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ABSTRACT 

This paper presents the process of simulation modeling 

of Earth-to-Air Heat Exchanger (EAHE) systems (earth 

tube system) as part of a whole building simulation 

using the EnergyPlus program for the performance 

analysis of a school building in the Mid-atlantic region. 

The earth tubes buried under the ground can provide 

major benefits in terms of energy and demand savings. 

The installation depth of the earth tubes was calculated 

and optimized based on the local soil physical 

conditions using the MATLAB program. Parametric 

analysis includes pipe length, radius and air velocity 

inside the pipes. The overall performance and energy 

savings are presented. 

INTRODUCTION 

The soil temperature in a particular depth under the 

ground surface is approximately equal to the annual 

average temperature of ambient air in a specific 

location. The earth tube system takes advantage of this 

soil feature and pre-heats or cools the air passing 

through the pipes in winter and summer.  This process 

leads to reduce the requirements of heating and cooling 

in buildings. This system often consists of one or 

several pipes with specific length and radius . There is a 

simple physical phenomenon behind this technology: 

the soil temperature in depth during the summer/winter 

is usually less/more than the ambient air temperature, 

therefore soil can be used as a heat source or sink 

during the year. In summer, the warm passing air 

releases its heat to the soil through the process of 

convection and conduction and is cooled before 

entering the building space or Air Handling Unit 

(AHU). In winter, the soil transfers its heat into the air 

passing through the pipes and pre-heats the air. This 

pre-heated air is sent to the building space after 

reaching the required set-point temperature by AHUs. 

Figure 1 shows the schematic of earth tube systems 

during the hot season. Many experiments and much 

research have been done on this system.  

 

 
Figure 1 Schematic of underground pipes system 

 

Performance efficiency of earth tubes for a sample 

office building with an HVAC system in three different 

climates has been studied in Italy. It was concluded that 

in colder climates the earth tube system has better 

performance and higher energy efficiency than in other 

climates. The authors also mentioned that if the pipe 

length is less than ten meters, the system will function 

with a relatively low thermal efficiency (Ascione et al. 

2011). Also, in research that has been conducted in 

Tunisia, the soil temperature in different depths has 

been estimated by conducting several experiments and 

compared to the data achieved by a soil mathematical 

model. Likewise, the amount of heating and cooling 

capacity of the so-called system in south-Mediterranean 

climate has been evaluated using a simple thermal 

model in a steady state mode for the earth tube system. 

The effect of parameters like soil physical properties, 

length, and radius of pipes was evaluated and showed 

that according to the Tunisian climate with three warm 

months, three cold months and six moderate months 

(Ben Jmaa Derbel and Kanoun 2010).  

Lee and Strand (2008) developed an earth tube module 

and implemented in the EnergyPlus program for the 

simulation. The model was validated and showed good 

agreement with both theoretical and experimental data. 
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Using the new model, a parametric analysis was carried 

out to investigate the effect of pipe radius, pipe length, 

air flow rate and pipe depth on the overall performance 

of the earth tube under various conditions during the 

cooling season. It turned out to be heavily dependent on 

the climate of the location (Lee and Strand 2008). 

The litreture review shows different methods in which 

the earth tube systems have been used in buildings. In 

most of them, the researchers have focused on a set of 

installed earth tube systems and experimentally 

measured the air temperature through the pipes and 

compared it with a simple mathematical model. 

However, there are still some difficulties for building 

practicioners in designing the earth tube system for 

buildings during the design process. Using EnergyPlus 

simulation modeling along with the design process 

helps designers and architects estimate the building 

performance prior to the construction phase. It also 

facilitates the design process and allows designers to 

compare different design strategies through simulation 

modeling and optimization processes. 

