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ABSTRACT
The global energy consumption, which increased ~84% during last thirty years, exceeded 

1.4.1011 MWh in 2008. It is projected to increase another ~39% until 2030. Current energy 

trends are unsustainable. Considering that 30-50 % of the global energy consumption is 

consumed for heating and cooling, more efficient heating and cooling systems are needed. 

The current power situation in Syria is serious and is likely to speed up the implementation of 

renewable energy systems.  

Comparison between the conventional fuel heater, electrical heater, air source heat pump and 

ground source heat pump in Syrian climate shows that GSHP systems have big potential and 

can make huge contributions to overcome the current energy shortage in Syria. Since the 

heating demand in Syria is almost twice the cooling demand, it is possible to use such systems 

for free cooling. Therefore, heat recharge of the borehole field is important. The amount of 

available solar energy in Syria, means that the combination of solar and GSHP has great 

potential.

Climatic and geological conditions were analyzed for GSHP systems in Syria, which was 

chosen as a case study for the Middle East. A general study was made on the need for large-

scale utilization of renewable energy, including an overview of different energy storage 

systems for heating and cooling. Chicken farms were chosen as a study case since the poultry 

industry is an important sector in Syria. There are 13,000 chicken farms with an annual 

production of 172,000 tons of meat. It employs almost 150,000 people and has a large heating 

and cooling demand (1.34 TWh/year).  

Next step was the design and simulate the operation of a GSHP system for a typical chicken 

farm in Syria. Based on this study the national potential for such systems was estimated. 

GSHP systems at all Syrian chicken farms would annually save 114,000 m3 of oil. Since 

GSHPs use the ground as a source or sink of thermal energy, the ground temperature is most 

important for its operation and efficiency. The ongoing global warming, which means that air, 

ground, and water is getting warmer, has therefore some consequences on such systems.  

Firstly, the effect of global warming on the ground temperature was studied. An equation, 

which describes the change of ground temperature field as a function of depth, time, and ground 
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thermal properties, and local (global) warming, was derived. Secondly, the effect of the 

warming on heating and cooling demand of a certain building was studied in combination 

with its affects on the efficiency of GSHP system. 

The proper design of BHE requires knowledge of ground thermal properties, i.e. effective 

ground thermal conductivity, thermal resistance, and undisturbed ground temperature. Such 

site specific data were determined by thermal response test for heating and cooling of the 

Kharseh chicken farm in Hama, Syria. Used thermal response test equipment was designed 

and constructed within the project.

Borehole thermal resistance has considerable effect on the performance of borehole heat 

exchangers. Therefore, forced convection in a water filled borehole (i.e. non-grouted) was 

tested to improve the heat transfer. Injected air, at the bottom of a borehole, resulted in a 28% 

reduction of thermal resistance. Since injected air bubbles caused convection also in the 

groundwater, surrounding the borehole, the effective thermal conductivity was increased 28%.  

Future work aims at the construction, operation, and monitoring of suggested GSHP system at 

the Kharseh chicken farm in Syria. The idea is to demonstrate the GSHP system as a means of 

promoting and implementing such systems in the Middle East. The main problem now is to 

get required permissions to build the ground heat exchangers since there is no existing permit 

procedure for such systems.  
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1. INTODUCTION

1.1. Global Energy Situation  

Current global energy trends are patently unsustainable, and a sustainable future requires 

worldwide efforts to prepare for new energy sources and a more efficient use of energy. The 

global energy consumption, which is almost 1.4.1011 MWh/year in 2006, is projected to 

increase 44% between 2006 and 20301, see Fig.1. 

Global dependence on oil fuels has led to a daily oil consumption of 86 million barrels 

(Mbbl)3-4-15. Since one barrel of oil contains 1.844 MWh (6.638 GJ), we can conclude that 

about 40% of global demand is covered by oil consumption. The president of Exxon Mobil 

Exploration, John Thompson, said in 2003 ‘by 2015 we will need to find, develop and 

produce a volume of new oil and gas that is equal to eight out of every 10 barrels being 

produced today’2.

According to the Intergovernmental Panel on Climate Change (IPCC), fossil fuels cover 

~80% of the global energy demand10. Fig.2 shows the oil consumption since 1980, totally and 

in the Middle East3-4. During this period, when the world’s oil consumption increased ~30%, 

the oil consumption of Middle East almost tripled. The International Energy Agency (IEA) 

forecasts that the world’s daily burn rate of oil will rise by almost 50% over the next 21 years, 

to 121 million barrels per day in 2030, i.e. an average annual growth rate of 1.6% and in the 

developing countries even greater growth5. The proven oil reserve was estimated to 1.332 

trillion bbl4, in 2008, and thus the world will run out of oil before 2040 if global consumption 

follows current trend. 

Fig. 1. Global Energy Consumption. True until 2006, and projected until 20301.
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Peak oil is defined as the maximum point on the global mean oil production curve. Thus, as 

seen in Fig. 3, the global oil production is apparently close to its peak. Current estimates seem 

to be converging on some point between 2010 and 2020. Some pessimistic estimations claim 

that global oil production peaked more than two years ago6-7.

Almost all experts agree that the peak in oil production is approaching, possibly within five 

years, and the world is going to run out of cheap oil and thereby change dramatically. Since 

there is no way to increase the global oil production, the oil price will increase and become 

more unstable, a pattern that has been seen during the last decade, see Fig.48. We should 

expect a new energy crisis or rather a transformation of the world’s energy supply systems. 

Fig. 2. Global and Middel East Oil Consumption3-4

Fig. 3. Global Oil production. Data points from EIA, May 7, 2007 
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Such energy supply systems will be increasingly efficient and based on renewable energy 

sources.

Yet another reason to reduce the consumption of fossil fuels is that the CO2 emitted by 

burning oil is supposed to play a leading role in global warming. Oil alone results in an annual 

CO2 emission of 1.46.1010 ton9 (see table 1), which was almost half of the global CO2

emission in 2005. 

1.2. Global Warming 

Global warming (GW) means the gradual increase of the global mean air temperature. There 

are different views and ideas about the causes of GW: 

CO2 emission is the principal reason of GW 10

Heat emission, from combustion of non-renewable energy, is the main reason for GW11

GW is a result of natural variations in solar irradiance12

The key reason of the first two explanations is human activities, whether by greenhouse gas 

emission or heat emission into the atmosphere, while the third explanation means that GW 

has no anthropogenic cause. Although GW might be partly caused by natural climate 

variation we conclude that the use of non-renewable energy; i.e. oil, gas, coal and nuclear 

power, is a major contributor to GW. 

Fig. 4. Crude oil price during 2003-20098.
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Internationally, there is a political understanding that global warming (or climate change) is 

the main challenge of the world for decades to come. Since global warming is strongly linked 

to the global use of non-renewable energy, there is a need for the development of sustainable 

energy systems, which are more energy efficient and based on renewable energy resources. 

1.3. Sustainable Energy Systems 

Sustainable energy systems must meet society’s demand and offer long-term security of 

supply, be affordable, and have minimal impact on the environment13. The only sustainable 

energy supply is from flowing energy sources like wind, solar, and hydropower, which all 

origin from solar energy. Such energy is instantly transformed to heat or electricity. Biofuel is 

another type of renewable energy as it consists of stored flowing energy. The sustainable use 

of biofuels requires that its use must not be greater than the regeneration (growth rate) of 

biomass. 

1. The first step towards a more sustainable energy system is a more efficient use of 

energy, i.e. buildings and processes designed for low energy consumption.  

2. The next step would be the efficient use of available energy e.g. by energy storage, 

which includes short-term storage (days, weeks) and long-term storage (months, 

seasons).

3. The final step is to replace non-renewable energy by renewable energy (RE).

Solar energy is utilized in many different ways; as wind power, hydropower, solar heat, solar 

power, biofuels, and as seasonally stored heat in air, ground, and water. The abundance of 

solar energy is shown by the fact that the energy of one-hour’s solar radiation on Earth 

corresponds to the annual global energy consumption 14-15. Still RE sources supplied only 8% 

of world primary energy in 200815 (excl. traditional use of biomass) and around 2-3% of 

annual global heating and cooling16, see Table 110-18

The most suitable renewable energy source varies in different regions and areas depending on 

local conditions e.g. climate, geology, energy demand, existing infrastructure etc. 
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Heating and cooling, for industrial, commercial, and domestic use, represent 30-50% of 

global energy consumption16-17-18 i.e. 5.6.1010 MWh/year and an emission of 1.4.1010 ton 

CO2/year. Consequently, implementing more efficient heating/cooling systems and buildings 

should make a significant contribution in saving energy and environment. 

