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Abstract: An earth-to-air heat exchanger (EAHE) system utilizes the low-grade thermal energy of
underground soil to warm up and cool down the flowing air within an underground buried pipe.
Integrating the EAHE system with building ventilation can reduce the energy demand for conditioning
ventilation air. The main purposes of this paper are to estimate the year-round energy-saving potential
of the EAHE-assisted building ventilation system and provide its design guidelines in a hot-summer
and cold-winter climate. A steady-state heat transfer model was proposed to calculate the outlet
air temperature of an EAHE and further identify its ability to preheat and precool ventilation air.
Influences of depth, length, and diameter of a buried pipe on the year-round thermal performance
of the EAHE system were evaluated. The results show that considering the compromise between
thermal performance and construction costs of the EAHE system, a depth of 5 m and a length of
80 m are recommended. The EAHE system can provide a mean daily cooling and heating capacity of
19.6 kWh and 19.3 kWh, respectively. Moreover, the utilization of the EAHE system can reduce by
16.0% and 50.1% the energy demand for cooling and heating ventilation air throughout the whole year.

Keywords: renewable energy; earth-to-air heat exchanger; sustainable building; building ventilation;
building energy efficiency

1. Introduction

Nowadays, approximately 30% and 36% of the total energy use in China [1] and the world [2]
is generated by the building sector during its whole life cycle, respectively. The building sector has
been recognized as a significant portion for reducing global energy use and greenhouse gas emissions.
In recent years, great efforts have been devoted toward the research and development of sustainable
and high-performance buildings, in terms of improving building design guidelines [3], using advanced
energy-efficient devices [4], enhancing the thermal performance of windows and walls [5,6], adopting
a data-driven approach to achieve performance prediction and optimal control [7], taking advantages
of renewable energy sources [8], improving indoor thermal comfort [9], integrating the thermal energy
storage [10], etc. Building ventilation is essential for both residential and commercial buildings to
satisfy the requirements of indoor air quality and thermal comfort [11]. However, the minimum
ventilation requirement may lead to a large amount of energy consumption for conditioning ventilation
air to the required conditions. Over the past several decades, better building design and emerging
technologies have been constantly developed to reduce the energy demand of building ventilation.

Currently, air-to-air heat recovery exchangers are widely used to recover the latent and sensible
heat of exhaust air to precondition ventilation air, which can significantly reduce the energy demand
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for conditioning ventilation air [12]. Advanced technologies such as membrane-based [13] or
photovoltaic/thermal-collector-assisted [4] air-to-air heat recovery exchangers are proposed to further
improve the energy performance of building ventilation systems. Moreover, it is estimated that about
20% to 40% of the total energy use for air conditioning results from the dehumidification process
of ventilation air [14]. Compared with the conventional condensation dehumidification, the liquid
desiccant-based air conditioning systems provide an alternative approach to remove the moisture from
ventilation air with promising energy performance [15]. Meanwhile, there exists a passive approach by
integrating the ventilation system with a building envelope to reduce the energy demand of building
ventilation, such as dynamic insulation (also known as the breathing wall) [16] and the supply-air
window [17]. These technologies allow the outdoor air to flow into indoor space through the pathway
within building envelopes, and the outdoor air is preheated therein by recovering the heat loss of the
building envelope in the heating season. In recent years, much research has emphasized the advantages
of utilizing low-grade energy sources to reduce the energy demand for conditioning ventilation air.
The evaporative cooling [18] and photovoltaic thermal (PVT) system [19] can be used to precool and
preheat ventilation air in the cooling and heating seasons, respectively. Moreover, the earth-to-air heat
exchanger (EAHE) can be treated as a low-grade heat source in winter and cold source in summer for
preheating and precooling ventilation air, respectively [20].

