
This paper has been downloaded from the Building and Environmental Thermal Systems 
Research Group at Oklahoma State University (https://betsrg.org/) 

The correct citation for the paper is: 

Yavuzturk, C., J.D. Spitler. 2000. Comparative Study to Investigate Operating and 
Control Strategies for Hybrid Ground Source Heat Pump Systems Using a Short Time-
step Simulation Model. ASHRAE Transactions. 106(2):192-209. 

Reprinted by permission from ASHRAE Transactions (Vol. #106 Part 2, pp. 192-209). 
© 2000 American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. 



ABSTRACT

Ground-source heat pumps for cooling-dominated
commercial buildings may utilize supplemental heat rejecters
such as cooling towers, fluid coolers, or surface heat rejecters
to reduce system first cost and to improve system performance.
The use of supplemental heat rejecters for cooling-dominated
buildings allows the use of smaller borehole fields. Degrada-
tion of the heat pump performance is avoided by offsetting the
annual load imbalance in the borefield. A comparative study
is presented that investigates the advantages and disadvan-
tages of various system operating and control strategies in a
hybrid ground-source heat pump application using an hourly
system simulation model under different climatic conditions.
An actual small office building is used as the example building.
The use of a short time step simulation model enables the
detailed assessment of the ground heat exchanger’s beha
and the determination of system energy consumption on
hour-by-hour basis. A life-cycle cost analysis is conducted
compare each operating and control strategy to determine 
lowest cost alternative for a given climate. 

INTRODUCTION

The advantages of ground-source heat pumps over their
conventional alternatives make these systems a very attractive
choice for space conditioning, not only for residential build-
ings but increasingly also for institutional and commercial
buildings. A significant number of commercial buildings are
cooling-dominated, especially in southern climates. When
used in cooling-dominated buildings, ground-source heat
pumps that utilize vertical, closed-loop ground heat exchang-
ers can experience performance degradation as the entering
fluid temperature to the heat pump increases over time. This
THIS PREPRINT IS FOR DISCUSSION PURPOSES ONLY, FOR INCLUSION IN 
part without written permission of the American Society of Heating, Refrigerating 
Opinions, findings, conclusions, or recommendations expressed in this paper are t
questions and comments regarding this paper should be received at ASHRAE no 
vior
 an
 to
the

temperature increase is due to the imbalance between the
amount of heat extracted from the ground and the amount of
heat rejected into the ground. For systems with severely
undersized ground heat exchangers, the entering fluid temper-
ature to the heat pump may be so high that the heat pump fails. 

Nevertheless, it is possible to avoid this problem by either
increasing the total length of the installed ground-loop heat
exchanger and/or increasing the spacing between the ground-
loop heat exchanger boreholes. However, first costs may be
significantly higher so that a ground-source heat pump system
may not be competitive with conventional alternatives. For
many commercial buildings, there may not be enough land
area for a properly sized ground-loop heat exchanger. 

In order to decrease the system first cost and to improve
the system performance, one of the available options is a
hybrid ground-source heat pump application. Hybrid systems
utilize supplemental heat rejecters, such as open cooling
towers, closed-circuit fluid coolers, or surface heat rejecters
interconnected on the building return side between the heat
pump and the ground-loop heat exchangers. The supplemental
heat rejecter is typically sized so that the annual heat rejection
to the ground approximately balances the annual heat extrac-
tion from it. Excess heat is then rejected through one or more
supplemental heat rejecters. With the supplemental heat
rejecter(s), the ground-loop heat exchanger may be signifi-
cantly smaller. 

It should be noted, however, that supplemental heat
rejecters, especially open cooling towers and fluid coolers,
require periodic maintenance. Additional operating costs also
result from cooling tower and pump electricity consumption.
If the fluid circulation system is not carefully designed, the
cost of fan and pump energy consumption may become signif-
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icant, negating the potential savings attained through a hybrid
system. The first cost of supplemental heat rejecters and
increased operating costs due to additional fan and pump
circulation energy consumption are expected to be small
compared to the savings in drilling costs and heat pump oper-
ating costs for cooling-dominated buildings. 

The actual amount of heat transferred to and from the
ground-loop heat exchanger varies continuously due to chang-
ing building energy requirements. These changes result in
short time-step fluctuations in the supply and return tempera-
tures of the ground heat exchanger that can typically vary up
to 10ºF-18°F (5.6ºC-10.0°C) over a given day. The coefficien
of performance (COP) of the heat pump is affected by th
short-time temperature variations. In cases where time-of-
electricity rates are applicable, the impact of fluctuati
performance on the system operating cost may be even m
significant. For a detailed building energy analysis, a groun
loop heat exchanger simulation model is called for that c
reliably and efficiently predict the short-term fluctuations 
the heat pump entering fluid temperatures. This enables
determination of energy consumption and demand on an h
by-hour basis. 

Although the size and the number of total annual oper
ing hours of the supplemental heat rejecters may be estim
based on the annual building loads and the maximum availa
size of the borefield for a given area, the decision of un
what conditions to activate the heat rejection and its short-t
impact on the ground-loop heat exchangers is somew
complex. Recently published works (Kavanaugh 199
Kavanaugh and Rafferty 1997; Phetteplace and Sulliv
1998) only use a set point control, usually an upper tempe
ture limit, for entering fluid temperature to the heat pum
returning from the ground heat exchanger and do not cons
more sophisticated system control strategies. In order to qu
tify the impact of various operating strategies on ground-lo
heat exchanger size and operating cost, a simulation m
that can account for changes in the hourly load profile a
interaction between the ground-loop heat exchanger and 
rejecter is highly desirable.

Therefore, in this study, a short time step simulati
model that allows for an hour-by-hour building energy an
ysis is used. Using hourly weather data from a typical met
rological year for a specific location, the simulation model
capable of predicting the entering and exiting heat trans
fluid temperatures on the borefield on hourly or subhou
intervals. An hour-by-hour system analysis allows for mo
sophisticated and flexible control strategies. An example st
egy may be the “recharge” of the borefield at certain tim
intervals during the day to lower the heat pump entering fl
temperatures. 

The objective of this paper is to present a comparat
study that investigates the advantages and disadvantag
several system operating and control strategies using an h
by-hour system simulation model for two different climate
The short time step simulation approach taken allows fo
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more detailed assessment of the ground-loop heat excha
behavior as well as for analysis of the impact of various con
strategies on system operating costs. A small office build
(located in Stillwater, Oklahoma) is used as the example bu
ing. The building loads analysis for each climatic region w
performed using BLAST (1986). The simulations for the sh
time step building energy analysis and ground-loop h
exchanger temperatures were performed using TRNS
(Klein et al. 1996). 

BACKGROUND 

A review of recent literature on hybrid ground-sourc
heat pump systems yielded only a modest number of re
ences to research articles and a few references to reports 
ing with actual applications. 

ASHRAE (1995) discusses the advantages of hyb
ground-source heat pump applications considering cap
costs and available surface area limitations for a 10
ground-coupled system. A design procedure is suggested
cooling-dominated buildings that sizes the capacity of t
supplemental heat rejecters based on the difference betw
the monthly average cooling and heating loads of a giv
building rather than the peak loads. The ground loop is si
to meet the building heating loads, while the cooling load
excess of the heating load is met through supplemental 
rejection. For closely spaced vertical boreholes, it is sugges
that it may be advantageous to operate the supplemental 
rejection unit during night hours for cold storage in the groun
A series of general guidelines is given, which discusses 
integration of the supplemental heat rejecters into inter
piping, the need for an isolation plate heat exchanger whe
open cooling tower is used, the set point control of heat re
tion based on an upper limit of heat pump entering flu
temperatures, cold storage in the ground through night op
ation, and the possible year-round operation of the rejecte
southern climates. 

Kavanaugh and Rafferty (1997) discuss hybrid groun
source heat pump systems within the framework of grou
loop heat exchanger design alternatives. Primary factors 
may mandate the consideration of a hybrid system are the 
cost of long loops when the design relies on the ground to m
100% of the building’s heating and cooling requirements, t
unavailability or cost of space and the high cost of high-e
ciency heat pumps. The sizing of the supplemental heat rej
ers is based on peak block load at the design condition. 
nominal capacity is calculated based on the differen
between the ground-loop heat exchanger lengths required
cooling and heating. Recommendations are made for the i
gration of the supplemental heat rejecters into the grou
source heat pump piping system. 

Kavanaugh (1998) revises and extends the exist
design procedures as recommended in ASHRAE (1995) 
in Kavanaugh and Rafferty (1997). This revised design pro
dure addresses issues such as ground heat exchange an
buildup, system control methods, piping arrangements, fre
����
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he
protection, auxiliary energy consumption, and maintainabil-
ity. The revised method, in addition to sizing the ground-loop
heat exchanger of the hybrid system and the supplemental heat
rejecter, proposes a method for balancing the heat transfer in
the ground formation on an annual basis in order to limit heat
pump performance degradation due to heat buildup in the
borefield. The annual operating hours of the supplemental
heat rejecter that are needed to balance the heat rejection and
extraction in the ground are calculated based on a set point
control of the ground loop temperature (a typical range of 80°F
[27°C] to 90°F [32°C] is given). The revised procedure is then
applied to a multi-story office building considering three
different climates to investigate the appropriateness of the
hybrid application. Installation cost savings and operating cost
issues are discussed. The author concludes that the economic
value of hybrid systems is most apparent in warm and hot
climates where cooling loads are the highest. Although hybrid
systems with heat recovery options are deemed somewhat
attractive for regions of moderate climate, no economic value
could be justified for cold climates even with heat recovery. 

Phetteplace and Sullivan (1998) describe a 24,000 ft2

(2230 m2) military base administration building in Fort Polk,
Louisiana, that uses a hybrid ground-source heat pump
system. The system uses 70 vertical closed-loop boreholes,
each 200 ft (61 m) deep with 10 ft (3.3 m) spacing. The paper
presents performance data for a period of 22 months, includ-
ing performance data from portions of two heating and cool-
ing seasons. The observed data show that, over the period of
monitoring, the amount of heat rejected to the ground is about
43 times higher than the amount of heat extracted from it. This
is indicative of a very heavily cooling-dominated building.
The supplemental heat rejecter is a 275 kW (938 kBtu/h) cool-
ing tower and is controlled with a differential controller that
activates the cooling tower fans when the heat pump exiting
fluid temperature reaches 97°F (36°C) and deactivates it
when this temperature falls below 95°F (35°C). The authors
report some heat buildup in the ground due to an imbalance of
heat extraction and rejection in the ground. This is attributed
to differential controller set point temperatures that are too
high. Lowering of these control points is expected to dissipate
the heat buildup at the cost of increasing the operating hours
of the cooling tower. The relative energy consumption of the
major system components over the study period is provided
where the heat pumps account for 77% of the total energy
consumption, the circulating pumps for 19%, the cooling
tower fan for 3%, and the cooling tower pump for 1%. 

Singh and Foster (1998) explore first-cost savings that
resulted from using a hybrid ground-source heat pump design
on the Paragon Center building located in Allentown, Penn.,
and an elementary school building in West Atlantic City, New
Jersey. The Paragon Center illustrates the need for a hybrid
application as a direct result of geological conditions at the
site where boreholes drilled deeper than 110 ft (33.5 m)
collapsed due to high groundwater flow in limestone strata.
The building area is 80,000 ft2 (7436 m2). The hybrid system
consists of 88 boreholes, each approximately 125 ft (38 m)
����
deep, and a closed-circuit fluid cooler of 422 kW maximum
capacity. The elementary school expansion building in West
Atlantic City is an example of a hybrid system where the
available space for the borehole field was not sufficient to
accommodate the number of boreholes required to fully meet
the building’s cooling loads. The building area is approx
mately 63,000 ft2 (5856 m2). A closed-circuit fluid cooler of
411 kW (1402 kBtu/h) capacity is used, decreasing t
required number of boreholes by more than 25% to 66 bo
each about 400 ft (122 m) deep. In both of the reported ex
ples, a significant system first-cost savings is achiev
though with slightly higher operating and maintenance cos

A more detailed study of the hybrid ground-source he
pump system in the Paragon Center office building is provid
by Gilbreath (1996). The study gives design suggestions
hybrid systems using the Paragon Center as an example
attempts to establish methods for monitoring system perf
mance through the measurement of energy consumpt
demand, and loop temperatures. The impact of various con
options based on the percentage assistance of the coo
tower in rejecting excess heat is investigated. Effects of h
recovery and fluid flow control are discussed. An installatio
and operating cost analysis is provided comparing the hyb
application to the ground-source heat pump system with
supplemental heat rejection to assess and quantify pote
cost savings. 