Tabel 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 
impacts10-18.

Energy Class Specific energy 
source

Estimated 
available

energy resource 
EJ

Rate of use 
in 2005 
(EJ/yr) 

Share of 
total

Supply in 
2005
(%)

Comments on 
environmental 

Impacts 

Coal (conv.) >100 000 120 25 92 gCO2/MJ
Coal (unconv.) 32 000 0   
Peat Large 0.2 <0.1  
Gas (conv.) 13 500 100 21 52.4 gCO2/MJ

Gas (unconv.) 18 000 Small  Unknown,
likely higher 

Coalbed methane >8 000 1.5 0.3  
Tight sand 8 000 3.3 0.7  
Hydrate >60 000 0   

Oil (conv.) 10 000 160 33 76.3
gCO2/MJ**

Fossil energy 

Oil (unconv.) 35 000 3 0.6 Unknown,
likely higher 

Uranium 7 400 26 5.3 Spent fuel 
disposition

Uranium recycle 220 000 Very small  Waste disposal
Nuclear
energy 

Fusion 5.109 estimated 0  Tritium 
handling

Hydro (>10MW) 60 /yr 25 5.1 Land-use
impact 

Hydro (<10MW) 2 /yr 0.8 0.2  
Wind 600 /yr 0.95 0.2  

Biomass(modern) 250 /yr 9 1.8 Likely land-use 
for crop 

Biomass(trad.)  37 7.6 Air pollution 

Geothermal 5 000 /yr 2 *** 0.4 Waterway 
contamination 

Solar PV 1 600 /yr 0.2 <0.1 Toxics in 
manufacturing

Concentration solar 50 /yr 0.03 0.1 Small 

Renewable

Ocean (all sources) 7 /yr (exploitable) <1 0 Land and costal 
issues

* EJ = Exajoule = 1018 J 
**  This value is=70 g CO2/MJ in Boyle (2004) 9

*** This value is =0.2 in IPCC (2007)10
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1.4. Ground Source Heat Pump Systems 

The ground source heat pump (GSHP) system has been given many other names; e.g. ground 

coupled heat pump (GCHP); borehole systems or borehole thermal energy storage (BTES), 

and shallow geothermal system. GSHP is the most energy efficient way to reduce carbon 

dioxide emission and fossil fuel consumption by exploiting the heat of the ground, i.e. solar 

energy that is naturally stored in the ground18-19-20-21.

In 2005, there were more than one million GSHP systems in operation in USA and Europe, 

mainly in Sweden, Germany and Switzerland. A recent study20 reported that the annual 

energy use of GSHP grew at a rate of 30.3 % and that installed capacity of such systems 

increased by 23.8 % between 2000 and 2005. As seen in Table 216, geothermal systems 

provide the cheapest energy in comparison with other renewable sources and it is expected to 

be even less expensive in the future.

Table 2 Estimated installed global capacities, energy outputs and costs for 2005 for solar 
thermal, bioenergy (excluding traditional biomass combustion) and geothermal technologies16

Installed
Capacity 

Annual
Total

Energy  

Cost 2005 
Rangea     Average 

Projected
Cost Red. 

2030
(GWth) (PJ) €/GJ €/GJ % 2005 cost 

Solar thermal 100-110 200-220    
  Water and space heating   8- 226 52 -42 
  Solar assisted cooling <0.05  11-307 66 -44 

Bioenergy 1000-
1200 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
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Fig.5 shows a comparison between four different heating systems; conventional fuel heater, 

electrical heater, air source heat pump (ASHP), and ground source heat pump (GSHP). Here, 

the energy required to produce one unit of end-use energy, Pout, was calculated, for each 

system and it is seen that GSHP is competitive due to its high coefficient of performance.  

In the case of using a conventional fuel heater, the required energy (Pin) is:

fh

out
in

P
P       (1) 

For a system using conventional electrical heater:

ehDTG

out
in

P
P     (2) 

While for the system that is using ASHP or GSHP: 

COP
P

P
DTG

out
in     (3) 

Where

(Pin) (Pout) input and output energy, respectively 

COP coefficient performance of the heat pump, whether ASHP or GSHP 

Here, the following empirical assumptions of the efficiencies were made: power station G

(35%), transmission T (95%), distribution D (95%), electrical heater eh (100%) and fuel 

heater fh (85 %).  

Performed calculations show that the primary use of energy is reduced by a factor of 3 by 

ASHP, 5 by GSHP, and 2.7 by conventional fuel heater compared with the input energy 

required for an electrical heater, see Fig.5 and Section 3.  

A further drawback for the ASHP is that its efficiency decreases when the demand is peaking, 

since it uses the ambient air as a heat source. GSHP maintains a more stable performance 

during 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. However, the construction cost of 

GSHP is still critical for its competitiveness in the heating and air-conditioning market28
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Fig. 5. Conversion of primary energy to one unit of heat. Required primary fuel is 

reduced by 71% using ASHP or 83% using GSHP compared with electrical heater. 
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1.4.1. Principle of GSHP Systems 

GSHP systems use effectively the thermal energy of the soil through extracting/injecting heat 

from/to the ground. This injection and extraction of heat is achieved by circulating a heat 

carrier (often water + antifreeze) through plastic pipes installed in the borehole, as shown in 

Fig.622. Such loops are buried vertically or horizontally in the ground.

Heating mode: When extracting heat from the ground the circulated heat carrier is colder 

than the ground, i.e. heat is conducted from the warmer surrounding to the borehole. The 

warmed up heat carrier is then pumped back to the heat pump, where the temperature of 

extracted heat is raised to a suitable level before it is pumped to the radiator system. 

Cooling mode: When injecting heat into the ground the circulated heat carrier is warmer than 

the ground i.e. heat is conducted from the borehole into the surrounding ground. 

Consequently, the temperature of the heat carrier is lowered in the pipe system of the 

borehole, before it is returned to the heat pump.  There the heat carrier is warmed (used for 

cooling) again before it is pumped back to the borehole. 

Fig. 6. Typical application of ground source heat pump system22.
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1.5. Objective and Scope 

The overall objective of this work was to investigate the feasibility of ground source heat 

pump (GSHP) systems in the Middle East, in order to implement such space heating/cooling 

systems to reduce non-renewable energy consumption and consequently global warming. 

Therefore, the economical, theoretical, and technical potential of the GSHP, barriers of 

implementation, and the global warming’s effect on GSHP system were analyzed. Syria was 

chosen as a case and its climate was analyzed and investigated for such systems. The energy 

conservation studied in this thesis is for space heating and space cooling only. 

1.6. Outline of Thesis  

Through this thesis, we are showing the potential of using ground source heat pump systems 

for space heating and space cooling, in order to save environment and energy. In addition to a 

brief summary, this thesis consists following papers:  

1. Nordell B., Grein M., Kharseh M. (2007). Large-scale Utilization of Renewable Energy 

Requires Energy Storage. Int. Conference for Renewable Energies and Sustainable 

Development. Université Abou Bekr Belkaid, Tlemcen, Algeria 

2. Kharseh M., Nordell B. (2008). Sustainable Heating and Cooling Systems for Agriculture. 

Case Chicken Farms in Syria. Accepted for publication in International Journal of Energy 

Research

3. Kharseh M., Nordell B. (2008). Sustainable H/C Systems for Chicken Farms in Syria. 

Proceedings of the Global Conference on Global Warming, Istanbul, Turkey. Paper 455. 

