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Summary

1. Title

Design and Performance Evaluation Technology for Underground Thermal Energy

Conversion * Utilization * Storage System

IT .Objectives and Neccssaries

P Global temperature rise and anomalous the climate of winter(ultralow temperature phenomenon in
arctic glacier) by global warming has caused an increase cooling-heating electricity demand, As a

result, there is an urgent need of secure of sustainable alternative cooling-heating energy sources

P In increase the quality of life and energy independence, alternative energy source development about
cooling and heating is required to be eco-friendly and satisfy carbon neutrality. Also among the
renewable energy, low depth geothermal energy was valued in accessibility and economics(DOE,
2001).

P Up to now, geothermal energy exchange and application like ground heat exchanger, geothermal heat

pump, design of heat exchange facilities have been considered as the main research object

P Basically, Underground Thermal Energy Storage is largely divided into Agquifer Thermal Energy
Storage(ATES) and Borehole Thermal Energy Storage(BTES) that stores multi ground heat exchanger

as array type
P Compared to ATES that has relatively high technique perfection, underground thermal energy
conversion - utilization - storage system based on BTES is not easy to prepare and does not have

any specific guide line about design and construction

P Research and development project of design and performance evaluation technology for BTES type

underground thermal energy conversion - utilization - storage system will be done this year

_‘l‘l_



M. Content and Scope

O Final Goal

Design the Underground Thermal Energy Conversion, Utilization, and Storage( UTECUS) system

and develop performance evaluation technology for effective and economical utilization of various

new renewable energy

O Objectives and Details of Research

Year Research Objectives Major Research Details
Establish a database of ground|- Conducting tests to observe characteristics  of]
heat properties in consideration of| changing thermal properties of major decomposed
geotechnical conditions and develop| granite soils and bedrocks in Korea and
assessment technologies establishing a relevant database
- Developing a thermo-hydro-mechanical model for
. turated/ turated d
1"Year |Develop a model to interpret  the satura e. unsa ura.e porous grounas
. - Developing a finite element program based on the
ground heat transfer behavior . . .
thermo-hydro-mechanical ~ governing equations  of]
porous  materials
. - Investigating the existing cases of analyzing
Analyze economic feasibility  and ) g . -
. . . economic feasibility, and finding reasonable prediction
studying prediction techniques .
techniques
- Developing a thermal property prediction model
based on the theory of artificial neural network using
basic properties of grounds, such as mineral
Develop a program to predict| characteristics, moisture content in the ground and
ground heat properties void ratios
- Developing a program for a thermal property|
prediction model equipped with a user-friendly
interface
- Interpreting parameters for the geothermal storage
behavior of UTECUS wusing the developed
. thermo-hydro-mechanical finite element program
Develop a model to interpret  the . Y . prog
. - Assessing long-term efficiency and geothermal
ground heat transfer behavior (II) ) . .
environment based on the changes in the hybrid
2%Year ground heat storage ability, underground water levels,

and ground surface temperatures

Develop a model to interpret

geothermal conversion and storage

Developing ground heat exchangers and techniques
to interpret the ground heat exchange/storage
behavior in consideration of the characteristics of]
uneven ground heat transfer
Developing techniques for

inverse analysis of]

D equivalent heat property coefficients in consideration
of  the non-homogeneity of multi-layered soils and
grounds

Carry out research on  the|- Research on the effects of  thermal interference due

assessment of the economic| to the intervals in arrangement of ground heat

feasibility of construction and on| exchangers

_‘|2_



the assessment of  geothermal
environment during operation

Assessing the thermal efficiency depending on the

layout and interval of arrangement of heat
exchange pipes
Assessing the long-term heat storage/conversion

behavior of wideband ground

Develop a UTECUS smart

monitoring network

Finding core measuring factors and measuring points
Developing a smart monitoring network system
through the arrangement of multi-measuring sensors

- Conducting a mockup test in

order to verify the

Conduct the first-round mockup . . Co

test model for assessing design and  monitoring
technologies  and economic feasibility

- Completing a program to design a

conversion/utilization/storage system for geothermal

Develop a UTECUS designing energy in consideration of hybrid energy and
Foeram energy peak load
prog - Adding a  thermo-hydro-mechanical hybrid module
- Applying the design program: Conducting basic
design with the developed program
- Developing economic feasibility  prediction
techniques: Comparison with  existing economic
feasibility analysis techniques
o Analyze the economic feasibility|- Finding optimized operational measures through
3Year |o¢ UTECUS and find optimized| monitoring: Comparison of operational costs before
operational measures and after the implementation of suggested
operational measures
- Developing an economic feasibility prediction
technique for optimized operation
- Verifying the optimized  operational measures through
irical kup test
Establish  and  verify  the| . i oo MOCKUP eSS L
. - Verifying the design program  through empirical tests
technological package through . o .
.. - Programming the optimized  operational mode
empirical mockup tests . o .
- Integrating the monitoring system and design
program through supplementation and modification
IV. Results
Year Research Objectives Major Research Details

1*Year

Establish database of heat properties
considering soil conditions
- Conduct experiments for weathered

granite soil and build heat
conductivity database

- Test methodology: Probe test,
FDM, HPM

- Object samples: 4 zones in
domestic (Sejong, Pyeongchang,

Geumjeong, Damyang)

Build heat conductivity database for weathered granite
soil of 4 zones in domestic (Sejong, Pyeongchang,
Geumjeong, Damyang)

of

content,

Comparative analysis of distribution thermal

conductivity according to water dry unit
weight, composition of mineral, capillary absorption
force, size distribution

In domestic weathered granite soil, thermal conductivity

_13_




in dry condition varies from 0.15 to 0.3 W/mk.

In domestic weathered granite soil, increase of]
thermal conductivity according to water content is
influenced by dry unit weight and content of clay

mineral

Development of  heat  transfer

behavior model of ground

- Development of finite element
numerical analysis model
combined with heat-water-physical
behavior

- Securement of 95% accuracy compared to Coil type

Securement of 95% accuracy compared to existing
numerical method

Securement of 95% accuracy compared to U type
GHE test

GHE test / Fluent
Improvement of 20% accuracy for developed algorithm

2%Year

Develop the program for estimating

the geo-thermal property

- Develop a thermal property
prediction model based on the
ANN unsing basic properties of]
grounds, such as mineral
characteristics, moisture content in
the ground and void ratios

- Develop the user friendly|

program for estimating thermal
property.

Research on the optimal performance of the ANN
model when five input parameters (water content,
porosity, thermal conductivity, uniform coefficient, and
curvature coefficient), single hidden layer,
Logsig-Tansig transmission function, and nine numbers
of neuron

Estimating the thermal conductivity with more than
0.85 of the coefficient of determination using the
ANN model.

User friendly programming of the new estimating
model for the thermal conductivity using the porosity
and water content based on database which
established by laboratory test.

Simulate the thermal storage &

recovery for large scale space

- Develop the pipe element module
for conduction and convetion
phenomena based on the FEM.

- Evaluation of the groundwater
impact on the geothermal system
performance

Developing the pipe-flow element which model
convective heat transfer between fluid flow inside the
pipe and surrounding material, and also advective and
conductive heat movement of the fluid inside the
pipe.

Estimating the more reliable geo-thermal property using
the developed FEM code and back analysis program.

Research on the effect of the groundwater and water
velocity inside pipe to the long-term heat exchanger
performance

Develop a method to estimate

optimal operation cost

- Measuring the heat exchange rate
for wvarious type of the vertical
heat exchangers which installed
on the field (Mockupl).

- Measuring the optimal construction
cost considering the heat
efficiency for various type of the
heat exchanger

- Optimal economic assesment considering various type

Measuring the heat exchange rate for various type of]
the vertical heat exchangers which installed on the
field (Mockupl).

of the heat exchangers.

Improving 10~15% heat efficiency and 5% cost
reduction using the W-type exchanger compared to
U-type

_14_



Develop a UTECUS
monitoring network

- Compare the error rate of electric
sensor fiber
evaluating application of fiber-optic
temperature sensor

smart

and sensor for

- Mesasurement of error rate of optical fiber sensor and
electrical sensor for application of fiber-optic
temperature  sensor through steel box model
experiment.

- Within error rate of fiber sensor and electric sensor 5%
during TRT

3"Year

Develop a UTECUS designing

program

- localization of design method of]
closed vertical type and energy pile

- Accuracy for energy pile design was improved input
thermal property module database extension for
reliability improvement of thermal property estimation
program, empirical data in diverse soil conditions

Application  of  design  algorithm  considering

groundwater flow : analytical solution in the program

- soil property module, coil type . .

GHE design module, groundwater was numerically verified(accuracy : more than 95%)

flow module - can consider diverse type of GHE module which is
applicable both of closed vertical type and energy
pile was built

Establish UTECUS system and

development of economic analysis

program
- Establish closed vertical type
Mockupl  for  wverification of]

design module

- Establish Mockup2 geothermal
heating/cooling  system  using
energy pile

Verifying accuracy for optimal operation plan and

comparing it’s result

- Verifying the program through experiments

- Optimal operation mode was programmed

- Verifying accuracy of the program through comparison
with other design program

- Software registration to professional organization based

on verified data

V. Utilization plan

Application of thermal conductivity estimation model for korean weathered granite soil
Application of design program for general purpose

Efficient theoretical solution assessment using the developed heat source model
Integrated evaluation of thermal-hydraulic-mechanical stability of energy pile

Various application of thermal-hydraulic-mechanical configuration model

Reasonable economic analysis of ground heat pump system

Utilization of UTECUS smart monitoring system
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AME A ddste] eaE ol 5d, W, YEdds, 29A (Hx 59
), =290, 294 T HFH A=tE FHeR AR ARk dxd
54, Ad SlERE AT TxES @83 Ad udy] AA g gk ol
HoFAEAgH] A7 A d AR 2Es] o] Foi 4 gk (Brandl, 2009). A
T A A5 19709t FE AT el s3] ojn T AxEl
a By HEE stolBy= Alxdle] AAl Ao gy glew EUZF A

A A B+ (renewable heating & cooling)S ¢13F BlUYE oA e] A Fdho
2 A% 49 A Alzde gigk R&D ALS gt we} ~#Ql, o]gglo},
dufa, o 5% BHIE, of~ZE HES ATl A E 8= tpd o
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| S HASRE AAToEA A= A
yAlel digh Ad&3 A+ &ds] 89 Fd. 2010d v AR E
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=dFsta 1 1 = 4 oUAE A H3F+= “Seasonal Energy Storage

in Action”& 3l 2A A48 AF7F o]Fo X 5. 12]3l Caneta Research
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o UE2 g s|E FHiel AHFAME AA He VedS 2 e Ae=E 3
. B8 obAlo} w7k Bl AAS BEW W Al A4 LARE
Aoz HrEw (AA 79, Az 7GWthel 28 tiA]) =2 g %2 =& %
ol Al2E (E 9AhHS F53te 59 Ad &8 WS gdEivria s
19909t H-8 A el gudd AHE XE Ao 7]Hkst Wdw A ~dS A
439 (Hiroshi & Kenji, 2001), AAE A Ad 5EAE EA ks thYs
A AlE W Gak el dish AdFE ks e <.
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® IEAS 2010 Ao uwh E‘ﬂ 2009 A A AA 70097 =ro] A E A
de A ZEsta Jde AR vEwow F ARE dUA S oF 483 dE
Joule (48.37 Joule)ZMA T:'?(ZO GWh/d)-1]=r(15 GWh/d)-2=451(12 GWh/
W-H71(10 GWh/d)-94&(7 GWh/d) 22 &8st 3. o T A4 us
715 83 ouyA E8&HS 2147 JouleEA AA AH YA 50% A=

A3 oF 2609 e A D wE | AXE Aow ZAFE (2¥ 1-13).
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Egjol, 2 A9~ So] A 1533%9 =S A S melon 20084

o
7hA] GHEX 719k A1 w3t 7l 73 & 5097 o) Aled. 3%

= Hr 6% o149 Ground Source Heat Pump A& A &o] oAty 9lo
A A /g thel EU Renewable Energy Frameworks A4

Y 2 AT ALE FIdstaL o HT AFE FHo gig Ad &&o] A

Ho 2 =9%HI A (Energy Watch Group, 2010).

Hl=re] - 2008 7IEo.® Ak 5ubRe] GHEX 7|ub A wsk fuS 614
H &2 AFE/498 Ad ud 7255 Al dF9T 30% Zxo Aol o
Elvpar ¢l e National Energy Strategyt: A¥ 3k 71&S F3) 2030 74X

1,000% Btu olUAlE A7 Aow o43sta 9 (ORNL, 2008).

GWth

900 ‘Geothermal direct use
Country GWh/yr*
800 | - China 20932
200 = Direct heat (excluding GSHPS] United States 15710
[ GSHPs | sweden 12 585
600 | _ Turkey 10 247
500 | Total direct heat . Japan 7139
Norway 7000
400 + Iceland 6768
/ France 3592
300 | Germany 3546
Netherlands 2972
200 Italy 2762
100 + Hungary 2713
New Zealand 2 654
0 ; : : Canada 2465
2010 2020 2030 2040 2050 Fintand 2325

a9 2-2-2 AA 2 =7 AAE XE dyx &8 R (IEA, 2010)
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a9 3-1-1 €dE MY S

(2) dAERY FFE A= AAE

dubq o Fo g4, ARV T, FEFAN, AERE 2%, EA To] F9 4
AEZo] Jgs F= xSt (Kersten, 1949; Penner et al, 1975; Salomone et al,
1984; Salomone and Kovacs, 1984; Salomone and Marlowe, 1989; Brandon and

dAEwe Hg 2 9 FE 99

Mitchell, 1989; Mitchell, 1991). 7 FTolA %= F dHEE

= ol grulolth Fo Gl & A4 AeldMe 4 AYS wAsE FEALR
WA E Bl Utk FRol FO FFvoidHOoR YEHW R Aole] ghe o)
AT, olRel & A4 Abolel water bridge 7b HTh. ol fE PEUAS F74A7

P—“ 0|
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% 3-1-1 FE 7o wE gAe ¥x 9 d¥d =% (Horai, 1971)
A

Mineral Ps (g/m?) (W/mK) Mineral Ps (g/m?) M W/mK)
1. Nesosilicates (single tetrahedron) 6. Tectosilicates (framework)
Olivine Feldspar
Chrysolite 3.47 4.81 Celsian 3.09 1.44
Fayalite 4.36 3.16 Microline 2.56 2.49
Forsterite 3.28 5.03 Orthoclase 2.58 2.32
Hyalosiderite 3.77 3.45 Sanidine 2.57 1.65
Garnet Feldspathoid
Almandine 3.93 3.31 Nepheline 2.62 1.73
Andradite 3.75 3.09 Sodalite 2.33 2.51
Grossularite 3.49 548 Plagioclase
Pyrope 3.75 43.18 Albite 2.63 1.96
Spessartite 3.99 3.40 Anorthite 2.77 1.68
2. Sorosilicates (double tetrahedron) Bytownite 2.70 1.56
Epidote Labradorite 2.70 1.53
Clinozoisite 3.36 2.40 Oligoclase 2.64 1.98
Epidote 2.19 2.83 Silica
Zoisite 3.27 2.15 Hyalite 2.08 1.21
Idocrase 3.34 241 Novaculite 2.66 7.21
3. Cyclosilicates (rings of tetrahedrons) Quartz 2.65 7.69
Beryl 2.1 3.99 Vitreous silica 2.21 1.35
Cordierite 2.56 2.72 7. Carbonates
Tourmaline 3.13 5.28 Calcite 2.71 3.59
4, Inosilicates (chains of tetrahedrons) Dolomite 2.90 551
Amphibole (double chanins) Siderite 3.81 3.01
Actinolite 3.06 3.48 8. Oxides
Grunerite 3.40 3.32 Hematite 5.14 11.28
Hornblende 3.18 2.81 Ilmenite 455 2.38
Tremolite 2.99 478 Magnetite 5.15 5.10
Pyroxene (single chains) Magneile()chrom 4.23 2.54
Acmite 3.54 3.49 9. Hydroxides
Augite 3.27 3.82 Brucite 2.39 8.44
Bronzite 3.36 4.16 Gibbsite 1.88 2.60
Diopside 3.33 493 10. Sulphates
Enstatite 3.27 4.47 Anhydrite 2.98 476
Spodumene 3.16 5.65 Barite 441 1.34
5. Phyllosilicates (sheets) Gypse 2.30 1.26
Chlorite 2.75 5.15 Selenite 2.32 1.26
Mica 11 Halides
Biotite 2.98 2.02 Fluorite 3.10 9.51
Glauconite 2.85 1.63 Halite 2.10 6.11
Lepidomelane 2.86 157 12. Suphides
Muscovite 2.85 3.48 Chalcopyrite 4.09 8.20
Phlogopite 2.85 2.13 Pyrite 5.1 19.21
Pyrophyllite 2.83 8.14 Pyrrhotite 4.6 1.89
Serpentine Sphalerite 4.00 12.73
Antigorite 2.66 2.95 13. phosphates
Chrysotile 2.60 5.30 Amblygonite 3.03 4.99
Lizardite 2.60 2.34 Chlorapatite 3.15 1.39
Talc 2.81 6.10 Fluorapatite 3.22 1.37
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(7} Johansen's model

Johansen(1975)
number(/A) = =X3FH Fo| AR A2 E} Az g 9
= o]

ZsMdH Y] Fhs Vs oR HARWSE A&t 223t AH FY dAREE F4
M= (g =My ) Ko + Ay, (1.1.4)
@9l= W/mK o]t}
Kersten number, K, &Fol weh 28] F45 =0, ¥31%(5) 005 03] =94 v|5dEqA
K, =0.7logS, +1.0 (1.15
E3E 0.1 o] e AHAE vEAdEdA
K, =logS,. +1.0 (1.1.6)
2E E] Eof| A
K, =5, (1.1.7)
olm o] W +x, =0.1 H|THe] Ao]E & &3t
Johansen & AxEol ths] oS3 12L& vk H3 A S Aottt
1370 FOLT | oo (1.1.8)

(Wimk) =5 250— 0.947p,

dry

AzdWroly d9d= k g/m o]t}. Johansen & A

o] uf ,Od*E =
=2 QAEES YE= AS BEsklal ofd #s
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(1.1.15)
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Thermal conductivity, W/m K

(Reproduced with permission from Harlan and Nixon 1978. Copiright 1978 McGraw-Hill)

Thermal conductivity, W/m K
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2 pdle S|l ARUET FoXH dAEEE FA4E 5 YA A go] X ufH
ol Zof 7|ubsle] wrEo] How Farouki(1986)o] olstH ¥ 3% 90% 71A 9] FZAE

(t}) De Vries' model

De Vries(1952)+ & %+ &7|gk= wiziA dol 89 Fejo & dAE 7Hgste] o
B e dHELE Rdg Ak
"0,
P (1.1.18)
j=1 7\'J eJ
Aol GHEA, ok jRAl AR Fol M AA FERGD A E juA AR Fo 7
A 2% AALe] Bt HF0) g B T 379 2% AAle] Hit 1274 wlo|th &
YAE vhs Fejer ARAS W, A e
A= 24 (2 ) ]’1+i[1+(—/\h’j—1)(1—29)]71 (1.1.19)
73 Abw J 3 )‘h,j J
ol gt Fo TAAR we FAAFE ¥ 3-1-20 ek
¥ 3-1-2 F9o FAAEN 2 ol d A9 #AASG (Nobre and Thomson, 1993)
Constituent Subscript ] Shape Factor
Quartz a 0.125
Clay c 0.125
Organic matter o 0.500
Water W -
Air (dry) a variable

7] el

A G ARE AR FREFD F2HM FI 9 A2 001304 £}
A7AA AFH o

2 WaltH(Kimball et al, 1976).

0.022  0.298
g, = 0.0134( 7+ p )6, (1.1.20)
w,wilt
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A71A 0, .= Wilting point & A% & gEFelw ne Fo IH5E
A 11200 6, >0, ,5Y Aol AeHT WS Az Fo A B mde g7
2 A4 AANZ HET F AT 4, < )
o] A% BALKow gFojol drpm sk 0, =1 olslell E BdE dHAEEE 3}

gszal et ot Zol A& EAEA 7] WEow wald

2

(2}) IGSHPA =3

] [GSHPA (International Ground Source Heat Pump Association)© €A EE=E F

Aok oo ® 3-1-35 Attt AN o8 Y= F JAIF &3 o
L ALY FES TRt AA ARk A E 7R gt o EFAY AYH W o
2 dAEEE Flof st}

# 3-1-3 59 & 574 (IGSHPA, 1988)

Thermal Conductivity Thermal Diffusivity

Thermal Texture Class

W/mK em?/sec
Sand (or gravel) 0.77 0.0045
Silt 1.67 -
Clay 1.11 0.0054
Loam 0.91 0.0049
Saturated sand 2.50 0.0093
Saturated silt or clay 1.67 0.0066
¥ 314 = Ax 1359 SRS e nygol HEY ddrExEe I A S e
W Ro= e gk Adgks FHAgk Aol
ohare Fol wla s

A o A7E oby 7] witel A gkl e vk gl &9
v 2, ARl thek Weints yEbd Aol dubAel E9E
Abp SRl 7E 22 A kel HgstE i YAk el o Edof sk AV A
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E 314 2t JES ddex 2 d g4ks (ASHRAE, 1997)
Soil Dry 5% Moist 10% Moist 15% Moist 20% Moist
Type | Density A a A a A a A a

120 1.20-1.90 | 0.96-1.50 | 1.40-2.00 | 0.93-1.30 | 1.60-2.20 | 0.91-1.20 - -

Coarse
100% 100 0.80-1.40 | 0.77-1.30 | 1.20-1.50 | 0.96-1.20 | 1.30-1.60 | 0.89-1.10 | 1.40-1.70 | 0.84-1.00
sand
80 0.50-1.10 | 0.60-1.30 | 0.60-1.10 | 0.60-1.10 | 0.60-1.20 | 0.51-1.00 | 0.70-1.20 | 0.52-0.90
120 0.60-0.80 | 0.48-0.64 | 0.60-0.80 | 0.40-0.53 | 0.80-1.10 | 0.46-0.63 - -
Fine

%68},/2 100 0.50-0.60 | 0.48-0.58 | 0.50-0.60 | 0.40-0.48 | 0.60-0.70 | 0.37-0.48 | 0.60-0.80 | 0.41-0.55

clay

30 0.30-0.50 | 0.36-0.60 | 0.35-0.50 | 0.35-0.50 | 0.40-0.55 | 0.34-0.47 | 0.40-0.60 | 0.30-0.45

Values indicate ranges predicted by five independent methods
Thermal conductivity (A) - , Thermal diffusivity (a) -

Coarse grain = 0.075 - 5 mm;

Fine grain < 0.075 mm (0.075 mm = #200 U.S. Standard Sieve)

(m}) Coté and Konrad's model

Coté and Konrad(2005)+= Johansen ] Zde] g & ZFASHAl 438} th Johansen 2
B A 25 AASY] Y8l AEAT kE AFEStY] 3 K9 #HAE UEUS
=

1.1.21)

ol s 27 4.60, 3.55, 1.90, 0.60

Z]
g Fahe A9 AN
Ay =10 (1.1.22)

A 714 x(W/mK)¢ n & 4 2],

1.80, =4 EAY] A% x2 075, n= 1.20, F714 EA
S Aetstd . 2 mdo A Johansen ©] A|<tdk E

Sl A9 HYPAY EHEEE AAtste FES s F

T -
of AAHE o] &3] geometric mean WS o]&3ste] Tt HolA MG 7EF HE



(¥} Lu’s model

Lu 5(2007)°] Johansen & X2 9]
o] K,= 53] AHES

K2 S%e #ANCE Zv o /A AAH. 7E
Favle] A% gEsta 2.
K =expall — 8% "% (1.1.23)
A7 av F Tl WE Agoltt. E3tEd wWE dAERE SFARES Garsk A
g zE AR 2HES AHER FEste] a & YEWEH, 2 HES AHEY
ul Z+zF 0.96 % 0.27 olth. 1.33 = @A F ol
T A0 ne BAE APem AR
Ag=—an+b (1.1.24)
A7 a® b g wE dAEE Wste agizolA FdstEete] e Ad A
T2 Z7He 056, 051 = A AT B2 252 Johansen I T U A& A&
mYs Hgomy 24l ki et
(AH) Van Rooyen and Winterkorn’s model

Van Rooyen 2] =742} (Van Rooyen and Winterkorn, 1957)2 A& t& F39 T}
A2 EY 5 2pge 7iHkst Aol A2 oo gt

1
+=B10 S 1 (1.1.25)
71 A Fo dAEE(W/mK), S,& 3% B, C, 281 b ZHZ Axd9 s
FEFE, Ao S+ES yedlth Van Rooyen and Winterkorn®] =98 1.5%~
10% X353 v AEdw A8y 2 A sdr}
(o}) Gemant's model
Gemant 742 (Gemant 1952)2 o422 & JAEZ 7|wto =z Aoty At Gemant &
oAl YdAE ] A HoA AT HESHA Ha o]y HEHH FHAA RolA HE F
o] thermal bridge & ¥/dgtciar 7Fetqdth e 4 552 FAWTFOLZRE o] F
ok 74 sk



—

Gemant 7842 tha3 2o

1 [a-a)/a]tan IO =AM (1—2)
A WP, Aa A

S w

o 7] A,
a=0.078p}> (1.1.26)
h=0.16 <10 °pav—h,

L—a\oz hyigs
(=)

z =

2_(_0a 2/3&2/3
b= ()" ()

Gement ©] A2 HlFAEANARE Fe] A0 AAzts FTh

(#}) Sakashita and Kumada's model

Sakashita and Kumada(1998)= 23 wlEYolES] mAF+xE 13 & HAgd nd
= AAsEAT. dA & PlAhEs QA Alo]l tiE o] ASA A Qrell A ALz e
HYgSuA mgoz rFEHEY. Ould-Lahoucine et al(2002)2 A&l dolE 9} FAHRAS
o]-g3te] ndl & WAFE AA3A
o| A2 o A

A= Ay, L +((9.750n —0.706).5, ]2+ 71 (1.1.27)

(#}) o] &% =& (Geometric mean model, Parallel model, Series model)

&4 Q1 4k 7 (arithmetic mean), 71314 1 (geometric mean), =
3} 7t (harmonic)®ll 7]¥FsFe] A Al E Parallel 2, Geometric mean 532, Series &2 0]
o

ol A7 thE & A (1.1.28), (1.1.29), (1.1.30)e= A=At A= 4%

AR

(& 47 2, 7], 42)9 dHdEEE st n= ZF 4] volume, fraction & 9wk},
A=Yn-2 (1.1.28)
A=>4" (1.1.29)
A= m 1) (1.1.30)
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Parallel 2 2& dAEEE FAiH 7} Series RS HAhH7ste] 4oz dAE g9
El7F 915 W Z+ Z} upper boundary ¢ lower boundary & %€ %™ geometric mean &
do = mdol 7t Axo 7S yehfE Ao® delx 9ti(Clauser and Huenges,
1995).

