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Thermal Performance of an Earth Sheltered ’assive Solar House “Earthship”

(Long - Term Measurement for the Test House without
Auxiliary Space Heating and Comprter Simulation)
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Abstract

An earthship developped by an American architect, M. Reynolds, is a kind of earth sheltered
passive solar house utilizing recycled building materials such as used cans and rubber tires for the
wall construction. To obtain fundamental information on the thermal performance under the
climate of Japan, carried out were measurement without any space heating/cooling, using the test
house constructed in Kagawa Prefecture, and a series of FEM simulations. Main findings are
summarized as follows:

1) The annual and daily temperature fluctuations of indoor air of the test house are remarkably
stable comparing with those of the outdoor air. However, the indoor air temperature during the
summer fluctuates over 30 °C. On the other hand, calculation results show that such problem can
be solved by shading for the south - facing large window.

2) In case using shading devices and night insulation (Weather shutters) for the sou th-facing
window, the estimated heating/cooling loads for the earthship model are remarkably smaller

than those for a slab - on - grade model of which size is similar.

Key words : Passive Solar House, Earth Sheltered House, Thermal Performance, Free
Temperature Flactuation, Balanced Temperature, Heating/Cooling Loads,
Energy Simulation, Finite Element Method
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EEP CHOZEIN Lz & 2 05 2 EER ET5
Avva - ETNVERNDS .

43 FHEEHOERE
431 NSA—RETHEH

ABRE U7z 2 T8E (R ES RUSREHA ) o &ty
T T 2B EZR 1 OBYVRETS.
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PEHTE Sy T - V=5 — - NTR T =Ry 7| OBWMEREICBE T S5

FEE—FE LT, OFMOBARERFHE Mode0),
Q=B & —FEP20°C—EROHE OFEMBAAR R
(Mode 1), @R 18~26°C DFEFICINE D L H 12, B
SREIEA 18°CRMOBAITIT 18°CETHEEL, BR
EEN26°C BZ B EITIL26°C ETHET D, H
RE 2 IRFEEIRIC & 2 BAROFRFHE (Mode 2) D
3BV ERETD.

¥7z, BEMRBBREHEORGE LT, OBHIE
ik & THBTEVE T 5 & $1TH 720 (Case 0), @EH3 4
AR(7A18~9H31B)ICHFE#RETT 5 (Casel), @

F1 FEICBTIEEMLOBMIMEEDORE
Building EI ¢/ | Heat Conductivity | Volumic Heat Capacity
Material (W/mK) (kJ/m’K)
Setting for Earthship Model
Surrounding Seil ]0.76 (see *4) 2637.2 (see *4)
R. C. Floor Slab 1.63 2013.5
Soil-filled Wall 0.66 (see *4) 2465.4 (see *4)

This portion is not devided into finile clements

S;’;?::i‘ymmn and dealt with_towl heat transm}ssiqn rate,
Contacted with 11.3W/K[NB] (i.e, the heat capacity is neg—
the Outdoor Air lected. However, the half of that (2275.0 KI/K)
(see *8) is taken into account of the heat capacity of

indoor air.

Actual heat capacity of the buidling volume
(161.5kJ/K) and that of the partition wall
(15148.4 kJ/K) are summed and the summed
value is converted to be equivalent to the
two-dimensional model. The value described
in the above row (2275.0kJ/K) is added to the
summed value. Finally, the value for the model

Heat Capacity of
the Indoor Air
(see *8)

becomes 4188.7kJ/K.
Setting for Slab—on-Grade Model

Surrounding Soil {0.76 (see *4) 2637.2 (see *4)
R. C. Floor Slab 1.63 2013.5
Construction
Directly This portion is not devided into finite elements
Contacted with and dealt with total heat transmission coef.
the Outdoor Air (4.4W/K, see *9).
(see *8)

. Actual heat capacity of the buidling volume
Heat Capaut.y of (192.5kJ/K) is converted to be equivalent value
the Indoor Air di - .
(see *8) for the two-dimensional model. The value is

12.1kJ/K (see *9).