The EAHE system is a kind of heat exchanger that can transfer heat between soil and ventilation
airflow within underground buried pipes (as shown in Figure 1). The temperature of underground soil
keeps approximately constant with a low fluctuation all year round when the depth reaches to a certain
degree [21]. This makes the temperature of underground soil significantly higher or lower than the
outdoor air temperature in winter or summer, respectively. In recent years, the energy-saving potential,
optimal design, and heat transfer model of the EAHE system have been constantly investigated. Maoz
et al. [22] and Lee et al. [23] pointed out that the diameter, depth, and length of buried pipes as
well as airflow velocity within pipes show significant influence on the cooling and heating capacity
of EAHE systems. Ascione et al. [24] recommended a depth of 3 m and a length of 50 m for the
buried pipe of the EAHE system considering the compromise between construction costs and energy
performance. Amanowicz and Wojtkowiak [25] provided a new design perspective of a multi-pipe
EAHE system, which considers the influence of flow characteristics on the thermal performance.
Minaei and Safikhani [26] developed a new transient analytical model to quickly and accurately predict
the thermal performance of the EAHE. Gomat et al. [27] presented a simplified analytical model to
estimate the impact of a vertical pipe on the thermal performance of the whole EAHE system. Moreover,
the feasibility of applications of EAHE systems in different climate conditions has been fully explored.
In the cooling-dominated climates, such as hot-arid or desert climate, the hot ambient air is sucked into
the buried pipes and cooled down therein, and then the cool ventilation air is supplied into the indoor
space. Al-Ajmi et al. [28] estimated that the maximum temperature difference between the outlet air
of the EAHE system and ambient air can reach as high as 20.7 ◦C. Meanwhile, Belatrache et al. [29]
pointed out that up to a 30% reduction of cooling energy demand can be achieved by adopting the
EAHE system. Wei et al. [30] proposed a full-scale experimental platform with various configuration
parameters to investigate the cooling capacity of the EAHE system in a hot and humid climate. For the
heating-dominated climate, the EAHE can preheat the ventilation airflow within the buried pipes.
Li et al. [31–33] conducted a series of experimental and numerical studies on the thermal performance
of the EAHE system for a severe cold climate. The results show that the EAHE system can provide an
average preheating potential of 14 ◦C for the heating condition, and the maximum COP is up to 16.3.
However, the study also pointed out that the underground soil temperature slightly decreases after a
long-period operation of the heating mode, and seasonal alternate operation between the heating and
cooling modes helps to maintain a stable underground soil temperature [31]. This means that the EAHE
system has good applicability for the climate of hot-summer and cold-winter. Nowadays, some studies
have been conducted to explore the application of the EAHE system in a hot-summer and cold-winter
climate. Kumar et al. [34] investigated the cooling and heating capacity of the EAHE system for a
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non-air-conditioned room. The results show that the indoor air temperature can be maintained at
27.6 ◦C. Xamán et al. [35] developed a two-dimensional pseudo-transient model to analyze the daily
thermal performance of the EAHE system on a typical summer and winter day. Liu et al. [36] proposed
a novel vertical EAHE system and estimated the influence of some design parameters on its cooling
and heating capacity. Although the above studies indicate that the EAHE system has promising
thermal performance and good applicability, investigation on the EAHE system in a hot-summer and
cold-winter climate is not enough, and especially in regard to the annual energy-saving potential and
design guideline of the EAHE system for building ventilation.Sustainability 2020, 12, x FOR PEER REVIEW 4 of 18 
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The main objectives of the paper are to evaluate the annual energy-saving potential of the
EAHE-assisted building ventilation system in a hot-summer and cold-winter climate and to provide
its recommended design. In this study, a numerical model was developed to estimate the hourly
precooling and preheating performance of the EAHE system in a hot-summer and cold-winter
climate. The year-round energy-saving potential of the EAHE-assisted building ventilation system
was investigated. The effects of some key design parameters such as depth, length, and diameter of
the buried pipe on the precooling/preheating performance and energy-saving potential of the EAHE
system in a hot-summer and cold-winter climate were quantitatively investigated. Moreover, its design
guidelines in this climate condition and applications of the EAHE system for zero-energy buildings were
also discussed. The contribution of this study is providing an approach to combine the EAHE system
and building ventilation toward low-carbon-emission, energy-efficient, and sustainable buildings.
The recommended design parameters, application guidelines, and comprehensive understanding of
the EAHE-assisted building ventilation system in the hot-summer and cold-winter climate are also
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provided. Although this study only carried out a case study in a representative city of the hot-summer
and cold-winter climate, it should be noted that the EAHE-assisted building ventilation system is
globally applicable to both new buildings and energy-efficient retrofitting of the existing buildings.

The paper is organized as follows. The rationale of the EAHE-assisted building ventilation
system is briefly introduced in Section 2. The methodology for investigating the thermal and energy
performance of the EAHE is presented in Section 3. The simulation conditions of the case study are
described in Section 4. In Section 5, the annual thermal performance and energy-saving potential of
the EAHE-assisted building ventilation system are analyzed. The conclusions and perspectives on
future work are summarized in Section 6.

