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ABSTRACT

In order to deal effectively with energy supplies and climate change, it is imperative to
move towards more sustainable solutions. For the housing sector which represents 45% of a
country’s overall energy expenditure and one quarter of carbon dioxide production, it is
essential that a building is no longer a mere consumer of energy, but it should become an
energy producer. There is a need to optimize integrated solutions to the building envelope.
With soil as the sole source for deriving heat, the efficiency of a heating and cooling pump
was assessed. The research also focused on analysis of socioeconomic aspects, related to the
integration of renewable energy in the habitat, that included action on the issue of technol-
ogy transfer from laboratories to industry and secondly, the extent of the social acceptability
of these new forms of energy and direction, by the adoption of appropriate economic policy
measures. The feasibility study in this work showed that heating and cooling through a sys-
tem of ground source heat pumps (GSHPs) is possible based on economics and optimizing
energy efficiency used in the town of Tlemcen in Algeria as a case study. The optimal depth
to place a heat pump for air conditioning and heating was similar, so that the same depth
could be considered for both applications. Note that this is the first study of GSHP in
Algeria.
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1. Introduction

Ground temperature constitutes essential input
data for various construction projects such as the
design of airport runways and roads, determining the
depth at which drains can be installed in buildings
without the risk of freezing, the excavation of building
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foundations, and the design and construction of base-
ments [1]. As the conservation and storage of energy
becomes increasingly necessary, the ground tempera-
ture is an important aspect in calculation and evalua-
tion of energy needs when determining heat loss in
basements and examining the possibility of using
ground heat as a source for heat pumps. It is therefore
incumbent on engineers and architects to understand
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the factors that determine soil temperatures and how
they vary with season and depth. Soil temperature
varies throughout the year and is constant at some
depths regardless of ground type [1].

The aim of the current study was to assess the effi-
ciency of a heating and cooling of a ground-source
heat pump (GSHP), with the sole source of heat
derived from the soil. An economic analysis was also
performed.

2. Principles, technology, and economics of a GSHP
system

A GSHP draws heat from the soil via sensors that
are buried in pipes. A typical heat pump requires only
100-200 kWh electricity to transform environmental
heat, and provides 300 kWh of freely available useful
heat. In all cases, the useful heat generated will be
greater than the primary energy used to operate the
pump itself. Heat pumps also have a relatively low
level of CO, emissions [2]. The three important ele-
ments of a GSHP include: the ground loop, a heat
pump, and a system for heat distribution. The sensors
(of the GSHP System) can be installed horizontally or
vertically. In the latter case, they are also known as
geometric probes.

Horizontal sensors (usually polythene) are buried
horizontally at shallow depth (0.6-1.2m) in which
circulates a coolant. The sensors are installed on the
land adjacent to the building (Fig. 1). With vertical
sensors, a vertical probe draws energy from the
basement of the ground (Fig. 2). A sensor is placed
inside a hole in the pump tube (U-tube, double U, or
polyethylene) containing a heat transfer fluid bearing.
The hole is then sealed with cement and bentonite.
The depth of drilling is up to 200 m. At 10 m depth,
soil temperature is effectively constant throughout the
year and is close to 13°C. The temperature rises from
2 to 3°C per 100 m of increasing depth.

Heat Pump

Heat
Accumulator

Pipes

Fig. 1. Representation of horizontal sensors [1].
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Fig. 2. Vertical sensors representation [1].

The running costs depend on a number of factors
which include the size of the hot/cold water loads
and the size of the home [3]. Using average system
efficiencies from a GSHP field trial, when replacing
conventional existing heating system in a three bed
semi-detached home, it was shown that the cost of a
GSHP system varies from €10,000 to €18,000.

The investment required to integrate the GSHP sys-
tem in a building can be recovered within a few years
by compensation investment through energy savings
from reduced energy consumption. Nevertheless, the
paramount benefit lies in the exploitation of renewable
energies, respect for the environment, and following
the example of other traditional energy systems.

