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SUMMARY
Much of the energy used worldwide is supplied by fossil fuels (~85 %) while renewable
energy sources supply approximately 6 %. A sustainable future urgently requires worldwide
efforts to reduce primary energy consumption and increase use of renewable energy sources.
Heating and cooling in the industrial, commercial, and domestic sectors accounts for more
than one third of the world’s total energy consumption. Consequently, the implementation of
more efficient heating/cooling systems has clear potential to save both energy and the
environment. However, the use of renewable energy systems for heating and cooling
applications has received relatively little attention compared with other applications such as
renewable electricity or biofuels for transportation. Up until now, renewable energy sources
supply only around 2-3% of the annual global heating and cooling demand (excluding
traditional bioenergy).
Heat pump systems are becoming more common for heating and cooling purposes. Such
systems extract energy from a relatively cold source to be injected into the conditioned space
in winter or alternatively, extract energy from conditioned spaces to be injected into a
relatively warm sink in summer. The driving energy of the heat pump strongly depends on the
temperature difference between the conditioned space and the heat source/sink. More
specifically, extracting heat from warmer source during the winter and injecting heat into
colder sink during the summer leads to a better coefficient of performance (COP) and,
consequently, less energy use.
Since the ground under certain depth is warmer than the air during winter and colder during
summer, using the ground as the heat source/sink of the heat pump results in better COP. Due
to their high thermal performance compared to conventional heating and cooling systems,
ground source heat pump (GSHP) systems are increasingly being used to reduce energy
consumption. Essentially GSHP systems refer to a combination of a heat pump and a system
for exchanging heat from the ground. The GSHPs move heat from the ground to heat
buildings and houses in the winter or alternatively, move heat from the buildings and houses
to the ground to cool them in the summer. It is worth mentioning that the operating
temperature of a borehole field depends on the annual mean air temperature and the ratio of
heating to the cooling demand of the buildings. Hence, the ongoing global warming and
improvement of the thermal quality of the building envelope have a direct impact on the
performance of GSHPs.
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No GSHP system has yet been built in Syria despite the fact that the local conditions in many
ways are more favorable than in for example Sweden, which has the world’s third biggest
installed facility.

In addition to emphasizing the importance of using ground source heat pumps in reaching the
renewable energy goals of mitigating the climate change, the current work:
x Reported the first thermal response test (TRT) that was performed in Syria that is
required in order to determine the ground thermal properties, which are needed for the
proper design of borehole heat;
x Provided a simple method that gives the change in ground temperature as a function of
the surface warming;
x Showed the impact of GW in combination with the building envelope quality on the
thermal performance of GSHP and, consequently, on the driving energy of GSHPs;
x Introduced a method that can be implemented to improve the thermal characteristics of
ground heat exchanger.

In order to calculate the effective thermal conductivity of the ground and the thermal
resistance of the ground heat exchanger, a computer model was built, which can be used to
analyze the experiment data. Furthermore, a new method that can be used to calculate the
thermal load of buildings was developed and a computer model was built too.
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OBJECTIVES AND SCOPE
The overall objective of the current work was to show the contribution of ground source heat
pumps in saving energy and the environment in cases of varying building standards and
climates. More specifically the current work aimed to investigate:
x

The potential use of GSHP in the Middle East.

x

The effect of global warming and the building envelope on the performance of GSHP.

x

The improvement in the borehole heat exchanger by induce ground water flow in the
borehole.

The scope of this study was limited to space heating and space cooling. For this aim, only
vertical, closed-loop, ground-coupled systems were used.
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1.

INTRODUCTION

Global warming and its consequences are causing considerable problems. The results are
extreme climatic events such as droughts, floods, or hurricanes, which are expected to become
more frequent. This puts extra strain on people and has great impact on public health and
living quality especially in economically poorer and developing countries.
Internationally, there is a political understanding that global warming (or climate change) will
be the main challenge for the world for decades to come. Thus, all states must work together
in order to overcome climatic change consequences.
While some studies suggest that there is a relationship between solar variability and global
warming [1], two main causes of the warming have been propagated:
1. related to the accumulation of greenhouse gases in the Earth’s atmosphere;
2. related to heat emissions [2, 3].
These imply that the current warming is anthropogenic and caused by human activities, i.e.
global use of non-renewable energy. So far, the total global energy consumption has already
exceeded 15.1010 MWh/year and it is projected to have an annual growth rate of about 1.4 %
until 2020 [4].
85 % of the global energy used worldwide is supplied by fossil fuels while renewable energy
sources supply only about 6 % [5-7]. Global dependence on oil fuels has resulted in a daily oil
consumption of 87.7 million barrels (Mbbl), Fig.1 [8, 9]. Consequently, about 3.1010 tons of
carbon dioxide emissions are emitted annually into the atmosphere. Observations provide
evidence that atmospheric CO2 levels caused by human activities have increased by 25% over
the last century, and are associated with the rising global temperature.

Fig. 1. World Oil Consumption
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There is mounting evidence that the mean global temperature has increased over the period
1880 to 1985 by 0.5 to 0.7 oC [10]. Surface air temperature (SAT) compilations show that the
SAT increased 1.2 oC last century. If the current climatic change continues at this rate, climate
models predict that the average global temperature will be likely to rise by 4 to 6 oC by the
end of the current century [11]. Nowadays, there is scientific acceptance that profligate energy
use is causing rapid and dangerous changes in the global climate. As climate change
progresses the other environmental problems are becoming worse and harder to solve.
In addition, since oil is a finite natural resource and subject to depletion although the demand
continues to rise, especially in large developing nations such as China, the oil price will
increase and become more unstable, Fig. 2 [12].

Fig. 2. Crude oil price during 2000-2011 [12]
A sustainable future requires worldwide efforts to prepare for new energy sources and a more
efficient use of energy. In another words, reducing our primary energy use and increasing the
use of renewable energy is urgent in order to overcome the ongoing global warming.
Heating and cooling in the industrial, commercial, and domestic sectors accounts for about
30-50 % of the world’s total energy consumption [13, 14]. Although building regulations aim
to reduce the thermal loads of buildings, as the economic growth improves standards of
living, the energy demand for heating and cooling is expected to increase. For example, in
non-OECD nations, as developing nations mature, the amount of energy used in the building
sector is rapidly increasing. Consequently, the implementation of more efficient
heating/cooling systems has clear potential to save energy and the environment. However, the
use of renewable energy systems for heating and cooling applications has received relatively
little attention compared with other applications such as renewable electricity or biofuels for
13

transportation. Up until now, renewable energy sources supply only around 2-3% of the
annual global heating and cooling demand [4]. It is worth mentioning that a century or more
ago renewable energy accounted for almost 100%. In other words, current researches aim to
achieve something of the past.
Heat pump systems are becoming more common for heating and cooling purposes. Such
systems extract energy from a relatively cold source to be injected into the conditioned space
in winter or alternatively, extract energy from conditioned spaces to be injected into a
relatively warm sink in summer. The temperature difference between the conditioned space
and the heat source/sink is referred to as temperature lift. This temperature plays a major role
in determining the coefficient of performance (COP) of heat pump systems. More
specifically, extracting heat from a warmer source during the winter and injecting heat into a
colder source during the summer leads to a better COP and, consequently, less energy use.
The ground temperature below a certain depth is constant throughout the year. Thus, the
ground is warmer than the air during wintertime and colder than the air during the
summertime. Therefore using the ground instead of the air as a heat source or as a heat sink
for the heat pump results in higher thermal performance. This fact has increasingly made the
ground source heat pump (GSHP) system more common for heating and cooling applications.
However, due to their current higher installation costs, GSHP systems are more common in
countries where strong supporting policies exist, as exemplified by Sweden [13].

1.1.

Sustainable Energy Systems

Improving energy efficiency and further development and deployment of renewable energy
are said to be the twin pillars of sustainable energy. In other words, sustainable energy
systems refer to using the existing energy resources as efficiently as possible to make them
last longer and consequently minimize the impact of human activities on the environment.
While the global environment and economic development are being maintained, time is
gained to develop new non-fossil energy resources. Such resources must meet society’s
demand without compromising the ability of future generations to meet their needs, and must
be affordable. With around half the oil still in the ground if the journey were to begin now,
there would be ample time for human ingenuity to get green-tech stability without bringing on
a socioeconomic “crash”. Abundant availability of energy from renewable sources (e.g., wind
energy, solar energy and geothermal energy, etc.) seem to be the promising solutions in
achieving sustainable systems, Table 1 [5, 13].
14

Table 1 Generalized data for global energy resources including potential reserves, annual
rate of use (490 EJ* in 2005), share of primary energy supply and comments on associated
environmental impacts [5, 13].

Energy Class

Fossil energy

Nuclear
energy

Rate of use
in 2005
(EJ/yr)

Coal (conv.)
Coal (unconv.)
Peat
Gas (conv.)

>100 000
32 000
Large
13 500

120
0
0.2
100

Gas (unconv.)

18 000

Small

Coalbed methane
Tight sand
Hydrate

>8 000
8 000
>60 000

1.5
3.3
0

0.3
0.7

Oil (conv.)

10 000

160

33

Oil (unconv.)

35 000

3

0.6

Uranium

7 400

26

5.3

220 000

Very small

Specific energy
source

Uranium recycle
Fusion

Renewable

Share of
total
Supply in
2005
(%)
25

Estimated
available
energy resource
EJ

.

9

<0.1
21

5 10 estimated

0

Hydro (>10MW)

60 /yr

25

5.1

Hydro (<10MW)
Wind

2 /yr
600 /yr

0.8
0.95

0.2
0.2

Biomass(modern)

250 /yr

9

1.8

37

7.6

Biomass(trad.)

***

Geothermal

5 000 /yr

2

0.4

Solar PV

1 600 /yr

0.2

<0.1

Concentration solar

50 /yr

0.03

0.1

Ocean (all sources)

7 /yr (exploitable)

<1

0

Comments on
environmental
Impacts
92 gCO2/MJ

52.4 gCO2/MJ
Unknown,
likely higher

76.3
gCO2/MJ**
Unknown,
likely higher
Spent fuel
disposition
Waste disposal
Tritium
handling
Land-use
impact

Likely land-use
for crop
Air pollution
Waterway
contamination
Toxics in
manufacturing
Small
Land and costal
issues

*
EJ=Exajoule = 1018 J
** This value is=70 g CO2/MJ in Boyle (2004)[15]
*** This value is =0.2 in IPCC (2007)[13]

2. HEAT PUMP
As stated by the second law of thermodynamics, heat cannot spontaneously flow from a
colder area to a warmer without work. The heat pump is simply a device for absorbing heat
from one place and transporting it to another of relatively lower temperature. Therefore such a
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device can be used to maintain a space temperature at desired level by removing unwanted
heat (e.g. a fridge or air conditioning unit) or to transport heat to where it is wanted (space or
water heating). In space conditioning applications, the heat pump system consists of an indoor
unit and an outdoor unit and the task is to transfer heat from one unit to the other. In order to
keep the indoor temperature at a comfortable level during the winter the heat pump absorbs
heat from an outer source and releases it into the building. In the summer the reverse process
occurs. The temperature difference between the indoor unit and outdoor unit is referred to as
temperature lift. This temperature plays a major role in determining the coefficient of
performance of the heat pump (COP=delivered thermal energy/driving energy). A smaller
temperature lift results in a better COP. More specifically, extracting heat from a warmer
medium during the heating season and injecting heat into a colder medium during cooling
season leads to a better COP.

2.1.

The Heat Pump Cycle

The vapor-compression cycle is used in most household refrigerators as well as in many large
commercial and industrial refrigeration systems. Fig.3 shows a schematic illustration of a
typical heat pump cycle working at Carnot limits as well as the thermodynamic cycle on
diagram temperature-entropy, (i.e. compression and expansion processes are isotropic, and
heat exchange processes are isothermal).
The vapor is compressed at constant entropy and leaves the compressor superheated. The
superheated vapor travels through the condenser which first cools and removes the superheat
and then condenses the vapor into a liquid by removing additional heat at constant pressure
and temperature. The liquid refrigerant goes through the expansion valve (also called a
throttle valve) where its pressure abruptly decreases, causing flash evaporation and autorefrigeration of, typically, less than half of the liquid. That results in a mixture of liquid and
vapor at a lower temperature and pressure. The cold liquid-vapor mixture then travels
through the evaporator coil or tubes and is completely vaporized by cooling the warm air
(from the space being refrigerated) being blown by a fan across the evaporator coil or tubes.
The resulting refrigerant vapor returns to the compressor inlet to complete the
thermodynamic cycle.
The coefficient of performance (COP) of a heat pump cycle working at Carnot limits, as
stated by Thermodynamics, is influenced by the operating conditions (condensation and
evaporation temperatures). In other word, the COP of Carnot heat pump is a function of the
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high temperature heat reservoir (HTR) and low temperature heat reservoir (LTR) as follows
[16]:
Wintertime (heating mode):

COPh

Thigh

(1)

Thigh  Tlow

Here, Thigh represents the condensation temperature, which is a function of indoor
temperature.
Tlow represents the evaporation temperature, which is proportional to the temperature of the
heat source (air/ground). Given that the indoor temperature is stable, COPh is a function of
Tlow, i.e. COPh increases with Tlow i.e. the temperature of the heat source (e.g. ground, air
etc.).
Summertime (cooling mode):

COPc

Tlow
Thigh  Tlow

(2)

Here, Tlow represents the evaporation temperature, which is lower but follows the indoor
temperature. Thigh represents the condensation temperature, which is higher but follows the
temperature of the heat sink (air/ground). Given that the indoor temperature is stable, COPc is
a function of Thigh, i.e. COPc increases with decreasing Thigh, i.e. the temperature of the heat
sink (air/ground).
The above discussion is based on the ideal vapor-compression refrigeration cycle, and does
not take into account real-world effects like frictional pressure drop in the system, slight
thermodynamic irreversibility during the compression of the refrigerant vapor, or non-ideal
gas behavior, etc. However, in an actual refrigeration cycle the condensation process does not
occur at a constant temperature; in addition the expansion process does not occur at isotropic
operation. In other words, a real heat pump cycle diverges from Carnot cycle and,
consequently, many factors, rather than operation temperatures only, govern the coefficient
of performance of a real heat pump cycle. Fig.4 shows a schematic illustration of the
components of the assumed system as well as the thermodynamic cycle diagrams of
temperature-entropy and pressure-enthalpy. Many techniques have been recently proposed in
order to improve the cycle performance, more details are given by Wang, 2000, Chap.9 [16].
In the current study, a heat exchanger has been added between the suction line and liquid
line.
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Like a heat engine but operating in reverse, the thermodynamics of the cycle can be analyzed
on diagrams. In general COP is defined as the ratio between the delivered capacity and
compressor capacity [16]:

Fig. 3. Carnot Cycle of heat pump. (a) Schematic diagram; (b) vapor cycle; (c) gas cycle
x

QE

COPc

(3)

x

Wcp
x

QC

COPh

(4)

x

Wcp
Where QC, QE, and Wcp represent the heating, cooling, and compressor capacity respectively.
As shown in Fig. 3 the heat exchanging operations in the evaporator and the condenser
occurs at constant pressure (isobar). The compression process in the compressor takes place
isentropically while the expansion operation in the expansion valve is an adiabatic process.
With these in mind, as per the thermodynamics rules, the terms of Eq.3 and Eq.4 may be
calculated as follows:
x

Qc

x

m h 3  h 4

(5)
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x

x

m h 7  h 6

QE
x

(6)

x

WCP

m h 2  h1

(7)

x

Where, h and m represent enthalpy and refrigerant mass flow rate respectively.
In order to accomplish the calculations, the following assumptions were made:
1. Refrigerant R22
2. Pressure drop at inlet and outlet of the compressor was assumed P8-P1=10
and P2-P3=23 KPa respectively, see Fig.4.
3. The pressure drop through the pipe is negligible.
4. The isentropic efficiency of the compressor is 80%.
5. There is no sub-cooling in the condenser or useless superheat in suction line.
6. Thermal efficiency of the heat exchanger, which expresses how efficiently the heat
exchanger utilizes the temperature difference, is 90%.
7. Heat loss factor of the compressor, i.e. ratio between heat loss of the compressor to
the surroundings and the energy consumption of the compressor, is 15%.
8. Regarding the internal unit of the heat pump, in wintertime the condensation
temperature was assumed to be 38 oC. In summertime, the evaporation temperature
was assumed to be 8 oC.
9. Heating/Cooling capacity assumed to be constant, thus a change in temperature will
affect the flow rate of refrigerant through the cycle.
The calculation results are illustrated in Fig.5. Apparently, the COP of the heating machine
increases as the evaporation temperature rises. Likewise, the performance of the cooling
machine increases as the condensation temperature decreases.
Indeed, the COP of a cooling machine is more sensitive to temperature changes than that of a
heating machine. More specifically, the alteration in condensation temperature of a cooling
machine has greater effect on COP than the effect alteration in the evaporating temperature on
COP of a heating machine. Recall the assumption number 9 above (i.e., the refrigerant flow
rate is not constant), this different sensitivity of COP to the temperature changes could be
explained as follows, see diagram Ln(P)-h in Fig.4:

x

For the cooling machine, decreasing condensing temperature results in 1) decreasing the
refrigerant mass flow rate because of the increasing cooling effect in the evaporator, and
2) decreasing the enthalpy difference on the compressor sides. These two effects lead to a
decrease of the input power of the compressor.
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x

For the heating machine, increasing the evaporating temperature decreases the enthalpy
difference on the compressor sides (positive impact). Simultaneously, decreasing the
heating effect in the condenser requires an increase in the refrigerant mass flow rate in
order to keep the heating capacity constant (negative impact). Increasing the flow rate
moderates the benefits gained from decreasing the enthalpy differences in the compressor
and consequently the input capacity of the compressor is reduced slightly.

Fig. 4. Illustration of heat pump and the thermodynamic cycle on the LnP-h and T-S diagram.
ASHP,
GSHP cooling cycle,
GSHP heating cycle
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Fig. 5. Actual COP as a function of condensation /evaporation temperature.
Fig.5 shows that the change rate in COP of a cooling machine due to changing condensation
temperature is slightly greater at lower temperatures. It also shows that the change rate in
COP of a heating machine due to the changing evaporation temperature is slightly greater at
higher temperatures. In a cooling machine for instance, by decreasing the condensation
temperature from 24 to 23oC and from 54 to 53oC the increase in COP is 6.4 % and 2.9 %,
respectively. For a heating machine, the increase in COP due to the increased evaporation
temperature by one degree is 3.8 % and 1.9 % at temperatures of 10 and -16 oC, respectively.
In addition to improving the thermal performance of the heat pump, another benefit of
reducing the condensation temperature (cooling machine) and increasing evaporation
temperature (heating machine) can be gained. Fig.4 shows that parts of the thermodynamic
cycle are on the right-hand side of the saturated line. These parts represent the irreversible
operation of the thermodynamic cycle of the heat pump. Apparently, increasing the
evaporation temperature and/or decreasing the condensation temperature results in
diminishing the irreversible parts. In other words, the increased evaporation temperature
and/or decreased condensation temperature make the heat pump cycle close to a reversible
cycle, i.e. Carnot cycle. In order to illustrate the effect of increased the evaporation
temperature or decreased condensation temperature on the irreversibility of the heat pump
cycle, Carnot efficiency was used. This efficiency is calculated as the ratio between the
actual COP (from Eq.13 or Eq.14), and the ideal COP (from Eq.11 and Eq.12). Fig.6 shows
the Carnot efficiency as the function of the evaporation and condensation temperatures.
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Fig. 6. Carnot efficiency of heat pump as function of temperature of high/low reservoir

3.

GROUND SOURCE HEAT PUMP SYSTEMS

The ground source heat pump (GSHP) systems are also known as ground coupled heat pump
systems (GCHP) or shallow geothermal systems. Due to their high thermal performance
compared to conventional heating and cooling systems, GSHP systems are increasingly used
to reduce energy consumption [13, 17, 18]. Essentially GSHP systems refer to a combination
of a heat pump and a system for exchanging heat from the ground. The GSHPs move heat
from the ground to heat buildings and houses in the winter or alternatively, move heat from
the buildings and houses to the ground to cool them in the summer. This heat transfer process
is achieved by circulating a heat carrier (water or a water–antifreeze mixture) between a
ground heat exchanger (GHE) and heat pump. The GHE is a pipe (usually of plastic) buried
vertically or horizontally under the ground surface, Figure 7 [19].
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Fig. 7. Example of horizontal and vertical ground source heat pump systems [20] .

