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Abstract: Shallow geothermal energy can be exploited in any location by ground heat exchangers
(GHE), which consist of pipes placed either horizontally in trenches or vertically in boreholes in the
ground. The cost of the GHE is primarily determined by the pipe cost per unit length and the total
required length. For a given type of ground and completion conditions, the main parameter that affects
the required length of a GHE is the thermal conductivity of the pipe material. The preferred pipe con-
struction materials are usually high density polyethylene (HDPE) as the plastic with the highest thermal
conductivity, in a much lesser extent cross-linked polyethylene (PEX) for relatively higher temperature
applications, and even stainless or galvanized steel in some other installations. In this paper, alternative
metallic materials with higher thermal conductivity as well as thermoplastics available in market were
evaluated for shallow geothermal use. The evaluation was made in terms of expected GHE service life
based on literature review of buried piping systems, estimation of the required GHE length per unit
energy output by computer simulations and cost estimation using current market prices.
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1. INTRODUCTION

Shallow geothermal energy refers to geothermal
resources of temperature close to the ambient one, available
everywhere at shallow depth typically at 0-300 m and can be
utilized by ground heat exchangers (GHE). GHE systems
consist of pipes buried in the ground, either horizontally in
trenches or excavations typically at depths of 1-3 m, or in
boreholes typically at depths of 50-300 m, usually around
100 m. The material that fills the gap between the pipe and
the trench/borehole walls is termed as the grout. A heat
transfer fluid which flows in the GHE pipes transfers its
thermal energy content to a second fluid (usually water) us-
ing a water source heat pump (HP). The water source heat
pump increases or decreases the temperature of the second
fluid, in order to reach the level needed to provide sufficient
heating or cooling to the building or space served. A GHE
delivers to the heat pump temperatures typically in the range
of -3 °C to 15 °C in heating mode and in the range of 15 °C
to 40 °C in cooling mode depending on the design. Free
cooling directly by the GHE is also possible under favorable
conditions (e.g. low cooling load needs).

The cost of a GHE depends on the required length of
drilling (in vertical GHE termed as borehole heat exchanger
or BHE) or trenching (in horizontal GHE) and grouting, plus
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the cost of the pipe itself. The required length depends on the
desirable operating temperature and the thermal conductivity
of the pipe’s material, the grout and the surrounding geologic
formations.

The most commonly used material for GHE pipes is high
density polyethylene (HDPE), as if it were an industry stand-
ard. Relatively few applications use pipes made of cross
linked polyethylene (PEX), stainless steel or galvanized
steel. This work evaluates the suitability of commercially
available pipe’s materials for GHE use in terms of anticipat-
ed service life and costs.

This paper revises and completes the work on BHE mate-
rials published by Mendrinos ef al. [1].

2. MATERIAL AND METHODS

Common commercially available pipe materials were ex-
amined. The suitability for GHE application of pipe materi-
als was determined by their operating temperature limits and
their anticipated service life. Range of operating temperature
and thermal conductivities of thermoplastic materials were
taken from relevant handbooks such as Wypych [2] and Per-
ry’s [3], as well as from manufacturers’ documentation.

There is very little publicly available information on cor-
rosion rates of metal piping systems buried underground.
Thorough and systematic research, since early 1900s on cor-
rosion during long periods of exposure of steel pipes in di-
rect contact with the soil at various depths, has been carried
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out in the USA by the National Bureau of Standards (NBS),
now known as the National Institute of Standards and Tech-
nology (NIST), which is analyzed by Ricker [4]. In addition,
the Departments of Transport of several States of USA have
issued calculation methodologies for the service life of bur-
ied culvert pipes beneath highways made of galvanized steel,
aluminum, HDPE and PVC, as described by White [5] and
Mollinas and Mommandi [6]. Limited scale relevant research
has been carried out in Japan for black carbon steel, stainless
steel and copper pipes, used in shallow water supply pipes,
according to the report of SSA and MiDI [7], while experi-
ments were conducted in Europe for stainless steel as report-
ed by Sjogren et al. [8] and in the USA for stainless steel,
reported by Gerhold ef al. [9] and Anantatmula and Divine
[10].

As a GHE includes pipes buried beneath the surface of the
earth, the above mentioned references were used by the authors,
in order to calculate or estimate the corresponding GHE service
life. The corresponding methods adopted by the authors for the
various pipe materials are summarized in Table 1.

GHE costs depending on different pipe materials were
estimated by a market survey carried out by the authors, us-
ing information collected from the World Wide Web, includ-
ing web pages, product and price catalogues of pipe suppli-
ers and manufacturers based on European Union. In cases,
where market prices were not readily available online, the
authors obtained a quote from local suppliers. Wholesale
prices were used for piping, which correspond to the costs
incurred by the GHE installers.

The required BHE length per unit of delivered geother-
mal energy was calculated by the authors with the aid of the
EED - Earth Energy Designer software code [11].

Mendrinos et al.

3. RESULTS

3.1. Pipe Materials

3.1.1. Thermoplastics

Thermoplastics are almost ideal materials for BHE pipes,
as they are commercially available, of low cost, corrosion
resistant, light weight and easy to handle. Their only draw-
back is their low thermal conductivity, in the range 0,14-0,46
W/mK, which is much lower than the one of the most under-
ground formations, which is in the range of 1,5-3,0 W/mK,
resulting in increased borehole thermal resistance and hence
longer BHE requirements. Thermoplastic materials are char-
acterized by low temperature and low pressure service limits,
which in most cases are suitable for use in a BHE. Their
thermal conductivity values and service temperature limits
are presented in Table 2.

In Europe, among the materials listed in Table 2, HDPE
and PVC are more common in pipes conveying cold water,
PEX and PP in hot water pipes for heating applications,
while more expensive Nylon and Rubber pipes are used for
the transport of other types of fluids.