3. Using the GSHP system for energy needs in a
house

A house is said to be ecologically sound when two
criteria are met. First, there must be at least an 80%
reduction in energy consumption compared to a
classical house. Second, the use of ecologically accept-
able and durable materials must be employed [4]. The
principal requirements of an ecological dwelling are
orientation and understanding of how to make use of
the sun, the assessment carbon: to track the hidden
emissions, thermal isolation, walls made of healthy
and natural materials, ventilation that uses new air in
sufficient quantity, windows to banish simple glazing,
and making use of renewable energies for heating and
cooling [1].

The theoretical operation of GSHP system in a house
located at Tlemcen, in a district called “Birouana” was
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Fig. 3. Heating by GSHP system [5].
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Fig. 4. Cooling by GSHP system [5].
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Fig. 5. Schematic of GSHP system coupled with solar
collectors (winter cycle) [1].

assessed. This requires an understanding of the com-
patibility of the installation as well as the variation in
ground temperature. Figs. 3 and 4 show the integration
of a GSHP system in an ecological house. Figs. 5-7 show
a schematic of the GSHP coupled with the solar panels,
for winter and summer cycles.

4. The ground temperature

The ambient air temperature fluctuation around
average T,, daily or annually, could be considered as
a sinusoidal function with an angular frequency o
during the period f;,. Mathematically, this fluctuation
is described by:

T(t) = Ty + Aa - cOS <2n . ti) (M
0

The ground temperature at depth z (m), with thermal
conductivity 2 (W/m, K), and volumetric heat capacity
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- |
s N
5 |

A,\’ 77777777777777777777

L
Ground surface Pum
120 m
\ 4

Fig. 6. Schematic of GSHP system coupled with solar
collectors (summer cycle) [1].
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Fig. 7. Temperature fluctuations in air and ground, for
Ds = 0.6939.10°® m/s, entire year Zop = 7.305 m [1].

C (J/m’ K), also oscillates in a sinusoidal pattern
according to Eq. (2) [6-8]:

_z t
T(tz) =Ty +As-e dO~cos(2n~——i> ()
to do

The amplitude of temperature change at the ground
surface generally corresponds to that of air. Eq. (2)
indicates that the amplitude decreases exponentially
with distance from the surface at a rate prescribed by
the time required to complete a cycle. Soil tempera-
tures are generally constant over the year for depths
greater than 5-6 m. The mean annual ground tempera-
ture is almost constant with depth, but it increases by
about 1°C/50 m due to geothermal heat from the
center of the earth [6].

An inspection of the expression of soil temperature
(Eq. 2), reveals two effects of depth on ground tem-
perature: a damping of the amplitude of variation and
a phase shift of the peak temperatures. For example,
the amplitude is damped to a tenth of its value to a
depth equal to 2.3 times that of penetration, d, and the
heat wave in the ground. This leads to a constant
temperature (ie. a variation of less than 0.1°C
throughout the year) for depths greater than 4.6 d.
The phase shift is beneficial because it increases the
temperature difference between ambient air and soil.
The maximum phase shift, that is to say a phase shift
equal to half of the year, occurs at a depth of 3.14 d.
However, at this depth the amplitude of the tempera-
ture variation is damped to 4% of its value at the sur-
face. This means that we cannot fully benefit from an
energy standpoint.
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Depth of penetration of the heat wave in the
ground is represented as dy. It is given by:

Tt

do = C-&

or

dy = 1/ 20 fo 3)
T

Knowing the thermal diffusivity of the soil, Dy, is
sufficient to assess soil temperature as a function of
time and depth. Thermal diffusivity, D¢ depends on
the nature of the soil. Different compositions of the
outer layer of the basement of Maghreb have been
examined [5,9] (Table 1).

Generally, the magnitude of the soil temperature
Ag decreases with depth:

z

Ay = A, e o @)

The amplitude of the air temperature (A4,) relative to
the soil temperature is half of the difference between
the daytime maximum value and the night time mini-
mum value.