This paper presents the EnergyPlus simulation process 

of a school building model with the earth tube system 

in the mid-Atlantic region. In the first step, the optimal 

installation depth of the underground pipes is estimated 

using soil physical properties and a soil thermal model 

in MATLAB v8.1 (R2013a). In the next step, the soil 

temperature in depth is used in the whole building 

simulation modeling using EnergyPlus 8.0 and 

OpenStudio 1.2 as Sketchup plugin to evaluate the 

energy performance of the school building with earth 

tube systems. This paper also includes a parametric 

analysis for key parameters such as pipe length, radius 

and air velocity inside the pipes which result in the 

earth tube outlet air temperature. Finally, the annual 

energy savings for the middle school building with 

earth tube systems were calculated.   

MID-ATLANTIC CLIMATE 

Raleigh  is the capital and second largest city in the 

state of North Carolina as well as the seat of Wake 

County. Raleigh is located in the Mid-Atlantic region.  

The Mid-Atlantic region has weather influences 

dictated by the Atlantic Ocean, Great Lakes and 

Midwest. This climate region has a humid subtropical 

climate, with regularly moderate temperatures during 

spring and autumn. Summers are typically warmer. 

Winters are mild and wet with highs generally in the 

range of 47–53 °F with lows around or just below 

freezing. Spring and autumn feature warm days and 

cool nights. Summer daytime highs average in the 

upper 80s to low 90s °F with warm and humid nights in 

the upper 60s °F. The cold season in Raleigh usually 

begins around December and the highest temperature 

during the year is in the beginning of summer. 

According to Raleigh Typical Meteorological Weather 

(TMY), most buildings need heating from the 

beginning of November to late April and cooling from 

the beginning of June to early October.  

CASE STUDY 

The case study bulding is a typical two-story year-

round middle school building with fourteen classrooms 

located in Raleigh, NC. The built-up area in this school 

is 13,100 ft2. Figure 2 shows a typical floor plan of the 

middle school building. Since this school is a year-

round school, the building is utilized for 12 months of a 

year without the summer vacancy period.  

The middle school building consists of classrooms, 

administration offices, gym area, and caféteria, which 

have been scheduled to operate during the whole year 

from 8 a.m to 5 p.m. The year-round (or balanced 

academic) calendar has a shorter summer with more 

frequent breaks in order to diminish the “summer slide” 

in student retention. The earth tube system plays an 

important role in providing fresh air (outside air) inside 

the school area. 

 

Figure 2 Typical middle school floor plan 

 

OPTIMAL PIPES INSTALLATION DEPTH 

Typical buried pipe lengths are between 98 and 196 

feet, usually posed at 6.5-13.1 feet under the ground 

level. The pipes are positioned in an almost horizontal 

position, with a minor inclination to remove possible 

condensed water (Ascione et al., 2011). To start the 

simulation process of the whole building with earth 

tube system, it is necessary to know the optimal 

instalation depth of the underground pipes for the mid-

Atlantic region. To achieve the soil thermal pattern in 

depth, in the EnergyPlus earth tube simulation model 

and this study, Krarti et al’s (1995) soil physical model 

was considered. They have physically modeled the 

ground temperature (TGROUND) as a function of depth 

under the ground surface (z) and time (t). According to 

the ground heat transfer equation  mentioned below 

(equation 1), to calculate the TGROUND, we need to know 
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the mean ground surface temperature (TMEAN SURFACE), 

the amplitude of the soil surface temperature variation 

(As), the related phase constant (t0), and thermal 

diffusivity (αs) of the soil at the specific location.  
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The CalcSoilSurfTemp program, one of the EnergyPlus 

axilliary programs, calculates three important 

parameters for the simulation of the earth tube: the 

annual average soil surface temperature (TMEAN 

SURFACE), the amplitude of soil surface temperature (As), 

and the phase constant of soil surface temperature (t0). 

The CalcSoilSurfTemp program requires only two 

input fields, i.e., soil condition and soil surface 

condition, in addition to a valid weather file to 

determine the absorption coefficient and the fraction of 

evaporation rate of the ground surface.  Raleigh’s soil 

condition and surface condition were identified as 

heavy soil/saturated and bare and moist respectively.  