3.1.1.1. Polyethylene (PE)

High density polyethylene (HDPE) has the highest ther-
mal conductivity among thermoplastics. Due to its wide
availability, low maintenance needs, low weight, continuity,
flexibility, versatility, excellent biocompatibility, ease of
installation, long lifespan in the ground and reliability in
service, HDPE has become the main piping material for
GHE:s.

Low density polyethylene (LDPE) has similar costs (~1400
€/ton), to HDPE (~1300 €/ton). Its long term service tempera-

Table 1. Methods used to estimate service life of BHE according to pipe material considered.
Pipe Material Service Life Calculation Method
HDPE Average value of service lives adopted by State regulations in the USA.
PEX, PVC

T Equal to the one of HDPE.

PEX/PP-reinf
PB Time in years that passed from its first introduction to the market until first premature failures were reported.

Steel Corrosion penetration rate equal to the median value of the statistical analysis carried out by Ricker [4].

Galvanized steel

Average of calculated values using calculation methods adopted by State regulations in the USA, as described by White [5],
assuming underground pH and resistivity equal to the median value of rock properties reported in Ricker [4].

Bitumen/PE coated steel

Equal to the one steel, assuming that the external coating does not provide additional protection for the reasons explained in

chapter 3.1.2.

Glass coated steel

Equal to the one of steel plus 20 years.

Stainless steel

Maximum pitting corrosion rate observed in the experiments of Anantatmula and Divine [10].

Average of calculated values using calculation methods adopted by State regulations in the USA, as described by White [5],

Aluminum . s : . Lo
assuming underground pH and resistivity equal to the median value of rock properties reported in Ricker [4].
Copper Approximately equal to the one of Aluminum.
Titanium 100 years.
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Table 2. Thermal conductivity values of common thermoplastic materials.

Material Thermal Conductivity, Service Temperature,
W/m°C °C
LDPE 0,32 -341t0 70
HDPE 0,42-0,46 -34 to 60
PEX 0,38-0,46 -40 to 95
PVC 0,16 -18 to 60
PB 0,22 -18 t0 99
CPVC 0,14 -18 to 80
PP-Random 0,23 -1t0 99
PP-reinforced 0,15 -10 to 99
PVDF 0,22 -18 to 135
ABS 0,19 -34 to 82
Nylon 0,22 -34t0 80
Rubber, TPE 0,17 -10 to 100

ture is up to 70 °C. A new polymer that is gaining market share
is the linear low density polyethylene (LLDPE), which has the
same thermal conductivity as LDPE, costs ~1300 €/ton and
service temperature up to 50 °C.

3.1.1.2. Crosslinked Polyethylene (PEX)

Crosslinked polyethylene (PEX) is a stronger version of
polyethylene with upper operating temperature limit at 99
°C, commonly used in underground thermal energy storage
systems supplied by solar energy. PEX finds many applica-
tions in geothermal and district heating systems due to its
high service temperature, chemical resistance, abrasion re-
sistance, memory effect, thermal and aging stability. Its cost
is approximately double than the one of HDPE. There are
different varieties of PEX, each with its own lower tempera-
ture service limit, which must be considered before selecting
a pipe for a GHE.

3.1.1.3. Polypropylene (PP)

Polypropylene (PP) is a widely available thermoplastic
material with costs similar to HDPE (~1300 €/ton). Its rec-
ommended service temperature is in the range of -1 to 99 °C.
As GHE temperatures drop to even lower values during heat-
ing mode in most cases, PP is not considered as a suitable
material for GHE use. Special types of polypropylenes must
be used, such as Beta PP-H or multilayer reinforced PP; both
of which have extended operating temperature range down to
-10 °C.

3.1.1.4. Polyvinyl Chloride (PVC)

Polyvinyl chloride (PVC) pipes are strong and rigid, used
mainly in water, gas and drainage systems. Its recommended
temperature service is in the range of -18 to 60 °C. PVC bulk
material costs are approximately 40% lower than the ones of
HDPE at 800 €/ton, but PVC pipe costs are more expensive
than the ones of HDPE.

3.1.1.5. Polybutylene (PB)

Polybutylene (PB) pipes are mainly used for pressurized
water systems with compression and banded joints due to
their creep resistance and semi-crystalline structure and fa-
vorable temperature service range. In the United States, PB
pipes used for both residential and commercial water distri-
bution during the 1980s and 1990s, after 45 years of service
exhibited an unusually high rate of failure under normal op-
erating conditions, attributed to the presence of chlorine ad-
ditives in the water.

3.1.1.6. Polyamide (Nylon)

Nylon-6,66 pipes show a remarkably good wear re-
sistance and low friction between the pipe’s walls and the
circulating medium. Nylon-6 is used when good temperature
resistance and chemical resistance to greases and oils is re-
quired.

3.1.1.7. Rubber (TPE)

TPE materials show excellent resistance to dynamic fa-
tigue, good tear and abrasion resistance, low deformation
under compression and traction, as well as good resistance to
aqueous fluids, oils and hydrocarbons, due to which they are
widely applied in industries. They have low density, below 1
kg/m?® and high cost ~5100 €/ton.

3.1.2. Metals

Metals have much higher thermal conductivity than
thermoplastics, as shown in Table 3, allowing smaller GHEs
for the same thermal energy output, but they are subject to
corrosion. As the temperature of the GHE pipes fluctuates
continuously during heat pump operation by a range of 2-
6°C within a few minutes and up to 10-20+°C when the heat
pump stops within an hour or so, cyclic stresses result in the
GHE pipes, which may cause stress corrosion cracking.