In heating mode the GHE and the heat pump evaporator are connected and the heat pump
moves heat from the ground into the conditioned space. A liquid of relatively low temperature
is pumped through the GHE, collecting heat from the surrounding ground, and into the heat
pump. Since the temperature of extracted liquid, which is around mean annual air
temperature, is not suitable to be used directly for heating purposes, the heat pump elevates
the temperature to a suitable level (30-45oC) before it is submitted to the heat distribution
system.
In cooling mode the GHE and the heat pump condenser are connected and the heat pump
moves the heat from the conditioned space into the ground. The liquid of relatively high
temperature is pumped through the GHE, releasing the heat into the surrounding ground, and
back to the heat pump.
At the beginning of 2010 the totally installed GSHP capacity in the world was 50,583 MW
producing 121,696 GWh/year with a capacity factor of 0.27 (actual operation hours/annual
hours) and an installed capacity annual growth of 12.3% [20]. A comparison between energy
costs of different energy resources showed that geothermal systems provide the cheapest
energy and it is expected to be even cheaper in the future [7, 14], see Table 2 [14]
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Table 2 Estimated installed global capacities, energy outputs and costs for 2005 for solar thermal,
bioenergy (excluding traditional biomass combustion) and geothermal technologies [15]

Solar thermal
Water and space heating
Solar assisted cooling
Bioenergy

Installed
Capacity

Annual
Total
Energy

(GWth)
100-110

(PJ)
200-220

<0.05
10001200

€/GJ

€/GJ

Projected
Cost
Development.
2030
% 2005 cost

8- 226
11-307

52
66

-42
-44

Cost 2005
Rangea Average

3000-4000

Pellet boilers
8-99
26
-5
Combined heat and power (CHP)
7-67
26
-8
Anaerobic digestion
6-32
15
-3
MSW waste-to-energy
2-12
5
-9
Geothermal
25-30
270-280
Deep conventional
0.5-11
2
+11b
Deep advanced
1-24
3
-13
Shallow geothermal
Heat only
3-89
19
-9
Heat and cool: heating
2-75
17
-8
Heat and cool: cooling
2-97
16
-8
a
The wide range of cost for each technology results from the widely varying resource available and varying
state of maturity for a technology in any given country. For example, a solar thermal system in Spain
would be more cost-effective than one in Norway.
b
Many of the most useful deep geothermal resources located close to demand have already been developed

Fig.8 shows a comparison between four different heating systems including a conventional
fuel heater, electrical heater, ASHP, and GSHP. In this comparison, the energy required, Pin,
to produce one unit of end-use energy, Pout, was calculated for each system as follows.
For a conventional fuel heater, the required energy (Pin) is:

Pin

Pout

(8)

K fh

where Șfh is the energy efficiency of the fuel heater.
For a system using a conventional electrical heater:
Pin

Pout

(9)

K G KT K D K eh

where ȘG, ȘT, ȘD, and Șe represent the efficiency of the power station, transmission efficiency,
distribution efficiency and electrical heater efficiency respectively. For ASHP or GSHP
systems the corresponding power is:
Pin

Pout

(10)

K G KT K D  COP
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Pin Pout

input and output energy, respectively

COP

coefficient performance of the heat pump, whether ASHP or GSHP

In the current comparison, the following assumptions were made. ȘG=35%, ȘT =95%, ȘD
=95%, Șeh =100%, and Șfh=85 %. The COP=3 for ASHP and 5 for GSHP.
Performed calculations show that it possible to reach an energy saving of 80%, 46% and 40%
by using GSHP in comparison with the electrical heater, fuel heater and ASHP system,
respectively.

3.1.

Principle of GSHP Systems

A smaller temperature lift results in a better COP. More specifically, extracting heat from a
warmer medium during the heating season and injecting heat into a colder medium during the
cooling season leads to a better COP.
The ground temperature below a certain depth is constant throughout the year. This depth
depends on the thermal properties of the ground, but it ranges between 10-15 m, as shown in
section 4. Thus, the ground is warmer than the air during the winter time and colder than the
air during the summer time. So, using the ground as a heat source or heat sink (instead of the
air) for the heat pump results in smaller temperature lift and, consequently, better thermal
performance. This fact represents the theoretical basis of ground source heat pump systems. In
addition to improve the COP, the relatively stable ground temperature means that GSHP
systems, unlike ASHP, operate close to the optimal design temperature thereby operating at a
relatively constant capacity. It is worth also mentioning here that the outdoor fans of the
ASHP consume more energy than that of the water pump in the GSHP case [18]. Therefore,
the comparison would be even more favorable for the GSHP if fan energy consumption was
considered in the COP calculation. A further drawback for the ASHP is that its efficiency
decreases when the demand is at its highest, since it uses the ambient air as a heat source.
GSHP maintains a more stable performance in hot and cold weather regardless of the outdoor
air temperature. A further advantage of GSHP is the elimination of outdoor mechanical
equipment, which makes it more reliable, reduces maintenance, and increases the lifetime of
the system. In other words, GSHP is competitive due to its high performance. However, the
construction cost of GSHP is still a critical factor for its competitiveness in new markets. The
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overall objective of paper 3 was to show the potential of using ground source heat pump
systems for space heating and space cooling in Syria.
In order to examine the potential of GSHP compared to ASHP in a given region the COP of a
heat pump working at ground temperature and at the ambient air temperature of summer time
and /or winter time must be assessed and compared.

Fig. 8. Conversion of primary energy to one unit of heat. Required primary fuel is reduced
by 71% using ASHP or 83% using GSHP compared with an electrical heater.
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4. GROUND TEMPERATURE
The ambient air temperature over the year or the day can be treated as a sinusoidal function
around its average value Ta . This fluctuation might be expressed by:

T (t ) Ta  Aa  cos ( 2ʌ 

t
)
to

(11)

Where T(t) is air temperature at a given time t; Ta is average air temperature for the period to,
Aa is the air temperature amplitude (half of the difference between the maximum and
minimum temperatures for the period), to is the time for one complete cycle (day or year).
Apparently, the air temperature fluctuation causes ground temperature variations. In order to
derive an expression of the ground temperature, the one-dimensional heat conduction
equation needs to be solved.
w 2T ( z , t )
wz
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1 wT ( z , t )

D
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with

T (0, t )

Ta  Aa  cos ( 2ʌ 
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T ( f, t )
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t
)
to

where Į is the thermal diffusivity (m2/s), z depth below the surface (m), and t is the time. Note
that for oscillating temperature at the boundary, we do not need an initial condition. The
solution of Eq.12 can be found by Laplace transformation method (see chapter XII in [21]):
T(t,z)

Ta  A a  e
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z
 )
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(13)

where do is the penetration depth (m), which is defined as the depth at which the temperature
amplitude inside the material falls to 1/e (about 37%) of the air temperature at the surface:
do

O  to
C S

(14)

Fig.9 shows the underground temperature as a function of the depth at different seasons of the
year. Below a certain depth the seasonal temperature fluctuations at ground surface disappear
and ground temperatures are essentially constant throughout the year. In other words, a few
meters below ground surface the ground is warmer than the air during the winter and colder
during the summer.
Eq.13 shows that ground temperature amplitude decreases exponentially with distance from
the surface at a rate dictated by the periodic time as follows:
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z

Ag

Aa  e do

(15)

Where Ag is ground temperature amplitude (oC). A comparison between Eq.11 and Eq.13
shows that there is a time lag between the ground and air oscillating temperature. In other
words, the maximum or minimum ground temperature occurs later than the corresponding
values at the surface. From the cosine term in Eq.13 one can conclude that the time lag
increases linearly with depth. The shifting time M, between surface and the ground at a given
depth z is:

M t 2  t1

z C  t0

2 S O

(16)

Indeed, change in temperature of ambient
air results in change in the undisturbed
ground temperature. Paper 4 presents a
mathematical model that calculates the
change in ground temperature due to
global warming.

Fig. 9. Temperature profile through the ground.

4.1.

Effect of Global Warming on Ground Temperature

Over the period 1880 to 1985 the mean global temperature increased by 0.5 to 0.7 oC [10].
However, the warming rate at high latitudes of the northern hemisphere during recent past
decades was greater [22, 23]. A comparison of the average anomalies of SAT between 18801890 and 2000-2010 shows that the SAT has increased by 1.2 oC above the pre-industrial
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level [24]. Fig. 10 and the meteorological data presented by [10] clearly show that the
recorded meteorological data of air temperature varies greatly over time, which might lead to
a miscalculation of the warming level [22]. In other words, the warming that was calculated
above might be different if different periods were compared.

Fig. 10. Global mean surface air temperature anomalies [24]

Measurements of borehole temperature depth profiles (BTDP) evidently show that there are
temperature deviations from the linear steady-state ground temperature in the upper sections
of boreholes (Fig. 11) [22, 25-27].
This temperature deviation might be theoretically attributed to many different sources [26].
However, in general, the departure of BTDP from the steady state line is considered as a
direct consequence of a change in SAT [22, 28]. Moreover, the effects of all other nonclimatic sources (e.g. change in land use, variability of thermal conductivity, groundwater
movement and so forth) have been shown to be negligible at the noise level of data [29].
However, measurements of borehole temperature generally show smooth enough curves to
permit us to approximate it to a mathematical formula [22]. The aim of paper 4 was mainly to
derive an equation that expresses ground temperature deviation from the steady-state line as a
result of warming at ground surface. The derived equation was used to determine the average
change of ground temperature over a certain depth and therefore the heat retained by a column
of earth during the warming period. This average change of ground temperature is of great
importance in the borehole system.
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Fig. 11. Data from wells located in the Alaskan Arctic. The upper portions of measured
profiles (temperature deviation) indicate an increase in surface temperature over several
decades. The depth of temperature deviation implies that this warming occurred over about
100 years ago (from Lachenbruch and Marshall (1986)).

5.

GROUND THERMAL PROPERTIES AND TRT

The proper design of GSHP systems requires knowledge of the local ground thermal
properties. At an early stage, e.g. a pre-study, geological maps and tabled thermal properties
might be enough. Studies that are more detailed require accurate determination of thermal
properties, which affect the performance and design of the GSHP heating/cooling system.
Several methods can be used to estimate ground thermal properties. These include soil and
rock identification [30], experimental testing of drill cuttings [31], in situ probes [32], and
inverse heat conduction models. The most common method to determine the thermal
properties, which was first presented in 1983 by Mogensen [33], is thermal response testing
(TRT) [34]. Unlike lab investigation of rock core samples the TRT evaluation includes the
effect of ground water flow. This method can be summarized as follows. A circulation pump
circulates the heat carrier (water or antifreeze-water) at constant flow rate between a chiller or
heater with constant power rate and vertical plastic pipe installed vertically in borehole. The
measured variables, which are logged during a TRT, are the borehole inlet and outlet
temperatures, and the outdoor temperature. The experiment is usually carried out at a constant
flow rate. Analyzing the temperature development around the borehole enables us to
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determine the borehole thermal resistance and the effective thermal conductivity of the
ground. For more details see paper 2 which reports the first thermal response test in Syria.
There are two analytical techniques (both are based on Fourier’s law of heat conduction) used
to analyze the experiment data (i.e., measured variables):
1. Based on Kelvin’s line source theory (LSM).
2. Based on cylinder source model (CSM).
The LSM methodology, which is used in this study, is a development of Kelvin’s line source
theory as follows. Consider a borehole of diameter rb with transient surrounding ground
temperature due to a constant injection (or extraction) energy rate at the well. The governing
differential equation, known as Kelvin Line Theorem, is given by [35]:
w 2T (r , t )
wr 2
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D

It is important to mention that the above equation is a pure heat conduction problem, which
does not consider the ground water movement. The following boundary and initial conditions
are used:
The medium is initially at uniform temperature

T (r ,0) Tg

(17-b)

Though the temperatures of the borehole and ground vary in the vertical direction, an average
value is taken for the entire length of the borehole, neglecting the vertical effects.
Fourier’s law at r= 0 applies:
q
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no change in ground temperature beyond the far-field radius:

T (rf , t ) Tg

(17-d)

Ingersoll and Zobel presented an analytical solution of Eq.17 (for the temperature at any point
in an infinity plane with uniform initial temperature due to an instantaneous line source of
strength q (w/m) [36] (Eq.d page 147):
q
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Alternatively, some references write Eq.18 as:
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Where Fo is the Fourier’s number, which is defined as:
Fo

D t

(20)

r2

Eq.18 (or Eq.19 ) represents the exact solution of Eq.17 only for a true line source (or line
sink), but it can also be applied in most real cases, with an error less than 2%, when Fo20,
namely after time of operation t>20r2/Į in real case this time is in the range of nine hours.
The solution of the integral term in the Eq.18 (or Eq.19) is obtained from the definition of the
exponential integral function, which is given as follows:
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Where Ȗ is Euler's constant. Substituting Eq.21 into Eq.19, we obtain the exact solution of
Eq.17:
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For the condition of small value of r or large value of t, 1/Fo is small, so that the higher-order
terms in Eq.22 become negligible. Then the temperature around the borehole can be expressed
as:
Ta (t , r )
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The difference between the exact and the approximated solution, i.e. Eq.22 Eq.23
respectively, is:

T (q, O , Fo) Te  Ta

q f (1) n1 r 2 / 4D  t
¦
4S  O n 1
n  n!

n

(24)

For example, if the heat transfer rate per unit length of the borehole q=40 W/m, the ground
thermal conductivity Ȝ=2.5, and for the condition Fo20 then the difference ș(q,Ȝ,Fo) is equal
to 0.016 oC, which is hard to measure.
In the derivation above, only radial heat conduction was considered. A comparison between
the results from LSM and the numerical model with consideration to both vertical and radial
heat flows shows that the results from the numerical analysis result in 5% lower thermal
conductivity value [37].
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Substituting r = rb in Eq.23, we obtain the ground temperature of the borehole wall:
Tb (t )

T (rb , t )

ª § 4a t ·
º
q
¸  J »  Tg
 «ln¨
2
4S  O « ¨© rb ¸¹
»¼
¬

(25)

If the thermal resistance between the heat carrier inside the pipe and the borehole wall is
denoted by Rb, one could write the following relation:
T f t  Tb t

Rb  q

(26)

Introducing Eq.26 into Eq.25 results in:
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It can be seen that Eq.27 represents a linear relation between fluid temperature and ln(t),
therefore it can be rearranged as follows:
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Where:
Į

thermal diffusivity of the ground (m2/s)

Ȝ

thermal conductivity of the ground (W/m,K)

rb

borehole radius (m)

Tg

undisturbed initial temperature of the ground (k)

t

time from start (s)

q

heat injection rate per unit borehole length (W/m)

Rb

thermal resistance (K,m/W)

Ȗ

Euler’s number (0.5772)

Tf(t)

arithmetic mean of the inlet fluid temperature (Tfin) and outlet fluid
temperature (Tfout) of the borehole heat exchanger at time t

T f (t )

T fin  T fout

(29)

2
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By plotting the mean fluid temperature development against ln(t), as shown in Fig.12, the
ground thermal conductivity and thermal resistance of the borehole can be determined as
follows. From the figure, one can find out the slope and y-intercept of the line, i.e. K and m
coefficients of Eq.28, respectively. Afterward Ȝ is given by:
K

'Y
'X

 O

q
4S  K

(30)

This value of the effective thermal conductivity is used to calculate the thermal resistance:
and Rb can be calculated as follows:
Rb

m  Tg
q
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Fig. 12. Theoretical mean fluid temperature circulated through borehole,
Eq.5 with Ȝ=3.5 W/m,K and q=40 W/m
In short, measuring the temperature development in the borehole at a specific energy
injection/extraction rate allows us to determine the effective thermal conductivity of the
ground and thermal resistance of the ground collector as follows:
x

The experiment should be carried out under conditions similar to the conditions that are
planned to use the borehole, i.e. type of BHE, borehole depth, borehole diameter, fluid
flow rate, and mean power load of the GSHP. Change in fluid flow rate affects the
Reynolds’s number and, consequently, the thermal resistance of BHE. Change in the
mean power load affects the borehole thermal resistance and effective ground thermal
conductivity [38-40]. The effect of power load on the BHE thermal resistance and
effective thermal conductivity would be attributed to enhancing the free heat convection
within the well and inducing a thermo-siphon flow.
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x

We need to check out the validation of the line source model. Recall that the (LSM) is
valid for one dimensional heat transfer (radial heat flow); therefore, in a region of big
groundwater flow the LSM is not valid.

x

The undisturbed ground temperature, which is the mean temperature at half the active
borehole depth, is required. The easiest way to determine the undisturbed ground
temperature is temperature loggings in the borehole or by circulating the heat carrier
without heating for 10-30 minutes [41]. The mean fluid temperature corresponds to the
undisturbed ground temperature.

x

The last step is to turn on the heater and continue the measurements for 60-72 hours and
later on analyze the experiment data. In the presence of groundwater, the calculated
ground thermal conductivity and borehole thermal resistance increase with time [38, 40],
see Fig.13. Thus, as a general rule of the experiment process, we would say that the
experiment must proceed until a stable value of the estimated ground thermal conductivity
is reached. However, increasing the experiment time results in a more accurate calculation
of the ground thermal conductivity, but increases the cost of the experiment. Therefore,
there is a trade-off between the accuracy and costs.

Fig. 13. Thermal conductivity estimation vs. duration of in-situ testing.
Simulated borehole32-38.
In the current work, in order to avoid any approximation of calculated BHE thermal resistance
and/or the effective thermal conductivity of the ground a computer model that can be used to
analyze the experiment data was built (see Appendix A).
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Since it takes some time before a BHE behaves as an ideal line source the first hours of data
must be ruled out from the analysis [34, 36]. Therefore, analysis starts after time= t:
t!

20  rb 2

(32)

D

If a failure occurs during the experiment, the experiment must be switched off and wait until
the borehole wall temperature is back or close to its initial value. The difference between the
initial borehole wall temperature and the temperature at which the experiment will be
restarted will be referred to as deviation temperature, į oC. Let us assume that a failure
occurred after time= t1 from the start, the ratio between the required time t to reach the
recovery point, į, after a signal pulse of length t1 is given by [42]:
t
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¹
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For example, if the mean load is 30 W/m, and failure occurred after 20 hours from the
experiment start, the required time so that the deviation temperature is 0.3 oC is ~43 hours
(assuming a ground thermal conductivity of 3 W/m,K). Indeed, as the deviation temperature
becomes smaller, the accuracy of the thermal response test increases. Fig.14 shows the ratio
between recovery time and the signal pulse length as a function of the mean load and thermal
conductivity of the ground. Apparently, at small values of deviation temperature, as deviation
temperature decreases, the recovery time increases dramatically. Therefore, there is a tradeoff
between the accuracy and waiting time. Another conclusion can be drawn from Fig. 14 that in
regions where thermal conductivity is supposed to be low, it is recommended to use low mean
heat load if the failure has high probability.
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Fig. 14. Ratio between recovery time and signal pulse length versus borehole temperature
change, as a function of the mean load and thermal conductivity of the ground.
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5.1.

Effect of Ground Water on the BHE Thermal characteristics

In water-filled boreholes, heat is transferred by:
1. Convection from the borehole heat exchanger to the borehole wall, and,
2. Conduction through the rock and advection by groundwater flow in the bedrock.
The first part depends on the temperature level in the borehole and on the injected heat power
rate. Increasing the injection rate results in better convection and, therefore, smaller borehole
thermal resistance. Gustafsson et al. showed that convective flows result in a 2–4 times
greater heat transfer than pure conductive transfer would have caused within the temperature
interval of 10–30 ºC. Performed simulations showed that a temperature increase from 15–30
ºC results in a decrease in borehole thermal resistance from 0.075 to 0.065 K·m/W [43]
The second part of heat transfer is considerable in an area of high hydraulic conductivity
or/and rock exhibiting fractures. Groundwater flow enhances the heat transfer from the
borehole to its surrounding and, accordingly, alleviates buildup of heat in the borehole field
over time. Studies showed that the volumetric expansion of heated water in the borehole
induces a groundwater convection referred to as thermo-siphon [38]. Since multiple borehole
systems are not likely to be affected by thermo-siphon flow to the same extent as a single
borehole during a thermal response test, the TRT evaluation will overestimate and
underestimate the thermal conductivity and thermal resistance, respectively [38, 44].
The effect of groundwater flow on the heat transfer in the ground depends on the hydraulic
gradient and hydraulic conductivity of the ground. In this regard, the Peclet number, which is
defined as the ratio between advection and conduction, can be used to quantify the
significance of groundwater effect on heat transfer characteristics of borehole heat exchanger
[44].
In Paper 7, in order to improve the thermal characteristics of BHE an artificial method was
used to enhance the groundwater convection inside the borehole and groundwater flow in the
bedrock.

6.

DETERMINATION OF THE HEATING AND COOLING DEMAND

Estimation of the heating and cooling demand of buildings is difficult because of the dynamic
influences of parameters such as occupancy patterns, building operating schedules and
climatic conditions. The degree-hours (DH) method is a common method used to estimate
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such heating/cooling demand [45-50]. The DH method does not explicitly take into account
the effect of the sun on the cooling demand of a building. This fault represents major inherent
deficiencies of the DH method and results in a lower estimation of the cooling load.
Another available method that can be used to estimate the thermal load of buildings is the
overall thermal transfer value (OTTV) method. OTTV is a measure of heat exchange between
the outdoor and indoor environment through the external envelope of a building [51-53].
Unfortunately, OTTV has its inherent deficiencies, such as using the monthly average
temperature in defining the cooling season. In addition, the need for air-conditioning takes
place mostly during daytime in summer, while OTTV does not take this into consideration.
Other deficiencies of OTTV have been discussed by Yik and Wan [54]. In conclusion the
OTTV method may not truly reflect the thermal performance of the building envelope.
A new method that can be used to calculate the thermal load of buildings was developed and a
computer model was built for the current work (see Appendix B). This new method is a
combination of the OTTV and DH methods. HTLV proportionately expresses the thermal
load of building as a function of the thermal quality of the building envelope; temperature
difference between indoor and outdoor; and number of heating/cooling hours as shown (see
below). The heating demand is:

¦ > Ktot  UC p  mv
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The cooling calculation is a little bit more complex as the walls receive different amounts of
solar radiation at different orientations (i.e., different azimuth angle). Therefore, the general
procedure is to calculate the thermal load due to conduction and solar effect on the wall and
window with the same orientation and then add the thermal load due to internal heat gain and
ventilation as follows:
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Where Kj represents the total heat loss coefficient of the wall (opaque surface and
fenestration) of direction j (W/K), see Eq.38; Tinh and Tinc are indoor design temperature for
heating and cooling season, respectively (oC). N is the number of hours provided that To
(outdoor temperature)  Tbh (base temperature of heating season, Eq.40), and M is the number
of hours provided that To  Tbc (base temperature of cooling season, Eq.41). mv is the average
air exchange rate (m3/s); ȡCp is the volumetric thermal capacity of air (J/m2.K); Aw,j and Af,j is
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the area of the opaque walls and fenestration with direction j, respectively, (m2); Uw and Uf is
the U-value of the opaque wall and fenestration, respectively, (W/m2 K); qin is internal
thermal load (W/m2); SCj is the shading coefficient of fenestration (defined as the ratio of
solar heat gain of the fenestration to solar heat gain of the standard reference glass); SFj, solar
factor for that orientation; Į is absorption coefficient of the opaque wall surface; Rso is outside
surface resistance (m2K/W). avg(It)j is average solar intensity per square meter falling on
vertical surface with direction j, (W/m2). This value can be calculated by using the available
solar energy per square meter on the horizontal surface and incident angle of the wall surface
as follows. The incident angle of vertical surface with direction j, șji, is [55]:
avg ( I t ) ji
Where
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Here į is declination angle on the day number n of the year, ĳ is location latitude, Ȗj is
azimuth angle of surface with direction j, w is hour angle at hour i; Ws is the hour angle of the
sunrise on day number n of the year. SEi is available solar energy on a horizontal surface at
hour i (W/m2), which can be taken from a local weather station or using METEONORM [56].
The magnitude of the total heat loss coefficient of the building wall of direction j depends on
size, design, geometry, and the thermal performance of the external building shell as follows:
Kj

Aw, j U w  A f , j U f
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Thus, the total heat loss coefficient of the building shell, Ktot, is:
K tot
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The base temperature, Tb, depends on the thermal quality of the building’s envelope and use
of building. A low value of Tb implies a highly insulated building [49, 57]. In this work, we
have derived equations that can be used to estimate the base temperature of the heating and
cooling seasons as follows:
Tbh
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In the last equation, the effect of solar energy on the base temperature of the cooling season
was not considered. Thus, the base temperature of the cooling season is a bit lower than that
calculated using Eq.41, but in the current study the Tbc will be calculated using Eq.41.
In the above calculations, the following assumptions were made:
x

The opaque surface and fenestration in all orientations have the same thermal
properties (i.e., all walls have the same outside surface resistance and absorption
coefficient; windows have the same shading coefficient and solar factor in all
directions).

x

The external surfaces of buildings have the cardinal directions (i.e. N, W, S, and E).

x

The reduction in heating load due to solar gain is not considered in the heating
calculation, which is the common approach in heating calculations.