SUPPLEMENTAL HEAT REJECTION

Open-circuit cooling towers and closed-circuit fluid coo
ers are commonly used for supplemental heat rejection
hybrid ground-source heat pump systems. Open-circuit co
ing towers are typically used in conjunction with isolatio
plate heat exchangers, in order to avoid a mixing of the lo
heat transfer fluid and the cooling water. Air-cooled close
circuit fluid coolers are modular units that accomplish t
cooling effect by directly rejecting heat to the atmosphe
However, the first cost and the fan energy consumption
these devices are generally high. Kavanaugh (1998) estim
lower first costs for open-circuit cooling towers with isolatio
plate heat exchangers than for fluid coolers. 

Recent research on hybrid ground-source heat pum
focuses on surface heat rejecters, such as shallow heat re
ers under pavements or in ponds (Chiasson 1999). Sur
heat rejecters consist of a series of pipes inserted in 
concrete layers of pavements for heating of parking lots dur
winter months or laid out close to the bottom surface of pon
In this study, the supplemental heat rejecter is a mechan
draft, open-circuit cooling tower used in combination with a
isolation plate heat exchanger. 

SYSTEM OPERATION ANALYSIS USING THE 
SHORT TIME STEP SIMULATION MODEL

Example Hybrid Application System Description 

The example small office building was completed in 19
and is located in Stillwater, Oklahoma. The total area of t
�



building is approximately 14,205 ft2 (1320 m2). The building
was a candidate for a ground-source heat pump system appli-
cation although a conventional system was installed. 

In order to determine the annual building loads for the
example building using BLAST (1986), the following
approach was taken:

1. Eight different thermal zones were identified in the build-
ing. For each zone, a single-zone draw-through fan system
is specified as a surrogate for a ground-source heat pump.
The coil loads on this system are equivalent to those of a
ground-source heat pump system. 

2. The office occupancy is set to one person per 100 ft2

(9.3 m2) with a heat gain of 450 Btu/h (131.9 W), 70%
of which is radiant. 

3. The office equipment heat gains are set to 1.1 W/ft2

(12.2 W/m2) as suggested by Komor (1997). 

4. The lighting heat gains are set to 1 W/ft2 (11.1W/m2). 

5. Daytime (8 a.m. - 6 p.m. Monday - Friday), nighttime, and
weekend thermostat settings are specified for each zone.
During the day, the temperature set point is 68.0°F
(20.0°C). For the night, only heating is provided, if neces-
sary, and the set point is 58.0°F (14.4°C). 

Climatic Considerations—Building Loads

The example building is analyzed considering two differ-
ent climatic regions, each represented by the Typical Meteo-
rological Year (TMY) weather data: a typical hot and humid
climate is simulated using Houston, Texas; a more moderate
climate is simulated using Tulsa, Oklahoma. The results of the
BLAST building loads analysis are shown in Figure 1 for both
regions considered. The building loads are determined on an
hour-by-hour basis for 8760 hours. The cooling loads are
shown as negative loads on the building. 

As expected, the cooling loads are greatest for Houston
typical weather conditions, where the example building is
heavily cooling-dominated. As the example building is
considered in a relatively cooler climate (Tulsa), the building
becomes somewhat less cooling-dominated, and an increase
in heating loads is observed. 

Hybrid System Component Configuration

A schematic of the hybrid ground-source heat pump
system application is shown in Figure 2. The hybrid system
uses an open cooling tower with an isolation plate heat
exchanger. Two independent fluid circulation loops are
designed that are serviced with fluid circulation pumps #1 and
#2. 

The design contains a bypass (Diverter-1, T-piece-1) so
that pumping energy may be conserved when the cooling
tower is not being used. 

The operation and performance of the hybrid system was
simulated using TRNSYS (Klein et al. 1996). Standard
TRNSYS library component models were used for compo-
nents, such as the diverters, T-pieces, fluid circulation pumps,
�

plate heat exchanger, and the cooling tower. A simple heat
pump component model as described by Yavuzturk and
Spitler (1999) was used. The ground-loop heat exchanger
model is described in the next section.

Short Time Step Ground-Loop 
Heat Exchanger Model

The short time step ground-loop heat exchanger model
was developed by Yavuzturk and Spitler (1999) as an exten-
sion of the long time step temperature response factor model

Figure 1 Annual hourly building loads considering typical
climatic conditions in Houston, Texas, and Tulsa,
Oklahoma. 

Figure 2 Hybrid ground-source heat pump system
component configuration diagram.
����
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of Eskilson (1987). It is based on dimensionless, time-depen-
dent temperature response factors, g-functions, which are
unique for various borehole field geometries. The temperature
response factor model was cast as a TRNSYS component
model and includes a flexible load aggregation algorithm that
significantly reduces computing time. The component config-
uration of the model used is provided in Figure 3. 

In order to compute the average temperature of the bore-
hole field for each time step, the time-dependent building
loads profile is decomposed into unit pulses and superimposed
in time using the corresponding temperature response factors.
The following equation is used:

(1)

where

t = time (s)

ts = time scale = H2/9α 
H = borehole depth, ft (m)

k = ground thermal conductivity, Btu/h·ft·°F (W/m·°C)

Tborehole = average borehole temperature, °F (°C)

Tground = undisturbed ground temperature, °F (°C)

Q = step heat rejection pulse, Btu/h·ft (W/m)

rb = borehole radius, ft (m)

i = index to denote the end of a time step

α = ground diffusivity

g = dimensionless temperature response factor 
(g-function)

The entering and exiting fluid temperatures of th
ground-loop heat exchanger are computed based on the a
age temperature of the borefield. A detailed discussion on

Figure 3 Short time step ground-loop heat exchanger,
model component configuration.
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development of the short time step g-functions and the lo
aggregation algorithm in the component model used is giv
by Yavuzturk and Spitler (1999).

Ground-Loop Heat Exchanger 
and Cooling Tower Sizing

One of the determining factors in sizing the length of t
ground-loop heat exchangers and in determining the capa
of the cooling tower in a hybrid ground-source heat pum
system design is the peak entering fluid temperature (EFT
the heat pump from the borehole field. A significant numb
of “off-the-shelf” heat pumps are designed by their manufa
turers for peak EFTs ranging between 85.0°F (29.4°C) to
95.0°F (35.0°C). The EFTs can be as high as 110.0°F (43.3°C)
with high-efficiency rated heat pumps. Heat pump peak enter-
ing fluid temperatures above the rated operating temperatures
degrade the performance of the heat pump. Similarly, there are
lower limits for the heat pump entering fluid temperature that
depend on the heat pump and the type of heat transfer fluid
used in the loops. For high heating demands during winter
months, this temperature may be near the freezing point of the
working fluid. Any ground-loop and supplemental heat
rejecter design must, therefore, be constrained by limits on the
peak EFT to the heat pump. Currently, available methods for
determining the required total length of ground loops use
approaches that iterate between the total loop length and the
maximum and the minimum heat pump EFTs for a specified
duration (e.g., 20-25 years) of system operation. 

Currently, available methods for the sizing of supplemen-
tal heat rejecters attempt to balance the annual ground energy
rejection with the annual ground energy extraction. Theoreti-
cally, the average borehole field temperature will then not
increase from year to year because no long-term temperature
rise in the ground is thus allowed to occur. However, some
control strategy must be implemented to achieve an annual
balance. A very common approach is to activate the supple-
mental heat rejecters when the loop temperature is greater than
a certain upper limit. It is, therefore, possible to decrease the
size of the supplemental heat rejecter by increasing the
required operating hours (settle for a smaller unit but operate
it longer) or to increase the size of it by decreasing the required
operating hours (settle for a bigger unit but operate it less).
Accordingly, the supplemental heat rejecter sizing procedure
may be somewhat flexible. The component model used allows
for an hour-by-hour computation of the total amount of heat
rejected through the cooling tower. For a control strategy, it is
thus possible to determine the actual size of the supplemental
heat rejecter based on the integrated amount of hourly heat
rejection. It should be noted that the objective of this study is
not to develop or recommend procedures for sizing supple-
mental heat rejecters but rather to investigate the effects of
various control strategies on the system operation. Neverthe-
less, an optimal design procedure would be an excellent topic
for future research.
�



r-
id
ra-

re

u-
r-
id
ra-

re

u-
r-

ure
ter

ff

ool
ure
the
ht.
a-
ad
ent
t of

u-
nd
tal
id

r-
ary
00
ary
n).
e
d

he
ge
Initially, a large cooling tower was selected. Then, the
final required cooling tower capacity was determined by simu-
lating with the large cooling tower and determining the
required cooling tower capacity when the peak entering fluid
temperature to the heat pump occurs. The cooling towers are
probably slightly oversized, as the peak capacity was specified
at the design wet-bulb temperature, even though that may not
be coincident with the peak EFT. The simulated capacity of the
cooling tower changes from one climatic region to another
(Houston, Texas vs. Tulsa, Oklahoma) due to the local wet-
bulb temperatures and the required fluid flow rates. An air
flow rate of about 5300 cfm (9000 m3/hr) is drawn through the
cooling tower, operating on a simple on/off switch. 

Operating and Control Strategies

The control strategies are selected to provide compari-
sons between system operations with and without the use of
supplemental heat rejection. Admittedly, the selection of the
system operating and control strategies for systems with
supplemental heat rejection can be somewhat arbitrary,
although an attempt has been made to include commonly
employed control schemes. The objective here is to investi-
gate the impact of each control strategy on the system opera-
tion rather than suggest a specific operating procedure.
Including the case of optimum ground-loop heat exchanger
design for a climatic region, ten system operating and control
strategies were investigated.

Base case: The ground-loop heat exchanger length is designed
without the use of any supplemental heat rejecters.
System fully relies on the ground-loop heat exchanger to
meet the building loads.

Case 2: The ground-loop heat exchanger length is designed
considering the use of supplemental heat rejecters, yield-
ing a smaller ground-loop heat exchanger size. However,
no supplemental heat rejection is included in the simula-
tions. This “undersized” ground loop case is of interest
illustrate the heat buildup and its effects on the lo
temperatures at the heat pump. 

Case 3: In this control strategy, the cooling tower is activate
when the heat pump entering or exiting fluid temperatu
are greater than a set value. The following two strateg
are considered:

3a) ExFT > 96.5°F (35.8°C).

3b) EFT > 96.5°F (35.8°C)

Case 4: This case uses a differential temperature cont
approach for the operation of the cooling tower and t
circulation pump on the secondary system loop. T
difference between either the heat pump entering or 
exiting fluid temperatures and the ambient wet-bu
temperature is used as the control criterion. It is sub
vided into three strategies. The operation of the cool
tower may be based on the following:

4a) The cooling tower fan and the secondary fluid circ
�
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lation loop pump are activated whenever the diffe
ence between the heat pump entering flu
temperature and the ambient air wet-bulb tempe
ture is greater than 3.6°F (2.0°C). The cooling tower
fan and the secondary fluid circulation loop pump a
turned off when this difference is less than 2.7°F
(1.5°C).

4b) The cooling tower fan and the secondary fluid circ
lation loop pump are activated whenever the diffe
ence between the heat pump entering flu
temperature and the ambient air wet-bulb tempe
ture is greater than 14.4°F (8.0°C). The cooling tower
fan and the secondary fluid circulation loop pump a
turned off when this difference is less than 2.7°F
(1.5°C).

4c) The cooling tower fan and the secondary fluid circ
lation loop pump are activated whenever the diffe
ence between the heat pump exiting fluid temperat
and the ambient air wet-bulb temperature is grea
than 3.6°F (2.0°C). The cooling tower fan and the
secondary fluid circulation loop pump are turned o
when this difference is less than 2.7°F (1.5°C).

Case 5: The operating and control strategy is based on c
storage in the ground to avoid a long-term temperat
rise. The cool storage effect is achieved by operating 
supplemental heat rejecters for six hours during the nig
As a precaution to avoid potentially high loop temper
tures, a set point control is also built in. Any heating lo
during the recharge period is neglected. Three differ
substrategies are considered to assess the impac
ground recharge in different seasons:

5a) The cooling tower fan and the secondary loop circ
lation pump are activated between 12:00 a.m. a
6:00 a.m. year-round. In addition, the supplemen
heat rejecter is operated when the entering flu
temperature to the heat pump exceeds 96.5°F
(35.8°C). 

5b) This strategy is very similar to 5a. The only diffe
ence is that the cooling tower fan and the second
loop circulation pump are activated between 12:
a.m. and 6:00 a.m. only during the months of Janu
through March (ground recharge during cold seaso

5c) Similar to 5a but the cooling tower fan and th
secondary loop circulation pump are activate
between 12:00 a.m. and 6:00 a.m. only during t
months of June through August (ground rechar
during hot season).