2. Description of the EAHE-Assisted Building Ventilation System

The conceptual structure of the EAHE-assisted building ventilation system is illustrated in Figure 1.
The underground buried pipe is the core component of the EAHE system. The ambient air is pumped
into the pipe and exchanges heat with the adjacent underground soil therein, and eventually is supplied
into indoor space for building ventilation. At a certain depth, the temperature of underground soil is
approximately constant throughout the whole year. In summer, the hot ventilation air releases heat to
the surrounding soil and is precooled before entering the indoor space. In winter, the cold ventilation
air can absorb heat from the surrounding soil and be preheated. As a result, the energy demand for
cooling and heating ventilation air can be significantly reduced by utilizing low-grade natural energy
sources. Perhaps the EAHE system may be treated as a seasonal thermal energy storage system for the
hot-summer and cold-winter climate.

3. Methodology

An analytical model of the underground soil temperature as a function of depth and time is
developed in Section 3.1. This model can be used to calculate the hourly temperature evolution of
underground soil at different depths. A steady-state heat transfer model was developed in Section 3.2
to calculate the outlet air temperature of the EAHE system. Moreover, some evaluation indexes such
as precooling/preheating performance, daily cooling/heating capacity, and energy-saving potential are
defined in Section 3.3.

3.1. Mathematical Model of Underground Soil Temperature

The underground soil temperature surrounding the buried pipe determines the precooling
and preheating capacity of the EAHE. The underground soil is considered to be isotropic and
homogeneous [37], and the one-dimensional heat conduction within the soil along the depth direction
can be expressed as:

∂Ts

∂τ
= αs

∂2Ts

∂z2 (1)

where Ts is the temperature of underground soil along the depth direction, K; αs is the thermal
diffusivity of soil, m2/h. The soil is assumed as a semi-infinite solid, and the analytical solution of
Equation (1) can be expressed as a function of depth (z) and time (t) [28]. This analytical model for
calculating the underground soil temperature was fully validated by comparing the measured data
and calculated results in the work of Al-Ajmi et al. [38]. Such an analytical model is commonly used in
the research field of the EAHE system [37–40].
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where Ts,mean is the mean annual temperature of the soil surface, K; As is the amplitude of annual soil
surface temperature, K; t0 means the time of minimum annual soil surface temperature. In this study,
the temperature of the soil surface was assumed to be equal to that of ambient air. Such an assumption
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is commonly used in the relevant studies [37–40]. The values of the above parameters for case studies
are defined in Section 4.

3.2. Mathematical Model of the EAHE

A steady-state heat transfer model of the EAHE system was developed to evaluate its precooling
and preheating performance. Heat transfer processes within the EAHE contain three parts: convection
between flowing air and the inside surface of the buried pipe, heat conduction within the pipe wall,
and heat conduction within the soil surrounding the buried pipe. The heat transferred from the
flowing air influences the temperature of the surrounding soil. However, the soil temperature is
approximatively constant at a certain distance from the outside surface of the buried pipe [39]. In this
study, the distance between the outer surface of the buried pipe and undisturbed soil surface, as shown
in Figure 2, was assumed equal to the external radius of the buried pipe [28,39]. The temperature of
the undisturbed soil surface was used as the boundary condition of the EAHE.
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The heat gain/loss of ventilation air within the buried pipe can be expressed as:

dQ = maCa
dTa

dx
dx (3)

where ma is the mass flow rate of ventilation air, kg/h; Ca is the specific heat capacity of air at constant
pressure, kJ/(kgK). The heat transferred between ventilation air and the surrounding soil can be
defined as:

dQ = (Ts − Ta)
1

Rtotal
dx (4)

where Ts is the undisturbed soil temperature which can be calculated by Equation (2), K; Rtotal is the
total thermal resistance of the EAHE, (mK)/W. Based on energy balance, Equations (3) and (4) can be
further expressed as:

maCa
dTa

dx
dx = (Ts − Ta)

1
Rtotal

dx (5)

The solution of Equation (5) obtains Equation (6) [40] to calculate the outlet air temperature of the
EAHE system. The accuracy and reliability of this model were validated by comparing the calculated
results with the measured data in the studies of Derbel and Kanoun [39] and Bansel et al. [41]. In this
study, Equation (6) was used to calculate the outlet air temperature of the EAHE system.

