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Abstract. The materials used in the manufacture of geother-
mal heat exchangers for shallow geothermal applications
play an important role in the overall system performance,
especially if grout is not being used to seal the boreholes
in which the heat exchanger is installed. The subject of this
study is the durability evaluation of a vertical coaxial ground
heat exchanger made of steel that is coupled directly to the
ground. This solution minimizes the thermal resistance be-
tween the heat exchanger and the ground, but presents the
important drawback of removing any protection toward the
surrounding environment Among the materials proposed for
manufacturing such vertical geothermal heat exchanger, car-
bon steel is suitable and have potential, due to its low cost
and high thermal conductivity. The main disadvantage of this
material is that it is strongly subject to corrosive attack, ac-
cording to the chemo-physical properties of the underground.
This study investigated the corrosion behaviour of carbon
steel used in an experimental underground heat exchanger
and assessed its durability over time. Corrosion rate of steel
samples were measured in the laboratory by weight loss
method after exposure over a specified period in a selected
ground medium. Different ground conditions were tested, re-
sulting in different densities and moisture contents of ground
samples collected on the field. Based on the results, the cor-
rosion rate of carbon steel is evaluated as a function of water
content and rate of ground compaction. This information has
allowed to advance more accurate quantitative forecast of the
expected operational life of installed geothermal exchangers
and their safety over time.

1 Introduction

As practice of the European research projects Cheap GSHPs
(European Commission, 2015), and GEO4CIVHIC (Euro-
pean Commission, 2018), a holistic approach has been taken
to make shallow closed-loop geothermal energy more con-
venient, safe and efficient. During the implementation of
the projects, various aspects were addressed, such as ground
source heat pumps, secondary fluids, as well as drilling meth-
ods and the design of ground heat exchangers. Focusing on
vertical ground heat exchangers (GHESs), the coaxial types
have been investigated and improved by optimizing the gen-
eral design (Pockele’ et al., 2020). One of the new technolo-
gies being developed during GEO4CIVHIC is a methodol-
ogy that allows both borehole drilling and pipe installation at
the same time. This greatly reduces costs and opens up the
possibility to have the pipe in direct contact with the ground.
In this way, there is no extra thermal resistance between the
heat transfer fluid and the ground because there is no injec-
tion of grout into the borehole. In fact, there is no annular
gap at all, as result of the installation procedure. The only
remaining thermal resistance due to a physical item is the
pipe itself. Based on these advances, the research focused at
further improving the system by exploring alternative GHE
materials (Mendrinos et al., 2016; Boban et al., 2021) such as
metals, that have very good thermal properties (Ashby, 2010;
Ferrarini et al., 2020). Plastic represents the most common
pipe material in shallow geothermal systems, despite its poor
thermal properties, as it is affordable and does not degrade
by corrosive attack. Corrosion of pipe used for GHEs is cru-
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cial because it leads to system failure and is thought to be an
environmental hazard in the event of a liquid leak (in partic-
ular if antifreeze liquids are used). Stainless steel is resistant
to corrosion but it is very expensive and thus not economi-
cally sustainable. Therefore, research moved to study the ad-
vantages and drawbacks of carbon steel, an affordable mate-
rial that is characterized by an excellent thermal conductivity
(Cadelano et al., 2021). Corrosion is renowned as a major
problem for the long-term function and integrity of all kind
of pipelines (Cadelano et al., 2016), including buried carbon
steel components such as electric poles or pipelines. In the
case of geothermal heat exchangers, this aspect is especially
important as it causes damage beyond system failure. Indeed,
the leakage of heat transfer fluid through corroded piping
causes serious environmental problems. The mechanism of
corrosion is variable and depends on the specific composi-
tion of the metal alloy and the local underground conditions.
The dissolution of carbon steel is caused by electrochemi-
cal processes due to the presence of both oxygen and water.
Additionally, other parameters, related to ground properties,
can potentially enhance corrosion issues (Arriba-Rodriguez
et al., 2018). Such parameters are pH, resistivity, humidity
and oxygen. However, the operational criteria for assessing
ground corrosion only take into account ground properties
from a qualitative point of view. The corrosion rate, defined
as the mass of metal per unit time destroyed, can be assessed
using standard laboratory procedures based on measuring
weight loss over time. These methods are used in many fields
of engineering but not yet exploited in shallow geothermal
systems. By applying these methods to metal samples such
as GHE piping material buried under known conditions, it
is possible to quantitatively assess the site-specific corrosion
rate.

