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J. Introduction 

1 here are ·two aspects to discuss utilization of earth cooling for passive cooling of dwellings. One is thermal 

characteristics of the earth, ground and soil as a cooling heat source or sink. The other is transmission of the cooling 

heat from its source to rooms or spaces where it is needed. Underground constructionsll and semi-underground 

constructions21 have earth-contact floors' 1 and walls, where the earth as the cooling source is directly connected with 

the rooms by convection and radiation. Earth cooling tubes41 , on the other hand, have the cooling sources apart from 

the rooms, and the air introduced into the cooling tube is cooled by convective heat exchange and conveyed to the 

rooms. 

We investigated thermal characteristics of the earth under buildings by numerical simulations in our previous 

studies5l. 61. They showed that the ground surface temperature in a crawl space is the lowest among the surface 

temperatures in a building in summer because of solar shading and water evaporation. Therefore the ground surface 

in a crawl space can be a cooling heat source for dwellings in summer. As to the cooling heat transmission , we 

consider a system using ventilation. Namely the outdoor air introduced into the crawl space is cooled by the 

convective heat exchange with the earth surface; then, it is led to the rooms and is eventually exhausted through the 

attic to the outdoors. 

In this paper, we examine the combined effect of earth cooling and ventilation on passive cooling of dwellings, by 

field experiments of model houses. Thermal performance of two model houses, one of which is applied to the passive 

cooling system, is compared with each other. The feasibility and the prospect of the passive cooling system are 

discussed with these experimental results and some additional numerical simulations. 

2. Outline of the Experimental Houses 

Two experimental houses of the same structure were built. One of them was re-formed after confirming the 

sameness of their thermal performance to examine the combined effect of earth cooling and ventilation. 

2. 1 Structure of the model houses 

Two experimental houses of the same structure were built in Chikushi campus of Kyushu University in Kasuga-shi, 

Fukuoka-ken. A bird's-eye view of the experimental houses is shown in Fig. 1. Each experimental house is divided 

into 3 spaces ; the attic space, the room space and the crawl space. A plan of the room space is shown in Fig. 2. 

Figure 3 shows a section of the house and its measuring points of air temperature, surface temperature, globe 

temperature and relative humidity. The walls of the experimental house are made of 11 mm plywood boards painted 

• Graduate Student of Kyushu University, M. Eng. 
•• Professor of Kyushu University, Dr. Eng. 

••• Associate Professor of Kyushu University, Dr. Eng. 
•••• Research Assistant of Kyushu University, Dr. Eng. 

••••• Fellowships of the Japanese Society for the Promotion of Science for Japanese Junior Scientists, Kyushu University, Dr. 
Eng. 
(Manuscript received April 10 , 1988) 

- 1 -



white. The room space side of walls is heat insulation 

layers of 30 mm polystyrene. The roof is composed of 

0. 6 mm steel sheets painted brown and shingles of 6 mm 

plywood. The ceiling is made of 6 mm plywood boards 

and a 50 mm layer of polystyrene. The floor is 11 mm 

plywood boards and the basement is 100 mm cement 

bricks. The room space has two windows on its southern 

and northern side. Both the crawl and the attic space 

have also their own openings on their southern and 

northern side. The floor and the ceiling have ventilation 

openings, from the crawl space to the room space and 

from the room space to thP. attir 'flil<'P, rPspr.r.tivr.ly All 

the windows and the openings can be closed and 

FiR, 1 A bird's-eye view of the experimental houses. 

air-tightened if necessary. In this paper, all the windows are closed through all the experiments. The temperatures in 

the experimental house are measured with thermo-couples, and the relative humidity of the room space is done with 1, 

high-polymer hygrometer. 

On the roof of a 5-story building adjacent to the experimental houses, weather condition was observed ; its items 

were global solar radiation, atmospheric radiation, outdoor air temperature, dew point temperature, wind direction 

and wind velocity. 

2. 2 Sameness of two experimental houses 

In the latter part of this p11pr.r, wr. r.stimate the combined effect of earth coolinp; and ventilation by comparison of 

the thermal performance of these two experimental houses. Therefore the sameness of these two experimental houses 

should be confirmed before the re-formation. The two experimental houses were named Model A and Model B, 

respectively. ·Model B would be re-formed as a passive cooling house using the combined effect of earth cooling and 

ventilation. 