16 Innovations in Corrosion and Materials Science, 2017, Vol. 7, No. 1

Resistance to stress corrosion cracking is a very important
property for GHE metallic materials. GHE metal piping may
also be subject to general corrosion, but the corresponding
rates are generally low and do not affect the GHE lifespan.
Internal pipe corrosion however, may have adverse effect on
the service life of other system components, such as pumps
and heat pump evaporator due to the solid particles intro-
duced in the heat transfer fluid. In GHE pipes, pitting corro-
sion of much higher penetration rate determines their end of
life, as it causes pipe perforation locally and loss of heat
transfer fluid.

Grouting of BHEs theoretically should provide adequate
external corrosion protection to the metal pipe, but in prac-
tice, no grouting job can be perfect due to possible swelling
or protuberance of borehole walls locally. Furthermore,
boreholes usually have a small inclination, which is suffi-
cient to create a direct contact of internal pipe to the undis-
turbed underground formations to expose it to potential cor-
rosion.

3.1.2.1. Mild Steel

Mild steel corresponds to low yield steel of low carbon
content (0,05-0,15%) used in structural applications, such as
the ASTM A366/1008 type. It is characterized by low cost,
wide availability and ease of fabrication. It is recommended
for GHE applications due to its resistance to stress corrosion
cracking and resulting higher life span compared to carbon
steel of higher carbon content, even though both steel alloys
are characterized by similar uniform corrosion rates.

Low alloy steel is also the standard base material of un-
derground buried metallic coated corrugated steel pipe and
structural plate pipe according to ASTM standards A760
[12], A761 [13] and A929 [14]. In A761, mild to low carbon
steel of 0,02-0,22% carbon content is explicitly mentioned as
the standard material of the longitudinal flanges of structural
plate with flange connections.

Mendprinos et al.

A typical general corrosion rate of 12 pum/y is recom-
mended by AASHTO as the maximum uniform corrosion
rate to design buried carbon steel piles of soils of more than
30 Ohm-m resistivity, as described by Elias [15]. Canada
[16] provides higher uniform corrosion rates for soil carbon
steel piles foundation used for utility-scale PV, amounting to
around 84 um/y for the soils of 10 Ohm-m resistivity. De-
sign corrosion rates for GHE pipes should be considered
even higher however, as pitting corrosion determines GHE
end of life resulting from pipe perforation. Reported corro-
sion rates for black carbon steel pipes by SSA and MiDI [7]
are 0,019 mm/y average and 0,114 mm/y maximum for uni-
form corrosion 0,067 mm/y median and 0,933 mm/y maxi-
mum for pitting corrosion.

Ricker [4] presented an analysis using modern statistical
tools and software of data acquired by the National Bureau
of Standards (NBS), now known as National Institute of
Standards and Technology (NIST), of USA during a study
conducted between 1922 and 1940, concerning the corrosion
of bare steel and wrought iron pipes buried underground at
47 representative sites of different soil types across the
Unites States. One important conclusion of the study by
Ricker was that different steel alloys exhibited the same cor-
rosion rates distribution. From the data distribution graphs
presented by Ricker [4], the median value and the range of
the main soil and corrosion parameters can be derived, which
are shown in Table 4.

3.1.2.2. Cathodic Protection

Cathodic protection is employed in order to extend the
service life of mild steel pipes or structures to the desired
level, e.g. 50 years. It concerns inducing an electric current
from a buried anode electrode through the ground and to the
GHE pipe. The electric current can be either self-induced by
a sacrificial anode usually made of magnesium, or zinc or
aluminum, which is consumed during the process, or can be
imposed to the ground by a permanent anode supplied by an

Table 3. Thermal conductivity values of common metallic pipe materials.
Material Effective Thermal Conductivity,
W/m°C
Steel, black 43
Steel, galvanized 89
Steel, stainless 16
Steel with PE coating,
1-1,25
1,8 mm thick
Steel with bituminous coating, 50 um thick 6-8
Steel with glass flake,
40
1-10 pm thick
Aluminum 200
Copper 400
Titanium 22
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Table 4. Distribution of soil and corrosion properties of NBS study on corrosion of buried iron and steel piping.

Parameter 90% Data Range Median Value 90% Data Range
Lower Value Upper Value

Maximum penetration rate, mm/y 0,06 0,2 0,6
Pitting ratio 4 10 40

Soil resistivity, Ohm-m 3 25 300

Soil pH 4 6,5 7,5

Chloride content, ppm 4 200 700

Sulfates content, ppm 100 400 10 000
Bicarbonate content, ppm 50 500 1200

copper cable

—>
ground
level
D — sacrificial
«— magnesium
; anode
electric
current
BHE direction

N

external power supply

_|+

«— anode
(steel, a!ummum,
graphite, etc.)
-—
electric
current
BHE direction

N

Fig. (1). BHE cathodic protection layout by a sacrificial anode (left) and by externally imposed current (right).

external power source located at the surface, as shown sche-
matically in Fig. (1). Typical electric current properties are
0,1-0,3 mA/m? density and less than 15 mW intensity.

3.1.2.3. Galvanized Steel

Hot dip galvanizing in Zinc provides an external sacrifi-
cial anode attached to the pipe, which is consumed first be-
fore corrosion starts in the steel section of the pipe. Corro-
sion proceeds to the base steel metal only when 100% of the
Zinc layer is depleted. Galvanizing provides excellent corro-
sion protection to steel for temperatures up to 60 °C with
corresponding increase in the cost of BHE pipe, which is in
the range of 50-60%. Corrosion rates of zinc protective layer
recommended by AASHTO for designing buried under-

ground structural steel sections are 15 pm/year for the first
two years and 4 pm/year for the remaining years until deple-
tion of the protective layer, according to Elias [15].

3.1.2.4. Steel with Protective Coatings

The service life of underground piping systems can be
extended further by applying coating at the external surface
of the pipe to avoid its direct contact with the underground
formations. Commercially available options are bituminous
coating, polyethylene coating and glass flake epoxy coating.

