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Abstract

Contemporary energy-saving mechanical ventilation systems combined with Earth-Air Heat 
Exchangers (EAHE) can reach high energetic and economic efficiency. The necessary condition for 
optimisation of ventilation system functioning is the adequate design of EAHE. This requires knowledge 
of soil temperature distribution in the location of EAHE. It constitutes a complex problem because of 
the influence of different factors. The correct estimation of soil temperature for a given location can 
be difficult in the designing process. The designers can rely on simplified calculation models which 
can, however, deviate from real empirical data. The motivation to undertake this study was to compare 
real, empirical energy gains with handly calculations based on two different theoretical models of soil 
temperature distribution. The theoretical models used for comparison were European norm and semi 
empirical. The laboratory setting including EAHE was located at Warmia and Mazury University in 
Olsztyn, Poland. Thus it can reflect real condition operations of EAHE in climate conditions of central 
Eastern Europe. Data were gathered in a winter period between 1 October and 31 December. The results 
indicate that empirical data deviate from theoretical models. Models tended to overestimate the energy 
gains from EAHE by 23%.
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Introduction

Mechanical ventilation and air-conditioning are 
indispensable for the development of energy-efficient 
buildings. Earth-to-air heat exchangers (EAHEs) [1] 
and optimized design solutions reduce costs, maximize 
energy efficiency and promote energy savings in 
buildings. 

The necessary condition for optimising ventilation 
system functioning is the adequate design of EAHE. 
This requires knowledge of soil temperature distribution 
in the location of EAHE. It constitutes a complex 
problem because of different factors’ influences. The 
correct estimation of soil temperature for a given 
location can be difficult in the design process. Various 
models for calculating the energy efficiency of EAHEs 
have been proposed. De Paepe and Janssens [2] have 
identified eight models that can be grouped based on 
algorithms which:
–– First calculate convective heat transfer from 

circulating air to the pipe and then calculate 
conductive heat transfer from the pipe to the ground 
inside the ground mass.

–– Only calculate convective heat transfer from 
circulating air to the pipe.
Both models require SOUND knowledge of the 

thermal properties of the ground. The Thermal Response 
Test (TRT) is a very popular method that supports the 
determination of soil thermal properties, but it can 
generate errors due to the influence of groundwater [3]. 
It should be noted that reliable analyses of soil properties 
directly affects the designed parameters of an EAHE, 
determine the system’s efficiency and optimize costs [4]. 
The optimization of heat exchanger parameters during 
the design process has been widely discussed in the 
literature. Kumar et al. [5] relied on genetic algorithm 
(GA) optimization tools for design applications and soft 
computing methods. Cucomo et al. [6] proposed a one-
dimensional transient analytical model to estimate the 
performance of systems installed at different depths. 

The motivation to undertake this study was to 
compare real, empirical energy gains with handly 
calculations based on two different theoretical models of 
soil temperature distribution. 

Regardless of the applied tools, such as artificial 
neural networks [7], CFD codes [8], [9, 10] and the 
convolutive response factors method [11], the amount 
of heat transferred from the ground to ventilation air is 
calculated using the following formula [12]:

 (1)

…where:
Q – heat gain from the EAHE, Wh
m·   – mass flow rate of air (kg/s)
cp – specific heat of air, kJ/(kg·K)
TAirIn – air temperature at the EAHE inlet (ambient air) 
[K]

TAirOut – air temperature at the EAHE outlet [K]
z – averaging interval of 1 hour

The above formula is easy to use if a full set of  
data relating to the performance of a ground heat 
exchanger is available. However, the estimations of 
air temperature at the EAHE outlet pose the greatest 
problem in evaluating a system’s energy efficiency 
during the design process. The temperature of air at the 
EAHE outlet is directly linked with ground temperature, 
which is affected by numerous factors, including soil 
type and groundwater flow. Unlike the temperature of 
ambient air, which can be obtained from meteorological 
archives or estimated based on the data for a typical 
meteorological year, air temperature at the EAHE outlet 
has to be determined individually for every system.  
The performance of EAHEs in various locations 
(including Turkey [13] and India [14]) and climates 
(summer and winter in Chihuahua, mild climate of 
Mexico City, hot climate of Yucatan) [15], has been 
extensively researched, but most of the proposed 
formulas for calculating the thermal efficiency of 
EAHEs are based on the parameters of ambient air.  