2 Materials and methods
2.1 Definition of corrosion parameters

The severity of corrosion can be expressed by the corrosion
rate (CR) that consists in the material loss over time of metals
exposed to corrosive environments. Concerning geothermal
components, it depends on the coupling of the metal consti-
tuting the outer pipe of the exchanger with a specific ground
that can be found in the strata where the pipe is buried. Usu-
ally, CR is expressed in terms of depth of penetration, so in
metric units it is millimeters per year. Corrosion rates can be
measured in the laboratory according to standard test meth-
ods. They generally consist of exposing metal samples of
known density and shape in a corrosive environment for a
period of time. The material loss is then measured by gravi-
metric analyses. In this study, the ASTM G162-18 method
(ASTM International, 2021) was applied to calculate the cor-
rosion rate of structural carbon steel specimens. It is based on
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weight loss, which is expressed by the following Eq. (1):

CR=287.6-

p . A . l‘ ’ (l)
where W is the weight loss (mg); A ist the area of the sample
(cm?); p is the metal density (g cm™3); ¢ is the time of expo-
sure in corrosive environment (hours). CR (Corrosion Rate)
is the weight loss of a pipe system or other metallic surfaces
after exposure to a corrosive environment (mm yr~ ).

This practice does not replicate all field conditions and
variables existing underground, such as stray currents, micro-
biologically influenced corrosion, non-homogeneous electro-
chemical conditions, but it allows to simulate the most com-
mon and relevant conditions that determine the corrosiveness
of a soil.

Corrosion rate is a useful parameter to assess the lifes-
pan of metal-based buried structures, and therefore it also
determines the maintenance requirements for components.
Assuming, according to NACE Corrosion Engineer’s Refer-
ence Book (Baboian et al., 1991), a uniform corrosion over
the entire component surface, and CR as constant, obtaining
the maximum theoretical lifetime of a buried pipe as Eq. (2):

pipe wall thickness
CR

It is worth remarking that the estimated lifetime refers to the
complete destruction of the pipe. Actual service life should
presumably be much shorter, especially if mechanical in-
tegrity is compromised due to external stresses or forces, e.g.
water pressure, vibrations, etc. Moreover, the possible simul-
taneous corrosion attack on the internal side of the pipe is
neglected in this study. The expected lifetime of any geother-
mal system is always limited. For the sake of having a ref-
erence value, in most cases the lifetime can be considered
economically sustainable when it is over 30 years (Héhnlein
et al., 2013) of actual service life.

2

Estimated lifetime =

2.2 Experimental process and samples preparation

The experiment was conducted by collecting the ground
samples from a shallow geothermal site in the frame of
GEOACIVHIC project located in Padua, Italy. In such site,
carbon steel groutless vertical experimental ground heat ex-
changers were installed. The samples were collected 1.5-
1.8 m below ground level which is very shallow but consis-
tent with the specific type of GHEs which are very short (av-
erage thermal exchange length is less than 7 m). In addition,
it represents a worst-case scenario, as it was assumed that
corrosion would be more critical near ground level due to
the abundance of oxygen and water from precipitation. The
ground samples typology is silty clay and the average mea-
sured pH is 8.16 at the sampling depth (New York State De-
partment of Transportation, Geotechnical Engineering Bu-
reau, 2015). A total of 30 specimens (i.e. 30 collected ground
samples from the same location) were inserted in a container.
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Container mly

Specimen

Figure 1. Experimental setup scheme during the exposure of metal
coupons, according to ASTM standard.

Then, the parameters known to critically impact on the cor-
rosion rate, as oxygenation (in relation to the compactness
of the soil) and water content, were gradually changed. The
samples were prepared according to the ASTM G162-18
(Standard Practice for Conducting and Evaluating Labora-
tory Corrosion Tests in Soils), also paying attention to the
ground quantities and the specifications of the containers.