Because most residential buildings have several floors, the roof area is small in comparison
with the external wall area. In addition, most roofs have no glazed area and a lower U-value
than the walls and hence, there is no solar heat gain through the roof and the heat conduction
tends to be small. Consequently, heat gain/loss through the roof and floor is generally small
compared with external walls. Therefore and for simplicity, only thermal transfer through
walls was considered in the current study [52],
The monthly heating share of the annual heating demand is calculated by dividing the heating
demand of every month by the annual heating demand. The monthly cooling share of the
annual cooling demand is calculated by dividing the cooling demand of every month by the
annual cooling demand.

6.1.

Thermal Quality of Building Envelope and Thermal Load

The thermal quality of the building envelope (TQBE) refers to the performance of the
building shell as a barrier to unwanted heat transfer between the interior of the building and
the outside conditions. The TQBE is important in determining the thermal load of building
and, consequently, determining the RHC. For instance, high TQBE can reduce heat losses
from building to the point where internal heat gain and passive solar heat gain can offset a
large fraction of the remaining heat loss. The TQBE depends on three factors including (1)
insulation level of the exterior wall, ceiling, and floor; (2) thermal properties of windows; and
(3) air tightness of the envelope.
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Of the 150 million residential dwellings in the 15 EU Member States, that were members of
the EU before the enlargement on 1st May 2004, approximately 72% were built before 1972.
Most of these buildings were built to standards that required far poorer TQBE than those
imposed under current building regulations [11]. The maximum permitted heating load for
new residential buildings in Germany for instance, under the 1995 regulations was 65–100
kWh/m2/year. While the actual average heating requirement of existing buildings is estimated
to be 220 kWh/m2/year [58]. This difference was attributed to the fact that the majority of
existing buildings were built before 1995. Hence, there is big potential for reducing energy
use in buildings by improving the thermal characteristics of buildings. Recent reports by the
Intergovernmental Panel on Climate Change (IPCC) have outlined broad strategies for
reducing energy use in buildings and the environmental implications [59]. It has been shown
that different improvement measures of the TQBE (including increased insulation level and
improving thermal properties of windows) result in different energy saving rates. Improving
TQBE in a wide variety of US climates might lead to energy savings of 30–75% [60-62].
Hamada et al. show under the climate conditions of Japan, Finland, Germany, and Canada the
energy saving due to improving the TQBE compared to the same house built according to the
conventional standards is likely to fall between 30% and 40% [63]. Under the climate
conditions of Ankara, Demirbilek et al. [64] show that a reduction in heating demands of 45%
could be fulfilled by reorienting buildings and increasing the insulation level of exteriors,
floors and roofs of buildings. Florides [65] showed that using low-emissivity, double glazing
windows alone could reduce the cooling demand by 24%. In cold-climate countries around
the world, improving the TQBE could lead to a reduction in the heating demand by 10% [59].
In addition to reducing the heating demand of buildings, improving the TQBE might affect
the cooling demand of a building as follows:
In cold climate, e.g. Nordic countries, where the internal heat gain dominates the cooling load
of a building, insulating exterior walls results in increasing the cooling load of buildings [64,
66]. In addition to increased internal comfort requirements and internal heat gain, this might
give a sufficient explanation for the increased need for mechanical cooling equipment in
Nordic countries.
In hot climates, where the external heat gain dominates the cooling load of a building,
increased insulation levels have greatly reduced buildings’ heating and cooling loads
compared to the same house built according to a lower insulation level [58, 67].
However, in temperate climates either the internal or external load may dominate the cooling
load of a building, the effect of an increased level of insulation is less clear.
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Simultaneously, improving the TQBE in new buildings using foam products for insulation
(which have a relatively low heat capacity) results in reducing thermal mass of the building
envelope. Accordingly, the opportunity to use passive heating and cooling by shifting thermal
loads on a time scale of hours has been reduced. Increasing thermal mass of building
envelopes using phase-change materials (PCM) for example, has been a subject of
considerable interest in the last decade. Kuznik et al. [68] show that using a proper thickness
of PCM wallboard improves the thermal inertia of buildings and thereby decreases
temperature fluctuation inside the buildings. However Florides et al. [65] show that increasing
thermal masses of wall and roof utilizing night ventilation is not enough to lower the house
temperature to acceptable limits during summer.

7.

CORRELATION BETWEEN WARMING, BUILDING QUALITY AND GSHP

As mentioned in section 2.1 above, for a specified indoor temperature, the thermal
performance of a heat pump depends on the condensation temperature in cooling mode and on
the evaporation temperature in heating mode. Since the GSHP systems use the ground as heat
sink in the summer and as heat sources in the winter, the performance of such systems
strongly depends on the ground temperature. In section 4 it was shown that the undisturbed
ground temperature in a given region is equal to the mean annual air temperature. Indeed, the
operation ground temperature of borehole field is changed in accordance with the energy
demand for heating and cooling. The heating and cooling demand of buildings largely
depends on the ambient temperature as well as on the thermal quality of the buildings
envelope. Therefore, the ongoing global warming has direct consequences on the GSHP
systems. The overall objective of Paper 5 was to study the impact of GW on the thermal
performance of a small size GSHP system.

8. SCIENTIFIC APPROACH AND FINDINGS
The main drawback of the renewable energy sources is the variation in their availability
over the time. Therefore, thermal seasonal energy storage is used to balance the mismatch in
energy supply and demand. In paper 1 different underground thermal energy storage types are
presented. Here, a brief explanation of existing technologies i.e. aquifer and cavern thermal
energy storage and vertical/horizontal ground heat exchanger coupled to heat pump as well as
snow storage, are presented.
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The proper design of borehole heat exchangers (BHE) requires knowledge of ground
thermal properties and the borehole thermal resistance. There is no direct way to measure the
ground thermal conductivity and the borehole thermal resistance. The thermal response test
(TRT) is considered to be the simplest and most exact way for in situ determination of design
data of BHE and the ground thermal properties. In paper 2, which describes the first TRT that
was performed in Syria, the aim was to determine the effective ground thermal conductivity.
For this purpose, a vertical 57 m deep borehole of 320 mm diameter fitted with a single-U
polyethylene pipe was used. The borehole was filled with soil in order to improve the heat
transfer above the groundwater table, which was at a depth of 26 m below ground surface.
The test was conducted by injecting heat for 72 h at a constant power of 3.25 kW. Inlet and
outlet temperatures to/from the borehole were recorded manually at 30 min time intervals.
The line source model was used to evaluate the experimental data. The resulting effective
ground thermal conductivity was 2.0 W/m.K and the borehole thermal resistance was 0.11 K
/(W/m). The evaluation was most likely disturbed because the experiment was carried out
immediately after refilling the well. The effective ground thermal conductivity was
overestimated because of the overestimation of the undisturbed ground temperature.
Heating, cooling, and domestic hot water systems account for a substantial part of the
world’s energy consumption. Thus, increasing the efficiency of such systems means a
considerable global energy saving. Due to its high thermal performance, the ground source
heat pump (GSHP) have increasingly replaced conventional heating and cooling systems
around the world. No GSHP system has yet been built in Syria although the Syrian local
conditions in many ways are more favorable than in for example Sweden, which has the
world’s third biggest installed facility. Following the current energy scenario in Syria i.e.
increasing standards of living, developing local industries, and decreasing oil production, a
local energy crisis will occur sooner rather than later. In paper 3 a chicken farm was chosen
as a case study in order to show the potential of GSHP in Syria. This sector is a large energy
consumer, very important industry in Syria and inexpensive cooling would be an important
improvement. In addition to increased poultry production, it was shown that the
implementation of GSHP systems in the Syrian poultry sector would make huge contributions
in saving the environment and overcoming the current energy shortage in Syria. This study
shows that a typical average sized chicken house in Syria of area 200 m2 requires 92 MWh of
heating and 13 MWh of cooling. Required heating and cooling powers are 45.2 and 47.7 kW,
respectively. To keep the borehole temperature at a steady state between the years, extracted
and injected heat from/to the ground was balanced by charging solar heat during the summer.
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To meet the heating and cooling demand of a typical chicken farm 4 boreholes of 120 m depth
and a solar collector area of 37 m2 are required. In comparison with the air source heat pump
(ASHP), coal heater combined with ASHP, and diesel heater combined with ASHP, the
GSHP reduces the annual operation cost by 38, 70, and 80%, respectively.
From an environmental point of view, the study shows that the annual coal consumption of
the poultry industry in Syria would be reduced from 188.103 to 80.103 ton by replacing coal
heaters (combined with ASHP) with GSHP systems. The carbon dioxide emissions will be
correspondingly reduced. Finally, with the current energy price (2009) in Syria, the paybacktime of GSHP is about 5.3, or 3 years compared to a coal heater combined with ASHP, or
diesel heater combined with ASHP, respectively.
Independent of what causes the global warming (GW), performed analyses of borehole
temperature-depth profile evidently confirm that there is continental-scale change in the
Surface Air Temperature (SAT). If current climatic change trends continue, it is estimated that
the average global temperature is likely to have risen by 4 oC to 6 oC, by the end of this
century. Consequently, the ongoing air temperature increase has a direct effect on the ground
temperature, and hence, a direct effect on the performance of GSHP. Mathematical models
have been used to simulate the change in ground temperature due to GW. The aim of paper 4
was to derive a new equation that gives the ground temperature increase in areas where the
surface warming is known. The suggested solution is more user-friendly than other solutions.
The derived equation was used to determine the average change of ground temperature over a
certain depth and therefore the heat retained by a column of earth during the warming period.
This average change of ground temperature is of great importance in the borehole system.
The energy demand for heating and cooling of a building is also affected by the GW.
Knowing that the thermal performance of GSHP system is influenced by the ground
temperature and the ratio of heating to the cooling demand, the GW must have a direct effect
on GSHP. In paper 5, heating and cooling demands of a reference building were calculated
for different global warming scenarios in different climates i.e. cold, mild and hot climate.
The thermal quality of the building envelope was assumed to be equal in the three regions.
The prime energy required to drive the GSHP system was compared for each scenario and
two configurations of ground heat exchangers. Performed calculations showed that the GW
reduces the heating demand considerably more in cold regions, than in warmer regions.
Conversely, we see a larger increase in cooling demand in hot regions than that of colder
areas. The GW reduces the driving energy demand in a cold climate while it increases the
driving energy in a hot. In a mild climate, the effect of GW on the driving energy demand of
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the GSHP is less obvious. Consequently, GW will make existing GSHP systems more
efficient in cold climates. The opposite occurs in hot climates, where the design is decided by
the cooling load.
In paper 5 it was shown that global warming has a significant impact on the thermal
performance of GSHP systems. However, the results were based on the fact that buildings
have the same thermal quality of the envelope. Nevertheless, over the time, buildings designs
have changed to meet the needs of society. Studies show that increasing thermal insulation
diminishes the impact of climatic change on heating and cooling demand. A high proportion
of residential dwellings in the EU Member States were built to standards that required far
poorer thermal performance than those imposed under current building regulations. Thus,
heating and cooling demands of the majority of EU houses are sensitive to changing ambient
temperature. The overall objective of paper 6 was to investigate the impact of varying
building envelopes, for different global warming scenarios, on the amount of driving energy
of GSHP and construction cost of the ground heat exchanger in central Europe. This was
achieved by comparing the driving energy of the GSHP as well as the required total length of
the borehole heat exchanger for different GW scenarios and different envelope quality. The
study showed that the improved envelope quality and increased air temperature reduce the
driving energy of GSHP, in the Vienna climate. It is still not obvious how GW and the
building envelope affect the total borehole depth since after a certain degree of GW,
improving the envelope quality might result in increased required borehole depth.
As mentioned above in water-filled boreholes the groundwater has a significant effect on the
thermal characteristics of borehole heat exchanger. In paper 7 an artificial method was used to
enhance the groundwater flow and convection. It was shown that the thermal resistance of the
borehole was reduced by 29.7%. The effective thermal conductivity was also changed and
increased by 33.8% because the injected air bubbles caused convection in the groundwater
surrounding the borehole.
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Abstract
Most types of renewable energy are available when
the demand is low. So, summer heat is available
during the warm season, when heating demand is
low, and winter cold is available when the cooling
demand is low. Therefore, seasonal storage of
thermal energy is important for the large-scale
utilisation of thermal energy. Large-scale storage
systems require large storage volumes. Such systems
are therefore often constructed as Underground
Thermal Energy Storage (UTES) systems. The UTES
includes ATES, BTES and CTES i.e. thermal energy
storage in aquifers, boreholes, and caverns. UTES
systems have been developed during the last three
decades and are now found all over the world.
Sweden is one of the leading countries in this
technology. This is underlined by the fact that
borehole systems cover almost 20% of the Swedish
heating demand. During the last decade it has been
a UTES development towards larger systems for
both heating and cooling. Here, different UTES
applications are presented.
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between the seasons. Since large volumes are
needed for large storage volumes Underground
Thermal Energy Storage (UTES) are commonly
used.
Nature itself provides such storage systems between
the seasons since thermal energy is passively stored
into the ground and groundwater by the seasonal
climate changes. Below a depth 10-15 m, however,
the ground temperature is not influenced and equals
the annual mean air temperature. So, mean
temperature of the ground is greater than the
ambient air during the winter and colder than the air
during the summer.
Consequently, the ground and also groundwater are
suitable for heat extraction during the winter and
cold extraction during the summer. Such extraction
systems are often used both ways; for heating during
the winter and for cooling during the summer. This
means that the extracted heat is recharged during the
summer and it becomes a storage system. If the
system is unbalanced, i.e. if the heat demand is less
or greater than the cooling demand, additional
storage might be needed.

1. Introduction
Energy storage is necessary for the large-scale
utilization of renewable energy. The reason is that
renewable energy is abundantly available when the
demand is low. So, heat is available in air, ground,
and water during the warm season while the heating
demand mainly occurs during the cold season. In a
similar way the cold of the winter would be useful
during the summer. Systems for seasonal storage of
thermal energy are therefore used to balance the
mismatch in supply and demand. Such systems
could are also used to store industrial waste heat

Fig. 1. Outline of the most common UTES
systems, ATES, BTES and CTES.
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The most common thermal storage systems used are
ATES, BTES, and CTES (Fig.1); where TES means
Thermal Energy Storage systems; while A, B, and C
stand for Aquifer, Borehole, and Cavern. Another
type of storage with a great potential is seasonal
storage of snow. In this case snow is stored from the
winter to the summer when it is used for space or
process cooling.
UTES systems could to be used to save energy and
environment in many more countries. One reason
that this technology has not been promoted is
probably that it is too simple. It can be constructed
by local labour and companies, which means that
this is not a product for export and thus no economic
incentive [1]. Ground heating/cooling systems are
almost unknown in North Africa though the local
conditions in many areas are more favourable than
in Sweden.
Luleå University has ongoing collaboration with
Sebha University and Al Fateh University (Libya) in
which where the possibility of using the ground as a
source for heating and cooling is studied. Another
ongoing research collaboration concerns season heat
storage of solar heat at Tlemcen University, Algeria.

1.1 ATES
In an ATES system thermal energy is stored in the
groundwater and the porous matrix through which
the groundwater flows. Heat is transferred to the
ground by the groundwater, which is pump from/to a
number of extraction and injection wells. In the
heating charging mode, extracted water (from the
cold wells) is pumped to a heat exchanger where it is
heated before injected into the warm wells. The
groundwater flows through the ground towards the
extraction while warming up the matrix. The
temperature velocity is half of that of the water
velocity which means that the water volume of the
aquifer is pumped twice before the aquifer is fully
charged. When extracting the heat the pumping is
reversed and the heat is extracted from the warm
wells. Also in this case a heat exchanger is used to
transfer the heat to the heat distribution system.
ATES systems mean large scale storage mainly for
seasonal storage, but also for short term storage, are
common in many countries. Most ATES are used for
cooling though more recent systems are used for

both heating and cooling. Such systems usually
include a heat pump, which delivers the heat while
the cooling often is by free cooling (direct use of
groundwater).

Fig. 2. ATES in Utrecht, the Netherlands.

In some parts of Sweden the number of systems fill
up the whole underground of e.g. the city of Malmö.
ATES systems require suitable geology (permeable
soils/sands) and favourable groundwater conditions.
Occurring problems are usually related to water
chemistry problems.

1.2 BTES
Sweden is one of the leading countries in using the
BTES for heating and cooling. Heat pumps are
usually part of such systems that supplies about 20%
(20 TWh) of all space heating in Sweden [2]. There
are about 300.000 heating systems in operation for
single-family houses, with an increase of 35-40.000
systems, annually. During the last decade more than
1000 larger systems have also been constructed.
These are usually for both heating and cooling
though there are large plants for heating only or
cooling only. This energy efficient technology is
environmentally benign since extracted heat is
renewable energy that is passively stored from
ground surface. These systems are most efficient if
low-temperature heat distribution systems are used.
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Heating systems by using the ground for heat
extraction have been increasingly popular during the
last decades. Typical payoff times are 10-15 years
but the rising energy cost improves the economy
considerably. Another fact is that the value of the
house increases at least with the investment. For
larger systems >1000-3000 MWh the economy is
considerably better with typical payoff times of 2-6
years.

heat is used at a temperature of 32oC, for heating of
tap water and space heating through the lowtemperature floor heat distribution system (Fig.3.)

Fig. 4. In the Anneberg project, some solar heat is
used directly while the rest is stored in the BTES at a
temperature of 40-50oC. During the winter the heat is
used for space heating at a temperature of 32oC.

Fig. 3. Typical BTES system for a single family house.
R/Heat extraction mode. L/ Heat injection mode.

Table 1. Typical data for BTES heat extraction
system for a single-family house in Sweden.
x Drilling Depth: ca 100-150 m
x Borehole Diameter: ca 110 mm
x COP: 3-4
x Extracted energy: 25000 kWh of which
~¼ is driving energy for the heat pump.
x Investment Cost: 10,000€
x Pay-off: 10%, Interest rate: 5%
Large-scale BTES are mainly used for seasonal heat
storage. Typical heat sources are industrial waste
heat or solar heat. The most favourable system is
high temperature storage for low temperature applications, where no heat pump or additional heating is
required. The solar system in Anneberg, Stockholm,
is a good example of how solar heat is stored and
used for space heating. In this case about 1000 MWh
is stored from the summer and used for heating of 60
single-family houses during the winter [3]. Stored

Storage temperatures up to about 80-90C are used in
BTES though low temperature systems are most
common. Occurring heat losses from such systems
depends on the bedrock properties, temperature,
geometry, and volume. The first high temperature
BTES (82C), with a volume of 120,000 m3, was
constructed in Luleå, Sweden. Its heat loss was
about 40%. In larger (few hundred thousand m3)
heat temperature BTES systems the annual loss is
about 10-15% [4].

Fig. 5. Outline of large scale BTES system. The surface
area on top of the storage can be used as parking lots,
parks, and even for constructions.
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1.3 Shallow extraction systems
In areas where the larger land areas are available,
horizontal pipe systems are used for the extraction of
heat and cold. The main idea is the same, to extract
or dissipate heat into the ground for space heating
and cooling. In colder climates heat pumps are used
to extract the heat during the winter while the
ground is used for direct cooling (no cooling
machines) during the summer. In a warmer climate
the situation would be the opposite, the heat of the
cooling machines is dumped into the ground and this
heat is used for direct heating during the winter
season. In the most favorable case the ground could
be used for both direct cooling and direct heating.
This means that the heat and cold is extracted by
circulating water through a buried pipe system. Fig 6
shows a space heating/cooling system for a building.

Fig. 6 Example of horizontal ground coupled pipe
system for space heating and cooling.

