a series of vertically bored holes, each
containing two pipes attached at the bottom by a U-bend. This configuration is shown in
Figure 2.8. Anti-freeze flows from the heat pump down into the pipe where it absorbs energy

during the winter and rejects energy during the summer.
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Horizontal and vertical loops come in both parallel and series configurations. A series loop
has the entire fluid flow passing through one pipe. Figure 2.6 shows a horizontal loop in a
series arrangement. A paralel system divides the total flow into multiple branches with a
header system. Figure 2.8 shows a vertical loop in a paralel arrangement. For a series
system to handle the entire fluid flow at a reasonable head loss, alarger diameter pipe, on the
order of 1.5 inches, must be used. This larger diameter pipe has the advantage of
encouraging a higher heat transfer per linea foot of pipe than the parallel arrangement.

However, the series ground

Figure 2.8 Vertical closed loop ground coupled heat pump

loops have significant disadvantages that cause them not to be favored by contractors. Large

diameter pipe is heavy, expensive, needs a higher volume of anti-freeze solution, and the
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layout requires long continuous trench lengths, all contributing to high installation costs. A
parallel arrangement uses smaller diameter pipes so each branch of the fluid circuit maintains
turbulent conditions at the lower flow rates. Parallel systems use less expensive, smaller
diameter pipe, less anti-freeze solution, and require less continuous trench length. Due to
their lower installation costs and convenient layout flexibility, parallel arrangements are

almost always preferred to series.



CHAPTER

THREE

Models of heat pumps, as well as the locations, house size, and systems to be compared must
be chosen to investigate the economics of GCHP in Wisconsin. The following sections
contain a discussion of the choices that had to be made to develop a model adequate for the
scope of this study. This chapter also describes in detail the models which were used in the

simulations.
3.1 Equipment for Comparison

Heating and cooling systems had to be chosen for the economic comparisons of this report.
The systems chosen had to be alternatives to the residential GCHP system. Resistance
heating with vapor-compression air conditioning, gas furnace heating with vapor-
compression air conditioning, and an air-source heat pump were chosen to be the systems

against which the GCHP would be compared.

The desuperheater attachment is an important part of the energy savings that a GCHP can
deliver. Traditional hot water tanks use electricity or natura gas to heat the water. The
energy requirements of the traditional systems will be compared to an electrically heated tank

augmented with a desuperheater.



3.2 TRNSYSor Bin Model

The two modeling approaches considered for this analysis were hourly simulations and the
bin temperature method. A choice needed to be made as to which method would best

generate the output needed for this analysis.

A transient analysis marches through time at a ssmulation time step and records output at a
desired output time step. Depending on the models, the simulation time step could range
from minutes to hours. The output time step can be set for whatever level of detail is
necessary. An appropriate program for energy system simulationsis TRNSY S (Klein, 1994),
a transent system simulation software package in which components, called types, are
modeled in FORTRAN code and linked together to form a system. A TRNSYS deck
describes how the different types will interact with one another. A simulation time step is
chosen that is suitable for the analysis, and information can be output as the program marches
through each simulation time step of the year. An important aspect of this type of simulation
is that the time of year or day that something occurs can be tracked, allowing a detailed
analysis of the output. TRNSY S has the ability to read real weather data from any number of
cities around the world and use it to drive amodel. TRNSY S has available house, tank, and
air conditioning equipment models, so that only controllers and a ground heat transfer model

would need to be devel oped.

A bin temperature analysis breaks the air temperatures in alocation into 5° bins on a monthly
or yearly basis. For each temperature bin, the number of hours that the air temperature is
within that particular bin range is tabulated. For example, if there are 100 hours during the
year where the temperature falls between 74.5°F and 79.5°F, then there are 100 hours in the

77°F bin. The load on the house for each temperature bin is then calculated, and when
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combined with the system COP and bin hours, a heating and cooling system energy

consumption can be found.

With the bin analysis, there is no time dependency, so the order with which these loads occur
isnot known. Thereisno way to track the transient behavior of a system with capacitance, or
to monitor at what time of day energy was used. This means that the desuperheater
contribution to the hot water load, which depends on the coincidence of the need for water
heating and heat pump operation, can only be roughly estimated. Since thermal capacitance
cannot be modeled in a bin analysis, an approximation of the water temperature entering the
heat pump has been developed (OSU, 1988). For this approximation, the water temperature
is linked to the air temperature, following the logic that very cold winter days will have very
low entering water temperatures and hot summer days will have very high entering water

temperatures.

This bin method, shown as a line in Figure 3.1, associates the coldest desired water
temperature with the coldest outdoor air temperature, and the hottest desired water
temperature with the hottest outdoor air temperature. For example, if the air temperature is
TAnmin, the water temperature is EWTin. However, the nature of the ground heat exchanger
isthat it is coupled to the ground temperatures of the area, and the temperature returning to
the heat pump depends on time of year and previous operating loads. In reality, the entering
water temperature is only aweak function of the ambient temperature, as shown in Figure 3.1
as a scatter plot. The scatter plot of EWT vs the ambient temperature was generated using
the simulations from this project. Each dot on the graph represents a 2.5 minute period over
which the GCHP was operating. During that 2.5 minute period, the average ambient air

temperature and EWT were recorded for the plot.

If there were a series of cold weeks at TAn,in which caused the EWT to drop to 25°F, arapid

increase of ambient temperature to TAmean Would not cause the EWT to increase rapidly to
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EWTmen- In this situation, the heat pump would continue to have an EWT near 25°F,
reflecting the effects of the cold snap from the previous few weeks. The bin approximation
would have the EWT experience the same rapid shifts in temperature that the air experiences.
The system energy consumption predicted by this method is highly optimistic, due to the

delivery of EWT which are less extreme than areal system would experience.
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3.33 ton GCHP w/Desuperheater
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Figure3.1 EWT vs. Ambient Temperature for ayear simulation.

TRNSYS can be used to meet all of the analysis requirements. Since TRNSY S can track
loads in time, on and off peak energy usage can be monitored. TRNSYS can also read in
realistic hot water load profiles allowing desuperheater performance to be approximated. A
ground heat transfer model could be written in FORTRAN and added to TRNSY S so that the

water temperature entering the heat pump depends on the time of year, previous hours of
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operation, and ground-loop length. For this project, TRNSY S was chosen to be the analysis

tool.
3.3 Locationsto be Examined

Typical Meteorological Year (TMY) weather data was used for the TRNSY S simulations.
These data represent typical weather from a thirty year period and are available for many
locations throughout the country at one hour intervals. In choosing locations for this analysis,
availability of weather data was the limiting factor. Only five locations, Madison,
Milwaukee, La Crosse, Green Bay, and Eau Claire were available in Wisconsin. Of the
locations available, Madison and Eau Claire were chosen to represent two typical weather

regions.
3.4 House Mode

Utilities consider a typical Wisconsin house to have a 50,000 Btu/hr design heating load and
a 30,000 Btu/hr design cooling load (WCDSR #1, 1994). These loads correspond to a ranch
style home with 1500 ft2 of floor space and moderate insulation. For this study, the

thermostat will be set to 75°F for cooling and 68°F for heating with no thermostat set back.

TRNSY S type 12 was used to model the building loads. This type calculates the load using
an overall heat transfer coefficient and the difference between the indoor and outdoor air
temperatures. Thermal capacitance is modeled as a single lumped capacitance so the house
temperature changes as it loses or gains energy. The house exchanges energy with the
ambient air and experiences energy gains from internal and solar sources. The internal and
solar energy gains make up what are called time variant gains. Internal loads are considered
constant throughout the ssimulation. The solar gains are a function of time and are calculated
using solar radiation records in the weather data in conjunction with an absorbtion

coefficient. Equation 3.1 shows the energy balance equation for the type 12 structure.



dT v v v
ChouseTtR = égajn - UA* (TR - Tamb)+ dheat * Qsensible (3.1

It is assumed that the house maintains a constant relative humidity of 51.4% throughout the
cooling season. This assumption had to be made since heat pump and air conditioner
performance catalogs give data for only a few relative humidities. A relative humidity of
51.4% corresponds to 80°F dry bulb/67°F wet bulb or 75°F dry bulb/63°F wet bulb, and is a
reasonable relative humidity for a comfortable room. Figure 3.2 shows a picture of the house

and the various influences on the heat transfer.

e

aninssolar
UA
C .
Jhouse | pel ative Tambient
Qgains base | Humidity = 51.4%

S

To run this model the user needs to specify an overall heat transfer coefficient, an effective

Figure 3.2 TRNSY S house model

capacitance, an outdoor air temperature, and atime variant gain. Before these parameters can
be found, a winter balance temperature must be assumed. The winter balance temperature is
the outdoor temperature at which the internal gains exactly offset the house energy losses to
the surroundings. If the ambient temperature fals below the balance temperature, the
temperature of the house will decrease. If a house were to have no internal gains, the balance
temperature would be the thermostat set point. A typical value for a house balance

temperature would be around 60°F. This means that there are internal energy gains in the
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house that can keep the house temperature from falling when the outdoor temperature is 60°F
or above. The summer balance temperature, although not needed when solving for the house

parameters, is 67°F.

The following equations were used to find the parameters which describe the house heat

transfer characteristics.

Q/design,winter =UA *(Tset,winter - Tdesign,winter) - dgains,base (32
Q/gains,base =UA™ (Tt winter = Tbalancewinter) (3.3
Q/design,summer =UA* (Tset,summer - Tdesign,summer) - dgains,max (3-4)
Q/gains, max — drad, max T gains,base (3-5)
Q/rad,max = UA* IYhorizontal,max *alh, * PerHsSun (3.6)

ASHRAE design temperatures are used to find the house parameters (ASHRAE, 1993). For
Madison, the winter design temperature that only 2.5% of days exceed is-7°F. The summer
design temperature which only 2.5% of days exceed is 88°F. Given the heating load of 50000
Btu/hr, the ASHRAE winter design temperature, the winter balance temperature, and the
winter thermostat set point, equations 3.2 and 3.3 are used simultaneoudly to give the UA and
the base internal energy gains, Q/gajns,base- Next, having the summer cooling design load,
UA, the summer thermostat set point, and the ASHRAE summer design temperature,
equation 3.4 can be used to find the maximum energy gains, Q/gains,max- Now, equation 3.5
can be used to find the value of Q’rad’max. Finally, knowing the values of ()’rad’max, UA, the
maximum global radiation, and a/h,, the fraction PerHsSun can be found using equation 3.6.

The parameter values used in this report are listed in the Table 3.1.

Table 3.1 House parameters used in this report

Madison Eau Claire
Design Heating Load Btu/hr 50000 53000
Design Cooling Load Btu/hr 30000 28300
UA Btu/hr-°F 0.746 0.746




ASHRAE Winter °F -7.0 -11.0
Design Temperature
ASHRAE Summer °F 88.0 89.0
Design Temperature
Winter Set Point °F 68.0 68.0
Summer Set Point °F 75.0 75.0
Maximum Global Btu/hr/ft2 345.0 345.0
Radiation
Qgainsbase Btu/hr 5970.0 5970.0
a/hg ft2 F hr/Btu 0.3 0.3
PerHsSn dimensionless 0.184 0.184

3.5 Heating and Cooling Equipment M odels

There are many different heating and cooling system types compared in this analysis. There
are GCHP with and without desuperheaters, ASHP, baseboard resistance heating with an
electric air conditioner, and gas furnace heating with an electric air conditioner. This section

contains descriptions of the models used for each of the systems.
3.5.1 Resistance Heating

The model for resistance heating is the smplest of all of the models. Modeled as resistance
heating without a circulating fan, the heater consists of a single stage element large enough to

satisfy the greatest heating loads. The heating capacity is shown in equation 3.7.

¢ Bty U
HC = kW, * 3.4138 Ly (3.7)
e kW g

It is assumed that all of the electrical energy going into the heating elements makes its way
into the heated space, so the COP is 1.0. The operation of the resistance heater is regulated

by aspecial TRNSY S type which operates as a deadband temperature level controller.

3.5.2 Natural Gas Furnace



9

The natural gas furnace has a single capacity which exceeds the greatest heating loads. This
model includes an overall efficiency of 95%, which approximates a combustion efficiency
and stack losses. Equation 3.8 shows the calculation to find the rate at which natural gasis
used.

HC = specified furnace heating capacity in Bt%]r .

thermg,s HC (3.8)

At Nyipnage * 100000 Yo |

Included in the energy requirements for this system are parasitics associated with a

circulating fan. For a reasonable circulating air flow rate of 1300 cfm, fan power is about
820 watts (Temperature Systems, 1994). The gas furnace and circulating fan are operated by

aspecia controller, type 92, designed specifically for this system.
3.5.3 Vapor Compression Air Conditioner

The vapor compression air conditioner, used in the resistance and natural gas heated houses,
was modeled using catalog performance data (Bryant,1991). The indoor circulating fan
power, outdoor blower power, and compressor power are included in the total system power
reported in the tables. Total cooling capacity and sensible cooling capacity are the other
reported data. For intervals of 10°F, performance data are given for an indoor dry bulb
temperature of 80°F at three circulating fan air flow rates with four indoor wet bulb

temperatures. The wet bulb temperatures given are 72, 67, 62, and 57°F.