P& xAnv)d thal Yuk3sl ¥ geometric mean method ¥ T3 72t
25=1 wim A=24," (1.1.31)
J J

o d A==(W/NMkK), == jHA FEo 7405 o3t

i

o714, A, = §HA

g, dolguelx 75

Aoz dAdrs AP vAHYSHH(non steady state method)¥ 737 3 El
H

)
i=]
(steady state method)e] Sth. 2 Al T EAe 2x olE dAA A=
3

o 283 4 58 SAste dHdEEE ottt g FEHS o83 o

Al Av]= HFM(Heat Flow Meter)olTH( ¥ 3-1-6¢). A w72 @b vh F+ 7

ol wjdo] Eebd st vt "WolA o 54 Algto] el AEl= @Re] vk HA

A AEHE A dd o] 7IRkete] wig- Tl S5 ARE E8 ARl &

TE5AY 2R A E olésty dAEEE St AR (HHet S ARto] FHS

o] Atk TPO8 Probe ¢F Quickline 30 ©] HIZA S o] thaE2]¢]l A3 Anlo]tl( 19 3-1-6a,b)
TPOS8 QUICKLINE 30 ' HFMA436

(a) TPOS (b) Quickline 30 (c) HFM 436
a9 3-1-6 9= AgA

B Ao A= Huksefluxt AF2] TP08 Probe & ©] &3t &9 dHA==E A3,
A= a9 3-1-73 Zo] @ A7 @ wWlo]~ @ needle @ temperature sensor (B
heating wire ® thermocouple junction ()= FA= o] At 2 FHL2 o
thermocouple & T 5 o No thermocouple junction & LEAE



thermoelectromotive force(€7]x2)S LA 7= F 7H4] ©¢& F59 st o]
Thermocouple ©] &tifo]7] o] HWo|AFE3} Al57F 3] 22 2:=d u 239
Tl & A% =2 d3E F+U
\T# ;Ti T}
i L : I=
J l i | \
a 2) 3
1% 3-1-7 TPO8 Probe (Hukseflux)

TP 08¢ AlY¥S th& 3 3-1-59F &t

¥ 3-1-5 TPO8 A<

TP0O8 SPECIFICATIONS

2y ASTM D 5334-00 and D 5930-97, IEEE Std  442-1981

93 X5 Z0] 70 mm, A& 12mm

4 He ) 0.1 to 6 W/m.K

L 9 -55 to +180 °C

A A7 200 (A8 4)

Ad Jhs AR z94d 54, 999, &8z, A, HolxE,

4 W74 20mm
Als 87 =4 4 H3 80ml
# 4 #=o] 35mm

¥ 3-1-83 o] w©He doezHE Az do] IisiXH, 4dr|HdH
(thermoelectromotive force)o] WA= a1 o] & 213l &L Al ool &EHExfo]E o] &
3l Bl AAAE e AALEE =454 @A} 2 Fujo] HIAL Az R I3
U2 dAxs: 4 Au25Y A& 23 g3 vjws] R Ui Alse Y93 1
A E AFESES Qth 3 3-1-6 oA e} 7o)

TPO8 vl = A2

Thermal conductivity of soil
(fully dried)

TP0O8 Probe 0.17~0.25
quickline30 0.21~0.23
HEM 0.24~0.25

(Heat Flow  Meter)
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(2) 49 dd A=

o

|3l

(

g

%
o,

A

&
5]

A

3lo
<

2ol

19 3-1-10 ol A ¢}

1] 24 (Non—plastic)

AL,

40~50%

2Y=E(porosity)2  oF

REES

R

zow

<0.074mm)°] H]&°] 3% ©°]et=

g 3-1-9= A A

3-1-8¢F 1

-
3t

.
fite)

Geometric mean
FIAR(ST) 9]

s =

s

A

o 3l A

o
TO

o
Hjo

3

?l_

oz A

ol EIE

| =9, o

5|

—_—
o

X

0

alal
)

o
Ko

USCS#*

Gs

porosity*

Soil
S1

SP

2.65
2.58
2.95
2.96

2.54

1.05
1.67
1.01
1.23
1.47

2.06

45.19

SW
SW
SW

13.80

7
7

44.44
46.3

W1

0
7

83
6

W2

52.38
53.05

W3

SW

12.83

W4

*porosity(%,undisturbed)

*Unified Soil Classification System
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H3-1-8 BB FPA

X (XRD) A3}

[¢]
Mineral portion(%) As
Soil  Quart g0, Albel Kaoli oo oy oo Tt Chlorit  (W/m
7z t n e e K)
S1 92.0 7.0
W1 28.2 21.8 24.6 13.8 - 5.9 4.2 0.8 3.504
W2 28.6 19.0 28.5 9.0 - 6.8 - 1.1 3.491
W3 40.7 30.8 174 11.1 6.044
W4 385 - 23.5 179 19.2 - - 0.6 3.875
*Provided by
KIGAM
SLFERAAL, WEAZF 713, w24 337, Widd 94, W4yt 334

counts/s

2000

1500

M JJwJL;. N

10 20 50

“2Thet
83-0539 Quartz sio2| | l | |
19-0931 Orthoclase KAISI308
29-1487 Halloysite-7A T I T
14-0164 Kaolinite-TA AI2Si205(0H)4]
07-0032 Muscovite 2M1, syn KAI2Si3AI010(OH
26-0911 llite2M1__| I (ano)AlzsiéAnow(OH)z

100

9119 FEAFEA(XRD) 2 IHW3)

90

80

70

60

50

40

30

percentage passing(%)

20

10

0.010

1.000 10.000
particle size (mm)

19 3-1-10 B4 FE A (XRD) 2 IHW3)



(3) 43 23 &2 £4

(7h Sl SR vA = dF

AL A3 A 3 ] Gy
Bolrh, w2 ohpn] FRtelA EHEE-gpH] £ s vha 9we 43S Bejtrt o
g den] o el w48 T7HE UERY SHARE o] ARk Alole] e A
AAAA EHe= @Al ol2d, ddEEE u ol FUFeA ¥=th(Salomone et al

1984, Salomone and Kovacs 1984, Salomone and Marlowe 1989). ¥ &t o ko=
H o= Algtsle] Adst7] wdol olyst A7+ &0 &
7} 9 A 2] (critical moisture content) o] o2 F71eHA HH 7] L7 7F A
oz Agfr).

Thermal conductivitydoisture content{rd=1.0)

T T T T T T T T T T T T T

o
=

we i : S+ experimental cata

i

o
o
o

| EFaSiol 2
&

=
o
5

o
oy
&

o
==}
= L
£y

o
o

o
=
*

<

=
=

Thermal conductivity (WAl
o
w
&

Thermal conductivity (A<
=1
=
o

=2
-
2 iy
i
=]
5 [=1
o w

=
=]

o 5 10 18 20 25 k1] 0 2 4 ] 8 1 12 14 16 18 20

shenl 7 AR X s s fofsr] 9§ dExe FrEHQd AES st A
G ot HEE o|&d A 7FA] FEANA SeHE HIA T 2SS S35
O ARE s ¥ 3-1-9 % 29 3-1-12 9] YER AT
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¥ 3-1-9 N Fo gl wstel nhe dAErel wsl

Water Thermal Water Thermal
Soil Type Content Conductivity Soil Type Content Conductivity
(%) (W/mK) (%) (W/mK)
Silt 5.0 0.354 15.0 1.809
(n=64.11) 10.0 0.460 20.0 2.038
15.0 0.598 Sand 2.5 1.139
20.0 0.611 (n=41.93) 5.0 1.394
25.0 0.928 10.0 1.628
Sand 25 0.742 15.0 2.083
(n=47.70) 5.0 0.990 20.0 2.340
10.0 1.429
AFE 64119 NG Fo] Aol FFF5 50%014 25.0%2 F7Hge] w9
AEEE 0354 WmK A 0928 WmK & ¢F 160% A% F7Mskdth 1b=E 47.70 <1
Mgz Zo] ALoEe FHESu7E 25%00A 200%ZE FUistH dAEREE

0.742W/mK °l A 2.038W/mK = <F 170% 57}8}912‘3%, HE 4193 ¢ 299 d Fol A
= Zekslarn] 25%0) A 20.0% 2 W3ted ongg = 1139 W/mK °lA 2340 W/mK
o2 oF 110% T7tshe Aoz Yepyth Al g (% >9£ T8 A5 Afde &
ZH| 7} Z74eke] wEl dAEEsE Z7helE Aot ?&% A(Tarnawski, 2000)& obeg] =L
H 3-1-12 oA & 5 At}

25
A
v * 5iltn=64.11
< 20 A L
£ n W Sandn=47.70
S A A Sandn=41.93
215 o
5 A
2 A
c
8 1.0 L. L 2
o
£ =
5 Py *
= 05 L 3
*
0.0
0.0 5.0 100 15.0 20.0 250 300

Moisture content (%)

d (W)l A 2 # gt
s SSEE e E Az FsdY Wste nE dHdEEe FxXE AT EYTE 7
x e
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‘Weathered granite soil-Sejong yoengi

Weathered granite soil-Gangwon pyungchang
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A 7 e 8T HolE AAs)

AdeqAe] o]go] AA DASIEWA "= FH SAANA AT dudr] AAE
A3 gFe 48 A ZRaHSo] ATHIAY oHd A8 ZRIHSS gAA R
Foizxl W Ratep AFo didg 545 sMEte] 28w ste AT dudhr] 9
o), WA F& e e AA Weks AAIgTE g ZA4zbe] A el Apolb ARk
A714A AEHelAdd e 4 g &3, HolE ax 1HF, gEsANE A" 2435
o] nEETh g AA Z2aE T UMY 9 AMSEHE 2Y TR adEe Ad
2 ERE ¥ 3-2-13% 2

3E 321 Ods Al dudty] A Zz2afse] A4 54
2 7N A1 3 Hol& 9 A5 Eudkr] e
Kavanaugh'’s
Gaia Geothermal, design method, o) g 5 o
GLD USA Cylindrical A AR (U, W B
source model
EED Lund University, G-function 2 AAE (U, W, 3UE E)
Sweden
Kavanaugh'’s
Energy Information design method, o) o .. o
GehpCale Service, USA Cylindrical T EAY (U WE B
source model
IGSHPA, B . T2 4AE (U, W,
GLHEPRO USA G-function =4 o] 23k
SUPS], Trnsys, Numerical o = 3d(U~50%,
PILESIM? Switzerland analysis A ol

GLD, EED, GLHEPRO, GchpCalc”}
AbgE a2 ) A RF GLD$F GehpCale, EEDSF GLHEPROZ®]
e A

I
del ARt ok ¥ o=zade] Az dele sHe

A7 Ele AL MR o=
ZzaE2 GLD9 EEDE

7F. GLD(Ground Loop Design)

A 71
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ml=ol A kel Zrao R AA mullodA 7 de AREHI Aok AAFE 99
RE, SEFEEZ QY RE AN £33, A dudy] 5 AARSs Y EE=E
Urolx] AlF dudtrls AAgT §of, SERE AW mo]lx . QA T AF
AYLS d¥stH Kavanaugh®d A4 WS T3 Fs& #Zdsr] fd 2Lz st
A dugkr)e] zZlolE AN FAEHY AT dusty] By oyl £ AF
dugr], AspFE ol&ste AxRTF AT duAAE HAAZE £ 3l gt
S|lEfE wdl Ank 3k gpo] iz o B tlolEHo]~E AAste] A8 Ad
Al z2ad 5 7P Helstw AYAeR ol&Ael M =2 T Fake
A W 4 FYS §X F Hi H3E A4S Average Block Loads®t 24 RS
w2 sk Zone Manager® Wrolx] glo] H-stE thdstA 48 + vk
O 4 49 M Ee ddEs o dEow xdste 73 dE5d €49
X d(Infinite Cylindrical Source Model)< ©]&gtt}, HEgh X5 Hugkr] Alolo] #o]=
de Axtete 2= WstE AS, HoE wiAd wE AU 4 MY ZHdE
agth, 28 A olE S EWT ®WssE A7 Aox Axlste] agiZz= AA g, o
aRzE B HEd}AY #HAIT EWT WIS B@ste] AxEe] A& JMeAS
Hdate 4 9lrh &4l Fo| = Geothermal System AnalyzerZ o]&3lo] T2 HE7 <
W A =gl AAds HuEAd 5 vk 19 3-2-33% 3-2-4= 747 Fel
SIEfE Q1Y EEd A4 AdE vEpdoh

Reference Label: ]

[esign Day Loads

W Rk LRl Design Day Loads
Time af Day Heak Gains Heat Losses
[ Hourly Data [ ki) ke
Transfer 8 a.r. - Moon | 0.0 | 195.0
Moon-4pm. | 3310 | 00O
Calculate Hours 4pm.-&pm. | 00 | 0.0
Monthly Loads gpm.-8am. | 00 Lo
Annual Equivalent Full-Load Hours: | 147 | | 270 |

Heat Pump Specifications at Design Temperature and Flow Rake

[ Custom Pump Pump Mame | ¥180W |
Cooling Heating
Select Capacity (ki) | 3310 | 3646
Dietails Power (ki) | 8725 | 10089
Clear Cop | 38 | 35
Flows Raate (Lrin) | 10687 | B425
Partial Load Factor | 1.00 | 0.55
Flow Rake _
10 (1 feming 3.5k Lnit Trlet {2C; | 28.0 | 7.0

Ard

19 3-2-3 F8h slEg= Al ¥ (GLD)
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Resuits ]Fluid | soi | U-Tube | Pattem | Extra kw | information |
Calculate COOLING  HEATING
DesigriDay  « iﬁj

Total Length (m: 5561.7 2413.6
Prediction Time: | 10.0 years Borehole Mumber: 9 9
et Borehale Lenath (m): 618.0 268.2
SRRt Ground Temperature Change (*C): +0.3 +0.7
(+ Fixed Temperature ;
* Fixed Length Linit Inlet {#Cl: 28.0 7.0
I Linit Cutlet (°C): 33.6 38
nlet Temperatures
m o W o Total Unit Capacity (ki) 331.0 364.6
e ] ’—— Peak Load (kW 331.0 199.0
ERELRE R M Pealk Demand (k) 87.3 55.1
Heat Pump COP: 3.8 3.6
[ Use External File AN 28 50
Borehale Mumber: 9 Systern Flow Rate (L/min): 1068.7 642.5
Rows Across: | 3
Rows Down: [~ 3 ~Ciptional Cooling Tower/Boiler T
Separation: | 40 m Candenser Capacity (kiw); —l].l] _J Ioolng aEr )
‘Cooling Tower/Boiler Cooling Tower Flow Rate (Lfrin; ﬂ]_:] i 0%
Cooling Range (°C): 5.7 = Briler
i B
J TR 0% Annual Operating Hours (hefye): [0 ——
0o Boiler Capacity: (kW) 0.0 it e

Load Balance T

19 3-2-4 AA A3 b4 (GLD)

Y. EED(Earth Energy Designer)

Swedenol A 7Nitel AAZzaPor JEFHZ AL £3589 AU 5 GLDA
A&sts dolE o]z #I 7T AT F o gt 2T dusly] FHE
ZFASHA AlFsta Ao = JA Y FAEA dHolHE o]&ste] HoE wix|d digh

:‘?L_‘,
il
4
_0|L
M
s
i
%
2
o
o
Lo,
e
i
_\3
>,
o
o,
1%
-
o

‘G-function’®ll tiYste] A&

e Bo
AvrzAS o AAsA w5
F gtk ¥ EEDlA & 27 &

Asel Fe welzh b

_?1_',
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s
K
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o

b
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ih)
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ebe,
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Borehole

SR Dokl - -
Config o -
0 ("1 single™s
Depth 1ii10.0 m
Spacing 150 m
Diameter 110.000 | mm
Contack resistance pipeFilling 0.0000 O K
Fillimg thermal conductivity 0200 F | wwercrnce
viol. Flows rate ci
© For all boreholes = per borehols Z.000 g
== ¢ [T abh=g=zlis
U-pipe=
Suter diameter g=.000 rarm
wtall Ehickness S=000 F | mm
Thermal conduckivity 0.4=0 W N KD
Shank spacing Fo.ooo rarn
Shank spacing
- — T 2 -]
O @ -
= =
- S 45, 255

Copy ta clipboard | Hl clos= |

19 3-2-5 AT Eugr] Al 1= (EED)

QUICE FRACTS

Cost -
Munber of boreholes 1
Borehole depth 110.00 m
Total horehole length 110.00 m
DESZSIGHN DLTAL
GROTIMD

Ground thermal conductivicy F.500 W (m-K)
Ground heat capacity 2.160 MI/ (w?-E)
Ground surface temperature g.00 °C
Geothermal heat flux 0.0600 W/m
ECOREHOLE
Configuration: o ("1 : single™)
Borehole depth 110.00
Borehole spacing 10.00 m
Borehole installation Double-T
Borehole diameter 110.00 ram
U-pipe diameter 32.000 mom
U-pipe thickness 3.000 ren
U-pipe thermsal conductivity 0,420 W/ (m-EK)
U-pipe shank spacing 7F0.000 roro
Filling thermal conductivity 0.6500 W/ (m-K)
Contact resistance pipe/filling 0,0000 (m-E)/W

THERMAL RESISTANCES
Borehole thermal resistances are calculated.

MNumber of multipoles 10
Internal heat transfer between upward and downward channel(s) i1s cons

19 3-2-6 AA 23 s (EED)

t}. Kavanaugh A A%
AA ] AbgE 7 7]EAHQ WS Kavanaugh(1995)7F 7ikst AA ww ol
= H

Kavanaugh® A% FZ& E3lo] Hulo] 7leix= g HAE o

4 |
- = [e]
olsZF(7]), 2w & ol &(F7]), @7 HU E olsHFe A Z FESta Zh7}
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(2.1.1)
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H A Eskilson(1987)&

4

T
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o

(2.1.1)0] A et}
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2

o] 7] wiiel
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’

21D& L& B
shom o

2
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(2.1.2)
(2.1.3)

+ Kavanaugh 2]

pA

ko)

_Tp

2

) X (R,+ PLF,, X R, + R ;F.,)
) X (Ry+ PLF,, X R, + R F,)

T’U/L+ Two

COP,
7, —
cop,

COP.+1

3 Kavanaugh®] A2 o] #vh Wuy Wil
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e
(212) 3 (21.3)% 2},

=
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4, X Rga + qlh(
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)
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(2.1.4)
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3000 A -

2500 -

2000 4 -

Length (m)

1500 -

1000 —
010 015 0.20 0.25 0.30 0.35 0.40
Eorehole Resistance (m E/W)

a9 3-2-7 HolE @ AFel wE AT dugy] 25 o] W}

afeA B dxo], BAE d AYE dAuHom HgS u AT #E
FA[o] A gk ghol 2vf b Al wet AT durie] e ok 50% 7t ARS
o Stk o]¢} o] HoE 4 AFS At WS AgsH gyt A
FT88t BHolE: d A AANHS A 49 1Y AEE 1#d 'Series sum
method’ ¢ A5 dusty] mlo]x Z}7zto] HolE U HHEE 1183 'Multipole method’ &
TEEAT. HA Series sum methodE 1xF9 HAEo] &3 o] X =3 QA 59 &
Ads Zzt 73 F o5& detel & A¥S Aok WRHoR ZH‘ETZH-/] A e+S
Tt WHel| weEl BojE J Fo]lx wjX|o] w2 ’'Shape factor method’ & ol

ArH s ygolz= 3 = 7HAHstE F& dolx A ALt wE  'Equivalent
diameter method’ & u¥t} 3 Multipole method:= 3o|Xx z}zteo] el =-A,
T ARke]l d 5A4E ¥ 1nEste] HolE A AFS g Wl ek WRolth
of W2 Folzo] X7} AfFEi AW EAS 18 E

methodoll VI3l Z=+ o gk Jejo] WHolt

stAIRE = 7FA] W

gﬁx

)1 7] w0l Series sum

N
&O
\I

i oft rlr

)
4go] Thseht = 7 488 e
agr)el wolE A Age FAANew Agaarh 4 QLDAN B QL w
T,9 T,% FANA 0w e g
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IR A% L]
Shape factor method U, W& 1.3H7]
Series sum
method Equivalent diameter U W, 3U8 5 Z& 913 ustr]
Method (FolZzte] A7t dAs A9)

Multipole method

Numerical analysis gheld wely], 9y wshy)

(1) Series sum method

HolE ] € 1AY HAEE HEstel d AFS AAske WHelth HolZo
golzst AegAz FAH A& wl, dol=xo HE £ diF, AL A=
Agel &(Jun et al, 2009)& KHol&E € AFow ARSI oW o= 4 (2213 #Zth

Rb = Rcond + Rconv + Rgrout (221)
A714 R, delZze] A= AFSE, R, &5 Ui AZS, R,,,= AeAe

A% AE o @), Aare shox AAe] dARES} Folre] 97
2R o gate] T

d Aa
o
llzl

32 1o
e
2L
H

Rcond_ 27T>\p n De_(DO_DZ') (222)
714 A& Stolme] AAEEES, D% D A7 stolxel 97w WAL olvshn
D= dolzol FaA%, ne AW foA dur|E BES wo do]ze] JiFE

omatth. 17 3288 UY dustrle §3 A4S vehdch o 3% sto|ze) A
l’lT: 27]' %ﬂ'
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© 0 w| ©

O

1% 3-2-8 UAE wE7|(n=2)Y wWe] stolx F& A7H

Tl A2 Dittus—Boeltere] 24S wEt}

o

el U AY

o

1 0.023 Re”*Pr’?),
Rconv = nwDh. ’ hz = D. (223)

7|4 hie HF ATE Re(@Elol== ), Pr(ZdE §) & 5o & 59

T dHERmed Aol wek At

Aol A A WS el AFSkxel 27FA WRe] Ut
Remund(1999)°l] ¢]&l A<kl Shape factor method:= 3}o]Z o] vjx &efo] uwle} Ab%
Shape factorE o]&3H, 2 (224)¢ #t} o WWE AdS &

37k o] AgtE wix] FeEjelE E+stal GLD &

o]
A

A
ox I
oo T
[K
fru
I
i)
2
>
i
W
)
ofo
ol

1

(2.2.4)
Db ﬂ]

R

grout =

oA71M A= AwAe ddEREeM D= HojEe AF, 5, B, Shape factoro|th.
¥ 3-2-39] U, W& <usl7] 9 Shape factor’} YEFY At}
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¥ 3-2-3 "ol ujx]o] w}E Shape factor (Remund, 1999)

UAE a7 WAE 8] EE
glo] 3 Hj = N
shel s i 4, ] 5, ] e

20.10 -0.9447 27.68 -0.9411
17.44 -0.6052 21.36 -0.6031

2191 -0.3796 25.52 -0.3921 @

Q| @ | >

Mot
oy
)
Ry
X
2

FollA AxF FH= FolZ J-E47F A2 B2 FH, BA HHE B2
AXEE G, CA FH= HolE | =< dHE 9t UF
factore= 93] &&lAd Jom, W& w37l tiajx = GLDE &4 Az
b= = T

AwAel @ AFS Fots & vE dHew volizo F7F A4S 8k Equivalent

Lm
JR
Q‘L
2

diameter method”} o] HMHE Gu and O'Neal(1998)c] A|etst WHo =z XA
o]z o) g F 0}‘/}2 Hol&Zy FAYS o|F = AHAow 71Aste] ztzZbo Al m A=
ZEWSE T3 FHWYS oot A7 #eEs Fateta, Feg whEe] 2EWstE
107]&= 3§ 7o Tolxze] AAE JALete] Fab= Welth A (225)¢ (2.2.6)
Ud w7 S7H874S F3te A o] ol&dte] AFAY & AEFgS Fste 2ol
e d T

D.=.\2DL. ,D <L <n (2.2.5)

D,

. IH(E)
grout 27\ (226)

o] kel kA o] HojE wb
HojZ el 7pe-do ¢33 Ao

MAS do] thE 3 o]zl HolE vlo g Uil AL

220 2 ©225)F UY ud@rjnte] ofd WF  olde gy

2l o] tH(Ngoc Vau Bu, 2013).

on—1 , 1
D, =[2*"'DL> "< [[sin (;—Z)] 2n (2.2.7)
i=1
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AN R
AMEA]S e wbgelx] Xsbar, Folze] wix] zHAo] o wel A E o] §lou
3U8 w3t7] o)At A= Shape factor7} EAsHA] &= o] Qi) miI mZU Y
WB7)o = HEo] E7FFsth