Bituminous coating can be applied both as external cor-
rosion protection and as internal pipe lining. It is the oldest
pipe protection system of the three, which in recent years is
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being replaced by PE coating. Bitumen layer’s thickness may
vary in the range 0,0254-7 mm. In this paper, we assumed a
bitumen layer thickness of 0,05 mm, which results in modi-
fied thermal conductivity of pipe walls in the range 6-8
W/m°C, as shown in Table 3.

Polyethylene coating comprises heat melted PE of thick-
ness 1,8-2,5 mm, applied externally to steel pipes up to 3”
nominal diameter. Due to the low thermal conductivity of the
PE and its thickness, the resulting effective conductivity of
the pipe wall is in the range 1-1,25 W/m°C, as shown in
Table 3.

Glass flake epoxy is a new, but not widely available type
of coating, characterized by thermal expansion coefficient
similar to the one of carbon steel. Glass flake thickness may
vary in the range 1-10 pm. The micron size thickness results
in highly effective thermal conductivity of the pipe walls, see
Table 3, which together with similar thermal expansion coef-
ficient to carbon steel make glass flake coated pipes suitable
for low temperature geothermal use. Expected GHE service
life increase by using glass flake epoxy coating is 20 years,
while the corresponding costs increase is estimated around
60% of the steel pipe costs.

In all cases, care should be taken to avoid damages to the
coatings when placing the pipes in the GHE, which will
leave the bare steel pipe exposed to potentially corrosive
environment. However, due to the different thermal expan-
sion coefficients of steel, and asphalt which form the bitumi-
nous coating, or polyethylene, the continuous thermal stress-
es applied to the pipe may separate the coating and leave the
bare pipe exposed locally. For this reason, bituminous and
PE coatings are not recommended for GHE use.

3.1.2.5. Stainless Steel, Aluminum and Copper

Stainless steel (SS) is steel with chromium content of
12% or higher. Other alloys are also added in order to pro-
vide the desired properties. Commonly available SS alloys
for pipes are 304L and 316L, the costs of which are 50% and
100% higher than carbon steel respectively. All three, stain-
less steel (SS), aluminum (Al) and copper (Cu) do not cor-
rode in the atmosphere, as the corrosion products form a
protective oxide layer covering the entire metal surface,
which is replenished when damaged by further reaction with
the oxygen.

When buried underground, their corrosion resistance de-
pends on the presence of oxygen. In GHE applications, stain-
less steel, aluminum and copper are protected internally from
corrosion by the heat transfer fluid, which contains dissolved
oxygen. Concerning the external part of the pipe which is in
contact with groundwater, corrosion resistance should be
maintained down to the maximum oxygen penetration depth,
which is at the upper part of the water saturation level. This
is also the zone with the highest corrosion rate of carbon
steel. Deeper corrosion resistance will depend on whether the
aquifer contains dissolved oxygen or not, as dissolved chlo-
rides and sulfates in the groundwater attack the protective
oxide layers. At depths below the maximum oxygen penetra-
tion level, which may vary between a few centimeters up to
100 meters or more, SS, Al and Cu are expected to corrode
with pitting corrosion rates depending on ground pH and
resistivity. Mollinas and Mommandi [6] mentioned that use

Mendprinos et al.

of aluminum and stainless steel pipes are recommended for
pH values 5-9 and resistivity equal or higher than 15 Ohm-m
for an expected design service life of 50 years. The protec-
tive oxide layer becomes soluble outside of this range. Soil
resistivity of 15 Ohm-m corresponds to 250 ppm chloride
concentration or 400 ppm sulfates concentration.

304L stainless steel has been used as a BHE pipe in vary-
ing geologic environment for more than 10 years with no
reported corrosion problems. On the other hand, experiments
indicated that SS when placed underground is subject to pit-
ting/crevice corrosion. For example, during short term exper-
iments with pipes buried in soils in South France for 2-3
years Sjogren et al. [8] showed that stainless steel 304L,
316L, super austenitic and duplex pipes exhibited zero or
superficial general corrosion expressed as decoloration in
low chloride environment, but were subject to severe pitting
and crevice corrosion in high chloride environments. Only
super duplex alloys exhibited neither crevice nor pitting cor-
rosion in high chloride soils during the 3 years period. In a
study by Sjogren et al. [8] it was also shown that in Sweden,
where lower soil temperatures are observed, 316, super aus-
tenitic and some duplex alloys exhibited resistance to pitting
and crevice corrosion, even after 6,5 years of burial in high
chloride environment. However, in case of the presence of
high abrasive particles in the soil, only 2205 duplex and su-
per duplex alloys exhibited corrosion resistance after 1,8
years of burial. In the study by Anantatmula and Divine [10],
no general corrosion was reported, but in one of 304L cou-
pons placed underground in direct contact with soil within
shafts for two years, pitting corrosion was evident with rates
up to 19 um/year. The corresponding site is characterized by
Piciulo ef al. [17] as mildly corrosive with wet soil resistivity
of 50-100 Ohm-m and pH 4-7. Pitting and crevice corrosion
of underground stainless steel piping were also reported by
both Sjogren et al. [8] and Gerhold ef al. [9], mainly at loca-
tions with low resistivity and high chlorides concentration.

Aluminum pipes are susceptible to pitting corrosion
caused in underground environments with high concentration
of copper, bicarbonate, chloride, sulfate, and oxygen ions. In
GHE applications, aluminum pipes may also suffer from
stress corrosion cracking, due to combined influence of tem-
perature stresses and a corrosive environment. The recom-
mended minimum wall thickness for aluminum pipes is 1,5
mm.