4. Kharseh M., Nordell B. (2009). Analysis of the Effect of Global Warning on Ground 

Temperature. Submitted to the journal Applied Thermal Engineering 

5. Kharseh M., Nordell B. (2009). First Thermal Response Test in Syria. Int. Conference on 

Thermal Energy Storage; The 11th  Int. Conference on Thermal Energy Storage; Effstock 

2009 - Thermal Energy Storage for Energy Efficiency and Sustainability, 14-17 June 

Stockholm, Sweden  

6. Kharseh M. (2009). Reduction of Thermal Resistance by Air Injection into Boreholes 

Field Test and Analysis. Commissioned by Willy´s CleanTech AB, PARK 124, Karlstad, 

Phone: 070-5772960 

7. Kharseh M., Altorkmany L., Nordell B. (2009). The Effect of Global Warming on BTES 

Systems. The 11th  Int. Conference on Thermal Energy Storage; Effstock 2009 - Thermal 

Energy Storage for Energy Efficiency and Sustainability, 14-17 June Stockholm, Sweden  



19

2. GROUND TEMPERATURE

The ambient air temperature fluctuation around its average of Ta, daily or annually, could be 

considered as a sinusoidal function with an angular frequency  during the period t0.

Mathematically, this fluctuation is described by: 

)2cos)(
o

aa t
t(ATtT     (4) 

The ground temperature at depth z (m), with thermal conductivity (w/m, K) and volumetric 

heat capacity C (J/m3, K), is also oscillating in a sinusoidal pattern according to Eq. (5)23-24-25:

)2cos
oo

d
z

aa d
z

t
t(eATT(t,z) o    (5) 

The depth below ground surface at which the temperature amplitude has been damped by a 

factor of 1/e (~0.37), of its value at the surface, is called penetration depth (do), see Eq.(6).

C
t

d o
o      (6) 

Generally ground temperature amplitude Ag decreases with depth as: 

od
z

ag eAA      (7) 

Where
T(t,z)  ground temperature at depth h m below ground surface (oC)
Ta average ambient air temperature (oC)
Aa air temperature amplitude (oC)
Ag ground temperature amplitude (oC)
T time over a year(s) 
to temperature variation period (s), in this case to=24*3600 s for daily variation, or 

to=8760*24 for annual variation 
do penetration depth (m) 
z depth (m) 
 thermal conductivity (W/m.K) 

C volumetric heat capacity (J/m3.k)

The shifting time  between outside temperature and soil’s temperature at depth z is: 

0
12 2

tCztt     (8) 

By knowing the thermal properties of the ground the depth zop, at which the temperature is the 

lowest when air temperature is the highest and vice versa, can be determined. Let us define 
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the optimal depth zop as the depth where the shifting time is equal to t0/2, i.e. where the 

maximum outside temperature is associated with the minimum temperature at zop. Eq. 8 gives: 

0

00
22

d
C

t
z

tCzt

o
op

op

    (9) 

Substituting in Eq. 7, the ground temperature amplitude at zop becomes: 

%321.4
a

g
ag A

A
eAA    (10) 

It follows from Eq. 10 that the temperature amplitude at optimal depth zop is not a function of 

ground’s thermal properties but depends on the temperature amplitude at ground surface. 

Fig.7 shows the difference between air temperature (i.e. ground surface temperature) and 

ground temperature at optimal depth for diurnal and annual cyclic change of ambient air 

temperature. 

It is seen how the ground temperature is damped and shifted with increasing soil depth. 

Fig. 7. Temperature fluctuations in air and ground, for =2 W/m.oK and C=2.2 MJ/m3.oK
A: entire year. Zop=9.5 m; B: entire summer day. Zop=0.5 m 
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Using Eq. 5, the ground temperature can be calculated as a function of depth and time. Fig.8 

shows the underground temperature as function of the depth at different seasons of the year. 

Below a certain depth, which depends on 

the thermal properties of the ground, the 

seasonal temperature fluctuations at 

ground surface disappears and becomes 

equivalent to mean air temperature. So, at 

this depth the ground temperature is 

warmer that air during the winter and 

colder than the air during the summer. 

Thus, the heat that is absorbed by the 

ground in the summer provides a free heat 

source in the winter. In a similar way, the 

winter cold stored during the winter 

provides a free heat sink next summer. 

Ground source heat pump systems tap this 

free energy for heating/cooling purposes 

in order to save energy and 

environment24. Extracted thermal energy 

is a renewable resource because the 

seasonal temperature variation restores the temperature from ground surface. The effect of 

global warming, on the ground temperature, was disregarded in current analysis. See Paper 4 

and Paper 7 for more details. 

Fig. 8. Temperature profile through the ground.



22

3. THEORY AND POTENTIAL OF GSHP IN MIDDLE EAST 

Ground source heating/cooling systems depend on the fact that the ground temperature in 

general equals the annual mean air temperature at a certain depth below ground surface25-26.

According to Thermodynamics, the coefficient of performance (COP) of a heat pump cycle is 

influenced by the operating conditions (condensation and evaporation temperatures). The 

highest COP occurs when the cycle is operating at the Carnot limit, i.e. compression and 

expansion processes are isotropic, and heat exchange processes are isothermal.  

Fig.9 shows a typical heat pump cycle working at Carnot limits. In this case, the COP is a 

function of the high temperature heat reservoir (HTR) and low temperature heat reservoir 

(LTR)27: As seen from Eq.11 and Eq.12, COP depends on HTR and LTR in both heating and 

cooling mode. 

During winter (heating mode): 

lowhigh

high
h TT

T
COP     (11) 

Here, Thigh represents the condensation temperature, which is function of indoor temperature. 

Tlow represents the evaporation temperature, which is proportional to heat source’s 

temperature (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.).

During summer (cooling mode): 

lowhigh

low
c TT

T
COP     (12)

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). 
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Since the ground temperature equals the annual mean air temperature at a specific depth, the 

ground temperature is colder than the air temperature during the summer and warmer during 

the winter, see Fig.8. Therefore, ground source heat pump (GSHP) systems are inherently 

more efficient than an air source heat pump (ASHP) system28-29. The relatively stable ground 

temperature means that GSHP systems, unlike ASHP, operate close to optimal design 

temperature thereby operating at a relatively constant capacity. 

However, in actual case the COP of a heat pump cycle, which is function of many factors, is 

defined as the ratio between the delivered capacity and compressor capacity27:

Wcp

QCOP E
c      (13) 

Fig. 9. Carnot Cycle of heat pump. (a) Schematic diagram; (b) gas cycle; (c) vapor cycle27
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Wcp

Q
COP C

h      (14) 

Where QC, QE, and Wcp represent the heating, cooling, and compressor capacity at the 

respective. From the thermodynamics and since the heat exchange processes occur under 

constant pressure (isobar) while the compression process occur without heat exchange 

(adiabatic), we calculate parameter of Eq.13 and Eq.14 using the enthalpy as follow, see 

Fig.10:

43 hhmQc     (15) 

67 hhmQE     (16) 

12 hhmWCP     (17) 

Here, h and m m represent enthalpy and refrigerant mass flow rate, respectively. 

Fig.10 shows the schematic diagram of heat pump cycle and its thermodynamic processes on 

the Ln(p)-h and T-S diagram. In order to improve the cycle performance a heat exchanger 

has been added between the suction line and liquid line. Recently, many new ways have been 

suggested to improve the COP of a heat pump cycle. More details are given by Wang (2001, 

Chap. 9).27

To make fair judgment about the potential of GSHP comparing with ASHP in a region we 

should always compare the COP of the GSHP (COPG) that is obtained at the ground 

temperature with COP of ASHP (COPA) that is obtained at the air temperature in the 

concerned region. This comparison was made by calculating COP at different condensing 

temperatures for cooling mode, and different evaporating temperature for heating mode.  
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Fig. 10. Illustration of heat pump and the thermodynamic processes on the Ln(P)-h and T-S 
diagram.

ASHP,            GSHP cooling cycle,            GSHP heating cycle 
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The undisturbed ground temperature in Hama, Syria, is 18 oC, while the air temperature 

follows Fig.23. 

During these calculations, the following assumptions were made: 

1. Refrigerant R22 

2. Pressure drop at inlet and outlet of the compressor were assumed P8-P1=10

and P2-P3=23 KPa respectively, see Fig.10. 

3. The pressure drop through the pipe is negligible. 

4. The isentropic efficiency of the compressor is 80%. 

5. There is no subcooling in the condenser or unuseful superheat after the evaporator. 

6. Thermal efficiency of the heat exchanger, which expresses how efficient 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. For internal unite of heat pump, the temperature differences between indoor and 

evaporating temperature (cooling process) and the temperature differences between 

indoor and condensing temperature (heating process) assumed 15 oC.