A real vapor-compression cycle has performance which is a function of two independent
variables, the indoor and the outdoor air temperature. When TRNSY S type 42 (conditioning
equipment) is used to model the air conditioner, a logical unit is created which contains a
single independent variable and a number of dependent variables. For the air conditioner, the
ambient temperature is the independent variable and total cooling capacity, system power,

and sensible heat ratio are the dependent variables. Performance data are entered into the
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logical unit for an indoor dry bulb temperature of 80°F, and a wet bulb temperature of 67°F,
which gives a relative humidity of 51.4%. Type 42 reads in the logical unit and, given a
value of the independent variable, interpolates the data to find the performance of the system.
Since datais given only for an indoor temperature of 80°F, the performance values need to be
adjusted if the indoor air temperature is other than 80°F. Any deviation from that dry bulb
temperature is accounted for using performance correction factors (CF) given in the catalogs.
Equation 3.9 calculates the correction factor used to adjust the value of the sensible capacity

of the air conditioner. Equation 3.10 shows how this correction factor is used in the

adjustment.
& 0 , <
CFM . € Btu U
CF=835*¢ - * (T, - 80b X 3.9
£1000 -rf-n% bi (_R F)Shr =y (39)
Q/sens,corrected = sens,80bF+CF (3-10)

Thisis the only correction factor used in this project which is added to the 80°F performance
data. The other correction factors, used with the ASHP and GCHP, are dimensionless values
that are multiplied by the 80°F performance data during cooling, or the 70°F performance
data during heating. Correction factors for the total power consumption were not given with
the air conditioner catalogs. Adjustments to the power consumption were made using
correction factors from the ground coupled heat pump performance data. Since the vapor
compression cycles are similar, the correction factors should be similar. The correction
factor is shown in equation 3.11, with the adjusted power shown in equation 3.12. Notice

that this correction factor isamultiplier.
CFyy =68+.004* T (3.11)

KW cool, corrected = KW cool gopr* CFiw (3.12)

3.5.4 Air-Source Heat Pumps
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The air source heat pump (ASHP) was modeled using catalog performance data (Lennox,
1993). However, ASHP performance data are incomplete. Indoor and outdoor fan power are
not included in the system power listed in the performance data tables. The catalog lists the
outdoor blower power for each unit in the front of the catalog, but the indoor fan power must
be approximated from circulating fan performance literature. Both indoor and outdoor fan
power must then be added to the compressor power found in the datatables. Cooling data are
supplied for typical ambient operating conditions in 10°F intervals. The cooling data are
given for a number of dry and wet bulb combinations. For each combination of dry and wet
bulb temperatures, the data contain total cooling capacity, sensible heat ratio, and compressor
power for three indoor circulating air flow rates. Heating data for a large number of outdoor
air temperatures are presented for one air flow rate and an indoor air temperature of 70°F. At
low ambient temperatures, the heating capacity, COP, and compressor power are adjusted to

include the effects of the defrost cycle.

Again, TRNSY S type 42 is used to model this system performance. Two separate type 42
units are needed, one for cooling and one for heating. Cooling is modeled in the same
manner as the air conditioner in section 3.4.3. Heating is also modeled in a similar manner,
except the heating logical unit contains heating capacity and operating power for different
outdoor air temperatures. Since heating and cooling data are entered into logical units for
only one indoor air temperature, correction factors are again used to adjust the performance
data for different indoor temperatures. The ASHP catalog contains no correction factors, so
correction factors were again used from the ground coupled heat pump catalog or calculated
from data listed in the ASHP performance charts. The equations used to find the correction
factors are listed below. In each of the following equations, CF is dimensionless value which
is multiplied by the 80°F performance data when the internal air temperature deviates from

80°F.
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The correction factor for the heating capacity was taken from the ground coupled heat pump
catalog.
CFyc =121- 0.003* Tg (3.13)
The correction factor for total cooling capacity was derived using ASHP performance data.
CFrc =0.04+0.012* Ty (3.14)
The following correction factors system power consumption were taken from the GCHP

catalog.
CFw.hea =0.65+0.005* Ty (3.15)

CF . cool =0.68+0.004* T, (3.16)

The correction factor for the sensible heat ratio was derived using ASHP performance data.
CFgyr =164 - 0.008* Tg (3.17)

Due to the drop in ASHP heating capacity during winter operation, auxiliary heat is required
to meet the large winter heating loads. The effect of the auxiliary heat on the capacity and

power of the system is shown in equations 3.18 and 3.19.

kWheat pump = (chomprr )* CFkW + k\Nfans + kWr%istance heat (3-18)
éBtuy
HC heat pump = (HCaore)* CFic + 3413@@ 6" KW resistance hest (3.19)

The auxiliary heat, which usually consists of resistance heating coils, is often broken into
three stages which come on one at atime to meet the load. For this system, the auxiliary heat
is regulated by a TRNSY'S controller, which uses several deadband temperature levels to

control the many stages of operation.
3.5.5 Ground Coupled Heat Pumps

The ground coupled heat pump was modeled using catalog performance data. Modeling the
GCHP was more complicated than any of the other pieces of equipment due to the addition of

a desuperheater and ground heat exchanger. Ground coupled heat pumps typically have two
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stages of fan and/or compressor operation, with three stages of auxiliary resistance heat. The
staged operation is controlled by a dead band thermostat which will be described in the

following section.

Performance data as a function of water temperature entering the heat pump (EWT), were
supplied for cooling at an indoor air temperature of 80°F dry bulb and 67°F wet bulb, for
three circulating air flow rates and three heat exchanger fluid flow rates (WaterFurnace,
1992). Performance data for heating were supplied at 70°F, for three circulating air flow
rates and three heat exchanger flow rates. Cooling data, supplied for EWT of 110, 90, 70,
and 50°F, includes total cooling capacity, sensible cooling capacity, total system power, and
heat rejected to the water by the condenser. Heating data, supplied for EWT of 90, 70, 50,
and 30°F, include heating capacity, total system power, and heat extracted from the water by
the evaporator. The total system power given in the performance tables include only indoor
circulating fan and compressor power. Power requirements for the well and closed loop
pump need to be calculated separately. Both heating and cooling data are supplied for
systems with and without desuperheater operation. Since the EWT in a typical installation
will fall below 30°F, the data was extrapolated down to 20°F.

Type 42 was aso used to model the GCHP. Logical units, with EWT as the independent
variable, were used for both heating and cooling operation. The cooling logical unit
contained total cooling capacity, total system power, heat rejected to the surroundings, and
sensible heat ratio for an indoor temperature of 80°F dry bulb, 67°F wet bulb. The heating
LU contained heating capacity, total system power, and heat extracted from the water flow

for an indoor temperature of 70°F

Correction factors were given by the ground-coupled heat pump manufacturer for different
indoor air temperatures and converted to an equation form, in equations 3.20 - 3.26

(WaterFurnace, 1992).



CFyc =121- 0.003* T
CFye =142- 0.006* Ty
CFrc =-0.28+0.016* Ty
CFr =0.04+0.012* T
CFw. hear =0.65+0.005* T
CFw.coo =0.68+0.004* T
CFgyr =164 - 0.008* Ty
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(3.20)

(3.21)
(3.22)

(3.23)
(3.24)

(3.25)
(3.26)

To find the correct performance value when the indoor air temperature deviates from 80°F

during cooling, or 70°F during heating, multiply the value returned from the logical unit by

the correction factor.

Since the GCHP total system power only includes the indoor circulating fan and the

compressor, the pump power required for the heat exchanger loop or well pump must be

approximated. Closed loop pumping power was calculated as a function of Reynolds number

and pipe length. The power of the pump was approximated assuming efficiencies of 77%

and 85% for the pump and motor, respectively. The motor efficiency is typical of electric

motors, and pump efficiency was approximated using some operating vaues given by the

GCHP company. The following equations, 3.27 and 3.28, were used in the calculation of

approximate pumping requirements.

~ Wﬂ id 1/— 2 éL l]
W =—1ul = 2(y)** —f+e,.+gh
m 2< > th eVH g loss,HX
W* M
Power pymp =

hmotor * hmech

(3.27)

(3.28)

Head losses through the heat exchanger, hjgsshx, Were given in the GCHP catalog for

different loop flow rates.
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Well-source pumping losses were backed out of the ARI 325 performance ratings given in
the catalog (WaterFurnace, 1992). This rating includes the pumping power for each heat

pump model assuming atypical well source system.

The ability of the GCHP to heat domestic hot water needed to be modeled. As discussed in
chapter 2.3, the hottest part of the vapor compression cycle can be used to meet some of the
hot water load. The refrigerant flows into the desuperheater at point B on Figure 2.1. During
the cooling cycle, energy, that would have been sent to the ground heat exchanger as waste
heat, is transferred into the water tank. Changing the destination of this waste heat has little
effect on cycle operation. The heating cycle is more disturbed by the addition of the
desuperheater. On Figure 2.1, the total heating capacity lies between the points B and D.
Activating the desuperheater takes a portion of the heating capacity away from the house and

directsit into the water tank.

The heating, cooling, and desuperheater capacity are functions of the EWT and the
temperature of the tank water entering the desuperheater. A model had to be developed
which accounted for changes in both of these temperatures, while also modeling the linked

behavior of desuperheater capacity and the heating capacity.
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Figure 3.3 Linear interpolation of performance data to approximate
GCHP performance as a function of desuperheater inlet temperature

A simple model was developed using the only two desuperheater performance points that
were known. The catalog gives performance data for heat pump operation with no
desuperheater. It aso has performance data for a system with desuperheater operation where
the water entering the desuperheater is 90°F at 0.4 gpm/nominal ton. From the manufacturer
it was learned that the hottest refrigerant temperature was approximately 160°F (Meyer,
1994). If water from the tank were entering the desuperheater at 160°F there would be no
heat transferred from the refrigerant to the water, mimicking the situation when there was no
desuperheater operation at all. System operation when the tank water entering the
desuperheater is not 90°F or 160°F was determined using an interpolation. For this
interpolation, a 90°F tank water temperature coincides with the desuperheater performance
data and a 160°F tank water temperature coincides with heating only performance data.

Figure 3.3 shows thismore clearly.
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For each of the graphs in Figure 3.3, the performance values on the vertical axis are a
function of the EWT and are updated for each TRNSY S time step. The 90°F points are for a
heat pump operating with a desuperheater. The 160°F point are for a heat pump operating
without a desuperheater. The operating values of heating capacity, heat extraction, and
power are connected to their respective temperatures by dashed lines in the above Figure.
For heating capacity, at the top of Figure 3.3, if the water entering the desuperheater from the
hot water tank is at 90°F, the heating capacity will be 28.4 MBtu/hr. If the water temperature
is 160°F, the heating capacity will be 24.1 MBtu/hr. When the tank water is in between these
two temperatures, as with point A, a linear interpolation between 90°F and 160°F is
performed. This interpolating procedure is the same for both heating and cooling. Since the
tank water remains between 70°F and 125°F, this linear interpolation is hoped to be accurate

enough for this project analysis.

3.6 Thermostat M odel

The controllers for the heating and cooling equipment were designed for each system
operation. While al the controllers operate as deadband thermostats, some also control air
flow rates, pumping operation, loop flow rates, auxiliary heat, and desuperheater operation.

Thelogic which isemployed in al of the thermostatsis discussed in this section.

For the thermostat controller, each level of operation is assigned a status. A higher status
means a higher level of heating or cooling capacity. The statuslevel is changed when a given
temperature level is crossed. Temperature levels are arranged as shown in Figure 3.4. The

logical sequence of the thermostat is shown in Figure 3.5. At the beginning of each TRNSY S
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Temperature Levels

TU3=Tset + 1.5PF Stage 1 OFF
TU2=Tset + 1.0pF Stage 2 OFF
TUl=Tset + 0.5PF Auxiliary OFF

Tset = 68.0PF Thermostat Set-Point
TL1=Tset - 0.5pPF Stage 1 ON
TL2=Tset- 1.0PF  Stage2 ON

TL3=Tset-1.5pF  Auxiliary ON
Figure 3.4 Thermostat temperature levels

time step, the house temperature is checked. The controller is then called, and knowing its
current status, and knowing the current room temperature, the status can either be increased
or decreased. For instance, following Figure 3.5, if the current status is 3 and after the last
TRNSY S time step the room temperature was 68.6°F, using the temperature levels of Figure
3.4, the status would be downgraded from 3 to 2, turning off the auxiliary heat so the houseis

being heated by only the second stage of heat pump capacity.
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Figure 3.5 Logical sequence of thermostat

The thermostat logic when applied to the house model will allow for temperature variations

similar to those shown in Figure 3.6 for a GCHP unit.
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status 0 = System Off

status 1 = First Stage of Compressor
status 2 = Second Sage of Compressor
status 3 =2 + 1st Stage of Auxiliary Hesat
status 4 = 3 + 2nd Stage of Auxiliary Heat
status 5 =4 + 3nd Stage of Auxiliary Heat

Figure 3.6 Thermostat Operation - Temperature Levels and Options

At point A of Figure 3.6, the system is turned off. As the temperature of the house decreases
with time, the first temperature level is crossed. The status of the thermostat is increased
from 0to 1. When the statusisincreased the house temperature could react in different ways.
The new capacity could exceed the house load and the temperature could increase (following
the dashed temperature line), or the new capacity could be inadequate to meet the house load
and the temperature could continue to drop (the solid temperature line). If the house
temperature continues to drop, another temperature level will be crossed. This controller
does not allow the system to return to a status of O unless it can be achieved by the status
level 1, shown by point B. The line passing by point C shows a situation where status 2 is
not enough to meet the load. In this situation, the controller will cycle the auxiliary on and
off while keeping the heat pump in operation. Each system uses a slightly modified version

of this controller.
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3.7 Hot Water Tank Model

A desuperheater can be attached to a hot water tank in many ways. A conventional set-up
shown in Figure 3.7 was used (WaterFurnace, 1990) for the simulations. In this system, the
desuperheater draws from the bottom of an 80 gallon tank and returns the heated water back
to the bottom of the tank. The water flows through the desuperheater at 0.4 gal/min/nominal

ton. The thermostats are set to 120°F for the top element and 100°F for the bottom element.

<% —Eogaon | 1200F Heat Pump
Hot Water Tank
o Cool Water —
f —
Heating 4
Element

Refrigerant

-
100pF

Figure 3.7 Desuperheater design for GCHP models

The heating capacity of the desuperheater is determined using the results of the interpolating
procedure from section 3.4. During the heating season, the values returned from the

interpolation are heating capacity (HC), heat extraction (HE), and power (KWheat).

Equation 3.27 is used to find the desuperheater capacity (HW).