The shifting time ¢ between outside temperature
and soil temperature at depth z is given by:

C-tg
AT

p=1th—t = 5)

N N

The depth z,, can be determined from the thermal
properties of soil. The optimal depth z,, is the depth
at which the temporal shift is equal to ¢y,/2, i.e. where
the maximum outside temperature is associated with
the minimum temperature at z,,, we deduce from
Eq. (5) that

Table 1

The different layers of ground Maghreb [9]

Composition D¢ (m/s)
Lime stone 0.6939 x 10°°
Dry gravel 0.2666 x 107°
Saturated gravel 0.75 x 107°
Dry sand 0.2758 x 107°
Saturated sand 0.9230 x 107°
Dry clay/silt 0.3226 x 107°
Saturated clay silt 0.7083 x 107°
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The amplitude of ground temperature, at depth z,, is
shown in Fig. 7.

A
Ap=A-e = =431 @)

a

It follows from Eq. (7) that the temperature amplitude
at optimal depth z,, is not a function of ground’s
thermal properties, but depends on the temperature
amplitude at ground surface. Fig. 7 shows the differ-
ence between air temperature (i.e. ground surface tem-
perature) and ground temperature at optimal depth
for annual cyclic change of ambient air temperature.
All soils do not have the same thermal conductiv-
ity. For example, a clay soil does not conduct heat the
same way as bedrock. An experiment by Stambouli-
Meziane [7] showed that rocky soils have greater ther-
mal efficiency. Soil thermal diffusivity in the case
study area (ie. Tlemcen) was 0.6939 x 10°m/s
(Fig. 7), because the land was rich in limestone
lithothamniées fossil shells of coquina type of post-
Miocene aquifers. These are based on calcareous clays
interbedded sandstone of Tortonian age [7]. Fig. 8
shows the subterranean temperature, which is a func-
tion of depth at different times of the year. The
ground composition of this site is shown in Fig. 9.
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Below a critical depth, which is a function of ther-
mal properties of the earth, seasonal temperature
changes at the soil surface become equivalent to the
temperature of the air. At this critical depth, the soil
temperature is warmer than the air temperature dur-
ing the winter and cooler than the air temperature
during the summer. The heat absorbed by the earth in
summer is stored in the soil and then available for use
in winter [8]. The extracted thermal energy is a renew-
able resource due to seasonal variation in temperature.
The effect of global warming on soil temperature was
neglected in the current analysis.

5. Limitations of GSHP

The disadvantages in general are that the first cost
can be significantly higher than conventional systems;
not all system types are feasible in all locations, and
there is a limited pool of qualified designers and
installers in many locations; In addition, there is a lack
of awareness and a lack of uniform standards; thus
design and installation accreditation has yet to receive
nationally standardized accreditation.

An overview of some of the disadvantages of the
various systems are provided here:

The disadvantages of the horizontal ground-coupled
heat pump system are:

(1) Requires more space; horizontal systems
generally require 1,500-3,000 ft* of land area
per ton of heating or cooling.
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Fig. 8. Temperature profile through the ground in Tlemcen (limestone ground) [10].
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Fig. 9. Ground composition at Birouana (Tlemcen) [11].

(2) Requires more piping hence use of the (3) Ground temperature and thermal properties
“slinky” formation typical slinky configura- fluctuate with season, rainfall, and burial depth.
tions require 150 ft of three-foot-wide area per (4) Lower efficiency than vertical GSHP.
ton. A slinky configuration can require one (5) Problems in some geological formations.
acre per 90 tons of peak block load, and the
entire area must be excavated or filled to a The disadvantages of the wvertical ground-coupled

depth of 6-8 ft. heat pump system are:
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(1) Higher initial cost due to the drilling of
boreholes.

(2) Problems in some geological formations.

(3) Limited availability of experienced drillers
and installers [12].