9. For external unite of heat pump, because specific heat of water is more than four 

times greater than that of air; as well, the heat transfer coefficient of water-gas heat 

exchange is greater than that of air-gas heat exchanger, water is far superior to air to 

deliver heat at lower temperature differences. As a result, in the case of use air as heat 

sink of source the temperature difference was assumed 15 oC, while in the case of use 

ground as heat sink the temperature difference was assumed 10 oC.

10. Heating/Cooling capacity assumed to be constant, thus a change in temperature will 

affect the flow rate of refrigerant through the cycle. 

The results that are illustrated in Fig.11 show that in the Syrian climate, COPc and COPh of 

GSHP systems is 130% and 88% greater than the corresponding values for an ASHP systems. 

In other word, the energy required to produce the same cooling or the same heating will be 2.3 

or 1.88 times less by use the GSHP, respectively. 

The ASHP fan consumes more driving power than the water pump of the GSHP30. The

comparison would therefore, be even more favorable for the GSHP, if this was included in the 

COP calculation. 
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As seen from Fig.11, the cooling COP is more sensitive to temperature changes than the 

heating COP, i.e. the change in condensing temperature in a cooling machine has greater 

effect on COP than the change in the evaporating temperature in a heating machine. Taking 

into account the assumption number 10 (Heating/Cooling capacity assumed constant); this 

could be explained by two main reasons, see diagram Ln(p)-h in Fig.10: 

For the cooling machine, decreasing condensing temperature causes both a decrease of the 

refrigerant mass flow rate since increase the cooling effect in the evaporator, and enthalpy 

difference on the both sides of the compressor. These two results decrease the input power 

of the compressor. 

Fig. 11. Actual COP as a function of low/high reservoir temperature. 
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For the heating machine, increasing the evaporating temperature causes decrease enthalpy 

difference on both sides of the compressor (positive impact). Simultaneously, decreasing 

the heating effect in condenser causes increase of the refrigerant mass flow rate (negative 

impact). Increasing the flow rate reduces the gained benefits from decreasing the enthalpy 

differences on the both sides of the compressor. Therefore, the input capacity of the 

compressor is reduced slowly with increasing evaporating temperature. 

Fig.11 shows that the line slope is big at the low temperature of cooling machine, and at high 

temperature of heating machine. So, for a cooling machine the condensing temperature has 

greater effect on COP at low temperature. For instance, the increase in COP was 6.4 % and 

2.9 % for a temperature decrease of 1oC at the low and high temperature, respectively. For a 

heating machine, the change in evaporating temperature has greater effect on COP at high 

temperature. The increase in COP was 3.8 % and 1.9 % for a temperature decrease of 1 oC at 

the high and low temperature, respectively. 

By analyzing the T-S diagram in Fig.10 additional benefits of using GSHP are concluded. By 

using the ground as heat sink or source (dotted line), the part located to the right of the 

saturated line, which contains irreversible thermodynamic processes, apparently will be 

smaller. This means the heat pump cycle will be closer to a reversible cycle. The same thing 

happens by using the ground as heat source for heating machine. In this regard, the Carnot 

efficiency was used to describe how efficient a refrigeration process is in comparison with an 

ideal refrigeration process (Carnot Cycle) at the same temperature levels. 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.12 shows the Carnot efficiency. It is seen that Carnot efficiency 

of the GSHP is greater than that of ASHP, which means that the GSHP cycle is closer to the 

Carnot cycle. 
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Fig. 12. Carnot efficiency of heat pump as function of temperature of high/low reservoir 
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4. GROUND 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 strongly affect the performance and design of the GSHP heating/cooling 

system,  

The most exact way to determine the thermal properties, i.e. the effective ground conductivity 

and borehole thermal resistance, is carry out in-situ Thermal Response Testing (TRT). This 

method was first presented by Mogensen (1983), who 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 borehole. Unlike lab investigation of rock core samples 

the TRT evaluation includes the effect of ground water flow31.

There are two analytical techniques used32 to analyze the experiment’s results. Both are based 

on Fourier’s law of heat conduction: 

1. Based on Kelvin’s line source theory (LSM) 

2. Based on cylinder source model (CSM). 

The LSM methodology, which was used in this study, is a development of Kelvin’s line 

source theory (Ingersoll et al, 1948)33. In this method, the following assumptions are used: 

The line heat source (or sink) is assumed infinitely long i.e. pure radial heat conduction. 

A constant heat capacity over the length of the line switched on at time = 0. 

The medium is assumed to be initially at a uniform temperature. 

The solution for such thermal line source, proposed by Ingersoll, gives the temperature as a 

function of time (t) at any distance (r) from the line as follow: 

t
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2

2
),(     (18) 

Some references write the last equation in different form31, but mathematically they are the 

same, as follow:  
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Where 
Tg undisturbed ground temperature (oC)
q heat capacity per meter over the line source (W/m) 
 ground thermal conductivity (W/m.oK) 
 ground thermal diffusivity (m2/s)

Ingersoll33 states that Eq.18 is an exact solution only for a true line source, but that it can also 

be applied in most borhole systems with negligible error, after a few hours of operation i.e. 

t>20r2/ , for small diameter pipes 50 mm. Results from LSM and numerical model, which 

consider heat flows in both vertical and radial directions for a borehole of finite length, show 

that the results from the numerical analysis result in 5% lower thermal conductivity value34.

Many researchers have approximated the exact integration of Eq.18 using simpler algebraic 

expressions. Ingersoll33 presented the approximations in tabulated form, while Hart and 

Couvillion (1986), approximated the integration by assuming that only a certain radius of the 

surrounding ground would absorb the heat rejected by the line source35. According to 

Yavuzturk 1999 relied on Ingersoll et al (1948), after time t>25r2/4  Eq.18 can be 

approximated as following: 
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While according to Mogensen (1983)36, after time t > 4r2/ , equation 18 can be approximated 

as following: 
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Where  is Euler’s constant ( =0.5772). Equations 19 and 20 give the same results, but since 

Eq.20 is easier to use, it was used here. Substituting a distance that is equal to the borehole 

radius, Eq.20 represents the temperature of the borehole wall: 
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By assuming a thermal resistance Rb between the heat carrier inside the pipe and the borehole 

wall, we can write: 

qRtTtT bbf     (22) 

Eq. 21-22 then give: 
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As we can see from the Eq. (23) that fluid temperature is linear in relation to ln(t), therefore it 

can be rearranged in a linear form: 
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Where: 
  thermal diffusivity of the ground (m2/s)
  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) 
  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 
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By plotting the mean fluid temperature development against ln(t), as shown in Fig.13, the 

ground thermal conductivity and thermal resistance of the borehole can be calculated. First, 

we need to find out the characteristics of the line in Eq.24, i.e. K and m, and then  and Rb can 

be calculated as follow: 
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This value of the effective thermal conductivity is used to calculate the thermal resistance: 

2
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Consequently, thermal response data, i.e. temperature development in the borehole at a certain 

energy injection/extraction rate, allow the estimation of effective thermal conductivity of the 

ground and thermal resistance of the collector;  

Firstly, we need to check out the validation of the line source model. Recall that the 

(LSM) is valid for one dimension heat transfer (radial heat flow); therefore, we need to 

find out the ground temperature profile. Great geothermal gradient means there will be 

vertical heat transfer, i.e. LSM is not valid. 

Secondly, the undisturbed ground temperature is required. This temperature is the 

mean temperature at half the active borehole depth. 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. The mean fluid 

temperature corresponds to the undisturbed ground temperature. 

The last step is to turn on the heater and proceed the measurements 60-72 hours. In the 

presence of groundwater, the ground thermal conductivity and borehole thermal 

resistance will increase with time32-38, see Fig.14. According to Yavuzturk (1999) the 

minimum time should not be less that 50 hours, otherwise the uncertainty associated 

with the thermal conductivity estimation might be significant32. As general rule, we 

Fig. 13. Theoretical mean fluid temperature circulated through borehole,
Eq.5 with =3.5 W/m,K and q=40 W/m 
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can say that the in-situ experiment duration must be increased until a point in time 

when the change in estimated value of the ground thermal conductivity is insignificant 

Since it takes some time before a BHE behave as an ideal line source the first hours of 

data must be ruled out from the analysis33. Therefore, analysis starts after time=t:  

220 brt     (28) 

The experiment should be carried out under conditions similar to real conditions 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 i.e. thermal 

resistance. Change in the mean power load affects the borehole thermal resistance37

and effective ground thermal conductivity38.