In GHE applications, copper and its alloys are expected
to show outstanding corrosion resistance in the majority of
underground conditions. In aggressive geologic environ-
ments containing groundwater of high concentration in chlo-
rides, sulfates, ammonia and/or sulfides, characterized by
low resistivity below 5 Ohm.m, copper and its alloys are
subject to general or localized corrosion. In that case, cathod-
ic protection is necessary. Resistivity of 5 Ohm-m corre-
sponds to 900 ppm Chlorides or 1400 ppm Sulfates dis-
solved in the groundwater. The use of copper is also not rec-
ommended in case of the presence of even traces of hydro-
gen sulfide or ammonia dissolved in the groundwater.
According to the report of SSA and MiDI [7], experiments
carried out with buried pipes at 25 sites in Japan showed
pitting corrosion rates for copper in the range 0,02-0,1 mm/y
in 7 sites and zero corrosion elsewhere.
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3.1.2.6. Titanium

As mentioned in the study by Mendrinos et al. [1], titanium
and its alloys are among the most corrosion resistant materials
known today. For this reason, they are widely used in many
applications. This superior corrosion resistance of titanium
results from the formation of a stable external protective layer
of titanium oxides, comprising mainly TiO». In contrast with
stainless steel, aluminum and copper, TiO; is formed by the
reaction of titanium with traces of either oxygen or water,
which, unlike oxygen, is available in almost every geologic
environment. The resulting immunity to crevice corrosion is
for temperatures up to 300 °C, by far higher than any other
metal and alloy mentioned in this paper, making it also suitable
for high temperature geothermal applications.

3.2. Expected GHE Life in Moderate Corrosive Under-
ground Conditions
3.2.1. Thermoplastics

According to the design guidelines for buried pipe culverts
used as drains in highways issued by the Departments of Trans-
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portation of several States of USA and Canada, service life of
HDPE varies between 40 and 100 years, as shown in Table 5. A
few of them have also issued guidelines for the service life of
PVC pipes, which in all cases, was set equal to the one of HDPE.

We, therefore, considered the service life for HPDE as 67
years, which is independent of underground conditions, as
HDPE is not subject to corrosion. Because of the limited
available data, we also consider that PVC, PEX and rein-
forced thermoplastics have also the same service life of 67
years in GHE applications. For PB, we consider 45 years as
expected service life, as mentioned in chapter 3.1.1.

3.2.2. Galvanized Steel Pipes

According to the corrosion rates suggested by Elias [15],
a BHE service life increased by 16 years is anticipated for 86
pm of zinc (ASTM 929) layer thickness. If we use the NBS
data presented in Table 4 for the base metal corrosion and
add 16 years for the depletion of the zinc layer, the resulting
service lives are in the range of 21-69 years as shown in Ta-
ble 6. The median value shown in Table 6, should corre-

Table 5. Expected service life in the years of underground HDPE and PVC pipes based on guidelines issued in the USA and
Canada for highway drains.
State HDPE Pipes PVC Pipes
Florida 100 100
Ontario 75 75
Montana 40
New York 70
Pennsylvania 50 50
North Dakota 75 75
Delaware 50 50
Oregon 75
Average 67 70
Standard Deviation 17 21
Table 6. Expected service life of underground galvanized steel pipes based on Ricker statistical analysis [4] and the work of
Elias [15].
Wall thickness, mm 2,9 32
0, . o, . o, . o, .
90% Data Range: Median 90% Data Range: 90% Data Range: Median 90% Data Range:
Lower Value of Cor- Value Upper Value of Cor- | Lower Value of Cor- Value Upper Value of Cor-
rosion Rate rosion Rate rosion Rate rosion Rate
Base @etal service 43 1 53 16 5
life, years
Zinc layer depletion, 16 16 16 16 16
years
Total service life, 64 31 69 3 21
years
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spond to the median values of the soil conditions shown in
Table 4, namely pH 6,5 and resistivity 25 Ohm.m, which
reflect non corrosive to moderate corrosive soils.

American Galvanizers Association [18] provides service
life values for galvanized steel articles placed in the soil, in
the range between 25-65 years for the same zinc layer thick-
ness and aggressive soil conditions.

Independent methodologies to estimate the service life of
buried galvanized steel pipes are provided by the Departments
of Transportation of several States of USA specifically devel-
oped for highway corrugated drain culverts, made available by
White [5], Mollinas and Mommandi [6] and California De-
partment for Transportation [19]. These methods are based on
observations in thousands of buried pipes. Considering the
median values as the typical underground properties shown in
Table 6, we applied the above guidelines issued in different
States and presented the results in Table 7. The resulting galva-

Mendprinos et al.

nized steel service lives were in the range 15-84 years, depend-
ing on the state and on the pipe wall’s thickness.

3.2.3. Steel with External Protective Coatings

Due to the different thermal expansion rates between the
steel pipe and the bituminous or polyethylene coating, we
considered that these coatings will fail to provide additional
corrosion protection to the pipe, and therefore we used the
0,2 mm/y corrosion rate for these pipes. In case of glass flake
coating, we considered a 20 year additional service life com-
pared to mild steel pipes. The resulting service life spans for
externally coated pipes in the GHEs are shown in Table 8.

3.2.4. Stainless steel, Aluminum and Copper

Considering the median values as the typical under-
ground properties shown in Table 4, when the calculation
methods issued by the Department of Transportation of dif-
ferent States of USA were applied, the resulting service life
of Aluminum pipes were 50-180 years as shown in Table 9.

Table 7. Expected service life of underground galvanized steel pipes, as calculated by the authors for typical non corrosive to mod-
erate corrosive soil conditions (pH 6,5 and resistivity 25 Ohm.m), based on guidelines issued in the USA and Canada for

highway drains.
State Pipe Service Life in Years for Galvanized Steel Pipe
2,9 mm Thick Walls 3,2 mm Thick Walls

Florida 39 43
Ontario 39 43
California 40 44
Montana 62 69
Texas 76 84
Ohio 51 56
New York 29 31
Pensylvania 58 64
North Dakota 40 40
Delaware 15 15
Oregon 36 39
Utah 75 82
Average 47 52
Standard Deviation 18 20

Table 8. Expected service life in the years of coated steel pipes in GHE use.