SIMULATION RESULTS WITHOUT
SUPPLEMENTAL HEAT REJECTION

Base Case—Optimum Design of the Borehole 
Field without Supplemental Heat Rejection

This is the reference case to which all other cases will
need to be compared. For the base case the ground-loop heat
����
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exchanger is sized for use without any supplemental heat
rejection. In the analyses of this paper, the optimal ground loop
size for each climatic region is based on a peak EFT of approx-
imately 96.5°F (35.8°C). The size was determined by adjust-
ing the borehole depth so that the maximum temperature
determined with a 20-year simulation just reached the speci-
fied peak EFT. The borehole depth was then rounded to the
nearest 10 ft (3.1 m).

The system simulation for this case included only the
heat pump, the ground heat exchangers, and the circulation
pump of the main loop. Using the building loads for the two
climatic regions, the model is run on an hour-by-hour basis
for the design simulation period of 20 years. Heat pump EFTs
for the first two years are plotted in Figure 4. These results
are based on a fluid flow rate of 3.0 gpm (0.68 m3/h) of water
per borehole and on undisturbed ground temperatures of
TFarField Houston = 73.0°F (22.8°C), TFarField Tulsa = 63.0°F
(17.2°C). For both climates, a constant thermal conductivity
of 1.2 Btu/h·ft·°F (2.08 W/m·K) is assumed for the groun
formation. Identical single borehole geometries with consta
borehole resistance (borehole radius of 3.5 in. [88.9 mm],
tube pipe size of 1.25 in. [31.75 mm], and thermal
enhanced grout with kgrout = 0.85 Btu/h·ft·F [1.47 W/m·K]
are assumed) are configured for the comparison. 

The ground-loop heat exchanger for Houston compris
36 boreholes in a 6 × 6 configuration, each borehole drilled to
250.0 ft (76.2 m) deep, 12.5 ft (3.8 m) apart. The maximu
predicted EFT to the heat pump after two years is about 86.°F
(30.0°C), rising to a maximum of 96.6°F (35.9°C) after 20
years of simulation. The minimum EFT of the 20-year sim
lation is 71.3°F (21.8°C), occurring in the first year. The
design for Tulsa has 16 boreholes in a 4 × 4 configuration, each
borehole drilled to 240 ft (73.2 m), 12 ft (3.7 m) apart. Th
maximum EFT after two years of simulation is about 89.4°F
(31.9°C), rising to 96.4°F (35.8°C) after 20 years. For Tulsa
the minimum EFT to the heat pump is 50.2°F (10.1°C).

The daily fluctuations in the heat pump EFTs increa
significantly as the example building is considered in re
tively colder climates. This is because in colder climates
smaller ground heat exchanger is required to meet the p
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EFT for a given peak cooling load. Naturally, the small
ground heat exchanger results in a larger daily fluctuation
EFT over a day. 

The energy consumption of the heat pump and the cir
lating pump for the base case are provided in Table 1 for b
Tulsa and Houston TMY conditions. The percent ener
consumption distribution between the fluid circulation pum
and the heat pump is 40%/60% for Houston and 23.5%/76.
for Tulsa, respectively. The energy consumption of the flu
circulation pump is significantly smaller in Tulsa than i
Houston due to the shorter loop length for Tulsa.

Figure 4 Hourly entering fluid temperatures to the heat
pump considering Houston, Texas, and Tulsa,
Oklahoma, typical climatic conditions—base
case.
TABLE 1  
System Simulation Summary for the Base Case

Houston, Texas Tulsa, Oklahoma

1st year 20th year 20-year average 1st year 20th year 20-year average

Energy Consumption, 
Heat Pump (kWh)

20,399 25,904 24,245 17,931 20,660 19,927

Energy Consumption, 
Fluid Circulation Pump (kWh)

16,177 16,177 16,177 7190 7190 7190

Total Energy Consumption (kWh) 36,577 42,082 40,423 25,122 27,850 27,117
�



Case 2—Undersized Design of the Borehole 
Field without Supplemental Heat Rejection

The operation of the undersized borehole field without
any supplemental heat rejection is interesting because it illus-
trates the effects of the long-term temperature rise in the
ground due to reduced ground-loop heat exchanger length.
The borefield for Houston TMY conditions is designed with
12 boreholes in a 3 × 4 configuration, each 250 ft (76.2 m)
deep. This represents a two-thirds reduction from the base
case. For Tulsa TMY conditions, the borefield is reduced from
16 boreholes to nine boreholes arranged in a 3 × 3 configura-
tion with each borehole drilled to 240 ft (73.2 m). 

The hourly heat pump entering fluid temperatures for
Houston and Tulsa are shown in Figure 5. Even for the first
two years of simulation, the EFTs to the heat pump are already
over 110.0°F (43.3°C). A 20-year simulation predicts heat
pump EFTs in excess of 120.0°F (48.9°C). The temperature
fluctuations are observed to occur in a significantly wider
band than in the base case. This is because an unchanged
amount of heat is required to be rejected through a shorter loop
length. Accordingly, the heat transfer fluid entering the heat
pump from the ground is at a higher temperature. If this excess
heat were not to be dissipated through supplemental rejection,
the COP of the heat pump would deteriorate significantly over
time.

Table 2 shows the energy consumption of the heat pump
and the fluid circulation pump for Tulsa and Houston. In this
case without any supplemental heat rejection, the energy
consumption on the fluid circulation pumps is lowered signif-
icantly due to shorter loop lengths. However, since a long-term
temperature rise is allowed to occur in the borefield, the heat
pump operates with lower efficiency. This results in a sizeable
increase in the energy consumption of the heat pump for both
Tulsa and Houston TMY conditions. Although the total
system energy consumption remains almost unchanged as
compared to the base case, the heat pump energy consumption
for Houston and Tulsa is significantly higher. It should be
noted here that the energy consumptions are based on curve
fits (Yavuzturk and Spitler 1999) of catalog data. Necessarily,
�

they are extrapolated to higher temperatures than are
supported by the catalog data. Therefore, the accuracy of the
energy consumption data may be reduced. Perhaps it should
suffice to say that the heat pumps are running with EFTs
outside the recommended operating range, most probably
with additional detrimental effects, such as insufficient capac-
ity to meet the demand.

Figure 5 Hourly entering fluid temperatures to the heat
pump for typical Houston, Texas, and Tulsa,
Oklahoma, climatic conditions—case 2.
TABLE 2  
System Simulation Summary for Case 2

Houston, Texas Tulsa, Oklahoma

1st year 20th year 20-year average 1st year 20th year 20-year average

Energy Consumption, 
Heat Pump (kWh)

26,583 37,458 34,424 21,680 25,985 24,855

Energy Consumption,
Fluid Circulation Pump (kWh)

5392 5392 5392 4044 4044 4044

Total Energy Consumption (kWh) 31,976 42,851 39,817 25,724 30,030 28,900
����
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&DVH��²6HW�3RLQW�&RQWURO�IRU�WKH�+HDW�3XPS�
(QWHULQJ�DQG�([LWLQJ�)OXLG�7HPSHUDWXUHV

$�VHW�SRLQW�FRQWURO�IRU�WKH�RSHUDWLRQ�RI�WKH�VXSSOHPHQWDO
KHDW�UHMHFWHUV�LV�VWUDLJKWIRUZDUG��:LWK�WKLV�FRQWURO�VWUDWHJ\��WKH
FRROLQJ� WRZHU� LV� DFWLYDWHG�ZKHQHYHU� WKH�KHDW�SXPS�H[LWLQJ
�&DVH� �D�� RU� HQWHULQJ� �&DVH� �E�� IOXLG� WHPSHUDWXUH� UHDFKHV
�����)� ������&��� 7KH� XSSHU� OLPLW� RI� �����)� ������&�� LV
VHOHFWHG� FRQVLGHULQJ� WKH� GHVLJQ� PD[LPXP� HQWHULQJ� IOXLG
WHPSHUDWXUH�LQ�WKH�EDVH�FDVH�GHVLJQ��7KH�RSHUDWLQJ�KRXUV�RI�WKH
FRROLQJ�WRZHU��WKH�HQHUJ\�FRQVXPSWLRQ�UHVXOWLQJ�IURP�VXSSOH�
PHQWDO�KHDW�UHMHFWLRQ��LQFOXGLQJ�WKH�FRROLQJ�WRZHU�IDQ�DQG�WKH
SXPSLQJ�HQHUJ\�FRQVXPSWLRQ�IRU�WKH�VHFRQGDU\�IOXLG�FLUFXOD�
WLRQ�ORRS��FLUFXODWLRQ�SXPS������WKH�HQHUJ\�FRQVXPSWLRQ�GXH
WR�WKH�KHDW�SXPS�RSHUDWLRQ��DQG�WKH�PDLQ�IOXLG�FLUFXODWLRQ�ORRS
�FLUFXODWLRQ�SXPS������DUH�JLYHQ�LQ�7DEOHV���DQG���IRU�ERWK
FOLPDWLF�UHJLRQV�
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,Q�FRROLQJ�GRPLQDWHG�EXLOGLQJV�� WKH� WHPSHUDWXUH�RI� WKH
IOXLG�H[LWLQJ�IURP�WKH�KHDW�SXPS�WR�WKH�ERUHILHOG�ZLOO�W\SLFDOO\
EH�KLJKHU�WKDQ�WKH�WHPSHUDWXUH�HQWHULQJ�WKH�KHDW�SXPS��$�VHW
SRLQW�FRQWURO�VFKHPH�WKDW�LV�EDVHG�RQ�WKH�KHDW�SXPS�H[LWLQJ
WHPSHUDWXUH�ZLOO��WKHUHIRUH��DFWLYDWH�WKH�FRROLQJ�WRZHU�PRUH
RIWHQ��6LPLODUO\��WKH�GXUDWLRQ�RI�WKH�FRROLQJ�WRZHU�RSHUDWLRQ�LQ
JHQHUDO�ZLOO�GHSHQG�RQ�EXLOGLQJ�FRROLQJ�ORDGV��7KH�KLJKHU�WKH
EXLOGLQJ�FRROLQJ�ORDGV��WKH�PRUH�KHDW�ZLOO�QHHG�WR�EH�UHMHFWHG�
WKH�ORQJHU�DQG�RU�WKH�PRUH�RIWHQ�WKH�VXSSOHPHQWDO�KHDW�UHMHFW�
HUV�ZLOO�EH�DFWLYDWHG��

$� FRPSDULVRQ� EHWZHHQ�7DEOHV� �� DQG� �� VKRZV� WKDW� WKH
DQQXDO� DYHUDJH� HQHUJ\� FRQVXPSWLRQ� RI� WKH� KHDW� SXPS� LV
VOLJKWO\�GHFUHDVHG�IRU�ERWK�FOLPDWLF�UHJLRQV�ZKHQ�FRPSDUHG�WR
WKH�EDVH�FDVH��7KH�KHDW�SXPS�RSHUDWHV�PRUH�HIILFLHQWO\�GXH�WR
VOLJKWO\�ORZHU�HQWHULQJ�IOXLG�WHPSHUDWXUHV�WR�WKH�KHDW�SXPS�
2YHUDOO��KRZHYHU��WKH�VDYLQJV�LQ�HOHFWULFLW\�FRQVXPSWLRQ�DUH
VRPHZKDW� ODUJHU� GXH� WR� UHGXFHG� SXPSLQJ� FRVWV� DVVRFLDWHG
ZLWK�D�VPDOOHU�ERUHILHOG��
7$%/(�� �
+\EULG�6\VWHP�6LPXODWLRQ�IRU�&RQWURO�6WUDWHJ\��D

+RXVWRQ��7H[DV 7XOVD��2NODKRPD

�VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH �VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH

2SHUDWLRQ�RI�WKH�&RROLQJ�7RZHU��K� ��� ��� ��� ��� ��� ���

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU�3XPS��N:K�

�� �� �� �� �� ��

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU��N:K�

��� ��� ��� ��� ��� ���

(QHUJ\�&RQVXPSWLRQ�
+HDW�3XPS��N:K�

������ ������ ������ ������ ������ ������

(QHUJ\�&RQVXPSWLRQ�
0DLQ�&LUFXODWLRQ�3XPS��N:K�

���� ���� ���� ���� ���� ����

7RWDO�(QHUJ\�&RQVXPSWLRQ��N:K� ������ ������ ������ ������ ������ ������

7$%/(�� �
+\EULG�6\VWHP�6LPXODWLRQ�IRU�&RQWURO�6WUDWHJ\��E

+RXVWRQ��7H[DV 7XOVD��2NODKRPD

�VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH �VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH

2SHUDWLRQ�RI�WKH�&RROLQJ�7RZHU��K� ��� ��� ��� �� ��� ���

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU�3XPS��N:K�

�� �� �� � �� ��

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU��N:K�

�� ��� ��� �� ��� ��

(QHUJ\�&RQVXPSWLRQ�
+HDW�3XPS��N:K�

������ ������ ������ ������ ������ ������

(QHUJ\�&RQVXPSWLRQ�
0DLQ�&LUFXODWLRQ�3XPS��N:K�

����� ����� ����� ����� ����� �����

7RWDO�(QHUJ\�&RQVXPSWLRQ��N:K� ������ ������ ������ ������ ������ ������
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7KH�LQFUHDVH�LQ�RSHUDWLQJ�KRXUV�IRU�ERWK�FRQWURO�VXEVWUDW�
HJLHV�LQ�ODWHU�\HDUV�RI�VLPXODWLRQ�LV�GXH�WR�VPDOO�WHPSHUDWXUH
ULVHV�LQ�WKH�JURXQG��$FFRUGLQJO\��WKH�FRROLQJ�WRZHU�PXVW�UXQ
VRPHZKDW�ORQJHU��7KH�VHW�SRLQW�WHPSHUDWXUH�PD\�EH�ORZHUHG
WR�UHGXFH�WKH�ORQJ�WHUP�WHPSHUDWXUH�ULVH��

+RXUO\�KHDW�SXPS�HQWHULQJ�IOXLG�WHPSHUDWXUHV�DQG�KHDW
UHMHFWLRQ� LQ� WKH� FRROLQJ� WRZHU� IRU� FDVH� �D� DUH� SURYLGHG� LQ
)LJXUH���IRU�+RXVWRQ�70<�FRQGLWLRQV��7KH�PD[LPXP�HQWHU�
LQJ� IOXLG� WHPSHUDWXUH� WR� WKH�KHDW�SXPS� LV������)� ������&��

)LJXUH�� +RXUO\� HQWHULQJ� IOXLG� WHPSHUDWXUHV� WR� WKH� KHDW
SXPS�DQG�KHDW�UHMHFWLRQ�LQ�WKH�FRROLQJ�WRZHU�IRU
W\SLFDO�+RXVWRQ��7H[DV��FOLPDWLF�FRQGLWLRQV²WZR�
\HDU�VLPXODWLRQ��FDVH��D�
10
RFFXUULQJ�LQ�WKH���WK�\HDU�RI�WKH�VLPXODWLRQ��7KH�UHVXOWV�IRU
7XOVD�DUH�TXDOLWDWLYHO\�VLPLODU�

&DVH��²'LIIHUHQWLDO�&RQWURO�IRU�WKH�+HDW�3XPS�
(QWHULQJ�DQG�([LWLQJ�)OXLG�7HPSHUDWXUHV

$Q� RSHUDWLQJ� FRQWURO� VWUDWHJ\� EDVHG� RQ� WKH� GLIIHUHQFH
EHWZHHQ�WKH�KHDW�SXPS�HQWHULQJ�RU�H[LWLQJ�IOXLG�WHPSHUDWXUH
DQG�WKH�DPELHQW�DLU�ZHW�EXOE�WHPSHUDWXUH�LV�GHVLJQHG�WR�UHMHFW
KHDW�ZKHQHYHU�WKH�ZHDWKHU�FRQGLWLRQV�DUH�DGYDQWDJHRXV��7KH
DPELHQW�DLU�ZHW�EXOE�WHPSHUDWXUH�LV�SUHIHUUHG�WR�WKH�GU\�EXOE
WHPSHUDWXUH� VLQFH� WKH� HIIHFWLYHQHVV� RI� WKH� FRROLQJ� WRZHU� LV
EDVHG�RQ�WKH�GLIIHUHQFH�EHWZHHQ�WKH�FRROLQJ�WRZHU�LQOHW�ZDWHU
WHPSHUDWXUH�DQG�WKH�DPELHQW�DLU�ZHW�EXOE�WHPSHUDWXUH��

,Q�WKLV�VWUDWHJ\��WKH�FRROLQJ�WRZHU�DQG�WKH�VHFRQGDU\�ORRS
ZDWHU� FLUFXODWLRQ� SXPS� DUH� DFWLYDWHG� ZKHQ� WKH� GLIIHUHQFH
EHWZHHQ�()7�RU�([)7�DQG�7:HW%XOE�DUH�JUHDWHU�WKDQ�WKH�VSHF�
LILHG�GHDG�EDQG�KLJK�SRLQW��XSSHU�WHPSHUDWXUH�GLIIHUHQFH���7KH
FRROLQJ�FRQWLQXHV�XQWLO�WKLV�WHPSHUDWXUH�GLIIHUHQFH�IDOOV�EHORZ
WKH�GHDG�EDQG�ORZ�SRLQW��ORZHU�WHPSHUDWXUH�GLIIHUHQFH���)RU
WKLV�DQDO\VLV��D�GHDG�EDQG�ORZ�SRLQW�RI�����)������&��LV�VHOHFWHG
ZKLOH� WZR� GLIIHUHQW� GHDG� EDQG� KLJK� SRLQWV� DUH� XVHG�� ����)
�����&��DQG������)������&���WR�LQYHVWLJDWH�WKH�HIIHFWV�RI�WKH
VL]H�RI�WKH�GHDG�EDQG��:KHQ�WKH�FRQWURO�VWUDWHJ\�LV�EDVHG�RQ�WKH
KHDW�SXPS�H[LWLQJ�IOXLG�WHPSHUDWXUH��D�GHDG�EDQG�ZLWK�D�ORZ
SRLQW� RI� ����)� �����&�� DQG� KLJK� SRLQW� RI� ����)� �����&�� LV
GHILQHG��

'XH�WR�WKH�KLJKHU�FRROLQJ�GHPDQG�RI�WKH�H[DPSOH�EXLOG�
LQJ�LQ�+RXVWRQ��D�KLJKHU�IUHTXHQF\�IRU�WKH�FRROLQJ�WRZHU�RSHU�
DWLRQ�FDQ�EH�H[SHFWHG��7KH�LQFUHDVHG�IUHTXHQF\�IRU�FRROLQJ
WRZHU�RSHUDWLRQ�VWURQJO\�GHSHQGV�RQ�WKH�VL]H�RI�WKH�ERUHKROH
ILHOG�DV�ZHOO�DV�RQ�WKH�FRROLQJ�GHPDQG�RI�WKH�EXLOGLQJ��7KH
KLJKHU�WKH�FRROLQJ�GHPDQG�RI�WKH�EXLOGLQJ�DQG�WKH�VPDOOHU�WKH
ERUHKROH�ILHOG��WKH�PRUH�RIWHQ�ZLOO�WKH�FRROLQJ�WRZHU�EH�RSHU�
DWHG��

6XPPDULHV�RI�WKH�VLPXODWLRQ�UHVXOWV�IRU�FRQWURO�VWUDWHJLHV
�D���E��DQG��F�DUH�VKRZQ�LQ�7DEOHV�������DQG����)RU�ERWK�FOLPDWLF
UHJLRQV��D�JHQHUDO�GHFUHDVH�LQ�WKH�DQQXDO�RSHUDWLQJ�KRXUV�RI�WKH
7$%/(�� �
+\EULG�6\VWHP�6LPXODWLRQ�6XPPDU\�IRU�&RQWURO�6WUDWHJ\��D

+RXVWRQ��7H[DV 7XOVD��2NODKRPD

�VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH �VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH

2SHUDWLRQ�RI�WKH�&RROLQJ�7RZHU��K� ���� ���� ���� ���� ���� ����

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU�3XPS��N:K�

��� ��� ��� ��� ��� ���

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU��N:K�

���� ���� ���� ���� ���� ����

(QHUJ\�&RQVXPSWLRQ�
+HDW�3XPS��N:K�

������ ������ ������ ������ ������ ������

(QHUJ\�&RQVXPSWLRQ�
0DLQ�&LUFXODWLRQ�3XPS��N:K�

���� ���� ���� ���� ���� ����

7RWDO�(QHUJ\�&RQVXPSWLRQ��N:K� ������ ������ ������ ������ ������ ������
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7$%/(�� �
+\EULG�6\VWHP�6LPXODWLRQ�6XPPDU\�IRU�&RQWURO�6WUDWHJ\��E

+RXVWRQ��7H[DV 7XOVD��2NODKRPD

�VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH �VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH

2SHUDWLRQ�RI�WKH�&RROLQJ�7RZHU��K� ���� ���� ���� ���� ���� ����

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU�3XPS��N:K�

��� ��� ��� ��� ��� ���

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU��N:K�

���� ���� ���� ���� ���� ����

(QHUJ\�&RQVXPSWLRQ�
+HDW�3XPS��N:K�

������ ������ ������ ������ ������ ������

(QHUJ\�&RQVXPSWLRQ�
0DLQ�&LUFXODWLRQ�3XPS��N:K�

���� ���� ���� ���� ���� ����

7RWDO�(QHUJ\�&RQVXPSWLRQ��N:K� ������ ������ ������ ������ ������ ������

7$%/(�� �
+\EULG�6\VWHP�6LPXODWLRQ�6XPPDU\�IRU�&RQWURO�6WUDWHJ\��F

+RXVWRQ��7H[DV 7XOVD��2NODKRPD

�VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH �VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH

2SHUDWLRQ�RI�WKH�&RROLQJ�7RZHU��K� ���� ���� ���� ���� ���� ����

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU�3XPS��N:K�

��� ��� ��� ��� ��� ���

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU��N:K�

���� ���� ���� ���� ���� ����

(QHUJ\�&RQVXPSWLRQ�
+HDW�3XPS��N:K�

������ ������ ������ ������ ������ ������

(QHUJ\�&RQVXPSWLRQ�
0DLQ�&LUFXODWLRQ�3XPS��N:K�

���� ���� ���� ���� ���� ����

7RWDO�(QHUJ\�&RQVXPSWLRQ��N:K� ������ ������ ������ ������ ������ ������
FRROLQJ�WRZHU�IURP�WKH�ILUVW�\HDU�WR�WKH���WK�\HDU�RI�V\VWHP
VLPXODWLRQ�LV�REVHUYHG�IRU�WKH�WKUHH�FRQWURO�VXEVWUDWHJLHV���7KLV
LV� EHFDXVH� RQ� DQ� DQQXDO� EDVLV�PRUH� KHDW� LV� H[WUDFWHG� WKDQ
UHMHFWHG��7KH�K\EULG�V\VWHP�ZLWK�WKLV�FRQWURO�VWUDWHJ\�FRROV�WKH
JURXQG�UDWKHU�WKDQ�KHDWV�LW�RQ�D�ORQJ�WHUP�EDVLV��)RU�FDVH��E�
WKH�FRROLQJ�WRZHU�UXQV�VLJQLILFDQWO\�OHVV�KRXUV�WKDQ�IRU�FDVH��D�
$Q� LQFUHDVH� LQ� WKH� DQQXDO� DYHUDJH� WLPH� RI� RSHUDWLRQ� LV
REVHUYHG�ZKHQ�WKH�([)7�LV�XVHG�WR�HVWDEOLVK�WKH�WHPSHUDWXUH
GLIIHUHQWLDO�IRU�WKLV�FRQWURO�VWUDWHJ\��FDVH��F���7KLV�ZDV�WR�EH
H[SHFWHG�VLQFH��LQ�WKH�FRROLQJ�PRGH��WKH�([)7�LV�JUHDWHU�WKDQ
()7�

8QOLNH�FDVH����LQ�FDVHV��D���E��DQG��F��VLJQLILFDQW�VDYLQJV
LQ�WKH�KHDW�SXPS�HOHFWULFLW\�FRQVXPSWLRQ�DUH�UHDOL]HG��)RU�WKH
EHVW�FDVH���F������DYHUDJH�DQQXDO�VDYLQJV�LQ�KHDW�SXPS�HOHF�
WULFLW\� FRQVXPSWLRQ� DUH� DFKLHYHG� LQ� +RXVWRQ� DQG� ���� LQ
7XOVD��,Q�+RXVWRQ��WKH�RYHUDOO�DYHUDJH�DQQXDO�VDYLQJV�LQ�HOHF�
WULFLW\�FRQVXPSWLRQ�������DUH�VLJQLILFDQWO\�KLJKHU�EHFDXVH�RI
WKH� UHGXFHG� SXPSLQJ� UHTXLUHPHQWV�� ,Q� 7XOVD�� WKH� RYHUDOO
VDYLQJV�DUH�DSSUR[LPDWHO\�WKH�VDPH�DV�WKH�KHDW�SXPS�VDYLQJV
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EHFDXVH�WKH�UHGXFHG�HOHFWULFLW\�FRQVXPSWLRQ�RI�WKH�PDLQ�FLUFX�
ODWLQJ� SXPS� LV� RIIVHW� E\� WKH� HOHFWULFLW\� FRQVXPSWLRQ�RI� WKH
FRROLQJ�WRZHU�IDQ�DQG�VHFRQGDU\�FLUFXODWLQJ�SXPS�

+RXUO\�HQWHULQJ�IOXLG�WHPSHUDWXUHV�WR�WKH�KHDW�SXPS�DQG
WKH�KRXUO\�KHDW�UHMHFWLRQ�LQ�WKH�FRROLQJ�WRZHU�RI�WKLV�FRQWURO
VWUDWHJ\�DUH�VKRZQ�LQ�)LJXUH���IRU�D�WZR�\HDU�VLPXODWLRQ�XVLQJ
WKH�FRQWURO�VWUDWHJ\��F�IRU�+RXVWRQ�70<��7KH�PD[LPXP�HQWHU�
LQJ�IOXLG�WHPSHUDWXUH�LV������)�������&��RFFXUULQJ�LQ�WKH�ILUVW
PRQWK�RI�WKH����\HDU�VLPXODWLRQ��ZKLOH�WKH�PLQLPXP�()7�LV
�����)������&��DQG�RFFXUV�LQ�WKH���WK�PRQWK��7KH�()7V�WR�WKH
KHDW�SXPS�IRU�WKH����\HDU�VLPXODWLRQ�DUH�VKRZQ�LV�)LJXUH���

)RU�FDVHV��D�DQG��E��WKH�SHDN�HQWHULQJ�IOXLG�WHPSHUDWXUHV
WR�WKH�KHDW�SXPS�DUH�UHODWLYHO\�FORVH� WR�HDFK�RWKHU�IRU�ERWK
FOLPDWLF� UHJLRQV� ������)� >�����&@� DQG� �����)� >�����&@� IRU
+RXVWRQ�� �����)� >�����&@� DQG� �����)� >�����&@� IRU� 7XOVD�
UHVSHFWLYHO\���+RZHYHU��ZKHQ�WKH�WHPSHUDWXUH�GHDG�EDQG�LV
LQFUHDVHG��DV�LQ�FDVH��E��WKH�V\VWHP�UXQV�³KRWWHU�´�VLQFH�WKH
VXSSOHPHQWDO�KHDW�UHMHFWLRQ�UXQV�OHVV�IUHTXHQWO\��
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&DVH���±�6FKHGXOHG�5HFKDUJH�RI�WKH�%RUHKROH�)LHOG�

,Q�WKLV�FDVH��H[FHVV�KHDW�LV�UHMHFWHG�E\�VLPSO\�UXQQLQJ�WKH
FRROLQJ�WRZHU�DQG�ERWK�FLUFXODWLQJ�SXPSV�DW�VFKHGXOHG�WLPHV
�PLGQLJKW� WR������D�P���GXULQJ�WKH�QLJKW��,Q�DGGLWLRQ��LI� WKH
()7�WR�WKH�KHDW�SXPS�H[FHHGV������)�������&���WKH�VXSSOH�
PHQWDO�KHDW�UHMHFWLRQ�LV�WXUQHG�RQ��

)LJXUH�� +RXUO\� HQWHULQJ� IOXLG� WHPSHUDWXUHV� WR� WKH� KHDW
SXPS�DQG�KHDW�UHMHFWLRQ�LQ�WKH�FRROLQJ�WRZHU�IRU
W\SLFDO� +RXVWRQ�� 7H[DV�� FOLPDWLF� FRQGLWLRQV²
WZR�\HDU�VLPXODWLRQ��FDVH��F�
12
7DEOHV�������DQG����VKRZ�WKH�RSHUDWLQJ�KRXUV�RI�WKH�FRRO�
LQJ�WRZHU�DQG�WKH�HQHUJ\�FRQVXPSWLRQ�RI�WKH�K\EULG�V\VWHP�IRU
HDFK�FRQWURO�VXEVWUDWHJ\�IRU�+RXVWRQ�DQG�7XOVD�70<�FRQGL�
WLRQV�� &RQWURO� VWUDWHJLHV� FDVH� �E� DQG� �F� DUH� GHVLJQHG� WR
FRPSDUH�VHDVRQDO�HIIHFWV�RI�FRRO�VWRUDJH��&DVH��E�FRQVLGHUV
WKH�ZLQWHU�PRQWKV��JURXQG�UHFKDUJH�VWDUWV�LQ�-DQXDU\�DQG�UXQV
WKURXJK�0DUFK���DQG�FDVH��F�FRQVLGHUV�WKH�VXPPHU�PRQWKV
�JURXQG�UHFKDUJH�VWDUWV�LQ�-XQH�DQG�UXQV�WKURXJK�$XJXVW��

7KH�DQQXDO�RSHUDWLQJ�KRXUV�IRU�WKH�FRROLQJ�WRZHU�LQ�FDVH
�D�UHPDLQV�UHODWLYHO\�VWDEOH�WKURXJKRXW�WKH����\HDU�VLPXODWLRQ
SHULRG��0RVW�RI�WKH�KRXUV�RI�RSHUDWLRQ�DUH�VFKHGXOHG��VR�WKH
VOLJKW� LQFUHDVH� LQ�UXQ� WLPH�LV�GXH� WR� WKH� VHW�SRLQW�FRQGLWLRQ
EHLQJ�UHDFKHG�PRUH�RIWHQ�DV�WKH�IOXLG�WHPSHUDWXUHV�LQFUHDVHV�
7KH�HQHUJ\�FRQVXPSWLRQ�GXH�WR�WKH�RSHUDWLRQ�RI�WKH�FRROLQJ
WRZHU�IDQ�DQG�WKH�VHFRQGDU\�ORRS�FLUFXODWLRQ�SXPS�DFFRXQW�IRU

)LJXUH�� +RXUO\�HQWHULQJ�IOXLG�WHPSHUDWXUHV�WR�WKH�KHDW
SXPS�DQG�KHDW�UHMHFWLRQ�LQ�WKH�FRROLQJ�WRZHU
IRU� W\SLFDO� +RXVWRQ�� 7H[DV�� FOLPDWLF
FRQGLWLRQV²���\HDU�VLPXODWLRQ��FDVH��F�
7$%/(�� �
+\EULG�6\VWHP�6LPXODWLRQ�6XPPDU\�IRU�&RQWURO�6WUDWHJ\��D

+RXVWRQ��7H[DV 7XOVD��2NODKRPD

�VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH �VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH

2SHUDWLRQ�RI�WKH�&RROLQJ�7RZHU��K� ���� ���� ���� ���� ���� ����

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU�3XPS��N:K�

��� ��� ��� ��� ��� ���

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU��N:K�

��� ���� ���� ��� ��� ���

(QHUJ\�&RQVXPSWLRQ�
+HDW�3XPS��N:K�

������ ������ ������ ������ ������ ������

(QHUJ\�&RQVXPSWLRQ�
0DLQ�&LUFXODWLRQ�3XPS��N:K�

���� ���� ���� ���� ���� ����

7RWDO�(QHUJ\�&RQVXPSWLRQ��N:K� ������ ������ ������ ������ ������ ������
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7$%/(�� �
+\EULG�6\VWHP�6LPXODWLRQ�6XPPDU\�IRU�&RQWURO�6WUDWHJ\��E

+RXVWRQ��7H[DV 7XOVD��2NODKRPD

�VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH �VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH

2SHUDWLRQ�RI�WKH�&RROLQJ�7RZHU��K� ��� ����� ���� ��� ��� ���

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU�3XPS��N:K�

�� �� �� �� �� ��

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU��N:K�

��� ��� ��� ��� ��� ���

(QHUJ\�&RQVXPSWLRQ�
+HDW�3XPS��N:K�

������ ������ ������ ������ ������ ������

(QHUJ\�&RQVXPSWLRQ�
0DLQ�&LUFXODWLRQ�3XPS��N:K�

���� ���� ���� ���� ���� ����

7RWDO�(QHUJ\�&RQVXPSWLRQ��N:K� ������ ������ ������ ������ ������ ������

7$%/(��� �
+\EULG�6\VWHP�6LPXODWLRQ�6XPPDU\�IRU�&RQWURO�6WUDWHJ\��F

+RXVWRQ��7H[DV 7XOVD��2NODKRPD

�VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH �VW�\HDU ��WK�\HDU ���\HDU�DYHUDJH

2SHUDWLRQ�RI�WKH�&RROLQJ�7RZHU��K� ��� ���� ���� ��� ��� ���

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU�3XPS��N:K�

�� �� �� �� �� ��

(QHUJ\�&RQVXPSWLRQ�
&RROLQJ�7RZHU��N:K�

��� ��� ��� ��� ��� ���

(QHUJ\�&RQVXPSWLRQ�
+HDW�3XPS��N:K�

������ ������ ������ ������ ������ ������

(QHUJ\�&RQVXPSWLRQ�
0DLQ�&LUFXODWLRQ�3XPS��N:K�

���� ���� ���� ���� ���� ����

7RWDO�(QHUJ\�&RQVXPSWLRQ��N:K� ������ ������ ������ ������ ������ ������
�����RI�WKH�WRWDO�HQHUJ\�FRQVXPSWLRQ�IRU�WKLV�VWUDWHJ\��7KH
HQHUJ\�FRQVXPSWLRQ�RI�WKH�KHDW�SXPS�DFFRXQWV�IRU�������RI
WKH�WRWDO�HQHUJ\�FRQVXPSWLRQ�RI�WKH�V\VWHP�DQG�LV�DERXW�����
OHVV�WKDQ�WKH�HQHUJ\�FRQVXPSWLRQ�DV�FRPSDUHG�WR�WKH�EDVH�FDVH
IRU�+RXVWRQ��2YHUDOO��WKH�V\VWHP�XVHV�DERXW�����OHVV�HOHFWULF�
LW\�WKDQ�WKH�EDVH�FDVH��GXH�VXEVWDQWLDOO\�WR�WKH�UHGXFHG�SXPS�
LQJ� HQHUJ\� UHTXLUHPHQWV�� ,Q� 7XOVD�� WKH� RYHUDOO� HOHFWULFLW\
VDYLQJV�DUH�RQO\�DERXW�����VLQFH�WKH�SXPSLQJ�HQHUJ\�UHTXLUH�
PHQWV�DUH�QRW�DV�VWURQJO\�UHGXFHG��

)LJXUH���VKRZV�WKH�UHVXOWV�RI�WKLV�RSHUDWLQJ�VWUDWHJ\�XVLQJ
FDVH��D�IRU�+RXVWRQ�70<��7KH�HQWHULQJ�IOXLG�WHPSHUDWXUHV�WR
WKH� KHDW� SXPS� DSSHDU� WR� UHPDLQ� DW� UHODWLYHO\� VWDEOH� OHYHOV
WKURXJKRXW�D����\HDU�VLPXODWLRQ�SHULRG��7KH�PD[LPXP�()7�WR
WKH�KHDW�SXPS�LV������)�������&��DQG�WKH�PLQLPXP�LV������)
������&���ERWK�RFFXUULQJ�LQ�WKH�ILUVW�\HDU�RI�VLPXODWLRQ��,W�PD\
DOVR�EH�QRWHG�WKDW�WKHUH�DUH�D�IHZ�KRXUV�ZKHQ�WKH�FRROLQJ�WRZHU
DGGV�KHDW�WR�WKH�JURXQG�ORRS�GXULQJ�WKH�VSULQJ�PRQWKV��'XULQJ
WKLV� WLPH�� WKH�JURXQG� ORRS� LV� VWLOO� UHODWLYHO\� FROG��ZKLOH� WKH
4385
DPELHQW�ZHW�EXOE�WHPSHUDWXUH�LV�KLJKHU��EXW�WKH�FRROLQJ�WRZHU
LV�EHLQJ�RSHUDWHG�EDVHG�RQO\�RQ�WKH�RSHUDWLQJ�VFKHGXOH�

7KH�KRXUO\�HQWHULQJ�IOXLG�WHPSHUDWXUHV�DQG�FRROLQJ�WRZHU
KHDW�UHMHFWLRQ�SORWV�IRU�7XOVD�DUH�TXDOLWDWLYHO\�YHU\�VLPLODU�WR
WKH�RQHV�IRU�+RXVWRQ��

7KH�PD[LPXP�()7V�WR�WKH�KHDW�SXPS�IRU�FDVHV��E�DQG��F
DUH� RQO\� DERXW� ����)� �����&�� KLJKHU� WKDQ� IRU� FDVH� �D�� $V
H[SHFWHG��WKH�PLQLPXP�()7�WR�WKH�KHDW�SXPS�LV�VLJQLILFDQWO\
KLJKHU�IRU�FDVH��F�WKDQ�IRU�FDVH��E��,Q�DGGLWLRQ��DQ�LQFUHDVH�RI
DERXW����LV�REVHUYHG�LQ�WKH�FRROLQJ�WRZHU�RSHUDWLRQ�WLPH�IRU
FDVH��F��2YHUDOO��WKH�JURXQG�ORRS�LQ�FDVH��E�UXQV�KRWWHU�WKDQ�LQ
FDVH��D��DQG�WKH�JURXQG�ORRS�LQ�FDVH��F�UXQV�KRWWHU�WKDQ�LQ�FDVH
�E��

&RQVHTXHQWO\��WKH�VDYLQJV�LQ�HOHFWULFLW\�FRQVXPSWLRQ�IRU
FDVH��E�FRPSDUHG�WR�WKH�EDVH�FDVH�DUH�������ORZHU�WKDQ�IRU
FDVH��D��7KH�VDYLQJV�LQ�HOHFWULFLW\�FRQVXPSWLRQ�IRU�FDVH��F�DUH
������ORZHU�WKDQ�IRU�FDVH��E��:LWK�WKLV�FRQWURO�VWUDWHJ\��LW
DSSHDUV�WR�LQFUHDVH�LQ�SHUIRUPDQFH�DV�PRUH�QLJKW�UXQ�WLPH�LV
VFKHGXOHG��+RZHYHU�� RQO\� WKUHH� VFKHGXOHV�ZHUH� FRQVLGHUHG
DQG�WKHUH�PD\�EH�D�PRUH�RSWLPDO�VFKHGXOH�WKDW�FDQ�EH�LPSOH�
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PHQWHG�ZLWK�D�WLPHU��,Q�DGGLWLRQ��WKH�VDYLQJV�LQ�HOHFWULFLW\�FRVW
PD\�EH�FRQVLGHUDEO\�GLIIHUHQW�IURP�WKH�VDYLQJV�LQ�HOHFWULFLW\
FRQVXPSWLRQ�LI�WLPH�RI�GD\�XWLOLW\�UDWHV�DSSO\�

,QVWDOODWLRQ�DQG�2SHUDWLQJ�&RVW�$QDO\VLV

,Q�RUGHU�WR�FRPSDUH�WKH�YDULRXV�FDVHV��D�FRVW�DQDO\VLV�LV
FRQGXFWHG�FRQVLGHULQJ�D�V\VWHP¶V�ILUVW�DQG�RSHUDWLQJ�FRVWV�IRU
D����\HDU�GHVLJQ�SHULRG��7KH�SUHVHQW�YDOXH�RI�WKH�SUHGLFWHG
RSHUDWLQJ� FRVWV� DQG� WKH� V\VWHP¶V� ILUVW� FRVWV� DUH� FDOFXODWHG
EDVHG�RQ�VHULHV�RI�DVVXPSWLRQV�

D� 7KH�FRVW�RI�WKH�JURXQG�KHDW�H[FKDQJHU�LV�FDOFXODWHG
DW�������SHU�IRRW�RI�WKH�ERUHKROH��.DYDQDXJK�������
7KLV�DPRXQW�LQFOXGHV�WKH�KRUL]RQWDO�UXQV�DQG�FRQ�
QHFWLRQV��

E� 7KH�ILUVW�FRVW�RI�WKH�FRROLQJ�WRZHU��LQFOXGLQJ�WKH�LVR�
ODWLRQ�SODWH�KHDW�H[FKDQJHU��LV�FDOFXODWHG�DW��������
SHU�WRQ�������N:��RI�FRROLQJ�WRZHU�FDSDFLW\��0HDQV
�������7KLV� DPRXQW� LQFOXGHV�RWKHU� HTXLSPHQW� DQG
DSSDUDWXV�UHTXLUHG�IRU�FRQWUROV��

F� 7KH� FRVW� RI� DX[LOLDU\� HTXLSPHQW� DQG�PDWHULDOV� IRU
WKH� FRROLQJ� WRZHU� DQG� WKH� SODWH� KHDW� H[FKDQJHU� LV
HVWLPDWHG�WR�EH�DERXW�����RI�WKH�ILUVW�FRVW��

G� 7KH� FRVW�RI� HOHFWULFLW\� LV� DVVXPHG� WR�EH� ������ SHU
N:K�

)LJXUH�� +RXUO\�KHDW�SXPS�HQWHULQJ�IOXLG�WHPSHUDWXUH�DQG
KHDW�UHMHFWLRQ�LQ�WKH�FRROLQJ�WRZHU�IRU�+RXVWRQ�
7H[DV� W\SLFDO� ZHDWKHU� FRQGLWLRQV� DQG� XVLQJ
FRQWURO� VWUDWHJ\� �D� IRU� WKH� ILUVW� WZR� \HDUV� RI
VLPXODWLRQ�
14
H� $����DQQXDO�SHUFHQWDJH�UDWH�LV�XVHG�IRU�WKH�SUHVHQW
YDOXH�DQDO\VLV��$QQXDO�FRPSRXQGLQJ�LV�XVHG�IRU�WKH
���\HDU�DQDO\VLV��

,W�VKRXOG�EH�HPSKDVL]HG�KHUH�WKDW�WKLV�LV�D�IDLUO\�VLPSOH
DSSURDFK�� DQG� LW� LV� QR� UHSODFHPHQW� IRU� D� GHWDLOHG� ILQDQFLDO
IHDVLELOLW\�VWXG\�RI�D�VSHFLILF�EXLOGLQJ�DW�D�VSHFLILF�ORFDWLRQ
ZLWK�ORFDO�FOLPDWLF�DQG�JURXQG�FRQGLWLRQV��

&RQVLVWHQW�ZLWK�WKH�SXUSRVH�RI�WKLV�SDSHU�RI�GHPRQVWUDW�
LQJ�WKH�XVH�DQG�SRZHU�RI�D�VKRUW�WLPH�VWHS�VLPXODWLRQ�PRGHO�LQ
EXLOGLQJ�HQHUJ\�DQDO\VLV��LVVXHV�UHODWHG�WR�WKH�PDLQWHQDQFH�RI
VXSSOHPHQWDO�KHDW�UHMHFWHUV�DQG�UHODWHG�HTXLSPHQW�ZHUH�QRW
LQFOXGHG�LQ�WKLV�VWXG\��1HYHUWKHOHVV��LW�PXVW�EH�SRLQWHG�RXW�WKDW
IDLOXUH� WR� LPSOHPHQW� SURSHU� PDLQWHQDQFH� RQ� VXSSOHPHQWDO
KHDW�UHMHFWHUV��PRUH�VR�IRU�FRROLQJ�WRZHUV�DQG�IOXLG�FRROHUV
WKDQ� IRU� VXUIDFH� KHDW� UHMHFWHUV��PD\� DW� WKH� HQG� QHJDWH� DQ\
HFRQRPLF� EHQHILWV� RI� K\EULG� JURXQG�VRXUFH� KHDW� SXPSV��$
VWULFW�PDLQWHQDQFH�SURJUDP�DV�VXJJHVWHG�E\�$6+5$(�������
PXVW�EH�FRQVLGHUHG�IRU�WKH�SURSHU�RSHUDWLRQ�RI�K\EULG�V\VWHPV��

7KH�UHVXOWV�RI�WKH�FRVW�DQDO\VLV�DUH�VXPPDUL]HG�IRU�+RXV�
WRQ�DQG�7XOVD�70<�FRQGLWLRQV�LQ�7DEOHV����DQG�����)LJXUH���
VKRZV�WKH�FRROLQJ�WRZHU�VL]H�WKDW�ZDV�VHOHFWHG�WR�LPSOHPHQW
HDFK�FRQWURO�VWUDWHJ\�EDVHG�RQ�WKH�UDWH�RI�KHDW�WUDQVIHU�LQ�WKH
FRROLQJ�WRZHU�DW�WKH�WLPH�RI�SHDN�HQWHULQJ�IOXLG�WHPSHUDWXUHV
WR�WKH�KHDW�SXPS��7KH�FRROLQJ�WRZHU�VL]H��DV�GLVFXVVHG�SUHYL�
RXVO\��LV�VSHFLILHG�DW�WKH�GHVLJQ�ZHW�EXOE�FRQGLWLRQ��,W�FDQ��RI
FRXUVH�� UHMHFW�PRUH� KHDW�ZKHQ� WKH�ZHW�EXOE� WHPSHUDWXUH� LV

)LJXUH��� &RROLQJ� WRZHU� VL]H� UHTXLUHG� IRU� HDFK� FRQWURO
VWUDWHJ\�
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7$%/(��� �
RXVWRQ��7H[DV

&DVH��E &DVH��F &DVH��D &DVH��E &DVH��F

��� � ��� � ��� � ��� � ��� �

���� ���� ���� ���� ����

������� ������� ������� ������� �������

������� ������� ������� ������� �������

������� ������� ������ ������� �������

����� ����� ���� ����� �����

�� �� �� �� ��

���� ���� ���� ���� ����

���� ���� ���� ���� ����

���� ���� ��� ���� ����

����� ����� ����� ����� �����

���� ���� ���� ���� ����

����� ����� ����� ����� �����

������� ������� ������� ������� �������

������� ������� ������� ������� �������
&RVW�$QDO\VLV�6XPPDU\�IRU�(DFK�&RQWURO�6WUDWHJ\�IRU�+

%DVH�&DVH²�
³RSWLPXP�
GHVLJQ´ &DVH�� &DVH��D &DVH��E &DVH��D

1XPEHU�RI�%RUHKROHV ��� � ��� � ��� � ��� � ��� �

7RWDO�/HQJWK�RI�/RRS�,QVWDOODWLRQ��IW� ���� ���� ���� ���� ����

7RWDO�&RVW�RI�/RRS�,QVWDOODWLRQ����
 ������� ������� ������� ������� �������

6DYLQJV�LQ�%RUHKROHV�DQG�/RRS�,QVWDOODWLRQ���� ������� ������� �������

0D[��+HDW�7UDQVIHU�LQ�WKH�&RROLQJ�7RZHU�
�%WX�K�

������� ������� �������

0D[��+HDW�7UDQVIHU�LQ�WKH�&RROLQJ�7RZHU�
�WRQV�RI�FRROLQJ�

����� ����� �����

0D[��)ORZ�5DWH��JSP� ��� �� �� �� ��

(:7�0D[��GXULQJ����<HDUV�RI�2SHUDWLRQ���)� ���� ����� ���� ���� ����

(:7�0LQ��GXULQJ����<HDUV�RI�2SHUDWLRQ���)� ���� ���� ���� ���� ����

'HVLJQ�&DSDFLW\�RI�WKH�&RROLQJ�7RZHU�
�WRQV�RI�FRROLQJ�

Q�D Q�D ���� ���� ����

)LUVW�&RVW�RI�&RROLQJ�7RZHU���3ODWH�+HDW�
([FKDQJHU�LQFO��&RQWUROV�����

Q�D Q�D ����� ����� �����

&RVW�RI�$X[LOLDU\�(TXLSPHQW����Á Q�D Q�D ���� ���� ����

7RWDO�)LUVW�&RVW�RI�(TXLSPHQW���� Q�D Q�D ����� ����� �����

3UHVHQW�9DOXH�RI����<HDU�2SHUDWLRQ�
�LQFOXGHV�&7�IDQ���&LUF��3XPS�(OHF��&RQV��
IRU�&DVHV���WKURXJK�������



�������� Q�D ������� ������� �������

3UHVHQW�9DOXH�RI�7RWDO�&RVW��� ������� Q�D ������� ������� �������


 (VWLPDWHG�DV�������SHU�IW�RI�ERUHKROH��LQFOXGLQJ�KRUL]RQWDO�UXQV�DQG�FRQQHFWLRQV�
� (VWLPDWHG�DV���������SHU�WRQ�RI�FRROLQJ��LQFOXGLQJ�FRQWUROV�
Á (VWLPDWHG�DV�����RI�WKH�ILUVW�FRVW�


 ������SHU�N:K�LV�DVVXPHG�IRU�FRVW�RI�HOHFWULFLW\��$����DQQXDO�SHUFHQWDJH�UDWH�LV�XVHG�IRU�OLIH�F\FOH�FRVW�DQDO\VLV�
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������� ������� ������� ������� �������
&RVW�$QDO\VLV�6XPPDU\�IRU�(DFK�&RQWURO�6WUDWHJ\�IRU�7X