HW =HE + KW gy - HC (3.27)

The water temperature leaving the desuperheater is calculated with equation 3.28.
HW

o (3.28)
Mpy Cp, water

Ton,out = ToH,in
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The flowrate of the water through the heat exchanger should be set such that Tpp oyt IS5 tO

15°F warmer than Tpy jn.
3.8 Modeling of the Entering Water Temperature

Ground coupled heat pumps in operation are supplied with a continuous flow of antifreeze or
water. The performance of the heat pump depends on the temperature and flowrate of this
fluid. For the TRNSY S ground coupled heat pump to operate it must be supplied an EWT
for every simulation time step. The two GCHP water sources used in this report are

horizontal closed loop and well source.

For well source heat pumps, water is taken from reservoirs that are 50 to over 100 feet
beneath the surface. Temperatures at these depths are essentially constant throughout the
year, at the mean annual ground surface temperature, Trean. This valueis given in IGSHPA
installation manual (OSU, 1988) for alarge number of geographic locations. Inthe TRNSYS
model, the well source heat pump is supplied with a constant EWT of Tmean at the flow rate
specified in the manual (WaterFurnace, 1992) for that heat pump model.

A GCHP with a closed loop heat exchanger has entering water temperatures that vary
seasonally and depend strongly on the heat rejected to or extracted from the ground. A
special TRNSY Stype was created that can model the thermal capacitance and heat transfer of
the soil around the buried pipe. Thistypeisdiscussed in detail in chapter 4.



CHAPTER

FOUR

GROUND HEAT EXCHANGER MODEL

For this project, a ground heat exchanger model was needed that could deliver a return water
temperature that depended on length, depth, hours of operation, time of year, and soil type.
The model had to simulate a rea system where the entering water temperature (EWT)
changes as the system operates. The goal was to design a model that would approximate the

entering water temperature without requiring significant computational time.
4.1 Finite Difference

Three methods that were available to model the EWT were investigated. These three
methods were the line-source theory, bin temperature approximation, and finite difference

modeling.

Line-source theory, often used in ground heat exchanger sizing, assumes that a pipe is buried
in alarge cylinder of soil. The temperature at the outer edge of the soil is that of undisturbed
soil, called farfield conditions, and is determined using the temperature profile discussed in
section 4.4. The farfield radius increases with time as the temperature around the pipe
increases or decreases. The solution assumes a steady state temperature profile in the soil
with a constant energy flux along the entire pipe length and no temperature gradients in the
axia direction. Use of the model requires that the temperature leaving the pipe and the
energy load on the pipe are specified. If the farfield radius and temperatures are known, the

line source theory will return the length of pipe needed to absorb the desired energy with the
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desired outlet temperature. The line-source theory was not chosen because the temperature
profile in the soil is a steady state profile at al times. This means that it does not model the

thermal capacitance of the soil, an important effect in atransient simulation.

Another approach would be to use the approximation designed for bin analysis. This method,
where the entering water temperature is a function of the ambient air, was discussed in
chapter 3.1. This was not a desirable method since the EWT is entirely decoupled from the
ground. This simple approximation has no ground capacitance effects, where the previous

operation determines the future EWT.

A third method, finite difference modeling of the ground, was chosen. Finite difference
modeling allows the transient behavior of systems with thermal capacitance to be modeled.
The materia of interest is divided into a grid of nodes, each having a thermal capacitance
determined by its volume and specific heat. Energy transfer between nodes uses Fourier's
law of heat transfer, where the temperature difference between the nodes drives the energy
transfer and the materials conductivity determines at what rate the energy is transferred. The
temperature for each node is updated by stepping through time. Finite difference modeling is
ideal for the needs of this project since the nodes can “remember” the effects of the previous
hours of operation. Finite difference allows boundary conditions, such as farfield

temperatures and inlet water temperature, to be changed arbitrarily.
4.2 Soil Propertiesand Behavior

Before building amodel, it is necessary to understand the physical characteristics of soils and
the phenomena that occur during ground heat transfer. Soil can have many different values
of moisture level, specific heat, conductivity, and density, each of which is important in
determining the final pipe length and performance of the system. Phenomena effecting

energy transfer include heat transfer, soil moisture migration, and freezing.
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For modeling purposes, the soils can be broken down into five different types. Table 4.1 lists
the heat transfer characteristics of these soils (OSU, 1988). In redlity, soil properties will
vary seasonally, with location, and with depth. Soils in Wisconsin are generally moist and

sandy with properties falling between those of heavy damp and light damp soils.

Table4.1 Thermal Properties of Soils

Thermal Thermal Density | Specific Heat
Conductivity | Diffusivity | [1bmyft3] | [Btu/lbm-°F]
[Btu/hr-ft-°F] [ft2/day]
Heavy Soil 1.40 0.84 200 0.20
Saturated
Heavy Soil 0.75 0.60 131 0.23
Damp
Heavy Sail 0.50 0.48 125 0.20
Dry
Light Soil 0.50 0.48 100 0.25
Damp
Light Soil 0.20 0.26 90 0.20
Dry

Soil freezing is one seasonal variation that occurs near the ground surface and around the
pipe. Assoil freezes around the pipe it transfers latent energy to the fluid passing through the
pipe. Frozen soil also has thermal properties that are more conducive to heat transfer than
non-frozen soil. Both of these effects are beneficia to the performance of the ground heat

exchanger, increasing the effectiveness during the worst winter months.

Soil moisture migration occurs during both the heating and air conditioning season, but is
most significant during air conditioning. As the pipe regjects heat to the soil, there are
temperature gradients near the pipe. Moisture will follow the gradients from hot to cold,
drying the soil around the pipe. Dry soil has a lower thermal conductivity than moist or
saturated soil, as shown in Table 4.1. If the soil thermal conductivity decreases, the
effectiveness of the buried heat exchanger decreases causing the EWT to increase. Another

problem caused by moisture migration is that the drying soil shrinks, creating air gaps around
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the pipe. Air gaps increase contact resistance between the pipe and soil and can dramatically
decrease the effectiveness of the buried heat exchanger. If significant drying occurs with a
ground heat exchanger designed for moist soil conditions, serious problems could arise. The

EWT could exceed the suggested upper limits recommended by the heat pump manufacturer.
4.3 Oak Ridge National Lab Model

A finite difference model was found that was capable of providing the EWT in a manner
necessary for this project. Oak Ridge National Labs (ORNL) designed this model in the mid-
1980’ s for use with ground-coupled heat pumps. Assumptions were made that ssmplified the
heat transfer model. Firgt, it was assumed that soil properties were uniform and constant
throughout field, which meant no moisture migration or freezing occurs at any time.
Secondly, it was assumed that the soil temperatures were not significantly disturbed by the
buried pipe at aradial distance of four feet.

The assumptions used in the ORNL model are reasonable for the current project scope. Not
including moisture migration, freezing, and changing soil characteristics greatly ssimplifies
the FORTRAN code. However, these assumptions are justifiable for other reasons. Moisture
migration and the resulting drying of soilsis not a problem in areas with frequent rainfall and
mild summers. Contractors in northern states report that they have not encountered problems
with soil drying out around their heat exchangers. In the Residentia Earth-Coupled Heat
Pump Demonstration, it was reported that there were no adverse affects due to moisture
migration during the cooling season (Hughes, 1985). For this project, since the cost of
cooling only accounts for 10 to 15% of the energy demands of the GCHP, ignoring the effects
of moisture migration will have little effect on the economic analyses performed on a GCHP

system.
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Freezing certainly could be considered an important effect in Wisconsin soils. Papers suggest
that ignoring this effect will mean that the heat exchangers will be oversized. If pipes of the
same length were used for a model with freezing and a model without freezing, the model
with freezing would perform better due to higher EWT resulting from the increased ground
heat exchanger effectiveness caused by the freezing. Therefore, for areal Wisconsin system
to achieve the same performance predicted by this model, the actual heat exchanger should be

shorter in length.

A paper by Mei and Emerson (Mei, 1985) refers to a study that showed that the soil near a
buried pipe was not significantly disturbed beyond a radial distance of four feet. Therefore,
using this assumption, farfield temperatures could be maintained at an outer radius of 4 feet

from the pipe without significant errors.
4.4 Oak Ridge National Lab M odel - Description

This section, 4.4, briefly describes the model developed at ORNL. A description of the
TRNSY S model followsin section 4.6.

The ORNL model breaks the buried pipe length and a surrounding cylinder of soil into axial

sections (Mei, 1986). Each section isthen divided into a nodal network asin Figure 4.1.



_>
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Section of Earth and Pipe
Figure4.1 Length divided into axial sections

The pipeislocated at the center of the cylinder of soil. Immediately surrounding the pipeisa
cylinder of backfill. Backfill can be any number of heat transfer enhancing materials often
poured or packed around a buried pipe. If no backfill is desired, properties of the surrounding
soil could be used. Soil heat transfer by conduction occurs both radially and
circumferentially. The energy transfer in the soil, pipe wall, and backfill is described by
partial differential equations. The partial differential equation for heat transfer in the soil is
shown in equation 4.1. Solutions are found for the partial differential equations by

converting them into finite difference equations.

VT 10T, 19%Tg 1 Ty (4.1)
™ r I 2 92 ag; M '
Mass and energy balances are performed on the fluid in each axial section, where the fluid is
treated as fully mixed throughout each section. Equation 4.2 is the partial differential

equation which describes the energy balance on each fluid node.

e, 2 o, (4.2
qt ™ rore G
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The fluid exchanges energy with the inside pipe wall based on the following relation,

eguation 4.3.
1T
qe=h(T, - Ty jr = Kpﬂ—rp 4.3)

o

The effect of the convection coefficient, h, in equation 4.3 was investigated in the ORNL
report to determine whether or not convection within the pipe was a significant contributor to
the resistance of energy flow. Answering this question would reveal the accuracy required
for the calculation of the convection coefficient. It was found that the thermal resistance due
to convection was only a factor when the flow became laminar. As long as the flow was
turbulent, the heat transfer from the pipe to the soil did not change significantly as the heat
transfer coefficient was changed. Since the value of the convection coefficient did not effect
the solution as long as flow was turbulent, the ORNL model assumed a value of Nusselt
number that was representative of the type of turbulent flow found in a ground heat
exchanger. Flow in ground heat exchangers is turbulent, near the transition from laminar to

turbulent.

A finite difference model has a time step below which the numerical solution will become
unstable. Thisis called acritical time step, and is the thermal capacity of the node divided by
the sum of the surrounding thermal resistances. Thisis calculated using equation 4.4.

mass; * ¢

dti ,critical = — (4.4)

a—

For the ORNL model, the smallest critical time step was approximately 0.05 minutes, and
occurred in the nodes representing the pipe wall. However, the smallest soil node had a
critical time step of around one minute. If the entire node updating procedure were
performed at the time step of 0.05 minutes, it would take days to complete a one hour

simulation. In order to shorten the simulation time, two time step levels were used. The first
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time step level of 0.05 minutes was used to update the fluid and pipe temperatures. The

second time step level of 0.75 minutes was used for the backfill and soil nodes.

The farfield temperatures, or the temperatures at the outer boundary of the cylinder of soil are
afunction of time and depth. ORNL used a function derived by Kusuda which estimates the
seasonal variation of ground temperatures with depth (Kusuda, 1965). This approximation is

given in equation 4.5.

I & p _o}’zu
T(Zaeptn - tyear) = Tmean = Tamp ™ €XPI - Zeiepth £ oy )I;
|
(4.5)
L Iopye Z gept @ 365 52 W
cosj %étyear' tanift - > — W
; & epag; 9 b

Tmean 1S the mean value of the ground surface temperature for a specific location over an
entire year. Tayp isthe amplitude that the surface temperature experiences throughout a year
at that location. The surface temperatures lowest value will be Tmean - Tamp, and its highest
value will bé Tmen + Tamp. The parameter tgys is the difference in time between the
beginning of the calendar year and the occurrence of the minimum surface temperature.
Values of Tmean, Tamp, aNd tgyist are given for different geographic locations. The range of
temperatures generated by this equation is shown in Figure 4.2. Line W shows one extreme
that the temperature profile assumes during the winter season. Line Su shows the other
extreme that the temperature profile assumes during the summer. In between summer and

winter extremes, ground temperatures will fall between linesW and S.
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Figure 4.2 Kusuda ground temperature profiles with depth

In the spring, as the surface temperature increases, the deeper ground temperatures rise more
slowly, as shown with line Sp. In the fal, as the surface temperature decreases, the deeper

temperatures cool down more slowly, as shown by line F.
4.5 Improvementson the ORNL M odel

Upon close examination of the ORNL FORTRAN code, areas were found where
improvements had to be made. Some of the improvements were made to customize the
program for the particular needs of this project. Other changes were made due to errors

discovered in the ORNL code.

The first problem with the ORNL model was its Slow computational speed. The reason for
this low speed was the high level of detail with which the model was built. Small nodes
were created in the pipe and backfill regions to track their temperature with respect to time.
A very small mass will cause the numerator in equation 4.4 to become very small, creating a

tiny critical time step; discussed in the last section, the smallest critical time step was less
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than 0.05 minutes. Figure 4.3 shows the nodal network around the pipe for the ORNL model.

The pipe and backfill region are divided into two nodes each.

Figure 4.3 ORNL model for heat transfer around pipe

Tracking these temperatures at such small time steps is unnecessary when the critical time
step of the soil around the pipeis 20 times larger. Their contribution to the resistance of heat
transfer, however, isimportant. A model which includes the pipe and backfill resistance and
mass contributions while eliminating the tiny critical time step will be discussed in the next

section.