NB: For the case with the night insulation, the total heat trans—
mission rate for the walls directly contacted with the outdoor air is
setted to be 8.11W/K, assuming that weather shutters with
R-1.43(a?K/W) are installed on the south~facing glazings.

8 HERHOATICET IEEIAE R EH L TERSFET, 2
WLETNYT ) OREAEFRLTEL D (ELABRD ¥,
BT BB 2RTET VLY OEEKORFRITNMKT S). £
DFE, KTEREOBRYOATITHET D EGORITARRREY HE
U, BREM TR L CHAREREY 2 ) ORIBABRKELRD, Zh
WWHRITIm & LTHROLNI 2 KRTETVOKEHERLT, EFA
WL OBEEORERBERBLELS. £, 2RTEFNMTE
T3 EERORFEL, EROBYICKITIELLONEEESE
TNOEFE, LOEEoEF A Y TTE I MABEORER L
ERDONRICET DREOREROENZ S bITMX 5 ) & ¥
RE#YY THRL, TR 2KRTETFAVOKREMERCEL T
5.

9 ZOBRE, PIETREBNIITETIAONSE L E L THBER LTS
FREEARYO/BEL LT, ESOE YA YEZE X 100mm OF
WRY AFVUMBRICEESRAZLOZBEL, ILEE &

Vol.22,No.6

10,000 8000 600 10,000
[Total elements: 6281 = [T Wall'by used tires|
<8rr Total nodes: 352 filled with soil
N .
g Floor slab {Room

000

10

Adiabatic boundar:

Adiabatic boundary

Boundary at constantly fixed temp. (the annual mean sol-air temp.)
This left domain is applied for the<e— Total elements: 245

slab-on-grade (SG) model. * Total nodes:

145 for

the SG model

K8 7—AVy7D2RTHBELEET LV

K2 NTA—FETOHERMGORE (FHEMEE)
Run |Building A/C Mode Strategic Case
No. Type (Room Air Temp.) |Case No. Shading Night Insu.
1[NB] | Earthship |0 - (Free temp.) 0 No No
2 0 (Free temp.) 0 No No
3 E:;:h' 1 (20) 0 No No
4 P 2 (18-26C) 0 No No
5 Slab- |0 (Tree temp.) 0 No No
6 on- |1 (20°C) 0 No No
7 Grade |2 (18-267C) 0 No No
8 0 (Free temp.) 1 Yes No
9 E:;‘i}l;' 1 20%C) 1 Yes No
10 2 (18-26C) 1 Yes No
11 0 (Free temp.) 2 Yes Yes
12 E:]:h' 1 (20) 2 Yes  Yes
13 Pl (18-26°C) 2 Yes Yes
NB: Measured Weather Data are inputted only for Run 1.

#£3 H—THHESEGORE

Item for Condition

Description

Incidental Solar

After calculating the actual amount based on
an incident angle-transmission coefficient
properties for the glazings of test house, the

Radiation :
amount is converted to a value for space
heating to the two—dimensional model.
Ventilation Neglected (0.0m /h, see *5 and *7).
Internal Heat
Generation Neglected (0.0W).

Input Data for
Driving Force

Standard weather data for Takamatsu City,
distributed by SHASEJ ¢]NB].

Calculation Step
and Period

Step time: 1h, Repetation: 5 years (43,800
steps = 8760 steps/year * 5 years).

Initial Temp. for

An annual mean sol-air temp., which should
be calculated on basis of the standard

tslzz First Cale. weather data, is given to the all nodes of the
P models meshed by finite elements.

Nadiant Heat Solar absorptivity: 0.84, Emissivity: 0.90.

Property of Heat Transfer by Water/Vapor and the phase

Ground Surface

change are neglected.

Over-All Heat
Transfer Coef.

Outdoor side: 23.0W/m K,
Indoor side: 9.0W/m K.

NB: Measured data

r 1994 are applied only to validate the calc—

ulation models by comparison with measurement results.

&, XE, B,

RAZ7WIES EAELEX L ET2RTET L

T ORERARR L ZLRORFRERET H. BELES OF
TNERRY, HEOREEOMERINS V- DEEL, LD
BARITMZ 2.