These conditions specify the physical characteristics of 

Raleigh’s soil, such as thermal conductivity (k) and 

thermal diffusivity (αs). These parameters from 

CalcSoilSurfTemp program have been used to plot the 

annual sine pattern of the soil temperature in different 

depth in MATLAB v8.1 (R2013a). Table 1 lists the 

required soil parameters for the temperature calculation 

in depth. 

 

Table 1 Soil thermal characteristics in Raleigh 

 

SOILTHERMA 

CHARACTERISTICS IN 

RALEIGH 

VALUE 

Thermal conductivity (k) 1.34  Btu/hr.ft.F 

Thermal diffusivity (αs) 0.88  ft2/day 

Annual average soil surface 

temperature (TMEAN SURFACE) 

59.55  F 

Amplitude of annual soil surface 

temperature (As) 
12.50 F 

Phase constant, time of minimum 

surface temperature (t0) 
16  day 

 

Figure 3 illustrates the Raleigh soil patterns in different 

depths (Z=6.5, 10, 13, 16.5, 19.5 ft). With the increase 

of ground depth, the fluctuations of the soil’s sine wave 

decreases and the soil reaches a relatively consistent 

temperature, which enables us to use the ground as a 

heat/cold source/sink.  

 

Figure 3 Raleigh soil temperature pattern in different 

depths for heavy and saturated soil 

 

Soil temperature depends not only on depth and time 

but on other factors such as soil thermal diffusivity, soil 

thermal conductivity, density and soil specific heat. 

According to Figure 3 the earth tubes can be installed 

in the depth of 16.5-19.5 ft for the Raleigh area to take 

maximum advantage of soil constant temperature 

during the year for the earth tube system.  

 

 

     (a)                                      

 

                          (b) 

Figure 4 Comparison of calculated soil temperature 

from MATLAB: (a) for 6.5 ft and (b) for 13 ft 

 

Raleigh’s weather data file (TMY) contains the soil 

temperature in 1.6 ft, 6.5 ft, and 13.1 ft depth; however 
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it does not give specific information about soil 

temperature in the 16.5-19.5 ft depth range. Moreover, 

the site ground temperature object in EnergyPlus has 

been set on default values, which are different with the 

soil temperature in 19.5 ft depth and need to be 

changed based on the accurate soil temperature in 19.5 

ft depth. 

The MATLAB program was used to calculate the soil 

temperature for the desirable depth. To validate the 

MATLAB calculation, the calculated soil temperature 

in depth was also compared with the weather data soil 

information in 6.5 ft and 13 ft. As shown in Figure 4, 

the calculated soil temperature in depth shows good 

agreement with the weather data soil temperature at 6.5 

ft and 13 ft. This confirmed the use of the MATLAB 

calculated soil temperature in 19.5 ft depth in 

EnergyPlus site ground temperature object. 

SIMULATION PROCESS 

After determining the optimal installation depth of 

earth tubes in Raleigh, the geometry model of the 

typical middle school building was developed using the 

OpenStudio program, as shown in Figures 5a and 5b. 

The case study building was divided into 6 zones. The 

six zones are north classrooms, south classrooms, north 

offices, gym area, cafeteria, and corridor which have 

been illustrated in different colors in figure 5c.  

 

  

(a)                                        (b) 

 

(c) 

Figure 5 Geometry model of middle school building:  

(a) South façade, (b) North façade, and 

(c)Middle school building zoning arrangement 

 

An EnergyPlus simulation model with earth tubes was 

developed. The earth tube model was added to the 

whole building simulation model to evaluate the effect 

of the earth tubes in the whole building energy 

performance for a year.  

This study focused on the  simulation modeling of earth 

tubes in the building before the Air Handling Unit 

(AHU) role begins. No AHU system was assigned for 

this building besides the earth tube system in the 

simulation modeling process. However it was assumed 

that the outdoor air after passing through underground 

pipes and getting pre-heated or cooled by soil in depth 

is transferred into an AHU. The AHU provides the 

building with conditioned air including the fresh air 

coming from underground pipes and return air from the 

building space.  