Another problem with the ORNL model was that afluid element, or a temperature front, does
not pass through the length of the pipe in the correct amount of time. For instance, if a flow
rate of 100 ft/min were used with a 1000 ft pipe, it should take 10 minutes for any
temperature changes at the inlet to pass through the pipe. The ORNL model passed the inlet
variations immediately through the pipe. This problem was traced to an incorrect updating

procedure for the fluid temperatures in the FORTRAN code. The original code updates each
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section, from the fluid to the outermost nodes, for each time step before moving to the next
section. When the first section isinitially updated, the update begins with every temperature
at time zero and ends with every temperature updated to the new time level. Section two
should also begin with every temperature a time zero, because the fluid flowing into section
two is the fluid leaving the first section at time zero. This was not the case with the ORNL
code. Section two mistakenly had water flowing into it which was at the updated time level.
This caused a temperature front to move through the entire length of tubing almost instantly.
Changes needed to be made to correct this error and decrease the computational time of the
ground model. It was decided that to implement these changes the entire ORNL model

would be gutted and used only as a skeleton for the improved version.

4.6 Description of the TRNSY S Ground Heat Exchanger Model

As discussed, the new model uses the ORNL model as a base. The soil grid structure and
farfield temperature calculation were not changed. This section contains a detailed

description of the TRNSY S ground heat exchanger model.
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Figure4.4 Labeling of nodes for finite difference grid.

The new model has the pipe located at the center of alarge cylinder of soil. The cylinder of
soil is then divided into axial sections along the buried pipes length. The heat transfer is
symmetric about a vertical line passing through the center of the pipe, so only half of the
cylinder needs to be modeled. Heat flow can travel radially and circumferentially, but not in
the axial direction. Thisis agood assumption since in the axia direction distances are large
and temperature differences are small. Farfield boundary temperatures are given by equation
4.5, the Kusuda relation. The ORNL soil property assumptions are used for this model.
Figure 4.4 shows a sample grid layout. Nodes are labeled for section (j), radius (i), and
rotation from the top (m). The variable k marks whether or not a node has been updated.
Fluid temperatures are tracked with the variable array U(j,k). The rest of the soil

temperatures are tracked in the array S(i,j,m,k).
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S(i,j,m-1,k) S(i+1,j,mk)

Figure4.5 Resistances from a soil node to surrounding soil nodes

The radia and circumferential heat transfer were modeled using the thermal resistance
approach. Although the thermal resistance approach to heat transfer is based on the same
partial differential equations used in the ORNL model, the thermal resistance approach is
superior due to its simplicity in concept and implementation. Figure 4.5 shows how the

resistances were arranged.

The values of the resistancesin Figure 4.5 are defined as follows in equations 4.6 and 4.7.

r(i)* Dq

. 46

arc(l) Ksgit * (i () - Tmia (i~ D)* DZ o
In ri+1)/

Riag (i) = %(I) @

Dq * kg * DZ
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Using these values of Rgjrc and Rrad, the temperature of soil node, S(i,j,m,k), is updated

using equation 4.8.

(Vo). (SLbmk+D-Sijmk)) _ (Si+1jmK)-Si.j.mK)
! dt Rraq (1)
L(S0-1jmK) | (S0.im+LK-S0imK) , (Si.i.m- 1,k)-S(.j,m.k)
Rrad(i - 1) Rcirc(i) Rcirc(i)

(4.8)

The critical time step of the new model was increased by smplifying the ORNL grid
structure. The node structure shown previously in Figure 4.3 led to very small critical time
steps. In the new approach, shown in Figure 4.6, a dlice of the pipe mass, a dice of the
backfill mass, and a small section of soil are included in the mass of the innermost nodes.

Energy transferring from

Soil

Backfil

Fluid

Pipe Wal

Figure4.6 New model for heat transfer around pipe
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the fluid to the first node, at i = 1, must pass through a thermal resistance that includes fluid
forced convection, pipewall, and backfill. Energy flowing fromi=1 to i=2 must pass through
the resistance which the small portion of soil provides. Using this new approach, the critical
time step has been increased from 0.05 minutes to between 0.5 to 3 minutes, depending on

the radii chosen for the innermost nodes.

The energy transfer to and from a fluid node was modeled as shown in the following figure,

Figure 4.7, where U(j k) is the fluid node temperature.

Huid
sction j

MyGp(U; -1

: Qou
My xCp(Uj1 - To)
Figure4.7 Energy diagram of fluid node

Equation 4.9 is used to model the energy transfer shown in Figure 4.7.

. o mfdt dt
UG, k+1) = U(,k) + v )ﬂwd(U(J 1K) - U(,k))- (v p)”wd Cout (4.9)
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Figure 4.8 Model of heat transfer from fluid in section J

The energy flowing from the fluid into the soil, dout, is calculated using the resistance

network shown in Figure 4.8.

The resistance values shown in Figure 4.8 are calculated using equations 4.10, 4.11, and 4.12.
1

Riiuia = - (4.10)

conv A surface

| naf pipe, outy 9
8 rpi pe,inner @

Ryige = (4.11)
Ppe p kpipe DZ
In§ backfill,outy 0
Mbackfill, inner @
Rpackfill = ' (4.12)
e P Kpackiin DZ
Equation 4.13 shows how these resistance values are used to find @, .
¢ U(j,k) - avgS;
Gout = ( ) (413

Rtotfl ow

where

Riotflow = Riuid + Rpipe + Rbackfil (4.14)
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and

Mgac
a S1j, mk)

avgs; = mzlm— = average temperature of inner il ring. (4.15)
max

The convective resistance, Ry g, is calculated as shown in equation 4.10. The ORNL paper

proved through numerous tests that the heat transfer from the fluid to the soil is a weak

function of the convection coefficient, and therefore an exact value of hegny IS NOt important

for an accurate solution. The same conclusion can be drawn simply be comparing the relative
values of the resistances effecting the heat transfer from the fluid to the soil. Some typical

values of resistance are:

PF
Rfuid =0.05 (4.16)
a t9/ mi n)

Rpi pe =0.75 (B%F) (4.17)
min
bF
Rbackfill =0.65 (B,[T) (4.18)
min

When flow is turbulent, the resistance due to convection accounts for less than 5% of the
total resistance. Aslong as the fluid remains turbulent, Ry g is not a significant contributor
to the overall resistance. The thermal resistance of laminar flow has a value approximately
equal to the resistance of the pipe wall causing laminar flow to significantly decrease the
effectiveness of the buried heat exchanger. Turbulent flow is aways maintained in ground

heat exchangers for this reason.

The time step chosen for the TRNSY S simulation may not always be adequate for the ground
heat exchanger model. TRNSYS users may set the simulation time step, dttrnsys, from

minutes to hours. Since the finite difference model must operate at a time step below the

critical time step, usually in the range of 0.5 minutes to 3 minutes, the model is designed to
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run at a user specified time step, DTIME, which is always less than or equal dttrnsys: When
TRNSY S calls the ground heat exchanger for an EWT, the ground heat exchanger subroutine
will update node temperatures a number of times before it returns an answer. This way, the
heat exchanger subroutine can be operated at time steps below the critical time step, while the
simulation can operate at any time step desired. Three requirements must be satisfied when

choosing avalue of DTIME in order to assure correct operation of the ground heat exchanger

model.

First, DTIME must be less than the amount of time it would take for a fluid front to flow
through one section of pipe of length DZ. Equation 4.19 shows this calculation.

VEL qig

DTIME should be less than 25% of DTIMEpax to avoid errors in the accuracy of the fluid

energy balance.

The second requirement is that DTIME be an integer division of the ssimulation time step,

dttrnsys. The possible values of DTIME can be calculated using equation 4.20.

DTIME = d_tLNSYS (4.20)
integer
This means that when TRNSY S calls the ground loop model for a solution, the ground loop
model takes an integer number of time steps to reach a solution. Since the ground heat
exchanger time step is less than or equal to the simulation time step, severa full grid
temperature updates are made every simulation time step. With each grid temperature
update, a value of the EWT is calculated. If dttrnsys is 5.0 minutes and DTIME is 1.0
minute, there would be five grid wide updates, and five new EWT calculated. Since the
program only returns one EWT per simulation time step, the average of these five EWT must

be taken, as shown in equation 4.21.
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EWT(l) + EWT(Z) + EWT(3) +. ..+ EWT(integer)
simulation step —

EWT (4.21)

integer

If dttrnsys IS not an integer multiple of DTIME, the averaging procedure will not operate
correctly. The program could have been modified to handle non-integer situations, but it was
much simpler to have the user input a DTIME which went into dttrnsys an integer number

of times.

The third requirement is that the ground loop time step be less than the critical time step.
Thisis calculated using equation 4.4. The critical time step will either occur with the fluid
node or with the first row of soil nodes. If al three of these requirements are met, the ground

loop should run without experiencing instability or calculation errors.
4.7 Testing of the TRNSY S Buried Closed Loop Heat Exchanger

The TRNSY S model for the closed loop heat exchanger had to be tested. First, steady state
runs were made and every node was checked to locate potential errors. Second, the transient
behavior of the model was examined. The transient examination makes a comparison to

another model, and plots the EWT vs. time for the entire year.

Three different tests were run to check the model reaction to steady state situations. First, the
radial temperature profile was compared to that from an analytical solution. To analyze the
radial heat transfer, the circumferential component was eiminated by removing any
temperature gradients in the circumferential direction. This was accomplished by setting
each of the farfield nodes to a constant temperature of 70°F. Fuid entered the pipe at a
temperature of 30°F and a flowrate of 10 gallons per minute. When the temperature of the
fluid leaving reached a steady value, the radial temperature profile of the soil region was
compared to an analytical solution and matched up perfectly. This was expected since the

resistance values were based on the same equation as the analytical solution.
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Another steady state test was used to examine how the grid reacted when flow was stopped.
This test was performed for a uniform farfield temperature of 70°F and also for a temperature
profile given by the Kusuda ground temperature approximation in equation 4.5. For both
runs, farfield conditions remained constant throughout the entire simulation, and initial soil
nodes temperatures were 40 °F. With no flow, the grid with the 70°F boundary conditions
became a uniform 70°F over the entire grid. For the model with the Kusuda approximation,
the grid temperatures al approached the farfield temperatures for that depth, with some

expected temperature distortions around the buried pipe.

After numerous steady state tests, all nodes were identified as working properly. There were
no oddities discovered at the vertical line of symmetry, nor from section to section along the

length of the pipe. The boundary conditions were found to be functioning properly.

Energy balances were performed locally on a node to node basis, as well as globally for the
entire length of soil and pipe. Energy balances on each node showed correct operation, where
the change in energy of each node equaled the difference of the energy entering and leaving
the node. For the global energy balance, a smple two section system was monitored over
one hour of operation. Energy flowing in from the farfield boundary was summed, as was the
energy flowing into the first section and out of the second section. The change in
temperature of every soil node and both fluid nodes was monitored to sum the total changein
energy stored. Globally, the energy that entered from the farfield boundary plus the net

energy carried by the flowing fluid equaled the change in energy of the entire grid of nodes.

The minimum EWT, which is the lowest water temperature entering the heat pump during
the entire year, generated by the TRNSY S model was compared to commercial software used
in the sizing of ground loops. In climates with large heating loads, ground heat exchangers
are sized to provide fluid to the GCHP above a certain temperature during the worst winter

conditions. Thisis done to protect the ground loop and heat pump equipment from damage
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due to freezing coil fluid. Commercial programs use the line-source theory to predict ground
loop lengths given a ground heat exchanger load, soil properties, location, loop formation,
and a desired minimum EWT. Oklahoma State University produces one of the line source
theory based ground heat exchanger sizing programs. This program, Closed Loop Ground
Source Design (CLGS), was obtained courtesy of Professor Jim Bose at OSU (OSU, 1989).
Using this program, a comparison was made to the TRNSY S ground heat exchanger model

using the test parameters of Table 4.2.

Table4.2 Parameters used in the loop length vs. EWT comparison

Winter Design Temperature 0°F (-18°C)
Winter Thermostat Setting 70 °F (21 °C)
Design Heating Load 65000 Btu/hr (19 kW)
Outer Pipe Diameter 19in (48.3 mm)
Inside Pipe Diameter 1.6in (40.6 mm)
Pipe Thermal Conductivity 0.226 Btu/hr/ft/°F | (0.391 W/m/°C)
Pipe Buria Depth 8ft (243 m)
Soil Annual Mean Temperature 49 °F (9.4°C)
Amplitude of Surface Soil Temperature |21 °F (11.7 °C)
Phase Constant 41 days (41 days)
Soil Thermal Diffusivity 0.050 ft2/hr (1.3 W/m/°C)
Soil Thermal Conductivity 2.00 Btu/hr/ft/°F | (3.46 W/m/°C)
Heat Pump Characteristics 2.83ton (9.95 kw)

7 gpm (0.441 kg/s)

CLGS was used to find the length that corresponded to a given minimum EWT. TRNSYS
simulations were run for several different grid designs to examine how the choice of the
parameters, such as the number of sections and the farfield radius, affected the output. The

minimum EWT generated by TRNSY S was the lowest temperature attained during the course
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Figure4.9 Entering water temperature vs. time of year

of an annual simulation. The graph in Figure 4.9 shows how the temperatures generated by
the TRNSY S model vary with time of year. The EWT returned by the ground heat exchanger
model is plotted for each TRNSY' S time step for which there was GCHP operation. The
minimum EWT, pointed out on the graph, typically occurs around the same time as the

minimum soil temperature.