In a simplified approach, the heat output of an  
EAHE can be calculated with use of the following 
formula [16]:

  (2)

…where:
Q – heat transfer from the ground to the air [W]
AS – surface area [m2]
Ud – heat transfer coefficient of the air pipe [W/(m2K)]
TG – ground temperature [K]
TAirIn – air temperature at the EAHE inlet (ambient air) 
[K]
TAirOut – air temperature at the EAHE outlet [K]

According to [16], the temperature of air leaving the 
heat exchanger is calculated as follows:

 (3)

...where:
MAin – dry air flow rate [kg/s]
cpAir – specific heat of air [J/(kg K)]

Ground temperature is calculated as follows:

 
(4)

…where:
gm – heat transfer coefficient of soil
TAM – average annual temperature of ambient air [K]



3433Validating Models for Calculating the Efficiency...

AH – amplitude correction factor
ΔTA – amplitude of annual variations in the temperature 
of ambient air [K]
JH – number of the hourly time interval in the year
VS – curve shift
h – heat exchanger depth [m]

Other methods of determining ground temperature 
have also been proposed in the literature. According to 
ASHRAE [17]:

 
(5)

…where:
AS – surface temperature amplitude [K]
z – depth [m]
α – soil thermal diffusivity [m2/day]
τ – length of the annual period, 365 days
t – Julian date, days
tlag – phase lag of soil surface temperature, days

Peretti et al. [18] proposed the following formula for 
calculating ground temperature:

    (6)

…where:
Tm – average annual soil temperature [K]
Asurf – amplitude of variations in surface temperature [K]
z – depth [m]
α – soil thermal diffusivity [m3/h]
t – time elapsed from the beginning of the calendar year 
in hours [h]
t0 – phase constant of the lowest average soil surface 
temperature in hours from the beginning of the year [h]

Other methods for calculating the distribution of 
ground temperature have also been proposed in the 
literature [11, 19-21].

The wide variety of models for calculating the 
distribution of ground temperature has prompted 
the authors to search for a model that has been 
experimentally validated in the Polish climate. In this 
study, the heat output of an EAHE installed in Olsztyn, 
determined based on experimental data for the winter 
season, was compared with the theoretical handly 
calculation heat output of the same EAHE based on a 
semi-empirical formula describing ground temperature 
distribution in the regions of Białystok [22] and Poznań 
[23].

In the adopted model, ground temperature at depth x 
was determined as follows:

 (7)

...where:
a = 60·10–8 – average soil thermal diffusivity [m2/s]
AS = 12.1 – annual amplitude of average monthly air 
temperature [K]
kv = 0.85 – vegetation index under the turf
t – day of the year, in days
t0 – phase shift of the annual amplitude of ground 
temperature, in days
Tm – average annual temperature of ambient air [ºC]
ΔTm – deviation of ground temperature below the shallow 
zone [ºC]
x – depth below ground surface [m]

The formula is modified as follows to account for the 
depth of heat exchanger pipes buried in the ground:

 
(8)

…and the coefficients take on the following values:

    (9)

 
(10)

 
(11)

Due to the unavailability of experimental data,  
the values of parameters a and As were based on the 
data for Białystok [22], which is closer to Olsztyn 
than Poznań. In view of the location of the analyzed  
EAHE, the vegetation index under the turf was adopted 
at kv = 1.85, but a formula for calculating the vegetation 
index under a car park was also presented for the city  
of Poznań [23]:

(12)
The influence of ground cover on temperature 

distribution below the surface was also recognized 
by Mihalakakou, Lewis and Santamouris [24], who 
observed that the absence of grass cover increased the 
system’s heating capacity. 

In this study, the analyzed EAHE was used to heat 
ambient air in winter in Central Europe. The application 
of ground heat exchangers to lower the temperature of 
ambient air in summer [25, 26] and the efficiency of 
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such solutions [27] have been thoroughly discussed in 
the literature. The construction of EAHA is constantly 
improved [28].

The problems of EAHA thermal design are 
commonly undertaken and widely investigated by 
different authors. Factors such as ground thermal 
properties and undisturbed ground temperature 
are included as having an important influence in 
designing EAHA exchangers, for example by Aresti, 
Christodoulides and Florides [29]. Rouag, Benchabane 
and Mehdid [30] proposed a new developed semi-
analytical method in which the temperature distribution 
in the soil near the EAHE is studied. Thanks to that, 
it is possible to determine the soil radius as a function 
of the operation duration. Apart from this radiation, any 
additional thermal impact of exchanger duct was not 
observed. This research method is meant to estimate the 
worsening of EAHE parameters in time.

Other interesting research done by Yusof et al.  
[31] included the creation of a laboratory setting that 
allows for complete imitation of thermal operation of 
EAHA. The construction of a simulator allowed for 
avoidance of typical problems of field research, namely 
limitations in rapid changes of input parameter and 
repeatability. Estrada et al. [32] stress the necessity of 
including latent heat exchanges in EAHE design.

Ground temperature distribution is also an important 
consideration in other engineering applications  
such as borehole heat exchangers [33] and heat pumps 
[34].