The earth tube type in the simulation model was 

assumed to be natural. A natural earth tube is expected 

to be air movement/exchange that does not consume 

any fan energy or is the result of natural air flow 

through the tube and into the building (DOE 2013).  

Simple earth tubes in EnergyPlus can be controlled 

with a schedule and through the specification of 

minimum, maximum, and temperature differences of a 

particular zone. As with infiltration and ventilation, the 

actual flow rate of air through the earth tube can be 

modified by the schedule fraction, temperature 

difference between the inside and outside environment, 

and the wind speed (Lee and Strand 2008). The 

designer can add an exhaust or intake fan to the 

simulation to make it closer to the reality. However, in 

the EnergyPlus earth tube model, the values for the fan 

pressure and efficiency just define the fan electric 

consumption and do not change the actual flow rate of 

air through earth tubes. 

In the presented research, the site ground temperature 

object in EnergyPlus was modified based on the 

calculated soil temperature in depth (19.5 ft). These 

data can be obtained from the yellow line in Figure 3. 

Based on this graph the ground temperature in depth is 

60.8 F in January and 57.2 F in July (winter and 

summer design days).  The actual flow rate of air 

through the earth tube also was calculated based on the 

amount of fresh air that is required for each person in 

different zones of the school building. Then this 

maximum amount of air flow rate through the earth 

tube was adjusted based on the occupancy schedule for 

each zone.  

Table 2 lists the occupied area per perspon and the 

fresh air flow rate per person for each zone in the 

middle school building. Table 3 shows parameters for 

the earth tube such as pipe thermal conductivity, radius, 

length, and thickness. The whole building model with 

earth tubes was simulated for summer and winter 

design days. Summer and winter design days determine 

the building peak heating and cooling loads. Running 

the simulation for sizing periods enables the user to 

easily realize and  evaluate the earth tube effect on 

increasing and decreasing the outdoor air temperature 
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during winter and summer after passing through earth 

tubes.  

Table 2 Amount of air flow rate per person for each 

zone in the middle school building 

 

ZONE FRESH AIR  

(CFM/PERSON) 

AREA/PERSON 

(SQFT/PERSON) 

Cafeteria 13.5 15 

Classromm 18.2 43 

Office 9 200 

Gym 36 11 

 

Moreover, in order to estimate the annual energy 

savings regarding adding earth tubes to the building, 

the whole building model was simulated for a whole 

year run period.  

 

Table 3 Earth tube model parameters 

 

EARTH TUBE MODEL 

PARAMETERS 
VALUE 

Earth tube type Natural 
Pipe radius 0.82 ft 

Pipe thickness 0.032 ft 

Pipe length 164  ft 
Pipe thermal conductivity 1.1  Btu.in/hr.ft2.F 

Pipe depth underground 

surface 

19.7  ft 

 

RESULTS AND ANALYSIS 

Earth tube outlet air temperature analysis 

To evaluate the effectiveness of the earth tubes in the 

building, the earth tube outlet air temperature for each 

zone has been compared with the outdoor air 

temperature during winter and summer design days. 

Figures 6-10 show the increase or decrease in the 

outdoor air temperature after passing through earth 

tubes. In these figures, the lines illustrate the earth tube 

outlet air temperature (in red) and summer or winter 

design day temperatures (in blue) respectively in the 

simulation model. 