(2) Multipole method

Hellstrom(1987)0] A& #|¢t3t Wl o g HolE U o|xo A= B L3 3% 360
HolZol d AEgS Akt wolizel XE 77z HdAgET = 9lo] Series sum
method®t= T2 dlo]xx o] 7o AstS x| gGe=v). 3 Series sum method”}
U 2 WxAF FHof shgso] i, A& o] F= u3r|ont 85 A vk o=
Aol o= A7]9] Fo]iyt HjX| o}t st e Ads e A

| T
o] S d s Fol AN dHEHgE = Stol, o]z, AeAYt 2 FH AuhE
a3t AF dudry] FHY 2EE AtelE gl ARge] rhEeit. 4 &
Wwats A (229¢ (221002 257 J Y wWe] D93 multipoled] #3
= AAIH. A wko] AT wfA T & wf Ao o= 0o Hi, o 252 T
{h{{raﬂ@ —’F 9)\5} Tk 2] (22112 Ag o9 Aelola, 4 (22.12)+= multipole©]
o

2 Y. BarAnAs 249 HEE Yeh)
R Eoii W solze] HuE wASE ©l ALgHT
N . N J
T(x,y) =T, mﬂrR@[Eﬁ' Wy(z2,)+ D2 X3P, s Wilzz,)] (2.2.8)
n=14TN\y n=15j=1
r 2
1“(z_bz )+oln (————) |2l <,
W (z2,) = " "o 2 (2.2.9)
T T
(o) () toZin(2) el
n g z
(i (2 2l <r,
22—z — .
Wi(z2,) = no T A (2.210)
T .
(1+0)( )’ | 2|> 7,
Z—Z
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)\b_)\
A A

(2.2.11)

o’:

z=x+yi (2.2.12)

1714 j= multipole®] 25, Ji= multipole®] =2, 7, 5 HAAEY Hid 2%, ¢,
golxze] wel Hold A=, AT AMFAY dHER A= A¥Y dHdE% P &
multipole, r,= Hoj&e] W7, r, 2 o]z o] 9|45 YERT

2 CLDAY dFd e Wi 2xee] AR o HolE &

A AE  Fo]H KO H 259t F7F49 multipole HES o] &35t 2

el
f s =
(2.213)3 Zo] w9 225 F4E 5 Utk

Lo 1o

iy

N J
Tfm bm + an RO +R€' Z Epn,] ( J+U EZ Lzm)l (2213)

n=1 n=1j=1 Zm n=1j= 7’1] Zn %
m#=n

o171 m¥ ne FLR YEbd dfol= Wz ola, T, 2 do|Z W £ Hd 2k,
R, 2 A5 J=0dA e HejE d AFS vERE HFAQJ RolE 4
ATsS 4 (2214), (2215 % (2216002 FAA

2
T T
1 In(-5)+8, +oln(5"5).  m=n
R, = " o (2.2.14)
' 2\, T, T,
In ( )+o-In ( — m#=n
7‘m,n |’T’b
By =2TAR,, (2.2.15)
1 Tpn 1
= e ] 2.
R, 2, n(rmf_dmu)+_2nm i (2.2.16)

047]}\—] }zpn% n‘ﬂdaﬂ I—I’]'O]-I——L-'o/] OEZI— 215]., dpw
hE i ASE e,

Multipole method®= 3}o]xZ o] 7lgo} A#gle] & AEIES AFFA AT =

= dpolZo] A, N = dolZe) AR,

(e]
Hoj&o] A == Autel 4 54& 18 4 9l Series sum methodol Bl &
g e A dugkrje] o]&o] rhed Axe] dnh. shARF 23 Al &4
WRow Auke] zZojo] mel wgkre] eyt Wels 1Ay werE 1HqE o jle
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(2.12)¢F (2.1.3)e1 4 ¢]
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a9

Feo] AxE, R,

PLF, 3} 7
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o
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[ex]
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SN2 Aol g wr] A
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R

Bl

(2.2.17)
(2.2.18)

)oll A €]

-

R

2

©

sk

sho]

°

;é]—

3}
=]

— 1
Q/L
Q/L

0 (u,t)

7,

Rqround
Rg round

A (21D9] MdS AN dA=

Feol AEu, R,
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o
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-
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t= o} A
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fite)
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=
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AREEAL Q=
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(1) #3 A8 949 =9 (Infinite line source model)
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L = ¢'d
T(rt)— T, = Z{ </ . ¢ - “ (2.2.19)
ol

of Relo X AT d AL 2 (2219004 QLS v o= vekd =

1 /‘OO e "du
2.2.20
Rr;t) 4anJ 7w ( )
4ot
TR Y olEd Alatel rsta sl bdste exprh #he AeolAh, 641
ojuiel w7 & Hxel Wi Auke] A AFS AND A= At AHA 53]
R,& A Bgols AgstA @& et

(2) 73 9538 49 249 (Infinite cylindrical source model)

AdUS Lol Wl sl dEFom FAHIE A AR Ingersoll(1954)o] <] 3
A So 9% dFY Ao #3k v|EFHE 4

O/L = p. Jo(PB)K(B)-Y,(rB)J (B)

T(r,t)-T, " -1 T > d
(1) 72 I ) B (2 (B)+Y*(B)) / (2.2.21)
ANNM z=at/r?, p=r/rol™ J& Y ZZt A 1%, 2% WA oty 9A AF &
Aqge o7 QLS Yir #oez Yed 4 qlom wr]o dox FI Ay dY

mdRc o% exrh A2 Zlew delA  9lel(Philippe et al, 2009) GLD 59

v A% 9

4

4 Hd2 HolE
Eskilson(1987)& Ho]Z o] H3kal Zo]d 2 HAES T ZolE mEst mdaS
A

[e) pul
HzZ A2UN893, Zeng et al(2002) Eskilson® =S wigro =z f3k A3 &4

l

il
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2ds sty ol Hel AT dugreA w7 r, 54 Zol z, AZE toll A€
<& Wk A (2222)% 2

y r’ +(z—h)2 y r’ +(Z+h)2
erfc erfc
0/L ¢ 2Wat Wat
T(r.z0)-T,===] - dh
4Am 20 r +(z—h)2 r +(z+h)2
(2.2.22)

T AY dd 22 AENTE v odluA s A fastdal & 5 i

A = BRen T3 49 49 Zad A 2 ge HolY]
el A R, ANE A= Agstn @+ ald

Aw7tA Aad 73 A48 49 RAdLS), 3 95d 9 RdACS), w3 AE

A

TAFLS)E A% dudrld 488 & Yk sz A A8 dAsle 4oa
Aeje] Wasith olF 98 AN BY A7 F A AL @A), F71104),
A7) @B Wiro] Hastgith 5 AYRES ol §3 HA WolE Agskel GLDS}

Hlalskdvh, AAl Al A Aol A s Rdo]l AEHE FES AQF EE tE A

AR T R, R,o 19, 4N 4 Adol7] ol A3 &A=

% 3-2-4 4 mde] FA(R,), BI(R,) 4 A%

ILS ICS FLS
R, 0.160 0.148 0.160
R, 0.065 0.077 0.065

o = _
ot A3

-

g Rdox HAAEE Fur|e Zol= 30molil F4 A HL Ho]E 9
= a3E 1y3te] de AlEHE T A" 156mE ARSI tH(Marcotte et al,
2010). #lollA AFstAxel F3 AT < rdsgE= &2 s

B
el Aok o2 19, 10d, 30de] wE R #kel Wt ¥ 3-2-59 vl 9l
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& 3-2-5 A mde FVI(R,) @ A%

ILS ICS FLS
1d 0.000 0.087 0.087
104 0.085 0.163 0.160
304 0.122 0.200 0.182
7] sl QoA E AR FI dTd dY 2 {3k A8 dY rdo
ZAzko] w23 A yERWTh shARE 300 el A s = FI 9485d 99
2ol glol ¢ AA SA4HAeH Fok Ay dY 2dol AL g 7 xdo H]F|
kol wj§- viAl YERskt
o2 3% 3-2-69 o] & o]&3st AA Zol7} YEY 9l
¥ 3-2-6 7+ a4 2dd MdA Zlol(m) ¥4
GLD IS ICS FLS
1d 3757 3392 3626 3405
104 3917 3562 3794 3573
30 3996 3654 3884 3662
T A EY REELS 1% PRk ufg- mwgk xto]lE B ow GLDO Aot 10%
Aol zolE RAT. AN F3ok AdFTH Y 2deo F9 GLDLY Abol+= 3%
o g2 wluwA Qs AdE HAFRT o= AF mdso e ur] A A8k
HdE 232 @7 H2 oS 9ol F REAELS d AFgS i AAihHUEgE AS
o = Qdu mEA A dudr)e dAAeAE F3 95 dY BdE A8 S
Agtsicia 3 4 9l
(5) £o] T 9538 d9Y 249 (Solid cylindrical source model)
Man et al(2010)¢] Aotst nd=z 3dYP w75 sXslr] 98] wEojx o
dur|E Fo] ¥ 3 YdT oz RUYSYT S5 vEtgd A 5 syl Green's
function®| Al FE% 3L AWk ol vt X &= AT ]| 549 weEl method
of images(Carslaw and Jaeger, 1958, Eskilson, 1987)71¥H& Z &3}t F3k3}
etz Yo 124, 239 2EdS Aot e=d, 2 F fos 2o A=
o5 2
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{exr{ : +4r;(j(z & } { : +4r00[;(zt+)z) }}dz'd’ | (2.2.23)

A7IM e 9Ee WAL

= =
hy7b A wid Eo] glvkar 8w, 2] (2223)2 HFH o th¥ o] A Hch

' B 2 2 7]
T(r,t)—T():Q/LI dt I, T -exp _ I Eh
A 0 (t—t") | 2a(t—1t") da(t—1t') |

Jerfe| — 221 |_gppe| 22 IR ] EEA
{erf{z a(t—t')} erf{z a(t—t'):|+elfc_21/a(t—t')_ erch a(t—t')}} (2.224)
o714 L 0xFe] A WA dolan erfedtg e LAEEEA L erfe(x)E
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(2.2.25)
(2.2.26)
(2.2.27)

, 2012)
_ (z+ z')z
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h —
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/
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(1) € 74 &3 (Thermal interference effect)
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Kavanaugh and Rafferty(1997)
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A4 WA, At diA mdd we =

N 27 FAAZ oS 2 A LS o]fdle] thA HEZH o
g 9k 2" 3-2-119 71%d BolEAHE EAGE

g Ao wwst= A (22298 AFE SR

4714 L& T7b -17CY el AF dugy] 2 2el, % rE 247 4%
2 7
|

7o G (2.2.29)

" pG(d,,,)L
o714 d,,= BolE T4 e TAS udn sxnt dAl AACdAM = RE
BolZo] FEATEH o] Q= o] ozt uiHe] whebA
Al §As HojZoluy, dHZ H HolE wX<e Aol FHd 3, 27 =&
1he] mol&o] AL Y& F= gtk o] wdd}s] $5te] PF(Partial Factor)E
AbgahEdl, PRSE #3490 T 4 (22303 2o,

N, +0.5N,+0.25N, +0.1.V,
~ Total Number of Boreholes

(2.2.30)

T, = PFx T,
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rlo

[N

fr oo N

=

©]7]4 Total number of boreholes™= HoJZe F MNFE, N, N, N, & N
Folol 478, 370, 270, 170e] HolEo] X3k HojEFe] Jfgolrh. dE &9

3-2-114% 3:39] WIS b mEHANAS N 1 N AE 47 Ho] P

s

04447 €tk T= T,o0 of PFE Fate] FalA: mol& 7w Awe Fidel &=
A wE SR o

ole} ol T o Axtel SlojMx <A AP oy 7HA AT ALEHA HE=d],
25 As 58 5 2o H5 A 4 adel o] 2 JFS vA = v g
ol meld AT A Aol o)

(2) A ERZ dAYF

SIEREZE $57], 271, 4 BB T FE mAAYF web - Ry g
of o]&3 F Jom dS THoA thE HoE FEAOE oFAA F Qo] YA
a8 Za IedFH] Anjoltt. = s|EHEZ Aol = Gl HE FFel

Bl 42 (Power)S EWT ol uweg} AAsa gl
ol 7bg Fad WwaE A7l EWT o whebA,
& 22 thdAel wreb vebuAl gl

o .
Aol W- 5 ¥ (Capacity) ¥ 4
EWT & Hx A+E Z24st= 9 3
= XA a3
o b | 1=

(223D %

—=

Capacity ¢} Powe
y=a+bx+cx? (2.2.31)

T 2HdESs YA €1 a, b
A2 3709 HolHE 7hA A ®mit

Capacity (2.2.32)

P —
o Power

Tk SJEfZ O [RT(B5KW) E+= 1IKW 29
e T2 Uk ol wek Gl EWT

o} ¥z Ralo] wE JE HxZo] LWT(Leaving water temperature)s -3 & &),
EWT ¢} LWT 9] 2%=3F At 2 (22.34)9F 2t}

Q=mcAt (2.2.33)
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glh* (

(for Heating)

2] (2.2.33)

a2 oy

1, 2 (22349 glcst qlh

)

, el A 4 (2139 2

=

5 A (21.2)9F o] v ARG

A
e

2] ¥k (Multi-layered ground)

o

(3) 4=

Eo] 19 3-2-12¢9

=
=

Atk

B

il

S
=

=1, Yoon et al(2014)

PN
T

Soil 1, M

" p,
GHE borehole

hl

A

h?2

v X

Soil 2, Ny

7] (Yoon et al, 2014)
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(2.2.35)

(h A\ +ho)y)
(hy +hy)
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N ~
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4 %+ Ak
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T 0 A}

©
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AACNA old A wde] BojE d A

ke
LN

(2.2.36)

A
2]

994 AY Y

—

2. oA e

(1) 3AY dugr]e € A =22

Wel 714 2 54

ZE]

T ATolA i T AL A

—

(2.237)3F %ol yEpd

]

<

£

7FE 24710l Boof

=
T

A A gl 22T}

- Atk

(2.2.37)

Rczmd + Rcom) + Rqrout + Rpile

R,

a9 3-2-13 3% o] PHC olyA] 3t el W 73

oS
T

Yoon et al. (2014)

toith. olux sdelqe] e}

Al 3]

T o 2 (22383
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" 3-2-13 oA dede] HojE vl

a

_ (rg+rpile)

Ay A, (2.2.38)
A71A r, = aHES w0l . & Hde] FAE T 9o STrE
AFAAE AFet7] sk Yoon et al(2014)0] 3 A 8 HAF dHolHE
o] &3sto] HolEZe] dAE e AEIFAT A dF A5 2P AF FHF ==
£ CFD (computational fluid dyanmics) 814 EE S sl AF F&5F %
e 32 ] skelom o

E B REE EESte] HolEeo dAF gS ALte Tt

AR 719 i/ AAZxAS AA 3x9 sto]Z Aol dis] A&kl $1ske] CFD
71Hke] 321 fetaAnd &4 212l COMSOL Multiphysics (Verson 4.3)& ©]
gstol dugr] G4 % Ao wmE duUA L 4 Ass sttt et A
Lol ofgh =2 mdle] xuj WAL 4 (2.2.39)% 2t

pAcuN T=N « ANV T+, 22 lul® + Q+ Qo (2.2.39)
h

fp(FAH)E Darcy 9 wHEAF, uve AAEES YERIATH

A& Ay AEYoIAS 9% 8 S ¥ 3-2-14 % 2o fFgeAarde
107F2)x10(M & )x16m(zEe]) 2715 Z+ar loem a9 3-2-14 9+ 2(7FE)x2(A 2)m
pEg eyl 4 Rae agt$Ee PHC 99, 183 A¥ko g FA o] 9lo
H64d4d 9 844 ddEaA(DC3D6 ¥ DC3D8)7F A& Atk COMSOL < ©] 83t
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g 9] ¢ Free tetrahedral 73%}‘%}01 AlgEdon Hog 24 AVE
COMSOL P1pe JAgoﬂ LHXO wall layer 7S ©]&3

¥ 9o ang Zé‘?:l‘é}ﬂl vty i %}%% Ee)%m 9l

=
A= E 3-2-7 3 7151‘:}. Layer 12 ]o}’“-.% —.4.4 AZANEE L}E}q]uq o] A=
) # &to] Hukseflux AFe] Bl A A BF2l(non-steady state probe) &H]¢l TP-08 & o] &
of dAEEE =A3IArE E3F Layer 23 A 849 ofgEX A%

al(2012)c] AQbe 4 shev|ol Tdels o] WE IAFTIEY dARR

stk AWME Te-E, PHC 3¥, PB do]lx g1 ¢34 EAGS #d &

- =

O yul

& Fastdtt(Jeong et al, 2010). 047]/\1 AME JgtoEe dATEE AjWE wjd
2o wel gl Aom AdHY B dFedAE AHME Y Fo] ddEEE 57
sk 3ke] Jeong et al(2010)9] #hS skt

| 45m soill
| |
A
13.27m
| 7.0m soil2
|
v y
rock
Energy pile
(Suwon)
a9 3214 ASHAE AEYIAS AR FEeswd
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F 3-2-7 Algdeldel 48 Are d=A

Material Thermal conductivity Specific heat Density

(W/mK) (J/kgK) (kg/m’)
Soil 1 1.10 1160 1800
Soil 2 2.40 1280 2140
Rock 3.24 823 2640
Cement grout 2.02 840 3640
PHC pile 1.62 790 2700
PB pipe 0.38 525 955

W GHE |

P ——
e E g, At Rl Tenpatiia, Wl | |

Eirgand Tea v

(a) T3 =W

a9 3-2-15 Azke] w2 exwsl

a9 3-2-15% ESH Al wWE £3F 9 HolE
T s

o 29 3-2-15.() A2 2ol A
dehdolel SRS B molE Wy

= 4 F AZYN A 2
o garETh 19 3-2-150)0] oa) AAE HolT wWw LEgS ol §F HolF AA
Fat2 0118 mK/W Stk 24 204 A&7l SF, EQD, Multipole ol ¢]3] AHA ¥ 2.0
£ 949 g X328 2ok ANAS ol A4E RoE 4G A aHSE
o dUEE g 4 @240 od AHE ge Asagod dey A7 Ay
Multipole 223} EQD R do] A3y Bl fFAg & YEdlon SF B2 Ho

T QAT @ AuEvEgE AS o UM
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10 m \ v A 27.727
/ 10m
” 277
T =
45'3511 1 ‘ . 0.02m Fees
Sm ! = [
> / Pitch= 0.(15 0 | ey 295
(}:}%\ iy - A : = 2
Soil 2 - kg W 273
7.0m | [P { / ) .
> 4, 8% J { Pile depth 27.2
LX NN / ! =128m ] )
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4 :
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m s L 1 ) g
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AAstg o dusgty] JE=5 Ffd @712 AlAQl RTD(Resistance Temperature
= é_quloﬂoﬂ el AWzALE S A9 FIES F3het
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Layer 1 0.21 300 1600
Layer 2 2.30 1300 2100
Layer 3 2.40 1280 2140
Bentonite grout 0.9 380 1580
PB pipe 0.38 525 955
Water 0.57 4200 1000
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Ctte (tg)/2-t,
1""SR =R

oA71M AAl EAGLE A (2473 2ol o & AAFy} xnke] AAFe] deow

A

ER = Rb + Rsoil = Rcond + Rconv + Rqrout + Rsm'l (247)
AT A ZAEFH & ¢ X0l AFte] AEFaE ddE wi/AR do] 54 %7
of 443 g F7istH wEhA dudE e FAceE EH5S HQlth
2 doAM e HoE 448 A BAS HFe7] et 4 (246)& ol &ste] dAdF
Ao A F3t duss gy o2 e AME duds FHS vtz vk 2
HolZ dAggLS £34 259 HojEx HHo 2-3E 7X 78 4 9o AF
Ao A HolE B &% AANE HAAstE A2 AlF F E7Fsst7]el 4 (2.4.6)9
Auskg kS AAEe] vl wEH Tk A (2478 HolE e AAF ko 22 Ao A AT
H HAE dAY RdEAqA AuHE S 27 o] &Sttt Ao EAS 4 (2.2.20)
of F3gt A3y 49 2 S o] &3t A d o sdd 7S ALt HoE d
A 2o 22 HoA A7fE W E<2 Shape factor method(SF), Equivalent diameter

method(EQD) L]

A 7HA ZE

=

ultipole method & °]&3lo] HolE A% 3hS AE3HAT o]
3t7] spolz w27} A &s] el o] Ao &
¥ dugr]= o]z wjx7t Fehs] aed
A X Aol wel w7t gt H] el HojE dA

of

o ) & B
k=)
o
2
c
=
T

Sroll A Z7l¥El Mockup 100 AlZF 14 2 A3 Aot BolE& EAF o2& o] &
ste] dugs S AASAT AT dudy] By UAE I} WA el A8y flon

A4 A5 & 3-2-39 B case AH AlFHUAIA SF AE&H AT+ B case 9
e A&stArh 28y WAE S A5 A9 B case 9 S FHE ATEHUA A W
g SFoll A" Ads ¥ 3239 A9 B cased #HS AR HIH
(interpolation) & 283} AFASIATE o] E38<} 100 Al 9% Ad A3 A Hat
S ¥ 3-2-18¢ 19 3-2-47 7 i B E A AA 2o AHAHS A
otz el ® 3-2-193 o] Ao nvuE F et RMSE(root mean

square error)E =Z3sI9th vl A3 SF W2 dudks s A% 7eH EQD 9
Multipole method 7} A&k vl 3t AxE Yeldo s A4S & 5 St
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% 3-2-18 A=

ELER R e

Heat exchange rate (W/m)

SF EQD Multipole A
U type 31.20 35.96 34.91 35.71
W type 33.78 39.14 37.96 40.76
¥ 3-2-19 A5 A8 sA 2d vlw
Relative error RMSE
SF EQD Multipole SF EQD Multipole
U type 0.123 0.021 0.022 5.081 1.724 2.033
W type 0.168 0.037 0.066 7.346 2.522 3.505
60 r T T T T T T T T
jj
£ 504 O Experiment|
S o SF
< A EQD_
E v Multipole
o 40 .
2
£
a
® 30 i
O
I
20 T T T T T T T T T
- - 50h - 100h
Elpased Time (hr)

(@ UAE AT g7
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- 50h - - 100h
Elapsed Time (hr)
(b) W A& A5 dulgtr]

a9 3-2-47 671 R A A dusks

(2) EYEX 43 239 &4 2d v

ol A A7NE Mockup A5 Ad FA9] Awte] EAEEE 2
.