All symbols in formulas 1-12 are as in original 
papers.

Laboratory Station

The laboratory station comprised the Awadukt 
Thermo system of ground-coupled pipes buried in the 
ground at a depth of 2.10 m at the point of intersection 

with the building’s cellar wall to 2.28 m by the 
rainwater tank. The pipes had a downward slope in  
the direction of the rainwater tank in the vicinity of  
the AwaduktThermo air inlet tower. The pipeline had 
a total length of 41 m, with an external pipe diameter 
of 0.2 m and four 90ºC elbow pipes. The measuring 
system comprised resistance temperature detectors 
mounted on the external northern wall of the building 
and by the EAHE outlet supplying air to the ventilation 
unit. In the EAHE, the air flow rate was measured with 
a detector installed inside the pipeline by the inlet to 
the ventilation unit in the cellar. The measurements 
were registered by a Siemens controller in real time and 
were averaged in hourly intervals. The airflow rate was 
around 152.05 m3/h, and the flow rate inside the EAHE 
was around 1.44 m/s during the experiment.

Results

The analyzed data covered a period of three months 
(October to December) in 2016. In the evaluated 
period, weather conditions consistent with a typical 
meteorological year (TMY) were observed over 
2208 hours. A total of 2051 hours during which air 
temperature was consistent with the TMY database 
were obtained in laboratory measurements (5 days 
were not registered due to technical problems), and all 
calculations were performed for the above number of 
hours for comparative purposes.

The analyzed period was characterized by higher 
temperatures than those indicated in the meteorological 
database (Fig. 2). The average temperature of ambient air 
was 4.2ºC in laboratory measurements and 2.6ºC in the 
TMY database. The minimum temperature of ambient 
air was -5.8ºC in the experiment and -7.7ºC in the TMY 
database, and the maximum temperature was 17.7ºC 
and 16.2ºC, respectively. The most frequently registered 

Fig. 1. The scheme of research installation (source: own elaboration).
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temperature in the evaluated period was around 8ºC 
in the experiment (269 hours) and around 1ºC in the 
meteorological database (241 hours). Calculations were 
performed for the five cases presented in Table 1.

In case 1, the thermal efficiency of the EAHE was 
calculated based on the temperatures measured at the 
EAHE inlet and outlet. In case 2, thermal efficiency 
was modeled according to Standard PN-EN 15241:2011 
based only on the measured temperatures of ambient air. 
In case 3, thermal efficiency was calculated according to 
the model proposed by [23] with the use of formulas (8-
11) based on the measured temperatures of ambient air. 
In case 4, thermal efficiency was determined according 
to the theoretical model stipulated in Standard PN-EN 
15241:2011 based on TMY data. In case 5, thermal 
efficiency was determined according to the model 
proposed by [23] based on TMY data.

The average hourly temperature at the EAHE outlet 
was 9.88ºC in the experiment (Fig. 3). The minimum 
value of the above parameter was determined at 3.88ºC 
and the maximum value at 18.44ºC. These results 
indicate that ground temperature significantly influences 
the temperature measured at the EAHE outlet. Minor 
daily variations in the temperature of ambient air were 
noted at 1.5 K on average. The results of the calculations 
based on both experimental data and TMY data 
revealed that air temperature at the EAHE outlet was 
almost equal to ground temperature (Fig. 2). The above 

explains similar outlet temperatures in cases 2 and 4. A 
similar correlation was noted in cases 3 and 5. In cases 
2 and 4, the hourly temperature of ambient air at the 
EAHE outlet was 11.09ºC on average, the minimum 
temperature was 8.25ºC, and the maximum temperature 
was 12.21ºC. In cases 3 and 5, the average hourly air 
temperature at the EAHE outlet was 12.18ºC, the 
minimum temperature was 9.37ºC, and the maximum 
temperature was 14.32ºC.

In case 1 (laboratory experiment), the average hourly 
difference between inlet and outlet temperature was 
5.72ºC. The minimum hourly difference in temperature 
was 0.32ºC, and it was registered on 2 October at around 
13:00. The maximum hourly difference in temperature 
was 11.12ºC, and it was registered on 13 December 
around 06:00. In case 2, the average hourly difference 
between inlet and outlet temperature was 6.93ºC. The 
minimum hourly difference in temperature was -5.81ºC 
(cooling), and it was registered on 2 October at around 
14:00. The maximum hourly difference in temperature 
was 15.71ºC, and it was registered on 22 December 
around 22:00. In case 3, the average hourly difference 

Fig. 2. Distribution of air temperatures between October and 
December 2016 in Olsztyn based on the performed measurements 
and a meteorological database (TMY) (source: own elaboration).

Table 1. Case study (Source: own elaboration).