N 

® 

Fig. 2 A plan of the room space in the experimental house. 
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Fig. 3 A south-north section of the experimental house 

and measuring points. 



The experiment to confirm the sameness of both Models' thermal performance was carried out from 25th to 27th of 

July in 1987 on condition that all the openings were closed. Figure 4 shows the comparison between the temperature 

fluctuation of Model A and that of Model B. In both Models, the highest temperature in the daytime is found in the 

attic space, and the lowest and stable temperature is the soil temperature at the depth of 80 cm. However the 

temperature differences at each point between Models are slight, at largest 1. 5oC in the attic spaces. 

The air-tightness of the experimental houses is examined with a pressure method1l. The relation between 

indoor-outdoor pressure difference and air leakage in two Models is shown in Fig. 5. The air-tightness of Model A is 

the same as that of Model B when the pressure difference varies from 0. 5 mmAq. to 10 mmAq. By these experimental 

results, we conclude that Model A and Model B are the same in thermal characteristics and air-tightness. 

2. 3 Re-formation of experimental house 

One of the experimental houses, Model B, was re-formed to examine the combination effect of earth cooling and 

ventilation. To obtain the air flow route, the outdoors-the crawl space-the room space-the attic space-the 

outdoors, the following four openings were opened; the northern crawl opening, the floor opening, the ceiling 

opening and the southern attic opening. To promote the convective heat exchange between the air and the ground 

surface, the crawl space of Model B was divided into two parts by guide plates installed at 8 cm height above the 

g,·ound surface. The air flow route in Model B is shown in Fig. 6. The outdoor air flows into the crawl space through 

the northern crawl opening. Then it goes through the narrow space between the guide plate and the ground surface. 

In the crawl space, the water in the soil evaporates to the air and absorbs latent heat from the ground surface. 

Therefore the ground surface temperature can be maintained lower, and the air is cooled by convective heat exchange 

with the ground surface. After being cooled by the ground surface, the air enters the room space through the opening 

in the floor. The air in the room space enters the attic space through the ceiling opening, and finally goes out to the 

outdoors by way of the southern opening of the attic space. 

A small electric fan ( 30 W) was fitted at the ceiling opening to provide driving force for the air movement. It 

caused a ventilation rate about 150m3/h. The ventilation rate was calculated by the sectional area and the air flow 

speed of an opening, and air flow speed was measured by a hot-wire anemometer. In this paper, we only examine the 

results of the forced ventilation caused by the electric fan. However experiments using natural ventilation, using 

wind pressure and stack effect as the driving force for the air movement shown in Fig. 6, are to plan in near future. 

3. Experiments of combined effect of earth cooling and ventilation 

We show here two kinds of experimental results, Experiment No. 1 and No. 2. Model B was intact after its 

re-formation in these experiments. As to Model A, all of the windows and openings were closed in Experiment No. 1, 

but the openings in the attic and the crawl space were opened in Experiment No. 2. The combined effect of earth 
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cooling aml ventilation and its characteristics MP r.xamined by comparison of thermal performance between two 

experimental houses. 

3.1 Results of Experiment No.1 

The results of Experiment No.1 from 14th to 15th of September in 1987 are shown in Fig. 7. The room space of 

Model A has well heat insulated walls and ceiling, and no transmitted solar heat gain. Therefore its fluctuation of the 

room air temperature 1s similar to that of Lite uutdoor air, but somewhat higher in thr. daytime with a time lag of an 

hour. On the other hand, the maximum air temperature in the room space of Model B on Sept. 14 is 28'C, lower than 

that in Model A ( 32'C) and that of the outdoor air ( 31. 5'C) by about 4'C. This indicates the passive cooling effect of 

the combination of earth r.ooling and ventilation. 