Firstly, the ground samples were dried in a ventilated oven
at 105 °C constant temperature for several days, regularly
monitoring their drop in mass to equilibrium. In order to
evaluate the corrosion behavior of the soil with varying mois-
ture content (MC), samples were prepared by artificially set-
ting different quantities of water, as a fraction percentage of
the saturation moisture content (SMC) of the soil materials.
SMC is defined as the maximum amount of water that can
be contained in a ground type when all pore spaces are filled
with water. The reference moisture contents of the analyzed
ground samples were: 0 %, 20 %, 40 %, 70 % and 85 % ob-
tained by gravimetric method. By pressing the samples, two
levels of density were arbitrarily obtained: 7 and 13 gcm™3
to simulate loose and compacted ground respectively. For
each combination of MC level and compactness, three dif-
ferent ground samples were prepared for redundancy, as re-
ported in Table 1.

Subsequently, for each of the 30 polyethylene contain-
ers filled with ground with varying compactness and MC, a
metal coupon of known size and mass was inserted inside, as
schematized in Fig. 1.

The coupons were made of S235JRH carbon steel plates
having surface area equal to 1.8 cm?. Oily greases or other
corrosion inhibiting substances can be often found on metal
components, as results of metal manufacturers practices to
protect the metal from corrosion where no enamel or other
proper passive anti-corrosion measures are present. There-
fore, the coupons were cleaned by rinsing them in ethylic
alcohol solution. The coupons were intended to simulate
the outer pipe of the ground heat exchangers that were in-
stalled in the field, which are in fact made of carbon steel
in direct contact with the ground, without grouting or fill-
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ing in the borehole. The prepared containers, thus including
the ground and the metal coupons, were sealed with plastic
film, then kept undisturbed for an exposure time of 2304 h
at constant room temperature. During that period, the mois-
ture content was also kept constant by refilling the water
if necessary. In fact, a periodic monitoring by gravimetric
method were implemented to check the containers for possi-
ble weight loss due to water evaporation. Finally, the metal
specimens were extracted, cleaned, rinsed with alcohol solu-
tion and then weighed to evaluate the mass drop. Finally, the
corrosion rate for each of them was calculated according to

Eq. (1).

3 Results

The visual appearance of the carbon steel coupons surface
after exposure to the corrosive ground environment is shown
in Fig. 2 that depicts unaltered photographic images of some
coupons at the end of the test. It is evident that the corrosive
attack progressed the most in soil environments where the
moisture content was higher.

The result of the gravimetric test shows that the corro-
sion rate increases non-linearly with the moisture content, as
shown in Fig. 3.

Based on the results, the corrosion rate of the carbon steel
coupons is highest (values of around 0.1 mmyr—!) at > 70 %
moisture content. At even higher moisture content, CR is
greater for loose soil conditions. Corrosion rate is almost
zero at 20 % water content. Nonetheless, CR it is not neg-
ligible for coupons exposed at 40 % of moisture content, es-
pecially in compact ground environment. At moisture con-
tent equal to 0 %, the corrosion attack is negligible. As ex-
pected, results indicate that the corrosion rate of carbon steel
under constant boundary conditions is higher when the soil
has a higher moisture content, so the water content percent-
age seems to affect more the metal corrosion compared to
the rate of ground density. It can be hypothesized that at low
moisture content, the lower rate of ground compaction lim-
its the corrosion due to a drainage effect: the water, seeping
through the interstices of the texture of the ground, flowed
to the bottom of the container, away from the metal sam-
ple. At higher moisture content, higher rate of ground com-
paction enhances corrosion because it would favor a differ-
ential oxygenation. The evaluation of the corrosion rate al-
lows to advance the forecast of the maximum expected life
of the ground heat exchangers. The number of years neces-
sary to corrode completely the carbon steel pipe was calcu-
lated according to Eq. (2), and taking into account a pipe wall
thickness equal to 2 mm. Results are shown in Table 2. The
measurement uncertainty has been expressed as the standard
deviation o over the three values obtained from the redun-
dant specimens.
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Table 1. Organization of tests. The numbers of tested ground samples for each MC and ground compactness level are reported.