If there is a failure during the experiment, we should wait until ground temperature 

recovery until 0.3 oC of its initial temperature. Let us assume that a failure occurred 

after time= t1 from the start. The temperature change of the borehole wall is then: 

)4ln(
4 2

1
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The ration between the required time t to reach the recovery point, T*, after a signal 

pulse of length t1 is given by39:

Fig. 14. Thermal conductivity estimation vs. duration of in-situ testing.
Simulated borehole32-38.
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So, for a mean load of 30 W/m, and failure after 20 hours, then the required time until 

the temperature change of the borehole wall is back to Tb-Tg = 0.3 oC is ~43 hours 

(assuming a ground thermal conductivity of 3 W/m,K).

Fig.15 shows the ratio between recovery time and the signal pulse length as function 

of the mean load and thermal conductivity of the ground. As shown, 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. 

Fig. 15. Ratio between recovery time and signal pulse length versus borehole temperature 
change, as function of the mean load and thermal conductivity of the ground. 
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5. GROUNDWATER AND GROUND THERMAL PROPERTIES 

Heat transfer inside a borehole occurs by conduction, convection, and advection. In the last 

case, groundwater flow enhances the heat transfer by increasing the natural convection in the 

groundwater; accordingly alleviate buildup of heat in the borehole field over time. Thus, 

thermal response test in water-filled boreholes will result in a overestimated thermal 

conductivity value – i.e. the effective thermal conductivity  

The convective flow depends on the temperature level in the borehole and on the injected heat 

power rate. Studies showed that the natural groundwater convection is enhanced by the 

volumetric expansion of heated water, which is referred to as thermosiphon. Due to the 

maximum density of water around +4°C, the thermosiphon effect is very small for heat 

extraction systems at temperatures close to +4oC. Since multiple borehole systems are not 

likely to be affected by thermosiphon 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 38-40

Gustafsson et al (2008) 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

– 30ºC. Performed simulations showed that a temperature increase from 15 – 30ºC results in a 

decrease in borehole thermal resistance from 0.075 to 0.065 K·m/W37. In Section 4, we saw 

that the principle of the in-situ evaluation of ground thermal properties and borehole 

resistance presumed no groundwater flow. Consequently, the estimated thermal conductivity 

(in fractured rock below groundwater surface) must be greater than actual value40.

The effect of groundwater flow on the heat transfer from the borehole 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, has often been used to 

quantify the relative importance of advection vs. conduction. Chiasson et al (2000) showed 

that heat advection by groundwater flow has significant effect on heat transfer in coarse-

grained soils (sand and gravels) and in rocks exhibiting secondary porosities (fracturing and 

solution channels). 
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6. SYRIAN POWER SITUATION

In 2008, the Syrian energy consumption was 234.5 TWh. This energy was supplied by oil 

(69%), natural gas (26%) and hydropower (4%) (i.e. 95% of Syrian energy is based on fossil 

fuel). The Syrian energy production and consumption from 1981 to 2006 is given in Fig.1641.

Energy intensity (EI) is defined as the ratio between the total energy consumption and gross 

domestic product (GDP). Since heating and cooling systems are consuming energy without 

producing any money, I would say that EI is appropriate standard to refer to required energy 

for heating and cooling in homes and workplaces, standards of living, quality of the buildings 

cases too. In other words, higher value of EI indicates a higher percentage of energy 

consumption consumed by heating and cooling systems. Fig.17 shows EI in industrial 

countries and some other selected countries. In hot and non-industrial country like UAE, large 

amounts of energy are consumed for cooling purposes, resulting in a high EI. Comparing 

between Sweden and Russia from EI point of view, we could say that energy consumed for 

heating purposes per GDP in Russia is greater than that consumed in Sweden. The standard of 

living is higher in Sweden than in Russia, which indicates that the thermal insulation of 

buildings is better in Sweden than in Russia. Among the industrial countries, UK has the 

lowest EI, which could be explained by the mild climate condition, and of course the quality 

of the building there are quite good. In the Italy, I would guess that the quality of the building 

is not that high, but the climate condition helps to reduce EI. 

Fig. 16. Syrian Total Energy Production and Consumption41
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Taking into account the climate condition in central Syria, where the air temperature follows 

Fig.23 and available annual solar energy on horizontal surface is 1970 kWh/m2, we could say 

that EI in Syria is quite high. 

EI will become even higher in the near future because 15 years ago, it was hard to find a 

home using air condition, and nowadays it is difficult to find a home without air condition. In 

addition to the ongoing developments in Syria, increasing usage of air conditioners is 

resulting in increasing electricity consumption rapidly. As shown in Fig.18 electricity 

consumption increased 5.4 times during the period 1993-2006 with annual grow rate 13.9%. 

According to the study conducted by Abdul Raouf Yahia42, the electric energy consumption 

in the residential sector in 2003 represented about 32% of the gross electric energy generation. 

The cooling demand has grown because of increasing internal heat loads from computers, 

lighting, and other appliances. Other reasons for the increased cooling demand are higher 

personal comfort levels, more glazed areas on modern commercial and residential buildings, 

and increasing ratio of building surface to volume, especially in the service. 

Fig. 17. Comparison of Energy Intensity in Different Countries
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During past decades Syria was an oil exporting country but since 1996, when the oil 

production peaked, the Syrian production is declining from 600.103 bbl/d in 1996 to 450.103

bbl/day in 2007, see Fig.19.

Figur 18. Syrian Electricity Situation41

Fig. 19. Syrian oil and gas production, consumption, and net export41.
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The fall in Syrian oil production is projected to continue4-43. By analyzing the trends in 

production and consumption, it is estimated that the Syrian oil production will be equal to its 

consumption in 2013, i.e. after which Syria will start importing oil to cover its consumption. 

Furthermore and according to the Oil and Gas Journal January 1, 200941, The proven Syrian 

oil reserve is 2.5 Bbbl. Considering this fact and bring to mind current Syrian daily oil 

production and consumption, we might say that Syrian will run out of oil within 26 years 

according to current consumption or 15 years according to current production. 

Following the current energy scenario in Syria, increasing standard of living, developing the 

local industry, and decreasing oil production, a local energy crisis will occur sooner or later. 

When the government will not be able to subsidize the energy, the energy price will increase 

dramatically. It has already started - in 2008 when the price of diesel and gasoline were 

increased by 257% and 67%, respectively, relative to the price in 2006. In addition, Table 3 

and Table 442 show the electricity tariff variation over the years 1998 to 2007 and 2007 to 

current time. Despite the fact that electricity is still fairly cheap in Syria, the change indicates 

a new trend towards making electricity users, especially the large users and the productive 

sectors to pay more or less the real price of electricity production. 
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Table 3: Electricity tariffs Effective 1988-2007 Energy and Peak Demands in Syria42
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Fig. 20. Electricity price increase between 2002-2007 

Table 4 Comparison of Electricity Tariffs Effective 2002-2007 and Current (S. 
Piaster/KWh) 

Peak Day NightConsumption 
Voltage Level 2002-

2007
2007- 

current 
2002-
2007

2007- 
current

2002-
2007

2007- 
current

230 KV 215 300 170 200 150 150 
66 KV 225 376 180 250 160 180 
20 KV 235 450 200 280 170 185 

Industrial 325 500 240 336 200 245 
Commercial 325 500 240 336 200 245 
Agriculture 225 254 180 180 160 140 

Commercial & 
Small Workshops 

2002-
2007

2007- 
current 

0-800 KWh 250 250 

801-2000 KWh 250 350 

>2000 KWh 250 400 

Residential 2002-
2007

2007- 
current 

1-50 kWh/ month 25 25 
51-100 kWh/ 

month 35 35 

101-200 kWh/ 
month 50 50 

201-300 kWh/ 
month 75 75 

301-400 kWh/ 
month 200

401-500 kWh/ 
month

300

501-1000 kWh/ 
month

350

>2000 kWh/ month 

250

400
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This overview of Syrian power situation underlines that current situation is very suitable to 

implement alternative, renewable energy resources. We must develop available renewable 

energy resources in order to meet future demand. The quality of buildings and efficiency of 

heating/cooling system must become an urgent issue. For instance, improved thermal 

insulation of buildings leads to a lower heating demand and enables the introduction of low 

temperature heat distribution. At the same time, this insulation will reduce the cooling 

demand during summer. The implementation of GSHP is one important way in increasing the 

energy efficiency for heating and cooling systems; see Fig.5 

6.1. Syrian Climate Characteristics 

6.1.1.  Temperature 

The Mediterranean climate, which 

means rainy winter and a dry hot 

summer separated by two short 

transitional seasons, dominates 

Syria. Syria is separated into three 

climate regions going from west to 

the east;  

The Coastal region characterized 

by heavy rainfall in winter and 

moderate temperature and high 

relative humidity in summer. The 

Mountain region with an altitude of 1000 meters or more characterized by rainy Winter where 

rainfall may exceed 1000 mm and moderate climate in Summer. The Interior region with 

rainy winter and hot dry summer.