2,2 mm Thick Walls

3,2 mm Thick Walls

Bituminous coated pipes 11 16
Polyethylene coated pipes 11 16
Glass flake coated pipes 31 36
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Table 9. Expected service life in the years of underground Aluminum pipes, as calculated by the authors for typical non corrosive
to moderate corrosive soil conditions (pH 6,5 and resistivity 25 Ohm.m), based on guidelines issued in USA for highway
drains.

State Aluminum Pipes with 1,5 mm Thick Walls
Florida 179
California 50
Montana 80
Texas 118
New York 70
Pensylvania 60
North Dakota 75
Delaware 50
Oregon 75
Arizona 50
Average 81
Standard Deviation 40

Due to scarcity of publicly available measured data on buried
stainless steel or copper pitting/crevice corrosion rates, we used
the rate mentioned in 3.1.2 for stainless steel, resulting in 79
years expected service life of SS 304L pipe with 1,5 mm thick
walls, buried in moderate corrosive underground conditions. For
1 mm thick walls of copper pipe in typical underground condi-
tions, we assumed a 50 years life span, considering similar corro-
sion rates with aluminum and 304L.

3.2.5. Titanium

In BHE applications, life spans of titanium exceeding 1000
years are expected, but as no measured data are available for so
long period of time, we assumed a minimum of 100 years’ service
life in any geologic condition independent of resistivity and pH.

3.3. Economic Considerations

3.3.1. Market Prices

Wholesale market prices available in the EU market in the
year 2016 were considered for the GHE pipes, including typical
costs for drilling and grouting. For this purpose, the authors car-
ried out a market survey at the EU level. The results are present-
ed in Table 10. In order to obtain the total GHE cost per meter
depth, the drilling costs and grouting costs must be added to the
pipe costs. We considered the costs identified for the Greek mar-
ket, which are similar to the costs in other EU member states as
indicated by a market survey in 8 European countries carried out
during the Cheap-GSHPs project and presented by Bertermann
and J. Muller [20]. They are 30 €/m for drilling and 2,71 €/m for
grouting for a typical vertical BHE.

3.3.2. BHE Costs

In order to estimate the necessary GHE length, the
authors considered a vertical borehole heat exchanger (BHE)

and modeled it using the EED - Earth Energy Designer soft-
ware code [11]. The input pipe materials and dimensions
used in the simulations are listed in Table 10, while the other
parameters given as input to the EED software package are
shown in Table 11. They correspond to typical ground
source heat pumps, as well as climate and ground conditions
prevailing in the Central Europe. One simulation was carried
out for each pipe material and BHE type, or 38 simulations
in total.

The resulting output of the EED code was the required
BHE length (or depth), which is presented in Table 12 for
single-U and in Table 13 for coaxial BHE types. Then, using
the drilling and grouting costs mentioned in 3.3.1 and the
pipe market prices of Table 10, the authors estimated the
BHE costs, which corresponded to each kW of the delivered
geothermal power. The results are also shown in Tables 12
and 13 for single-U and coaxial BHE types respectively.

4. DISCUSSION

The anticipated service life of different BHE materials
was plotted against BHE costs in Fig. (2) for a single-U
BHE, and in Fig. (3), for a coaxial BHE. As the lifespans of
the metallic materials except Titanium presented in Figs. (2)
and (3) correspond to the median value of corrosion rates,
they are valid for 50% of the underground conditions, which
correspond to moderately corrosive or non-corrosive for-
mations and groundwater conditions. In the other 50% sub-
surface conditions corresponding to corrosive formations,
lower service lives were expected for all metallic pipes ex-
cept titanium and cathodic protection is necessary in order to
increase service lives to the desired levels, e.g. 50 years or
more.
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Table 10. Market prices of pipes depending on material and dimensions.

Pipe Material External Diameter, Wall Thickness, Wholesale Pipe
mm mm Price, €/m

HDPE 32 3 1,38
63 3.8 3,44
PEX 32 3 1,76
63 3.8 6,88
PEX-AI-PEX 32 3 3,24
PVC-U 32 24 1,92
63 47 4,65
PB 32 2,9 5,21

63 10,5 19,94
PP — glass fiber — PP 32 29 2,07
63 5,8 8,04
PP — Al -PP 32 5.4 3,93
Seamless steel black 33,7 5 4,95
60,3 54 8,25
Welded steel black 33,7 32 2,82
60,3 3,6 5,81
Seamless steel galvanized 33,7 3,2 3,73
60,3 3,6 7,28
Welded steel galvanized 33,7 2,9 3,57
60,3 3,2 6,51
Steel with glass coating 33,7 2,3 2,96
60,3 32 6,67
Steel with PE coating 33,7 2,3 2,96
60,3 3,2 6,81
Steel with bitumen coating 33,7 2.3 2,96
60,3 3,2 6,65
Welded steel black & cathodic protection 33,7 2,9 9,55
60,3 3,2 11,17
Stainless steel 304Lwelded 32 1,5 2,60
60,3 1,5 4,47
Stainless steel 316L welded 32 1,5 3,11
60,3 1,5 5,47
Aluminum 30 1,5 6,33

63 2,5 9,76
Copper 28 1 6,73

64 2 33,60

Titanium 32 1,5 29,04

73 3,05 134,75
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Table 11. Input parameters to the EED code
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Input Variable Value
Underground properties
Ground thermal conductivity 2,8 W/(m-K)

Ground heat capacity

2,16 MJ/(m*-K)

Ground surface temperature

10 °C

Geothermal heat flux

0 W/m?

Borehole diameter

114,3 or 127 mm

Grout thermal conductivity 1,5 W/(m-K)
Contact resistance pipe/filling 0 (m-K)/W
Heat carrier fluid: 25% ethanol in water
Thermal conductivity 0,44 W/(m-K)

Specific heat capacity

4250 J/(kgK)

Density

960 kg/m?