5.1. Economic aspects of the GSHP

GSHPs are characterized by high capital costs and
low operational costs compared to other heating,
ventilation and air-conditioning systems. Their overall
economic benefit depends primarily on the relative
costs of electricity and fuels, which are highly variable
over time and across the world. Based on recent prices,
GSHPs currently have lower operational costs than any
other conventional heating source almost everywhere
in the world. Natural gas is the only fuel with competi-
tive operational costs, and only in a handful of countries
where it is exceptionally cheap, or where electricity is
exceptionally expensive [13]. In general, a homeowner
may save anywhere from 20 to 60% annually on utilities
by switching from an ordinary system to a ground
source system [14,15].

Capital costs and system lifespan have received
much less study until recently, and the return on invest-
ment is highly variable. The most recent data from an
analysis of 2011-2012 incentive payments in the state of
Maryland showed an average cost of residential sys-
tems of $1.90/W, or about $26,700 for a typical (4 ton)
home system [16]. An older study found the total
installed cost for a system with 10 kW (3 ton) thermal
capacity for a detached rural residence in the US aver-
aged $8,000-$9,000 in 1995 US dollars [17]. More recent
studies found an average cost of $14,000 in 2008 US
dollars for the same size system.

6. Future trends questions and perspectives

The European experience with GSHP systems so
far is excellent. It is expected that the market will fur-
ther expand, in the leading countries like Sweden and
Switzerland as well as in other countries to follow.
The growth can be exponential as the Swiss example.

An important factor, related to the further develop-
ment of electric heat pump systems in general and the
GSHPs in particular, is the current process of dereg-
ulation in Europe. The energy sector, especially the
electric utility companies, is currently under deregula-
tion and privatization [18].

This affects not only the producers but also the
customers. The deregulation process may affect the
heat pump market in two ways: (1) heat pump
economy might be influenced by changes in the
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energy price structure, and (2) the heat pump market
might be stimulated or hindered, depending on
changing utility market strategies [19].

There is a growing interest for underground thermal
energy storage systems with GSHP for energy efficient
heating and cooling of buildings, and these applications
will be important in reaching their national energy tar-
gets. Norwegian heat pumps have at present a total
annual heat supply of about 7 TWh/a. The estimated
heat pump potential by 2020 is 10-14 TWh [20].

The GSHP could be used in new systems, not only
for the development of eco-house, but also GSHP could
be used to improve the energy rating of buildings, and
could be taken into account in developing new systems
as SEDICAE. The perspectives are to use and develop
the SEDICAE project, which applies a new methodol-
ogy based on a tabu search and a simplified method to
calculate the demand. A tabu search is a good method
to avoid local minima and to permit an evaluation of
different solutions. The methodology is designed to
estimate the annual energy demand, life cycle cost, the
energy rating, and the time requirements in building
design [21].

7. Concluding remarks

The feasibility study in this work showed that heat-
ing and cooling through a system of GSHPs is possible
based on economics and optimizing energy efficiency
using the town of Tlemcen in Algeria as a case study.
The optimal depth to place a heat pump for air condi-
tioning and heating is similar, so that the same depth
could be considered for both applications. There is a
depth that maximizes the number of days during which
a large thermal potential is available. However, the
technical and economic optimization of the depth can
be done only after choosing the type of technology and
site location, because the depth of the plant influences
the cost in two ways. First, the cost of opening a well
increases with depth. But at the same time, the thermal
potential increases, which reduces the size and cost of
the system. The number of days that potential heat is
maintained profitably also dictates the viability of the
system. A techno-economic study of the optimal pump
depth, comprising various case studies, could form an
extension of this work.

List of symbols

A,  — air temperature amplitude (°C)
A — ground temperature amplitude (°C)

g
— volumetric heat capacity (J/m? K)
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do — penetration depth (m)

T — time over a year (s)

T, — average ambient air temperature (C)

to — temperature variation period (s), in this case
to =24 x 3,600 s for daily variation, or
to = 8,760 x 24 for annual variation

T(t,z) — ground temperature at depth h m below
ground surface (°C)

z — depth (m)

Zop ~— optimal depth (m)

A — thermal conductivity (W/m K)

® — shifting time (s)
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