Toutlet = Ts + (Tamb − Ts) exp
(
−

L
maCaRtotal

)
(6)

where L is the length of the buried pipe, m; Tamb is the ambient air temperature, K. In this study,
the total thermal resistance of the EAHE (Rtotal) contained three parts: convective thermal resistance
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between the flowing air and pipe wall (Rconv), conductive thermal resistance of the pipe wall (Rpipe),
and conductive thermal resistance between the outer surface of the buried pipe and undisturbed soil
surface (Rsoil). The Rtotal can be defined as:

Rtotal = Rconv + Rpipe + Rsoil (7)

The Rconv, Rpipe, and Rsoil can be further expressed as:

Rconv =
1

2πrih
(8)

Rpipe =
1

2πkp
ln

(
ri + e

ri

)
(9)

Rsoil =
1

2πks
ln

(
rs

ri + e

)
(10)

where ri is the inner radius of the pipe, m; e is the thickness of the pipe wall, m; rs is the radius of the
undisturbed soil surface, m; kp and ks are the thermal conductivities of the pipe and surrounding soil,
W/(mK); h is the convective heat transfer coefficient between the pipe wall and adjacent air, which can
be calculated by Equation (11), W/(m2K).

h =
Nuka

2ri
(11)

where ka is the thermal conductivity of air, W/mK. The Nusselt number of ventilation air within the
buried pipe can be calculated by the following correlation proposed by Gnielinski [42]:

Nu =

3.66 Re < 2300
( f /8)(Re−1000)Pr

1+12.7( f /8)1/2(Pr2/3
−1)

2300 ≤ Re < 5× 106 (12)

where f is the friction coefficient of the pipe, which can be expressed as:

f = (1.82log(Re) − 1.64)−2 (13)

3.3. Evaluation Indexes

In this study, the hourly precooling performance (Tcool) and average daily cooling capacity (Qcool)
of the EAHE system in the cooling season were calculated and defined as follows:

Tcool = Toutlet − Tamb (14)

Qcool = 24×

Hc∑
t=1

maCaTcool(t)

Hc
(15)

where Nc is the cumulative hours for the cooling season. In the heating season, the preheating
performance (Theat) and average daily cooling capacity (Qheat) were also calculated and expressed
as follows:

Theat = Tamb − Toutlet (16)

Qheat = 24×

Nh∑
t=1

maCaTheat(t)

Nh
(17)
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where Nh is the cumulative hours for the heating season. The energy demand for conditioning
ventilation air without and with the EAHE system can be calculated by Equations (18) and (19) [43],
respectively. In this study, the humidity ratio of ventilation air was controlled in both cooling and
heating seasons.

Qvent =
∑

hours

[maCa(Tamb − Ti) + maLa(damb − di)] (18)

QEAHE =
∑

hours

[maCa(Toutlet − Ti) + maLa(doutlet − di)] (19)

where La is the latent heat vaporization of water, kJ/kg; hours is cumulative hours during the cooling
or heating season; Ti is the indoor temperature, K; di, damb, and doutlet are the humidity ratios of the
indoor environment, ambient air, and outlet air of the EAHE system, respectively, g/kg. In this study,
the influence of the EAHE system on the humidity ratio of ventilation air was neglected [20,28,29].
Therefore, damb is equal to doutlet. This means that the EAHE system only decreases the sensible cooling
load of building ventilation when the outlet air temperature of the EAHE system is lower or higher
than the indoor temperature in the cooling or heating season, respectively. At this time, the sensible
cooling or heating load of ventilation air is equal to zero. The values of the above parameters are
provided in Section 4. The energy-saving potential of the EAHE-assisted building ventilation system is
calculated by Equation (20).

η =
Qvent −QEAHE

Qvent
(20)

4. Simulation Conditions

In this study, the proposed mathematic models were adopted to simulate the hourly underground
soil temperature at different depths and to predict the outlet air temperature of the EAHE system under
different design parameters. The hourly and seasonal total precooling and preheating performance
of the EAHE system were estimated. The energy-saving potential of the EAHE system for building
ventilation was also evaluated to identify its applicability in a hot-summer and cold-winter climate.

A typical one-story house with a size of 200 m2 was used for testing the performance of the
EAHE-assisted building ventilation system. According to the ASHRAE standard of “Ventilation for
Acceptable Indoor Air Quality” [44], the ventilation rate of this dwelling house was kept at 243 m3/h.
The ventilation fresh air firstly flows into the buried pipe of the EAHE system and eventually enters
the indoor space. The influences of key design parameters such as depth, length, and diameter of the
buried pipe on the thermal performance of the EAHE system were estimated. The main parameters for
case studies are listed in Table 1.

Table 1. Main parameters for simulation [29].