The results of this comparison are shown in Figures 4.10 and 4.11, and severa trends are
immediately noticeable. First, as the farfield radius of the TRNSY S model is increased, the
results agree better with the CLGS output. Second, as the number of sections of the
TRNSYS model is decreased, the results agree better with the CLGS output. Third, the
TRNSY S model consistently predicts EWT which are higher than the CLGS program. These

trends can be explained if one understands the models.
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Figure4.10 Comparison of CLGS and TRNSY S model
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Figure4.11 Comparison of CLGS and TRNSY S model

The line source theory assumes that a pipe is buried in a large cylinder of soil. The outer
boundary of this cylinder is called the farfield radius, which is the distance from the pipe
where the soil temperatures are undisturbed by the absorption and rejection of energy. With
the line-source theory, the cylinder radius increases as the operating time of the buried pipe
increases. This occurs because the energy stored in the cylinder of soil is removed by the
heat exchanger faster than it can be replenished in by the surrounding soil, so temperatures
decrease. It is assumed that the buried pipe has a uniform flux along its entire surface, and
that there are no temperature gradients in the axia direction of the pipe (Hart, 1986),
spreading the pipe load evenly over the entire length. Therefore, the end of the cylinder

located near the fluid inlet experiences the same load as the outlet end of the cylinder. Figure
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4.12 shows the line source modeling assumptions. The TRNSY S model divides the length
into sections, where within each section there is uniform energy flux and no axial temperature
gradients. However, the load is not evenly distributed over the entire length of the pipe, with

the first nodes experiencing the largest loads.
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Figure4.12 Line source theory assumptions
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Figure4.13 TRNSY S model when NZ =4
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Figure4.14 TRNSYS model when NZ =1

The farfield radius is a fixed distance from the buried pipe, and has a maximum value equal
to the pipe depth. Figure 4.13 shows this model. If the entire length of buried pipe is treated
as one section, meaning NZ = 1, it would appear that the TRNSY S model was identical to the

line source theory. Figure 4.14 shows how the TRNSY S model looks with only one section.
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Figure 4.10 shows that the TRNSY S model, where the entire heat exchanger is treated as a
single section, yields a higher EWT than the line source theory even though they are similar
models. The difference is that the farfield radius of the TRNSYS model is a constant,

whereas the line source theory farfield radius increases with operating time.

As a ground heat exchanger removes energy from the soil surrounding the buried pipe, the
soil temperature around the pipe decreases, increasing the farfield radius. As more energy is
removed from the ground, the farfield radius continues to increase. The effectiveness
decreases because the temperature in the soil surrounding the pipe becomes lower, decreasing
the temperature difference between the fluid and the surrounding soil. If the farfield
temperature boundary is prevented from expanding beyond a certain point, as with the
TRNSY S model, the rate of heat transfer is maintained artificially high, and the same length
of pipe can deliver a higher EWT during the heating season. So, even when both models use
only one section for the entire length of pipe, the TRNSYS model will return higher
temperature. Figure 4.11 confirms the effect of the farfield radius, because as the farfield

radiusis moved in from 8 feet to 2 feet, the minimum EWT increases considerably.

Two factors contribute to the increase in EWT as the number of sections increases from 1 to
10 hastwo. Thefirst factor isthe proximity of the farfield radius, and the second factor is the

distribution of the load over the length of the pipe.

The first factor, the location of the farfield radius, contributes in the following way. The first
sections along the length of the pipe, nearest where the flow enters, experience the first
demands for energy. With a real buried heat exchanger, when the first 100 feet of heat
exchanger becomes cooled and its effectiveness declines, the greater part of the load is
shifted along to the next section of pipe. This continues until the entire length of pipe is
needed to deliver the desired minimum entering water temperature. The farfield radius of the

TRNSY S model is limited by the burial depth of the pipe. As energy is removed from the
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soil in the TRNSY S model, the temperature disturbance of the first section approaches its
limited farfield radius, and its effectiveness reaches a steady value, higher than that section
would experience if the farfield radius were allowed to increase. Thus, the first nodes meet
more of the load than they should, requiring less of the load to be shifted to the next sections.
The last sections along the pipe length are essentially not being used at al. This effect is
most prominent when sections are shorter than 150 feet. In future models, this problem could
be avoided by modifying the model to handle a farfield radius larger than the pipe depth.
This would allow the effectiveness of the first sections to continue to decrease, thus shifting

the load to the sections further along the pipe.

The second factor is aresult the line-source theory assumption of a single section. It has been
mentioned that the line-source theory makes conservative predictions, so that loop lengths are
longer than needed (Hughes, 1985). This occurs because of the way the load is spread evenly
over the entire length of pipe. If the pipe is broken into two sections, the minimum entering
water temperature would increase. Figure 4.15 shows how this occurs.

Soil Temperature

A for Two Section Model

Soil Temperature Z
for One Section Model — — — —_ —_- = =

Temperature

Fluid Temperature
for One Section Model
Fluid Temperature

for Two Section Model
>
Loop Distance Along Loop Loop
In Out

Figure 4.15 Fluid temperature profiles for one and two section loop models
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With a single section, the entire length of soil decreases in temperature evenly. In a two
section model, the first section is loaded more than the second section, bringing the soil
around the first section to a lower temperature than that of the second section. The second
section will have higher temperatures around it than it would if the entire length of the pipe
were loaded evenly, which is shown by the dashed lines in Figure 4.15. This means that the
outgoing fluid can reach higher temperatures with two sections than it could with one. So the
fact that the TRNSY S model predicts higher temperatures is expected since it has many

sections along the length of the pipe.

The bar graph in Figure 4.16 shows that the output is fairly insensitive to the parameters
selected for the TRNSY S buried heat exchanger. The performance of the GCHP, although a
function of EWT, is not a strong function. The small changesin EWT which result from the

different model formations do not result in large changes in system energy consumption.
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CHAPTER

FIVE

ECONOMIC ANALYSISMETHODOLOGY

A major obstacle keeping ground-coupled heat pumps from becoming the heating and
cooling unit of choice is customer uncertainty with the technology and economic benefits.
The home owner, perceiving GCHP as a new technology, and uncertain of the actual benefits,
may be wary of installing a GCHP system. Adding greatly to the customers perceived risk is
the high initial cost which makes GCHP a risk that customers are generally not willing to
accept. Contractors have commented that customers are less willing to spend $10000 on a
heat pump than they are on a new automobile, even though the heat pump could save them
thousands of dollars over its lifetime. Filling the house with nice carpeting and furniture has
a higher priority than upgrading the heating and cooling system (Eaglin, 1994). For GCHP to
gain popularity, people and utilities need to understand the benefits of GCHP financially and
environmentally. The results of the economic analyses may reduce some of the uncertainty

and sense of risk that the home owners fedl.

In the previous chapters, models that ssimulate house heating and cooling systems were
discussed. This chapter discusses the economics that will be used to analyze the output
produced by the system models. The first section discusses the economic anaysis that is
directed toward the customer, showing the life cycle savings (LCS) they could realize by
installing a GCHP. The second section discusses the calculation of the savings that a GCHP
system means to society through avoided costs. The third section discusses some of the

assumptions for the costs of loop and unit installations, electricity, and natural gas.



5.1 Economic Analysis- P1, P, Method for Life Cycle Savings

The financial savings that a system generates over its lifetime is calculated with an economic
analysis. When ingtalling a new system, there are two important factors to consider. The
first factor is the differential cost, which is how much more the system will cost to install
than an alternative system. The second factor is the energy savings that the system will
provide over its lifetime compared to an alternative system. An economic analysisis used to
financially compare the systems, bringing the future differential costs and savings back to
1994 dollars. Many parameters are used in an economic analysis. The Py, P, economic

method combines all of the economic parametersinto just two (Duffie, 1991).

The first parameter, Py, is a function of the discount rate, fuel inflation rate, and the duration
of the analysis. By multiplying the energy savings for one year of operation by P1, the total

fuel savings the system represents over the analysisis brought back to 1994 dollars. Equation
5.1 shows the calculation of P;.

Py = (1- CE) PWR(N,,if,d) (5.1)

PWFE(N i, 0,d)

P, =D +(1- D)*
PWF(N, ,0,m)

1 0

é e
- #(1- DYAPWE(N .. . e
t( )gP\N ( rnln,m,d)gm PWFENN, .0.m)5

.\ PWF(N ;,,0,d)U
PWF(N, ,0,m) (5.2)
+Mg(1- Ct) " PWF(N,,i,d) +tV(1- 1) PWF(N,,i,d)
ct R
- = PWF(Ng ,0,d) - —¥L—(1
Ng (Ngi,,0,d) (1+d)Ne(

o))

The second parameter, P,, which is calculated as shown in equation 5.2, is multiplied by the

differential cost of the installation. This calculates the 1994 dollar value of costs associated

with operation, depreciation, taxation, installation, and loan payments. Both P; and P, bring



3

a series of future payments back to their present worth. This is done using the present worth

factor for a series of payments shown in equation 5.3.

N -1
o (1+i)
PWF(N, "d)_f-'i‘l—(ﬂ 3

(5.3)

The LCS of a system can quickly be calculated for different values of P; and P, using

equation 5.4.

LCS = P, * DCOStoperating = P2 * DCOStingalled (54

The LCS realized by the homeowner is a trade off between initial costs and fuel savings. See

the nomenclature section for a description of the parameters used in the calculation of P; and

Ps.

The LCS calculation will be used with three different economic scenariosin thisreport. Five,
ten, and twenty year analyses will be performed assuming 100% cash payment for the all
system installations. Each analysis will assume the economic parameters shown in the Table

5.1 (WCDSR #2, 1994).
Table5.1 Economic Parameters

Economic| Vaue
Parameter
[ 3.0%
d 5.5 %
I 4.0 %
D 1.0
thar 25%
t 2.5%

The values of P; and P, are different for each system component due to differences in life

expectancy and resale value. These values are listed for each system component in Table 5.2.



Table5.2 Values of P; and P, used in the economic analyses

P, Values
S5years 10 years 20 years
GCHP unit 0.365 0.660 1.095
Well Equipment 0.702 1.160 2.050
Closed Loop 0.556 0.952 1.438
ASHP unit 0.747 1.245 2.202
Air Conditioner 0.747 1.245 2.202
Gas Furnace 0.556 0.952 1.438
P; Values 4.6 8.9 16.6

5.2 Avoided Costs

When efforts are made to reduce the energy consumption and power of a system, society
saves in many ways. Some of these savings are quantified by utilities as avoided costs in
terms of three categories:

1) Energy (fuel)

2) Demand (capacity)

3) Externalities (emissions, environmental and public health)
The energy category accounts for the fuel that was saved as a result of the new system
installation. Demand accounts for the reduction in peak kW draw resulting from the
installation of the new system. This demand savings accounts for both costs associated with
new generator construction and a reduction in the use of the less efficient peaking turbines.
The third category, externalities, accounts for emissions such as SO2 and greenhouse gases.
This factor could either quantify the health effects these pollutants have on society, or they
could be the costs incurred by the utility in controlling the emissions at the source. Although
these values are often debated, they can help a utility rank the societal savings of a

prospective technology and aid them in deriving an appropriate rebate.



Table 5.3 Avoided costs for peak demand and On/Off peak KWH usage.

Description/Time Period | Avoided Costs Including | Avoided Costs Including
SO2 Emissions S0O2 & Greenhouse Gas
Emissions
Summer Peak Demand 72.67 S/KW-yr 72.67 $/KW-yr
Summer: on-peak 2.772 centyKWH 4.471 cents KWH
Summer: off-peak 1.767 centsKWH 3.388 centy KWH
Winter: on-peak 3.129 centy KWH 4.796 cents KWH
Winter: off-peak 2.187 centyKWH 3.792 cents KWH
Spring/Fall: on-peak 2.803 centyKWH 4.420 cents KWH
Spring/Fall: off-peak 1.937 centsKWH 3.556 centy KWH

Table5.4 Seasona on and off peak time periods

Winter: on-peak
Winter: off-peak
Spring/Fall: on-peak

Spring/Fall: off-peak

December through March
December through March
April, May, October,
November
April, May, October,
November

Time Period Seasonal Months Hours
Summer: on-peak June through September 9 am to 9 pm - weekdays
Summer: off-peak June through September al other times

9 am to 9 pm - weekdays
all other times
9 am to 9 pm - weekdays

al other times

Wisconsin's Statewide Technical and Economic Potential (WCDSR #2, 1994), a part of the
Public Service Commission's Advanced Plan 7, lists values for avoided costs for seasonal on
and off peak values. Table 5.3, which was taken directly from the Advanced Plan 7, contains
the avoided cost values used in this analysis. The values listed are average avoided costs that

include most of the utilities in the state of Wisconsin. The first column of costs in the table

considers SO2 emissions, and the second considers SO2 and greenhouse gas emissions. A

description of the seasonal on and off peak time periodsis shown in Table 5.4.
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Avoided costs are calculated in the following way. Assume that for a new installation there
is a choice between system A and system B. System A could be the original equipment or a
conventional replacement. System B is the energy efficient aternative to system A. The
energy saved for each period listed in Table 5.4 is calculated by subtracting the KWH used by
system B during each period from the KWH used by system A during the same period. The

avoided cost can be calculated for each of the time periods, as shown in equations 5.5 - 5.10.

ACamon =0. 02772[K\}$§/H ]* (KWH A sum,on = KWHB gymon) (5.5)
— $
ACqm orr =0.01767 FKWH ]* (KWH A sm oFF - KWH g gim oFF) (5.6)

ACuyinter N = 0-03129[K\:/?/H ]* (KWH 5 winter,on = KWH g winter,on) (5.7)
ACyinter oFr = 0.02187 K_\?/H]* (KWH A winter, oFr = KWH g yinter,0Fr) ~ (5.8)
ACgqyr/tal,on = 0.02803 :K%]* (KWH A sor/fait,on = KWHE grjraion) — (5:9)
ACqpritai,oFF = 0. 01937[%]* (KWH 5 sor/tall,0F = KWH g/ fail orr) (5:10)

A summation of the avoided costs for each of the time periods, added to the avoided costs
from to the reduced summer peak demand, is the avoided cost system B represents for one

year of operation, as shown in equation 5.11.