1
o mrh e GAERAAY Rol& 443 mdg wu AFFuA 1Y 3-2-48 9

o

2ol Bm x Im x Im Alo|=e] mEExE olgstd WAY A% dudrs Wi F
ALee AL SRRt BAE FAANE ABHA F Ao 149 Ay 23
H7] el E 2o GoE QEFOR ofFolHof s} Aspae] ol gor el Al
79 Fez BEAL. RYEZ U EA 28X REAL ASH00 RFEAE F
Aok 2AsE o] GAE Bghort BA Azxdel 2] ARel kol B4

o AAEE S 026 W/mK Att. FEX ZF:Ae 7B EHLe ¥ 3-2-20
W gom a9 3-2-49 = AT Fugr|E vERATh
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EEAe) 71 By

Properties Value Properties Value
Maximum Dry Density
Uniformity Coefficient (C),) 2.06 ry3 16.17
(KN/m?)
Minimum Dry Density
Curvature Coefficient (C) 1.05 13.49
(KN/m?)
Specific Gravity (G,) 2.65 Water Content (%) 0
09 3-2-49 9 2ol WAH A% duss] 47 F 27 3-2-50 3 o] AP wol
& TAN/) Aok wolE WY Aol LE WA AAsd HolE Wue ex
73kt e RPEZFA FHE HojZ Jo E4

e FEQ BEAY BYH 59
sba @ 4 vk
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19 3-2-49 W AY A5 dulghr]

------

B Case ‘

' e . " Pipe size (PB pipe)
. N - 21 20mm
A Case Y - LfZA: 16mm

m RTD =44
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factor method(SF), Equivalent diameter method(EQD) —L2] 31 Multipole method & ©]&
sto] ol& AY ARE ARG FXAEA Aol Hlastdtt ol AF Antor= 9
ol MAAE HolZ ¥y Hid ks AL & §l7] wiolth weps 19 3-2-51 %
Zo] AddelHE frtaardd Fste] A 543 AsS BAstE RS
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Inlet fluid temperature (degC)

Outlet fluid temperature (degC)
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- Measurement (point 1)
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Inlet temperature=8.508+log(time+11.64)-19.29
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Equivalent diameter method (EQD) WX X|Hte] dAELEE n#Hs# K3t
Multipole W2 x|t X we} HolE& dA3o] Wate AS sty wdl
Aoz setdrt sARE Auke] AHEZ=7L 2W/mK oSl A$olE EQD ¢
Multipole method ¢l 2]t A7} FALSHA UELS 7o F 2dS A& FE 3o
ok Wb 1 W/mK olstel A Y Awre] AL e X o] AF dudrE A
=zt 7 9-o|+= Multipole method & ©]&3l= Ao] Ht} A3 AA S Yeldts=
Ae & 4 Y
E 3221 REEZ 493 84 v
BHAE AAY (mK/ W)
WZ3
SF EQD Multipole T X] & &
B case 0.467 0.705 0.524 0.542
C case 0.433 0.563 0.227 0.254

v, =AU H 3 Mockupl B AZ A&FF 7}

(1) BAH Algdd HE

Ad dEx A 2~"(GHPS, ground heat pump system)®] WA A5 AF sty
(GHE, ground heat exchanger)®] Aol =ZA 9 WA A #atk opyel AA| &
AtHlo| A GHE Al&H]&o] 7bd & v&S AAs7] wio] Aoz E w$ T8
Faolth Ax AlE SHAA AAAela A FHAA dudt dso] 5% GHE
6:10] 7(—].9.?4010}:?‘5]—]:]—

kA 2 e A= 2o AvlE 233 % Mockup Test ol 4-8¥ GHE ¢ #34d
AlgH], Aled, duidk gl wE A Ale dets AlAlstaAt Atk o] w A A
AlgH) et AughgL A AAld Frbol] AREEAL, AT A ﬁxﬂ*é H 7}l

ARE-E 9Tt =3 Mockup Test o] AH8% PB(Polybutylene) 3}o]3Z 7 o] AukA el 40
(W7Z)mm PE (polyethylene) 3ol xHt} #7] uwfjFo] GLD(Ground Loop Design)
Program & ©]83%t¢ PE 40mm U A3 vt #74e] PE WAH A HF Zol&E
Hlaste] AA A< Al Wets AESHA
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% 3-2-22 7] Fo]x Type ¥ AX #3

Classification F3d A%
name UA4 \ WA | EOE
System Type Vertical Closed Ground Loop System
dto] . Type
Borehole Diamreter : 150 mm Diamreter : 150 mm Diarreter @ 300 mm
Depth : 0 m Depth : ) m
o] = Diareter @ 20 mm Diarreter @ 20 mm
- PB(Polybutylene) PB(Polybutylene)
S
3 7ol 50m 50m
Sol L ¢ 714 AE shol= : 714 AE
A2 4 o) g Mo A A o &
5 5 ? ‘.‘ g [ B

(2) A=A v (A3H])

(7F) Mockup Test A|&H]-&

o]z {FH AFH LS F 3-2-233 k. ol& o]&s| AlFH] Hue}l FA
Mockup Test Z¥(Fud&)E 7ITo= Abdd 3 d¥ Zold wE AlgH AHA
S A% 72 AR FE9T F 3-2-23°4 HF AEe] 300 mm A ZY Y9
7%~ boring, casing, grouting, ¥}o]Xx H|-8-o] U A} W 3] Hr} 2 ] o]/e] H]-&o]
288S & F AUtk ol UAE vl WA e A5 1.06 #f o, 24y 4+ 1.9
Hj o] del dust Aes 7HAoF AAALE 7HE g Ak AN o= ©ed Al F
kS Blugk A3s BHoFe= Zlolr® ZF 3 dud dedd wE AlEHE X

AN M
lo
frtl
B
>
ox
ol
£
=
=
ol
pac)
L ogk
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¥ 3-2-23 1 2 Mockup Test A]&H]

Classification UA ¥ WZAH 3Ly
Movement of Equipment(#) 1,200,000 1,200,000 1,200,000
it cost(#/m) SO0 3000 000
it cos m (Diameter : 150 mm) | (Diameter : 150 mm) | (Diameter @ 300 mm)
Boring Depth(m) 50 50 50
Cost(W) 1,500,000 1,500,000 3,500,000
nit ((%/m) 20,000 20,000 50,000
HniL €os (Diameter : 150 mm) | (Diameter : 150 mm) | (Diameter : 300 mm)
Casing Length(m) 30 30 30
Cost (W) 600,000 600,000 1,500,000
3} o] 3 (W) 180,000 360,000 600,000
Installation of I}o] 3 (W) 100,000 150,000 150,000
Grout Material (%) 200,000 200,000 400,000
Grouting (%) 150,000 150,000 150,000
Total (W) 3,930,000 4,160,000 7,500,000
(W4) €ugsgo oE AlFH v
AA AF dusty] ol oA AHbe| A AE F Q= AHHQ = FEAQA &
Zo] F a3k <lxtolt}t. wrebA Mockup Test & £ A5 dusty] FIHEE A& 715
W B JIES e ¥ 32247 2o A LUl ¥ 32249 ARE oL
T A dE ZolE A o] wW Y BYY A5 94wl M $-ekA
Tk gfolxZ o] Azt 2 HF vg T AAZ SHdA UAYE Y vlalste] AAH]E F7H2
i) 2 Al oy Toz Q3 2 EWHY AF dustrles AHEsr] oJHE A
olg} ks o] HA A AlF HF HEAA AL A AT
Hhe 2oAle A WA el 49 UAE ] A&7 s(A57Hs 100 Al 2 370
9, 67/ME)S SIS w oF 13~14% HAXE EAdFo] =gt o] Ag HF Zol&E oF
100m @ 156m 71 49 & A= oz Addy, 3 FiF 7o A9 4 A5 A
o7} AR AL R dfHr) dntdom Xde AHe difd v A7t TtEsEa A



Fol7t wAEe o
ol A Blulete] HQE

ol 156m B% == 4% 1 9 UAE v ¢ 10%(250,000

.
el

=
KeN
=

o]
2R

, Mockup Test ¢ &%

A

.

=
=

=

FAp]

nE A %

) A ARES 4 5 AJY mEA 2 dE el Aes W xFo] H4dstee e
) oA gtd o] Wiz o] H-FgnH|go] A8 F X gom pile depth 7F A3l A =2 A
o] Bast Xol= =ZY EYo] HAste et dAdtd)
¥ 3-2-24 4] FedE -5 HU)
Classification UAE WA 493 Note
dAEE 2.13 2.15 2.17
Borehol_e Thermal 0215 0.208 ~
Resistance
o] &7} 100417 A4
(A= 1004171 35.74 W/m 40.76 W/m (W) 76.8 W/m (Tin=30%)
A& 7E 3704 02590 W/m|(371€ @ 29.19 W/m|[370 € : 3835 W/m|100A]7F 4494
S/hE/6704)  [670E 2410 W/m|670€ : 2711 WmEZ/HE : 3284 W/m), FAA o=
HBg) e B 8hr 7}& 16hr
(A= 5 54.16 W/m 103 W/m ES
575 - 370 4315 WmB7Z/h€ @ 72.10 W/m SN o=
(37ML/6714) 6714 : 4063 W/mb/NE : 65658 W/m '~

- 199 -



¥ 3-2-25 GLD Program 7]¥ 42 W4

Classification

Uz

WA

Annual Equivalent Full-Load Hour

(hr)

* Cooling : 884,

* Heating

© 1,030

Heating Pump

= COP : 44(Cooling), 3.8(Heating)
= Flow Rate : 104 (I/min)/3.5kW

Unit Inlet (C)

= Cooling : 30,

* Heating :

Solution Properties

* Fluid Type : Ethanol, 20%
» Specific Heat : 4.124 kJ/K - kg
* Density : 969.1 kg/m’

Ground Condition

» Ground Temperature : 16.7 C
* Thermal Conductivity : 2.46 W/m + K
* Thermal Diffusivity : 0.051 m‘/day

Modeling Time Period (yr) 20
Borehole Thermal Resistance
21 2
(m - K/W) 0.215 0.208
Borehole Diameter (mm) 150 mm
Back fill Thermal Conductivity 0.99

(W/m - K)

Vertical Grid Arrangement

* Borehole Number : 460,

* Rows Across : 23

* Rows Down :

20, = Borehole Separation : 6 m

Boreholes per Parallel Circuit

U-Tube Singe

U-Tube Double

u} o] X Parameters

y}o] i Resistance : 0.061

y}o] i Resistance : 0.041

= 3}o] = Type :

SDR 11,

- o] Size : 34 in. (20 mm)

* Flow Type : Turbulent

* Quter Diameter @ 2670 mm * Inner Diameter : 21.80) mm

¥ 3-2-26 UAYE, WAE 1 39 H& &4

Classification Uz WAy Note
Bore hole Diameter : 150 mm | Diameter : 150 mm
Depth : 100 m Depth : 85 m
Movement of Equipment (\) 1,200,000 1,200,000
unit cost (Vm) 30,000 30,000
Boring Depth (m) 100 85 100hr & w3k
Cost (\) 3,000,000 2,550,000 215 o] e}
unit cost(\/m) 20,000 20,000 27
Casing Length (m) 30 30
Cost (\) 600,000 600,000 AR 505 oA
gto] 2 (\) 330,000 530,000 7% (A&7}
Installation of 3}o]3Z (\) 300,000 300,000
Grout Material (\) 300,000 250,000
Grouting (\) 200,000 200,000
Total (\) 5930,000 5,680,000
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(th) €3 A5 B GLDE ¢&3% AALU, W x8) HE

HoAq2] Mockup Test &= €3 ZA(PB &, &7 20mm)olA e do]x {3 du
3t Ase vast mebA dukd o ® AREE = U AYE (40mm PE #)#o] v E ¢
8] 3}o]Z Resistance, I}°]3Z Size WS 3% 3-2-27 ¢ #o] WAt GLD Program

o183 AF Lol: A o

20mm, 25mm, 32mm 7} 2tz A X%

W WA HolE X E 150mm °
A9t BHo]lE A& 150mm o Io]x

KeX
=
solz A%

UAE & vustdy. 2 23= 3% 3-2-28 9F 2t}
ol AEES 20mm = IS = 13 3-2-53 Zo] HoE FHdolv}
90,321.9m(U #AF8) 89.569m(W A& )o &2 oF 0.8% AL Aoj7} &0 AA Al&FA W A}
ol AlFgA % Zoning 79 olEl o ® A Zolx IS oI = gJArt
¥ 3-2-27 o] Type ¥ GLD Program Y HHS
U3 WA

Clossiiflention Borehole Diameter 150 mm

Borehole Diameter 150 mm

Boreholes per Parallel Circuit U-Tube : Singe U-Tube : Double

) 0.175 (20 mm)
Borehole (lr‘rllle.rmal I)%eSlstance 0176 0.158 (%5 mm)
0.142 (32 mm)

g}o] & Resistance : 0.061 g} o] 3 Resistance : 0.041

gpo]Z Size : 3/4 in. (20 mm)

Outer Diameter : 26,70 mm

Inner Diameter @ 21.80 mm

3}o] 3 Parameters stOlE Size 1 1/2 in. (40 mm) Il Size © 1 in. (25 mm)

Quter Diameter : 433 mm
Inner Diameter : 3940 mm

QOuter Diameter : 3340 mm
Inner Diameter : 27.30 mm

o)L Size : 1 1/4 in. (32 mm)
Quter Diameter : 4220 mm
Inner Diameter : 3450 mm
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¥ 3-2-28 GLD Program €x3l7] #3d¥ &4 23
e e Total
g} o] X go|XZ Size | Borehole Length Borehole Ground Temperature
Type (mm) Number (mg) Length(m) Change(T)
UA 40 460 90,322 196 Cooling : +0.7, Heating : +1.0
20 460 89,569 195 Cooling : +0.7, Heating : +1.0
WA}a 25 460 84454 184 Cooling : +0.7, Heating : +1.0
32 460 79852 174 Cooling : +0.7, Heating : +1.1

= Borehole Design Preject - SIE =TT 130120 20mm [ = || & |[#8 | |77 Borehole Design Project - IR=F T3 130129.20mm [ = || = [ =]
Results ] Fluid | soil | u-Tube| Pattern| Extra kw | Information | Rasults ] Fluid | soil | U-Tube| Pattern| Extra kw | Information |
Calculate I Manthly Data ]_QfJ COOLING  HEATING Calculate I Monthly Data Ijﬁj COOLING ~ HEATING
Total Length (m): 90321.9 62107.9 Total Length (m): 89569.0 61547.8
Borehole Number: 460 460 Borehole Number: 460 460
Borehole Length {m): 196.4 135.0 Borehole Length (m): 194.7 133.8
Ground Temperature Change (°C): +0.7 +1.0 Ground Temperature Change (°C): +0.7 +1.0
Unit Inlet (°C): 300 214 50 8.2 Unit Inlet (°C): 30,0 21.4 50 81
Unit Outlet (°C): 36.2 23.0 1.3 538 Unit Outlet (°C): 36.2 23.0 1.3 58
Total Unit Capacity (kW): 4402.2 4068.7 Total Unit Capacity (kW): 4402.2 4068.7
Peak Load (kw): 4000.0 4069.0 Peak Load {kwW): 4000.0 4069.0
Peak Demand (kW): 907.9 1062.0 Peak Demand (kKW): 907.9 1062.0
Heat Pump COP: 4.4 3.8 Heat Pump COP: 4.4 3.8
System COP: 4.4 3.8 System COP: 4.4 3.8
Systemn Flow Rate (L/min}: 11827.6 12031.6 Systern Flow Rate (L/min): 11827.6 12031.6
—Optional Cooling Tower/Boiler = 1 i~ Optional Cooling Tower/Boiler
Condenser Capacity (kW): 0.0 =y oo Condenser Capacity (kW): 0.0 s o R
: . S o —— 0% : 5 e o o F—— %
Cooling Tower Flow Rate (L/min): | 0.0 I Cooling Tower Flow Rate (L/min): | 0.0 =S
Cooling Range (°C): | 5.5 =2 Boiler Cooling Range (°C): 5.5 = Boiler
Annual Operating Hours (hrfyr}: |0 _f —— 0% Annual Operating Hours (hryr): 0 “_f f—— 0%
Boiler Capacity (kW): 0.0 o Balancs Boiler Capacity (kW): 0.0 Load Balancs
[Emmm] HTT

a9 3-2-53 U(40 mm), W A3 (20 mm) dto]Z #7d GLD &4 A3}

v W 248 mho] o] x| Eo] 25mm, 32mm ¢! 7ol =(GLD Program °l 4 #|Ag T}
o] A E : 20, 25 32, 40mm) LY 3-2-54, 1¥ 3-2-559 zro] Z+7Z} 84453m,
79852m 2 F AF Aolrt 4dsl FolErh WAY molx 2 Fo] 25mm A4 oF
6ooom A7) AQaL o5 FF 72 o] 200m = FitstH oF 30 ¥ AU 4

o] W Hol]& ZolZ ¢ %Y F UE 32mm FS HolE #AAHo] 150mm & A
:za}%%xﬂﬁu AlEA ol EAVE E © %2 At Eo] 25mm o] Fpo]x A7

t Z e
1o U, AAA, 2849 HolAM 40mm UAE dug sjo]x=

_

A&
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20|54 | g2 | unz | U8 | 2EE9e Aa | 22|

BUDN 0 |=sv| =2 une|ne|gaze me|es|
0 Gk om _ A we uw
= ; i == EY . S o
R I R BMELY 57T ,‘_J__ flgfgfl“,}{"j; Eﬂ“ ;Egﬁ“'
NeNu[ATy | NEBAR 160 160 BAd|dl 8 e
I A2 20/ (m: 163.6 1255 B oo ! -
Iihﬁgi- T2 3 () Wl w0 s NE g 3 01 oLl
it 0lg) 2 (c): 00 80 230 Sl ) LA
Hipean &8 25 () %2 12 ug s 5555?'- ‘ B2 b
MUs [ Az e 0T e ew
0| amage Wy [T s RN
B UUEmmN | BEOICOP 14 38 [ 25 A00E | E;éﬂcdp, tq "
e ne g AAE2 COP: 44 3.8 I~ w:?_ngo}ca }ig & = ' I ‘
N9 2 460 NAge] 22 (min): 18276 120316 s AR 78 (L/min): 1BZL6 120316
N m R —
e fEl/H R (A s AE/ERR (R P
Mnaaz " ggnga?k;fm S i 0% [0 m | | 8201 89 L
e g o (Lmin): e O 222 58 (o) L
T || wmcoy (55 = aoier ox | [S2AAG [BF = Boler
o U amsaton: m oo Y snsk i — 0
221 SH): 00 g — A LY 2l
) = #i mm
a9 3-2-54 W A3 (25 mm) a7 3-2-55 W A% (32 mm)
ol ¥4 GLD =4 23} sto] = #7% GLD @A Az}
(3) AAH Hlm (A&4)
GHE ¢ ZA1HQ AIF et AAE g5 5§ 2 B olet N34 2 29
soll tigh B BaEojof dt webA 2 AolM e AlEdAgolA #lEd = AU
Amdy] sfolL FHW AFAH} AR/ 2 AF ARAEY ARS EUE FEE A
a0l e AR H7E Ad3E A sk
(71 dugr] gdd AT HE
A 3ty] stolx H W A|FA HItE Fo] el AX(Mockup Test)oll wE 244 H]
wE Fef olFojHon olF AAYH Az AASIAT B S dubHor Ay
= 40mm U g, 20mm W A8, 20mm ZL g oz ztzte] AA e dolx HA=E
378k At
7 Ggd X A mF AL WEe then 2u ANHoE AFHE 40mm
UAEe A% 17 3-2-56 9 o] Hol&e] Soj7be R R¥o| 27 Bojd & Yx
=AM A Y E & AR A
WAE e 4 w9l mm UAge A mahA AAEm ) dolw oA
UAE 3 v 2@ dol=d Bdvh s WY A8 Al UAE v 2718 Adska
ARes dAsts 3 F/HE M AAMESAA b gol BT S 9w, AT
ol A& o 7] wol ofel W FE3 wefrt Fasi
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FaAol hsd A4S FU4e AEstolor @ Bast Ak @ AN dojxA Axe 4
S UA BE A2 AAaA 231 UA 20QDE @ nolge X dum o &
As 2T & glodler BuE, ojw A4% tF W] AZo] ol FojAol B}
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g SEEA

o
=
-
-

CLET]
a" .,

b
il e
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a3 3-2-59 AirPocket
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juit)
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of WolES 200 mm = A9k sh A9 WAY FE a9 32623 2
o] A 40mm UAEG sholx 82 A off 33 2 =euld 79 2ol o4 ¢lo] 7
PSS ety Aol Aol glode puHAw, A e wAste] HrHY

dart

@150 M2 &

(24 @42)

a9 3-2-60 W A8 3o] (25 mm) A A Plane view
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Gl = $7|
TRENCH DEPTH TRENCH DEPTH . B
1.5-12m+10% 1.5-1.2m+10% !"l‘:i:\‘..i"l y EO-I%()” %—E _l?l__i_
I P :_ || || 72s ————
e e oo = = e
i
~+—BOREHOLE DIAMETER - 1504
~=—BOREHOLE DIAMETER - 150A
BORE HOLE DEFTH 4 B % I8
180m % i b o -
«—SDE-11 HDPE PIPE
PIPE SIZE 25 mm SDE-11 HDPE PIPE
PIPE SIZE 25 mm
~— GROUT FILLING
118 GROUT FILLING
1 =— U-BAND FAITTING - 25A
S ; L ~=— UJ-BAND FITTING - 25A
(a) o]&4< (b) AAl A&

% 3-2-61 W A8 3}o] Z(25 mm) A X| Plane view

ol A AFE WAH AT tlgo X Ao e AF A solme] 9)A9 o] o}
£ AFEte ANGTA dh WAR 4§ A 2298 49 A B0 GnE 9
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a 29 3-2-63 ¢ £ dtolZ Y Euig wix7t HAdstyet dekev] o] W Fudk
7] Folzo] A AR Zoldle ARt wolE Myl Huld 4 FHE A )
°f ¥ & Aes TIT F sleget Ay ojst 22 JEHE Aol Jhesitd W
olZe A7 & gle] Alwel Zhsstelet ddbEnh w3 17 3-2-61 ol ol uhst
o] Ao R vpolz Algo] o A 1Y 3-2-64 3 o] 1AM & ol &7 A
TS AEes Aol Adstyet AddEn

I"“O““
/ 3 HDPE 25mm X| =Yg m&t7|
150mm EHE % 4 (O) 20mm :I_Ef'o EFEEH DI_7|_|.

a9 3-2-63 W g 30| Z(25 mm) wiA| =W

9 3-2-64 AAE AT WAE AA

vk iR gde o8 A €7 A E
1) 8% €489 A&

B oAFgaE oUAAdS o83 Mockup?2 AGA~€S 7hEstaat ot Al 2E)
Ve 2 Mgl digk AAs dye 6 doA starzk gtk & 3-2-302 oy A g o]
AAE ARke] 54 g AukzAL A9%E e S gty 2 A9 Ee] HF
2.664~2678 ¢ < HGon 6&% 1= 21.8%~30.6%°] #< YERH L Aot A I}
]e PHC #Y 3o PB 249 Tho]Z(4/WA: 20mm/16mm)E 7 Fez A
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AZsd o dAdEEE 1.863 Wm'K, 38482 0.848mm?%*/s2 ZHF At A U]
HA 220 3pFE3tEe] A AxdF o] 7)o A ShEu| e 7hkn]o] @A
Alas 243 ofggo] AT

¥ 3-2-32%<FH]d E HAE(DF) €8s A
ShaH| dAEE (W/mK) A 3AS (mn/s)
15% 1.618 0.431
18% 1.643 0518
20% 1.720 0.651
30.6% 1.783 0.685
¥ 3-2-33 gnlo] WE APEIE(VS) 924 =43
AAEE AYg g A & %= (W/mK) o Ak &
S|
(W/mK) Lee(2010) (mm?/s)
0% 0.407 0.2633 0.297
5% 1.071 0.6283 0.722
6.8% 1.474 0.7597 1.078
10% 1.839 0.9933 1.290
21% 1.958 1.7963 1.411
22.4% 2.063 1.8985 1.458
3067 2.4971
(NEZRA B '
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AFA AHRE ol&ste dEAE H7bstrl e o ddg Ed(heat
transfer model)S AF-&3t=d], @ %o gt Fourier 2o 7|Qkstar =] s}
gt 2dE A Kstar doh webA Akl ko] XFE A ARE 9

AA g Bt FostA FrrstA Hol(LH

d
B o= dd THM (Thermo-Hydro-Mechanical) & Abol] 3k &3k
BT

{4 xXTF
WS o]§ate] Aot sl W 7= oA Hlu HF, AUt 2= A
dho] Ax® @ dwslz]o] th3k TRT(Thermal Response Test)9} A EA] <8l & A
5% #H7FE 93 TPT(Thermal Performance Test)S F3&titt 2d]x 5oz A
218 gk A2 At frE SR g FAMA S Fdstal Ao sEs
g FeAdd 4485 H7F Hks A gk

F 200 i [

= ..' I Coarse sghd 1

s d I (laborpfOnytestay A

E . / I+ -".*l‘ r" !

° plalave i L. 1

g {numerica I o i l

b I extrapolation) b b

= i J / A Medlusd sand |

T d o

E ! g {ISESRIoR, tests) |
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£ f AT [
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Darcy velocity [m d™]
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5d. UTECUS AAA &4 7IH /hE

Asd AqyuA Alz=dle] &S fsfire 71E oA Alz=dllde] A4 4 (economic
analysis) B AM3] A 877 @3Fo] wr=Al Hjul riE ool gt o] & 9fsiA = A Agh
Aol A Eolo gkt whebA] A g7 o] &F FrAbgE A goll AFEE R A

WS g @I 71E At AEZE Aol AT oA AAA
=] ‘3}(heat1ng load, cooling load) =71 &4 ¥ A& 7}t o 7FA digtel
2 S ete] M AAHola NEH R 53 geks AgsEtA ") o
oj7 Hl&(AEF:)S EAste] EH g 7IZF olell AAY AF-E
Akt A AR AL, 2005).