Parameter Value Unit

Pipe depth 0.1–15 m
Pipe length 30–100 m
Pipe internal diameter 100–200 mm
Thickness of pipe wall 2 mm
Thermal conductivity of pipe 0.16 W/(mK)
Ventilation rate 243 m3/h
Density of air 1.205 kg/m3

Specific heat capacity of air 1013 J/(kgK)
Thermal conductivity of air 0.02593 W/(mK)
Kinematic viscosity of air 15.06 × 10−6 m2/s
Pr 0.703 -
Density of soil 2050 kg/m3

Specific heat capacity of soil 1840 J/(kgK)
Thermal conductivity of soil 0.52 W/(mK)
Thermal diffusivity of soil 0.0004963 m2/h
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The TMY weather conditions of a representative city in the hot-summer and cold-winter climatic
zone are presented in Figure 3. The maximum ambient air temperature is 38.8 ◦C which occurs
on 31 July. The coldest day is 24 January, and the minimum ambient air temperature is −3.9 ◦C.
The humidity radio of the representative city ranges from 1.25 g/kg to 29.55 g/kg. The mean annual soil
surface temperature (Ts,mean), amplitude of annual soil surface temperature (As), and time of minimum
soil surface temperature (t0) in Equation (2) are 17.3 ◦C, 17.7 ◦C, and 557 for the representative city,
respectively. The periods of the cooling and heating seasons are from 1 June to 30 September and
15 December to 15 March, respectively [45]. Meanwhile, the indoor air condition is set at 25 ◦C and
RH 55% for the cooling season and 20 ◦C and RH 50% for the heating season, respectively. The humidity
ratio of the indoor environment is 11.01 g/kg in the cooling season and 7.2 g/kg in the heating season.
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5. Annual Performance Evaluation and Discussion

5.1. Evaluation of Underground Soil Temperature

The temperature of underground soil determines the precooling and preheating performance of
the EAHE system. The variation of ambient weather conditions will show a significant impact on
the temperature of underground soil at a shallow depth. When the depth reaches a certain degree,
the temperature of underground soil approximately keeps constant with a low fluctuation all year
round. In this study, we firstly evaluated the influence of underground depth on the soil temperature
to identify the optimal depth of the buried pipe for the EAHE-assisted building ventilation system.

Figure 4 presents the year-round evolution of the underground soil temperature at different
depths. The results indicate that the soil temperature follows a fluctuation of the sinusoidal pattern
at a shallow underground depth, such as 0.5 m and 1 m. At an underground depth of 1 m, the soil
temperature ranges from 9.7 ◦C to 24.9 ◦C throughout the whole year, corresponding to a temperature
amplitude of 15.2 ◦C. When the underground depth increases to 5 m, the year-round fluctuation of
soil temperature is extremely low with an amplitude of 0.6 ◦C, and the maximum and minimum soil
temperatures are 17.6 ◦C and 17.0 ◦C, respectively. Such a stabilized underground soil temperature
can be treated as a low-grade heat source in the heating season and cold source in the cooling season.
For an underground depth of 8 m, the temperature of underground soil is approximately constant
with an amplitude of less than 0.1 ◦C.

The year-round temperature amplitudes of underground soil at different depths were calculated
to further estimate the stability of underground soil temperature. The calculated results are shown in
Figure 5. It can be found that the underground depth shows a significant influence on the stability of
soil temperature. When the depth is less than 2 m, the amplitude of underground soil temperature is
relatively high which is detrimental to the efficient operation of the EAHE-assisted building ventilation
system. This temperature amplitude decreases to practically zero at a depth of 10 m. It means that
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further enlarging the underground depth may be meaningless. Therefore, 5 m is the optimal depth for
this hot-summer and cold-winter climatic condition, considering the compromise between the stability
of underground soil temperature and construction costs. In this study, the pipe of the EAHE system
was buried at a depth of 5 m.
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5.2. Influence of Design Parameters on the Thermal Performance of the EAHE

In this section, the hourly outlet air temperature of the EAHE system was calculated to estimate the
precooling and preheating performance of the EAHE system throughout the whole year. The influences
of pipe length and pipe internal diameter on the thermal performance of the EAHE system were
investigated. Different pipe lengths ranging from 30 m to 100 m were considered. Pipe diameters of
100 mm, 150 mm, and 200 mm were also covered.