KT AL F —




MAE— - HEY - HSAREA

HHo BEERCINZ T, A3y AR(2A1H~2A
28 B, 477 17Wd bR 7 ReE TORERTHH BRI
AT H (Case 2) D 3 g+ 2 10

INLOBMETIL, FHEE—F, BEEHEOL
a2 N v 7 ICHBEDYE, R2FT13EY
OHEZITH . /B LRun LIEERE L OBEDIZD DR
FTHY, Run2~13 LIXERIMBERD .
432 #H—vH%H

Fofh, £TORETH— LT FESFTITR
DERIDBEY THD. SMELEET—FiIigEe LT A
BRAES DR HICIIVW EROBER R T — 2O A
B0, ZREL:OBREE BN L THFE(R2DRun])
TiE, AMETEM LT —F ZHAWD 1.

44 FABLORBERR
BRAZROELBN DO BRHERE LR & Ll Lrs
BERIFT. BETAFEHETRRLTND. KT
S, AR L Y B RIS ED T, 41 &
9 FIZENRERQRS5C)ER>TNDIDONHD, AL, &
BN IEFEHME & OZETARIT/NEL, 1°CRBTH
3. HERRIENSN-RREBEREZHMRERL
TEY, ERLEHETe 7L eHRAETVIZES
T, BR|EOEFEBRIZE L CE+472 THlkR
ERHZENFRTHDIEERLLD

N
o

L L PR L R L
7| Run 1 (A/C Mode: 0, Case:0) Indoor air Calc(®)
- Free-temp. Meas(O)
30 - w/o shading & night insu.

Monthly Mean Temp. (°C)
N
o
1

Outdoor air (measured data)
JAN FEB MARAPR MAY JUN JUL AUG SEP OCTNOVDEC

M9 BREEFELHOFERFR S EAEDLE

10 HET7o /774, BEBHELZERLZHELZTI I LiICE-
T, AFERSHLREXRVED. RECHE, BFERE TR
TAOBENIR(ESLT 74V FOBRB)) ISV BLRVLL, =
DREWC L H2HERERIIAFERDROE RBETRTIELRDD
THEESLETHD. RBEEMME, BRI SOmm EDF
ARY AF L UBBRA O R 2WF RE 143mKW) #BEL, 4
ST 2 EOBEFORBEARRRLMENICRET I LIC
Lo THOIED.
BUARBORECHLELRREBHABROEENL, EFH%—FF 3km
—EETARFEDOHFED I o7, ERTHEELRHALRLD, §l
BEHLFEHERREL R D ISBERTAEELHEL, R
EEH 629 ELTEXBZLICLE.
«12 FICEAC LY, EROBEMEICLEENELZITTHS. 3l
&, AEPOHAERZHMIHELILL S, EEREENRD
Y, T—AVy7OEFRERDBEBHOREMICE L TIHELTY
5T ERER I,

*1

o

45 F—RUy T EREMBDOLLERER

451 BREROELD

ES(Case 0) & IREEHIM o> AR IAEL TN L T, 4
s L EEWEOMEE 77 v b LR ZR 10107
T R L, SRR (RN B LTI E
OREICRERZNE DD, FELHER (FH)ICERR
b S, PRI (5 o Slab-on-grade) DF5 73 1.6°C
BREZ2-oTWD. ZhiL, BB ZDEREDR
NES & B CIIR AR D Z LIT LA b D LHERESh
5. %Y, REMEIBREENNSL, #HEBIO
WIEMEAS B =D, i A REIC X o TEIRASEXRY
WEALRSTWZ ENFREEZ bNRD "2