Fig.21 shows the mean air temperature over Syria44. As previously shown in Section 2, the 

undisturbed ground temperature equals the annual mean air temperature. It is therefore 

concluded that this temperature is about 18oC in Syria. Fig. 22 gives the air temperature in 

central Syria during a typical summer day and typical winter day. Seasonal temperature 

variation is the key indicator of where the use of GSHP, and the potential increases with 

increasing monthly mean temperature difference, sees Section 3.  

Fig. 21. Mean air temperature in Syria44.
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Fig. 22. Air temperature variation during summer day in 
Hama, Syria 

Considering that the seasonal 

temperature variation in 

Sweden is favorable for GSHP, 

underlined by its more than 

300,000 GSHP systems20, and 

that seasonal temperature 

variation is similar in Syria, it 

is concluded that Syria has a 

suitable climate for such 

systems. 

In addition, Fig.22 shows big temperature difference between day and night in both summer 

and winter seasons, this means the diurnal air temperature difference is appropriate for short-

term heat storage for both heating and cooling purposes.  

6.1.2.Solar Radiation 

The Degree-Hours (DH) Method is used to estimate the heating and cooling demand of a 

e.g. buildings. The total number of heating degree-hours (DHh) for the complete heating 

season can be expressed as45-46, more details are given in Paper 7: 
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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 bo TT in a heating season while K is the number of hours 

providing the condition of bo TT in a cooling season. From long records of measurements 

and experience, the indoor temperature is designed to be maintained at 2045 and 2347 oC in 

heating and cooling season, respectively. Cooling and heating days were presented by base 

temperatures of 24 oC and 15 oC, respectively45-48. Te DH was calculated for heating and 

cooling season in central Syria, where the air temperature follows Fig.2349. It was found that 
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DHh= 42716 while DHc=15039. This means that the heating demand in central Syria is 

almost twice greater than cooling demand; see Paper 2 and Paper 3. 

In this case, where heating demand is greater than cooling demand, the GSHP system would 

be unbalanced without recharge of heat during the summer. The cooling load would partly do 

this heat injection during the summer and solar energy or some waste heat could supply the 

remaining heat.  

Fig.23 shows monthly available solar radiation on horizontal surface in central Syria. 

Corresponding annual solar energy is 1973 kWh/m2. Fig 2450 shows that available solar 

energy in Syria is about twice of that in central Europe. This indicates that solar energy has a 

great potential in Syria, and the combination of solar heat and GSHP should have a greater 

technical potential than in Europe. 

In papers 2 and 3, in order 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. The estimated required solar collector area without considering heat yield from 

ground was: 
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Where: 
Qh  Heating demand (MWh) 
COPh  Coefficient of performance for heating  
Qc  Cooling demand (MWh) 
COPc  Coefficient of performance for free cooling  

  Yearly sun yield 
  Solar collector efficiency.
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Fig. 24. Mean solar radiation received at ground surface50

Fig. 23. Hourly air temperature and annual variation in solar energy 
in Hama, Syria49.
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Table 5: Appropriate indoor 
temperature in chicken farms (from 
Paper 2) 

Age of 
chicken

Temperature at 
0.10-0.15  m 

level

(weeks) (oC)
1 35 
2 32 
3 29 
4 27 
5 24 

6 (fully 
grown) 21

6.2. Chicken Farms and GSHP Systems 

The poultry industry in Syria is considered an important industry since: 

There are 13,000 chicken farms  

Producing 172,000 tons of meat per year. 

Employs directly almost 150,000 people. 

The total investments in chicken farming are 130 BSP (2 B€). 

.The indoor temperature in the chicken farm is most 

important to avoid diseases that infect the chickens, also 

for chicken growth. Chickens need a temperature of 21-

35oC, depending on age, as shown in Table 5. Since the 

ambient air temperature in Syria is relatively cold during 

the winter, heating of chicken farms consumes 

approximately 168,000 tons of coal (1170 GWh). In the 

summer time, the ambient air temperature in Syria could 

reach above 40oC, but due to the high cost of 

conventional cooling, chicken farms have no cooling 

systems. The elevated temperature inside the farms 

reduces the chicken growth and chicken also die of overheating. Fig.25 shows the interior of 

the Kharseh farm, which was used in the case study. 

Figur 25. Visit at the Khaseh chicken farm in Hama, Syria. 
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In order to demonstrate the national potential of GSHP systems, heating and cooling of a 

chicken farm was chosen as a suitable case study for Syria. A GSHP system was designed 

and its operation simulated. Assuming that such systems were used for all chicken farms in 

Syria, its total potential was estimated. More detailed information is found in Paper II-III. 

The study showed that the implementation of GSHP for heating and cooling in the poultry 

sector under Syrian climate conditions would mean increasing poultry production by 

improving the condition for chicken growth, considerable saving of money, energy, and 

environment.  

As shown by Fig.26, the primary energy demand can be reduced by approximately 75% 

compared with conventional heating systems. 

Fig. 26. Comparison between conventional and suggested system for chicken farms in Syria 
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7. CONCLUSIONS

The global energy oil production is unstable and will peak within a few years. Therefore, the 

energy prices are expected to rise and new energy systems are needed. In addition to this 

energy crisis the fossil fuels seems to be the main reason for climate change. There is a global 

political understanding that we need to replace fossil fuels by renewable energy systems in 

order to develop a stable and sustainable energy supply.

About half of the global energy consumption is used for space heating and space cooling 

systems. Ground source heat pump systems are considered as an energy system that can make 

huge contributions to reduce energy consumption and thereby save the environment.  

The serious power situation in Syria is likely to speed up the implementing of renewable 

energy systems. The Syrian climate is favorable for GSHP. Comparison between the 

conventional fuel heater, electrical heater, air source heat pump and ground source heat pump 

in Syrian climate show that GSHP systems have big potential and can make huge 

contributions to overcome the current energy shortage in Syria. Since the heating demand in 

Syria is almost twice the cooling demand, it is possibility to use such systems for free cooling. 

In addition, heat recharge of the borehole field is important. The great number of solar hours 

in Syria mean that there is a great potential for the combination of solar and GSHP.  

Specific conclusions from included papers are: 

North Africa and the Middle East offer great potential for ground coupled H/C systems, 

with and without heat pump, though varying demand and climate. 

Chicken farms have great energy saving potential.  

o GSHP for typical chicken farm reduces annual energy consumption 74%.

o By assuming GSHP systems used all over Syria, the annual oil consumption would be 

reduced from 154,000 to 40,000 m3.

o By considering the energy saving, only, a GSHP has 8.5 years payback. This payback 

would be further reduced, if increased farm productivity were included. 

The global warming increases the ground temperature and affects heating and cooling 

demand of buildings. The warmer ground also affects the performance of GSHP systems.
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o To enable quick estimations an equation was derived to determine the ground 

temperature change. 

o The ground mean temperature change (down to 100m) equals ~50% of the ambient air 

temperature change. 

o For existing BTES heating becomes more efficient and cooling less efficient 

TRT equipment was constructed and the first thermal response test in Syria was 

performed in 2008 at the studied chicken farm. Thermal conductivity was ~2 W/m,K 

Forced convection was tested to improve heat transfer of ground heat exchangers 

o Air was injected at the bottom of a borehole.  

o Thermal resistance reduced by 28%  

o Effective thermal conductivity increased by 28% because injected air bubbles caused 

convection in the groundwater surrounding the borehole. 