The air temperature mentioned in the previous paragraph was measured in the central part of the room space, point 

@in Fig. 3. There were two other measuring points of air temperature in the room space, point® ( 14 cm above the 

floor) and point @ (14 cm below the ceiling) as shown in Fig. 3. Figure 8 shows the correlation of the air 

temperature among these three points. As the room space in Model A is a closed space, temperature stratification is 

produced by free convection. In Model A, Lhe1efore, the temperature difference bPtwr.r.n point ® and point @ is 

about 1 'C when the temperature of point@ is 30'C. In Model B, on the other hand, notable temperature difference 

among these measuring points cannol Le found becuu3c of the forced ventililt.ion 

As to the fluctuations of relativP. humidity of the room spaces shown in Fig. 7, Model A has more moderate one 

than Model B. Since the room space in Model A is air-tightened to some extent, its relative humidity should be 

varied more drastically in accordance with the variation of the air temperature. Thus the room space in Model A 

seems to have an ability of moisture adjustment. To clarify this phenont(o!uuu, lhe fluctuationn of abwlute humidity 

of the room spaces are shown in Fig. 9. In Model A, the value of absolute humidity is not constant but varied. It is 

high in the daytime and low at night in accordance with the variation of the air temperature. This indicates absorption 

and emission of moisture on porous materials. To the contrary, the fluctuation of absolute humidity in Model B is 

similar to that of outdoor air because the outdoor air is introduced into the room space through the crawl space. In the 

daytime, the values of absolute humidity in the room space of Model A is about one and a half time as large as those 

of Model B. 

In the daytime, as shown in Fig. 7 and Fig. 9, the room space in Model B has lower air temperature than the 

outdoors, but almost the same absolute humidity as the outdoors. Consequently the relative humidity of the room 
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Fig. 7 Results of Experiment No. 1, all the openings in Model A are closed and Model B is the passive cooling house. 
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space in Model B is higher than that of the outdoors. 

Considering this fact, we have to estimate the validity 

of the cooling effects including the increase of relative 

humidity. Thus the Standard Effective Temperature•>.•>, 

SET*, is used for the evaluation of thermal environ

ment in the experimental houses. The SET*s calculated 

by obtained data of Experiment No. 1 are shown in 

Fig.10. In Fig. 10, assumed values of the SET* in the 

outdoors are added for reference. The following 

assumption is adopted to calculate the SET* ; a clothing 

level of 0. 3 clo, a metabolic rate of 1. 1 Met and airflow 
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Fig. 10 Fluctuations of the Standard Effective Temperature, 

SET*, in Experiment No. 1. 
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Fig. 11 Fluctuations of heat flux at the ground surface in 

the crawl space in Experiment No. 1. 

speed of 0. 2 m/s. The mean radiant temperature of the outdoors is supposed to be equal to the outdoor au 

temperature. The SF.T* in Moclel R is less than ?.R•c, and close to the room air temperature. The SET* in Model A, 

on the other hand, is 35°C at the maximum, surpassing the room air temperature. Therefore we conclude that the 

passive cooling system is effective from the viewpoint of human thermal sensation, though it increases more or less 

indoor relative humidity. 

Figure 11 shows the heat flux at the ground surface in the crawl space measured with a heat flow meter. The plus 

value means a heat flow from the ground surface toward the soil. In the midday, the heat flux in Model B indicates 

the maximum value; for example, it is 20 kcal/m 2h in Sept. 14. The outdoor air induced to the crawl space heats the 

soil, in other words the soil cools the air in the crawl space. This is the earth cooling effect. 

3. 2 Results of Experimt"nt Nn. 2 

In this experiment, the openings of the crawl space and the attic space, four all of them, in Model A were opened. 

The I"Xpt"rim~>nt~l n~sult.s from 8th to 9th of September in 1987 are shown in Fig.12. The outdoor air temperature in 

both the days is rather low as summer weather condition. The air temperature in the room space in Model B, to which 

the passive cooling system is applied, is lower in the daytime than that of the outdoor. As to Model A, no remarkable 

tendency of the room air temperature can be found in comparison with that of Experiment No. 1. The reason is that 

the heal iu~ulatiuu layt<J un the ceiling reduces the influence of heat conduction from attic Gpace to the room space. 

4. Simulation of Combined Effect of Earth Cooling and Ventiation 

We have shown some experimental results to estimate the combined effect of earth cooling and ventilation. Field 

experiments are affected by weather condition_ In fact, it was rainy summer in 1987 especially in August. Therefore 

we apply a simulation method to examine the passive cooling effect of earth cooling and ventilation in mid summer. 