%DVH�&DVH²�
³RSWLPXP�
GHVLJQ´ &DVH�� &DVH��D &DVH��E &DVH��D

1XPEHU�RI�%RUHKROHV ��� � ��� � ��� � ��� � ��� �

7RWDO�/HQJWK�RI�/RRS�,QVWDOODWLRQ��IW� ������� ������� ������� ������� �������

7RWDO�&RVW�RI�/RRS�,QVWDOODWLRQ����
 ������� ������� ������� ������� �������

6DYLQJV�LQ�%RUHKROHV�DQG�/RRS�,QVWDOODWLRQ���� ������� ������� �������

0D[��+HDW�7UDQVIHU�LQ�WKH�&RROLQJ�7RZHU
�%WX�K�

������� ������� �������

0D[��+HDW�7UDQVIHU�LQ�WKH�&RROLQJ�7RZHU�
�WRQV�RI�FRROLQJ�

����� ����� �����

0D[��)ORZ�5DWH��JSP� �� �� �� �� ��

(:7�0D[��GXULQJ����<HDUV�RI�2SHUDWLRQ���)� ���� ����� ���� ���� ����

(:7�0LQ��GXULQJ����<HDUV�RI�2SHUDWLRQ���)� ���� ���� ���� ���� ����

'HVLJQ�&DSDFLW\�RI�WKH�&RROLQJ�7RZHU�
�WRQV�RI�FRROLQJ�

Q�D Q�D ���� ���� ����

)LUVW�&RVW�RI�&RROLQJ�7RZHU���3ODWH�+HDW�
([FKDQJHU�LQFO��&RQWUROV�����

Q�D Q�D ����� ����� �����

&RVW�RI�$X[LOLDU\�(TXLSPHQW����Á Q�D Q�D ���� ���� ����

7RWDO�)LUVW�&RVW�RI�(TXLSPHQW���� Q�D Q�D ����� ����� �����

3UHVHQW�9DOXH�RI����<HDU�2SHUDWLRQ�
�LQFOXGHV�&7�IDQ���&LUF��3XPS�(OHF��&RQV��
IRU�&DVHV���WKURXJK�������



������� Q�D ������� ������� �������

3UHVHQW�9DOXH�RI�7RWDO�&RVW��� ������� Q�D ������� ������� �������


 (VWLPDWHG�DV�������SHU�IW�RI�ERUHKROH��LQFOXGLQJ�KRUL]RQWDO�UXQV�DQG�FRQQHFWLRQV�
� (VWLPDWHG�DV���������SHU�WRQ�RI�FRROLQJ��LQFOXGLQJ�FRQWUROV�
Á (VWLPDWHG�DV�����RI�WKH�ILUVW�FRVW�
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ORZHU��+HQFH�� WKH� FRROLQJ� WRZHU�PD\� UHMHFW� WZLFH� LWV� UDWHG
FDSDFLW\�GXULQJ�FROG�ZLQWHU�KRXUV��,W�VKRXOG�EH�QRWHG�WKDW�WKH
FRQWURO�VWUDWHJ\�ZLWK�WKH�OHDVW�DYHUDJH�RSHUDWLQJ�KRXUV�SHU�\HDU
IRU�WKH�VXSSOHPHQWDO�KHDW�UHMHFWLRQ�V\VWHP�GRHV�QRW�QHFHVVDU�
LO\� UHSUHVHQW� WKH� HFRQRPLFDOO\� PRVW� EHQHILFLDO� DSSURDFK�
$WWHQWLRQ�PXVW�EH�SDLG�WR�WKH�VL]H�RI�WKH�FRROLQJ�WRZHU�ZLWK
ZKLFK�D�FRQWURO�VWUDWHJ\�FDQ�EH�RSWLPDOO\�LPSOHPHQWHG��

)XUWKHUPRUH��WKLV�LV�D�FRPSOH[�GHVLJQ�SUREOHP�ZLWK�WUDGH�
RIIV�EHWZHHQ�JURXQG�ORRS�KHDW�H[FKDQJHU�VL]H��FRROLQJ�WRZHU
VL]H��DQG�FRQWURO�VWUDWHJ\��:H�KDYH�QRW�DWWHPSWHG�WR�RSWLPL]H
WKH�GHVLJQ�EXW�QRWH�WKDW�GHYHORSPHQW�RI�RSWLPDO�GHVLJQ�SURFH�
GXUH�LV�DQ�H[FHOOHQW�WRSLF�IRU�IXUWKHU�UHVHDUFK��

&21&/86,216�$1'�5(&200(1'$7,216

7KLV� SDSHU� SURYLGHV� D� FRPSDUDWLYH� VWXG\� RI� VHYHUDO
FRQWURO�VWUDWHJLHV�IRU�WKH�RSHUDWLRQ�RI�D�K\EULG�JURXQG�VRXUFH
KHDW�SXPS�V\VWHP�XVHG�LQ�D�VPDOO�RIILFH�EXLOGLQJ��$�VLPSOH
FRVW� DQDO\VLV� FRQVLGHULQJ� WKH� ILUVW� FRVW� RI� WKH� VXSSOHPHQWDO
KHDW�UHMHFWLRQ��WKH�ILUVW�FRVW�VDYLQJV�DFKLHYHG�WKURXJK�VPDOOHU
JURXQG� KHDW� H[FKDQJHUV�� DQG� WKH� V\VWHP� RSHUDWLQJ� FRVWV� LV
FRQGXFWHG�EDVHG�RQ�D����\HDU�SHULRG��7KH�WKUHH�FRQWURO�VWUDW�
HJLHV�PLJKW�EH�EURDGO\�FKDUDFWHUL]HG�DV�IROORZV��,Q�FDVH����WKH
VHW�SRLQW�FRQWURO�UXQV�WKH�FRROLQJ�WRZHU�RQO\�ZKHQ�QHFHVVDU\
WR�DYRLG�D�KLJK�()7�WR�WKH�KHDW�SXPS��+RZHYHU��WKLV�JHQHUDOO\
RFFXUV�XQGHU� WKH� OHDVW�DGYDQWDJHRXV�ZHDWKHU�FRQGLWLRQV�� ,Q
FDVH����WKH�GLIIHUHQWLDO�FRQWURO�VWUDWHJ\�RSHUDWHV�WKH�FRROLQJ
WRZHU�XQGHU�WKH�PRVW�DGYDQWDJHRXV�ZHDWKHU�FRQGLWLRQV��8QGHU
WKLV�VWUDWHJ\��WKH�JURXQG�ORRS�WHPSHUDWXUHV�DUH�KHOG�WR�D�PXFK
ORZHU�OHYHO��DQG��DV�D�UHVXOW��WKH�FRROLQJ�WRZHU�QHYHU�QHHGV�WR
RSHUDWH�WR�DYRLG�D�KLJK�()7�XQGHU�ZHDWKHU�FRQGLWLRQV�WKDW�DUH
QRW�DGYDQWDJHRXV��,Q�FDVH����WKH�FRROLQJ�WRZHU�LV�PHUHO\�RSHU�
DWHG� RQ� D� VFKHGXOH�� 7KLV� VWUDWHJ\� GRHV� QRW� WDNH� SDUWLFXODU
DGYDQWDJH�RI�ZHDWKHU�FRQGLWLRQV�DQG�ZDVWHV�VRPH�HQHUJ\�E\
UXQQLQJ�WKH�FRROLQJ�WRZHU�GXULQJ�KRXUV�ZKHQ�OLWWOH�RU�QR�KHDW
UHMHFWLRQ�PD\�EH�SHUIRUPHG��6SHFLILF�FRQFOXVLRQV�DUH�VXPPD�
UL]HG�EHORZ�

�� )RU�WKH�H[DPSOH�EXLOGLQJ��W\SLFDO�RI�VPDOO�RIILFH�EXLOG�
LQJV��D�K\EULG�JURXQG�VRXUFH�KHDW�SXPS�V\VWHP�DSSHDUV
WR�EH�EHQHILFLDO�RQ�ERWK�D�ILUVW�FRVW�DQG�DQ�DQQXDO�RSHUDW�
LQJ�FRVW�EDVLV�IRU�UHODWLYHO\�KRW�FOLPDWHV��VXFK�DV�+RXVWRQ�
7H[DV��DQG�IRU�PRGHUDWHO\�ZDUP�FOLPDWHV��VXFK�DV�7XOVD�
2NODKRPD�� 7KH� DQDO\VHV� VXJJHVW� WKDW� WKH� KLJKHU� WKH
EXLOGLQJ� FRROLQJ� ORDGV� UHODWLYH� WR� WKH� EXLOGLQJ� KHDWLQJ
ORDGV��WKH�PRUH�ILUVW�FRVW�FDQ�EH�VDYHG�GXH�WR�UHGXFWLRQ�LQ
WKH�JURXQG�KHDW�H[FKDQJHU� VL]H��DQG��FRQVHTXHQWO\�� WKH
PRUH� EHQHILFLDO� WKH� K\EULG� JURXQG�VRXUFH� KHDW� SXPS
DSSOLFDWLRQ�� )RU� WKH� H[DPSOH� EXLOGLQJ� WKDW� LV� DQDO\]HG
KHUH��D�K\EULG�DSSOLFDWLRQ�RSHUDWHG�EDVHG�RQ�GLIIHUHQWLDO
FRQWURO�VFKHPH��FDVH��F��DSSHDUV�WR�EH�WKH�PRVW�EHQHILFLDO
FKRLFH��+RZHYHU�� FRPSDUHG� WR� WKH�EDVH� FDVH�� D� K\EULG
V\VWHP� LPSOHPHQWHG�ZLWK� DQ\�RI� WKH� FRQWURO� VWUDWHJLHV
LQYHVWLJDWHG�DSSHDUV�WR�KDYH�VLJQLILFDQW�HFRQRPLF�EHQH�
ILWV�EDVHG�RQ�ILUVW�FRVW�DQG����\HDU�RSHUDWLQJ�FRVW��7DEOHV
���DQG������
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�� )RU� WKH�VPDOO�RIILFH�EXLOGLQJ��WKH�DGGLWLRQ�RI�D�VXSSOH�
PHQWDO�KHDW�UHMHFWHU�FRXOG�QRW�EH�MXVWLILHG�IRU�ORFDWLRQV�LQ
UHODWLYHO\� FROG� RU� PRGHUDWHO\� FROG� FOLPDWHV�� +RZHYHU�
EXLOGLQJV� ZLWK� GLIIHUHQW� ORDG� SURILOHV� PLJKW� EH� JRRG
FDQGLGDWHV�IRU�K\EULG�JURXQG�VRXUFH�KHDW�SXPS�V\VWHPV��

�� %DVHG�RQ�WKH�OLPLWHG�VWXG\�RI�FRQWURO�VWUDWHJLHV�LQYHVWL�
JDWHG�� WKH� EHVW� FRQWURO� VWUDWHJ\� LQYHVWLJDWHG� ZDV� �F�
ZKLFK�RSHUDWHG�WKH�FRROLQJ�WRZHU�EDVHG�RQ�WKH�GLIIHUHQFH
EHWZHHQ�WKH�IOXLG�WHPSHUDWXUH�H[LWLQJ�WKH�KHDW�SXPS�DQG
WKH�RXWVLGH�ZHW�EXOE�WHPSHUDWXUH��7KLV�FRQWURO�VWUDWHJ\
KDG�WKH�ORZHVW�ILUVW�FRVW�DQG�WKH�ORZHVW�RSHUDWLQJ�FRVW��,W
WDNHV�DGYDQWDJH�RI�WKH�VWRUDJH�FDSDFLW\�RI�WKH�JURXQG�KHDW
H[FKDQJHU� E\� ³VWRULQJ� FROG´� LQ� WKH� JURXQG� GXULQJ� WKH
ZLQWHU��,W�DOVR�UHMHFWV�KHDW�ZKHQ�FRQGLWLRQV�DUH�DGYDQWD�
JHRXV�LQ�WKH�VSULQJ��VXPPHU��DQG�IDOO�

�� ,Q�JHQHUDO��WKH�FRQWURO�VWUDWHJLHV�WKDW�RSHUDWHG�WKH�FRROLQJ
WRZHU�PRUH�KRXUV�JDYH�PRUH�EHQHILW�WKDQ�WKRVH�WKDW�RSHU�
DWHG�WKH�FRROLQJ�WRZHU�IHZHU�KRXUV��7KLV�LV�SDUWLFXODUO\
WUXH�ZKHQ�WKH�FRROLQJ�WRZHU�ZDV�RSHUDWHG�XQGHU�DGYDQ�
WDJHRXV�FRQGLWLRQV��DV�LQ�FDVH����%XW�LW�LV�DOVR�WUXH�WKDW
UXQQLQJ�WKH�FRROLQJ�WRZHU�DW�QLJKW�LQ�DGGLWLRQ�WR�UXQQLQJ
LW�ZKHQ�WKH�()7�H[FHHGV�WKH�VHW�SRLQW��FDVH����LV�EHWWHU
WKDQ�UXQQLQJ�LW�RQO\�ZKHQ�WKH�()7�H[FHHGV�WKH�VHW�SRLQW�
DV�LQ�FDVH����-XVW�FRPSDULQJ�FDVH���WR�FDVH����WKH�DGGL�
WLRQDO�KRXUV�WKDW�WKH�FDVH���FRROLQJ�WRZHU�UXQV�DOORZV�WKH
FDVH���FRROLQJ�WRZHU�WR�EH�VPDOOHU�DQG��WKXV��KDYH�D�ORZHU
ILUVW�FRVW��+RZHYHU��EHFDXVH�WKH�FDVH���FRROLQJ�WRZHU�UXQV
LQGLVFULPLQDWHO\��LW�KDV�D�VOLJKWO\�KLJKHU�RYHUDOO�RSHUDWLQJ
FRVW�WKDQ�WKH�FDVH���FRROLQJ�WRZHU�

�� 7KH� XVH� RI� D� K\EULG� JURXQG�VRXUFH� KHDW� SXPS� V\VWHP
UHVXOWHG� LQ� VLJQLILFDQW� ODQG�DUHD� VDYLQJV��)RU� WKH� VPDOO
RIILFH�EXLOGLQJ�LQ�+RXVWRQ��WKH�VXUIDFH�DUHD�RI�WKH�ERUH�
KROH�ILHOG�ZDV�UHGXFHG�IURP������IW���������P���WR�����IW�

������P����D�����VDYLQJV��,Q�7XOVD��WKH�DUHD�ZDV�UHGXFHG
IURP������ IW�� �������P��� WR� ���� IW�� ������P���� D� ���
VDYLQJV��)RU�FRPPHUFLDO�EXLOGLQJV�ORFDWHG�LQ�DUHDV�ZKHUH
SURSHUW\�FRVWV�DUH�KLJK��WKH�VDYLQJV�RQ�ODQG�FRVWV�PLJKW�EH
FRQVLGHUDEOH��7KH\�ZHUH�QRW�DFFRXQWHG�IRU�LQ�WKLV�VWXG\��

�� 7KH�SXPSLQJ�FRVW�DVVRFLDWHG�ZLWK�WKH�FLUFXODWLRQ�RI�WKH
KHDW�WUDQVIHU�IOXLG�WKURXJK�WKH�ERUHKROH�ILHOG�DFFRXQWV�IRU
D� VLJQLILFDQW� VKDUH� LQ� WRWDO� V\VWHP� RSHUDWLQJ� FRVWV�� $
EHQHILW�RI�K\EULG�DSSOLFDWLRQV�LV�WKDW�WKURXJK�WKH�UHGXF�
WLRQ�LQ�JURXQG�ORRS�OHQJWK��WKH�RSHUDWLQJ�FRVW�DVVRFLDWHG
ZLWK� SXPSLQJ� RI� WKH� KHDW� WUDQVIHU� IOXLG� FDQ� DOVR� EH
UHGXFHG� VLJQLILFDQWO\�� 7KH� QHHG� IRU� VPDOOHU� FDSDFLW\
SXPSV�DOVR�UHGXFHV� WKH�V\VWHP�ILUVW�FRVW��DOWKRXJK�WKLV
ZDV�QRW�DFFRXQWHG�IRU�LQ�RXU�DQDO\VLV�

)LQDOO\�� ZH� EHOLHYH� WKDW� WKH� XVH� RI� D� VKRUW� WLPH� VWHS
JURXQG�ORRS�KHDW�H[FKDQJHU�VLPXODWLRQ�PRGHO�LQ�D�FRPSRQHQW
PRGHOLQJ�HQYLURQPHQW�SURYHV�WR�EH�D�YHU\�SRZHUIXO�WRRO�LQ
DVVHVVLQJ�WKH�EHKDYLRU�DQG�G\QDPLFV�RI�K\EULG�JURXQG�VRXUFH
KHDW� SXPSV�� ,W� DOORZV� WKH� LPSOHPHQWDWLRQ� RI� VRSKLVWLFDWHG
�EDVHG�RQ�KRXUO\�RU�OHVV�WLPH�LQWHUYDOV��RSHUDWLQJ�DQG�FRQWURO
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VWUDWHJLHV��SUHYLRXVO\�QRW�FRQVLGHUHG��7LPH�RI�GD\�HOHFWULFLW\
UDWHV�PD\�DOVR�EH�FRQVLGHUHG��WKRXJK�ZH�GLG�QRW�GR�VR�LQ�WKLV
VWXG\��

7KLV� VWXG\� OHDYHV� RSHQ� D� QXPEHU� RI� DUHDV� IRU� IXWXUH
UHVHDUFK��7KHVH�LQFOXGH�

D� 2SWLPL]DWLRQ� RI� WKH� GHVLJQ� SURFHGXUH� DQG� FRQWURO
VWUDWHJ\��+\EULG�JURXQG�VRXUFH�KHDW�SXPS�V\VWHPV
KDYH�PDQ\�GHJUHHV�RI�IUHHGRP��WKHUH�DUH�WUDGH�RIIV
EHWZHHQ� WKH� UHGXFWLRQ� LQ� VL]H� RI� WKH� JURXQG�ORRS
KHDW� H[FKDQJHU�� WKH� VL]H�RI� WKH� FRROLQJ� WRZHU�� DQG
WKH� FRQWURO� VWUDWHJ\�� 7KLV� LV� D� JRRG� FDQGLGDWH� IRU
GHYHORSPHQW� RI� DQ� RSWLPDO� GHVLJQ� SURFHGXUH� WKDW
FRXOG�VLPXOWDQHRXVO\�RSWLPL]H�DOO�RI�WKH�SDUDPHWHUV
RI�LQWHUHVW��

E� $GGLWLRQDO�YDOLGDWLRQ�RI�WKH�PRGHO�XVLQJ�GDWD�IURP�D
ZRUNLQJ�V\VWHP�ZRXOG�EH�XVHIXO�

F� $�VLPLODU�DQDO\VLV�RI�RWKHU�VXSSOHPHQWDO�KHDW�UHMHFW�
HUV�� VXFK� DV� VKDOORZ� SRQGV� DQG� SDYHPHQW� KHDWLQJ
V\VWHPV��ZRXOG�EH�XVHIXO�

G� 7KH� LQWHUDFWLRQ� EHWZHHQ� WKH� FRQWURO� VWUDWHJLHV�
GHVLJQ��DQG�WLPH�RI�GD\�HOHFWULFLW\�UDWHV�VKRXOG�DOVR
EH�FRQVLGHUHG�� ,W� LV�TXLWH�SRVVLEOH� WKDW� WKH�RSWLPDO
VROXWLRQ� LQ� D� FDVH� ZKHUH� HOHFWULFLW\� LV� PXFK� OHVV
H[SHQVLYH�DW�QLJKW�ZRXOG�LQYROYH�UXQQLQJ�WKH�FRRO�
LQJ�WRZHU�IRU�WKH�HQWLUH�QLJKW�

$&.12:/('*0(176�

7KLV� ZRUN� ZDV� VXSSRUWHG� E\� WKH� 8�6�� 'HSDUWPHQW� RI
(QHUJ\� WKURXJK� FRQWUDFW� DZDUGV�'(�)*�����5�������DQG
'(�)*�����5��������6XSSRUW�E\�WKH�'HSDUWPHQW�RI�(QHUJ\
GRHV�QRW�FRQVWLWXWH�HQGRUVHPHQW�RI�WKH�YLHZV�H[SUHVVHG�LQ�WKLV
DUWLFOH�

120(1&/$785(

a  JURXQG�GLIIXVLYLW\�LQ�IW��K��P��K�

()7�  HQWHULQJ�IOXLG�WHPSHUDWXUH�WR�WKH�KHDW�SXPS���)���&�

([)7�  H[LWLQJ�IOXLG�WHPSHUDWXUH�IURP�WKH�KHDW�SXPS��
�)���&�

+�  ERUHKROH�GHSWK��IW��P�

L�  LQGH[�WR�GHQRWH�WKH�HQG�RI�D�WLPH�VWHS

N�  JURXQG�WKHUPDO�FRQGXFWLYLW\��%WX�KÂIWÂ�)��:�PÂ�&�

4�  VWHS�KHDW�UHMHFWLRQ�SXOVH��%WX�KÂIW��:�P�

UE�  ERUHKROH�UDGLXV��IW��P�

W�  WLPH��V�

WV�  WLPH�VFDOH��K� 

7ERUHKROH�  DYHUDJH�ERUHKROH�WHPSHUDWXUH���)���&�
18
7JURXQG�  XQGLVWXUEHG�JURXQG�WHPSHUDWXUH���)���&�

7:HW%XOE  DPELHQW�DLU�ZHW�EXOE�WHPSHUDWXUH���)���&�

5()(5(1&(6

$6+5$(�� ������ &RPPHUFLDO�LQVWLWXWLRQDO� JURXQG�VRXUFH
KHDW� SXPSV� HQJLQHHULQJ� PDQXDO�� $WODQWD�� $PHULFDQ
6RFLHW\�RI�+HDWLQJ��5HIULJHUDWLQJ�DQG�$LU�&RQGLWLRQLQJ
(QJLQHHUV��,QF��

$6+5$(�� ������ $6+5$(� KDQGERRN²V\VWHPV� DQG� HTXLS�
PHQW��FKDSWHU�����$WODQWD��$PHULFDQ�6RFLHW\�RI�+HDWLQJ�
5HIULJHUDWLQJ�DQG�$LU�&RQGLWLRQLQJ�(QJLQHHUV��,QF�

%/$67��������%XLOGLQJ� ORDGV�DQG�V\VWHP�WKHUPRG\QDPLFV�
8QLYHUVLW\�RI�,OOLQRLV��8UEDQD�&KDPSDLJQ�

&KLDVVRQ�� $�'�� ������ $GYDQFHV� LQ� PRGHOLQJ� RI� JURXQG�
VRXUFH� KHDW� SXPS� V\VWHPV�� PDVWHU¶V� WKHVLV�� 2NODKRPD
6WDWH�8QLYHUVLW\��6WLOOZDWHU��2NODKRPD�

(VNLOVRQ��3��������7KHUPDO�DQDO\VLV�RI�KHDW�H[WUDFWLRQ�ERUH�
KROHV�� GRFWRUDO� WKHVLV��8QLYHUVLW\�RI�/XQG��'HSDUWPHQW
RI�0DWKHPDWLFDO�3K\VLFV��/XQG��6ZHGHQ�

*LOEUHDWK��&�6��������+\EULG�JURXQG�VRXUFH�KHDW�SXPS�V\V�
WHPV�IRU�FRPPHUFLDO�DSSOLFDWLRQV��PDVWHU¶V�WKHVLV��8QL�
YHUVLW\�RI�$ODEDPD��7XVFDORRVD��$ODEDPD�

.DYDQDXJK��6�3���DQG�.��5DIIHUW\��������*URXQG�VRXUFH�KHDW
SXPSV��'HVLJQ� RI� JHRWKHUPDO� V\VWHPV� IRU� FRPPHUFLDO
DQG� LQVWLWXWLRQDO� EXLOGLQJV��$WODQWD�� $PHULFDQ� 6RFLHW\
RI� +HDWLQJ�� 5HIULJHUDWLQJ� DQG� $LU�&RQGLWLRQLQJ� (QJL�
QHHUV��,QF�

.DYDQDXJK��6�3��������$�GHVLJQ�PHWKRG�IRU�K\EULG�JURXQG�
VRXUFH�KHDW�SXPSV��$6+5$(�7UDQVDFWLRQV��������������
����

.OHLQ��6�$���HW�DO��������7516<6�0DQXDO��D�WUDQVLHQW�VLPXOD�
WLRQ�SURJUDP��0DGLVRQ��6RODU�(QJLQHHULQJ�/DERUDWRU\�
8QLYHUVLW\�RI�:LVFRQVLQ�0DGLVRQ�

.RPRU�� 3�� ������ 6SDFH� FRROLQJ� GHPDQGV� IURP� RIILFH� SOXJ
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