452 FREBAH

%BOM 12 128\ T, ES(Case 0) & FREHIA (SG
Case 0) Z Ly 5 &, =iRZE—FF20°C ILROBHE
(Mode 1) 121, FREEHEI DT AMENITIRBRFE AR 23/
JNWZ ERHE. BAFEEICRT IREAR L NE
LU ORIRILIE, ES 28 4:6, IRHEHWMAS 3.7 )4 ¢
3. =EiR% 18~26°CIZHIHT 2 HE (Mode 2) DEAAfT
W, M E B Mode 1T TEM L, ESDEEIT
Mode 1  18%, FREEHITIDBTEIL38% &7V, AIHD
FRARELEOENMCEL TBRTHD. £OfR
Mode 2 {28\ B ERBIBEATNIL, Mode 1 DIFE &R
Y, BSOHFNDL, REMBOKES & 2oTH
3. BRBEDH D VIIRBEOEGREHRE THRATRK
DEHEERRIIRESERDIRTH DA, KVERELE
UNEERSAE O T T, BREEHE LV HESO L 3 RIRE
BRNNEL, BTFINVF—HEEBEXTENAD

46 BHEERERUVEHEMBOEZICET S FARER
461 BAEEROEEHIRIZTEE

A & - KB OZ&G%EX T3 S2DOBEDHE
RERELDOHBERERER 1117, RIZXhid,
EHIC ANERKRZITO & (Case 1), AFH=ERMN
2~4 5°CIEL 2V, AFHBEDFEKMEAK 27°C 1M
ZHNDHT LMD . K101, BEfE(Case) IZRBIT S
ERERELEEYREE T2 v FLED, BRIZEh
i, B SR & R E 1T 722V G (Case 0) DEF
BKEIIRE LV H72°CHE <, FREIIMIRFE
7 (22.6°C) D 13% D 16.5°C TH 523, H 5K (Case 1)
WLV EEHERIINTIRLY bo1°CaE<, FEN
SRR D FEND 58%(13.0°C) 272 D D3 5 . B Sk
1%, BROFEBEEZITBEOZTNOENIMZ, FFY
REFE LICEDAIPRERDHD L RDHZ LN TED.
E 1BV T, EH o BHERIN 2 TEEICKHE
WrEh % e 3354 (Case2)ICE B 32 &, KRIBEMR O
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MPTRSy o T - =T — e YR [T =2y T OBMERICET AHE

25 L s L 1 1 1 ' L L

Outdoor air L
@/’(slandard weather data for Takamatsu)

Slab-on-grade model [Run No.5]

20 (w/o shading and night insu.) -
1 Earthship model [Run No.2] / i

7 (w/o shading and night insulation)—\

| ®
Earthship model [Run No.8]

7 (w/ shading)

1 N r
| Earthship model [Run No.11] I
1 (w/ shading and _\A i

night insu.)

Difference between Max. and
Min. Monthly Mean Temps.(°C)

10 — .
15 20 25
Annual Mean Temperature (°C)

M10 FRERELFEHEICETLT -V T L
PREEHRL O L (A 45IERT - RRTEA S R O
NERFEE L FHEIIRIETEE)

Runs 2, 8 & 11 (a/c mode: 0, Cases 0, 1 & 2)
L ' ! s f h | ) !
T

] \ +——
] Indoor air w/o Shading and night insulation(@)
. | w/ Shading(%/) — ‘

] w/ Shading and

/night insu.(A)

vvvvvvvvv Period for shading
Period for night insu.(Case 2) (Cases 1 & 2)

JAN FEBMARAPRMAY JUN JUL AUG SEPOCT NOV DEG

ES
o

w
o

L e e e

-
o

FENR N BN

LOutdoor air

L e o

Monthly Mean Temperature (°C)
N
o

o

=
_
=

B ERE - BTG DB S B R EIRFLE
BiCRIETR

FRMN2°CHEF L, 2 AL REAFHERN
16°CERR LED L D025 2 L3S . 102 Lh
1, Case2 lCBITBEFHRRBIINITIRLY 6.6°CE
<, FEESEIIANRIRERZE (22.6°C) D55 D 16.5°C T
hD. BEEREREAE RS DEIUL, BHO
ERLERNTHSCETTH20, TORRLLT, F
R D3R IE LB I AR 15~28°C DR & 72 5.
462 EMBAEFICRIEITEE