The thermal performance of Model B in Experiment No.1 is simulated by using PSSP /MV 110Hz>. 'The 

PSSP /MV 1 is a computer simulation program to calculate thermal performance of multi-room buildings, and 

transformed to applying to these simulations (see Appendix). The observed weather condition in concerning 

duration and the soil temperature measured at 40 cm depth are used as the given limitation. 
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The measured temperatures and the calculated ones of Model B in Experiment No.1 are shown in Fig.13. The 

diff~rences between the measured values and the calculated ones are slight and almost within 1 ·c. We can conclude 

from these results that the simulation precisely describes the thermal performance of Model B. 

Passive cooling capacity of the method which we propose can be defined as the cooled amount of the outdoor air 

passing through the crawl space. In Experiment No. 1, this passive cooling capacity was about 10 kcal/m'h as 

all-day-long average value and about 19 kcal/m'h as daytime (from 8 a. m. to 7 p. m. ) one by the simulation results 
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mentioned before. As Experiment No.1 was carried out in the middle of September, this passive cooling capacity 

would not indicate the same values in mid-summer. Therefore a simulation assuming mid-summer (from 1st to 7 th of 

August) is executed using the Standard Weather Data in Fukuoka. The simulation results indicate the passive 

cooling capacity of 16 kcal/m2h as all-day-long average value and 31 kcal/m2h as daytime one, and these values are 

approximately one and a half times as large as those obtained in Experiment No. 1. 

5. Conclusions 

We examined a passive cooling system for dwellings to utilize combined effect of earth cooling and ventilation. Its 

effect was discussed by field experiments of model houses and thermal performance simulations. The main 

conclusions of this study are as follows : 

( 1 ) The room air temperature in the passive cooling system in the daytime is lower than the outdoor air 

temperature by 4oC at the maximum according to the field experiments of model houses. 

( 2 ) The passive cooling capacity of the passive cooling system is estimated as 31 kcal/m2h a unit area of crawl 

space in the daytime of mid summer according to the thermal performance simulation. 

There are some remained problems in this system; feasibility for actual dwellings, utilization of natural 

ventilation, promotion of earth cooling ability, reduction of humidity. These problems will be examined in further 

studies . 
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Appendix 

A heat balance equation at an inside wall surface is expressed according to Eq. 38 in reference 10) as 

A heat balance equation at the ground surface in the crawl space is shown transforming Eq. ( 1 ) to 
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Where, LE,,n denotes latent heat at the ground surface. The latent heat is expressed with Lewis's Law for evaporative heat exchange 

and using an evaporation ratio, k1 ,fh as 

LE,,n= k,,.acJ,nl C,,.( Xs,J.n- X,,.) L,,.= k,,.acJ,n/ C,,.( bn T,,n+ c.- X,,.)L,,n ··· · ...... .. .... .... .. .... .... .. ..... .... ............. .. .... .. ( 3 ) 

where, C,,n is used for denoting specific heat of moist air; XsJ,n for saturated absolute humidity at temperature of T, .• , X, ,n for absolute 

humidity in a space (crawl space), L,,n for heat of evaporation or condensation of water, Xo,n for absolute humidity of the outdoor air. 

Saturated absolute humidity, XsJ.n, is approximated as a linear function of T,, •. Its gradient, b., is the slope of the tangent which 

touches the saturated absolute humidity curve at temperature of T,,._,. The evaporation ratio, k, ,., at the ground surface in the crawl 

space is assumed as a constant value of 0. 5. 

In the crawl space of Model B, convective heat transfer in a turbulent flow are assumed. As the crawl space has a rectangular 

section, the convective heat transfer coefficient, acJ,n, in it is obtained by using following equations13 i,HI. 

S,=C,/2 P; ' 1 ' .... . .... ... .. ... .... ... . . . .. .... . . . ..... . ....... .. ..... . .. .. .... ..... ..... .. ... . . ... .. . .... . .... .. . . . . .... ..... . .... . . . . . .... ........ . . .. . ( 4 ) 

C
1
=[2log(R/k,)+1.68]-•;4· .............. .. .................... .... ............ ... ..... .. ...... .. ..... ... ...... .. .... ... ..... ... ... .... ... .... ... .. ( 5) 

Where, S, is used for denoting Stanton number ; Pr for Prandtl number, C1 for a fricti on coefficent, R for a hydraulic radius, ks for 

roughness of the ground surface. According to Eq. ( 4) and ( 5 ), the convective heat transfer coefficient is about 14 kcal/ m2h•C 

when the ventilation rate is 150m3/h. 
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