!

uepA Ao A= v A el vaet 7|E A AEE AASER o, o &
Edz A4 - A=A Al 2 A AD A2 A gl wE o7
H & A4S &3l Ad olyA &8 e AAALS Frtste] v& dof Fis A
o2 FASATE T g A" AA8E 9 ArAAFA Zask AAY FAE AT
Z2 a3 s Aol dis] 7] esk

1. ZA4 24 9 7]& A A

FAAA Y BFEAd S Hrtsked oA AAAE AL Tast e E ke FAA
LA ol Ao R Qg el v &9 SRS A7 S5t Algel dAAo=E
E oo &9 SUHE 7P EA ol W fHAE 2Hst=A HUbeke #AY S v gkt
BAAR BAS sH7] fsiAe= Al v &Y FURESE S-St Aol dAloln o]o o
St Aok IR o] A EHH 0w o] FolA ghrh

BAA A M A el wet A8 ¢ e Wol Z7] tE7] wiiel] ojug
He AREste A2 v ebA] gk &, ST ARl wEt A #Hele Jids 1
Hall, ity A% 1 /X E & v ¢ e eSS AEske Aol destt wet
A2 AT e A AAL A B AP E f8 BAAY 2 2d HE 2 V)&
Al ZAFE A AIEEA T

74 AAAN md

AREA ] AAA EANE S ARFAAG Y 7HAE7E A% d55 5 el o] o &
Aot d9sE U082 FAN JdgEHE dAVAE S vEE YRS EHY
TAAZFAH(NPV: net present value), ¥ ¢]/H]&&H(B/C: benefit/cost ratio), 3]+7]7F
H (payback period)s ol Atk HEgF A& AojF7] Htke] FH[ES 4HA st Hlalt)
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(M A A A 24 1 eHd(Safety), A2 A (Reliability), < A (Operability), &7 £.¢1)

Aol F71u] ol nHE = H-E 9 7FA & Project®] AlZtoll Al &A37EA] AlEH 7] 7o
A wj$- W ggae, Fo Ugo g FxH]E(investment costs), FA 70 € (land
acquisition costs), A A¥]-&(engineering and design costs), A4 A 8] -&(redesign costs),
7+ H] & (administrative costs), ™A H]-&(replacement costs), ZtE7}*](salvage value),

£ ¥] & (operating costs)s©] Atk

o FHY Abel 24

Sl ATd Ala" 2 AN AR AlaFel gk A A 2ARE A A
Atk 2AF A3p 9] B ATE oy A] AlaE HEo] VE dluA] Al A"RT A
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52
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ol $-5att

(1) Az 4 AL &Y AL Y o= Ald 24}

(h) 291 229] Al

Rybach and Gorhan (20052 3 3-5-13} o] A f{fH A} A

2 FIH &= H]JJ-O}Qi‘jr Zy7k o] H]-8-2 Swiss francs®] fkoltt, 8

Ann]-& A% 93k’ (BHE: borehole heat exchanger) A XH]& WA 7|} A¥n
H-&= A stgl o %C’é“j]%ﬂi Adg 2 A8 &, &9 7IE 1, w7H &S
RSl o] hbstERA WiE RS FaF o8 AA AT 290 AAE A A AR
Hole] ARge Blsl] 54%°] A +Gv &S AT —’F Aom A B AdujH]g, HAH|
€ oo X3e uAuE E=g AR BAdYe 97% FelE AALE GEI o

National Renewable Energy Laboratory (NREL; 2004)91 4+ Energy Efficiency and
Renewable Energy Programsell 9]zl A€ AABATA] 5oz &l o3y = HY
= APEE B Aok Ak At disiA = Ad HHAS g E E 3-5-29 2ol
20503 7HA] ol E = Hels Abgetdth ol dE = 2 (projected benefit) o] A A
National Research Council (NRC) Matrix® Ed & #2454 Framework Emerged
from 2003 Conference 55 &3 89 o= At A Aol thafr = o A &n| =
Azt ik sH A& APk, olabstekA A3 ATV A, FHA T A A
AheF Azte]l diEiM = B9 2 ]J% AA AT 18]al & 3-5-30A4 &l & 4 9l
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¥ 3-5-1 At & AY o8 =t AfFrdee vl8 a3 vl u(Rybach and Gorhan, 2005)
EERCEE EEROE
a & Units o =
(=#d BHE 90m) (Tank 2 x 2000 ¢)
QoA & /= KW 65
A7r A AouA kWh/year 13,600 13.600
2a4 % 9%5 80
e e | A EIAT 35 -
FE olUx A g KWh/year 4,900 17,000
A o g x| &)= litter/year - 1,703
0o WA m 26 23
CO2 W% ton/year - 3.8
IR 12,730 16,300
BHE 1] & - 11,010 -
nAuE [ w4 me Swiss 1,040 9.200
e An(FE 5 francs 1,620 1,600
S 26,400 27.100
A2 21| (high) 337.4 49
=
- A 21 (low) Suwiss 224.95 2
A= w8 Basic payment francs 102 8
34 A® A - 1,158
S 664.35 1,237
e - 150 370
S
Fgule [ EEE ) e - 180
3 francs 150 550
] Swi
214 WSS 27214 28887
francs

# 352 v=e AL

A T2l o3k Az o= HJ(NREL, 2004)

Hel & 9 2010 | 2020 | 2030 | 2040 | 2050
oy AnlE Azt Billion $/year* 0.6 2 4 5 9
ojAbatek A A7t Million TC/year 2.7 5 9 27 50

A7 2~ A7 quadrillion Btu 0.08 | -0.03 | 0.16 0.92 0.40
F7H T AEANE A giga watt 2 2 7 22 36
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# oA Z7E FAE Ao tehth A9 APZ Axge AgoR dF Al
A AR @ ohyel #7244 Gake oUX St w A}w avte wed &
HeJo] AAZFA= 1,187.84 whelolw, H]-EHJH] 333, HFFE 4314% =2 e

ol elulA Aok 9le) 1, 2449l V%A, AEH HFET 5 24 e Asa
Azl Ao ds) Yeus AAA 59 844 53 duiAdn ang 4
qa Astolrh, B AT sEe] Apste del s&A AEd RFaae gekstelol
TAHeR AAH oles & sty Az ANsAcked oels} vk w3 e
ATolM e e EA FAA AFo AAAUA AL S Ag oAyAFe s A
AYdFAE v G FIFE AT A RE B AT GA] AR AAAY olyx] E=Qlom

AR A S o] vgoll F7hE A= okt

2 Q3] 34.37 toed oUA|AaHHEH d7Fo R 34961 WY oy AFUn] Lo Az <l
o
A

g FHY AAY Z2aY

(1) =9 8 BAYE =229

(7}) BLCC(Building Life-Cycle Cost) Program

19 3-5-19] BLCC Program= KML 3¢ 2o g JABAZ 2137 FHo] A&
FAAE S| AS 95k A A PEs AF s

R4

| General Information | EiiDates) AMAANEmawe)

Name: LCE-GSHP
Location:
Analyst:
Comment: Price escalation rate

Energy pice escalaton rale

() End-ofYear Discounting
® Mid-Year Discounting

(: Constant Dollar Analysis
(@ Current Dolar Analysis

Nominal Discount Rate: 0%

Office of Applied Economics
Building and Fire Research Laboratory
National Institute of Standards and Technology

jection of UE. Average may be approprizte. [
e year (FEMP) orthe middiz ofthe year (DoD)
o
fon
able energy analyses| =] |

a9 3-5-1 BLCC Interface
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diete] A&He= ded A= #d Alzdoly 74 849 AdA vE Ze4S HUt
o] A AA S AAEY gicke] 7]E Al A E ) H(Project Name, Location,
Discount Rate), Investment Cost, Energy Cost, OM&R Cost 52 & 3te] ojete] H]
WwE S dxEdE dek n&S At o Eilwg oA, Fxd Aok % A
o] Aol & Fs E&HE Hrtske ol 53 f&stH, 7 h o] disk A
of AW 7] vl&& At 7P W& AoFr|n] 85 A R vlalste] Fr|H o R =
o AAAQ tiek= Xﬂ/‘]?{}ﬂr.

4

=]
RS

n)

(\}) RETScreen

Jol Do roones  frso ses Canadi
RETScreen® International

Click Here to Stant
Deseripion & Flow Chart
Colour Coding
Oniine Hanual

2% 3-5-2 RETScreen Interface

a9 3-5-29] RETScreen< 74t} Renewable Energy Decision Support Centerol 4]
hRkatitt. o] A JAAEC] Visual Basic MacroE o] &3te] 7AE Zzagiow
54 AAAAAUA ik #EE 73R R, AHEA, FAHE, 717 5o g
T2 79 @™ oyx e i old wE FdI v&e] sFo] AibE I, of7]o|
CO, Aztell W& AHUET AZH=7Fe] offe wE F7F #9495 adste] AAA

A7hg FaAE 4+ ok,
(thH) NREL 24 =

v =9l NRELe| 4= Homer, Vipor, Hybrid2 &< 7H&3sl9th. Homer= YW 54
T A EAGtE EAAGe FHAARe &4 wAEY] f8 FH, HEd 5

O o
Aeste] mAAel GEoR £PuE BE wd Aage] AHUA) £de 9@
Ageeld Zeagona o A AdAUALl gNAR, Vg HAEES )

o] &3t= Al2d"lS Hrbsta I 5 7h vlgo] HASEE *]iE“*o‘ Zehg o] F#oh &
Sk Viporte A9 AHFgA2" AAE 93 2d=zA A (593 (isolated)
e TY98FTH(central) AF-E ZAAst AHH 27, AAALES e HHo wjAdY
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(1) A 2 grd FA AT AF Test

]
= T
ppm& FE HHEHS BHAL, 50 m FIrAA oF 4,500 ppm&] FX]7} gk

ul o] 9¥ FHFe wAth Aol ge} ok 50 mA
Qe GPEe A AAF AAY ool AR o} Aurdn

(2) 49 & #58§ Bentonite F-&4 A E

e

Hl Bentonite®] 94 (NaCl)oll tjdh gaAd AE A3 A7 359 9= 259 1 ecm

b3
A AAHor X353 AHES FA e

st Azee] A 3 EEESEC IR
$ABHE AL FASAT. A4E bentoniteZ AFEH A a5} THstodol s,
G F ATARNA BFe (FA AFYL £4% AsAe F Qow puHEd o
g4 AATATY A 204D BA A ARE) FEE EF FCIR FH)
oA AT HRol Fetw dRel v dFe 4L Ao wekAth Aul Bentonited)
Bed B9 A% et Lol A EFULUL IS

Water : Bentonite : Sand : RS&AH =0.7960 : 0.1393 : 0.0597 : 0.0050
79.5% : 14% 6% :0.5%

(3) A71A o ©WE Bentonite €@ A =% Test

A7 A o] 12 dHdE% test A3 <=5 bentonite®] silica sandE 30% H71E 7
G dAEET} oF 15 v ATt A2 AlE A F(silica sand 20% F7H W4l 30%
2

AGA] FAMZE 46648 HY (A2 FAMO 296% F7hH AE FUshd A TG uskr] e
Ao Ta% 84 EHELEVL 14% AR MY, o AlFAtEl 2=AF A3 20~50%
7HA SRR 30%E WA shE e aEsit

(4) FAEAAY XFLEudr] Pipe-Type BE

A4 H 3 Double U*Typeﬂ} Single U-Type® A&7bss H3H-S o Double
U-Type°] °F 12~14% A= IAlTo] =2 Aoz ygon HF Zol= ¢ 100 m T
15 m7FH =0] & A= Aoz EAHAY(Single U-Type thH] 2F 10%(250,000) A %=

A7),
(5) 3% ¥ 3 (U-Type, Bentonite &A1) dAEE Test

Aol 283 pipet #Ao] TII FHNA(Single U-Type #74 20 mm, Double
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U-Type ¥7 20 mm) GLD programs ©]-&3 Ho]& Zlo]& AAeAS w  Single
U-Type 4% 104,688 m, Double U-Type& 89569 m& &ZA#AS A} FAF &4 oF
14% Z=e] da& zfol7F #ASATE A vk 2 EH 3 Double U-Typee] U Al
SAHEIZE §lom, AlEAl BHolE A4S 200 mmE A -EAl FAHZE 34600 (B
tH] 69% S7hel S7hgel wet ole wE A ™ HEVF et

o <

o AlE AlFY s

T2 HF 9 A& A (bentonite, FA4) ¥ A7l /3 (Single U, Double U-Type)
AAEE Hriel RAr e FHE (G Uy ) Aled 2 Al HuH v}
=
=

93 Tho e ARATL A

(1) 2453 (Single U-Type) A=A vl L EHEE test

FAEA G ] AFAE bentonited| A FAZR WAZ ] we} dHE Aol skt
= At A A9 S EYE B Ao A= dubeA A 8 (e A bentonite, 22t d = A
7243 &8)% MFFAEAIFH:AEA A +FFF mortar) BAG, AT B AT
Hll FJ7HE 918 19 3-5-59F Zo] A@AA TS HAASAH. o= gAY &ttt &
M GFA G A bentonited AMFAZ AREA] F2 E AZro] & o] FojAx] e A
Wb A FHe Al FAES o] 8o RN FFE Aol o sk

2 4% B2F=

|— Grouting : Bentonite (XI5 2@ kx| 2)

E -2} f. Grouting : {4{(15mm 0|3}
1
PE pipe : @ 40 x2 ! e .
( pipe :i': g g}a PE pipe : @ 40 x2
B R
i B
200 m 194 m 3‘ @ ﬁ
| — Bore Hole{®150) %ﬂ: .:-1 \?' Bere Hole(0150)
3}"_ & '!
11
39 ]
|
/"U-Band s‘ | | : =T
; 1)
T .. ¢
(a) Bentonite ==l () A4+ B2 mortar A4S

1% 3-5-5 22U H ¥ (Single U-Type) A4 A3
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(2) 4249 ¥ (Double U-Type) AT & % €AE%E TEST

22 A %= Mock-Up Test A3 W-Typee] €iu3t”|7} Single U-TypethH] 13~14% A
T ATl ATt AT o]= 50 m AF# PB #olE(20 mm ] A)E o] &3+
o %‘f pp e 45 H]f’—% HESIA7] o] AA 2d¥= dudr] Fe(Zlol
A&7l g sttt welA] AAl 95 = Single U-Typed}
Az Oﬂ/ﬂ Double U- Type(%ﬂ 37] Pipe 274 25 mm)Q Al3A e 2 dA% H
A Hrrstaat sk o] Wl W-Typee ¢ oozl thdt A& m#ste] 19
3-5-69] (a)9} %ol Double U-Type2 = WA, 17 3-5-6 ()¢ E A4 150
mmE st AT A4S 25 mmEo AlEstAth

r..-'l'-“ @25 X| L W57

i \ @150 H2 & (UZ 234)

i ] N0

o 00 | 2321224 E2joja
. (0 (22 g42)

(a) W-Type® D-U Type B (b) D-U Type A% H4

2% 3-5-6 FAEHAFD-U Type) A& A aLe Agk

3) MBF(FETAF) AN&dA &d R €d=%E TEST

e WA WD (Geohi)> ARE SCWel &9 &3 2 Asty edwAldd thgh 925
e At Eud &S =ol7] f8 AP TRt 3 FARAY giv] 2
28 o] Hom Fuidor Aol ¢ gHoeR duA dnh wEkM 2 AT
M= sFriEA o At 54 = FALAG thin] 20 o] HE oz I3 F=
FAEE skl dwt Y dagy] AaEs Bad e UA ANd e 448
e AEstaA skt
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(a) H

| 2% 3-5-73 #o

3|

51::4

AT

B AGATE

el o

(4) NY AF 9x AA 9L AF

Ho

I

914

a9 3-5-8 AENF

o714
A, casing 919, whE-g] 71|

P= om,

Rl

1, A

Kl

[e)
™
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12191 g goel sl oAk Al e 20131 99 9L (gH] W) Bl | ghAy
Al#ske] 2013 102 ¥ 88 IAERE test TN wFE HIYU AT &
2L #H g 270(Single U-Type AL HJ(FA2 A=), Double U-Type(bentonite)ell th
3l 171 &nlE o]83l Single U-Type H&24 €5 ¥, Double U-Type H&& 3
salth o= WA Y GA B AR E ol&ste] A2 AE Single U-Type
e FAe Y HdeEs Adskdn g4 AlgAe A4 19 3-5-9~-19

=

¢

ﬂll

21 # ¥ (Single U-Type) 5 bentonite =72 7%

. 2 E A ¥ (Single U-Type) #¢1& oF 1594 A7} =

4 717 7P F GAEE test AT =22 HE (Double U-Type)S 24 &

(Single U-Type)#+ 543t o 159 H=rk Aamds, o 269 A=) ¢4 713 7}
} (]

A5 HEE test AP = A NEE AIE ¢ A& zlel7F 500 m
o, M AZo] 250 mme]”] el FARAY Hy FHEy g dedns He
ey st <A aL, of =9

2 Agste] dee
S

orA 717k& 7}

(a) =22 73 (b) dnFpipe ¥ 2L A A

(c) Casing 1'% 2z wlHg (d) €HAEE test

1% 3-5-9 422U H ¥ (Single U-Type) AT A&
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(a) A&zhsd 213

a3 3-5-10 =2 E #H & (Double U-Type) Al

et}

AlE

(a) 2% 3 (b) g pipe A 2 FFHZ A

—
ECR88ous
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¥ 3-5-9 A2 A ud g g

AR (PP F D)

ity o+ 38

Month = e W) Peak(kW) Total(kWh) Peak (kW)

1 0 0 1427281 4,406

2 0 0 877.904 2517

3 0 0 901,666 2,212

4 0 0 12.117 135

5 346,611 1828 12,520 135

6 551,248 2544 7.270 101

7 769,297 3227 4,847 67

8 909,248 4,000 5,347 67

9 619527 3174 12,117 17

10 340,579 1485 25,041 135

1 0 0 33926 202

12 0 0 1132411 2,094
Total 3536510 |Peakol A€ A7k (3)| 4452094 |Peakol A€ Ak (3)

)% EE AANM A Az A §FS E 35109 gom, o o]
j|

¥ 3-5-10 A2 AEnd X<

A Al heat pump

T o7 ks by
&% (kW) 4,758.6 4,069.0
59 (kW) 1,317.72 905.03
Cop 36 45
fr F(LPM) 11,8276 12,301.6
HE RS A 0.84 1.00
(2) Z2a338 HA A7
Zb e 209 S AAeE A A 1 3-5-113 2k ®elA gl & 4
Axol FALHAYPY H TOo=Z 39S uw, Single U-Type

(bentonite)®] AlF3¥ I 47170,

UHEF A 22148 A& =

=
LS bentoniteo| A FA}4 +—‘jr—’}\——%

O

§ 200 m AFE 7]

Single U-Type(ZFA-4+%4% mortar)> 45571,
Double U-Type(bentonite)< 444712 Z+2} 24 = it}

et 7E o

2

© 2 Single U-Types] 243 9

mortar= W 7439 S 4 WA oF 1650 =
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=N, Y3 bentonite A AE AFESFal E 37| Piped Bl 7} Single U-Typedl A]
Double U*Typeoi HAENS AFolle A o 2780 ZdEq5S & 7 AN
o A A A S de] gl 28-S Bk Double U-Type (Bentonite) > Single
U-Type(F A4+ 3 mortar) > Single U-Type(bentonite) W$kA| v o] H]-§-%

Uq(/\]*‘j])ﬂr Al SHA ) dg HrbE et Ad8Es
T I A FAIZE B9 Jﬂﬂe N"]O}Oj‘:} 7|4 2 U3

oﬁL e
et
&
p‘L o}
N
dob 2N

e P A 4 °F wo A%
Go uls) Ae AFFol BaE HAW A
]

T FAA A shEwA Y
single | . e U-Type|Double U-T
w87) U-Type ingle ype|Double vpe SCW
AR E R
A=
=& A Bentonite =TT Bentonite TAZ
Mortar
i 94227. | 70725.
A A borehole Z ©](m) 5 5 91004.5 | 67989.2 | 83771.8 | 66296.9 22861.92
Al % (m) 200 200 200 500
= A
N 471 455 444 46
A L QT
(&) oA
° 509~518 491 ~501 480~ 488 46
A A =

ot FHE BAA Bl

f
of

w3

(el

A =

N1ARATY A 20 AL AL R /)EoR 4HE 7 2 4A 5
EEREE AEatg

o

Foll 71x8ke] W
AAN AEEZ 9% v g ¥ 3-5-12¥% 2ok ® 3-5-12¢0014 %7] ] & (Initial
Cost) AAA AdA| 2" HAHLom Xl #] A ~¥(GSHP, Ground-Soruce
Heating Pump) 2288 & (Energy Equipment Cost)e <& Z(Heat Pump), o3 %X
(Circulating Pump), %9 (Circulating Fluid), & (Drilling), A%< 27| o]z
(GHX pipe), Valve&Fitting H]-&, 7]E} A|dH]-& So =7 FAH

294 & (Annual Cost)2 AlxElo] $Fof wE E}_ﬂ HlgEe o U X H]e X3

’
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H(L¥E #AH], FAEFH]))Go] EFEAT o 7]A YA H[E> Heat Pump %
Circulating Pump <+ w& 7] oy A|(Electricity) A& H]-go]i FAHGF H|ELS
oA ApsAl] Alxgle] A By B BEuA F71E5 27] v 44 v&(He
A7V 10% FEA)E AAse] A vES BT @ B AT Qv E
2 YAl &A= LUk
71ef H1-&2 Al ="lo] AREF77F SR E % SiA - #H7] Aduep FE7EXQD F7] H]
& (Periodic Cost)®} A4 A< vzt & + de AlgdFE Edsth. F71H &% 3
A - #H7 A2 e A ARGA ATk oA FEs Sl AEe sk el A
grot, FE7FA] A A= A A E heat pumpy Ground Heat Exchanger®] #&8 o
FoF o g o]9)s FI AR (EVHAIR FHE WlE n" o R AbEshe Wehs)
= Agetd A7 e FEFVE 20008 AAste] o] Rt thaiA = nHskA &%
=3
3-5-12 AAY AE F=
T v & H] a1
AT A 2o AH W E A DdET AHFE Al 29 A v
Hlul 7] & )
38t 71+ ALDHEA
Al Tt .
- Borehole 1719 42 H]-& AlFAF 713
78 71<)
S - ] AlEAF A EE Test
amsy) | AA FF | AL AASH 22a9s $F A 9 e =4
%7 Al HE | AR d7F x AR S
H]-§ 71ek v | %4 Pump 2 Askg 934 Bt T Al A AE
el H/P, C/P “&H]
A 7= Hlj ¥ 1A B ERA] v v]§ A ddA @7 A4
25 A o AujAol & flgk A
P A}-£-¢] E A A7) oy x
& SIS RYE ump AF&el o bl A7 @) A
N AHE H &
i A e B A Ao AN WA, FEAA S A H 8 Q1zH 9] 10%
71 €} 7] H& A7) 2 JENA 5
B & Alg A NG 13F 28 I 4% Blal Hrt o
(1) 3984 @ugr] NP Al FH &
s dudty] i AlFH &S Hlawstr] 8 2xbd e B 2 AFtell A X E gk 4714
THY APATAA A A8 H v &S EA skl 1 3-5-13% o] AT
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I i & ] %L% HJ—X]
) { & (=&
oEH E'E“O(T"l) 7HHJ'6é(‘/F‘Zq])
g3 Type Single U-Type Single U-Type Double U-Type Concentric Tube
HE Zol(m) 200 500
AEF 27 (mm) 150 250
=2 A Bentonite F A2+ F-4=Z=Mortar Bentonite F 2}z
Fied 2
] 1,200,000 1,200,000 1,200,000 3,000,000
A5
A 15,00091/m x 200| 15,0001/m x 200 = [15,0009¥,/m x 200/ 80,0001/m x 500 =
v e = 3,000,000 3,000,000 = 3,000,000 40,000,000
Aol A 4] 20,00091/m x40 20,000¢1/m x40 20,0001 /m x40 20,0009 /m =40
° T =800,000 =800,000 =800,000 =800,000
413 Pipe 330,000 330,000 430,000 7,500,000
A A H =T 1,500,000
AT IF
B7F 2 3,000,000
A
Pipe 4 %] 300,000 300,000 500,000 1,200,000
1,500,000
a8 A= 300,000 450,000 300,000 -
(F34)
T+ " & 200,000 200,000 200,000 1,000,000
ITEF ]
(g, ANFdF 70,000 70,000 70,000 500,000
1)
AlE A8
15 15 1.5 7
()
Total 6,200,000/ & 6,350,000/ % 6,500,000/ & 60,000,000 /&
SAUAGe] Ag BY A S Agstel, wolFel o] W Aol i AFHUL
e A AR A FAEAY el RelE e 2 A7) FUHo A7) By
of Aggul wgol Fvl, AskE G Boh 44 Pump Wl el FhE seth
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#3514 ALGA=F Au(dugr] Ae)nl & (A2 A8 vd A 37 F8 7E)

22214 H &
TEEEL TR TEET L gE
) Single U-Type }
3 Single U-Type Double U-Type 7N
& (200m, 150mm)
(200m, 150mm) s (200m, 150mm) (500m)
, AR FTE )
Bentonite Bentonite FTAZ
Mortar
ZH] A A 1,400,000,000 1,400,000,000 1,400,000,000 2,000,000,000
71 Al wl 2 800,000,000 780,000,000 750,000,000 1,013,000,000
Ed X u) & 1,600,000,000 1,570,000,000 1,490,000,000 720,000,000
A& A o 100,000,000 100,000,000 100,000,000 100,000,000
Total 3,900,000,000 3,850,000,000 3,740,000,000 3,833,000,000

O,
)

dA ARE FHE 1

EEEREIEE R g

e & 3-5-155% 2tk o714 AulA el
H

] Adangs Ay

Nl &
w7 F oAE

a1
o
=)
&
ogh

Single U-Type, bentonite)
A& (Single U-Type, FTAZ+FF=
Wg7] Pipe 98 vt 443 (Double
U-Type, bentonite)& °F 29 T ARG T3 s Uy Al o
5% Ax AftdS & 7 AT o= = AE 2 Double-U 7% 2
ol AAAdol dvtar #Aedd 4= QAT Double-Ue 49 Al T4 5& L stoiof

AstrE ARol&et7] Wil F712e e R AV He R o)

[e)
o
of ARl g neE F3 BAA HIHF ol F

£ 9 X

o XN
o
o
o,
i)

o
g
ok
X

F AT 9 AW nee ne mueE QA FA o 9 ol T2 Tl
NE B AAAS Za dAE 2t olE V1E AT AT ne §3 AAEE W
glob vlastel s wW, B ATEwA A wWHEAN J1E AR F4 dAge] B
AuAQl AAwEe] Welol 2ste] o, FEUA ANEHe] A4S 549 W/mKe] o
61% £ AER AT D 294 FALAG gul AFH 2 FARE Fd ndA =
< ARG J1dsly] el Ao deH ol ¥ A7t 1Ay At A4 H
F&F 70 m¥/day® AL Ao Fo 229 AeFFo] WA Agke] F
100 ~ 150 m*/day) WH] 50 ~ 70% A= AsFF FEo] A9 Ho7 B
e T
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¥ 3-5-15 93] F AFH &
<9 A>
T EPE L A Y
1317 Single U-Type| Single U-Type | Double U-Type SCW
A I N = R
=) & A Bentonite EARTTS Bentonite TAZ
Mortar
Al %= (m) 200 200 200 500
28
471 455 444 46
Eh
FB) g
o
X3 g 509~518 491 ~501 480 ~488 46
SR /F) 6,200,000 6,350,000 6,500,000 60,000,000
3,159,000,000 ~ | 3,118,000,000 ~ | 3,120,000,000 ~
Al 3] 2,760,000,000
3,213,000,000 3,181,000,000 3,172,000,000
ZH] A x| 1] 3,900,000,000 3,850,000,000 3,740,000,000 3,833,000,000
B} 7,059,000,000 ~ 6,968,000,000 6,860,000,000 ~
A 6,893,000,000
7,112,000,000 ~7,031,000,000 6,912,000,000
4. AAA BA =233 Module 7§
7h AE
(1) =14
kA ATE whel ol IuLoA oAl b Adule] oidk ohekst AAlAd A
program ©] 7&E o] gk} SEAINE U] AAlL AlE, #2313 ol yA Ll
LA, BV 9 Ay 234 B) 20 ds) AnHon wesA Fas A
7F Aok gk 7= AAY A RO olyA vlE HAS 98] Wi A~
93t @ 2QEE FANSY dE Telst A2 BE A9 Axg AEAudY, A
g, oy A 3l F)ol digk FAFEA o] o]y Aot
(2) %3
webd] B AR TS HE(]E 2w, A Asg 8 ) wast s
S A 2E 9GS AT e Tul AAHOIE oAUAYd AA ) AEE AE
Wit Al 5EA48E AAAE Z2 19 module & Estaizk skt
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she] AL§AT} A

o
Excel 714} Program

=
) Program}¢] ®]ul

S

HE
i

k)
pEA

A A
A]
715 Module

=
[}

=)
-1
=

o

=

g

pZS

=

Al2~¥l COP(coefficients of performance)