 

 

    (a)                                        (b) 

Figure 6 South class room zone: Comparison between 

outdoor air temperature (blue line) and earth tube 

outlet air temperature (red line): (a) Summer Design 

Day and (b) Winter Design Day  

 

 

(a)                                        (b) 

Figure 7 North class room zone: Comparison between 

outdoor air temperature (blue line) and earth tube 

outlet air temperature (red line): (a) Summer Design 

Day and (b) Winter Design Day  

 

 
(a)                                     (b) 

Figure 8 North office zone: Comparison between 

outdoor air temperature (blue line) and earth tube 

outlet air temperature (red line): (a) Summer Design 

Day and (b) Winter Design Day  

 

 
(a)                                       (b) 

Figure 9 Gym area zone:  Comparison between 

outdoor air temperature (blue line) and earth tube 

outlet air temperature (red line): (a) Summer Design 

Day and (b) Winter Design Day 
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     (a)                                     (b) 

Figure 10 Cafeteria zone: Comparison between 

outdoor air temperature (blue line) and earth tube 

outlet air temperature (red line): (a) Summer Design 

Day and (b) Winter Design Day 

 

In summary from Figures 6-10, 

 The winter design day has less fluctuation in 

outdoor air temperature than the summer design 

day in Raleigh, NC. 

 Since the earth tube actual air flow rate has been 

scheduled to adjust based on the zone occupancy 

schedule, the earth tube outlet air temperature 

graph has different graph shapes for each zone. 

 The gray area in the graphs shows the non-

operation hours of the earth tube system which is 

scheduled based on the zone’s occupancy 

schedule. 

 Since the pipes length and radius were kept 

constant during the simulation (length= 164 ft, 

radius= 0.82 ft), with the increase of people in 

each zone, the earth tube air flow rate (CFM) 

increases, and it causes an increase and decrease in 

earth tube outlet air temperature in summer and 

winter respectively. This phenomenon 

demonstrates itself in the earth tube outlet air 

temperature in Gym zone during afternoon and 

cafeteria zone at noon. 

 Earth tubes operate more efficiently during the 

winter design day than the summer design day in 

Mid-Atlantic region. However, when a designer is  

using the earth tube model in EnergyPlus within a 

simulation, it should be noted that the earth tube 

may actually perform better than the model 

predicts (Lee 2008).   

Earth tube parametric analysis 

According to previous parametric studies which have 

been conducted on important earth tube parameters 

such as length, radius, and air velocity inside the pipes, 

a deeply positioned and longer earth tube with a lower 

air velocity and smaller radius should result in better 

performance (Lee and Strand, 2008). However, these 

parameters should be optimized in a building to achieve 

a higher level of performance.      

In this study, the parametric analysis was conducted on 

one of the building’s zones (South classroom) in order 

to validate and confirm those findings about earth tube 

important parameters.  Figure 11 shows the effect of 

earth tube length on the earth tube outlet air 

temperature during summer and winter design days 

while radius and air flow rate inside the pipes were kept 

constant (radius = 1.64 ft, air flow rate = actual 

CFM*0.7). As the earth tube length increases, the earth 

tube outlet air temperature increases/decreases in 

summer/winter since air has a longer path through earth 

tubes and more time to exchange heat with soil 

surrounding the earth tubes. However, this increase or 

decrease in earth tube outlet air temperature varies in 

different locations due to different ambient air 

temperature and soil conditions.  

 

 

(a)                                     (b) 

Figure 11South class room zone: effect of pipe length 

on earth tube outlet air temperature: (a) Summer 

Design Day and (b) Winter Design Day 

 

Figure 12 illustrates the influence of earth tube radius 

on the earth tube outlet air temperature during the 

summer and winter design days while pipe length and 

air flow rate were kept constant (length= 164 ft, air 

flow rate = actual CFM*0.7). As the earth tube radius 

decreases, the earth tube outlet air temperature 

decreases/increases in summer/winter. This is due to an 

increase in the heat convection coefficient of the earth 

tubes. In this study, the earth tubes’ radii were designed 

to be 1.64 ft during the simulation process, since the 

earth tube is supposed to operate during the course of 

the year and should be optimized for both summer and 

winter time. 