The horizontal pipe system in the ground is placed in
many different ways (Fig.7). If large land areas are
available the pipes are normally placed in lines with
a few m spacing over the area. If smaller areas are
available the pipe is placed in a more compact
manner. Different types of collectors are available.
One example is the Fence Collector (Fig.8), another
is coils of pipes (Slinky) mainly used in the USA
(Fig. 9). The idea with more compact forms of
ground heat collectors is to reduce the land area use.
Several pipes in the same ditch means that the total
pipe length is increased, while the length of the ditch

is reduced. Typical heat/cold extracation powers are
10-15 W/m of pipe.

Fig. 7. Ditch collectors - horizontal pipes for extraction
heat and cold in Austria.

Fig. 8. Fence collector and its installation.

Fig. 9. Compact slinky.
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1.4 CTES
The rock cavern heat storage (CTES) has the
advantage of very high injection and extraction
powers (just a matter of pump capacity), while the
disadvantage is its high construction cost. There are
some examples of how old rock caverns, previously
used for oil storage, has been converted for high
temperature water storage.
The first large-scale high-temperature CTES was
constructed in 1983 in Uppsala, Sweden. The
storage volume of 115.000 m3 had maximum water
temperature of 90oC and 5500 MWh of heat was
stored between the seasons, see Fig. 6.

Stored snow could be natural or produced by snow
guns. Snow can be stored in buildings, on ground, in
pits, or underground (Fig.7). The storage building
prevents the snow from melting while storage
systems on ground have to be thermally insulated.

Fig. 11. Principle methods of snow storage. be

The thermal insulation could be of many different
types; though sawdust and woodchips have proved
to be excellent materials. Natural snow would be
used where snow anyhow has to be removed from
streets and roads. Snow can also be produced by
snow guns, which efficiently produce snow at an air
temperature below -2oC. The efficiency of snow
production varies from 1:100-1:200 depending on
the air humidity and air temperature.

Fig. 10. The Uppsala rock cavern heat storage (CTES).

This storage, which was connected to the district
heating net of Uppsala, was used for both short term
and seasonal storage of heat. It was partly heated by
solar collectors and used to meet the power peaks in
the mornings and evenings.

1.5 Snow Storage
Seasonal snow storage has a great potential for
cooling in colder areas. Its thermal properties mean
that the storage itself has no limit in cooling power.
The value of snow for space cooling during the
summer is about 10€/ton. Another advantage is that
occurring pollutants are confined in the cavern,
which means that the sediments and meltwater can
be treated.

Fig. 12. Trucks unloading snow at the Sundsvall snow
storage, in Sweden.

About 100 snow storage systems (in buildings) are
in operation in Japan. In Sweden one pit storage has
been in operation since 2000 for cooling of the
Sundsvall regional hospital during the May to Sept.
This snow storage contains 40,000 m3 of snow and
covers about 2000 MWh of cooling with cooling
peaks of 2000 kW. The very successful storage
system delivers cooling at considerably lower cost
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than conventional cooling systems [5]. Several new
plants are presently planned.

Snow/ice

Water

The best method, for
snow storage would be
to use snow caverns. In
such no thermal insulation is required and
the cavern would be
constructed where the
cooling demand is
high, i.e. the centre of
a city. This type of
snow storage has not
yet been tested,
Fig. 13. Snow cavern.

2 Summary and Conclusions
This UTES overview shows a variety of systems for
heating and cooling. Such systems can be made in
different climates and very different scales. Swedish
has a vast experience of a large number of systems
that have been in operation for decades. Our
conclusion is that UTES is a reliable technology that
saves energy, money and the environment. Storage
of thermal energy plays an important role in future
sustainable energy system.
There are many factors influencing the development
of renewable energy systems, such as agreements
made by the international community to reduce the
effects of global warming. Increasing energy prices,
which are often determined by politicians, will also
be a driving force.
For Sweden, we foresee a continuous annual
increase of about 40,000 BTES systems for single
family houses. For larger BTES systems (1000-3000
MWh) heating and cooling commercial buildings the
strong development during the last decade will
accelerate.
Snow storage for space and process cooling, which
can be used in most European countries, is also
expected to grow rapidly, starting in the Nordic
countries, and reaching most European countries
within some decades.
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ABSTRACT
Ground source heat pumps (GSHPs) mean attractive heating and cooling systems. The
injection/extraction of thermal energy is obtained by borehole heat exchangers (BHE). Since
the GSHP operates at a relatively stable temperature, the coefficient of performance of such
systems is higher than that of air source heat pumps. BHEs are drilled to a depth <300 m with
a diameter of 0.10-0.15 m. The proper BHE design requires knowledge of ground thermal
properties. Thermal response testing (TRT) is used primarily for in situ determination of
design data for BHEs. In current study, which was the first TRT in Syria, the purpose was to
determine the effective ground thermal conductivity. Measured data were evaluated by the
line source model. Used method and performed evaluation are presented for a borehole drilled
in clay, silt and sand. The resulting effective ground thermal conductivity was 2.011 W/m.K
and the borehole thermal resistance was 0.111 K /(W/m).

1. INTRODUCTION
The current global energy consumption is
14.1010 MWh/year (2007), partly covered
by a daily oil consumption of 86
Mbbl(EIA, 2008), fig (1). The CO2
emission, which is supposed to play a
leading role in global warming, is about
2.94 ton-CO2/m3 of oil (Boyle, 2004 and
Genchi et al., 2002). This means that oil
alone results in an annual emission of
tons
of
CO2.
Space
1.47.1010
heating/cooling systems consume 30-50%
Fig. 1. Global Energy Consumption
of the global energy consumption
(Seyboth et al., 2008 and Ala-Juusela, 2007) i.e. ~5.6.1010 MWh/year, which corresponds to
1.41.1010 tons CO2/year, considering that 70 kg of CO2 is emitted per GJ (Boyle, 2004).
Foreseen environmental problems require actions for sustainable development. In this regard,
more efficient use of energy and increased use of renewable energy (RE) appears to be the
most efficient and effective solutions (Hepbasli, 2008). The main problem facing RE is
varying power supply of renewable energy. Fig 2 shows that solar energy is available when
heating demand is very low. In climates with seasonal temperature variations, there is a
potential to use the underground as heat source (low heat reservoir) during the cold season
and as heat sink (high heat reservoir) during the hot season (Nordell et al., 2007 and Ozgener
et al., 2007). Extracted thermal energy is renewable since the seasonal temperature variation
restores the temperature from the ground surface. According to the second law of
thermodynamics, the Coefficient of Performance (COP) of a heat pump is mainly affected by
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the operating conditions. The highest COP is
obtained when the cycle is reversible i.e.
operating at the Carnot limit, figure (3). In this
case, the COP is a function of the temperature of
high heat reservoir (HHR) and low heat reservoir
(LHR):
During the winter (heating machine) the COP is:
COPh

Thigh

Fig. 2. Annual available solar energy and
average air temperature in Hama, Syria

Thigh  Tlow

Here, Thigh represents the condensation
temperature, while Tlow represents the evaporation
temperature. As seen, COPh will increase if the Tlow increases.
During the summer (cooling machine) the COPc is:
COPc

T
Thig

Tlow
Thigh  Tlow

Condensation temperature
100 C
HHR

Here, Tlow and Thigh is proportional of the
evaporation
condensation
temperature,
respectively. Figure (4) shows the theoretical
LHR
COP for heating and cooling machines as a
100 C
Tlow
function of temperature of low and high
Evaporation temperature
reservoirs,
respectively.
Ground
coupled
heating/cooling systems depend on the fact that
S
the ground temperature equals the annual mean
Fig. 3. Carnot Cycle of heat pump
air temperature at a certain depth below ground
surface (Nordell et al., 2000 and Omer, 2008).
Figure (5) shows the underground temperature as function of the depth at different time
during a year, which can be expressed as (Nordell et al., 2000 and Al-Ajmi et al., 2006)
T( x , t ) T0  A  e

Where is
T(x,t)
T0
A
t0
C
Ȝ

( x



CS
)
O t 0

 cos(

2S
CS
t x
)
O  t0
t0

ground temperature at depth x and time t.
annual mean ground temperature (oC)
annual surface temperature amplitude (oC)
variation period (s).
volumetric heat capacity of the ground (J/m3)
thermal conductivity of the ground /W/m,K).
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Fig.4. COP as a function of low/high reservoir temperature, assumed that Thigh is 10oC
higher than HHR, while Tlow is 10oC lower than LHR
The seasonal air temperature change means that
the ground is lower than the air temperature during
the summer and warmer during the winter.
Therefore, ground source heat pump (GSHP)
systems are inherently more efficient than an air
source heat pump (ASHP) system (Genchi et al.,
2002, Ozgener et al., 2007, Diao et al., 2004 and
Kharseh et al., 2008 ). As an example the COP of
GSHP heating systems in Syria will be 190%
greater than that of ASHP systems.
Proper design of GSHP requires knowledge of
thermal properties ground at the site, such as heat
conductivity of the ground and thermal resistance
of the ground heat exchanger (GHE), as well as,
undisturbed ground temperature. The aim of this
study is to determine the thermal properties of the
ground that will be used in future to install GSHP
system in Hama in Syria.
2. Theoretical
Background
Response Test theory

of

Thermal

Fig. 5. Temperature profile through the
ground
There is no direct way to measure the ground
thermal conductivity and the borehole thermal
resistance (Mattsson et al., 2008). The thermal response test (TRT), is considered as simplest
and most exact way to determine the thermal properties (Gehlin, 2002). The idea of
measuring in-situ the thermal response of boreholes thermal energy storage (BTES) was first
presented by Mogensen (1983) at a conference in Stockholm, in June 1983. He suggested a
simple arrangement with a circulation pump, a chiller or heater with constant power rate, and
continuous logging of the inlet and outlet temperatures of the duct. The thermal response data
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(i.e. temperature development in the borehole at a certain energy injection/extraction) allow
estimation of the effective thermal conductivity of the ground and the thermal resistance of
the ground heat exchanger. Basically, in order to fulfill the TRT experiment the following
recommendations should be taken into account (Gehlin, 2002 and Sanner et al., 2005):
• use a power load as steady as possible,
• record the development of the inlet and outlet temperature of the GHE,
• do this for a minimum time of ca. 50 h. In particular in the USA a recommendation for a
minimum of 50 h was given
• evaluate according to rules set in this paper.
First of all the undisturbed ground temperature is required, so to determine the undisturbed
ground temperature, the heat carrier is circulated through the system without heating during a
20-30 minutes. The mean fluid temperature corresponds to the undisturbed ground
temperature. The next steep is to switch on the heater and the measurement is proceeding for
60-72 hours.
During the test, the heat transfer into the ground surrounding the borehole is essentially radial
and relatively constant along the borehole. The solution for a thermal line source, which is
based on Fourier’s law of heat conduction, states the mean borehole temperature Tb(t) as
function of the time t:
Tb ( t )

q ª §¨ 4  Į  t ·¸ º
 «ln
 Ȗ »  Tg
4 ʌ  Ȝ «¬ ¨© rb 2 ¸¹ »¼

provided that

t!

5  rb
Į

2

(1)

The mean fluid temperature is evaluated by taking the line source temperature at the borehole
radius (r = rb) and adding the effect of the borehole thermal resistance (Rb) between the fluid
and the borehole wall as follows (Gehlin, 2002 and Florides et al., 2008):

T f t  Tb t
 Tf ( t )

Rb  q
q ª §¨ 4  Į  t ·¸ º
 «ln
 Ȗ »  Tg  R b  q
4ʌ  Ȝ «¬ ¨© rb 2 ¸¹ »¼

(2)

Where:
Į
is thermal diffusivity of the ground (m2/s)
Ȝ
is thermal conductivity of the ground (W/m,K)
is borehole radius (m)
rb
Tg is undisturbed initial temperature of the ground (K)
t
is time from start (s)
q
is heat injection rate per unit borehole length (W/m)
Rb is thermal resistance (K,m/W)
Ȗ
is Euler’s number (0.5772)
Tf(t) represents the arithmetic mean of the inlet fluid temperature (Tfin) and outlet fluid
temperature (Tfout) of the borehole heat exchanger at time t
Tfin  Tfout
Tf ( t )
(3)
2
4

Eq. (2) can be rearranged in a linear form as:
ª 1 § § 4Į · ·
º
q
¨ ln¨
¸  Ȗ ¸  R b »  Tg
 ln(t )  q  «
2
4ʌ  Ȝ
«¬ 4ʌ  Ȝ ¨© ¨© rb ¸¹ ¸¹
»¼

Tf ( t )

(4)

Eq.(4) can be written more simply as;
Tf ( t ) k  ln(t )  m

(5)

Fig 6 shows the theoretical mean fluid
temperature as function of the time. Hence,
thermal conductivity can be determined
from the slope of the line “k” resulting by
plotting the mean fluid temperature against
ln(t), figure (7).
k

ǻY
ǻX

q
4ʌ  k

 Ȝ

(6)

Once the effective ground thermal
conductivity is known, the borehole thermal
resistance (the thermal resistance between
the heat carrier fluid and the borehole wall,
Rb [K/(W/m)]) is then assessed on the basis
of
Eq
(2)
Rb

Tf ( t )  Tg
q



Fig.6. Theoretical mean fluid temperature
circulated through borehole, Eq. 4 with Ȝ=3.5
W/m,K and q=40 W/m.

1 ª §¨ 4  Į  t ·¸ º
 «ln
 Ȗ » (7)
4ʌ  Ȝ «¬ ¨© rb 2 ¸¹ »¼

Eq (7) gives that in order to calculate Rb the
undisturbed ground temperature must be
known, which is obtained in the beginning
of the test by circulating the fluid before
switching on the heating and measuring the
temperature. The ground volumetric heat
Fig. 7. Theoretical mean fluid temperature
capacity must also be known. Since this is circulated through borehole, Eq.5 with Ȝ=3.5
relatively constant for various types of rocks
W/m,K & q=40 W/m
it can be assumed from geological
information of the site. However,
convective heat flow in the groundwater will depend on temperatures in the borehole. A
higher temperature results in a lower borehole resistance due to a higher flow rate in the
groundwater as a result of the larger density difference for water at different temperature.
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3. Thermal Response Test Measurements
There are no studies carried out on ground heat exchanger systems in Syria. It was therefore of
interest to examine such systems in this environment, in order to estimate the ground properties
that will be used in future work. Thus, current study is the first TRT in Syria. For this purpose, a
vertical borehole was installed in 57 m deep
of 320 mm diameter, single U polyethylene
pipe, with 32 mm outer diameter and wall
thickness of 3 mm. Since the ground water
table depth is 26 m at the site, normal soil
was used to refilling the well as seen in fig
8. To determine undisturbed ground
temperature the experiment was running for
40 min without heating or cooling.
The test itself was conducted by injecting
heat at constant power of 3.25 kW for
approximately 72 h. Inlet and outlet
temperatures to/from the borehole were
recorded at 30 min intervals with the
thermal response. The electrical heater
and circulation pump were installed as
indicated in Figure (8).

Fig. 8. The equipments used for TRT before it
was thermally insulated.

4. Response analysis
The
undisturbed
mean
fluid
temperature
(undisturbed
ground
temperature) was found to be 21.2 oC.
After that, the heater was switched on
and the test was carried out for 72h. Fig. 9. Fluid temperatures and input power during
During the test, the flow of the pump
the experiment
remained nearly constant at 39.7 l/min.
The recorded fluid temperatures and input power to the system are indicated in figure (9).
To evaluate the thermal conductivity of
the ground the previously explained
theory was used. Using Eq. (5) and the
linear mean temperature shown in Fig
(10), we have found that k=2.2611.
The thermal conductivity can then be
calculated by using Eq (6):
Ȝ

q
4ʌ  k

3250

57
4 ʌ  2.2611

2.011 W/m.K

To determine the borehole thermal
resistance, the mean fluid temperature
and Eq (2) were drawn versus time in

Fig. 10. Mean fluid temperature and during the
experiment
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the same diagram. The volumetric heat capacity of the ground was assumed 2 MJ/m3K.
Trying different values of Rb to get the best-fitted graph with mean fluid temperature, the
thermal resistance was found Rb=0.111 K/(W/m), as indicated in Fig (11). Using this value,
we can calculate the temperature drop between the heat carrier inside the pipe and the borehole
wall.

Fig. 11. Mean fluid temperature during the experiment, and Eq (2). Assumed Rb=0,111
and C=2MJ/m3K

It is also possible to calculate the borehole thermal resistance by using the program EED
(Hellström et al., 1997); in this case the result is founded to be Rb=0.114 K/(W/m).

5. Conclusions
From the results detailed above, the following conclusions can be drawn:
¾ For the borehole under test the effective ground thermal conductivity (Ȝ) was found to
be 2.011W/m.K and the borehole thermal resistance (Rb) to be 0.111 K/(W/m). This is
in accordance with values for similar types of ground layers.
¾ The experiment was carried out immediately after refilling the well, which means the
soil density through the well was quite little comparing with the well wall, as well as,
measured undisturbed ground temperature was higher that normal; this reason may be
explain the low value of effective ground thermal conductivity
¾ The classical line source model can be used as a fast and reliable tool and it is an easy
method of evaluating the characteristics of the borehole
¾ The thermal response test can easily be made, as it was done with this test.
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Sustainable heating and cooling systems for agriculture
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SUMMARY
Space heating/cooling systems account for approximately 40% of the global energy consumption. Such systems
contribute to global warming by emitting 4  1010 MWh of heat and 3  1010 tons of CO2. There is a general
understanding that the way to reduce global warming is a more efﬁcient use of energy and increased use of
renewable energy in all ﬁelds of the society. Ground-coupled heating/cooling systems, which have proven to make
huge contributions in reducing energy consumption in Europe and North America, is here applied for poultry
industry in Syria, as an example for the Middle East. There are e.g. 13 000 chicken farms in Syria producing 172 000
tons of meat per year. This industry employs directly almost 150 000 people. The total investments in chicken
farming are 130 BSP (2 Bh). The annual mean air temperature in Syria is 15–181C with winter temperatures close to
freezing during two months. The chickens need a temperature of 21–351C, depending on age, and the heating of all
Syrian chicken plants consume 173  103 tons of coal (1196 GWh). In the summer time, the ambient air
temperature in Syria could reach above 451C. The chicken farms have no cooling systems since conventional
cooling system is too expensive. The elevated temperature inside the farms reduces the chicken growth and lots of
chicken die of overheating.
The ground temperature at 10 m depth is roughly equal to the annual mean air temperature. Using the ground as
a heat source means a sustainable and less expensive heating of the chicken farms. During the summer, the ground
is used as a source for free cooling, i.e. used directly for cooling of the plants without any cooling machines.
Current study shows the design and simulated operation of a ground-coupled heating/cooling system for a
typical chicken farm in Syria. Performed national potential study showed that the implementation of such ground
coupled heating and cooling systems in the Syrian poultry sector would mean increased poultry production and
considerable savings in money, energy, and the environment. Copyright r 2010 John Wiley & Sons, Ltd.
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ground source heat pump; heating; cooling; energy efﬁciency; solar energy; CO2 emission reduction; chicken farm; Middle East
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1. INTRODUCTION
The
global
energy
consumption
is
14  1010 MWh year1, partly covered by a daily oil
consumption of 86 Mbbl [1,2]. The CO2 emission,
which is supposed to have a leading role in global
warming, is about 2.94 ton-CO2 per m3 oil [3,4]. This
means that ﬂaming oil alone results in an annual
emission of 1.47  1010 tons of CO2. Because of the
fact that oil is a ﬁnite resource in the earth’s crust,
world oil production is going to reach a peak, i.e. the
rate of world oil production cannot increase, and that
production will thereafter decrease with time [5,6].
There is a strong evidence that oil production has
Copyright r 2010 John Wiley & Sons, Ltd.

already reached its peak [7–9]. Since there is no
possibility to increase the global oil production while
the global demand of oil is increasing, cost of oil will
increase unless demand declines commensurately.
The foreseen environmental problems require longterm actions for sustainable development. In this
regard, more efﬁcient use of energy and increased use
of renewable energy (RE) is one of the required targets
[4,10]. However, the problem is that most types of
RE are available when the demand is low. One
example is that the solar energy is available during
the warm season, when heating demand is low, while it
is relatively low during the cold season, when heating
demand is high. In many areas, there is also great
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temperature difference between day and night. So,
thermal energy storage is needed to bridge the gap in
demand and supply. The ground is very suitable to be
used as thermal energy storage or as a sink or source of
thermal energy.
Space heating/cooling systems consume 30–50% of
global energy consumption [11–13] (oil, gas, coal, etc.), i.e.
5.6  1010 MWh year1 corresponding to emission of
1.4  1010 tons CO2 per year, considering that 70 kg of
CO2 is emitted per GJ [4]. Thus, implementing more efﬁcient heating/cooling systems and buildings should make
signiﬁcant contribution in saving energy and environment.
Syrian oil production, which has declined from
600  103 bbl d1 in 1996 to 396  103 bbl d1 in 2007, is
projected to continue its decline [1,14,15]. Simultaneously, the ongoing developments in Syria and increasing usage of air conditioners resulted in increasing
electricity consumption by 5.4 times during the period
1993–2006 with an annual grow rate of 13.9% [1,16].
Following the current energy scenario in Syria i.e. increasing standard of living, developing the local industry,
and decreasing oil production, a local energy crisis will
occur rather sooner than later. Then, the (subsidized)
energy price is expected to increase dramatically.
The current study focuses on chicken farms, which are
large energy consumers and a very important industry in
Syria. It is shown how underground thermal energy
storage could make huge contributions to reduce energy
consumption in order to save the environment and help
to overcome the current energy shortage in Syria.

Table I. Appropriate indoor temperature in chicken farms.