Figure 6 presents the influence of pipe length on the hourly outlet air temperature and precooling
performance of the EAHE system in the cooling season. The pipe diameter is 150 mm, and the variation
is pipe length in the case studies. The results in Figure 6a show that the outlet air temperature of
the EAHE system is much lower than the ambient air temperature. A longer pipe length tends to
achieve a lower outlet air temperature of the EAHE system. For a pipe length of 30 m, an apparent
fluctuation of outlet air temperature can be observed during the whole cooling season. The outlet air
temperature ranges from 17.1 ◦C to 25.5 ◦C according to the variation of the ambient air temperature.
This means that the precooling performance of the EAHE system is limited when the pipe length is not
long enough. The outlet air temperature can be further reduced and maintain approximately constant
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with a low fluctuation when the pipe length increases from 30 m to 80 m. Moreover, further reduction
of outlet air temperature may be limited in the cooling season by adopting a pipe length of 100 m.
The hourly precooling performance of the EAHE system under different pipe lengths in the whole
cooling season is shown in Figure 6b. The precooling performance means the temperature difference
between the outlet air of the EAHE and ambient air. The maximum precooling performance of the
EAHE system is 13.3 ◦C, 17.2 ◦C, 19.9 ◦C, and 20.7 ◦C for the pipe length of 30 m, 50 m, 80 m, and 100
m, respectively. The seasonal average precooling performance and average daily cooling capacity of
the EAHE system are listed in Table 2. The average precooling performance ranges from 6.2 ◦C to
9.6 ◦C when the pipe length increase from 30 m to 100 m. Moreover, the EAHE system with a pipe
length of 30 m can provide a daily cooling capacity of 12.4 kWh. When this length increases to 80 m
and 100 m, this value enlarges to 18.6 kWh and 19.4 kWh, corresponding to an improvement of 50.2%
and 56.3%, respectively.
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Table 2. Seasonal average precooling and preheating performance of the EAHE system under different
pipe lengths.

Evaluation Index 30 m 50 m 80 m 100 m

Average precooling performance (◦C) 6.2 8.0 9.3 9.6
Daily cooling capacity (kWh) 12.4 16.1 18.6 19.4
Average preheating performance (◦C) 7.3 9.4 10.9 11.3
Daily heating capacity (kWh) 14.6 18.9 21.9 22.8

The influence of pipe length on the thermal performance of the EAHE system in the heating
season is illustrated in Figure 7. Similar to the results in the cooling season, the outlet air temperature
of the EAHE system is much higher than the ambient air temperature because the ventilation air within
the buried pipe can absorb heat from the surrounding soil. A longer pipe length can lead to a higher
outlet air temperature in the heating season. For the pipe lengths of 80 m and 100 m, the outlet air
temperature of the EAHE system keeps approximately constant in the whole heating season despite the
strong fluctuation of the ambient air temperature. The outlet air temperature of the EAHE system at a
pipe length of 100 m is slightly lower than that of the EAHE with a pipe length of 80 m. The maximum
preheating performance is 13.1 ◦C, 16.9 ◦C, 19.6 ◦C, and 20.4 ◦C for the pipe length of 30 m, 50m, 80 m,
and 100 m, respectively. Moreover, the average preheating performance of the EAHE system is higher
than its average precooling performance, as shown in Table 2. This may be because the temperature
difference between underground soil and ambient air in the heating season is higher than that in the
cooling season. For a pipe length of 30 m, 50m, 80 m, and 100 m, a daily average heating capacity of
14.6 kWh, 18.9 kWh, 21.9 kWh, and 22.8 kWh can be achieved by utilizing the EAHE system to preheat
ventilation air.
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Based on the above results, it seems that a pipe length of 80 m is desirable to achieve a promising
precooling and preheating performance for the EAHE-assisted building ventilation system throughout
the whole year. Considering the compromise between thermal performance and construction costs of
the EAHE system, further increase of pipe length may be unhelpful.