LA me )E AsRS A

Fict mebA o]

[<]

=i
=
7]
)

=N

[e)

i
=

A A,

rE
o o
=
o L
Eei o

¥ %= program
Module

olu#] &7t

=

O
7]
AAA A (RETScreen

R

gk

14 27 ~ FHd] 571)

o

E

=
al

g AT A

A
=
] ;g

FA T
NPV, IRR, B/C Ratio, Payback Period
A

(3) ¥4 Program ¢ 4 ¢
ot

- B2l gk

- ARE oA H&

(4) Program 712 Flow
- =4

U, I d3

(1) =4 A4y

=
T

3

2
=

13
<1

Al 2 2000 -2 vt

=0

3
WU_.O

i

S|
=

al, A A

oy, T2

1T 2004 & Al- A A el A

AR

&=L 3

stz nFel olelee 4
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=

)

Fod
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71E A
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1,000 molgde] AsEol whato] o4 oAdXAREZE] 10
2 o|H gl gl ;q]#i Ao A] = A FA AL - o] & - HFEAH A12% A28} o]

L
e FA g ol EAT R AWANGA, [FEvlwe] £ B ME, Abx
of WE FAY, APANGA L ARFEA# - AREAY)# - AREAN QAN F Y
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EAbsE MEe Bl Fasteld FReE ARG /taE, AfEAN teE U=
B8 #3470 Ao}t LPG, LNG & ARE Abgdth F0e] 4% 9%, $35%, 4
HEE QRAGAM LPG/Alr $49) AZAE FRea gon, 1 o9l Age »
% LNGAHAZ2)E 3F5a 9

Ak B F AL, ANE, QB B EFF S 287 Aol sapaz A
FEes] WE AA SFEE B RmAeE £25A gRAw, AL BAZZ I
oA, SEEGEEE, g, Gue 1, AuE 2 WHRTEEe, Aele, dud (4
AWI,CES), AT 2AH TN UA), DA GAN G, A7 H (5], 47, G2 o2
0@ & 9ES Ak

ANAE 9 Adn] 5o ATy njgd w2 FAAAY B4 4 (5413 2ol xVIvE
(Initial Cost)¥} €7t &< H]-&(Annual Operation Cost), 5 7]H]-& (Periodic Cost)o.& =
A vm o doem, o W 2gug B FrHE] AS mE shxo]7] W&o o]A&
(Rate of Discount), =7} 4<% E(Inflation Rate) 52 #83te] dA 7} (Present
Value)2 $ 3 ¥ ojo} g,

LCOC = IC+ Y (N xA0C) + (Nx PC,) (54.1)
N= M (5.4.2)
ix(1414)"

I
>
5
5
c
=N

o714, 1C = Initial Cost(%7] ¥W]&), N = Present Value(8A7}%]) A0C
Operation Cost($17F $9H]&), PC = Periodic Costs(F7] B]-&), i = & n = 74

SEIEN
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vebd = ok 71 27] vE2 A T2 dAE sk, gAd R = Lt
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Atk ol HAIEHATE A& H A 13x9 2, EE8Y 3% ZAE] Hgd &
A7) wEe] o] Eg wr=EA] Hhedsfof Ky e v g AbHo] o]Fold o= oy
o =27 ASES dRbd o= s FAXESY H o/id Hd AN 271 ASE
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(2) %7] ¥]&(Initial Cost)

=) 2 Z7|HE e AFTdE dyA A 2==|(GSHP: ground-source heating pump)

o] AH] H]%(energy equipment cost) ¥ AnH] AXH] ZF A|FHE -4‘3] Cas oé‘_ﬂi(hea‘t
pump), =3+ X (circulating pump), %9 (circulating fluid), 3 & (drilling), A &4 3L
E(GHX pipe), valve&fitting B]-&, 7|} A]Adn]-& 3} ]~% AR s=y = §_}

- heat pump
LS EFEY AL gulel COP @ AZ A met Aot

T8, 44 P ul$L pump power requirement(kW)<S 7]Eo 2 A 4 gl
oAy e ATd AaFe] Feb 3 dugrlel wel e gkl AAAHEn
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- circulating fluid
Dol vg e Fa3k {5 #H(volume of antifreeze solution, m)el ols] AR

d9rh FEd2 ATE oop?] & @Rt aelsiAl €

A

r U
N
J—

- drilling & grouting
AT M gL dubF el HF M| (rotary drill, cable tool drill, air drill 5)2] ¥ e}
Z7, bore hole®] A7 %ol o& AA=r} grouting H]E2 Hy A} A&
ofsf) AABHY. o= Al XA W AAEE skl Ak o] HAsirtal

o,

N
2
2

b
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D 71EF W] E o 2= fitting&valve W&, AT EANH A Aujo] mE =% AH|(balance of
system)?! supplemental heating system. supplemental heat rejection, internal piping,
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A ¥l el supplemental heating system. supplemental heat rejection, internal piping,
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QRN 4EHE Ut WU LR G4 wu oK G gms ouma G e o [ Gost i
Sub Total [ ove ] [ onp ] [ ove | [ o] [ onar ] RE 48
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[ avo | [ | e [ ove | onva_] e it
RIS ) Cot e e o= T
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Hg-4nugn 8Y) # # # # ' ;
Sub Total ] ] ¥ |
] = B BUE  REHM
O | aze | 2 | aze | 12 | vas | U2 | vme | U2 | vas | Q2 | 9as
1 - 11 0.239 21 0.133 31 0.093 41 0.071 51 0.058
2 0.777 12 0.221 22 0.128 32 0.09 42 0.069 52 0.056
3 0.632 13 0.206 23 0.123 33 0.087 43 0.068 53 0.055
4 0.528 14 0.193 24 0.118 34 0.085 44 0.066 54 0.054
5 0.451 15 0.182 25 0.113 35 0.083 45 0.065 55 0.054
6 0.394 16 0.171 26 0.109 36 0.08 46 0.064 56 0.053
7 0.349 17 0.162 27 0.106 37 0.078 47 0.062 57 0.052
8 0.313 18 0.154 28 0.102 38 0.076 48 0.061 58 0.051
9 0.284 19 0.146 29 0.099 39 0.074 49 0.06 59 0.05
10 0.259 20 0.14 30 0.096 40 0.073 50 0.059 60 0.049
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a9 3-6-39] olyx| I}d AX]HF-H] PHC(Pretensioned spun High strength Concrete) I}

A6 ES 15m Zdolz FEFS F coil & dudr] AAE AAFaL, ¥4 mortars ©] 83
129" (grouting) 3+ T}, ol 4 A u%‘?:_lﬁé dugty] Ax & Edx w# 2 Al FEHY du
7] coild 28-S A FEWHolA] 15m zolo] A3 oz AW Anjel AE3EHEZ

(heat pump, SRT), <3+ (circulating pump), ¥ 3 8 Z(buffer tank), = *¥ F(expansion
tank) &= AX|ta vy L WH(valve) S vl ST mRAIY O R ApsAlo] EUH
o 20 AXsta Aol FHEAN AAAS Aoz BE 2ol mhitgl sttt

o Ay A A FA HAE HE

(1) PHC 5¥ &

o oFAke] ARE" PHC o] A3 @2 £ 3-6-49F 1% 3-6-99 (a9t #2vh. 1d

3-6-0 (b)e] Feguls A A sttt Had 3m A AL e s P K9
HvlS ol gstel & shgith. PHC sl ua doldat: gug B F23 AAfAL, Fest
g BHES I 3699 (0% Ak EAX A4e melste] PHC wdel 4 gl 7|E
FHO A ¢F 1 m Zold YA 4 Y= AXsG Tt

# 3-6-4 PHC %< 714

2] 7(D) T 2 ol(L) 571 (W) AAZIES = R

500 mm 80 mm 15 m 274 kg/m 800 kgf/cnf A

(a) PHC ¢4 (b) el H]
7% 3-6-9 PHC o+ &g}

Coild dnsly] sfolzo] Ay S % 3-6-59 19 3-6-109 (a)9} #o] Coild }o
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xZol AP ylo|iZE AAStA 1 sete] AT w3r|d YA 2H€HE AFE w3r|F o
YA o= 19 3-6-109] (b)¢} #e] PHC 3 WFo AYdstd, ¢33 dudr|= 1
g 3-6-109] (c)¢ #o] EMAE T3 7] WA oF 1.5 m Zolo mfAdsdct. o, o
U] gtd o] coil AAE L&3] 37] Ha stded FAR e FE oA AYsiAth AsEu
37]= PHC 3+ W= FHdigh W2y A A X513, PB(poly butylene) #l#<] 20A ¥j#<
Abgetg o A & JHHAEE F3 FrodRE &9 At
3-6-5 Coild €us3r] g 14
I w7 AA 27 o]
PB(Poly Butylene) 20 A 150 m
(@) coil®d AZAmB THol=  (b) olUA 31 Awdr] HX (o) £ Amas] A
a9 3-6-10 €usr] A3
(3) 2¥9-¥ (Grouting)
oux udel 1eled AMEERE T4 mortars: AMEEGT B, AWE, E3A(EFAH
% 3-6-69 HE&EZ 9 3-6-119 (a)¢ #o] &3ste] Elds R omn Efdo]l g5 HiF

9 3-6-119] (b)oF Za1, 19 3-6-119] ()&= oW Ab&¥ Aot}

|

3-6-6 F<== mortar B ]|

= Al E FEEA
0.5 1 25
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(a) #= mortar &% (b) grouting ¢+ (c) 5 cement

29 3-6-11 Grouting

H

ZIWel =3 dEdS FESH] f1d o]z INOUT HEAIE st
19 3-6-12% 2t}

A W 19 3-6-139] (a)¢F Zo] FHEm#or HXsglon, ol& 3t (header)l

Ed 7}

AAs 7] Yl 1Y 3-6-132] (b)eF 2ol wj#dS 7|AA FHog wiA s AxE wjHs 1
g 3-6-13 ()¢ Zo] sy dA4A7 1, RE w#d WHE flushing, purging ZHS A A &}
At

(a) E=lA] v AH (b) wi & Hjx (c) Bl &3} header A2

a9 3-6-13 EdllA] v
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(5) Ad Z¥ A=A

), Buffer Tank, Expansion TankEs I1¢
Aok =3k VA R R ZE w19 3-6-159] (a),
el 2% 3-6-159 (¢)9F 2ol MCC s 2 Ao} 3

Z1AA WF Zd)el CP(=3+E )¢9} HP(3EH
3-6-149] (a)~(c)¢} o] A=A s
(b)e} o] Bexy a1, 7]

A4
2 AAEd 7AYo AA7F gad § Wdts 9% Fan Coil Unite 1% 3-6-16

AA7E SR A

o] (a)o} o] AAFGo e AT

(o]
td
it

>
>
T,
19

(a) Heat Pump A X (b) Circulating Pump A % (¢) Buffer Tank A X

29 3-6-14 71AAE HE AH AA

(a) o Fajd B4 (b) v B4 (c) MCC#d 5 Aloj i

2% 3-6-15 vi¥ BEAE % Aojdd HX

o AR

(a) FCU A X

'l‘ =

(b) 71 741*1 A= wpEE]
9 3-6-16 FCU A= 2 7| A A= wpig
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(2) Al & A Data

20143 2¢ 11 Ald" A= 29 3-6-199F 2o ojuf A~
oF 3IAEES Bt Tx 20139 1193 di7ES A &E o Aol
Axol AAAJ i 4 =

OJHE AR E AFolA M AAZ= ] AA
2 52

1
o
o
i
o
o
°

Az L 201414 22 119 =2 AIZE 20144 22 172 1719

e EEE =7 ec £ EE] EEE; B =

ES x m/h Mcal/h Kwi/h

0~14] 416 412 290 930 36.0 30

1~24] 387 387 430 1356 550

2-3A 436 400 410 1391 560 239

3-44] 398 398 310 95.4 380 29

4-54] 277 78 520 1356 750 29

5~6A1 421 417 28.0 943 380 29

6~7Al 389 387 400 1184 510 27

7-8A| 431 396 470 1604 630 30

8~94] 403 404 290 97.4 37.0 31

9-104] 382 379 340 1037 380 32
10~114] 429 396 310 1379 51.0 31
11~124] 411 412 240 786 290 32
12~134| 402 400 230 780 200 30
13~14A] 391 390 230 763 280 32
14~154] 304 392 440 1400 530 31
15-164] 423 416 230 76.5 290 31
16~17A] 401 401 27.0 88.8 29.0 36
17~184] 389 385 250 831 280 35
18-104] 398 395 450 1492 56.0 31
19-20A| 430 315 250 234 320 30
20~-21A] 397 395 270 284 310 33
21~224] 379 375 54.0 1800 66.0 32
22-234] 430 417 2.0 930 40 3
23-24A] 397 396 270 895 330 3

=7 817 2666 1016 74

otol " 2HEHO|E} 111,067 keal/h 42,333 kw/h 2.6

a9 3-6-19 oA Hd@ ALA 28 A4 Data o A(20149 2€ 11€)

2 AR 92 ezl UE ASHuE FAse] Axw AL AYS
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2% WEE Yeda e 9 3-6-212 AUk WHslE a9 3-6-222 Al~¥ COPE
BoF 3 gk AN o= B AseIAe] $H Ausk ok7lel BA 2SI Mo B
v 5 93] PSM (Propensity score matching)e]ghi= 4 ZES o] &35te] ATy 2T
o 44 P2 AEsarh
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60 o2
+
5.0 -
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— * *ES
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Propensity score(%

ek 4 (6.3.1)2

S o
= AN

o

F = AoH(Al 713 SPSS

A5 AV, 2014).

(6.3.1)

Propensity Score = e(azi) = Pr(zi =1lX = xl)

(2) PSM &% Az

L2 8004 A 12A17FA] 16A]1F

U
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=
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¥ 3-6-7 PS matchingS ¢33 g3 =t
1D treat U&= A= COP
1 0 3.2 18.6 35
2 0 44 19 3.8
3 0 49 19.7 3.5
4 0 59 20 3.7
5 0 6.0 20 4.3
6 0 6.0 19.7 4.2
7 0 6.4 20 41
8 0 6.2 204 4.3
9 0 54 20.3 3.6
10 0 45 20.4 34
11 0 3.8 20.3 43
12 0 35 19.2 4.2
13 0 3.2 18.3 4.0
14 0 2.9 17.9 4.3
15 0 2.8 17.8 4.2
16 0 2.6 17.8 41
17 1 0 10.8 52
18 1 0.7 11.1 4.3
19 1 1.8 19.9 2.9
20 1 2.7 24.5 35
21 1 41 19.8 3.1
22 1 4 189 2.9
23 1 45 184 3.0
24 1 4 18.7 3.2
25 1 3.6 19 2.9
26 1 25 18.8 3.0
27 1 19 18.1 2.9
28 1 1.8 174 2.9
29 1 16 17.2 2.8
30 1 15 16.9 3.3
31 1 14 16.7 2.6
32 1 1.4 16.6 2.8

=

3-6-8 &

73 AA 57 % (PS mathing )

Overall balance test (Hansen &Bowers, 2010)

chisquare df p.value
Overall 12.691 2.000 002
¥ 369 58 #A TAZF (PS mathing §)

Overall balance test (Hansen &Bowers, 2010)

chisquare

df

p.value

Overall

1.137

2.000

0.566
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Unmatched Treated Matched Treated

-2 =
-] -] =t
. ° g @ Alsia
g - g = B
2 -4
o o -
o - o -
f T T T T 1 r T T T T
oo 02 0.4 o8 as LE-] [+ R] 02 (K} o8 os 1.0
Propansity Scons Fropensity Score
Unmatched Control Matched Control
R ] - -
o -
o
& & b
E o P
o P (-1
-
e / N
o - L2 S = \
r T T T T 1 T T T T T 1
o0 02 0.4 oe [ 2] .0 oQ 0.2 0.4 CX-] oE 1.0
Propersily Soone Propensty Scor

19 3-6-23 PS matchingol] W& PS £

¥ 3-6-10 PS matchingol| W& EA %

PS matching # PS matching %
Treat N ot Treat N 34t
.00 16 3.8833 .00 6 3.9688
cop 1.00 16 3.0167 cop 1.00 6 3.2062

PSM 4] 23} matching o] ¥} o]F e COPE A4 &-xleo
o
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REEA 4% 82 4AEE Test A7

A1 53293 (Single U-Type, FAZ+FFF mortar) 1% 54 A7
Eigss 7] gk ]
AF 27|+% 16.49 T
FdLH 11,483 W
71&71 1.827 -
50 20000
45
40 18000
35 I i
P et SN AT
R 30 7 = 16000
S‘J'. 25 / // -
-4 f 2
E If —EWT(T) E
& 2 J}f —LWT(T) H 14000
——#Avg Temp. (T)
5 —U —F‘OgWER[\DN:
10 12000
e ||
) ‘ 10000
0 500 1000 1500 2000 2500 3000
TIME (min)
(a) 27| AFT2E, AFSEudy] ¢3¢ 25 9 35 dgdw
=7 Graph
50
Line Slope
45
40
15 =1 897+ 2R 18
30
£,
g
E25
&
o
220
15
10
25 30 35 40
() &% Aol &3k 717
F& 9 455 (K) 243 \ W/(m.K)
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A2

22 93 (Double U-Type) GAEE &4 &

i)

B 7] 5k w4
AF 27 16.49 (¢
FAEE 14,731 \WY%
°
7171 2.323 _
Power, Temp. VS Time
50
4 24000
45
40 22000
| e e e e
48 N SR
ol [ R L 1 20000
| gt I
30 ~ =
|
) ."K/’M -4 18000
Z = s
% #/‘/ —EWT(T) 1
2 a2 i/ —LWT(T) H 16000
—Avg. Temp. (T)
——POWER (W)
15
1 14000
10
4 12000
5
i 10000
500 1000 1500 2000 2500 3000
TIME (min)
- —= = — = o< =] A~ o< & A~
(a) 27 AFT2E, AFdudy] £3F 25 9 £35 A
=4 Graph
50
Line Slope
45
40
y=2.303x+25.69
35
30
2
-3
E25
o
Ll
o
Z:
15
10
25 30 3s 40

(b) =% AlZkthell 23k 7]

2.48

W/(m.K)
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C.5 A& Data % (Report)

module | 4. modx {100%)

REPORT

e Year/Mon/Day — SELECT

(. REPORT - SELECT

2014 ~|Year [2 ~|Mon [[E ~| Day 2=

18] C.6 Report &

- 1% C.6 Report 3t'HS =3 Excel JEZEE B8] & F 9&. gITEY =HE 94 ¢
AH7F o A A Ao | 9 A& AE S 2dr ME A= d 9S8 A
T report HES ZF3H 3T Excel ZIXEE 5% 919 AF ZE Holg o

= Q8 aF Al3te] =od F AUE
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2 D. oAy 3dy AL o]& BiA

D.1 A 8 9A

17437 x 1(&-=)

16.441 x 1(&-=)

1I5m x 6 90 m
3 of| 1 2] 31+ A & (coil)
500 PB, 20A
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%—1

1l

125 0 250 : 625

60 x 2(<ln1)

1.1 1.1 60 x 2(<lnr|1) 15

0.55 0.55 50 x 2(<l\]1) 10

60 x 1 SS 400

Y7137

AgA0] AZ7FNA A MCCHE 1711916l el
A%2 35 9 A5 viael f37sh LA ] DATAZES ol BUE
ek,
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D.2 FoAA AR ALFA

(49 EWT 30C) 54T 60 | &

16.441 x 1

(291 EWT 5C) 381 60 60

ol 9 A 72 4 (coil)
PB, 20A

s

125 125 1 625

19T

0.969

A 22 22 60 x 2(H]1) | 26
AE-3) : : *
SE
H
(W aa) 11 11 60 x 2(el®ll) | 15
1l
H
(0l 2 2 8h) 0.55 0.55 50 x 2(eH]1) | 10
i .
EE IR 60Lit x 1ti SS 400
600Lit x 1t} STS 304
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<|US|EHT ZoIEY HS8H HE>

GBKE-005R
HEATING LOAD-EWT
Qv 25T 5T
S0URCE-ENT
o’ S LH[HEW) cop Sl ZElEEw)
17013 526 322 1.9 s
f 356 0 17687 5300 a3 7130 545
T 2.6t w 18061 5325 330 17672 55
it i ; 1858 5342 347 0 182 5607
8T 268 B756 5633
e 5.6 19238 569
e 5684
2T 6710
e 468
14T
o ai= a2
BI=  sisth BI= B2=
T)+81 . 8 S{W) = A2+30URCE EWT(T}E2
FUHEE]
R, =eR o SEAw Lo4DE LoaoLuT(e) | derm) oo
Qt 747 5028 847 -i58 012
7T 16588 5629 m 2407 a7t 5T 0T 2 17,437 5,008 147

(2) 9%

GBKE-005R

COOLING LOAD-EWT

10T 1T 12T

SOURCE-EWT

sEs) | dmEw | zemmm | oop Sui | wgEw) | ssEEw | cop s2 AHEE)
(.00 1505 L1 100 16731 3003 30 [ ars
‘ 16860 405 0 16682 37 417 0 17308 4043
7T g5 a0 13 0 15376 4053 40 I 17088 an
BT B3 4078 ‘ 8168 1 i 18673 4
BT ] 8254 167 ‘ 15351 130 10 16557 {47
R j i & 15753 188 0 (44 41
He 0 14887 1370 14 i 15546 13 187 0 18224 138
82 ® 4658 4 o 15338 487 347 Ui 16008 450
Al= -198714287 2= 8LETIAZET M= 78 Al= TATTIZ Al= -216.2857143 [
Bi= DI0ERSTH B0= (7817146 = U Be a4 Bi= 2=
, 2 o) T):E2
IEFE]
2H[HEW)  COP EELE . .
LOAD EWTIT) | LOADLLT(E) oo
0 Sl6AZSET 4DBSNTI43 066 GITETIANG  GTIAZEET
12 B0ETI 4315 280 BBITIANE msRinsET | a0 H i1 i6 441 4318 38
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D4 AE 99X AFA L AFAHHA
N Al MO A
L4 TEST REPORT
MEMEE o = o] x| (1)/(&7)
Tast No. KRAAC-B-10-066 (1/(7)pages

1. 2=l el (Client)

Z1gg AlMA X L o2 o ==} ahel &
MAXEEHS 107-81-41621 E-mall kwonhh@ishinsung.com
o deipis 041-537-7400 el FHEHE 041-537-7413
2| zjel X} 20104 10€ 209
= Z4 ofjthA] g1 H SMa] 19

2. AlgddxMe 25 (Use of Report) : 4=E4AE

3. A2 (Test Sample)
AEHEY E-2 XY gEH=gyE gk 17 500 W
2y GSKE-005R H Z= At Al ol x| of 2
A=tz 10-000001-HVGSH H =2 X} 201084 10%® 1€

4. M E7[2Z} (Period of Test) : 2010 108 242, 119 158 ~ {18 16

5. M # U (Test method used) : ollE X 2|2 e 22 FE(NR GT 101 : 2009)

6. ME=H (Testing Environment) : 2% (20 — 31) €, A& = (24 —~ 50) %R.H.

7. M & &1 (Testing Results) : W3 3=

# olglzlezRe HBE M=ol ofjslo] Al#E AlEHMLEALES S94E
This is lo cerify that the sample submilted by client above has tested.
# 0] AgHEEME 8 ol2le] AlEE =
This repor should only be used for the purpose of use above.
# 0| AlgdEHMe RS 2ae
The copy of this test repors is invalid for use.