2. PROBLEM
Almost 150 000 people work at the 13 000 chicken farms
in Syria, which produce 172 000 ton of meat. The total
investment in this important industry is 130 BSP (70
SP 5 1h). Although the annual mean temperature in Syria
is 15–181C, heating of such farm consumes considerable
amounts of energy. The reason is that the air temperature
is close to freezing during three winter months and that
chickens require a relatively high temperature, 21–351C,
depending on chickens’ age as seen in Table I. The
estimated total annual heating demand of these plants is
1196 GWh (Table II). The conventional heating systems,
i.e. coal furnace, consume 173  103 tons of coal assuming
a conversion efﬁciency of 85% and that the speciﬁc heat
of coal is 8.141 kWh kg1. The chicken farms have no
cooling systems since conventional cooling is too
expensive, although the ambient air temperature could
reach above 451C during the summer.
A suitable temperature is important for the chicken
growth,z which in current Syrian chicken farms is
60% during the winter and 45% during the
z

A chicken growth of 60% indicates that the weight increase is
60% of their feed.
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Age of chicken
(weeks)

Temperature at
0.10–0.15 m level
(1C)

1
2
3
4
5
6 (fully grown)

35
32
29
27
24
21

summer. The interpretation of this difference is that
heaters maintain suitable temperatures in the chicken
farm during the winter, while the absence of the
cooling system means that it gets too hot for the
chickens during the summer. The heat reduces the
growth rate and furthermore, lots of chicken die from
overheating during hot days. Thus, inexpensive cooling
would be an important improvement.

3. SOLUTION
Ground source heat pump systems (GSHP), which
exploit the ground heat, i.e. solar energy that is
naturally stored in the ground, are one of the most
underused means of conserving energy for heating and
cooling [13,17,18]. It can be used anywhere in the world
to save energy and environment, in addition there is a
great potential in employing heat pump systems for air
conditioning based on its ability to perform the multifunctions of heating, cooling, and dehumidiﬁcation. The
totally installed capacity was 28.3 GWt in 2004, with an
annual grow rate of 12.6% between 1995 and 2004 [17].
From economical point of view, in addition to low
operational costs, GSHP eliminates outdoor mechanical
equipment, which makes it more reliable, reduces
maintenance, and increases the lifetime of the system.
However, the construction cost of ground heat exchangers (GHE) is still critical for its competitiveness of
GSHP in the heating and air-conditioning market [19].
No GSHP system has yet been built in Syria although
the Syrian local conditions in many ways are more favorable than in Sweden, with several hundred thousand
systems. Using the ground as a heat source would provide
a sustainable and less expensive heating of the chicken
farms. During the summer the resulting colder ground
can be used as a source for free cooling, i.e. it can be used
directly for cooling without any cooling machines.

4. POTENTIAL OF GSHP IN THE
MIDDLE EAST
GSHP systems depend on the fact that ground
temperature below a certain depth, which depends on
Int. J. Energy Res. 2011; 35:415–422 r 2010 John Wiley & Sons, Ltd.
DOI: 10.1002/er
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Table II. Heating and cooling demand for chicken farms in Syria.
Typical farm size (ﬂoor area 200 m2)
Meat production
(ton year1)
13

Totally for 13 000 farms (ﬂoor area 2.6 Mm2)

Heating energy
(MWh year1)

Cooling energy
(MWh year1)

Total energy for
heating (GWh year1)

Total energy for
cooling (GWh year1)

Total energy
(GWh year1)

92

13

1196

170

1366

Figure 2. Actual COP as a function of ﬂuid temperature.

Figure 1. Temperature proﬁle through the ground.

the thermal properties of the ground, equals the mean
air temperature [20–23], as shown in Figure 1. Therefore, at this depth the ground temperature is warmer
than the air during the winter and colder than air
during the summer. Therefore, GSHP systems, in a
climate with seasonal temperature variations, are
inherently more efﬁcient than an air source heat pump
(ASHP) system [3,19,24–26].
According to Thermodynamics, the coefﬁcient of
performance (COP) of a heat pump cycle is inﬂuenced
by the operating conditions i.e. condensation and
evaporation temperatures. Increasing the evaporation
temperature for heating machine or reducing the condensation temperature of a cooling machine means
higher COP. To make fair judgment about the potential of GSHP compared to ASHP in a region we should
always compare the COP of a heat pump that is
operating at the ground temperature with COP of a
heat pump that is operating at air temperature in the
Int. J. Energy Res. 2011; 35:415–422 r 2010 John Wiley & Sons, Ltd.
DOI: 10.1002/er

concerned region. In Syrian climate, COP of cooling
and heating of GSHP system is 130 and 88%, respectively, greater than the corresponding values for an
ASHP systems [27], as seen in Figure 2. It should be
mentioned here that the temperature differences between indoor temperature and condensing temperature (for heating mode)/evaporating temperature (for
cooling mode), as well as, the temperature differences
between outdoor temperature and condensing temperature (for cooling mode)/evaporating temperature
(for heating mode) was assumed 151C. Because of the
thermal properties of water, the temperature difference
between the ground temperature and condensing
temperature (for cooling mode)/evaporating temperature (for heating mode) was assumed 101C. Reader
should consult the original reference [27] for a discussion of the details of such results.

5. CASE STUDY—THE KHARSEH
CHICKEN FARM
The Kharseh chicken farm in Hama, Syria, was
selected as a study case for a GSHP heating and
cooling system combined with solar collectors.
Reasonable assumptions were made, e.g. the thermal
properties of the ground. In a planned and more
detailed study, these ground properties will be determined by in situ measurements and current assumptions will be adjusted. The chicken hangar is placed
parallel to the main wind direction having a ﬂoor area
of 500 m2 (50 m  10 m) in E–W direction. The total
window area is 24 m2.
417
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6. HEATING/COOLING DEMAND
The mean heating load composed of heat losses
through the external walls and ventilation, while
cooling load composed of heat gained through external
walls, ventilation, solar radiation, and heat released by
chickens. In the current work, the degree-hour method
was used to estimate the thermal demand of the hangar
[28] using following assumptions:
1. External wall’s area, of thermal resistance
0.45 K m2 W1, is 336 m2.
2. Floor and ceiling area, of thermal resistance 5 and
0.45 K m2 W1, respectively, is 500 m2.
3. Windows’s
area,
of
thermal
resistance
0.2 K m2 W1, is 24 m2.
3 2 1
4. Ventilation rate 20 m m h (ventilated area of
chicken farm varies with chicken age).
5. Heat release from chickens: 50 W m2 (varies
with age).
6. The capacity of the hangar is 5 cycles year1 of 55
days the period of each cycle life. This mean that the
hangar will be occupied 75% out of the entire year.
7. During their ﬁrst day, the chickens occupy about
85 m2 of the building. This area is increased 14 m2
per day until they occupy the entire area of the
hangar after about one month. This means the
average occupied area during one cycle is 77% out
of whole hangar’s area.
8. Heating season is 6 months, while cooling season is
4 months.
9. 10 h of cooling and 24 h of heating are required per
day during summer and winter, respectively.

Where Tb is the base temperature and Ti represents
the indoor design temperature, To is the hourly ambient
air temperature measured at a meteorology station, N is
the number of hours providing the condition of TopTb
in a heating season while K is the number of hours
providing the condition of ToXTb in a cooling season.
In the current work, and due to considering the internal
load, base temperature was assumed to be equal to Ti.
Since the indoor temperature varies with the time during
chickens cycle, the indoor temperature was assumed to
be constant during one cycle and equals the average
temperature i.e. Ti 5 281C. Figure 3 shows that the
estimated total annual heating demand is 230 MWh
while the corresponding cooling demand is 33 MWh.
In order to determine the maximum required heating
and cooling capacity, the required heating/cooling
power as the chickens grow during the hottest and
coldest period of the year was calculated. As shown
in Figure 4, during heating season, due to lowering
the appropriate indoor temperature with age and due
to increase in the occupied area, the heating power
increases with time until it peaks in the middle of
the chickens’ life cycle. This peak demand does not
occur during the cooling season. The calculations
showed that the maximum required heating and cooling capacity are 113 and 119 kW, respectively.

Using these assumptions with Equation (1), we can
calculate the total heat loss coefﬁcient of the hangar,
L (W K1) as follows:
ðrCp Þair  I  V X
L¼
1
UA
ð1Þ
3600
Finally, annual heating demand, Qh (MWh), is
Qh ¼

L  DHh  50  500  24  30  6
106

ð2Þ

Figure 3. Monthly heating/cooling demand and solar yield.

While the annual cooling demand, Qc (MWh), is
Qc ¼

L  DHc150  500  10  30  4
106

ð3Þ

Where DHh and DHc is the total number of degreehours of heating and cooling, respectively, which can
be calculated as follows:
DHh ¼

N
X

ðTi  To Þj

when is To pTb

ð4Þ

when is To XTb

ð5Þ

j¼1

While for cooling (DHc)
DHc ¼

K
X
j¼1
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ðTo  Ti Þj

Figure 4. Heating/cooling power as a function of chicken age
for one complete cycle during the hottest and coldest period.
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It should be noted that in Kharseh, 2009, the German DIN was used for the same aim. Therefore, there
is a small difference in estimated thermal demand of
the hangar.

7. SYSTEM DESIGN AND
SIMULATED OPERATION
The EED (Earth Energy Design) model [29] used in
pre-designing required borehole system to meet the
estimated heating/cooling load at the given conditions.

7.1. Borehole system
Speciﬁc data of the borehole system are given below:










Number of boreholes: 10
Borehole diameter: 0.11 m
Borehole depth: 120 m
Volumetric heat capacity: 2.16 MJ m3 K1
Ground thermal conductivity: 3.5 W m1 K1
Drilling conﬁguration: open rectangle 175 (3  4)
Borehole spacing: 6 m
Borehole installation: polyethylene U-pipe
Fluid ﬂow rate: 0.5  103 m3 s1, borehole

To keep the borehole temperature at steady state
between the years extracted and injected heat from/to
the ground were balanced by charging solar heat during the summer.

7.2. Solar collector
Since the annual heating demand of the hangar is
much greater than annual cooling demand, which
means the energy extracted from the ground will be

M. Kharseh and B. Nordell

more than that injected into the ground, recharging the
borehole ﬁled by external energy resource is needed.
The amount of available solar energy in Syria means
great potential for combined solar and GSHP systems.
The estimated required solar collector area without
considering heat yield from ground was:




1
1
Qh  1  COP
 Qc  11 COP
c
h
A¼
ð6Þ
Zs
where Qh is the heating demand (MWh), COPh is the
COP for heating (in this case 5 6.2), Qc is the cooling
demand (MWh), COPc the COP for free cooling (in
this case 5 10), s the yearly sun yield (in this case
s 5 1.973 MWh m2), Z is the solar collector efﬁciency
(in this case Z 5 0.86).
In this case, the required solar collector area was
92 m2. The solar heat is directly used when needed
while the rest of the heat is stored to be used later
(Figure 5).

7.3. Operation
During wintertime (Figure 5(a)), water is pumped from
the borehole through the solar collector to increase its
temperature. The temperature increase, which is only
0.81C during the winter, is considerably greater during
the summer. The heat pump cools the water before it is
again pumped through the borehole, where it will be
warmed up. The extracted heat is emitted into the
hangar. Figure 6 shows that the lowest extracted water
temperature from borehole is 11.51C. During summertime (Figure 5(b)), the ground temperature is cold
enough for free cooling, so the water is pumped
directly to the heat exchanger. Because of the heat
exchange with indoor air, the water temperature will
increase. After the heat exchanger, water passes though
the solar collector and back to the borehole. Then, its

Figure 5. Schematic of the solar coupled to GSHP system.
Int. J. Energy Res. 2011; 35:415–422 r 2010 John Wiley & Sons, Ltd.
DOI: 10.1002/er
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temperature will decrease before being pumped back to
the hangar. Figure 6 shows that the highest extracted
water temperature from borehole is 26.51C.

8. RESULTS AND DISCUSSION
Present study was performed to determine the potential of GSHP, with solar collectors, for heating and
cooling purposes in the Middle East. The Kharseh
chicken farm in Syria of area 500 m2 was chosen as a
case study. The heating and cooling demands of the
hangar were then used to estimate annual heating and
cooling demands of the ideal chicken farm in Syria of
area 200 m2. The calculations showed the following
results.
A typical average size chicken house in Syria requires 92 MWh of heating and 13 MWh of cooling.
Required heating and cooling powers are 45.2 and
47.7 kW, respectively, as shown in Table II.
480 m of borehole with diameter 0.11 m and 37 m2 of
a solar collector were required to supply the heating
and cooling of the typical chicken farms in Syria. In
this case, the maximum ﬂuid temperature delivered
from the boreholes is 26.51C in the summer while the
minimum mean ﬂuid temperature was 11.51C during
the winter.
Table III shows the operation costs of coal furnace
heating system combined with ASHP for cooling issue,
diesel furnace heating system combined with ASHP for

cooling issue, ASHP for both heating and cooling
issue, and suggested GSHP heating/cooling system.
Using Figure 2, we found the COPh and COPc for the
ASHP are 4 and 4.3, respectively, while the corresponding values for GSHP are 6.2 and 10. The conversion efﬁciency of conventional heater was assumed
85%. The calculations show that by using the GSHP,
the annual operation costs can be reduced to 38, 69.2,
and 79.7% compared to ASHP, coal heater combined
with ASHP, and diesel heater combined with ASHP,
respectively.
Table IV shows comparison between the required
prime energy, i.e. tons of coal, of three different systems assuming the average annual efﬁciency of the
power plant 32%. As shown, using the GSHP, the
amount of fuel required is reduced to 38% compared
to ASHP or 57.2% compared to coal heater combined
with ASHP. In other words, by using GSHP in all
chicken farms in Syria, the annual coal consumption
can be reduced to 107.6  103 ton compared to traditional existing system (coal heater combined with
ASHP). Accordingly, the carbon dioxide emission can
be reduced by the same percentages.
The estimated installation cost of a borehole system
for a typical chicken farm is $15 000. With current
energy price in Syria, the payback-time of GSHP is
about 5.3, or 3 years compared to coal heater combined with ASHP, or diesel heater combined with
ASHP, respectively.

9. CONCLUSIONS
The big amplitude of seasonal air temperature in Syria
means that there is a great potential for GSHP systems

Table IV. Comparison between the required prime energy.

System

Figure 6. Relevant temperatures for performed calculations.

Required prime
energy (GWh year1)

Required coal
(103 ton)

210
338
1446

80.6
130
188.2

GSHP
ASHP
Coal heater with ASHP

Table III. Comparison between different heating/cooling systems for a typical chicken farm.
Energy cost (MSP)

Heating
Cooling
Total
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Energy demand
(GWh year1)

GSHP
(3.5 SP kWh1)

ASHP
(3.5 SP kWh1)

Coal heater
(8141 kWh kg1, 13 SP kg1)

Diesel heater
(101 kWh l1, 25 SP l1)

1196
170
1366
Energy cost SP kWh1

675 (COP 5 6.2)
60 (COP 5 10)
735
0.54

1047 (COP 5 4)
138 (COP 5 4.3)
1185
0.87

2247 (Z 5 0.85)
138 (COP 5 4.3)
2385
1.75

3479 (Z 5 0.85)
138 (COP 5 4.3)
3617
2.65
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for space heating/cooling. Based on the data for a
speciﬁc chicken farm in Syria, the heating and cooling
demands of a typical (average) farm were found to be 92
and 13 MWh, respectively. A borehole system that meets
these demands was designed and its cost was estimated.
Current energy price in Syria resulted in 5.3 years payback time for such system compared to common
heating/cooling system (coal heater combined with
ASHP). Since the pay-back time strongly depends on
the energy price, estimated pay-back varies accordingly.
Suggested GSHP system at chicken farms reduces the
annual operation cost for heating and cooling by 69.2%
compared to existing system, i.e. coal heater combined
with ASHP. Assuming the average annual efﬁciency of
the power plant to be 32%, the required amount of fuel
to provide the annual energy demand of the chicken
farms in Syria can be reduced to 57.2% using GSHP
compared to existing heating/cooling systems. Consequently, emissions and pollutions from conventional
heating/cooling system will be strongly reduced.
Since the heating demand for chicken farms in Syria
is greater than the cooling demand, GSHP could be
used for free cooling during earlier summer. This will
recharge the GSHP to some extent, but to obtain
thermal balance over the year, the GSHP must be further recharged. In Syria, solar energy would be natural
option, which in many countries is commonly used to
balance GSHP systems. Because of the great amount of
available solar energy in the Middle East, solar/GSHP
systems should have great economical potential.
In addition to reducing annual energy consumption,
the implementation of suggested GSHP system improves the chicken growth rate, especially during the
summer. The pay-back time will consequently become
even shorter.

NOMENCLATURE
GSHP
GHE
COP
DHh
DHc
T
Tb
Ti
To
A
L
V
rCp
I
U
Q

5 ground-source heat pump
5 ground heat exchanger
5 coefﬁcient of performance of heat pump
cycle
5 the total number of heating degree-hours
5 the total number of cooling degree-hours
5 temperature
5 the base temperature
5 the indoor design temperature
5 hourly ambient air temperature
5 solar collector area
5 total heat loss coefﬁcient of the hangar
(W K1)
5 the total volume of the building
5 volumetric thermal capacity of air
5 average air exchange rates per hour
5 thermal transmittance
5 energy requirements
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Greek letters
s
Z

5 annual sun yield
5 solar collector efﬁciency

Subscripts
h
c

5 heating
5 cooling
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Abstract
Owing to the awareness of the impact of global warming, there has been a growing interest in
studying the relationship between the climatic changes and human activities. An increased global
mean air temperature leads to an increase of the ground temperature. Therefore the analysis of
borehole temperature depth profile (BTDP) has become an accepted method for detecting the past
climatic changes. Mathematical models have been suggested to simulate deviation of BTDP in
order to detect the warming level and time elapsed since warming started. Unlike previous studies,
the aim of the current study was to derive a new equation that gives the ground temperature
increase in areas where the warming is known. A comparison of the solution suggested in the
current study with other solutions established in other studies shows excellent agreement. The
suggested solution is characterized by the fact that it is more user-friendly compared to other
solutions. Furthermore, the derived equation was used to obtain a very simple equation to express
the heat retained by a column of earth during the warming event. In addition it was used to
determine the average change of ground temperature over a particular depth. This average change
of ground temperature is of great importance in the borehole system.
Keywords: global warming; heat conduction; ground temperature; borehole, Fourier’s theory

1

Introduction
Global Warming
Over the period 1880 to 1985 the mean global temperature increased by 0.5 to 0.7 oC [1], bearing
in mind that the warming rate at high latitudes of the northern hemisphere during recent past
decades was greater [2-3]. Certainly, the change in surface air temperature (SAT) is more than
the change of mean global temperature. A comparison of the averages anomalies of SAT between
1880-1890 and 2000-2010 shows that the SAT has increased 1.2 oC above the preindustrial level
[4]. Fig. 1 and the meteorological data presented by [1] clearly show that the recorded
meteorological data of air temperature varies greatly over time, which might lead to a
miscalculation of the warming level [2]. In other words, the warming that was calculated above
might be different if different periods were compared.

Fig.1. Global mean surface air temperature anomalies [4].