Figures 8 and 9 show the influence of pipe internal diameter on the precooling and preheating
performance of the EAHE system. To quantitatively identify the influence of pipe diameter, the pipe
length is set at 80 m. In this study, the pipe diameter ranges from 100 mm to 200 mm, corresponding to
a variation of the airflow rate within the buried pipe from 8.60 m/s to 2.14 m/s. The results in Figures 8
and 9 suggest that enlarging the pipe diameter will slighter increase the outlet air temperature in
summer and decrease this temperature in winter, but its impact is limited. When the pipe diameter
increases from 100 mm to 200 mm, as shown in Table 3, the average precooling performance and daily
cooling capacity just varies from 9.4 ◦C to 9.1 ◦C and 20.2 kWh to 19.6 kWh, respectively. Similar
results can be observed in the heating season. As the airflow rate within the buried pipe varies from
2.14 m/s to 8.6 m/s, the Nusselt number of ventilation air in the buried pipe increases from 67.7 to 115.6,
and then the convective heat transfer coefficient between ventilation airflow and the pipe wall enhances
from 8.77 W/(m2K) to 29.97 W/(m2K). However, the conductive thermal resistance of the underground
soil surrounding the pipe plays a dominant role in the total thermal resistance of the EAHE system.
This makes the variation of the convective heat transfer coefficient show a limited impact on the total
thermal resistance of the EAHE system. As a result, the outlet air temperature of the EAHE system
shows a week connection with the internal diameter of the buried pipe. It should be noted that too
large airflow velocity will increase the pressure loss of the pipe. Therefore, an appropriate airflow
velocity from 2 m/s to 4 m/s is recommended.
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Table 3. Seasonal average precooling and preheating performance of the EAHE system under different
pipe diameters.

Evaluation Index 100 mm 150 mm 200 mm

Average precooling performance (◦C) 9.4 9.3 9.1
Daily cooling capacity (kWh) 20.2 19.9 19.6
Average preheating performance (◦C) 11.0 10.9 10.7
Daily heating capacity (kWh) 19.9 19.6 19.3

5.3. Energy-Saving Potential of EAHE-Assisted Building Ventilation

According to Equations (18) and (19), the hourly energy demands for conditioning ventilation air
with and without the EAHE system were calculated. The monthly accumulated energy demand for
building ventilation was estimated and is presented in Figures 10 and 11. The reduction of energy
demand means the relative energy-saving potential by utilizing the EAHE system to precool and
preheat ventilation air. The results in Figure 10 show that the EAHE-assisted building ventilation
system achieves a reduction of cooling demand ranging from 11.8% to 19.3%. The humidity ratio of
the outdoor environment is relatively high for the selective representative city in summer. This makes
the latent cooling load account for a large portion of the total cooling load for building ventilation.
For the entire cooling season, as shown in Table 4, the reduction ratio of total energy demand is 16.0%
for the EAHE-assisted building ventilation system.
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Table 4. Seasonal accumulated energy demand for cooling and heating ventilation air.

Accumulated Energy Demand Ventilation without EAHE System EAHE-System-Assisted Ventilation Relative Energy Reduction of EAHE

Energy demand for cooling (kWh) 4711.8 3957.2 16.0%
Energy demand for heating (kWh) 3993.5 1992.9 50.1%

For the heating season, as shown in Figure 11, the EAHE system shows promising potential for
reducing the energy demand of building ventilation. The energy demand for building ventilation
is 791.1 kWh, 1443.1 kWh, 1234.5 kWh, and 524.8 kWh in December, January, February, and March,
respectively. This monthly energy demand can decrease to 430.2 kWh, 709.6 kWh, 605.3 kWh,
and 247.9 kWh by adopting the EAHE system to preheat ventilation air. The reduction ratio of monthly
total energy demand ranges from 45.6% to 52.8%. For the seasonal total heating demand, a reduction
of 50.1% can be achieved for the EAHE-assisted building ventilation system. Such a year-round
energy-saving potential is mainly due to the underground soil temperature approximately keeping
constant throughout the whole year. It means the ventilation air within the buried pipe can release
heat in summer and absorb heat in winter. Therefore, it can be concluded that the utilization of the
EAHE system can effectively precool and preheat ventilation air in summer and winter, respectively,
and achieve a promising energy-saving potential for building ventilation.

5.4. Opportunities of the EAHE System for Net-Zero Energy Buildings

In recent years, research and development of net-zero energy buildings (NZEBs) are becoming
one of the major issues of concern to researchers worldwide because of its energy efficiency, low carbon
emission, and sustainability. To achieve the goal of NZEBs, the used primary energy on annual basis
should be almost generated by on-site renewable energy [46–48]. Approaches to achieving NZEBs
are mainly classified into the following categories: employing renewable energy to meet the energy
demand of buildings and reducing the energy demand of buildings [49]. The above results demonstrate
that integrating the EAHE system into NZEBs can help to significantly reduce the energy demand
for building ventilation. Moreover, the low-grade outlet air of the EAHE system, driven by a solar
chimney, can be used to cool down the photovoltaic modules for improving its efficiency of power
generation [50]. Furthermore, the airflow window and ventilated wall [51–53] show excellent thermal
performance by utilizing low-grade exhaust air to prevent the heat transfer through the window and
wall. Integrating the EAHE system with these thermally activated building envelopes will further
eliminate the influence of outdoor thermal disturbance on the indoor built environment. Further
investigations on the applications of the EAHE system in NZEBs are deserved.
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6. Conclusions