EtM XL ( Tested by ) & ¢IX} { Technical Manager }

3 ol wlf 5 9ol R 14
- = :“F::; '!:‘- ol - | = = |
| A oA (M v |8 s s e
20104 1@ 23y
st d s3I =2 FAE o ANE

KOREA REFRIGERATION & AIR-COMDITIONING ASSESSMENT CENTER
HIE chMAl M4FET AE 1271-11 #7033 kT3 1138
TEL:031-500-3820 FAX:031-500-3825 www.kraac.orkr

KRAAC-TP-5101-01(06)

- 331 -



=

TEST RESULT

HEMHE " #ol| (2)/(%7)
Test No FE R0 | (2Y(7ipages
1. dpkalst
® 1 OHE dib Ak
82 +32 T2 a7
Z2gf 17 500 W = 480 mm
E2F 165 kg | 28 a7] & 1| 600 mm
oo A 25 A =0 1 225 mm
] R-4104 a8 3 34 34 60 Hz 380 V
2 5F M
T8 a4 2k od X =AH=H) Hl 5 Abek
Compressor | Scroll | 1 | ZPGIKCE-TF7-4g7 | COPEHAND 1 o0 wx 1 EA
| {Thailand)
|
_ SWEP
Heat exchanger Plate 3 | B25THx40/1R-SC-S ) 21 000 W x 3 EA
(Malaysia)
4-Way VIV Electronic 1 STF-0401G SAGINQMNA 23800 W x 1 EA
(China)
Expansion V/V | Themmostatic | 1 TGEL-65 DAN’?OSS 21 570 W x 1 EA
| China)

KRAAC-TP-5101-02(02)
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R
TEST RESULT

dol2S STsto] AlHE

HHo R 73 sto] BE S HOIHE WTUSE MEE

) | -
HAYHMHS : #H 0| A| (3Y(&7)
Test No. KRANG-B-10-068 | (3)(7)pages
2, Mg =3
F 3 dur=er MAS 2T Al xH
gg gz | IR [ @uascus [ wax | wua
®7 | gm=m geec v dEm geeE v |85 Us| 2842 1s
Alg-1 10 o5 1.00 1.00
Al&-2 10 32 1.00 1,00
A E-3 2 15 1.00 1.00
A8l-4 2 95 1,00 1.00
| ME-S 12 32 1.00 1.00
¥ 4 ctg2a MEE 9 Y =
ot g | T ERTS [ daagase [ wos | wd A
SEHEZ FREE Tt | dH= foURE € | =352 1/s | 852 s
Al 8- 40 5 1.00 .00
Al &2 40 15 1.00 1.00
AlE-3 45 5 1.00 1.00
AlBl-4 45 15 1.00 1.00
3. Al gy
1T AEUEE NR GT 101 "B-8 A2 dE= FLUE MU|aAZ|E'S H2s500] Alga
32 540 dEs T =L HES S @n, Yol X M= ANEs

33UESE Il SYMEE MFstn, AE=20 HEMeo 28 3 58

KRAAC-TP-5101-02(02)
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Al & 4 1
TEST RESULT

MEMHS Zjol A WNET)
e KRAAC-B-10-066 (@)/(T)pages
4. ME H
& 5 duat@ak Al Ha
Ag gs ol M 2
| deheE 16 059
AlE-1 %8 #4 3 &1
EER WwW 4,19
Ho| dursed w 14 668
Mgl-2 & He W 4 402
EER WW 334
Ho| W= W 19 372
Mg 8 H w 3 379
EER WW 5.73
EHo| Yarss W 17 522
Alg-4 S& e 3 975
EER WW 441
ol s W 16 008
Al g-5 ®E dY w 4 451
EER Ww 360
E 6 a2 AY dn
N 3= £hef A# 23}
Ao clrss W 17 437
Mg RE MY W 5 023
COP WMW 347
Eo| cHbs# W 22 503
AE-2 #E M3 W 5 250
COP W 429
ol Hh s W 16 588
Alg-3 f8 My W 5 529
COP WW 300
Ho| thasey W 22 007
Alg-4 %z MY W 5 788
COP W/W 381

KRAAC-TP-5101-02(02)
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Al g 2 3
TEST RESULT

#Ho|x| (5)/i%7)
(5)(7)pages

HEMHE

Test No. KRAAC-B-10-086

T
% ——29% 25 150
o —a-d{A 25 a5
" HEE 2z 2T
T
=i
252 25(06)
I8 1. 2515 2o mE MW sH{uubAl )
2 ——4# EE 10T
1'_:1 —m— g 25 120
by
=
gd=s g5(0)
OB 2 HeE 2ol s MsHalueay)
§ ——Uya =25 57
g ‘Hya 25150
F
HaEly 2=2(1)
a8 3 #3515 2xo] wE AsEfcharalE)
&
=
& ——77 % 25 400
g —= %35 25 450
i
=
ga% 2e(v)

a8 4 8% 250 ohE2 MSHSH(CHIAIY)

KRAAC-TP-5101-02(02)

- 335 -



Al e E 1

TEST RESULT

HEYMHS

| i = o|X| BINET)
Test No. RAANG-B-107088 ‘ (6)/(7)pages
EER 5.73 4.41 3,60 COP 3.00 3.81
12 ° 45 -
3 \ a NN
| ot
= EER 4.19 3.34 40 | cop 347 4.5
= | T I > I._ ..... I I 5
15 25 32 5 15
2A5 A=

a8 5 ALSS2EYe(HERA) 8l 6 AIE2EHL(LERH)
5 Al2H HEE 2 YEE - HE &Y &=

6. Al AlH

2" 7 8MH, =Y

KRAAC-TP-5101-02(02)

- 336 -



A B Z 3

TEST RESULT

MEMe T o ®Ho| x| (7/(&7)
Test No, AR IE (7(7)pages

a8 9. k=7 a2 10, EmED|

a3 11, 4-Way YV 8 12 "atge

a8 13, ®M7|Ed

KRAAC-TP-5101-02(02)

- 337 -



H

A&

D.5

(D) Znddx

9 8 6 2 4 3 ) 1
| | | | | | |
< KGAIAR ZHIQARHE —
> <
<] N
ANEsEHID
SRKW) 4 @ & 4 @ & a a1
FHHE (22| 8= |y s/ i s # sg ETEE(C) AHIEY 8 ¥ Ex HATFEE(C) AlEY a = WXLXH tmm) d oo tl 2
(Kw) (LPM) =8 g (kW) (Kw) (LPM) =8 g (Kw)
HP -1 1 duE | W-W | 17.52/17.43 17.52 60 12 25 4.0 17.43 60 40 5 5.0 3BOV x 3¢ x 60Hz 600 x 4B0 x 1,225 R-410A w-w
STEEHID
& & 7 3 (M)
LR @ a
aven | 4@ I ] L B wew i — = p— ca CE-E B o ul Ll e
ar-1 2 I e elzel 80 28 2.2 3 x 200V x BOHZ az az AW 1 mEIUEN, EEveE UAZH — m
ar-2 2 MELAEEED eleka 80 15 1.1 3 x 200V x BOHZ 40 40 b B 1 Oi3ilEal, EEYSHES ATEs
ar-3 2 HResEZ e 50 10 0.55 3 x 200V x BOHZ 32 3z 2ima 1 HIUEE, BEFeSUAEe
g3aF
FHWE | 4@ 8 = s BT EE | HI NS e HE AT D NS 25 'EE B di El ml
T i UNSREE 80 D409 X 740H 10.0ka/em2 254, 116 (*C) A AXNM ANE ESVLSERUNEN
T-2 1 dE+AEEa 800 D740 X 1,880H 404 AXa 4+5H, ANE, HEVeH UNEs
A -
LN L
A
LN
A —
\\/
REV DESCRIPTION PREP | APPR | DATE
NE7 11AC | Bt sven B
International A ]
Corporation
PRIME CNTR NO
. SUB
TN x| olatIT
/ 1 N\ L._u__ =0 DSGN CHCK APPR DATE
i =a: NONE
MG~
= OlLiX| TiRd @ O|-8 8t X|FROILIX] | Lo ro
T ATAME X Monitoring | A
TH RHEE
SCALE NONE _ DWGE MO MG-001 REV
| | |
G 2 5 5 4 3 _ CAD FILE NAME 7

- 338 -



(2) AN 2" 55

9 8 7 6 8 4 5 7 1
| | | | | | | | |
H- —H
G 1A < | o> AU G
GP N —
<D P
F- -F
| Hi 2ol 1A |
T E
—] A‘M ___ T f] ___ T fl |m
2 R~ T e i L B B R B SUZH
G G o W T
L EEW IS
D =
v/ ~ / 7 Myl
\J. y S ‘hu __|B
N S
v AN .\W.Z ~ -\./, N —C
v \ \f. R \ \\ 7 / w. N \ D
S g A
BN , T P A —
- - a
w m m ..—H—.o_ m I+Im“ Wu_. O_ A m3+lk_flm M .,.A,m.s. DESCRIFTICN PREP APFR DATE
S 25 22 XL ool = i
B *H UEE £ <— IAC _ international Alrport -5
PRIME : CNTR NO
= = SuB
‘\\ N //__ H_ m >_ » @ - DSGN CHCK APPR DATE
_,,/ gm \._, 53 : NONE
= o B NI
OILIX| LR O|B8 XIFROILIK| |05 o
A B &TAIE ¥ Monitoring | A
HAAE EEE
scaLE NONE 7 weNe  MG=-002 _ REV
"\w W ,\ 5 r,,_ \_, r [ cap ALE NavE |

- 339 -



(3) At B =

I= (wy)] (@] | M M ) ol -
| | | | | | | |
11,000 39,000 ] 1 1,040
El
%
E 3000 3000
oly - - O
NCJ ‘@
= — 0
o o
]
£
F g o
8 = 2
o e \ o
44 !
. &
00— iy - Ca
3
% a
{1+
fo
+
ra
If
~J -
—
il
o 2
ol
£
Tz
1
re
n B
o 3 El 3 i
o o ol Q
% o [ep %
> z e |
a
=@ (&
o
g
& ’
U el
//“\\
5
I~ =2 |~
o )
b
=
o !
o
» 1=
B —
o p——4
Fala o
8 8
( m R =]
(N \ ‘ (Al
- |
41
W il
51,500 o @ 10,000
62,500 iz
! 2 3| p D ol Ll
= ak| |° £c 3 > > > .
—t
- E_ﬁ
g eEl | ks
[ &
N dl. 2
o (o] '?—- = =]
:‘5 3 m®ge - ;:I
3 - ANE > :
m E g-- ;“} o ;
g L oM =
G L e
9| 2 gm| s
& B (32| |7
ol ® QL -
w b B @
= = > |3
o] [
| H o o >
< = = 0
o =
° o
H
o | | | | | |
1= 5y} @) e M T

- 340 -



G & &} 5] 4 3 7
| | | | | |
77,000
ol ogo 10,000 I 60,000 6,000 L
_ | RITEl 7| A
=] “ =)
s : g
. 7 =
2 o
o o
a3 & -G
o ,q.u, \\.\ / =) I
\\\\ — EE TN
(] \\
3 [
o = | ]
F,m . aln
- SLWET(I0)
__
Y L EETE
L 8150 PRo|ZHR ]
== ]
E—Ratimznm — -
= u \ 2
o 2 o
OF o o
ot |
o
B = —D
C A\ =
K A\
T
e I9E /_ \D/.
- =
a8 | gl REV DESCRIPTION FREP | APFR | DATE
S
B~ N7 | R BE
\\ ~ps I1IAC Alrport
" PRIME - CNTR NOD
f\ 7 sUB
B ! \.If/ mw_ O.__ —n..._ H_ HH_. m _“__._ m m (oY m DSGN CHCK APPR [CATE
7IEstp ol o2 i 4 § ™ nil
= = | “_, a3 1730 OjL4X| IRk O 8Bt XFROILAK| | 08 no
A //_.(._O\ B AFAIE & Monitoring iy
! 1 g0 10,000 66,000
77,000 29| QX LISIHIZ T
SCALE 1400 7 DWG NO MG-004 _ REV
,m_M m_w W n_J .h_ w_ 7 CAD FILE MAME _

- 341 -



w
o

3

-

(5) Z71AA H

< (s} / 6 5 - 3 2
| | | | | | ,
H1 —H
o 5 ) i) ) 10 ) ) &y iRy oy ey aR a2 05 ™ iz Ga) & (38) 57 .\...‘./
PO e Y P PO e 69 ee e e e e 609 9
~_ 3,000 , 3,000 ; 3,000 | 3 3,000 |, 3,000 , 3,000 , 3,000 , 3,000 , 3,000, 3,000 3,000 , 3,000 , 3,000 , 3,000 - e
= G— 2,500, |500 &
— TEPMcHeE _ _
(E" ——
e
_ =)
— A | 5
F— @8 4 - =
s = e
£ S T 2 # |-
o~ ol A mi..“-. L S OsEYa lu._.: T T g TETTEY o SR ek @SE. oA
¥ = Ly %ﬁﬂﬁ% d=sia oy a0 A< o il 7 L ] 7 7 1!2_43 — 3 Fd %
”lll(\.. i U o | Ll b
® A ~A \ ngssHy
___‘
E— dsos I
e e s
) L o
) ! e
E~ R | e — =
LS : VAN
_, 2 \ 2/ \ 3 \ __
— L, destmyD YesNEYd URCRED |
§ ] _,___
D — /
] /
i
D- " ~ N\ &
= .\ m&d3 igssan
/ ;
=
Goey o
(2] O — A - (
B— /N
A
s
b1 -
REV DESCRIPTION PREF APPR | DATE
B4 < _ intermational Akrport -B
HIAC | ioterst
PRIME CNTR MO
suB
— 1 | | - DSGN CHCK APPR DATE
/5N JHE & AU BEHT
\MG/ =3 17200 OfL1X| I{R @ O S+ XTROILIX| | Jo o
A N B2 AFAIE & Monitoring m
ZIA4 U AU AT
SCALE 1:200 _ DWGC NO gn|°=w REV
! ! ! ! ! !
9 = ot A 5 A 3 _ CAD FILE NAME _

- 342 -



3T

2P

A=

/4| 2/4 | 34
441424 | 34| 44 14| 2/4 | 3/4 | 4/4

)
=
=

!

A 4

o Mo =
= uxw%wwﬂmmxﬂ il :
B :
g um&%M7ﬂe%ﬂﬂ%1 HE
gl uvlmw@tamz_uﬂg : >
\ %/@Mﬂ?ﬂeﬂi#ﬂb]ﬂm EM m_uﬂ T o ]
i . O r ‘I ]
m,M Ex & n_xau o L4 P Ml N * oz Ty oy W o T
o W — M o 2 w = Mo Nroor o TNz T : :
N v G muﬁ o W= ,Mm b . E i 35 it : :
o N %ﬂé» ﬂnhwv £ mﬂﬂm I @mﬂz_ﬂ o e
: ,T = %mu %ﬂ Jﬂﬂ& w T mﬂ
~ ~ - va : L
mﬁ% il : s = 2 m = z:%é% Wm X
Ex@?fr% Ho o - = ] :
}ﬂLnﬁ S mﬂﬂ/ln_um W - : 7@50 S T
1#1%@1% wJLe7 @xoawu .z]azl = 3
2 Dux] ﬂmlﬂe T XN T <
N caly B o_, © z - : . A
— %E ﬂux ® 2 Lmoima :
X 't = 2 T Ho= g 2 N
Kw ol o~ s Zoo = T
].ané : x X XO R Gau e
ERR N X = N R =
W oW o B = 0 o N o= Jo o o - : i
i o = = a0 x° s 3T
,% ww ﬂ.o = % m B ﬁa M TK ,ﬂl ~ M_AIMV o~ ) X BH ho
X g < Nlo e _® %%A_ EE : "5 :
,]ﬂﬁﬂoﬁ W T maﬂeﬂmxﬂn%us -
! K el NSl i lﬁo%M :
5 zT§ﬂOJZ. .
Ho x R ﬂ/K\
Njo
. X

- 343 -




=
<
e
‘hr_l =
& | S
g
5
H |
=
N I
it
S
=
% o
s
=S
S
wp -
M N u‘x o
—_— ‘mﬂ - x|
Hm, o 7o ~N & ﬂw T s
IS fnl W =
& w R ¥ T = z0
=) %o = < AR =
= o Mﬂu - 2 o T
ﬂ_!u RO oy m_r_ ~ .h.m ~o N
B ® no g < ~
7 <] M
_
X
% o n o = 0 = W
B S = = et o T @r <
i i G SR % o i o
[~ j— = X
iy oy R0 . M Y _ﬁ )
< g = . L g =
~ 0 T Jo N Jjo N o N Jo W
= ) mgeER ) © FoT o ez o o
o< N SRR ~ R~ = E20CH o N @23 = 2y = Xz
Mr;: Ly < X'gy T i Ho K M@E mK W m B Gi M il EK i Ho
¥ ~ € Py i T 2 o T oxE = 2 o = i
x & w X w X w X w &
s Bo = e Bo
r- Ho NF N Mo

- 344 -




- 345 -

~
<
L=
= »
X
S| S
70
AN |
- e | 2 —T=
, %0 X
3 g | g e
z e g W z = # " e 7
8|8 o e E | ) T =D T | oW P
o | w5 oW =" it o] o youl = O p——
t = | 2 = N ) B - to o M= JL e X
= - = | = ol ™ o — (il K Y e M = i S plo
P 4 TR ERON Gl = X o = W B D ol
5 5 | W = = =< o RK B < 2 ol ) g
. < | T=En 2T (5 PR O i
C o | TF R N Gl N N N e N %
4 X X < G ™ K™ A = n T EK = [ = 5
‘IL_m T 17_.0 T io o) | _n: = — |® - —~ »ﬁ OL ~ w O Oﬂ b
D IS g dlwa,ma ﬁogoMﬂ7 m = ¥ o q.JMlo T 42 o o = -
- R ) ¢ | = i T EREEE B 0% T Bl o
= 4 a«émwm_ ﬂiﬂﬂ X an;eEHuHa i %o 9 I %o D ey ~
N O I wT = %m sl %o B Tl i = Wy o 5 0 __mm = T AUAGY | =«
o | W N = |z s =n L e
= L R ol ol KON R , g Ho B o~ o
= O m;aa_ ?%.Lﬂ = ,Hoaum1 T3 Br 9 ﬁw =
j= g2 B 7ol Mo o N & T B %o ol o o O % w7 | o1 I = 5 o
g ) . as = N R B wo| oo B e B < B T B i A
< o 1 ' = | N X o IR~ ol m e B =) =T | x <
% : =% g -n" %]me%rwe o bl W x# F x =
E 2 I - @ |~ | P = e R g Bl WA F
B o = =8| g 3 . s I P | ) Nl o X T - H
i L wo| B X | TETE F pi¥es X i
4 — S . N m_/u&on_mﬁomw_l SUIEN ﬂA B o
3 T = X . = o K| T 2 oy | B )
N jan} m X " X %O al IER No B el = aﬂ
a 5 - 8 5© . = W
= - S LEEIN i g
X ~ S . ~ o
x° N — S 5 )
52 oy _ a 8 . i
i er 3 n e = X
o o Y z“ = ] = MOJ .
" ~ [aye} T _ = S
—_— o/ ~X [ o as = . = S
W W oI wl® 2 iy g S . =
X T n g © = Gl
5 |z 5 Iy . Ho = = il =
o & T . T Jo o | ® W - X = P
Ho = i} B/ — = —
63 = |5 do [ . B H N N > N H | _ °
s @f%z == ™ h y . X
g o B - T g mr o N il X0 A T Y =
o B g0 T P 2 o B 63 = = H| = .
PR T i £l i = 5 7o xr o
ok T N (K\ _— . =K _ a o A o = o
s » P w7 r 6y . g
_ _IT — =) 0o O E
e X T = g2 7 T o i
X = Jat I K
dll_ — L] o) ‘m.E dA!O ﬂAIL _ N
o X . e M B B oK qﬂo
B! 0 -~ (s
S e 7 A
N E.# " N MIJ ﬂAIL ,AO OL
— T . < = =
=
) ,mﬂa - T 0
= zlo o
L] <
e U 3
[a] w__.bﬂ "




7
Fog Aol 37 4 AY/AD AT

o,

7}

F

UTECUS Z£vlE RUHH JEHZ

GG AZ A4 % AF A wE

7 100% |= t& ASF AA HAE T3 2vtE EUE
- d UEYD A2w A
17 Mockup A1@ % T T e e A A B EL
HE5S 913 Mockup A8 3
el odA % oluA da Fae
g AdeiA] M3/ g4 Ala" A
A ZTRaW A
UTECUS AA Zza3] 7% 100% |+ @-FE-93, ste]lB=rE F7t
- AAZEIOe] Hg: idE Zraglow
712 AA
AA
s BAAR S 7Y R 71E AAAE 24
i EEERE
AR B | 5oz H B
ag | UTECUS BA% 220 S A580 9 o000 L vunge 59 A9e9ne 250 Ao
(SRt v At AF g v
CAA eAe AT AAL S W A
- Mockup A% AL &3 HA 4 et
Az
- AT AYe B A4 Zead 3%
Mockup A5 A3E& S 71& 47 w00% | A ¢4 RE 73}
A TE R AS ol BUHEY Alad 9 A Zzade] ne
2S4S B9 B9
- AG Azx" AR A e Axs
A4 ms

- 346 -



/
- 2 oR0A REE 28,
D/BE S AR0IA HotE

o
SobJl Agt XNgHel € =d =8 Al €80

(2) NIGAIAE &AH Al X & 24 =3 Z2789| &2
- JHYgE 9GS =X D2)HS SoHM Xy &2

ANEE 5T = Ngtx2A0 met et
e o TS 28K 0= JIssl) 20, ZHEE NSAAH
S YL AZO EN REBY 4 ACTH TE F2 UTECUS 5101221 AT
200 & PERAH B0 20I50

Ja
o

OI2doH &F Do £ =218 =g

g 23 28 & 0IEd &F Jg=2 = A-0A

| T2 JHE0l AFSE 0N o8 84 =2
Coil EEHS XN=guWaI|0 et ZHE &F

|0 AJ =20 O €8=0t 0 =C.

Ict, Xs Mg, € 28 st & UE &EHl

280 A2 Coild® NSEuWSIIE & O &
A

(3) g 9w U 5
- =2 HAIHAN W= Coi

&
=

=
(@)

un o
[=Ne]
ne
>
| >
ol Nix
]

rr

gil

P

10
ron &
02 >

e

P

N

in - o
ogr HE px

J

>

- = J 4>
2
19 o
(&)
—

Jlor x
r0

ol

_ =

MBS0l EOH, +X UHE NBA2Y Q0IC
= 4 U= NS 2000 HS OUX Dt A~

PN
g2 e S0 AN U= O Z8<:lotH Ols=

o MmO (2

0 X g |o
ala
2
H
(@p)
©

0 K Ry
e e gy
(.}

n
v

(@]

S

HU $©
H o 2

U g

5
fr

|

0w 4 =

U g [ﬁ so

O

= 02 .19
on T 5
039 = oo
mior
10 19
>..

N

Ja
g0

a
el

o N8 —
>
00 oy

=2

O'rr

0l

=
>~
s
\_O —
ne
Pl

00 32
I |0
Hy
=)
a

fon

HU
|
02
o

- JIEN =2 HEHLD JAs e =HLHHENA=

U
| ANBHIE 5% BE HAS

|Z2 UKtE S Oidlol &S20l BHEE It

g JXMH oo JIE

e
-
P

|
oo
| 0
i
-
>
S
Mo
>
Q'E
4>
ol
ol
]

H
e
O 10 M

=
o
g-42-%stN A T2

0%
rlo

- 347 -




SO UAIYY FRA BoL0 1S Nad 210% Alad
(5) @-42l-oist DY DU U QSQAHA TS| CIYE BB s
- 2 oR0N NEE P-4p-2s RAMA TS XY B
Lt SZ-Sof, SUHE SSA& Xgol oHEg L JtAZEY
ZOb S 22 P-22l-%S N WHHUSO0l H2AE 2RI CHEoHH
st
(6) XNIZTIEHWT AARS HelH I 24
- ISt BEIHO HIE 2AS Sot0 2O HAE FHE 20
SOICt E5t LCC OI2S BIE22 & IRR, NPV, B/C Ratio S° CH2 ZHA XE
DX SEE0 BCH CHst 2HUN NES AIAHO ARES 2E J
o BUEl. IES0E LCC 0122 HIZEoE NEY ANAYS
o FNE XS TEGHN MAE 0IHOICH

(7) UTECUS ADIE ZLIHY HEKIT Mgt

- A& 2ug)| ds 24 Foide X

280U, 2 gFlNE 2l 2EEX

HEO1D0F 7L =E BUHE &0 24

Moz Z2LIHE MAE 5 = US

Y

21l
IAE MSH EXotH 287 A2 BE

S

s 2u
A5 0
=

00 rior
ol

o o N
oo = or w

0z U 0x o
J

2
Ll

o

Mo
M
2

W

10

1A
=~ HU 0

£ =FEO0
AMEELD
BER 2
SFS 0t
o T s T
210 &8

- 348 -




A1 A T2 Gt

L AF=AETF A A 4A * fA#AH R

g 2 AE5 P+ 24

o = AN Hordd AHFATFEAL ATNEELS A2A AR E A5
ol A oA Au] ofFr=9] AAd oA F AZETAME 5% old&
AAZAAA Adr] Aol Fapstzlz shelem 20109 B EAE w4 e Fal A
dolldA =4S #al & A-AANIA Adn] FA2ke] 10%, °F 139 e A4
FAE AE S (& 5-D).

o A2oiAEnd ¥d B FEAY s 20139 5974 dAeH FoidE
20141 gtrleo] 5 2 dgom A AA JEo] Aol A= ARE HAR
AT TEe] AAlel A G oy AT el Al
& A AA Ay e me AAYE % A "IE wAEe ekl did vle
ko]l A% el

o uehA oy = AA AUE S EARE Mockup AlPES & AT T F 2
3 2atd®E 3/4 271, 3xdE 2/4 7Dl Fdstol AA B EUHY 71s9
AT =2 AE3E FAske] Forislel Ve AdS 73D A<,

#5-1-1 QA=A TT TS A ¢ 2 B2 AE (9h)

WIPAPNRS: Al 72 (kW) Ofl & £ XHH| (24 OH )

H20i24E{01E (3EHH A =) 1,750 1,272

SEI|IFH 18 350 406

LYELB 175 203

E4+HelH 105 122

= Ab 700 812

BHE & A3 140 162

HHE A A4 140 162

=2 3,220 3,139

Note) A 2] AEfn]d2 “AledA] g Qo= 7ol &1
G U A A S 7 AR A E

- 349 -

=
‘3_'—7(]

F o shE AOE o
Ebe g of

Eoll whet WE oA



B!