Viscosity

0,0076 kg/(m-s)

Freezing point

-15°C

Flow rate per borehole

0,251/sor 0,51/s

Minimum mean fluid temperature -3°C
Thermal energy load
Annual domestic hot water load 0 MWh
Annual heating load 17,52 MWh
Annual cooling load 0 MWh
Seasonal performance factor 4
Monthly peak load SkW
Peak load duration 1 hour
Simulation period
Number of simulation years 20
First month of operation September

Table 12. BHE costs per unit of geothermal power delivered by a single-U BHE.

Pipe Material External Diameter, mm | Wall Thickness, mm | BHE Length*, m| BHE Costs, €/ kW
HDPE 32 3 96 905
PEX 32 3 96 924
PEX-AI-PEX 32 3 97 1011
PVC-U 32 2,4 110 1067
PB 32 2,9 107 1229
PP — glass fiber — PP 32 2,9 115 1130
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Table 12. Contd...

Mendprinos et al.

Pipe Material External Diameter, mm | Wall Thickness, mm | BHE Length*, m| BHE Costs, €/ kW
PP — Al-PP 32 5,4 139 1507
Seamless steel black 33,7 5 83 948
Welded steel black 33,7 32 84 854
Seamless steel galvanized 33,7 32 83 894
Welded steel galvanized 33,7 2,9 84 887
Steel with glass coating 33,7 2,3 84 862
Steel with PE coating 33,7 2.3 100 1028
Steel with bitumen coating 33,7 2,3 84 865
Welded steel black & cathodic protection 33,7 2,9 84 1155
Stainless steel 304Lwelded 32 1,5 84 847
Stainless steel 316L welded 32 1,5 84 870
Aluminum 30 1,5 85 1033
Copper 28 1 87 1065
Titanium 32 1,5 84 2044
* for a 5 kW heat pump capacity or 3,75 kW of delivered geothermal energy.
Table 13. BHE costs per unit of geothermal power delivered for a coaxial BHE.
Pipe Material External Diame- Wall Thickness, BHE Length*, m BHE Costs,
ter, mm mm €/kKW
HDPE 63 38 119 1186
PEX 63 3.8 121 1325
PVC-U 63 4,7 153 1581
PB 63 10,5 189 2720
PP — glass fiber — PP 63 5.8 169 1898
Seamless steel black 60,3 54 104 1170
Welded steel black 60,3 3,6 106 1128
Seamless steel galvanized 60,3 3,6 106 1164
Welded steel galvanized 60,3 32 106 1148
Steel with glass coating 60,3 32 106 1153
Steel with PE coating 60,3 32 113 1229
Steel with bitumen coating 60,3 32 107 1158
Welded steel black & cathodic protection 60,3 32 106 1280
Stainless steel 304Lwelded 60,3 1,5 107 1104
Stainless steel 316L welded 60,3 1,5 107 1133
Aluminum 63 2,5 106 1240
Copper 64 2 106 1920
Titanium 73 3,05 105 4714

* for a 5 kW heat pump capacity or 3,75 kW of delivered geothermal energy.
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Fig. (2). Expected service lives vs unit energy costs of single-U BHEs placed in moderate corrosive geologic formations and groundwater
(pH 6,5 and resistivity 25 Ohm.m). Turbulent flow has been considered (EED input flow 0,5 1t/s), which can be easily achieved within a sin-
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6,5 and resistivity 25 Ohm.m). Laminar flow has been considered within the pipes annulus, which is typical for coaxial BHEs (EED input
flow 0,25 1t/s).
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Considering 50-90 years of expected service life of build-
ings in North America, European Union and Japan with av-
erage value of 50-60 years, values suggested by O’Connor
[21], Kaderjak et al [22], Oliver [23] and Komatsu [24],
plastic pipes HDPE, PEX, PVC and reinforced PP provide
alternative options for BHE use for all kinds of geologic
conditions. Among them, HDPE is the most competitive
option due to its low price and its moderate thermal conduc-
tivity. The only metal with life span much higher than HDPE
in all different geologic environment is Titanium, but its very
high cost prohibits its use in the GHEs.

In geologic formations characterized by low to moderate
corrosive potential, stainless steel, aluminum and copper are
good metallic alternatives to HDPE with the 304L and 316L
ones as the most competitive ones. Galvanized steel pipes
may also provide competitive alternatives to HDPE in such
environments. Bare steel pipes however corrode pretty fast
with pitting corrosion rates resulting in much lower expected
service lives. External protection layers of PE, bitumen are
not satisfactory due to much different thermal expansion
properties than steel. Glass coating does not yield satisfacto-
ry service lives either. Cathodic protection is required in all
cases, which, however, results in higher costs than using
HDPE pipes.

In corrosive underground conditions, pipes made of all
kinds of stainless steel, aluminum or copper are expected to
corrode with high pitting or crevice corrosion rates, or suffer
from stress corrosion cracking, resulting in much lower ser-
vice life spans, which make them not suitable for use in
GHEs, unless cathodic protection is adopted. The same ap-
plies to bare steel, coated steel or galvanized steel pipes.

The lower BHE costs per unit of extracted geothermal en-
ergy evident when comparing the single-U systems of Fig. (2)
with the coaxial ones of Fig. (3), are attributed to the flow re-
gime assumed in the simulations. In the single-U cases, turbu-
lent flow was used in the calculations, which resulted in higher

Mendprinos et al.

heat transfer rates than the laminar flow regime assumed for
the coaxial cases. The reason for this selection is that it is easy
to design single-U BHEs with turbulent flow, but this is not the
case in coaxial ones.