The analysis of borehole temperature depth profile (BTDP) has therefore recently become an
accepted method for inferring recent climatic changes, rather than measuring the SAT [5-8].
Although in some cases, e.g. in North America, it was shown that warming estimated from the
analysis of BTDP is consistent with warming estimated from the analysis of meteorological data
over the period 1880 to 1987 [1].
Measurements of BTDP evidently show that there are temperature deviations from the linear
steady-state ground temperature in the upper sections of boreholes [2, 7-9].
This deviation in temperature might be theoretically attributed to many different sources [8]:
¾ There is a disturbance in the energy balance at the Earth’s surface on a multi-decade scale.
This disturbance might be interpreted by a continental-scale change in the SAT, i.e. recent
warming of the mean annual SAT [5, 8].
¾ Change in land use [2, 6]. Yoshikawa et al. attributed this temperature deviation to increase in
Albedo and reduction of the leaf area involved in transpiration following deforestation or
wildfire [10]. It was shown that a recent change in vegetation cover and increased surface
temperature over the past century result in a similar shape of BTDP [11]

2

¾ Changes in thermal conductivity might lead to this temperature departure, that is, “a systematic
upward increase in conductivity might cause a systematic upward decrease in gradient and
simulate the transient warming” [2, 5].
Thus, using the borehole temperature to analyze the warming is not always easy [5]. However, in
general, the departure of BTDP from the steady state line is considered a direct consequence of a
change in SAT [2, 5]. Moreover, the effects of other nonclimatic sources (e.g. change in land use,
variability of thermal conductivity, groundwater movement and so forth) have been shown to be
negligible at the noise level of data [12].
It is important to mention that there are temperature measurements of boreholes that show recent
cooling trends at the surface which started in the 1970s [2, 5].
However, measurements of borehole temperature generally show smooth enough curves to permit
us to approximate it to a mathematical formula [2]. The current study mainly aims to derive an
equation that expresses ground temperature deviation from the steady-state line as a result of
warming at ground surface. The derived equation was used to determine the average change of
ground temperature over a certain depth and therefore the heat retained by a column of earth during
the warming period. This average change of ground temperature is of great importance in the
borehole system.
Analysis of the Ground Temperature Deviation
In order to obtain an equation of the ground temperature deviation from the linear steady-state
profile, the heat conduction equation needs to be solved. For this purpose the transient ground
temperature ș(z,t) at depth z and time t is given as follows:

T ( z, t ) G  z  T ( z, t )

(1)

Where į is the temperature gradient due to geothermal heat flux; z is the depth below the ground
surface; t is the time elapsed since the warming started; and T(z,t) is ground temperature deviation
from the steady-state profile, i.e. the response of the ground to recent warming of the mean annual
surface temperature.
It is worth mentioning that in current study and for the sake of simplicity some assumptions were
mad as follows. It is well established that urban areas can be 3oC to 6oC warmer than their
surrounding rural areas [13-14]. Certainly, such local temperature changes affect the ground
temperature. However, due to the insulating effect of the ground itself (i.e., low thermal
conductivity and big heat capacity), it was shown that the effect of land use change will only
extend 50 m beyond the affected area at the surface [6]. In the shallow subsurface, the transfer of
heat can have an advection component owing to the transfer of water between the different
compartments, but this component might be compensated by phase changes (evaporation). In
addition the thermal diffusivity was assumed constant over the depth below ground surface and
equals the average thermal diffusivity [9, 12].
In nutshell, the effect of lateral heat flow and the advection component of heat transfer are
neglected and one dimensional heat flow is considered. This simplification of the analysis provides
insight into time scales of ground temperature deviation. Thus, in the case with absence of any
internal heat generation, the governing equation is:
wT ( z , t )
wt

D

w 2T ( z , t )

(2)

wz 2

3

Substitution Eq. 1 in Eq. 2 yields
wT ( z, t )
wt

D

w 2T ( z, t )
wz 2

(3)

This way, any factor that might affect thermal exchanges at the air-ground interface was removed.
Thus the subsequent analysis will lead to the best estimate of ground temperature anomaly [8].
Another important assumption is that the ground surface temperature has linearly changed over
time Ĳ (i.e. it was assumed that the warming began Ĳ years ago), see Eq. 5. Indeed, assuming
another form of surface warming leads to a different shape of derived equation [2, 15].
Because the ground has a relatively low thermal diffusivity, changes in temperature at the Earth's
surface propagate slowly into the ground and diminish with depth. The reference depth (hereafter
referred to as H) is defined as the depth beyond which, for practical purposes, the effect of
warming at surface becomes difficult to observe (<0.6% of the surface temperature change). This
depth depends on time and thermal diffusivity of the ground material. Using the measurements
shown by [2, 7-8, 16], the following expression states an accepted approximation of this depth:
H

S  D t

(4)

Lachenbruch and Marshall defined this depth as depth beneath which effects of linear changes in
surface temperature, in progress for 10 and 100 years, generally become <5% of the surface
temperature. Consequently, the constant ʌ in Eq. 4 should be replaced by 2.07. But in this study
Eq. 4 is used, which results in more accurate results. For alternative approximations it is
recommended to consult chapter 9 given by [17].
These provide the boundary conditions for Eq. 3:
T (0, t )

G
t
W

T (H ,t)

0

H t

(5)
(6)

while the initial condition is

T ( z,0) 0

(7)

Where Ĳ is the time during which the surface temperature increased by į oC; İ= į/Ĳ is the warming
rate; and H is the reference depth (Eq. 4).
Thus, the solution of Eq. 3, 5, 6, and 7 using Fourier’s theory is, (see the appendix):
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if z d S D  t

then
§
¨

T ( z, t )

2 f
S D  t  z ·¸
H §¨ z 2
z3
z


 H  t  ¨1 
 ¦
¨
¸
¨
3
D © 2 6S D  t
S D t S n 1
¹
¨
©

if z ! S D  t
T ( z, t ) 0

e n  sin(
2

n3

nz

·
)¸
D t ¸
¸ (8)
¸
¹

then

This equation represents the ground temperature deviation at depth z and time t elapsed since the
start of linear warming at the surface.
Fig.2 illustrates some of the partial sums (containing only a finite number of terms) for T(z,t=Ĳ),
Eq.8, where terms up to n=4 were considered. The same ground thermal properties assumed by [2]
were used in the current example, i.e. thermal conductivity Ȝ and thermal diffusivity Į are 2.1
W/m.K, and 1.10-6 m2/s, respectively. The ground surface temperature was linearly increased to
į=2.5 oC over time Ĳ=130 years. For other assumptions, the curve can be easily adjusted using Eq.
8.

Fig.2. Comparison between our suggested equation and equations derived by Lachenbruch and Marshall
(1986) and Winterberg (1991) of the response of the ground to recent warming of the mean annual surface
temperature of 2.5 oC started in 1880. The following assumptions were made: Ground thermal conductivity
Ȝ=2.1 W/m.K, thermal diffusivity Į=1.10-6 m2/s and warming rate of ambient air İ=0.0192 oC/yr.
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To examine the accuracy of the derived equation, Eq. 21 given by [15] and Eq. 10 given by [2]
(for n=2) were also illustrated in Fig. 2 using the same assumptions made above. As it is shown,
the suggested equation (i.e., Eq.8 in the current study) is consistent with the solutions derived using
other techniques.
Application of derived equation
1. The total heat absorption Q as a result of increased air temperature is about the same for all
forms of warming curve at the surface (linear, step, accelerating as the square of time and so
forth) [2]. Consequently, the heat retained by a column of earth surface due to the climatic
changes can now be calculated by integrating the result of Eq. 8 and volumetric heat
capacity of the ground during the warming event (i.e., t)
H

³ C  T ( z, t )dz

Q(t )

. C H t  D t

(9)

0

Where K is a constant (K=0.74727) given by Eq. 10; C is volumetric heat capacity of the
ground.
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(10)

S e

Thus, for the same warming rate and thermal properties assumed above, the total heat
absorption by 1 m2 of ground is 251 MJ/m2 (about 0.06 W/m2).
2. The mean change in ground temperature over a particular depth, say L, (ǻTm(L,t)) is of great
importance for ground source heat pump system design [18]. This mean change ǻTm(L,t) is
given by integrating Eq.8 from zero to the concerned depth (L) and dividing the result by L
as follows:
if L d S D  t
'Tm ( L, t )

·
H §¨ 2
L3
 S D t  L¸ 
L 
¨
¸
6D ©
4S  D  t
¹
§
¨
4 D t
L
 H  t  ¨1 

¨ 2S  D  t
S L
¨
©

¦
n 1

if L ! S D  t
'Tm ( L, t )

H  S  t  D  t §¨
2L

¨
©

1

S2
12



2
e ( 2n1) ·¸
¦
S 2 n 0 (2n  1) 4 ¸¹

8

f

6

nL

·
)¸
2 D t ¸
¸
n4
¸
¹

e n  sin 2 (
2

f

(11)

Result and Conclusions
The aim of this study was to find an equation relating ground temperature change with global
warming. To achieve this goal, a heat conduction equation was solved using Fourier’s theory. The
derived equation in the current study and the equations established in other studies are in excellent
agreement. The suggested equation is more user-friendly than other equations. Because of its
simplicity, the suggested equation was used to state the mean change in ground temperature and the
heat retained by a column of earth surface due to the climatic changes. These equations are
expected to be useful in situations where the ground temperature is of importance; e.g. design of
underground thermal energy storage systems, ground source heat pump, studies of microbiological
systems in the ground, plant growth, frost heave, in addition to the understanding of the effect of
global warming. Although the study is based on large uncertainties (a fact typical of this subject),
the derived equation provides insight into time scales of ground temperature anomalies.
Nomenclature
T(z,t)
Ground temperature anomaly, (oC).
ǻTm(L,t) average change of ground temperature over a certain depth L due to ground surface
temperature change, (oC).
Q(t)
heat retained by a column of earth surface due to the climatic changes, J/m2
L
a certain depth that is of interest to calculate the ǻTave, (m).
t
time elapsed since start-up warming (s).
z
depth below ground surface, (m).
Į=Ȝ/C
thermal diffusivity, (m2/s).
Ȝ
thermal conductivity, (W/m.K).
C
volumetric heat capacity, (J/m3.k).
H
reference depth, (m).
į
ground surface temperature change, (oC).
İ
warming rate of air (assumed to be constant over time), (oC/s).
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Appendix
1-D heat conduction equation, in absence of any internal heat source, is a homogeneous partial
differential equation. The mathematical formulation of this problem is given as:

wT ( z, t )
wt

D

w 2T ( z, t )

(1-a)

wz 2

In the current study the solution of homogeneous heat conduction in semi-infinity medium is
considered, which is subject to the following boundary conditions:

T (0, t ) H  t

(1-b)

T (H , t )

(1-c)

0

And the initial condition:
T ( z,0)

0

(1-d)

The boundary conditions are inhomogeneous. There is homogenization transformation that
converts a homogeneous heat equation with inhomogeneous boundary conditions into an
inhomogeneous heat equation with homogeneous boundary conditions, as follows. Define a new
dependent variable, Ȧ(z,t), as:
T ( z, t )

§
©

H  t  ¨1 

z·
¸  Z ( z, t )
H¹

(2)

Introducing Eq.2 into Eq.1, we obtain:
w 2Z ( z, t )
wZ( z, t )
D
wt
wz 2

·
§z
 1¸
H
¹
©

H ¨

(3-a)

Z (0, t ) 0

(3-b)

Z (H , t ) 0

(3-c)

Z( z,0) 0

(3-d)

Eq. (3) means that an inhomogeneous PDE is encountered that is subject to homogeneous boundary
conditions.
Eq. (3) may be solved as follows. First, a solution of the steady-state version of Eq. (3-a), say
Ȧs(z,t), considering the given boundary conditions is sought i.e.:
w 2Z s ( z ) H §
z·
(4-a)
 ¨1  ¸
2
D © H¹
wz

8

Z s (0 ) 0

(4-b)

Z s (H ) 0

(4-c)

The solution of the last equation is given as:

§ z 2 z 3 Hz ·
¸
¨


¨ 2 6H
¸
3
©
¹

H
D

Zs ( z )

(5)

Now, a new dependent variable, say ȥ(z,t) is introduced as follows:

Z( z, t ) \ ( z, t ) 

H
D

§ z2 z3 H  z ·
¸
¨


¨ 2 6H
¸
3
©
¹

(6)

Substitution Eq. 6 in Eq. 3 yields

w\ ( z, t )
wt

D

w 2\ ( z, t )

(7-a)

wz 2

\ (0, t ) 0

(7-b)

\ (H , t ) 0

(7-c)

\ ( z,0) 

H
D

§ z2 z3 H  z ·
¸
¨


¨ 2 6H
3 ¸¹
©

(7-d)

Eq. (7) may be solved by the method of the separation of variables as follows:

\ ( z, t ) *(t )  Z( z )

(8)

Where Z(z) and ī(t) are functions depending only on z and t, respectively.
Substituting Eq. (7) into Eq. (6) we get:
*' (t )
*(t )

D

Z' ' (z)
Z(z)

Since the left hand side is a function of t only and the right hand side is a function of z only, the
only possibility is that both sides equal a constant:

9

*' (t )
*(t )

D

Z ' ' (z)
Z(z)

p

Where p is an arbitrary constant; thus

* ' (t )  p* (t ) 0
Z ' ' ( z) 

p

D

Z ( z)

(9)

0

(10)

The boundary conditions, Eq. (7-b, c), imply that:
Z (0 )

Z (H )

0

(11)

The solution for Ƚ(t) is given as:
c  e  p t

*(t )

(12)

While the space-variable function can be found as follows. Eq.10 represents an eigenvalue
problem for the second order differential operator with the eigenvalue pn and the eigenfunction
Zn(z). The particular eigenvalue and the corresponding eigenfunction will be determined by the
boundary conditions as follows. From Eq. 10 a distinction is made among three cases depending
on the value of p:
p<0 which arrives at the trivial solution Z(z)=0.
p=0 which arrives at the trivial solution Z(z)=0.
p>0 which arrives at:

§ p ·
§ p ·
A  cos¨¨
z ¸¸  B  sin¨¨
z ¸¸
D
©
¹
© D ¹

Z(z)

(13)

Using Eq.11, one can find:

A

0

Z (H )

0

§ p ·
B  sin¨¨
H ¸¸
© D ¹

(14)

To avoid the trivial solution, from the last equation the following is written :
§ p ·
sin¨¨
H ¸¸
© D ¹

0

p

D

H

nS 

p

D

nS
H
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§ nS ·
¸
© H ¹

D¨

 pn

2

(15)

Substitution of Eq. 14-15 in Eq. 13 yields

§ nS ·
z¸
B  sin¨
© H ¹

Z(z)

(16)

Introducing Eq.16, Eq.15 and Eq.12 into Eq.8, and using the superposition principle, the result is:
2

\ ( z, t )

f

¦ Cn

§ nS ·
¨
¸ D t
e © H ¹

n 1

§ nS
 sin¨
©H

·
z¸
¹

(17)

Where Cn is a coefficient that can be found as follows. From the initial condition, Eq.7-d, one can
write:



H
D

§ z2 z3 H  z ·
¸
¨


¨ 2 6H
¸
3
©
¹

f

§ nS ·
z¸
© H ¹

¦ Cn  sin¨
n 1

(18)

According to Fourier’s theory of an odd function (i.e., Fourier sine series) see chapter 10 in [19], Cn
is given as:

Cn

H§

z 2 z 3 H  z ·¸
§ nS ·
z ¸  dz


 sin¨
¸
2
6
H
3
© H ¹
0©
¹

 2H
HD

 Cn

³ ¨¨

2  H 2H

D nS

(19)

3

Thus, substituting into Eq.17 gives:
2

\ ( z, t )

2H H2

D S

3

f

¦

1

n 1n

3

§ nS ·
¨
¸ D t
e © H ¹

§ nS ·
z¸
 sin¨
©H ¹

(20)

Introducing Eq. (20) into Eq. (6) the result is:

H
Z( z, t )
D

§ z2 z3 H  z · 2  H  H 2
¸
¨


¨ 2 6H
¸ D S 3
3
©
¹

2

f

¦

1

n 1n

3
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§ nS ·
¨
¸ D t
e © H ¹

§ nS ·
z¸
 sin¨
© H ¹

(21)

Introducing Eq. (21) into Eq. (2) results in:
z· H
§
T ( z, t ) H  t  ¨1  ¸ 
© H¹ D

§ z2 z3 H  z · 2  H  H 2
¸
¨


¨ 2 6H
3 ¸¹
D S 3
©

2

f

¦
n

1

3
1n

§ nS ·
¨
¸ D t
e © H ¹

§ nS ·
 sin¨
z¸
© H ¹

Manipulation of the last equation considering the definition of the reference depth (i.e., H=ʌ¥Įt)
yields the expression of the ground temperature anomaly for the steady sate line:
if z d S D  t

then
§
¨

z3
z
2 f
H §¨ z 2
S D  t  z ·¸
 H  t  ¨1 
 ¦


T ( z, t )
¸
¨ S D t S n 1
3
D ¨© 2 6S D  t
¹
¨
©

if z ! S D  t

then

T ( z, t ) 0
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2

n3

nz

·
)¸
D t ¸
¸ (22)
¸
¹
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Since heating and cooling systems of buildings consume 30e50% of the global energy consumption,
increased efﬁciency of such systems means a considerable reduction in energy consumption. Ground
source heat pumps (GSHP) are likely to play a central role in achieving this goal due to their high energy
efﬁcient performance. The efﬁciency of GSHP depends on the ground temperature, heating and cooling
demands, and the distribution of heating and cooling over the year. However, all of these are affected by
the ongoing climatic change. Consequently, global warming has direct effects on the GSHP performance.
Within the framework of current study, heating and cooling demands of a reference building were
calculated for different global warming scenarios in different climates i.e. cold, mild and hot climate. The
prime energy required to drive the GSHP system is compared for each scenario and two conﬁgurations of
ground heat exchangers. Current study shows that the ongoing climatic change has signiﬁcant impact on
GSHP systems.
Ó 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
Independent of what causes the global warming (GW), performed analyses of borehole temperatureedepth proﬁle evidently
conﬁrm that there is continental-scale change in the Surface Air
Temperature (SAT) [1,2]. This is concluded from the general pattern
of temperature propagation into the subsurface though there are
individual boreholes showing decreases or no signiﬁcant change in
ground temperature proﬁle [1]. Other boreholes reveal that local
modiﬁcation of the surface, e.g. by constructions, results in
a signiﬁcant temperature change [3]. However, in general, the
ground temperature change is a direct consequence of a change in
SAT [1]. Temperature compilations in Fig. 1 show that SAT has
increased 1.4  C from 1880 to 2008 [4]. In recent decades, studies
show that the global temperature increase was greater in high
latitudes of the northern hemisphere [5].
By ignoring the hypothesis that current warming is part of
a natural cycle [1,2], two causes of the warming have been suggested: (i) related to the accumulation of greenhouse gases in the
Earth’s atmosphere [1], which is generally accepted by a majority of
researchers; and (ii) related to heat emissions [6,7]. Both these
explanations imply that current warming is anthropogenic and lead
to the conclusion that more efﬁcient use of energy and increased
use of renewable energy are the best ways to counteract GW.
* Corresponding author.
E-mail addresses: khamoh@ltu.se (M. Kharseh), loal@ltu.se (L. Altorkmany),
bon@ltu.se (B. Nordell).
0960-1481/$ e see front matter Ó 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.renene.2010.11.016

Since heating and cooling systems of buildings account for
30e50 % of the global energy consumption, increased efﬁciency of
such systems means a considerable reduction in global energy
consumption [8,9]. Ground source heat pump (GSHP) systems are
considerably more energy efﬁcient than conventional heating and
cooling systems [10e14]. The GSHP system is therefore an alternative that is likely to play an important role in slowing down the
climatic change. At beginning of 2010 the totally installed capacity
in the world was 50,583 MW producing 121,696 GWh/year. Sweden
alone, which has the third biggest installed capacity (after USA and
China), has about 4460 MW producing 12,585 GWh/year [15]. In
such systems, thermal energy is extracted from the ground during
the heating season and injected into the ground during the cooling
season. Therefore, the thermal performance of GSHP depends on
the ground temperature.
The energy demand for heating and cooling largely depends on
the ambient temperature [16]. Of the 150 million residential
dwellings in the 15 EU Member States approximately 72% were
built before 1972. A high proportion was built to standards that
required far poorer thermal performance than those imposed
under current building regulations [17]. Due to the poor thermal
properties of the envelope of these buildings, the heating and
cooling demands are very sensitive to any change in ambient
temperature. Gaterell and McEvoy [17] show that increasing insulation reduces the impact of climatic change on heating and cooling
demand.
As GW affects the ground temperature and energy demand of the
buildings, changes in prevailing climate have direct consequences on
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Nomenclature
CDH
COPc
COPh
DH
E
GW
H
HDH
Ktot
Min T
Max T
Qc
Qh
t
Tb
Tc
To

a
3

cooling degree-hour (h K)
coefﬁcient of performance of cooling mode
(dimensionless)
coefﬁcient of performance of heating mode
(dimensionless)
degree-hour (h K)
required driving energy of the GSHP (MWh)
global warming ( C)
reference depth (m)
heating degree-hour (h K)
total heat loss coefﬁcient of building (W/K)
minimum mean ﬂuid temperature extracted from
the borehole ( C)
maximum ﬂuid temperature extracted from the
borehole ( C)
cooling demand (MWh)
heating demand (MWh)
time elapsed since start of GW (s)
base temperature ( C)
correction temperature due the effect of the sun ( C)
outdoor temperature ( C)
ground thermal diffusivity (m2/s)
global warming rate ( C/s)
Fig. 2. Typical application of ground source heat pump system [14].

the GSHP performance. The overall objectives of this study were to
study how GW affects the heating and cooling demand of a certain
building and thermal performance of a small size GSHP system.
The analysis comprises how GW affects:
 Annual heating and cooling energy demand of a building;
 Monthly share of annual heating and cooling demand;
 Maximumeminimum ﬂuid temperatures extracted from the
borehole;
 Efﬁciency, i.e. COP of existing GSHP systems;
 Driving energy of GSHP system.
Each stage mentioned above was applied for two different
scenarios of GW for three different climatic conditions. These
climatic conditions were selected based on the fact that they have
approximately the same air temperature amplitude over the year
(w10.5  C), and also represent different heating and cooling
demand.

Fig. 1. Global Surface Air Temperature [4].

Table 1
Speciﬁcations of ground heat exchanger design.
Ground temperature
( C)
Borehole type
Borehole conﬁguration
Borehole spacing (m)
Borehole diameter (m)

Annual mean air
temperature.
Single-U
1  150 m borehole
2  75 m borehole
10
0.11

Flow rate (m3/s)

0.002

Contact resistance
(m K/W)

0

Pipe outer diameter (m)

0.032

Pipe wall thickness (m)
Thermal conductivity
of pipe (W/m K)
Pipe shank spacing (m)
Filling thermal
conductivity (W/m K)
Ground thermal
conductivity (W/m K)
Ground heat capacity
conductivity (MJ/m3 K)

0.003
0.42
0.07
0.6
2.5
2.1

2. Outline of GSHP system
GSHP systems essentially refer to a combination of a heat pump
and a system for exchanging heat with the ground, as illustrated in
Fig. 2 [14].

Fig. 3. COP as a function of ﬂuid temperature [11,12].
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3. Global warming scenarios and ground temperature
Projections of future climatic conditions are usually described
by different scenario. These include uncertainties that must be
taken into account during any interpretation of the results. If
current climatic change trends continue it is estimated that the
average global temperature is likely to have risen by 4e6  C, by the
end of this century [17].
In current study, it was assumed that SAT will increase linearly
over the next 100 years following two different scenarios, which
were selected to represent a slow and a fast climate change
projection:

Fig. 4. Mean change of ground subsurface temperature during the next 100 years due
to GW down to 75 m and 150 m. l ¼ 2.5 W/m K, C ¼ 2.1 MJ/m3 K.

pﬃﬃﬃﬃﬃﬃﬃ
if L  p a$t

DTave ðL; tÞ ¼
pﬃﬃﬃﬃﬃﬃﬃ
if L > p a$t

DTave ðL; tÞ ¼

i. Slow scenario, with a warming rate of 3 ¼ 0.15  C/10 years,
ii. Fast scenario, with a warming rate of 3 ¼ 0.45  C/10 years.
Based on these assumptions, Kharseh and Nordell [18] showed
that the mean change in ground temperature down to a depth of
L m is given by:

!

pﬃﬃﬃﬃﬃﬃﬃ





pﬃﬃﬃﬃﬃﬃﬃ

!