1242, BEER KERRO LG ELTHED
ERATREE D TRT. LD, 2KkTOFHET
SR T ABRATEET VOREFE TR L, BEALK
EREM - CEELZ. Rk, BHEREZITD
LT Y (Case 1), THNRVIEFE (Case 0)IZEE~T
WEAMMERTHZ LD, Tk > FHAA
HOIERIZ, Mode1 T8%, Mode2 T39% THY, {&
BOESVITHERELETRECERS. BHERIC
A CHREBEAETE L2384 (Case2) & T b EHE S 72
WA (Case 0) Z EE~D &, WEIMEMZ XV IREART S

Vol.22,No.6

A/C Mode 1 A/C Mode 2
(room air temp.: 20°C) (room air temp.: 18-26°C)
1 1 ) 1 1 ] 1 1
Case 0: w/o shading &

night insulation
] Case 1: w/ shading -

w
o
o

~ {Case 2: w/ shading & |L
T o= X ] . . .
R 1=} 1 night insulation
- T 9% S|= T
PR P IR - N
PR IS
200 — Q=R -
o~ 8

Cooling load

Heating load

Annual Heating/Cooling Loads Per Unit Floor Area (kWh/mzyear)
1

case 0
case 0

ES case 0
ES case 1
ES case 2
Slab-on-grade
ES case 1

%)
°
@
s
@
c
?
o)
o
n

12 B - BTG O, A RIS
RIETH

BRI L, ZDEBDES T Mode 2 DFAED I B KX
WO D, Mode 2 DERARIE, B STEERK - RERT
D ARNEA D 40% D 18.1kWh/m> IZE T bhbd.
ZOBAR, FREME (B SERR - ZRFERR L) D
WAL EABATO 1/5 1B E 2. Mode 2 1A%
MR EDRBREREIGIVEETH I 00, B0
B HFHEfR & OB BB RO FIEE, ESOET RV
X —FHER BV TRERERRZDHDEELLD.

5 F&EH

ES(7— AV vy 7)) DBMIMREZ I bz L, FAE
DRSO T TORBREFEIC D 5 EENEEZ
By ez AME LT, OFIRMEBIMCER S
KHBRFRLAWT, HBEORVBRERKEICKT
DEEEE R 14 ARIER LR, WO 72
2RTEAEREREICLY, RBAES ZBELLET L
O BREROELD L ERBATOTREFREZ, &k
DRBLEMO T CRRINCITo IR ERE L.

FEREVELNZMAIIUTOLIICELDLND.
1) REF ES DETHERIL, FEHHRELY K

5°C BV, E-REOEREND, AREBEFERE

30.9°C DK 23 TH D . ZOREDREMEITRIZ,

EFHEHOBRANRYE LTOHEEIZLDEZANK

EQRPE(iZ=2-F a7

Kbz rv¥F—




MAE— - HY - HREA

2) B -AIBTHEROBEEL, SRBREED
2~13 L/INELEEL TS, BHEDODRVAID
HNTERKRELSEBHLTYH, BRITHREEH LA
V. BiRBEBOREMEILE, KA T, L5
A XL DBEOREENEFES LTS,

3) AFEH=IRIE, AEHARIELY HLEIC 7~10°C
B, BT -2°CEVMNEIERI UTh Y, ER
2@ L T10-30°COMBEERT 5. EMORRIT
BRREECT33°CETEL, BFERLR EoENYL
HELEZ NS, EAHICRVTCE, BT
LEEER M L OBHENKE N E B HEE S, &
0 EEICE LR KER BT 5121, T O
DB L OFRLLEL Bbh3.

4) ERNOMINRE L, Rt BV BB LD
FRAERIZLY, BELTWS. {BL, SRITHA
TEETH .

Fm, BEVIalL—var kv ELREmRITL
TOEOILELDLND.

5) RBAES ZET /N E LzEE, BEOEREIIS
KIREZEDOK TEITH U, BIED [F% 72 R A g
MOERFZE L RER. LML, BEHICHEEEN D
OFB A EERT D L, BREKREN, SIRBD
TRO6ENIMA b, &b, LHICKREkEE
AT, EoBREBEICETHAONG. TOR
B —FEEBELTOERZEN15-28°COfHEE
ok oicins.