5. CURRENT & FUTURE DEVELOPMENTS

In terms of thermal conductivity, the optimum would be
to have pipe walls values similar to the one of geologic for-
mations and thermal grouts, which can be achieved by en-
hancing the thermal conductivity of polyethylene.

Computer simulations using the EED software for single-
U and coaxial BHE configurations, show that increasing the
thermal conductivity of polyethylene from 0,42 W/m°C to
1,5 W/m°C resulted in 7% to 15% reduced length require-
ments for the borehole heat exchanger, as shown in Fig. (4).
In Fig. (4), the required BHE length for a 5 kW(th) heat
pump used for heating in central European environment is
plotted as a function of the thermal conductivity of the pipe
material. The main assumptions include soil temperature 10
°C, soil thermal conductivity of 2,8 W/m°C, ethanol as heat
transfer fluid with minimum temperature -3 °C, 5” borehole
diameter, grout thermal conductivity of 1,5 W/m°C, single-U
pipe of 40 mm diameter, coaxial pipe dimensions external 63
mm and internal 40 mm, pipes SDR=11 and heat pump SPF
of 4,0. The coaxial BHE is simulated with laminar flow only,
as it is usually the case due to the geometry and flow rates
concerned.

Today, improvement in the thermal conductivity of poly-
mers by a factor 2-5 can be achieved by adding thermally con-
ductive particles to the polymer matrix of micrometer or na-
nometer size. They may include graphite, black carbon, carbon
fibers, ceramic or metallic particles. For example, according to
Han and Fina [25], HDPE filled with 7% vol. nanoparticles of
expanded graphite has a thermal conductivity of 1,59 W/mK,
compared to 0,42 W/mK of HDPE. Graphite filled PE also has
good mechanical strength, as shown by Krupa ef al. [26].
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Fig. (4). Required BHE length for a 5 kW(th) heat pump as a function of external pipe thermal conductivity.
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Table 14. Thermally conductive polymer compounds (*).
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Manufacturer Material Thermal Conductivity, W/m°C
Through Plane In Plane
Versaprofiles HDPE 0,7
HDPE 1,2 5,0
HDPE 2,2
PP 1,7
PA 6/6 1,3-63 2,8-32,0
RTP
PC 1,4 4,5
PPS 0,8-3,2 4,5-20,0
LCP 3,0 18,0
PPA 1,0-3,0 5,0-20,0
PP 5,0
Celanese PP 10,0
PPS 20,0
PA 1,3 18,0
LNP
PPS 1,I-1,5 1,3-18,0
PA 1,5-9,5
PC 17,0
PPA 3,8
PP 3,0
LUVOCOM TPE 9,5
PEI 6,0
PPS 1,7-28,0
PBT 3,5-16,0
LCP 2,0-9,0

(*) Sources: Versaprofiles [27], RTP [28], Celanese [29], SABIC [30] and LUVOCOM [31].

Polymers of high thermal conductivity are already available
in the EU and are also provided by international manufacturers
as heat sinks and heat transfer materials, as shown in Table 14,
presenting a non-exhaustive list of manufacturers and their
commercially available thermally conductive plastic compounds.

Research carried out in MIT [32] developed ultra-high
molecular weight polyethylene (UHMWPE) nanofibers with
thermal conductivity 2-3 orders of magnitude higher than
HDPE, values similar to the one of metals. These materials,
when fully developed and produced in large scale at competi-
tive prices, may play an important role in the GHEs of the
future, as they combine the favorable thermal conductivity of
metals with the outstanding corrosion resistance of plastics.

CONCLUSION

Among plastics, high density polyethylene is the one
with the highest thermal conductivity and this particular

property has made it the standard material for BHE pipes in
all geologic conditions. Furthermore, expected service life of
HDPE is similar to the expected service life of buildings.
However its thermal conductivity value of 0,42-0,46 W/mK,
is still much lower than the one of geologic formations,
which is usually in the range 1,5-3,0 W/mK, and of thermal
grouts, which is above 1,5 W/mK, making the pipe as the
limiting factor to overall heat transfer.

Recent and ongoing research advancements include de-
velopment of thermally conductive HDPE and other poly-
mers of much higher thermal conductivity than their present
values. The authors plan to carry out research, in order to test
and evaluate the feasibility of these thermally conductive
polymer compounds in BHE applications.

Metals are the only widely available materials with high
thermal conductivity today, with values much higher than
the one of grout and geologic formations, making the latter
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as the limiting factor to overall heat transfer. However, as
they are subject to corrosion, their use must always consider
local underground conditions. In non-corrosive to moderate
corrosive geologic environments, which correspond to 50%
of cases, there are metallic solutions competitive to the
HDPE with expected service lives similar to the ones of
buildings. They include stainless steel 304L and 316L, as
well as galvanized steel. In the other 50% of cases, corre-
sponding to corrosive geological environments, cathodic
protection must be employed, or exotic materials such as
titanium must be used, in order to achieve BHE service life
similar to the one of buildings, which, however, accounts for
much higher BHE costs than using HDPE.

LIST OF ABBREVIATION

AASHTO = American Association of State Highway
Transportation Officials

BHE = Borehole heat exchanger

GHE = Ground heat exchanger

HDPE = High density polyethylene

LCP = Liquid Crystal Polymer

LDPE = Low density polyethylene

PA = Nylon

PB = Polybutylene

PBT = Polybutylene Terephthalate

PC = Polycarbonate

PE = Polyethylene

PEI = Polyether Imide

PEX = Cross-linked polyethylene

PP = Polypropylene

PPA = Polyphthalamide

PPR = Polypropylene random

PPS = Polyphenylene Sulfide

PP-AL-PP = Aluminium reinforced polypropylene

PVC = Polyvinylchloride

TPE = Thermoplastic Elastomer
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