Moisture content levels

0% 20% 40% 70% 85%
Ground Loose 3 3 3 3 3
Compactness levels Compact 3 3 3 3 3

(a)

(b)

(c)

(d) (e)

Figure 2. Visual images of specimens after 2304 h exposition at different moisture contents; 0 % (a), 20 % (b), 40 % (c¢), 70 % (d) and
85 % (e). Ground density has no significant evidence on visual inspection.
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Figure 3. Corrosion rate of metal coupons as function of moisture
content. Red indicators refer to loose ground. Green indicators refer
to compact ground.

Table 2. Maximum estimated life time in years, assuming a wall
thickness of the pipe equal to 2 mm.

Moisture content  Compact ground  Loose ground

[%] [years 0] [years +0]
0 _ _
20 > 2500 > 2500
40 87+£22 550430
70 2543 30£5
85 2841 2142
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The corrosion rate values obtained as a function of the
moisture content can also be used to define more refined
durability models that take into account the effect of precip-
itations, which can be relevant for very shallow installations.
The annual variation in soil moisture directly affects the CR,
which would therefore not be constant. In order to evalu-
ate the effect of considering CR not constant, the rainfall
data of the studied site were recovered from the meteorolog-
ical data collected by the ARPAV (Regional Agency for the
Protection of the Environment of Veneto, https://www.arpa.
veneto.it/bollettini/storico/2022/0234_2022_TEMP.htm, last
access: 20 June 2022). Data record of Padua weather station
was processed to obtain a simplified model of variable mois-
ture content. Assuming the average number of rainy days and
individual rain events over the last 10 years, the adjusted an-
nual CR would be ca. 0.04 mm yr~!, which allows us to pre-
dict complete perforation of the pipe after about 50 years.
However, the alternating cycles of wet-dry conditions as fur-
ther aggravating parameters affecting the corrosion has not
been considered, and it should be examined by future inves-
tigations.

4 Conclusions

In order to evaluate the durability of a new type of metal
ground heat exchanger for shallow geothermal applications,
a dedicated laboratory testing methodology was applied to
assess the corrosiveness of the ground at the site where such
GHEs were installed. Specifically, the test were mean to eval-
uate corrosion at very shallow depths, where corrosive attack
is considered to be more critical due to the presence of mois-
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ture due to precipitations. Carbon steel metal samples were
exposed in ground environment collected on site. The corro-
sion rate was evaluated, also as a function of the main param-
eters that are known to affect corrosion, i.e. water content and
rate of ground compaction, the latter related to ground oxy-
genation. This way of evaluating the expected life is partial
and takes into account only the main corrosion mechanisms
in the underground environment, and does not consider other
corrosion phenomena induced e.g., by bacteria, stray currents
or presence of organic matter. However, the applied method-
ology represents a promising introduction in the field, be-
cause it provides an indication that would help assess sites
when designing a geothermal system. Under constant con-
ditions, the worst-case corrosion rate is within 0.1 mm yr‘1
at the site under consideration, assuming a constant mois-
ture content > 70 %. In this context, the durability of a metal
pipe with a wall thickness of 2 mm is approximately 20 years.
This operational life expectancy would be below the accep-
tance threshold, therefore making it necessary to use an anti-
corrosion protection.

The results of this study allow for the introduction of
ground corrosiveness assessment as a suggested methodol-
ogy for evaluating a site. In fact, it would provide site-
specific and quantitative forecast of the expected life of the
GHEs. Furthermore, this methodology can be easily adapted
to replicate site specificities that can impact soil corrosivity,
such as precipitations, temperature variations, etc.

If the ground samples are collected at different depths, it
would also be possible to test different tube materials against
the different lithologies present in the different layers. This
would imply the interesting possibility of designing a new
type of vertical ground heat exchanger built not in a sin-
gle tube material, but in sections of different materials, that
are selected to ensure optimal coupling with the correspond-
ing ground layer. For example, plastic should be used in the
most superficial layers, where corrosion is more significant
due to a greater presence of water and oxygen, and metal in
the deeper layers.
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