ACtoraL = ACqmmer Pek

+ ACsum,ON + ACsum,OFF

511
+ ACwi nter,ON + ACwi nter, OFF ( )

+ ACqystalon + ACqrtal,oFF

In order to determine the system lifetime avoided costs (LAC), the present worth factor in
equation 5.3 will be used to bring future annual avoided costs back to current dollars. This

calculation is shown in equation 5.12.
LAC=AC* PWF(N,i,d) (5.12)

This project investigated the avoided costs associated with an upgrade to a GCHP in order to



7

offer an alternative economic view point to the life cycle savings economic analysis. There
are two trains of thought that need to be discussed in this report. The customer possibly
decides in terms of life cycle savings (the higher the better), while the utility considers
avoided costs (the higher the better). Often, a high LCS and a high LAC do not occur
simultaneoudly since the systems that provide the highest energy savings are often the most
expensive for the customer to install. For instance, some systems may save the homeowner a
significant amount of money but reduce peak demand very little. Other systems may not save
the homeowner money due to high initial costs, and yet provide large energy savings and kW
peak reductions for the utility. The utility, which may want the high efficiency system
installed, can improve the LCS by offering to offset some of the initial cost through a rebate
or other financia incentive. The LCS for the customer is improved and the installation

proceeds to the satisfaction of both parties. An evaluation of rebates will be considered.
5.3 Summer Peak Demand Approximations

An important component of avoided costs is the summer peak power. This is the power at
which a system operates during the most extreme summer conditions. At these conditions,
most residential and commercial air conditioning units will be operating at the same time,
creating the highest power peak the utilities will see all year. Futher, peak power is often
provided by a different, often less efficient, power source (gas turbines) than the base power.
If a system can perform the same job with a reduction in peak power, it represents an avoided

cost to the utilities.

For this project, the peak power for each system was needed to make a comparison to the
base system peak so avoided costs could be calculated. Peak power values are difficult to
take from the actual simulation output. Direct comparisons cannot be made of system peak
demand for all of the systems simulated since, at a certain time of day, one system may be

operating while another isidle. In practice, the peak power of a system is the average power
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of amany systems for a 15 minute period, taking into account the cycling of many pieces of
equipment and the chance that a certain number are operating simultaneously. Since this
requires a large number of computer runs, it was necessary to make approximations for the

peak power requirements.

Two methods were used to appoximate the summer peak demand. For the roughest
approximation, the steady state peak power was taken directly from the equipment
performance catalogs, assuming that at the peak time of day a system would be operating
continuously. This approximation is accurate for a system which operates continuously
during the peak time periods. For instance, the 2.83 ton GCHP has a cooling capacity of 25.6
MBtu/hr, while the maximum summer cooling load is 30.0 MBtu/hr. This system would

operate continuously to during the peak period. The average peak demand of alarge number

Table5.5 System peak demand - steady state values

System Peak Demand [kW]
5.83 ton GCHP 25
4.75 ton GCHP 1.9
3.75 ton GCHP 3.3
3.33 ton GCHP 2.7
2.83 ton GCHP 2.1
3.84 ton ASHP 4.2
3.43ton ASHP 3.7
2.60 ton ASHP 3.1
3.50ton AC 3.8

of these systems would be the same as a single system since they would all operate
continuously. This is not a good approximation when the equipment capacity exceeds the
cooling load, as with the 3.84 ton ASHP. This unit has a cooling capacity of 31.8 MBtu/hr,

so in ahouse with a cooling load of 30 MBtu/hr it will only operate for 94% of the time. For
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a large number of systems cycling on and off at different times, the average peak demand
would be lower than the steady state value of 4.16 kW. The peaks reported for various
systemsislisted in Table 5.5.

The second appoximation for peak demand takes into account cycling of systems, either on
and off or between low and high speeds. In this approximation, the runtime necessary for a
system to meet the peak summer cooling load of 30 MBtu/hr was calculated. There were
three scenarios to calcul ate.

1) System cooling capacity is smaller than the load.

2) System cooling capacity is larger than the load.

3) Cooling load falls in between the high and low cooling capacities of a two-speed

unit.

The peaks calculated for this approximation should better reflect the average of a large
number of houses. The peaks calculated with this method are listed in Table 5.6.

Table5.6 System peak demand - values accounting for cycling

System Peak Demand [kW]
5.83 ton GCHP 2.3
4.75 ton GCHP 2.3
3.75 ton GCHP 2.1
3.33ton GCHP 24
2.83 ton GCHP 2.1
3.84 ton ASHP 3.9
3.43ton ASHP 3.7
2.60 ton ASHP 3.1
3.50ton AC 3.8

Accounting for cycling shows that the summer peaks of the larger systems are competitive

with the smaller systems. Since the larger systems are not operating for the entire hour, a
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large number of systems will have a reduced average peak when compared to their steady
state peak. The second approximation will be used since it provides a better comparison for

the peaks of the large and small systems.

Values of cooling capacity and peak demand were needed from the performance catalogs to
approximate peak demand. ASHP and air conditioners have performance that is a function of
the ambient air temperature. For these systems, peak power was taken from the performance
catalogs at an ambient air temperature of 95°F. This is approximately what the air
temperature would be on a peak Wisconsin summer day. Total power includes the
compressor, outdoor fan, and indoor circulating fan. GCHP would experience EWT of
approximately 70°F when the cooling loads are largest. The appropriate cooling capacity and
system power are taken from the performance catalogs. Total system power includes the

compressor, indoor fan, and the pumping power for either the closed loop or well system.

One way in which a GCHP could reduce peak demand for a 15 minute period might include
some contribution from the desuperheater. |If the desuperheater meets most of the hot water
load, the water tank resistive element does not need to operate for the entire 15 minute
interval, reducing the average peak. This is a difficult peak reduction to pinpoint, being
extremely unpredictable from household to household. So, no attempt was made to try to

determine what the peak reduction was due to the desuperheater operation.

For system comparisons, winter peaks were approximated in a fashion similar to cooling. On
the worst winter day, heating equipment loads can reach 60 MBtu/hr. Systems were assumed
to be operating constantly for a 15 minute period, either a maximum capacity if the capacity
of the equipment is lower than 60 MBtu/hr, or with just enough auxiliary to exactly meet the
60 MBtu/hr load. For instance, the electric baseboard heated house has 17 kW (58 MBtu/hr)
of heat, so it was operating at maximum capacity. A large GCHP might meet 50 MBtu/hr of
the load by itself at a power requirement of 5 kW, with the remaining 10 MBtu/hr being met
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by exactly 2.93 kW of auxiliary heat, for atotal power draw of 7.93 kW. EWT of 30°F were
used for the GCHP, and an ambient air temperature of -20°F were used for the ASHP.

5.4 Energy, System, and Installation Costs

Before performing an economic analysis, costs of the equipment and energy must be
determined. Many of the costs were readily available from contractors and manufacterers.
However, often costs need to be approximated using what information is known. This

section discusses the sources and assumptions that were used to find the costs.

The prices for the heating and cooling equipment are listed in Table 5.7. Prices for the
GCHP unit, and the associated accessories, were given by a Water Furnace distributor in
northern Indiana (Eaglin, 1994). These prices reflected approximately the average retail price
a customer should expect to pay for that Waterfurnace model. Pricesfor the air conditioners,
air-source heat pumps, and natural gas furnace were given by Jm Golish, a south eastern
Wisconsin contractor (Golish, 1994). The extras listed in Table 5.7 are for the air handling
unit and cooling coil associated with those pieces of equipment. Prices for the baseboard

electric heaters were given by Fish Building Supply of Madison (Fish, 1994).

Installation prices shown in Table 5.8 were gathered from a number of sources. The
installation of the air conditioners, natural gas furnace, electric baseboard heat, ASHP, and
GCHP were given by Golish. These prices are what Golish thought to be typical estimates
for the various unit installations. The GCHP installation is for the unit only, and does not
include the installation costs associated with a buried heat exchanger. Estimates for the
attachment of a well source to a GCHP were given by Lon Hoover of Illinois Geothermal
Engineering, a GCHP supplier in northern Illinois. This attachment includes a water storage
tank upgrade, a larger well pump, and if necessary, a newly drilled well. Ground heat

exchangers installation costs, which are fairly complicated, are discussed in the following
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Table5.7 Heating and Cooling Equipment Costs
Equipment Unit Cost Auxiliary Desuper - Extras
Heat heater
5.83 ton 2 speed GCHP $5560 $310 $350 none
Hi: 10.6 EER, 2.7 COP for 15 kW
Lo: 17.1 EER, 4.0 COP
4.75 ton 2 speed GCHP $5170 $310 $350 none
Hi: 12.6 EER, 3.0 COP for 15 kW
Lo: 19.2 EER, 4.3 COP
3.75 ton 2 speed GCHP $4730 $310 $350 none
Hi: 14.0 EER, 3.1 COP for 15 kW
Lo: 20.1 EER, 4.3 COP
3.33ton 1 speed GCHP $4270 $310 $350 none
15.2 EER, 3.4 COP for 15 kW
2.83 ton 1 speed GCHP $3870 $250 $350 none
14.4 EER, 3.3 COP for 10 kW
3.84 ton ASHP $2400 $300 none $500
12 SEER for 20 KW
3.43 ton ASHP $2200 $300 none $500
12 SEER for 20 KW
2.60 ton ASHP $1900 $300 none $500
12 SEER for 20 KW
3.5ton Air Conditioner $1650 none none $275
12 SEER
Natural Gas Furnace: $1500 none none none
eff = 96% , 60 MBtu/hr
Electric Baseboard Heater: $35 none none none
1.0 KW unit

12

The ground heat exchanger installation, the major cost of the GCHP system, is aso the most

difficult to estimate. Each contractor uses a different loop formation and has to deal with

different soil conditions.

None of the contractors had determined what fraction of the

installation cost was a fixed cost associated with moving equipment and preparing the site,

and what variable costs were associated with trenching and laying pipe.

However,

contractors were able to provide a typical installation cost for their heat exchangers. Dan
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Green, a GCHP contractor from Eau Claire, said that 90% of the loops installed by his
company were from $2500 - $3000 for a 3 to 3.5 ton system (Green, 1994). Lon Hoover said
that the loops installed in that area ran about $800 to $1000 per nomina ton. Loops in
northern Indiana, which are shorter due to the milder weather, tended to cost between $2000

to $2500. The loop should cost from $2500 to $3000 for a 3.0 ton system.

Table 5.8 Heating and Cooling Equipment Installation Costs

Equipment Installation

Cost

Ground-Coupled Heat Pump $1000 + $100 for

Desuperheater

Air-Source Heat Pump $1000

3.5 ton Air Conditioner $500

Natural Gas Furnace $500

Baseboard Electric Heat $200

Existing Well Hook-up $600

New Well Hook-up $5500

An approximation was needed for the installation costs of the single pipe per trench model
used the TRNSY S model. When loop lengths are varied in a LCS analysis, the installation
cost of the longer or shorter loops will need to be accounted for. What makes this difficult is
that the ground heat exchangers used in the field today are not single pipe per trench designs.
In northern Indiana, the pipe arrangements have been parallel systems with six pipes per
trench, with the pipes laid at 3.5 and 5.5 foot depths. Green uses an unusual buried heat
exchanger formation, where three to six loops of pipe are placed at the bottom of a trench that
is 8 feet wide by 8 feet deep. Hoover said that the typical pipe arrangement was a four pipe

per trench parallel arrangement, with the pipeslaid at 4 and 6 foot depths.

Steve Carlson, a principal engineer at CDH Energy Corp., has done some work on the
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economics of GCHP (Carlson, 1994). Two different studies used an approach where the
installation was broken into a fixed cost and a variable cost. In anational study the loop had
afixed cost of $1926 with a variable cost of $750/ton. In a north east utility study, the fixed
cost was $1000 with a variable cost of $1000/ton. Both of these give an installation cost of
around $4000 for a three ton GCHP. This is high considering the quotes provided for the
area, but can be used as a guideline. Considering the information provided by contractors,
the following approximation, in equation 5.13, will be used in this report to find the ground
heat exchanger installation costs for Eau Claire. Equation 5.14 will be used for Madison.

$1

C ion =$1200 + ——
Loop Installation foot of trench

(5.13)

$1
C ion =9$900 + —— 5.14
Loop Installation $ foot of trench ( )

For the lengths used in the models, these equations provide loop installation costs of $2650
and $2800 for a 3.33 ton GCHP in Madison and Eau Claire, respectively.

The next cost that was needed for the economic analyses was that of energy, both electrical
and natural gas. The competitiveness of GCHP against natural gas furnaces in the future
depends entirely on the relative values of electricity and natural gas. If natural gas increases
in price, GCHP will become an aternative. If natural gas experiences a price decrease, the
GCHP loses the economic comparison. Currently, most electric rates are between $0.065 and
$0.075/KWH, so a reasonable rate of $0.070/KWH will be used in this report. Natural gas
prices are between $0.55 and $0.65/therm, so a value of $0.60/therm will be used for natural

gas.
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CHAPTER

SI X

RESULTS

This chapter presents the results from the TRNSYS simulations. Performance, life cycle
savings, avoided costs, and general trends are discussed for the different sections of the
analysis. The sections include an investigation of different systems for the same house in
Madison and Eau Claire, an investigation of house size on the relative performance of several
systems, and an investigation of life cycle savings for different heat exchanger lengths.
Detailed listings of the parameters used for the systems in each of the above comparisons are
in Appendix E (Madison), Appendix F (Eau Clare), Appendix G (House Sizes), and
Appendix H (Heat Exchanger Lengths).

6.1 Heating and Cooling Systemsin Madison

This investigation compared the energy consumption, peak heating and cooling power,
avoided costs, and life cycle savings of GCHP, ASHP, resistance heat with an air conditioner,
and a natural gas furnace with an air conditioner for a 50000 Btu/hr house in Madison. The
GCHP equipment included two-speed compressor units of 5.83, 4.75, and 3.75 tons, and one-
speed compressor units of 3.33 and 2.83 tons. These GCHP were used with a horizontal
closed loop and a well source. The closed loop systems had one set with the desuperheater
option and one set without, and the well source heat pumps al were equipped with
desuperheaters. The ASHP units included one-speed compressor units of 3.84, 3.43, and

2.60 tons. The €lectrical resistance heated house had 17 kW of resistance elements and was
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equipped with a 3.5 ton air conditioner. The natural gas heated house had a 58000 Btu/hr
furnace with a 3.5 ton air conditioner. All systems used in this comparison were

representative of the highest efficiency units on the market.