The EAHE system can utilize the low-grade thermal energy of underground soil to preheat
and precool the flowing air within the buried pipe in the heating and cooling seasons, respectively.
To reduce the energy demand of building ventilation, an EAHE-assisted building ventilation system
was described and investigated in this study. An analytical model of the underground soil temperature
was developed to calculate the hourly evolution of the underground soil temperature at different
depths. A steady-state heat transfer model was proposed to simulate the outlet air temperature of the
EAHE system and identify its ability to preheat and precool ventilation air. Sensitivity studies were
carried out to evaluate the influence of different design parameters on the thermal performance of
the EAHE-assisted building ventilation system. The year-round energy-saving potential and design
guidelines of the EAHE-assisted building ventilation system were estimated and summarized for the
hot-summer and cold-winter climate. The main results are concluded as follows.

At an underground depth of 5 m, the temperature of underground soil is approximately constant
throughout the whole year with an amplitude of less than 0.6 ◦C. A longer pipe length can achieve
a larger temperature difference between the outlet air of the EAHE system and ambient air. For the
pipe length longer than 80 m, the outlet air temperature of the EAHE system keeps approximately
constant throughout the whole year despite the strong fluctuation of the ambient air temperature.
Moreover, the internal diameter of the buried pipe shows a limited impact on the thermal performance
of the EAHE system. Therefore, a depth of 5 m and a length of 80 m are recommended considering the
compromise between thermal performance and construction costs of the EAHE system.

The maximum preheating and precooling performance of the EAHE system is 20.4 ◦C and 20.7 ◦C,
respectively. This means that the peak cooling and heating loads of buildings can be significantly
reduced. Moreover, the EAHE-assisted building ventilation system can reduce by 16.0% and 50.1% the
energy demand for cooling and heating ventilation air throughout the whole year. Based on the above
discussion, it can be concluded that the utilization of the EAHE system can provide an alternative
approach to effectively precool/preheat ventilation air and achieve a promising energy-saving potential
for building ventilation in the hot-summer and cold-winter climate.

It should be noted that the application of the EAHE-assisted building ventilation system in the
heating season performs much better than that in the cooling season. It mainly results from the fact that
the EAHE system only helps to reduce the sensible cooling and heating loads of building ventilation.
This means that dry climates may be very suitable for the EAHE-assisted building ventilation system,
and the energy-saving potential of this system may be limited for the humid climates. Therefore, in our
future work, the energy-saving potential and applicability of the EAHE-assisted building ventilation
system in different climate conditions will be investigated. Moreover, experimental investigations are
needed to validate the mathematic models and provide the actual operation data of the EAHE system
in our future studies.
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Nomenclature

As amplitude of annual soil surface temperature, K
Ca specific heat capacity of air, kJ/(kgK)
d humidity ratio, g/kg
e thickness of pipe wall, m
EAHE earth-to-air heat exchanger



Sustainability 2020, 12, 8330 15 of 17

f friction coefficient of pipe
h convective heat transfer coefficient, W/(m2K)
ka thermal conductivities of air, W/(mK)
kp thermal conductivities of pipe, W/(mK)
ks thermal conductivities of soil, W/(mK)
L length of buried pipe, m
La latent heat vaporization of water, kJ/kg
ma mass flow rate of ventilation air, kg/h
Nc cumulative hours for cooling season
Nh cumulative hours for heating season
Qcool average daily cooling capacity, kWh
Qheat average daily heating capacity, kWh
QEAHE energy demand for conditioning the ventilation air with EAHE, kWh
Qvent energy demand for conditioning the ventilation air, kWh
ri inner radius of pipe, m
rs radius of undisturbed soil surface, m
Rconv convective thermal resistance between flowing air and pipe wall, (mK)/W
Rpipe conductive thermal resistance of pipe wall, (mK)/W
Rsoil conductive thermal resistance, (mK)/W
Rtotal total thermal resistance of EAHE, (mK)/W
to time of annual minimum soil surface temperature
Tamb ambient air temperature, K
Tcool precooling performance of EAHE, K
Theat preheating performance of EAHE, K
Ti indoor temperature, K
Toutlet outlet air temperature of EAHE, K
Ts underground soil temperature, K
Ts,mean mean annual temperature of soil surface, K
z depth, m
αs thermal diffusivity of soil, m2/h
η energy-saving potential of EAHE system for building ventilation
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