6) HEHERRIZ & 2 R ORBEATOERDRIL, A
BREOERZEICL > TEAVNRRERS. EBRE—
P 20°C TR OEM TITERBEA T 8% KR
THIEE D3, 18~20°CDRNIIE &2 /- ¥ THIE
T B TIE39% EBT 5 .

7) EH B HERRICIN% T, KNSR B E i 2
LI & o> THIBBAROERE L, ch bk
RORWEEITHANT, BRE—FEJ20°CIZHED
EMHETRI3%, EBBE 1820°CORIZHIET 5 ik
TH 60% FRBATRMERT 5. TOHEDKE
B 1m* Y72 OFRMARTIE 18 1kWh/m?year & RLFE D
L, BEOEBFEIIV R (B 5ER -
BRI L) OB EICLERBEATTO /SI0BE
20N,

EROMAE, BEORBRFEEL RV THE)IRMH
WS HEDREEGFOTTHLNLZLD, D
TREDHREETVERAVWTEROREEEOTT
IO BRRIO/BZLOTHY, —RELTEX
DT LIETERY. LvL, T bILES QBRI
Wb BRI LTHARMRTHS .

Journal of JSES

L%, EREHIEY I 2 v—Y g v oM@ b
ZiED, BADRFESMITEIS L7~ ES O BB
b EREHNZEHEL TV FETHD. 4RIDE
BIR OEEF E TR, f¥ A PROEEHENES DEL
K D VIR R 22 BREEFE RN 22 2 e B FUE L
TN2DH, HOIWT—ROLEMEL LIz &
DESD MHIHERE D REAZ DN TH 5 8 & hi-
CIOWEES, SHOMIRTIIZ N bORAZERL
2. EAENELNIRE, fitie LTHRE L2V,

Hh & M F

WFREMIC LY, F/IRE AR, WO (B) REFRESBFFER &
DEEBEEVE. Ko, RBA7—AYy AT 3 ECE LT,
MEIT&EG KB K, AFFZK, REREHER THHAEK,
EAFHRICERATHAZENE. £, FFEO—EI, ({) B
TFHE TR 8 AFEE RSB AL (55 3 B REIBFFCRRME : - T EEMARRE
FEOFBBERBESHFECHT AHE - RS EEEE SR L8R
INX—OBAPFAOBRAND -, BRRERE  REHE—-) Itk o7, T
IR LTHEREMICHEEZRTS.

728, AT, FEEOOBEERHB IO EEE - MEL, HEALE
LOTHB.
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B\, 22T, Fa3Hh—EETOHRI? &
BUWESIRE LI, FaddEdssid!

ZOROERBOETP, A —IREDRRE
DL § 2ICELELT 5.

wi, § 3T, SEEo—pIELT, C
) — ZDHFTHRNFz—2DF—<EE/PFEL
<AL, BT, MLN® 1540 ZERIL
TEB10/3LCEATHINICHRIEERZOT
DICTRfT IR THEVWEBEASFEREST 2.

®ic, § 4T, CosEIcsD, ML
NO#H L WABIZEEWTE L BT,

§2. 9 -108DA—ILDRERKR

ZORID A = VOREIRFIE, KEFHEEY
27 LOFKBEBEDFEFICIO N T, T
O TH T

CvY—X :N.C—055%0°C —06
No.C —05: [REEELIEOETHKRB TR
BiEZEICEEL T) OMET, AlEEOAREES R
FLOTEGHFIIEZ DA Ea->T1Th D3
BEOhMG, BMEEET 5 2855I T, KE
LIRS OHENC T T 5 M el 7.
No.C —06: THAI=ZSH (s [EBDOHE
B & LT, YATLOMBEARN, SERIN
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MiE%, FEIMICFHET 2 A0 WEIES, YT
ZRETLHDTHB.

SEENICIE, KBEREEEBEL VWS4
I3 CEgmphoEEEARbLT) BHTALEZIS
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SEREO REFIIABROMEEZAE L, &E
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