Graphs of the output from this analysis are contained in Appendix A. Figure A.1 shows the
energy consumption of each system as a stack plot of heating, auxiliary heating, cooling,
pumping, and hot water tank heating. Figure A.2 contains approximate summer and winter
peak power for each system. Figures A.3 through A.40 show system energy consumption
broken into monthly and seasonal ON/OFF peak periods. Figure A.41 shows approximate
avoided costs for each system, compared to the base case of resistance heat with 3.5 ton air
conditioner. Figures A.42 through A.44 show the life cycle savings of the systems for 5, 10
and 20 year periods. Figure A.45 shows the life cycle savings of 3.33 and 4.75 ton GCHP

systems for different loop installation costs.
6.1.1 Comparison of System Energy Requirements

Figure A.1 shows the energy requirements of each system ssimulated in Madison. It can be
seen that all water source heat pumps always used less energy than air source heat pumps and
resistance heat. This improvement is due to the higher COP and capacity of the GCHP units
which results from the higher source temperatures during the heating season. Comparing the
different sized GCHP, it is seen that parasitic power plays a magjor role in diminishing the
savings expected from the larger heat pumps. The reduction in the use of auxiliary heat
provided by the larger heat pumps is offset by increased well or closed-loop pumping costs.
Well source heat pumps in particular have large parasitic power requirements, with pumping
energy twice that of the closed loop systems. The high parasitic energy requirement

diminishes much of the energy savings the beneficial temperature of the well water provides.



81
The desuperheater option saved significant amounts of energy, reducing energy consumption
by an average of 1600 KWH a year per system, or about $110 annualy. At that rate, the
desuperheater, which costs an additional $350, should pay for itself in just over three years.

With all of the GCHP options, both closed loop and well source, the 5.83 ton GCHP
consumed more energy than the 4.75 ton GCHP. The 5.83 ton GCHP saves energy by
reducing the auxiliary load, but has increased parasitic power and lower efficiency. The
parasitics of the 5.83 ton GCHP are higher than those of the 4.75 ton unit for both the closed
loop and well system applications. The catalog lists the 5.83 ton unit with a COP of 2.7,
while the 4.75 ton unit has a COP of 3.0. This means that if both the 5.83 and 4.75 ton
GCHP were able to meet the heating load of the house without auxiliary, the 4.75 ton GCHP
would use less energy. The models showed that the 4.75 ton GCHP will still use less energy

even if some auxiliary is needed to meet the largest heating loads.
6.1.2 Comparison of System Peak Demand

Traditional air conditioners cause utilities difficulty on the hottest summer days when the
utility load is peaking. On the hottest days many air conditioners are running simultaneously,
and with the high ambient air temperatures, most air conditioners and ASHP are running at
their lowest efficiency and highest power draw of the entire cooling season. For this reason,
utilities may wish to attempt to find systems that could help reduce the summer cooling peak.
GCHP, with their reasonable entering water temperatures throughout the cooling season, can

provide areduction in summer peak.

Figure A.2 shows the summer peaks for the various systems simulated for Madison.
Accounting for cycling, the large GCHP have an average peak demand similar to the smaller
units, al falling between 2.1 and 2.3 kW. The units which use the surrounding ambient air as

a sink, both the ASHP and air conditioner, have peak demands from 3.1 to 3.9. This means
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that the GCHP provide between 0.7 to 1.8 kW peak reduction compared to the air source
units. This is due to the GCHP use of ground temperatures which provide better efficiency

and higher cooling capacity.

Winter peak demand is important in some rural areas with many electric heating customers,
however a large majority of utilities only experiences summer peaking problems. For
comparisons sake, GCHP provide reduced winter peak demand. Figure A.2 shows that the
winter peaks of the GCHP systems are the lowest since they rely on auxiliary heat the least.
ASHP, which during extreme cold will often not even operate, revert to behaving like a
resistance heat system, so the ASHP winter peaks are identical to the resistance heated house
at 17 kW. The larger GCHP have peaks of about 8 or 9 kW, while the smaller GCHP have
peaks of about 12 kW.

6.1.3 Monthly Load Distribution

Figures A.3 through A.40 are included so that trends, such as reduced auxiliary operation,
and energy distribution over the year can be easily viewed for each of the systems. It can be
seen that while the cooling season provides a small energy savings, this savings is
inconsequential compared to the energy savings that occurs during the heating season. The
monthly graphs also allow trends such as pumping parasitics, auxiliary heat, and hot water
tank energy to be tracked throughout the year. The figures with energy divided into seasonal
on and off peak usage are included so that in the future one could use them in avoided cost

calculations if needed.

6.1.4 System Avoided Costs

Avoided costs were calculated for each system in this comparison. Figure A.41, shows how
GCHP and ASHP avoided costs compare to one another. There is not much variation

between GCHP systems, since the energy savings from small to large is not substantial, and
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peak demands are similar. GCHP provide avoided costs ranging from $580 to $650, while
ASHP with their lower energy savings and inability to reduce peak demand have avoided
costs of only $350. If ten years of avoided costs were brought back to present value, using a

present worth factor of 8.53, a GCHP could generate about $5100.

6.1.5 Life Cycle Savings

A high life cycle savings motivates some customers into purchasing asystem. The life cycle
savings of the systems used in the Madison simulations are shown in figures A.42, A.43, and
A.44 for 5, 10 and 20 year analyses, respectively. The base system, which will have a LCS of
$0, is the resistance heated house with a 3.5 ton air conditioner. A natura gas furnace,
against which GCHP cannot usually compete, has a LCS which is almost $5900 over a five
year period, and $22600 over a 20 year period. This is compared to the best GCHP LCS of
$3500 over 5 years and $15000 over 20 years for the 2.83 ton well source heat pump. This
disparity between the LCS of the natural gas system and GCHP system is why currently

GCHP are not considered competitive with natural gas.

Comparing ASHP with GCHP, it can be seen from figures A.42 to A.44 that al of the ASHP
have higher LCS than the GCHP units. The low LCS of the GCHP systems is solely due to
the high initial costs of equipment and installation, which ranges from $7500 to $11000 total.
That is $3500 to $7000 more than any of the ASHP installations. The energy savings that

GCHP generate is not great enough to overcome the large increase in initial costs.

The simulations reveal important trends with GCHP size and water source. Well source heat
pumps, where an existing well can be upgraded, provides the highest LCS for each GCHP
unit due to the lower initial cost. However, well source heat pumps, where a new well must
be drilled, are always a losing investment. Smaller heat pumps have the largest life cycle
savings, about $1500 to $2000 higher than the larger units for a 5 year period, and $4000 to
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$5000 over a 20 year period. Thisis due to the high equipment and installation costs of the

larger units.
Table 6.1 Effect of different energy costson 10 year LCS
System $0.065/KWH | $0.070/KWH | $0.075/KWH | $0.130/KWH
5.83 ton GCHP w/Desuperheater $1602 $2630 $3658 $14964
4.75 ton GCHP w/Desuperheater $2641 $3675 $4710 $16089
3.75 ton GCHP w/Desuperheater $3267 $4270 $5274 $16311
3.33 ton GCHP w/Desuperheater $3808 $4777 $5747 $16409
2.83 ton GCHP w/Desuperheater $4371 $5296 $6221 $16392
5.83 ton GCHP $1516 $2469 $3422 $13904
4.75 ton GCHP $2603 $3566 $4529 $15127
3.75 ton GCHP $3365 $4308 $5250 $15620
3.33 ton GCHP $3689 $4581 $5472 $15284
2.83 ton GCHP $4339 $5193 $6047 $15411
5.83 ton Well Sourced Heat Pump $3453 $4482 $5510 $16823
4.75 ton Well Sourced Heat Pump $4854 $5927 $7000 $18800
3.75 ton Well Sourced Heat Pump $5597 $6655 $7713 $19356
3.33 ton Well Sourced Heat Pump $6386 $7430 $8475 $19963
2.83 ton Well Sourced Heat Pump $6730 $7726 $8722 $19679
3.84 ton ASHP $7453 $8129 $8806 $16244
3.43ton ASHP $7101 $7728 $8356 $15260
2.60 ton ASHP $6881 $7456 $8031 $14354
Natural Gas w/3.5 ton AC $10264 $11818 $13372 $30465

If energy prices change, the economic advantages of the GCHP will change. For instance,
using current installation costs, GCHP become competitive with ASHP when electricity costs
are $0.13/KWH. Even for modest changes in the price of a KWH of electricity, the effect on
the LCS of GCHP needed to be calculated. The effect of different energy prices on the
system LCS are shown in Table 6.1 for a 10 year analysis. An increase of energy costs by
$0.005/KWH causes an increase in ASHP 10 year LCS of about $600. The increase in 10
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year LCS of the GCHP units is around $1000, so gap between the two closes as energy costs

increase, as was expected.

For 3.33 and 4.75 ton GCHP systems, the effect of different loop installation costs on LCS
was investigated. The results are plotted in Figure A.45. The results of this comparison
show how higher installation costs for the same loop would effect the LCS of these systems.
Increasing loop installation costs by $1000 will cost the customer $2500 over the equipment

lifetime of 20 years.
6.1.6 Rebates Necessary for GCHP Systemsto be Competitive

The main competition for GCHP systems is ASHP and natural gas heating. Due to the high
initial cost of GCHP systems, utilities may offer a financial rebate to potential customers.
This

Table 6.2 Rebatesto make GCHP competitive with natural gas
and ASHP systems over a 10 year period

Rebate for GCHP Rebatefor GCHP
GCHP system to be competitive to be competitive
with Natural Gas with ASHP
5.83 ton Closed Loop $5720 $3520
4.75 ton Closed Loop $5080 $2980
3.75 ton Closed Loop $4640 $2540
3.33 ton Closed Loop $4280 $2130
2.83 ton Closed Loop $3920 $1770
5.83 ton Well Source $3520 $2020
4.75 ton Well Source $2830 $1330
3.75 ton Well Source $2490 $890
3.33 ton Well Source $2130 $530
2.83 ton Well Source $1970 $370
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rebate needs to be enough for the GCHP to become economically competitive with the other
conventional alternatives so that residential customers will install them. Rebates are listed in
Table 6.2 for each of the GCHP systems installed in the Madison simulations that make the
systems competitive with natural gas and ASHP units. For the most part, these rebates are

lower than the avoided costs generated by the GCHP systems over a 10 year period.
6.2 Heating and Cooling Systemsin Eau Claire

Further north in the state, winter ambient temperatures become colder on average. This leads
to higher building loads and increased heating system run time. For both ASHP and GCHP,
the larger building loads mean more auxiliary heat will be needed. ASHP begin to perform
very poorly with the lower ambient temperatures and begin to rely increasingly on auxiliary
heat. Ground temperatures also decrease, requiring an increased burial depth for ground heat

exchangers, increasing installation costs.

This investigation compared the energy consumption, peak heating and cooling power,
avoided costs, and life cycle savings of GCHP, ASHP, resistance heat with an air conditioner,
and a natural gas furnace with an air conditioner for a 50000 Btu/hr house in Eau Claire. The
equipment for Eau Claire was identical to that used in the Madison comparison, with the
exception of the GCHP units investigated which were all equipped with desuperheaters. The
comparisons assumed that equipment costs, installation costs, and energy costs were the same
for Eau Claire as they were for Madison, making only a slight adjustment for the installation

cost of the ground loop.

Graphs of the output from this analysis are contained in Appendix B. Figure B.1 shows the
energy consumption of each system as a stack plot of heating, auxiliary heating, cooling,
pumping, and hot water tank heating. Figure B.2 contains approximate summer and winter

peak power for each system. Figures B.3 through B.30 show system energy consumption
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broken into monthly and seasonal ON/OFF peak periods. Figure B.31 shows approximate
avoided costs for each system, compared to the base case of resistance heat with 3.5 ton air
conditioner. Figures B.32 through B.34 show the life cycle savings of the systems for 5, 10

and 20 year periods.
6.2.1 Comparison of Energy Consumption of GCHP and ASHP

Figure B.1 shows a comparison of annual system energy consumption for the Eau Claire
systems. Eau Claire systems show the same general trends as the Madison systems, with all
GCHP outperforming the ASHP, the 4.75 ton GCHP performing better than the 5.83 ton
GCHP, and well source heat pumps performing the best overall. What is different is the
amount by which the GCHP outperform the ASHP. The performance gap between the two
systems increased, because while the GCHP source temperatures remain about the same, on
average ambient air temperatures decrease. This means that the GCHP performed about the
same, while the ASHP efficiency and capacity decrease. In Madison, the performance gap
between the best ASHP and best closed loop GCHP was 8000 KWH. In Eau Claire, that gap
has increased to 10300 KWH. This means that the LCS of the GCHP should be more
competitive with the ASHP.

6.2.2 Avoided Costs

The peak demand used in the caluculation of avoided costs in Eau Claire are the same as
those used in Madison. This is not a bad assumption since they both experience similar
ambient temperatures on the peak summer days. In Eau Claire, where the performance
advantages of the GCHP are more pronounced, they generate higher avoided costs than their
Madison counterparts. Avoided costs, including only SO2 emissions, for the GCHP are up
$80 to $100 compared to the Madison systems, whereas the avoided costs of the ASHP are

about the same as those of Madison. This means that perhaps the utilities have dightly more
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to gain from encouraging GCHP in northern regions than the utilities in the southern areas.