__o_-
-

& 7l AFES L BAY B3

o
=

d

A

a. % H&4 A

1A 2 A

= 2

AR HEo] AAl Al 2 oA A

&

= A&

_XL

—_—

<
T

i

=
o

o A

o

)

ol

Ho

IR

#skaLat

PN
T

Ao AT AT

0

o~

_ﬂwo

HH
i

=K

6N

0

n

Ho

B

b AFGAUA AFA =Y AT

High-temperature aquifer

Bl

drtE DTUS

dstog
thermal energy storage (HT-ATES) A] 2~ 9]

4 <)

He

o =4

A2 A e 2L HFE

e
N

o)

o

0

"
iz
or

=9

A A 7]

| =4 o2 nzd UTECUS

S

%

AOoR o=,

[ai3
=

o 24 3tel o]upx]

ar
=

71 7N

bol Ao

S

i
=)

K
|
o
;OH

il

- 350 -



%ﬂwﬂ W.a.ﬂi CEZ T
° K ToH 0 O o T
B
TR e PLRET RE .
oW M ~ < M - i
N o
D R - Mﬂ% Q E.%
o I 2. T S i & I
O o o e o ~ TR N m..._um_ o M oo
munfm._ No - o) o :.L ,@J — O_L 5) O%u ._ﬂa
b " nw= BRSO T g =
- =K ~ A — T —
M.Mmu a o< or T .= X = pe Wl
Lt il o = ™ T N T N
=M %0 B o & X oL el .
W N ‘W N o = 760 ,___.A,u % ° o1
N D ﬂmE i %AE ol o ‘Iﬂ 1_.A_|_l o
TN - 5 Ty o Ho X
ol N i — — ﬂ.o — ow.: Mg~
o il K ,U1m 0 X —_ M __Qn_ <
S} %o oF rr X oo X oo O = =
g Tim | o = TR T o ooy £3 o) Mo
A ool = T W o X wwE o ek
..-u.ﬂu mlw zn . T :.L h ,_Iﬂ_ﬂ = dE ol H N
R 2Rl < o] o o <o i
w ul 0 Mo A o Y L= = o
= | l_.l.._l o = .___ﬂ ol EO T ﬁ o ﬂo X o o = @E
i <l . ! o £} — o 0 T K Ty E
5 | & 7 o X ) Ao P oy
B =y = "o = o X T N oo iy
gl = T o B o 3 oW _iu ﬂﬁ —
B { M iy N = bm o Y o XA
B ]ﬂ_um__. B =r m_w.o ox O#E OE H ‘H _/H_ ~o ‘OI
& o " oy X S = M
wip | % w o % G+ o M TG T o o~
L — o] = —
el p”z e = ol T Ko =) Ko o o _nmﬂ
bl 1o . T dewm e w® M oE = o 7 0 9°
g i m T TxTRx B o =
oK M B N A y o}/ =
£ Wr ® T w2 B d  Hom
e H o I o ~ A= AT uronk & Do
A ° ° ° °
~
[N

S|
=

7]

d dAleh ATl El

A1 of

2 MHA-EUHY 9
- 351 -

a3

g 59 A



ovlE 7H.

® 2030 A= Ad EHIL AH A FFES 5 (W45, 2000= 7t
Aota A R e g HA AN 2%% ZHE R A °F 10009

o A A B AR AAYlH Aol =] Wil & e )

q =
=
W 7lee) AERE Fi AT LHANE B5F 5 A4S AOE ART.

IR

% 5-2-2 ¥ AT #AY] TleH, A - AGA S 7de s B ey

3. F7kolm A Al A e AF A&

G5 A AANA FuHon Trhs HFD/FY FddN B 9
NUA AF AAZA G, A=Y % ZEYL AT o] 1 Hgol &
g Ao o=

AA 1918 = A SIERE Vs (A3, LG o) A2¢E B9 AL A
A AUdAE 28 AA Y Al AUAEIRE T A5

oN

- 352 -



A/ZLIEE
JI=WI X =&

[_

e

512 ool sietp
eIt Il= =

S

|

3% 5-2-3 & AT AL =rteln A Ao H o] Al

o7

ofo

Liq

o 714

A3 A dAT+23

<

2E

B

7149 %

1.

A% A

L:

il

=6

2

AH=A S

-
R

o 714

=

wel

e 1 A7)

ga-o] AAA e A

|

A nd gl 3dA

291

o A

1<

J A

o= ]
=

%

o H

g

4 ol

3]
52

Ao Wl ae Aol FE 130
9

3

o -

CEIEE

= AAA el

By

=

- 353 -



¥ 5-3-1 B QA=A TFEAD) A
TEENEFENE
of == &% /=7 g g
(20104)
3 AHl 29
ol Xl o

INEslES =21 Al g 9059

o e (19 13, =2 853%)
SalQ ol [y 1 28602 / 3241 -~ o =

= U 17

N 28}3}; [=Xe:| (g__rletéFE' 70._|)

ALY FolE TG RANK 2T A

o UTECUS A&="e] A4 ¥ 2YHAY 7|e9 &8 A+ Ads §
U UTECUS Al2de] Haa H7F 4 Hegdr)- A8 - 2

A AlE dAeE AT RI(KAIST)
j=i) >

o] A4 ZH*L?_ AR 28 deol g A

1ot
2
12

%

e 20099 49 ‘The World's Best Green Airport'E H| Ao & &= ‘HAAAA A
< FHste] =7FY] HARQl S8 Add] F3skal 3l

o AAAAYR e F&y FHEFe] 20098 FAFFAG Y= FFEAHAAE R
2 EleFd 100kWel F= 50KW, FERYER S stolEEl= R T 427
Az 5 AAANUA AMEAE 245k AZF oF 195Mihe] 8 FF o]
7beal A, oF 83t 247t~ wiE A aE a2

o AFFAAAY g <SG 15K (d9),

atd deh

;‘; mlm

4 254Geal A€ 61Geals o] &

L

A A

Al 2 o7 Hupd 539 i Aol A Bk, BdE 2 ALE o83 A
A euA AdujE F cluA 9] 10% oldoz &8 7Ags sHsta o
stol Bl E(HFL+A D) AT @ ouA de/EE&/AF A=dls A5 285t

712 &
o A= AFFEALY] S Y AFY (G 5-3)= &3}
RUHY 7=& #7|Aststo] @9 Al A

)

- 354 -



5-3-2 #1714 °

3T
ar

M lom g o O O | ol o | o
— TR = < < =< =< =<
- SR
| m 0 W | w0 |~ | o0 _T__AT
o 8l wl wl] T O wll o
~ | Y| Y| Y, © N =
D
=
=
K
(9p]
i
D
=
K0 _
- n)
o m_”_
100 3
L ) 0
A — 30
<+ of 1 =
ol oK ._.E._ _mm
A0 laa}
) 31 = - N
o= a | 2 i
= 4r = )
< il o+ 3l O o0 I
Kk =< = = =
el 00 K0 < T L
. | s | e | . | |
100 < i 100 &l H0
Mo < Aﬂ 0 M| = m
3 D o Mo o+ pal <]
IS 0 oTl x| A D
30 3 100 uj my = -
- - Ho Al ar o e}
m S | | _ _ U
0 [} El i3J <J o
oY) I E1l o) oY) i =
<] w0 ) Ell Ell A i)

tol7|dd 4 A

K

2.

s

gjo] W

3 s 7l

UTECUS Al2=Hl

ol

g

A

&% 7

S|
ZS|

ki3

o

o

il

A E) AAA oA Al H

B

2 Pilot Al EUE

As

AA A B FA

)=

1=}
T

dlo
il
hin

|

X

r

AA e} E AFZ(KAIST)H}2

= A&

A

o] %

o ==
He T3

Aol I A

- 355 -



R0 30 K oY

Mo o B - o nJ
A s R o A
Rl o A
oJ -
0 i = o] Y
2[R0 T = RO A
8l __ P
~ < <0 oo
= 3=
K0 = o 00 o ]
= D w00 S A
Rl
a0 00 N
m ojll 3 .:n
) ar A0 < =
= 80 < T
0 Wmo IW ™
= 7l Hl © X0
= = 3 =
= T 0 Ro
[0 &)
00 =
80 H =
)l =t _
~ M s ~
R’ ol
a3l <

- 356 -



7Vle i 3

KAIST A8

(¢}

T
53

=

=1
2|

F

=

CH)

]
X B

MAH 2O ALS
=7 24

AR H-Zg-AF A" AA

o=}
=

=
-3

l

P8

O Nse

1. iR

i
K ]
_— Q.E
X Klo <
L@ 5
Ho i
3 %O -
iy a do 7
> ﬂ 5 B
H| oF X0
= W~
iz
K0 o ol o TK wm
| < ST
el m._Ao o_e o_a ,z|_o 10
& § o S T o
H_o ,_n._lv._v.H 0_1_ o ©- H__l %.._AO
N, Ao oy ® .
i |k — G
3 Slmos ok owr S
N g ., W M| o T X
| o¢ s .
g Hu=lHY 0 uE
- 0
— T TH o Tn d.o
Y O T I I
Kk = E -
wr - 2
J = ujo Mo KJ = m_m
R ¢ 05
N (am]

(163€~)

5
T

o]

- 357 -

Aol FA PP A& wet 71sdA F3



10J
OH

B
K

[

Ml 6

=
T

AL

’

?_

A
B

)7, Sh ANk et e =iy, A2l 8%

(2005), “H]

PP.73-84

—

s
i

=K

)

ol

3, A

3}
5)

F 3] A A B

R4

ke

[€]

o]3
=

3.

23], pp. 215-226.

A (2012) “=

2

, Pp. 31-58.

Z7A A144 10
oA (2010), ¢ FAeF 71G A3 Bate] Ao #ek AT

S| AR RAE, 21104, 3

<

A%stay

e

]

4
=

5

4.

o

il

(e}

3

Ry

AT,

}

kel
pad

A
of ¥

5 5

(2010), "

E
=

TA Do YA 3 =8F, Vol. 7, No. 1, pp. 23-31.
1

8.

i

Tor

G

A

Tor

T

, Pp. 69-77

<

, A132¢, A2C

A= (2006), “BA+ Bz AR AA
(2005), “=5l A

H

=]

)

-
R

[e)

=13

11. A=t

10.

2}
3]A], Vol. 42, No. 4. pp. 318-329.

ol
of)
do
olo

—

!

’

L BEATA 2

J@.O
ol
o

3417, gk e ol A A

o ©

-

RS E R

Ao

2|

I
=

&) sE
=

=
fus

4

1

kel
o

(2005), #|
3, A324, ABCE, pp. 177-183.

7V s A oA &3] =53 Vol 7, No.2, pp. 43-50.
. (2005). “A) =49

A

|

8

3

o)

A1 (2012), "3} I E

, LrE, &

o) Rt
U

)

f_ll

B
—~

=]
y 1

el

,élo

o

16.

2

}

5 %]

AT dagr]e
], 639-644.

o
1

=

- 358 -

$-, ¥F2=%h NV Nikhil (2012) ”



18.
19.

20.

21.

22.

23.

24.

25.

26.

21.

28.

29.

30.

31.

32.

33.

34.

305.

A=A (2010), A - AABAHA] =9 BEFFGA A48 HalA,
dEA, TE (2010), ‘AT & =R SHALH 3

%
A6H, A1E, pp. 39-44.

JEA, THA, AAA, AAF (011), “AFAnEs] AAx00] A% §& AAEE
o} HojZ Ao U]X]‘“ g’ Au|Fsh=5Hd, Al 239¥, Al 2%, pp. 95-102.
24, EUF (2000, “ADY DPZ o] & studE WAz A4 1R
AL A 3] A QA A AL, A 57, A 42, pp. 16-22

Aol by e, (2011). “AAAAA, 7719

F29 A% daar) A4 9712 AEE007), 224

94k, Airak, B, B (2004), “A B BAeA 9 xd_l.ﬂ— A% g olga A
A= Wk A2, g,

#44, FHA @ A (2010). “AD oA - AQu, AR, AL
A% Z]%‘é % od =% Au2003), AHe) AR

Sl 15755\_ uh/}ﬂ]— 422\471“ }\]}\Eﬂ 7HHL(2013) L_E:]jod:r“’l
American Somety of Heating, Refrigerating, and Air—Conditioning Engineers,
ASHRAE (1997), Handbook of Fundamentals, Chapter 26, pp. 47-49, Atlanta, GA.
Anil Misra and Shiping Huang(2011),"Effect of Loading Induced Anisotropy on the
Shear Behavior of Rough Interfaces”, Tribology International Vol.44, Issue 5, pp.
627 - 634

Arslan, U., Huber, H. (2013). “Numerical Back-Analysis of Geothermal Laboratory
Tests with Forced Groundwater Flow”, Thirty-Eighth Workshop on Geothermal
Reservoir Engineering Stanford University, Stanford, California, February 11-13,
2013 SGP-TR-198.

Bandos, T, Montero, A, Fernandez, E, Santander, J, Isidro, J, Perez, ], Fernandez de
Cordoba, P and Urchueguia, J (2009). “Finite line-source model for borehole heat
exchangers: effect of vertical temperature variations,” Geothermics, Vol. 38, pp 263
- 270.

Barcenilla, J. R., Nutter, D. W., and Couvillion, R. J., 2005. "Effective Thermal
Conductivity for Single- Bore Vertical Heat Exchangers with Groundwater Flow”,
ASHRAE Transactions - Research, 111(2), 4807.

Baudoin, A (1988). Stockage intersaisonnier de chaleur dans le sol par batterie
d’echangeurs baionnette verticaux: modele de predimensionnement, Ph.D. Thesis,
Universite de Reims, France.

Bennet, J., Claesson, ]J., Hellstrom, G., (1987). “Multipole method to compute the
conductive heat flows to and between pipes in a composite cylinder”, Notes on Heat
Transfer 1987;3:1-42.

Blackwell JH. Misener AD. Approximate solution a transient heat flow problem.

- 359 -



36.
37.

38.

39.

40.
41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

ol.

52.

Proc Phys Soc 1951;A64:1132-3.

BLOCON, 2008, EED 3.0 - Earth Energy Designer

Bose, J (1991). Design and Installations Standards, International Ground Source
Heat Pump Association, Stillwater.

Brandon, T.L. and Mitchell, J.K. (1989), "Factors Influencing Thermal Resistivity of
Sands”, Journal of Geotechnical Engineering 115 (12):1683-1698.

Carslaw, H.S. and Jaeger, J.C. (1946). "Conduction of heat in solids”, Claremore
Press, Oxford.

Carslaw, H and Jaeger, J (1947). Conduction of Heat in Solids, Oxford.

Cengel, Y. A. and Ghajar, A. J.,2012, Heat and Mass Transfer - Fundamentals and
Applications, McGraw—Hill, New York, NY.

Claesson J. and Hellstrom, G.(2011).”"Multipole method to calculate borehole thermal
resistances in a borehole heat exchanger”, HVAC&R Research, Vol. 17(6), 895-911.
Clauser, C and E. Huenges, (1995), "Thermal Conductivity of Rocks and Minerals”,
Rock Physics and Phase Relations, Ed. T. Ahrens, AGU.

Comsol Inc. Comsol Multiphysics ver 4.3a. USA,; 2012.

Coté, J., and Konrad, J.M. (2005), "A generalized thermal conductivity model for
soils and construction materials”, Canadian Geotechnical Journal, 42(2): 443 - 458.
doi:10.1139/t04-106.

Cui, P, Li, X, Man, Y and Fang, Z (2011). “Heat transfer analysis of pile geothermal
heat exchangers with spiral coils,” Applied Energy, Vol. 83, pp 4113-4119.

De Vries, D.A. (1952), "The Thermal Conductivity of Soil”, Mededelingen van de
Landbouwhogeschool te Wageningen 52 (1):1-73, translated by Building Research
Station (Library Communication No.759), England.

Diao, N., Li, Q., Fang., Z. (2004). “Heat transfer in ground heat exchangers with
groundwater advection.”, International Journal of Thermal Sciences, Vol. 43,
pp.1203-1211.

Diersch, H.G., Bauer, D., Heidemann, W., Rithaak, W., Schitzl, P. (2011) Finite
element modeling of borehole heat exchanger systems: Part 1. Fundamentals.
;Computers & Geosciences, 1122-1135

Domenico, P.A., and V.V. Palciauskas. 1973. Theoretical analysis of forced
convective heat transfer in regional groundwater flow. Geological Society of
America Bulletin 84, 3803 - 3814.

Esch, D. C. (2004), "Thermal Analysis, Construction and Monitoring Methods for
Frozen Ground”, Vol.492 Resteon, VA: American Society of Civil Engineers.
Eskilson (1987). Thermal Analysis of Heat Extraction Boreholes, Ph.D. Thesis,
University of Lund, Sweden.

- 360 -



53.

o4.

5.

o6.

ol.

58.

59.

60.

61.

62.

63.

64.

60.

66.

67.

68.

European Geothermal Energy Council. GROUND SOURCE HEAT PUMP: A
GUIDE BOOK, Brussel, 2008.

Farouki, O.T. (1986), "Thermal properties of soils”, Clausthal-Zellerfeld, Germany:
Trans Tech Publications.

Fredlund, D. G., A. Xing, and S. Huang (1994), "Predicting the permeability function
for unsaturated soils using the soil-water characteristic curve”, Canadian
Geotechnical Journal., 31: 533-546.

Fujii, H., Itoi, R., Fujii, J., and Uchida, Y. 2005. Optimizing the design of large—scale
ground-coupled heat pump systems using groundwater and heat transport
modeling, Geothermics, 34, 347 - 364.

Gaia Geothermal. Ground Loop Design Software, GLDZ2012. USA.

Gemant, A. (1952), "How to Compute Thermal Soil Conductivities”, Heating, Piping,
and Air Conditioning 24 (1):122-123.

Gu. Y. and O'Neal, D.L. (1998). "Development of an Equivalent Diameter Expression
for Vertical U-Tubes Used in Ground-Coupled Heat Pumps”, ASHRAE
Transactions, Vol. 104, 347-355.

Harlan, RL and J. F. Nixon (1978), "Ground thermal regime”, Chapter 3 in
Geotechnical Engineering for Cold Regions, McGraw—Hill Book, New York, N.Y.
Hart, G.K. and Whiddon, W.I. (1984), "Ground Source Heat Pump Planning
Workshop, Summary of Proceedings”, EPRI Report RP 2033-12. Palo Alto: Electric
Power Research Institute.

Hellstrom G. Burkhard S. (2000), EED (Earth Energy Designer) User’s manual.
Sweden.

Horai, K. (1971), "Thermal conductivity of rock-forming minerals”, Journal of
Geophysical Research, Vol. 76, pp. 1278-1307.

Incropera, F. and Dewitt, D. (2008). “Heat Transfer”, sixth edition, John Wiley and
Sons, New York.

Ingersoll, L and Plass, H (1948). “Theory of the ground pipe heat source for the
heat pump,” Piping and Ari conditioning, Vol. 20, pp 119-122.

Ingersoll, L, Zobel, O and Ingersoll, A (1954). Heat Conduction with Engineering
Geological and other Applications, McGraw-Hill, New York.

Ingersoll, L.R., Zobel, O.]. (1954). “Heat conduction with Engineering Geological and
other Applications”, Mc Graw-Hill, New York.

International Ground Source Heat Pump Association (IGSHPA), (1988),
Closed-loop/ground-source Heat Pump Systems. Installation guide (National Rural
Electric Cooperative Association(NRECA) Research project 86-1). IGSHPA,
Oklahoma State University, Stillwater, OK.

- 361 -



69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

31.

32.

Jalaluddin, A. Miyara, K. Tsubaki, and K. Yoshida, 2010. Thermal Performances of
Three Types of Ground Heat Exchangers in Short-Time Period of Operation,
International Refrigeration and Air Conditioning Conference at Purdue, West
Lafayette, Indiana, USA

Johansen, O. (1975), "Thermal Conductivity of Soils”. Ph.D. thesis, Trondheim,
Norway, (CRREL Draft Translation 637, 1977) ADA 044002.

Jun, L., Xu, Z., Jun, G. Jie, Y. (2009). "Evaluation of heat exchange rate of GHE in
goethermal heat pump systems.” Renewable energy, Vol.34, pp.2898-2904.
Kavanaugh, S. (1995). “A design method for commercial ground-coupled heat
pumps’, ASHRAE Transactions Vol. 101, pp.1088-1094.

Kavanaugh, S. (2010) “Ground Source Heat Pump System Designer - GshpCalc
Version 50 - An Instruction Guide for Using a Design Tool for Vertical
Ground-Coupled, Groundwater and Surface Water Heat Pumps Systems”, Energy
Information Services.

Kavanaugh, S., Rafferty., K. (1997). “Ground-Source Heat pumps : Design of
Geothermal systems for Commercial and Institutional Buildings”, ASHRAE, USA.
Kersten, M.S. (1949), "Thermal Properties of Soils”. Bulletin 28, Engineering
Experiment Station, Minneapolis: University of Minnesota.

Laloui, L., Nuth, M., Vulliet, L. (2006). “Experimental and numerical investigations
of the behaviour of a heat exchanger pile”, International Journal for Numerical and
Analytical Methods in Geomechanics, Vol.30, pp.763-781.

Lewis, R.W., and Schrefler, B.A. (1998). “The finite element method in the static
and dynamic deformation and consolidation of porous media’, New York, John
Wiley.

Man, Y, Yang, H, Diao, N, Liu, J and Fang, Z. (2010), “A new model and analytical
solutions for borehole and pile ground heat exchangers,” International Journal of
Heat and Mass Transfer, Vol. 53, pp 2593 - 2601.

Marcotte, D., Pasquier, P., Sheriff, F., Bernier, M. (2010). “The importance of axial
effects for borehole design of geothermal heat-pump systems”, Renewable energy,
Vol.35, pp.763-770.

Molina-Giraldo, N., Blum, P., Zhu, K., Bayer, P., Fang, Z. (2011). “A moving finite
line source model to simulate borehole heat exchangers with groundwater
advection”, International Journal of Thermal Sciences, Vol.50, pp.2506-2513.
National Renewable Energy Laboratory(NREL), 2004, Projected Benefits of Federal
Energy Efficiency and Renewable Energy Programs FY2005-FY2050, U.S.
Department of Energy, p. 384.

Ngoc Bao Vu., Seung Rae Lee., Skhan Park. Seok Yoon. and Han Byul

- 362 -



83.

34.

3.

36.

87.

38.

89.

90.

91.

92.

93.

94.

95.

Kang.(2012).”"Evaluating Borehole Thermal Resistance of Single U-type, Double
U-type and Triple U-type Heat Exchangers by Equivalent Diameter Method” , 25th
KKCNN Symposiumon Civil Engineering, Busan, KOREA.

Ngoc Vau Bu. (2013). “Life Cycle Cost Analysis of Ground-Coupled Heat Pump
Systems including Several Types of Heat Exchangers”, M.S. Thesis, Korea
Advanced Institute of Science and Technology, Daejeon, Republic of Korea.
Oklahoma State University. (2007). “GLHEPRO 4.0 For Windows - User's Guide”,
International Ground Source Heat Pump Association.

Olivella, S., Gens, A., Carrera, J., and Alonso, EE. (1996). “Numerical formulation
for a simulator (CODE_BRIGHT) for the coupled analysis of saline media”,
Engineering Computations, Vol. 13, pp. 87-112.

Pahud, D. (2007). “PILESIM2 - Simulation Tool for Heating/Cooling Systems with
Energy Piles or multiple Borehole Heat Exchangers - User Manual’,
[SAAC-DACD-SUPSL

Park, H., Lee, S., Yoon, S., Choi, J. (2013). “Evaluation of thermal response and
performance of PHC energy pile: Field experiments and numerical simulation”,
Applied Energy, Vol.103, pp.12-24.

Park, S. (2012). “Development and verification of analytical model and its solution
for spiral coil type ground heat exchangers”, Ph.D. Dissertation, Korea Advanced
Institute of Science and Technology, Daejeon, Republic of Korea.

Philippe, M., Bernier, M., Marchio, D. (2009). “Validity ranges of three analytical
solutions to heat transfer in the vicinity of single boreholes”, Geothermics, Vol.38,
pp.407-413.

Rees, SW., Adjali, M., Zhou, Z., Davies, M., Thomas, HR. (2000). “Ground heat
transfer effects on the thermal performance of earth—contact structures”, Renewable
& Sustainable Energy Reviews, Vol4, pp.213-265.

Remund, P. (1999). "Borehole Thermal Resistance : Laboratory and Field Studes”.
ASHRAE Transactions, Vol. 105, pp. 439-445.

RETScreen International Website: www. retscreen.net

Rybach and Gord (2005), “Country Update for Switzerland”, World Geothermal
Conference 2005, p. 11.

Sutton, MJ., Nutter, D., Couvillion, R. (2003). “A Ground Resistance for Vertical
Bore Heat Exchangers with Groundwater Flow”, Journal of Energy Resources
Technology, Vol.125, pp.183-18&9.

Tarnawski, V. R., Leong, W. H., Momose, T., Hamada, Y. (2009), "Analysis of
ground source heat pumps with horizontal ground heat exchangers for northern
Japan, Renewable Energy, Vol. 34, pp. 127-134.

- 363 -



96.

97.

98.

99.

Wagner, V., Blum, P., Kiibert, M., & Bayer, P. (2013). Analytical approach to
groundwater—influenced thermal response tests of grouted borehole heat
exchangers. Geothermics, 46, 22-31.

Yavuzturk, C. Spitler,]. Rees,S.,1999.A transient two-dimensional finite volume
model for the simulation of vertical u-tube ground heat exchangers. ASHRAE
Transactions 105(2),465 - 474.

Yoon, S., Lee, S., Go, G., Jianfeng, X., Park, H., Park, D. (2014). “Thermal transfer
behavior in two types of W-shape ground heat exchangers installed in multilayer
soils”, Geomechanics Engineering, Vol.6, No.l, pp.79-98.

Zeng, H., Diao, N., Fang, Z. (2002). “A finite line-source model for boreholes in
Geothermal Heat Exchangers”, Heat Transfer-Asian Research, Vol.31, pp.558-567.

100. Zhang, W., Yang, H., Lu, L., Fang, Z. (2013). “The analysis on solid cylindrical

model of foundation pile ground heat exchangers with groundwater flow”, Energy,
Vol.55, pp.417-425.

- 364 -