N
pﬃﬃﬃﬃﬃﬃﬃ
en cos ðn$LÞ= a$t  1
3 2
L3
L
2$ a$t X
pﬃﬃﬃﬃﬃﬃﬃ  p a$t $L þ 3$t 1 
pﬃﬃﬃﬃﬃﬃﬃ 
L 
p
6a
$L
n4
4p$ a$t
2p$ a$t
n¼1

pﬃﬃﬃﬃﬃﬃﬃ

3$p$t$ a$t
2L

1

p2
12

þ

2
N
8 X
eð2nþ1Þ

2

(1)

!

p2 n ¼ 0 ð2n þ 1Þ4

Commonly, heat is extracted (injected) from (into) the ground
using a ground heat exchanger (GHE). This heat transfer process is
achieved by circulating a heat carrier (water or a watereantifreeze
mixture) between the GHE and heat pump through plastic pipes
installed vertically or horizontally beneath the ground surface. In
Europe the GHE often means vertical 60e200 m boreholes. In
current study, two different GHE conﬁgurations were considered,
see speciﬁcations in Table 1.
In heating mode, GSHP use the ground as a heat source i.e.
heat carrier is extracting heat from the ground to the evaporator
of the heat pump. Conversely, these systems are using the ground
as a heat sink in cooling mode, i.e. injecting heat into the ground
and heat carrier transfers heat from the condenser of the heat
pump to the ground. Since the ground temperature at a certain
depth (this depth depends on the ground thermal properties) is
constant throughout the year, GSHPs show better coefﬁcient of
performance than air source heat pump (ASHP). The borehole
ﬁeld temperature is undulating between the heating and cooling
seasons, and its mean temperature ensures balance between
injection/extraction energy and the surrounding. So, such
systems must be designed to have higher coefﬁcient of performance (COP) than that of conventional ASHP, at the balance
temperature. Fig. 3 shows the COPh of heating for supply
temperature of 35  C, and COPc of cooling machine for 10  C
supply temperature [11,12].

where t represents the time elapsed since 2010, while H is the
reference depth i.e. the depth beyond which the ground temperature is constant. Eq. (2) shows an acceptable approximation of the
reference depth [18]. For alternative approximations it is recommended to consult reference [19], chapter 9.

pﬃﬃﬃﬃﬃﬃﬃ
H ¼ p$ a$t

(2)

Fig. 4 shows the mean change in ground temperature down to
depth of 75 m and 150 m below ground surface during next 100
years. The following ground thermal properties were assumed in
performed calculations; thermal conductivity l ¼ 2.5 W/m K and
volumetric heat capacity C ¼ 2.1 MJ/m3 K.
So if the warming rate follows the fast scenario then the mean
change of ground temperature in 2110 down to 75 m and 150 m
below ground surface becomes 2.32  C and 1.36  C, respectively.
Consequently, today’s performance of GSHP systems will not be the
same in the future due to the increasing ground temperature.
Furthermore, shallow borehole systems will be more affected since
the inﬂuence of GW on ground temperature is damped by the depth
below surface, see Fig. 4.
4. Global warming affects heating and cooling demand
In order to determine the effect of GW on heating and cooling
demand, three cities were selected; Uppsala (Sweden), Damascus

Table 2
Average air temperature, Ktot and correction temperature of selected cities.
City

Annual mean
air temperature ( C)

Annual mean air
temperature amplitude ( C)

Climate condition

Ktot (W/K)

Tc ( C)

Uppsala
Damascus
Riyadh

4.5
16.4
24.8

10.8
10.3
10.6

Cold
Mild
Hot

130
350
135

2
5
8
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Table 3
GW impact on heating and cooling demand in different climate conditions.
GW ¼ 1.5  C

Current demand

Uppsala
Damascus
Riyadh

GW ¼ 4.5  C

Heating, MWh

Cooling, MWh

Decreased heating, %

Increased cooling, %

Decreased heating, %

Increased cooling, %

12.38
10.05
0.83

0.01
7.62
10.08

12
20
33

136
23
15

33
53
75

1032
80
47

Fig. 5. Distribution of energy demand for heating and cooling during an entire year in (A) cold climate, (B) mild climate and (C) hot climate.
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Table 4
Calculated results.
Demand (MWh)
Heating

Min COPh

Fluid temperature
( C)
Cooling

Min COPc

Required driving
energy (MWh)

Change in driving
energy (%)

Min T

Max T

0.4
1.25
3.1

5.1
5.94
7.5

3.77
3.85
4.02

20
20
20

3.28
2.84
2.07

e
13.5
37.1

0.9
0.3
2.8

3.7
4.9
7.2

3.67
3.77
4

20
20
20

3.38
2.9
2.08

e
14.1
38.4

7.62
9.4
13.75

11.5
13.4
17.2

26.5
29.0
34.5

5.02
5.31
6.03

6.4
5.81
4.79

3.19
3.13
3.65

e
2.0
14.2

10.05
8.01
4.68

7.62
9.40
13.75

10.6
12.9
17.7

25.4
28.3
34.8

4.88
5.24
6.13

6.68
5.98
4.74

3.2
3.1
3.67

e
3.1
14.6

Riyadh
One borehole
GW ¼ 0
GW ¼ 1.5
GW ¼ 4.5

0.83
0.55
0.2

10.08
11.59
14.24

27.2
28.3
30.5

36.71
38.2
40.8

10
10
10

4.48
4.28
3.95

2.33
2.76
3.63

e

Two boreholes
GW ¼ 0
GW ¼ 1.5
GW ¼ 4.5

0.83
0.55
0.2

10.08
11.59
14.24

26.6
28.1
31.1

36.0
37.9
41.3

10
10
10

4.58
4.32
3.89

2.28
2.74
3.68

e

Uppsala
One borehole
GW ¼ 0
GW ¼ 1.5
GW ¼ 4.5

12.38
10.93
8.28

0.01
0.03
0.16

Two boreholes
GW ¼ 0
GW ¼ 1.5
GW ¼ 4.5

12.38
10.93
8.28

0.01
0.03
0.16

Damascus
One borehole
GW ¼ 0
GW ¼ 1.5
GW ¼ 4.5

10.05
8.01
4.69

Two boreholes
GW ¼ 0
GW ¼ 1.5
GW ¼ 4.5

(Syria) and Riyadh (Saudi Arabia), to represent the cold, mild and hot
climate. Their mean annual air temperatures are given in Table 2.
The degree-hours (DH) method was used to investigate the
effect of GW on the heating/cooling demand of a building
[16,20e24]. This method gives that the heating demand (Qh) and
cooling demand (Qc) are proportional to heating degree-hours
(HDH) and cooling degree-hours (CDH), respectively:

Qh ¼

Ktot $HDH
106

(3)

Qc ¼

Ktot $CDH
106

(4)

18.4
55.4

19.9
61.2

where Ktot is the total heat loss coefﬁcient of the building. The
magnitude of this coefﬁcient depends on size, design, geometry,
use of building (hospital, ofﬁce, etc.), and thermal properties of the
building. For the same use of building, a greater Ktot implies a bigger
building or less insulation. In this study, different values of Ktot were
assumed for each city as shown in Table 2. The choice of Ktot was
based on the fact that the same size of borehole system provides
the required (but different) heating and cooling demand in each of
the selected climatic conditions.
Various deﬁnitions of DH are in use. In current study the
following relationships were used to assess HDH and CDH (see
reference [25], chapter 4):

HDH ¼

N
X

ðTb  To Þj

when is To  Tb

(5)

ðTo  Tb Þj

when is To  Tb

(6)

j¼1

CDH ¼

M
X
j¼1

Fig. 6. Driving energy of GSHP as function of GW in three different climates.

Here, N is the number of hours provided that To  Tb in a heating
season, and M is the number of hours provided that To  Tb in
a cooling season. The base temperature, Tb, depends on the thermal
quality of the building’s envelope. Low value of Tb implies a highly
insulated building [22]. In current work Tb ¼ 15  C was assumed for
heating and 24  C for cooling [16,21,23]. The average hourly
ambient temperatures of selected cities were determined by
METEONORM [26].
Since the DH method does not consider the effect of the sun on
cooling demand, a correction temperature, Tc, was added to the
ambient temperature, see Table 2. In this case, Eq. (6) is rewritten as:
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Fig. 7. Change in driving energy of GSHP due to GW as a function of the annual mean air temperature.

CDH ¼

M
X

ðTo þ Tc  Tb Þj

when is To  Tb

(7)

j¼1

Eqs. (3)e(7) indicate that the:
1. The thermal demand of a building is proportional to the
outdoor temperature.
2. The ratio between heating demand (cooling demand) before
and after GW corresponds to the ratio between HDH (CDH).
Mathematically this can be written as follows:

Qha
HDHa
¼
Qhb
HDHb
Qca
CDHa
¼
Qcb
CDHb

(8)

Heating demand of month i
HDHi
¼
seasonal heating demand
HDH

(10)

and the corresponding share for the cooling season:

wi ¼

cooling demand of month i
CDHi
¼
seasonal cooling demand
CDH

Each step above was applied for both one and two boreholes.
Assumptions made for the calculations are shown in Table 1. COP
values to its corresponding maximum and minimum temperature
values were calculated using Fig. 3 [11,12]. Later on, required driving
energy of the GSHP system, step 4, was determined for heating and
cooling mode by Eqs. (12) and (13), respectively:

E ¼

Qh
COPh

(12)

E ¼

Qc
COPc

(13)

(9)

This way the energy demand for heating and cooling was
calculated, see Table 3. A global warming of 4.5  C in a mild climate
would decrease the heating demand by 53% and increase the
cooling demand by 80%. A comparison of current results and those
in Refs. [17,22,27,28] shows good agreement. The mean difference is
that three different climate conditions, cold, mild and hot, were
considered in current work.
The monthly heating share of the annual heating demand was
calculated as:

fi ¼

1. Fixed total borehole length ¼ 150 m.
2. Calculating the maximum and minimum extracted ﬂuid
temperature.
3. Calculating the temperature dependent COP for heating and
cooling mode.
4. Calculating the required driving energy of the GSHP system.

(11)

The calculations show that the monthly share of heating and
cooling is changed by the GW. The monthly share of the annual
heating demand is increasing during cold months and decreasing
during warmer months. In contrast, the monthly share of the
annual cooling demand is decreasing during the warm months,
while it is increasing during colder months, see Fig. 5.
5. Driving energy of GSHP system
The required driving energy of the GSHP system to meet the
heating/cooling demands (Table 3) was determined; for each GW
scenario and climate type. The EED model [29] was used to design
the GSHP systems as follows:

Results are tabulated in Table 4 and illustrated in Fig. 6. The
change in driving energy due to the GW as a function of the annual
mean air temperature is illustrated in Fig. 7.
6. Discussion and conclusions
Performed heating/cooling demand calculations highlight its
sensitivity to global warming. It is obvious that a warmer world
reduces the heating demand considerably more in cold regions,
than in warmer regions. Conversely, we see a larger increase in
cooling demand in hot regions; while the increase is much less in
colder areas, see Table 3. Fig. 5 shows that the GW causes an
increasing heating demand in cold months, which reduces the
GSHP efﬁciency. Conversely, GW distributes the cooling demand
more evenly over the year, which improves the GSHP performance.
As shown in Table 4 and Fig. 6, GW has a positive effect on the
driving energy demand in a cold climate and negative in a hot. In
a mild climate the effect of GW on the driving energy demand is less
obvious, i.e. the climatic change has a positive effect below a certain
value of GW. Consequently, GW will make existing GSHP systems
more efﬁcient in cold climate, while future systems will be constructed
at lower cost. The opposite occurs in hot climate, where the design is
decided by the cooling load. Thus, the warmer ground and increased
cooling demand will increase the prime energy consumption.
Calculations show that in a cold climate it is always better to use
one borehole than two while this is not clear in a hot climate, see
Fig. 6. In a mild climate there is no big difference but for some
degree of GW two boreholes are better than one.
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 C,

For a GW of 1.5
the driving energy demand is reduced if the
annual mean air temperature is lower than 18  C, see Fig. 7. This is
also the case for a GW of 4.5  C though the air temperature limit is
now 13  C.
Performed calculations are based on certain assumptions
 Thermal properties of the ground are constant and equal at the
studied locations
 The total borehole length is constantly 150 m
 The buildings’ total heat loss coefﬁcients were chose for each
location so that assumed borehole systems meets the heating
and cooling demand
Other assumptions would result in different impact of GW on
the GSHP.
In continued work, the effect of varying thermal quality of the
building envelope, different air temperature amplitude, and larger
size GSHP systems will be studied.
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Abstract
Due to its high thermal performance, ground source heat pump systems (GSHPs) have been
introduced as an alternative to reduce energy consumption of heating and cooling systems.
The thermal performance of GSHPs strongly depends on ground temperature and energy
demand for heating and cooling during the year. Certainly, increasing the global temperature
means warmer ground. On the other hand, the thermal load of a building is influenced by
thermal quality of building envelop (TQBE) and also influenced by the ambient air
temperature. There is absolutely no doubt that the global temperature has increased during the
last century. Over time, the buildings designs are changing. These result in changed thermal
load of the buildings, ground temperature, and thereby changed the thermal performance of
GSHPs. The objective of current work was to investigate the impact of TQBE under different
global warming scenarios on driving energy and construction cost of GSHPs in Vienna. This
was achieved by comparing the driving energy of the GSHP as well the required total length
of the borehole heat exchanger for different GW scenarios and different TQBE. Under climate
conditions of Vienna city study shows that improving the TQBE and increasing ambient air
temperature result in reduced driving energy of GSHP. While is it not obvious for the required
total borehole depth. Namely, after a certain degree of GW, increasing TQBE might result in
increased required borehole depth.
Keywords: Global warming; building envelope; ground source heat pump
1. Introduction
There are many interpretations of the ongoing climatic changes [1-4]. Apart from what causes
the global warming (GW), performed analyses of borehole temperature-depth profile
evidently confirms that there is a continental-scale change in the land surface temperature
(LST) [3-4]. It is possible to see that (Figure 1) the LST has increased 1.2 oC (comparing the
average anomalies of 1880-1890 decade
with average anomalies of 2000-2010
decade) [5].
If current climatic change trends continue
it is estimated that the average global
temperature are likely to have risen by 4
o
C to 6 oC by the end of this century [6].
Bear in mind that the temperature
increases in high latitudes of the northern
hemisphere are greater than those at
lower latitudes [7].
Figure 1: Annual Global Land Temperature Anomalies [5]
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There is a common understanding that more efficient use of energy and increased use of
renewable energy are the best ways to slow down GW. Since heating and cooling systems
accounts for a big part of the global energy consumption, increased efficiency of such systems
means a considerable reduction in global energy consumption. In this respect, ground source
heat pump (GSHP) is most beneficial due to its high energy efficiency compared to
conventional heating and cooling systems [8-11]. At the beginning of 2010 the totally
installed GSHP capacity in the world was more than 50 GW producing more than 121
TWh/year [12].
In such systems, the earth is used as a heat source in the winter or a heat sink in the summer.
The difference between the source temperature (from which heat is drawn) and the sink
temperature (to which heat is added) is referred to as the temperature lift. This temperature
play a central role in determining the coefficient of performance (COP= delivered
energy/driving energy) of GSHP. Therefore, COP depends on the initial ground temperature,
as well on the ratio of the heating demand to the cooling demand. Logically we could say
warmer world means warmer ground. On another hand, energy calculations for a typical
residential building indicated that warmer world results in reducing energy consumption for
heating and increasing energy consumption for cooling [13]. Hence, the ongoing climatic
changes have a direct impact on the performance of such systems. Kharseh et al. [14] showed
that in cold climate the GW reduces required driving energy of GSHP, while the opposite
occurs in hot climate. In their study they assumed that the buildings have the same thermal
quality of envelop TQBE. Gaterell and McEvoy [6] showed that increasing insulation
diminish the impact of climatic change on heating and cooling demand. However, building
design, include thermal resistance of the exterior walls and roof, ratio of glazing area to wall
area, and air tightness is changing over the time to meet the increased comfort requirements.
Of the 150 million residential dwellings in the 15 EU Member States approximately 72%
were built before 1972. A high proportion was built to standards that required far poorer
thermal performance than those imposed under current building regulations [6]. The energy
demand for heating and cooling basically depends on the ambient air temperature and also
depends on the TQBE [15]. Thus, due to their poor TQBE, the heating and cooling demands
of the majority of the EU houses are very sensitive to any change in ambient air temperature.
Ongoing climate change is, therefore, expected to have a considerable impact on the thermal
performance of GSHP in EU. The objective of current work was to investigate the impact of
TQBE together with the impact of different global warming scenarios on driving energy of
GSHPs and on the total borehole length under climate conditions of Vienna city. Although the
work was conducted for Vienna climate conditions, it is expected that the approach could be
applied to other locations with heating requirements grater than cooling requirements.
2. Outline of GSHP system
GSHP systems essentially refer to a combination of a heat pump and a system for exchanging
heat with the ground, as illustrated in Figure 2 [16].
Commonly, heat is extracted (injected) from (into) the ground using a ground heat exchanger
(GHE). This heat transfer process is achieved by circulating a heat carrier (water or a water–
antifreeze mixture) between the GHE and heat pump through plastic pipes installed vertically
or horizontally beneath the ground surface. In Europe the GHE often means vertical 60-200 m
boreholes.
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Figure 2: Typical application of ground source heat pump system [16]
In heating mode, GSHP use the ground as a heat source i.e. heat is extracted from the ground
and injected inside the building. While in cooling mode ground is used as a heat sink, i.e. heat
is extracted from the building and injected into the ground. Extracting heat from a warmer
source (heating mode) and injecting heat into a colder source (cooling mode) means better
COP. Since the ground temperature at a certain depth equals the mean air temperature, ground
is colder than the air during the summer and warmer than the air during winter. Consequently,
GSHPs are more efficient than air source heat pump systems (ASHPs).
Based on the energy demand of heating and cooling, two different GHE configurations were
considered in current study, see specifications in Table 1.
Table 1: Specifications of ground heat exchanger design.
Ground temp. (oC)

Annual mean air temperature Pipe outer diameter of pipe

0.032 (m)

Borehole type

Single-U

Pipe wall thickness

0.003 (m)

Borehole
Configuration
Borehole Spacing
Borehole Diameter

1 borehole
1 x 2 boreholes
10 (m)
0.11 (m)

Thermal conductivity of pipe
(W/m,K)
Pipe shank spacing
Filling thermal conductivity

Flow rate (m3/s)

0.002

Contact resistance

0 (m,K/W)

Ground thermal conductivity
Ground heat capacity
conductivity (MJ/m3,K)
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0.42
0.07 (m)
0.6 (W/m,K)
2.5 (W/m,K)
2.1

3. Method
In order to achieve the objective of the present work three buildings of three different levels
of TQBE and also three different scenarios of GW were assumed. The GW scenarios were
selected to represent a slow, a mild and a fast climate change projection:
i. Slow scenario, with a warming rate of İ=0.15 oC/10 years,
ii. Mild scenario, with a warming rate of İ=0.3 oC/10 years,
iii. Fast scenario, with a warming rate of İ=0.45 oC/10 years.
While the different levels of TQBE were selected so that they represent a low TQBE (C), a
mild TQBE (B), and a high TQBE (A). It is possible to see (Table 2) that the TQBE was
changing by selecting a different base temperature. This temperature defined as the outside air
temperature at which a building would require no artificial heating or cooling. Low value of
Tb implies a highly insulated building i.e. better TQBE [19].
Table 2: Base temperature as a function of the TQBE
Building
A
B
C

TQBE
category
high
mild
low

Ktot
W/K
500

Tb (oC)
Heating Cooling
13
20
15
22
17
24

For each scenario of GW and each level of TQBE, the following steps were taken:
1. Calculating heating and cooling demand of buildings
2. Mean change in the ground temperature due to GW
3. Calculating required total borehole heat exchanger.
4. Calculating driving energy of the GSHP to meet the heating and cooling requirements
To find out the COP value Figure 3, the COPh of heating machine with supply temperature of
35oC and COPc of cooling machine with supply temperature of 10oC [9-10], was used.