Future work aims at the construction, operation, and monitoring of suggested GSHP system at 

the Kharseh chicken farm in Syria. The idea is to demonstrate the GSHP system as a means of 

promoting and implementing such systems in the Middle East. The main problem now is to 

get required permissions to build the ground heat exchangers since there is no existing permit 

procedure for such systems.  
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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.  

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 

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.  

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. 

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. 

Drilling Depth: ca 100-150 m 
Borehole Diameter: ca 110 mm 
COP: 3-4 
Extracted energy: 25000 kWh of which 

 ~¼ is driving energy for the heat pump. 
Investment Cost: 10,000€ 
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 appli-
cations, 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 

heat is used at a temperature of 32oC, for heating of 
tap water and space heating through the low-
temperature 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.

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.

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. 

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. 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 



Int. Conf. for Renewable Energies and Sustainable Development (ICRESD_07), Université Abou Bakr BELKAID – 
TLEMCEN ; Algeria May, 21- 24, 2007 

Snow/ice

Water

Snow/ice

Water

Snow/ice

Water

than conventional cooling systems [5]. Several new 
plants are presently planned.  

The best method, for 
snow storage would be 
to use snow caverns. In 
such no thermal insu-
lation 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 

Space heating/cooling systems account for approximately 30% 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.  

The poultry industry in the Mid East is an important business. 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 B€).  

The annual mean air temperature in Syria is 15-18oC with winter temperatures close to 

freezing during two months. The chickens need a temperature of 21-35oC, depending on age, 

and approximately 168.103 tons of coal (1170 GWh) are consumed for heating these plants. 

In the summer time, the ambient air temperature in Syria could reach above 45oC. The 

chicken farms have no cooling systems since conventional cooling is too expensive. The 

elevated temperature inside the farms reduces the chicken growth and lots of chicken die of 

overheating.
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The temperature in the ground below 10 m depth is roughly equal to the annual mean air 

temperature and constant throughout the year. Using the ground as a heat source means 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 

of the plants without any cooling machines.  

This study shows the design and simulated operation of a ground coupled heating/cooling 

system for a typical chicken farm in Syria. The national potential of using such systems is 

assessed. It shows 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. 

KEYWORDS: ground coupled heating, cooling, chicken farm, CO2 emission reduction, 

Middle East 

INTRODUCTION

The global energy consumption is 14.1010 MWh/year, partly covered by a daily oil 

consumption of 86 Mbbl [1, 18]. The CO2 emission, which is supposed to play a leading 

role in global warming, is about 2.94 ton-CO2/m3 of oil [2, 19]. This means that oil alone 

results in an annual emission of 1.47.1010 tons of CO2. Due to 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 

[23]. There is strong evidence that oil production has already reached its peak more than 

two years ago [3, 4]. Since there is no possibility to increase the global oil production, cost 

of oil will increase. 
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Space heating/cooling systems consume 30-50% of global energy consumption [5, 20] (oil, 

gas, coal etc.), i.e. 5.6.1010 MWh/year corresponding to emission of 1.4.1010 tons CO2/year,

considering that 70 kg of CO2 is emitted per GJ [19].  

The Syrian oil production (Fig.1), which has declined from 600.103 bbl/d in 1996 to 

396.103 bbl/d in 2007, is projected to continue its decline [1, 6, and 7] and to equal Syrian 

consumption in 2011. 

The foreseen environmental problems require long-term 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 [8, 9]. However, the problem is that most types 

of renewable energy are available when the demand is low [10]. One example is that 

(Fig.2) 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. Moreover, 

during the summer, night cold is available when the cooling demand is low (Fig.3). So, 

thermal energy storage is needed to bridge this gap in demand and supply. The ground is 

very suitable for thermal energy storage or as a sink or source of thermal energy.  

Fig. 1. Syrian oil production and consumption. 
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Fig. 2. Available solar energy and average air temperature in Hama, Syria 

Fig. 3. Air temperature and ground temperature at 0.63 m 
depth during a summer day

Here, we focus on the very important chicken industry in Syria to show how underground 

thermal energy storage, UTES, enables a more efficient use of energy and increased use of 

renewable energy. 



5

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 = 1 €). Even 

though the annual mean temperature in Syria is 15-18oC (Fig.4) heating of such farms 

consume considerable amounts of energy. The reason is that the air temperature is close to 

freezing during three winter months (Table 1) and that chickens require a relatively high 

temperature, 21-35oC, depending on age (Table 2). The estimated total annual heating 

demand of these plants is 1170 GWh (Table 3). The conventional heating systems, i.e. coal 

furnace, consume 168.103 tons of coal assuming a conversion efficiency of 85% and that 

the specific heat of coal is 8.141kWh/kg. The chicken farms have no cooling systems since 

conventional cooling is too expensive, though the ambient air temperature could reach 

above 45oC during the summer. 

A suitable temperature is important for the chicken growth1, which in current Syrian 

chicken farms is ~60% during the winter and ~45% during the summer. The interpretation 

is that heaters maintain suitable temperatures in the chicken farm during the winter, while 

it often gets too hot during the summer. Furthermore, since lots of chicken die from 

overheating during hot days, inexpensive cooling would mean an important improvement. 

                                                
1 A chicken growth of 60% means that the weight increase is 60% of their feed. 
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Table 1 monthly temperature over entire year, Hama, Syria. 

Month
Mean Air 

Temperature 
Ta (oC)

10 y Min Air
Temperature 
Ta, min (oC)

10 y Max Air
Temperature 
Ta, max (oC)

Daily Min 
Temperature 
Ta,dmin (

oC)

Daily Max 
Temperature 
Ta,dmax (

oC)
Jan 6.6 -3.4 17.2 2.3 10.8 

Feb 8.3 -2.6 17.5 2.8 13.4 

Mar 11.6 0.1 25.1 5.8 17.2 

Apr 15.9 3.5 30.7 8.9 21.8 

May 21.1 7.6 33.8 13.2 28.1 

Jun 25.8 14.2 37.9 17.7 32.4 

Jul 28.2 16.9 40.2 20.7 34.8 

Aug 27.9 17.7 38.9 20.5 34.5 

Sep 25.3 13.5 36.1 17.6 31.9 

Oct 19.3 7.1 34.2 12.4 26.0 

Nov 12.7 0.1 25.8 6.4 18.3 

Dec 7.9 -0.9 18.7 3.6 12.1 

Fig. 4. Undisturbed ground temperature in Syria. 
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SOLUTION 

Ground-coupled heat pump systems (GCHP), which exploit the ground heat effectively 

[11], are one of the most underused means of conserving energy for heating and cooling. It 

can be used anywhere in the world to save energy and environment, in addition there is 

great potential in employing a heat pump systems for air conditioning based on its ability 

to perform the multi-functions of heating, cooling and dehumidification[12, 21]. Presently 

more than one million systems are in operation in US and Europe, mainly in Sweden, 

Germany, and Switzerland. From an economical point of view, low operational and 

maintenance costs mean that these systems generally have attractive life-cycle costs. The 

construction cost of the ground heat exchangers (GHE) is critical for the economical 

competitiveness of GCHP systems in the heating and air-conditioning market.  

No GCHP systems have yet been built in Syria, although Syrian local conditions in many 

ways are more favorable than in Sweden. 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 of the plants without any cooling machines. 

Table 2: Appropriate indoor 
temperature in chicken farms. 

Age of 
chicken

Tempera
ture at 
0.10-

0.15  m 
(weeks) (oC)

1 35 
2 32 
3 29 
4 27 
5 24 

6 (fully 
grown) 21
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Fig. 6. Carnot Cycle of heat pump 

Fig. 5. Temperature variation of air and ground at 
depth 2 m and  12 m, in Hama, Syria 

THEORY 

Ground coupled heating/cooling systems depend on the fact that the ground temperature 

(Fig.5) is constant throughout the year and equals the annual mean air temperature below a 

certain depth below ground surface [13, 14]. 

In a climate with seasonal 

temperature variations, this 

gives the potential to use the 

underground as a heat 

source when heating is 

needed and as a heat sink 

when there is cooling 

demand [10, 15]. Extracted 

thermal energy is renewable since the seasonal temperature variation restores the 

temperature from ground surface. According to the second law of thermodynamics, the 

coefficient of performance (COP) of a heat pump cycle is influenced by the operating 

conditions (condensation and 

evaporation temperatures). Its highest 

COP is obtained when the cycle is 

reversible (without exergy losses i.e. 

the adiabatic operations are isotropic 

and heat transfer operations are 

isothermal) and operating at the Carnot 

limit, (Fig.6). In this case, the COP is a 
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function of the high heat reservoir (HHR) temperature and low heat reservoir (LHR) 

temperature:  

During winter (heating machine): 

lowhigh

high
h TT

T
COP

As seen, COPh will increase if the Tlow increases. 