The avoided costs for the Eau Claire systems are shown in Figure B.31.
6.2.3 Life Cycle Savings

Figures B.32 through B.34 show a comparison of the LCS of the Eau Claire systems. The
GCHP have LCS that are more in line with being competitive with ASHP than they are in
Madison. After 20 years, al of the GCHP system LCS are within $1000 or exceed the ASHP
models. This is an improvement over the $3000 to $5000 gap that existed in the Madison

comparison.
Table 6.3 Effect of different energy costs on 10 year LCS
System $0.065/K WH $0.070/KWH $0.075/KWH $0.110/KWH
5.83 ton GCHP w/Desuperheater 2991 4126 5261 13204
4.75 ton GCHP w/Desuperheater 4065 5209 6353 14362
3.75 ton GCHP w/Desuperheater 4402 5493 6584 14219
3.33 ton GCHP w/Desuperheater 4611 5642 6673 13891
2.83 ton GCHP w/Desuperheater 4938 5906 6874 13652
5.83 ton Well Sourced Heat Pump 4903 6043 7183 15163
4.75 ton Well Sourced Heat Pump 6313 7498 8683 16979
3.75 ton Well Sourced Heat Pump 6795 7946 9096 17151
3.33 ton Well Sourced Heat Pump 7623 8763 9902 17879
2.83 ton Well Sourced Heat Pump 7410 8459 9507 16846
3.84ton ASHP 7571 8256 8942 13739
3.43ton ASHP 7095 7722 8349 12739
2.60 ton ASHP 6800 7369 7937 11918
Natural Gasw/3.5 ton AC 11729 13457 15185 27282

The sensitivity of LCS to energy prices is examined in Table 6.3. Price changes of
$0.005/KWH, and the $/KWH that makes GCHP competitive with ASHP after just 10 years

is listed in the table. The small change in energy cost causes a $600 change in LCS for the
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ASHP, and a $1000 change in LCS for most of the GCHP. As energy costs increase, the

GCHP becomes more competitive with ASHP.
6.3 Effect of House Size on Life Cycle Savings and Avoided Costs

This analysis compared the performance, life cycle savings, and avoided costs of a 5.83 and
3.75 ton GCHP with desuperheater, a 3.84 ton ASHP, and resistance heat with 3.5 ton air
conditioner in houses of 40000, 50000 and 60000 Btu/hr design heating loads. The goal was

to evaluate whether certain equipment sizes had any advantages in certain house sizes.

Graphs of the output from this analysis are contained in Appendix C. Figure C.1 shows the
energy consumption of each system as a stack plot of heating, auxiliary heating, cooling,
pumping, and hot water tank heating. Figure C.2 contains approximate summer and winter
peak power for each system. Figures C.3 through C.26 show system energy consumption
broken into monthly and seasonal ON/OFF peak periods. Figure C.27 shows approximate
avoided costs for each system, compared to the base case of resistance heat with 3.5 ton air
conditioner. Figures C.28 through C.30 show the life cycle savings of the systems for 5, 10

and 20 year periods.
6.3.1 Ground Coupled Heat Pump Size and House Size

Figure C.1 shows annual energy consumption of the different systems in three different house
sizes. In the smallest house size, a winter design load of 40000 Btu/hr, the 5.83 ton GCHP
does not perform as well as the 3.75 ton GCHP. As mentioned in section 6.1.1, the COP of
the 5.83 ton GCHP is lower than the COP of the 3.75 ton GCHP, and the 3.75 ton GCHP
does not use enough auxiliary heat to reduce its overall COP to one which is below the 5.83
ton unit. Plus, the larger unit aso has higher parasitics associated with greater pumping
demands. In the 50000 and 60000 Btu/hr houses, the larger unit begins to perform better than
the smaller unit, although just barely. This analysis suggests that installing a larger system to
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eliminate auxiliary heat will not always reduce energy consumption. Larger systems have

higher parasitic energy requirements as well as lower efficiency.
6.3.2 Peak Demand and Avoided Costs

The peak power draws for this comparison are shown in Figure C.2. Both summer and
winter operation use the averaged power draw method discussed in chapter 5. GCHP
consistently have summer peak demands that are lower than the air conditioner and ASHP.

Winter peaks are also reduced with the GCHP unit for each house size.

Figure C.27 compares the avoided costs for the various systems. For each house size the
GCHP provide $550 to $650 in avoided costs annually considering SO, emissions only. That
is $250 to $300 more than the ASHP unit in each house size. It appears that even in asmaller

house size the GCHP still provide superior performance to the ASHP.
6.3.3 Life Cycle Savings

For the LCS graphs of Figures C.28, C.29, and C.30, the LCS of the GCHP improves as the
unit is decreased in size. Again, thisis due to the lower initial costs of the entire system with
lower tonnage GCHP. The LCS gap between the two GCHP systems closes as the house size
increases. Inthe smallest house the gap is $1200 after 5 years. In the middie housethe gap is
$950, and in the largest house the gap has been reduced to $775. This makes sense, since the
smaller GCHP will eventualy be using significantly more auxiliary heat than the larger

system.

6.4 Effect of Loop Length on GCHP Performanceand LCS

In ground-coupled heat pumps, the performance varies with the length of the buried heat

exchanger loop. If the coail islonger, the COP and EER will increase due to more reasonable
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entering water temperatures, but the owner pays for higher installation costs and increased
parasitics. Shorter coilswill cost lessto install and require less pumping work at the sacrifice
of system performance. This analysis will compare the performance and LCS that a 3.33 ton
GCHP with a desuperheater will experience with heat exchangers of different lengths. The
investigation will consider different loop installation costs of $0.50, $1.00, and $2.00 per foot
of trench with afixed cost of $900.

Graphs of the output from this analysis are contained in Appendix D. Figure D.1 shows the
energy consumption of the 3.33 ton GCHP with different heat exchanger lengths as a stack
plot of heating, auxiliary heating, cooling, pumping, and hot water tank heating. Figure D.2
contains approximate summer and winter peak power for each length. Figures D.3 through
D.14 show system energy consumption broken into monthly and seasonal ON/OFF peak
periods. Figure D.15 shows approximate avoided costs for each length, compared to the base
case of resistance heat with 3.5 ton air conditioner. Figures D.16 through D.18 are plots of
the life cycle savings vs. loop length for the 3.33 ton GCHP, again with respect to a resistance

heater with 3.5 ton air conditioner.
6.4.1 System Performance with Increasing Heat Exchanger Length

Increasing heat exchanger length improves GCHP performance by elevating the water
temperature entering the GCHP. Figure D.1 shows how total system energy changes as heat
exchanger length is increased. The trend of total energy consumed is downward with
decreased returns for each addition to the length. For instance, from 1000 to 2000 feet the
energy improvement is 1480 KWH, but for 2000 to 3000 feet the improvement is only 290
KWH. Pumping parasitics contribute to the decreased returns, snce alonger pipe length has
alarger head loss. However, the main contributor to the decreasing returns is the difference
in temperature between the fluid and the ground. There is a limiting temperature that the

fluid could attain with an infinitely long heat exchanger, which is that of the earth at the pipe
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depth. Additional sections of pipe increase the EWT, but each additional section results in

less of an increase in EWT increase since the potential for increase becomes less and |ess.

A run was made where the EWT were set equal to the undisturbed soil temperature
throughout the year, mimicking an infinitely long heat exchanger. The results are shown in
the following table, Table 6.4. The energy improvements made by increasing the heat
exchanger length from 3000 feet to infinity are not great. There is an improvement of only
790 KWH when pumping energy is not included. So, parasitics aside, there is not much

incentive to install loops of extraordinary dimension.

Table 6.4 Comparison of energy consumption of 3.33 ton GCHP
with different loop lengths

Energy 1000 foot 2000 foot 3000 foot Infinitely
Requirements Loop Loop Loop Long Loop
Heat Pump Heating 7680 7390 7280 7100
Auxiliary Heat 3220 2010 1640 1130
Heat Pump Cooling 1200 1080 1049 1020
Hot Water Tank 4640 4480 4400 4330
TOTAL of above 16740 14960 14369 13580
Pumping 690 980 1280 0777?

6.4.2 Life Cycle Savingsvs. Heat Exchanger Length

Installation costs of buried heat exchangers are a function of heat exchanger length, as
discussed in section 5.3. As discussed in section 6.4.1, the performance is also a function of
heat exchanger length. The question is whether the GCHP performance improves enough to
justify the expense of the longer lengths? Figures D.16, D.17, and D.18 are plots of LCSvs.
Heat Exchanger Length for the 3.33 ton GCHP system used in thisanalysis. For several costs
per length, the LCS decreases as length increases. The plots shows that for both expensive

and inexpensive loop installations, the best LCS is consistently provided by the shortest
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loops. With this heat pump, the loop Iength of 1500 feet produced a minimum entering water

temperature of 24.2°F.

The limiting factor on how short a buried heat exchanger can be is the minimum entering
water temperature. For instance, in this example of the 3.33 ton GCHP, the minimum length
the heat exchanger could be was around 1000 feet, because below this the anti-freeze leaving
the buried heat exchanger reached a temperature less than 20°F. This means that the fluid
entering the heat exchanger is dangerously close to freezing. For this reason, the industry
recommends never designing a ground loop to have water temperatures lower than 25°F
(OSU, 1988). The GCHP used in this report were all designed to be near the maximum LCS,

with minimum entering water temperatures within a degree of 25°F.
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SEVEN

CONCLUSIONS AND RECOMMENDATIONS

In this study, several residential heating and cooling systems have been modeled using the
transient system simulation software, TRNSYS. The systems modeled include resistance
heat, a natural gas furnace, a vapor-compression air conditioner, an air source heat pump, and
a variety of ground source heat pumps. A finite difference model for a one pipe per trench
closed-loop buried heat exchanger was created for use with the ground coupled heat pumps.
Computer simulations were run comparing ground coupled heat pumps with the conventional
heating alternatives. The output from the models was used to investigate the current

economic position of GCHP in the residential heating and cooling industry.
7.1 Conclusions

One of the magjor accomplishments of this project was the design of transient analysis
computer models for residential heating and cooling systems. These models will prove to be
particularly useful for future GCHP energy analysis projects. As part of the GCHP model, a
TRNSY S component for a single pipe per trench horizontal buried heat exchanger has been
programmed using a finite difference approach. This component is a new addition to the

TRNSY Slibrary, since no previous heat transfer model for a buried pipe existed previoudly.

The models were used to find the economic viability of GCHP in Wisconsin, with
simulations performed for Madison and Eau Claire. Installation and equipment costs

obtained from contractors and manufacturers, performance output from the heating and
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cooling system models, and a life cycle savings economic analysis were used to perform the
economic comparison. Currently, GCHP provide better energy consumption than ASHP and
resistance heating, with annual operating costs equal to a natural gas furnace with 3.5 ton air
conditioner. However, the high initial cost of the GCHP systems reduces their life cycle

savings considerably, causing them to be inferior choices for the residential customer.

The largest GCHP is not always the most efficient system for a given house size. Sizing a
GCHP to meet all of the heating energy requirements, which means eliminating auxiliary
heat, often does not ensure that the system will use less energy. A smaller heat pump which
uses a small amount of auxiliary heat to meet the largest heating loads may have a higher
average overall system COP than the larger system. Higher pumping parasitics and lower
heat pump efficiency play roles in reducing the overall average COP of the larger GCHP

systems.

Summer peak demand may play an important role in a utility encouraging the installation of a
technology. An average peak demand for each unit was calculated by finding the runtime
required by that unit to meet a 30 MBtu/hr sensible cooling load. Ground coupled units

consistently provide from 0.7 to 1.8 kW reduction compared to the air source units.

Utilities that want to encourage GCHP installations will need to make them competitive in
the residential heating and cooling market by offsetting some of the initial cost. Rebates were
calculated that made GCHP competitive with ASHP and natural gas systems. Smaller GCHP
systems required less of a rebate than the larger systems, and well source systems required

lower rebates than closed loop systems due to the lower initial cost of the well system.

Encouraging the installation of large GCHP to reduce winter peak demand may be a good
idea in a few regions, but for the most part utilities only need to reduce summer peak

demand. Smaller GCHP units, with their lower installation costs, provide the customer with
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significantly more LCS and still provide the same low peak demand during cooling. Utilities
may find it easier to sell the public on the smaller units with lower installation costs and
shorter loop lengths. Another advantage of the smaller systems is that smaller rebates make

them competitive with conventional systems.

An important energy saving feature of the GCHP is the ability to heat water using a
desuperheater. The energy savings a desuperheater generates was investigated for all of the
heat pump models tested. The savings consistently totaled over $100 for each GCHP model.
This is a significant savings since the desuperheater attachment costs only about $350 in

addition to the GCHP unit.

7.2 Recommendationsfor Future Work

A key to modeling the performance of ground coupled heat pumps is the ground heat
exchanger model. The current model represents an initial attempt at modeling the heat
transfer and capacity in the soil around the pipe. However, as discussed in section 4.7, the
model does have some limitations. The first [imitation is the restriction on the distance of the
farfield radius. Attempts should be made to design a model that does not have its farfield
radius limited by the pipe depth. Thiswould allow performance to degrade properly for each
section as the temperature of the soil decreases with operation. The second limitation is that
the one pipe per trench geometry is obsolete in ground coupled heat pump installations.
Future work should concentrate on making models of multiple pipe per trench, as well as
vertica heat exchanger designs. This would alow better direct comparisons to field

monitored data to be made.

An important consideration for GCHP models is calculation speed. Since this model was
programmed explicitly, small time steps were required to ensure calculation stability. This

resulted in TRNSY S annual simulations that required 1.5 to 2.5 hours to complete on a work
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station. In the future, in order to make GCHP modeling convenient for PC users, it would be

agood idea to program the ground loop model implicitly to improve calculation speed.

In this project, the detrimental effects of heat pump and air conditioner cycling were not
modeled. This was unfortunate since the transient analysis would be the perfect platform for
such detailed modeling. The models could be improved by adding cycling effects that are

either based on empirical data or based on current bin methods for cycling.

The desuperheater attachment to the ground coupled heat pumps is an advantage worth
exploiting. The simple desuperheater set-up used in this project produced about $100 in
energy savings annualy, which is great considering it only costs $350. The TRNSY S model
isideal for investigating the energy savings of other possible arrangements, such as two tank
designs and complicated control strategies. Current TRNSY S decks would simply need to be

modified for different tank arrangements or controllers.
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