Figure 3: COP as a function of fluid temperature for supply temperature of 35oC in heating
mode and 10 oC in cooling mode [9-10].
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3.1. Impact of Global Warming on Heating and Cooling Demand
The Degree-Hours (DH) method was used to investigate the effect of GW on the
heating/cooling demand of a building [13, 15, 17-20]. This method states that the heating
demand (Qh) and cooling demand (Qc) are proportional to heating degree-hours (HDH) and
cooling degree-hours (CDH), respectively, as follows [14]:
Qh
Qc

K tot  HDH

(1)

10 6
K tot  CDH

(2)

10 6

Ktot represents the total heat loss coefficient of the building. The magnitude of this coefficient
depends on size, design, geometry, use of building (hospital, office, etc.) and TQBE. For
different TQBE, assuming equivalent values of Ktot implies that the buildings have different
size, Table 2.
Various definitions of DH are in use. In current study the following relationships were used to
assess HDH and CDH (see reference [21], chapter 4):
N

HDH

¦ (Tb  To ) j

when is To d Tb

(3)

when is To t Tb

(4)

j 1
M

CDH

¦ (To  Tb ) j
j 1

Here Tb is base temperature, N is the number of hours provided that To  Tb in a heating
season, while M is the number of hours provided that To  Tb in a cooling season. The average
hourly ambient temperature of Vienna was determined by METEONORM [22].
Since the DH method does not consider the effect of the sun on cooling demand, a correction
temperature, Tc=5 oC, was added to the ambient temperature [14]. In this case, Eq.4 becomes:
M

CDH

¦ (To  Tc  Tb ) j

when is To t Tb

(5)

j 1

This way the energy demand for heating and cooling was calculated. It is possible to see (Figur
4) that better TQBE results in more cooling demand and less heating demand compared to
lower TQBE. Also it is seen that better TQBE results in less increased energy demand for
cooling as a result of GW.
The monthly heating share of the annual heating demand was calculated as:
Heating demand of month i HDHi
Ii
(6)
HDH
seasonal heating demand
and the corresponding share for the cooling season:
cooling demand of month i CDHi
-i
(7)
CDH
seasonal cooling demand
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Cooling

Heating

H e a t i n g

C o o l i n g

Figur 4: Impact of GW on heating and cooling demand for three different GW and three
different TQBE: A high, B mild, and C low (see Table 2)
It is possible to see (Figure 5) that the monthly share of heating and cooling is changed as a
result of the GW. The monthly share of the annual heating demand is increasing during cold
months and decreasing during warmer months. This considered as a negative impact from the
performance of GSHP point of view. In contrast, the monthly share of the annual cooling
demand is decreasing during the warm months, while it is increasing during colder months. This
considered as a positive impact from the performance of GSHP point of view.
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Figure 5: Distribution of energy demand for heating and cooling during an entire year in
Vienna for three different GW scenarios and three different TQBE: A high, B mild, and C low
(see Table 2)

3.2. Impact of Global Warming on Ground Temperature
Projections of future climatic conditions are usually described by different scenario. These
include uncertainties that must be taken into account during any interpretation of the results.
In current study, it was assumed that LST will increase linearly over the next 100 years
following three different scenarios i.e. a slow, a mild and a fast climate change. This
assumption, i.e. linear increase of the global temperature, does not have a significant impact
on the final results. Based on these assumptions, Kharseh and Nordell [23] showed that the
mean change in ground temperature down to a particular depth of L m bellow the ground
surface is given by:

7

if L d S D  t

'Tave ( L, t )

·
H §¨ 2
L3
 S D t  L¸ 
L 
¨
¸
6D ©
4S  D  t
¹
§
¨
2 D t
L
¨
 H  t  ¨1 

S L
¨ 2S  D  t
¨
©

2 §
··
nL
)  1¸¸ ¸
e n  ¨¨ cos(
D t
¹¸
©
¦
¸
4
n
n 1
¸
¸
¹

f

(8)

if L ! S D  t
2
e ( 2 n 1) ·¸
¨
2L
12 S 2 n 0 (2n  1) 4 ¸
¹
©
Where t represents the time elapsed since 2010, İ is global warming rate (oC/s), and Į is the
thermal diffusivity of the ground. Figure 6 shows the mean changes in ground temperature as a
function of the depth below ground surface due to three different scenarios change projection
during next 100 year. The following ground thermal properties were used in performed
calculations; thermal conductivity Ȝ=2.5 W/m.K and volumetric heat capacity C=2.1 MJ/m3.K.
Thus, if the warming rate follows the worst scenario then the mean change of ground
temperature in 2110 over 90 m bellow the surface is ~2 oC. Consequently, today’s
performance of GSHP systems will not be the same in the future due to the increasing ground
temperature. Furthermore, it is possible to see (Figure 6) that shallow borehole systems will be
more affected since the influence of GW on ground temperature is damped by the depth
below surface.

'Tave ( L, t )

H  S  t  D  t §¨

1

S2



8

f

¦

Figure 6: Mean change of ground temperature as function of depth below the surface after
100 years due to three different GW scenarios. Ȝ=2.5W/m.K, C=2.1 MJ/m3.K
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3.3. Design borehole heat exchanger
To meet the heating and cooling requirements calculated above, earth energy design model
(EED) [24] was used to design the borehole heat exchanger as follows:
x Table 1 shows assumptions made in this study
x Set the maximum and minimum fluid temperature at 20 and 0 oC, respectively.
x Start by assuming one well, if this assumption resulted in well deeper than 200 m, the
configuration was changed to two wells.
x Assume a value of COP for heating and cooling using Figure 3. Resulting fluid
temperatures (using EED) were used to recalculate COP. The new value of COP is
reused in EED.
x Repeat the last step until good matches between the maximum, minimum temperature
and COP values are reached.
The results are tabulated in Table 3
3.4. Driving Energy of GSHP System
The required driving energy of the GSHP system to meet the heating/cooling demands was
determined using following equation:
Qh
Qc
(9)
E

COPh COPc
COPh and COPc were calculated using Figure 3 based on the maximum and minimum fluid
temperature. Results are tabulated in Table 3 and illustrated in Figure 7 and Figure 8.
Table 3: Calculated results
TQBE category
Global warming (oC)
Fluid temperature Min
(oC)
Max
Borehole number
Borehole depth (m)
Min COPh
Min COPc
Required Driving Energy
(MWh)

A

B

C

0
0
15.8
1
192
3.75
10.8

1.5
0
19.4
1
164
3.75
8.5

3
4
20
2
105
4
8.5

4.5
8.35
20
2
152
4.6
8.5

0
0
11.6
2
127
3.75
15

1.5
0
14
2
108
3.75
12

3
0
17.7
2
88
3.75
9.5

4.5
3.8
20
2
102
3.85
8.5

0
0
10.1
2
145
3.75
15

1.5
0
11.7
2
127
3.75
15

3
0
14
2
108
3.75
12

4.5
0
17.5
2
88
3.75
9.6

6.62

5.98

5.09

4.25

7.89

6.9

6.14

5.43

9.51

8.27

7.23

6.4
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Figure 7: Driving energy of GSHP as function of base heating and cooling temperature for
three different GW. Lower base temperature implies better TQBE.

Figure 8: Total required borehole depth as function base heating and cooling temperature for
three different GW. Lower base temperature implies better TQBE.

4. Discussion and Conclusions
Even though the present study is limited to Vienna climate conditions, it is expected that the
approach could be applied to other locations with heating requirements are grater than cooling
requirements.
¾ Figure 4 shows that higher level of TQBE means less heating demand, but grater cooling
demand.
¾ Performed calculations show that a warmer world means lees energy demand for heating
and more for cooling.

10

¾ It is possible to see (Figure 4) that the reduction in the heating demand as a result of GW
is a bit grater for well insulated building (high TQBE) compared to poor insulated
building (low TQBE). Conversely, Figure 4 shows that the increasing in the cooling
demand as a result of GW is considerably grater for poor insulated building (low TQBE)
in comparison to well insulated building (high TQBE).
¾ Figure 5 shows that due to the GW, the monthly share of the annual heating demand is
increasing during cold months and decreasing during warmer months. This considered as a
negative impact from the performance of GSHP point of view. In contrast, the monthly
share of the annual cooling demand is decreasing during the warm months, while it is
increasing during colder months. This considered as a positive impact from the performance
of GSHP point of view. In other words, for an existing system the GW improves the
performance of GSHP in cooling mode, while it worsens the performance of heating mode.
¾ Figure 7 shows that reducing the base temperature, namely increasing the TQBE, results
in reduced driving energy of GSHP.
¾ Is it possible to see (Figure 7) that under the chosen climate conditions i.e. the heating
demand is grater than the cooling demand, GW reduces driving energy of GSHP at almost
the same decreasing rate for different level of TQBE.
¾ Figure 8 shows that for GW less than 1.5 oC, improving the TQBE means less total
borehole length.
¾ It is possible to see (Figure 8) that for GW = 3 oC, improving the TQBE to a certain level
reduces the total borehole length. Continuing improving the TQBE results in increased
total borehole length.
¾ Also you can see (Figure 8) that for TQBE with Tbh>16 oC GW results in reduced total
borehole length, while it is not obvious for high TQBE with Tbh<16 oC.
In future work, different climate conditions where the ratio of the heating to the cooling
demand has different values will be studied.

5. Nomenclature
CDH:
HDH:
COPc:
COPh:
DH:
E:
GW:
Ktot:
Min T:
Max T:
Qc:
Qh:
Tb:
Tc:
To:
T:
ǹ:
İ:

cooling degree-hour, (h.K)
heating degree-hour, (h.K)
coefficient of performance of cooling mode, (dimensionless)
coefficient of performance of heating mode, (dimensionless)
degree-hour, (h.K)
required driving energy of the GSHP, (MWh)
global warming, (oC)
total heat loss coefficient of building, (W/K)
minimum mean fluid temperature extracted from the borehole, (oC)
maximum mean fluid temperature extracted from the borehole, (oC)
cooling demand, (MWh)
heating demand, (MWh)
base temperature, (oC)
correction temperature due the effect of the sun, (oC)
outdoor temperature, (oC)
time elapsed since start of GW (s)
ground thermal diffusivity, (m2/s)
global warming rate (oC/s)
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Abstract
Prediction of the performance of ground source heat pump (GSHP) requires knowledge of the
heat transfer parameters (HTP) for a borehole heat exchanger (BHE) and its surrounding
ground. Such HTP are undisturbed ground temperature, thermal conductivity, and borehole
thermal resistance. A low borehole thermal resistance or/and a high ground thermal
conductivity mean better thermal performance of the GSHP. In water-filled boreholes the
groundwater has a significant effect on the thermal characteristics of borehole heat exchanger.
Ground water convection inside the borehole and groundwater flow in the bedrock improves
the heat transfer rate from the BHE.
In current a preliminary study has been made of the effect of artificial enhancement of
groundwater convection and flow on the heat transfer rate from the borehole heat exchanger.
The artificial enhancement of groundwater convection and flow was achieved by injecting air
bubbles at the bottom of the borehole.
It was shown that the thermal resistance of borehole was reduced by 29.7%. The effective
thermal conductivity was also changed and increased by 33.8% because the injected air
bubbles caused convection in the groundwater surrounding the borehole.

Keywords: Ground heat exchanger; Thermal response test; Thermal resistance; Forced
convection

Introduction
Heat transfer from the heat carrier fluid in a ground heat exchanger (GHE) to ground occurs
through four stages, see Fig.1:
1

1. Convection inside the pipe.
2. Conduction through pipe wall.
3. Convection through the ground water between the pipe and borehole wall (or conduction
through the filling in filled boreholes)
4. Conduction through the surrounding ground.

Fig. 1. Schematic representation of the BHE system model with heat
transfer and temperature distribution for heat injection.
The sum of the first three stages is called borehole thermal resistance Rb[1]:
Rb

Rcvi  Rcd  Rcve

Where
Rcvi

internal convection thermal resistance due to convection inside the pipe i.e. from
heat carrier to internal pipe’s wall

Rcd

thermal resistance due to conduction through the pipe’s wall

Rcve

external convection thermal resistance due to convection outside the pipe i.e.
from the external pipe’s wall to well’s wall

2

Heat injection or extraction causes a temperature gradient in and around the borehole, which
induces convective flow in the groundwater. This leads to reducing the borehole thermal
resistance compared to stagnant water. In fractured bedrock or high porosity ground material,
convective flow may also influence the ground conductivity.
In general, the convective flow affects heat transport inside the borehole, reducing the
thermal resistance compared to stagnant water.
There are many experimental and theoretical studies on the influence of groundwater flow on
the performance of borehole heat exchangers have been published [2-5]. These studies show
that increasing ground water flow increases the heat transport from the borehole by increasing
the natural convection in the groundwater; accordingly alleviate buildup of heat in the
borehole field over time. Gustafsson et al (2008) showed that convective flows result in a 2–4
times more effective heat transfer through the borehole relative to pure conductive transfer
would have caused within the temperature interval of 10 – 30ºC. Her simulations show that a
temperature increase from 15 – 30ºC decreases the borehole thermal resistance from 0.075 to
0.065 K·m/W [6]
In current work, the aim was to reduce the external convection thermal resistance, by
enhancing heat convection between the U-pipe and borehole wall, in order to reduce borehole
thermal resistance. Despite the fact that there is no direct way to measure the ground heat
conductivity and the borehole thermal resistance, the thermal response test (TRT) is
considered as the most exact way to determine the thermal properties of GHE. Such
measurements give data from which the thermal properties can be calculated.
Experimental apparatus and methodology
Several methods can be used to estimate ground thermal properties. These include soil and
rock identification [7], experimental testing of drill cuttings [8], in situ probes [9], and inverse
heat conduction models. The most common method to determine the thermal properties,
which was first presented in 1983 by Mogensen [10], is thermal response testing (TRT) [2].
Unlike lab investigation of rock core samples the TRT evaluation includes the effect of
ground water flow. This method can be summarized as follows. A circulation pump circulates
heat carrier (water or antifreeze-water) at constant flow rate between a chiller or heater with
constant power rate and vertical plastic pipe installed vertically in borehole. The measured
variables during a TRT, which are continuously logged, are the borehole incoming and
outgoing temperatures, and the outdoor temperature. Analyzing the temperature development
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around the borehole enables us to determine the borehole thermal resistant and the effective
thermal conductivity of the ground.
There are two analytical techniques (both are based on Fourier’s law of heat conduction) used
to analyze the experiment data (i.e., measured variables):
1. Based on Kelvin’s line source theory (LSM)
2. Based on cylinder source model (CSM).
The LSM methodology, which is used in this study, is a development of Kelvin’s line source
theory as following. Consider a borehole of diameter rb with transient surrounding ground
temperature due to a constant injection (or extraction) energy rate at the well. The governing
differential equation is known as Kelvin Line Theorem, is given by [11]:
w 2T (r , t )
wr 2



1 wT (r , t )
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1 wT (r , t )
r wr

(1-a)

D

It is important to mention that the above equation is a pure conduction problem, which does
not consider the ground water movement. The following boundary and initial conditions are
used:
The medium is initially at uniform temperature

T (r ,0) Tg

(1-b)

Though the temperatures of the borehole and ground vary in the vertical direction, an average
value is taken for the entire length of the borehole, neglecting the vertical effects.
Fourier’s law at r= 0 applies:
q
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no change in ground temperature beyond the far-field radius:

(1-d)
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Ingersoll and Zobel presented an analytical solution of Eq.1 (for the temperature at any point
in an infinity plane with uniform initial temperature due to an instantaneous line source of
strength q (w/m) [12] (Eq.d page 147):
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Alternatively, some references write Eq.2 as:
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Where Fo is the Fourier’s number, which is defined as:
Fo

D t

(4)
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Eq.2 (or Eq.3) represents the exact solution of Eq.1 only for a true line source (or line sink),
but that it can also be applied in most real case, with negligible error lees that 2%, when
Fo20, namely after time of operation t>20r2/Į in real case this time is in range of nine hours.
The solution of the integral term in the Eq.2 (or Eq.3) is obtained from the definition of the
exponential integral function, which is given as follows:
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Where Ȗ is Euler's constant. Substituting Eq.5 into Eq.3, we obtain the exact solution of Eq.1:
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For the condition of small value of r or large value of t, 1/Fo is small, so that the higher-order
terms in Eq.6 become negligible. Then the temperature around the borehole can be expressed
as:
Ta (t , r )
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The difference between the exact and the approximated solution, i.e. Eq.6 and Eq.7
respectively, is:
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n
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For example, if the heat transfer rate per unit length of the borehole q=40 W/m, the ground
thermal conductivity Ȝ=2.5, and for the condition Fo20 then the difference ș(q,Ȝ,Fo) is equal
to 0.016 oC, which is hard to measure.
It is important to be mentioned that in above derivation the vertical heat conduction was
neglected and only radial one was considered. A comparison between the results from LSM
and numerical model with consideration of both vertical and radial heat flows shows that the
results from the numerical analysis result in 5% lower thermal conductivity value [13].
Substituting r = rb in Eq.7, we obtain the ground temperature of the borehole wall:
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If the thermal resistance between the heat carrier inside the pipe and the borehole wall
denoted by Rb, one could write the following relation:
T f t  Tb t

Rb  q
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Introducing Eq.10 into Eq.9 results in:
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It can be seen that Eq.11 represents a linear relation between fluid temperature and ln(t),
therefore it can be rearranged as follows:
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Where:
Į

thermal diffusivity of the ground (m2/s)

Ȝ

thermal conductivity of the ground (W/m.K)

rb

borehole radius (m)

Tg

undisturbed initial temperature of the ground (k)

t

time from start (s)

q

heat injection rate per unit borehole length (W/m)

Rb

thermal resistance (K.m/W)

Ȗ

Euler’s number (0.5772)

Tf(t)

arithmetic mean of the inlet fluid temperature (Tfin) and outlet fluid temperature

(Tfout) of the borehole heat exchanger at time t

T f (t )

T fin  T fout

(13)
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By plotting the mean fluid temperature development against ln(t) the ground thermal
conductivity and thermal resistance of the borehole can be determined.
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Experimental data analysis and methodology

The thermal response data i.e. temperature development in the borehole for a certain heat
injection/extraction rate, allow estimation of the effective heat conductivity of the ground and
the thermal resistance of the borehole heat exchanger. The analysis of the response test data is
based on a description of the heat as being injected from a line source.
Thermal Response Test Equipment

The equipment was set up on a small trolley (Fig.2). It consists of a 1.1kW water pump that
circulates the heat carrier through the GHE and the electrical heater (water container). The
heater has an adjustable and stable power in the range 2.25-9 kW. The fluid temperature is
measured at the inlet and outlet of the borehole by thermocouples, with an accuracy of 0.2 C.
The temperatures were logged each 10 minutes.
In order to avoid energy losses and the influence of temperature changes of ambient air, the
equipment was placed inside the building where the temperature was almost constant.

Fig. 2. Used thermal response test equipment.
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Experiment installation and equipment

The test was made at in Karlstad, Sweden, in collaboration with Willy´s CleanTech AB.
This office building has been heated by a GSHP system of five boreholes with diameter of
115 mm since 2002. The boreholes, which are of different depths (128-130-131-151 m) are
located around the building as shown in Fig.3. The red colored borehole was chosen for the
experiment.

3.5 m

The Building
6.7 m

3.1 m

6.3 m
4.4 m

6.2 m
8.5 m

6.8 m

Fig. 3. Location of the boreholes and the building .
Figure 4 outlines the experiment setup. The heater has an adjustable and stable heat power in
the range 2.25-9 kW. The circulation pump (PKM 60-1, Pedrollo) has a nominal electrical
power of 1100 W, working at 2600 rpm with a flow rate 60 l/min and a maximum height of
50 m. The air compressor (Danfoss Kompr SC12CL) was connected to a plastic hose of 6 mm
diameter to inject air bubbles at the bottom of the borehole. The volumetric air flow was
measured by a TopTrak meter (model 662-13-OV1-PV1-V1-MP) and the water flow rate by a
LadistGyr (Ultraheat). Ambient air temperature and the borehole temperatures were measured
by thermocouples (Standard Temperature Probe PB-4724). The equipment was calibrated
prior to the test.
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Fig. 4 Outline of experimental setup in Karlstad.

Thermal response test

The temperatures of ambient air, inlet and outlet water of the borehole were measured.
Although the flow rate was fixed at the constant value of 3510 l/h, it was continuously
measured and controlled. The electrical power was regulated and maintained at constant
capacity. The volumetric air flow rate was held constant at 4.1 Nl/min (Normal liter per
minute).

On 2009-02-09 at 16:30, the circulation pump was switched on for one hour without injecting
any thermal capacity. After that the electrical heater was switched on for 40 hours. The total
heat power injected into the borehole was 5.284 kW. At the end of this stage the experiment
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was switched off for 12 hours. After that, two failed attempts to inject air to the bottom of the
borehole, the old compressor was replaced. The time between the last failure and the first
injection of air was 117 h and 40 min.
On 2009-02-18 at time 18:10, the experiment started with air injecting for 24 h and 20
minutes. Figure 5 shows the total results of all tests. It should be mentioned however that in
last step the total heat power injection (i.e. total heat supplied by the heater; water pump, and
air compressor) was 5600 W.

Fig. 5. Measured thermal response.

Response Analysis

Fig.6 shows a comparison between mean fluid temperature development before and after air
injecting into the borehole. It is seen that even though injected thermal energy was increased
due to the use of the air compressor, the fluid temperature was reduced by injecting air. The
slope of the line is reduced too. This means borehole thermal resistance was reduced and
thermal conductivity was increased by injecting air. The thermal resistance of the borehole
and the effective thermal conductivity of the ground were estimated using classical base line
source model, see Figs. 6-7 and Table 1.
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Table 1: Calculated results
Thermal Resistance
Type of experiment
m.K/W
Without air injection
0.074
With air injection
0.052

Effective ground thermal conductivity
W/m.K
3.49
4.67

Fig. 6. Thermal response with and without air injection.
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ʊExperimental results without injecting air
ʊSimulated results without injecting air, R =0.074 m.K/W, Ȝ=3.49 W/m.K
ʊExperimental results with injecting air
ʊSimulated results with injecting air, R =0.052 m.K/W, Ȝ=4.67 W/m.K
b

b

Fig. 7. Thermal response with and without air injection.

Conclusion
In groundwater filled borehole, groundwater convection inside the borehole and groundwater
flow in the bedrock increase the effective ground thermal conductivity and reduce borehole
thermal resistance. Current work shoed that injecting air bubbles at the bottom of borehole
reduces the thermal resistance of the borehole by 29.7% and increase the effective thermal
conductivity by 33.8%.
The reduction in the borehole thermal resistance is a direct result of enhancing heat
convection coefficient between the borehole heat exchanger and the wall of the well. The
increase in the effective thermal conductivity might be explained by enhancing the ground
water flow between the well and its sounding. This enhancement in ground water flow may
take place in areas with the right Geohydrological conditions, i.e. certain fracture conditions
exist in the ground heat exchanger.
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