TAirIn – air temperature at the EAHE inlet 
(ambient air) [K] TAirOut – air temperature at the EAHE outlet [K]

Case 1 Laboratory data Laboratory data

Case 2 Laboratory data Based on formula (3) where ground temperature is determined according to 
standard PN-EN 15241:2011 (formula 4)

Case 3 Laboratory data Based on formula (3) where ground temperature is determined according to [23] 
(formulas 8-11)

Case 4 TMY Based on formula (3) where ground temperature is determined according to 
standard PN-EN 15241:2011 (formula 4)

Case 5 TMY Based on formula (3) where ground temperature is determined according to [23] 
(formulas 8-11)

Fig. 3. Temperature distribution at the EAHE outlet in the 
analyzed cases relative to the distribution of the measured 
temperatures and temperatures from the meteorological database 
(source: own elaboration).
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between inlet and outlet temperature was 8.30ºC. The 
minimum hourly difference in temperature was -2.76ºC 
(cooling), and it was registered on 2 October around 
14:00. The maximum hourly difference in temperature 
was 16.43ºC, and it was registered on 23 December 
around 23:00. In case 4, the average hourly difference 
between inlet and outlet temperature was 8.23ºC. The 
minimum hourly difference in temperature was -4.28ºC 
(cooling), and it was registered on 3 October around 
noon. The maximum hourly difference in temperature 
was 17.95ºC, and it was registered on 24 November 
around 23:00. In case 5, the average hourly difference 
between inlet and outlet temperature was 9.32ºC. The 
minimum hourly difference in temperature was -1.93ºC 
(cooling), and it was registered on 3 October around 
noon. The maximum hourly difference in temperature 
was 18.82ºC, and it was registered on 20 October around 
midnight.

In the laboratory experiment (case 1) (Fig. 4), the 
heat gains from the analyzed EAHE were determined 
at 221.44 kWh in October, 233.92 kWh in November 
and 288.46 kWh in December. The average hourly heat 
gain was 0.36 kWh. The maximum hourly heat gain 
was 0.74 kWh (13 December at 06:00). Air cooling 
was not observed. In case 2, heat gains were 10% 
higher in October, 23% higher in November and 20% 
in December. Air was cooled for 74 hours (cooling load 
of -11.59 kWh). In case 3, heat gains were 30% higher 
in October, 29% higher in November and 27% higher 
in December. Air was cooled for 38 hours (cooling load 
of -3.19 kWh). In case 4, heat gains were 19% higher in 
October, 32% higher in November and 38% higher in 
December. Air was cooled for 34 hours (cooling load of 
-2.80 kWh). In case 5, heat gains were 37% higher in 
October, 37% in November and 42% in December. Air 
was cooled for 9 hours (cooling load of -0.51 kWh).

Discussion

The temperature of ambient air at the EAHE outlet 
was calculated with the use of two methods based 
on theoretically determined ground temperatures. 

Theoretical models produced higher air temperatures 
at the EAHE outlet than the experimentally measured 
temperatures. The operating conditions of the EAHE 
were identical in the applied models (pipe length, pipe 
depth, air flow rate), but in the calculations based on 
standard PN-EN 15241:2011 [16], the average hourly 
temperature at the EAHE outlet was 1.21ºC higher on 
average than that measured in the experiment. The 
values calculated according to the method proposed 
by Popiel and Wojtkowiak [23] were 2.30ºC higher on 
average.

It should also be noted that experimentally  
measured temperatures were characterized by low 
daily variations. The average daily difference between  
the maximum and minimum average hourly  
temperature at the EAHE outlet was determined at  
1.54 K. The most extreme and sporadic difference of 
6.12 K was registered on 1 October. In the theoretical 
models, the temperature at the EAHE outlet was 
influenced primarily by ground temperature, which 
remains fairly stable throughout the day. The above 
led to the absence of hourly fluctuations in the daily 
temperature cycle.

Conclusions

The theoretical calculations modeling the distribution 
of ground temperature produced higher heat gains  
than the calculations performed based on the 
experimental data. In all analyzed cases, the 
theoretically modeled monthly heat gains were 29% 
higher on average than the measured heat gains. Greater 
differences were observed in cases 4 and 5, where 
the temperature of ambient air was based on TMY 
data. Heat gains were 34% higher on average than  
the measured results, whereas in cases 2 and 3, which 
were based on measured temperatures, monthly heat 
gains were higher by 23% on average than in case 1.  
The above can be attributed to the fact that air 
temperatures based on TMY data were lower than  
the measured values. The observed differences were 
greater in winter (December) than in fall (October, 
November).

Further research is needed to evaluate the 
performance of an EAHE under real-life conditions 
and to investigate a theoretical models’ tendency to 
overestimate heat gains in fall and winter. 
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