Figure 13 shows the effect of earth tube air flow rate 

(CFM) on the earth tube outlet air temperature during 

summer and winter design days while pipe length and 

radius were kept constant (Length = 164 ft, radius = 

1.64 ft). As the earth tube air flow rate increases, the 

earth tube outlet air temperature increases/decreases in 

summer/winter. This is due to an increase in the air 

velocity inside the earth tubes which reduces the heat 

exchange rate between the soil surrounding the earth 

tubes and the air passing through the earth tubes. 
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(a)                                         (b) 

Figure 12 South class room zone: effect of pipe radius 

on earth tube outlet air temperature: (a) Summer 

Design Day and (b) Winter Design Day 

 

 
(a)                                         (b) 

Figure 13 South class room zone: effect of air flow rate 

(CFM) on earth tube outlet air temperature: (a) 

Summer Design Day and (b) Winter Design Day 

 

The trends of the results in terms of the influence of 

design parameters (length, radius, and air flow rate) on 

the earth tube outlet air temperature discussed above 

were similar to those of other studies (Lee and Strand 

2008; Ascione et al. 2011). 

Annual energy savings 

To evaluate the energy performance of the case 

building, the simulation modeling of the whole building 

was repeated using the ideal load objects (loads 

calculation) in the model. The annual heating and 

cooling energy transfered in the building without the 

earth tube (and with the ideal load system) was 

calculated and compared with the earth tube outdoor 

heat transfer rate. This is the rate of heat transfer from 

the earth tube to the outdoor air. Positive values 

indicate the rate at which outdoor air is preheated and 

negative values indicate the rate of pre-cooling (DOE 

2013). The calculation shows 10.8% energy savings in 

annual building heating and cooling energy 

consumption after using the earth tube system in the 

middle school building in Raleigh.  

Figure 14 shows the outdoor air temperature which was 

pre-heated and cooled after passing through earth tubes 

during the course of the year. The blue line shows the 

outdoor air temperature and the red line represents the 

earth tube outlet air temperature during the course of 

the year. 

 

 

Figure 14 Annual outdoor air temperature compared to 

earth tube outlet air temperature for south class room 

zone 

The results showed that earth tube system has the 

potential to become an effective energy saving 

technology in a year-round middle school building in 

the Mid-Atlantic region. 

CONCLUSION 

A whole building simulation model with earth tubes  

was developed using EnergyPlus for a typical year-

round middle school building in the Mid-Atlantic 

region. The optimal pipes installation depth of the earth 

tubes (19.5 ft) in terms of constatnt annual soil 

temperature was calculated using the MATLAB 

program in regard to physical soil characteristics of 

Raleigh, NC. The EnergyPlus earth tube simulation 

process was utilized. A parametric analysis was 

conducted to evaluate and confirm the effect of earth 

tube length, radius, and air flow rate on the earth tube 

outlet air temperature. 

The simulation results show an effective increase and 

decrease in earth tube outlet air temperature during 

winter and summer design days respectively for each 

zone of the case study building. This fresh air pre-

heating and cooling process through the earth tube 

system allows the designer to design with a lower 

cooling and heating capacity for the building. 

Moreover, an AHU with the lower capacity needs a 

smaller space for the mechanical room, and the 

designer can save the space for other functions. Using 

earth tubes in a typical middle school building in the 

Mid-Atlantic region led to 10.8% energy savings in 

annual building heating and cooling energy 

consumption.   

The results of the earth tube parametric analysis show 

that longer length, lower radius, and higher air flow 

rate of the earth tube make a system perform better. 

However, it is part of the designer’s role to combine 

these options in earth tube systems and determine the 

optimal case for a specific building in terms of length, 

radius, air flow rate, and the pipe installation depth. 
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NOMENCLATURE 

As: Amplitude of the soil surface temperature variation 

(F) 

αs:  Soil thermal diffusivity (ft2/day ) 

TMEAN SURFACE: Ground surface temperature (F) 

TGROUND: Ground temperature (F) 

t0: Phase constant (day) 

t: Time from the beginning of the year (day) 

z: Depth of the buried pipes under the ground surface 

(ft) 
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