During summer (cooling machine): 

lowhigh

low
c TT

TCOP

Where, Tlow (K) represents the evaporation temperature, while Thigh (K) represents the 

condensation temperature. As seen, COPc will increase if the Thigh decreases. Figure 7 

shows the theoretical COP for heating and cooling machines. The effectiveness of the 

process, i.e., actual efficiency compared to the Carnot limit, is around 60 % with current 

commercial equipment.  

Fig. 7. COP as a function of low/high reservoir temperature. 

a) Heating machine; Thigh is 10 0C higher than inside temperature. While Tlow is 10 0C lower 
than outside temperature (in ASHP case) or underground temperature (in GSHP case). 

b) Cooling machine; Tlow is 10 0C lower than inside temperature. While Thigh is 10 0 C higher 
than outside temperature (in ASHP case) or underground temperature (in GSHP case). 
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Since the ground temperature equals the annual mean air temperature it is colder 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 [2, 15, 16 and 22]. Theoretically, the COP of GSHP heating systems 

in Syria will be 190% greater than that of ASHP systems, see Fig.7. 

CASE STUDY – THE KHARSEH CHICKEN FARM 

The Kharseh chicken farm in Hama, Syria, (Fig.4) 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. Some relevant data are:  

Building area: 500 m2 (50 m x 10 m) in E–W direction. 

Windows area: 12 m2 on each side  

Indoor air temperature: 21oC - 35oC (see Table 2).  

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 full area after about one month. 

Thermal resistance of wall and ceiling is assumed about 0.28 K.m2/W 

Ventilation rate 20 m3/m2,h (ventilated area of chicken farm varies with chicken 

age)

Heat release from chickens: 50 W/m2 (varies with age) 

The capacity of hangar is 5000 chickens (50-55 days each cycle life), which with 5 

cycles/year, means and annual production of 25000 chickens or 33 tons of poultry 

meat. 
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Fig. 8. Heating & cooling load 

MEAN HEATING LOAD 

Occurring heat losses from the building, see Fig.8, is a result of: 

Heat conduction through walls, ceiling, floor and windows 

Ventilation air 

MEAN COOLING LOAD 

The required cooling demand depends 

on:

Conduction through the wall, 

ceiling and windows 

Solar radiation 

Ventilation air 

Heat released by chickens. 

HEATING/COOLING DEMAND 

The area of the hangar, occupied by the chickens, varies with time or size of the chickens. 

Therefore, heat emissions, required ventilation, heating and cooling also vary with time. 

Fig.9 shows the estimated heating/cooling power as the chickens grow during the hottest 

and coldest period of the year. 
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Due to increasing occupation area, which means more heat conduction through a wall as 

well as more ventilation air, the required power increases with time both winter and 

summer. However, during heating season, the heating power increases with time until it 

peaks in the middle of the chickens’ life cycle since the appropriate temperature is lowered 

with age. This peak demand does not occur during the cooling season (Fig.10).

Fig. 10. Heating/cooling power as function of chicken age 

Fig. 9. Monthly heating/cooling demand and solar yield 
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Fig.10 shows that the required heating and cooling powers are 112 kW and 120 kW, 

respectively. The estimated total annual heating demand is 223 MWh while the 

corresponding cooling demand is 33 MWh. It was assumed that 10 h of cooling and 24 

hours of heating are required per a day during summer and winter, respectively. The 5 

cycles/year a 55 days means that the hangar is occupied by chicken 75% of the year.

SYSTEM DESIGN AND SIMULATED OPERATION 

The EED (Earth Energy Design) model [17] was used in pre-designing required borehole 

system to meet to estimated heating/cooling load at given conditions.

BOREHOLE SYSTEM 

Number of boreholes: 10  

Borehole Diameter:  0.11 m  

Borehole Depth: 120 m  

Drilling Configuration: open rectangle (3 x 4) 

Borehole Spacing: 6 m.  

Borehole installation: Polyethylene U-pipe 

Fluid flow rate: 0.5 10-3 m3/s, 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. 



14

SOLAR COLLECTOR 

The required solar collector area was determined without considering heat yield from 

ground by:

)11()11(
COPc

Q
COP

Q
A

c
h

h

Where

Qh   Heating demand (MWh)  

COPh  Coefficient of performance for heating (in this case =5)

Qc   Cooling demand (MWh)  

COPc  Coefficient of performance for free cooling (in this case =50) 

   Yearly sun yield (in this case =1.973 MWh/m2)

   Solar collector efficiency (in this case =0.86).

In this case, the required solar collector area is 85 m2. The solar heat is directly used when 

needed while the rest of the heat is stored until later (Fig.11). 

Fig. 11. Principle outline of solar heated storage system 
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HEAT AND COLD DISTRIBUTION 

Heating and cooling of the hangar are distributed by Under Floor Heating (UFH) and Cooling 

and wall heating/cooling as shown in Fig.12. Floor heating means that warm water is 

circulated through pipes in the floor, which effectively turns it in to a large radiator. 

Normally, such systems are used for low temperature heat distribution (30-35°C) though also 

warmer water can be used. The heat loss through the ceiling represents ~25% of heating load 

using conventional systems. However, by using UFH the air temperature close to the ceiling 

is lowered by 8 oC, which reduces the heating load by 8%. 

There are several advantages of using the UFH system for this chicken house application: 

1. Same comfort is obtained with about 8oC lower air temperature 

2. Reduced heat loss through windows, ceiling, walls, and ventilation

3. Reduced difference between heat source distribution temperature  

4. Unobtrusive, safe and quiet and virtually maintenance-free system 

5. Simple to install 

6. Keeps the wood chips dry i.e. reduction of diseases and infections. 

Fig. 12. Floor and wall heating/cooling distribution 
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7. Heats the space from the chicken level, i.e. the highest temperature in the house 

will be at the floor. 

VENTILATION

Since the ventilation rate is relatively high (20 m3/m2,h ), the ventilation load represents 20-

35% of the cooling demand during summer and about 60-70% of heating during the 

winter. Therefore, these heat losses are reduced by mechanically balanced ventilation using 

heat recovery, as shown in Fig.12. The gain was estimated assuming 20 0C air temperature 

at the ceiling and a heat recovery  =80%. After such heat recovery the inlet air 

temperature during the coldest month is 15.3 0C instead of -3.4 0C.

Since heat distribution starts from the floor the lowest air temperature in the hangar is at 

the ceiling, while the opposite situation occurs during the summer. Therefore, to reduce 

ventilation load the ventilation system absorbs the air from ceiling level and provides with 

fresh air at chicken level Fig.12. 

OPERATION  

During the wintertime Fig.13-A, water is pumped from the borehole through the solar 

collector to increase its temperature. The temperature increase, which is only 0.8 0C 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. Fig.14 shows the temperature of extracted water from 

borehole. During summertime Fig.13-B, the ground temperature is cold enough for free 

cooling, so the water is pumped directly to the heat exchanger. Due to the heat exchange 

with indoor air, the water temperature will increase. After the heat exchanger, water passes 
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though the solar collector and back to the borehole. Then, its temperature will decrease 

before pumped back to the hangar.

RESULTS AND DISCUSSION

The results obtained in present study were evaluated to determine the potential of GCHP 

associated with solar collector for heating and cooling purposes in the Middle East. In order 

to achieve this aim, Kharseh’s chicken farm in Syria was chosen as a study case. The heating 

and cooling demand for the case study were used to estimate heating and cooling demand per 

200 square meter and year of a chicken farm. The calculations showed the following results: 

Fig. 14. Relevant temperatures for performed calculations 

Fig. 13. Schematic of the solar coupled to ground source heat pump system. 
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1. As it shown in table 3, a typical average size chicken house in Syria requires 90 

MWh of heating and 13.3 MWh of cooling. Required heating and cooling powers 

are 45 kW and 48 kW, respectively. 

2. Heating demand can be reduced 8% by using UFH system. In addition, use heat 

recovery on ventilation air increases the inlet air temperature during coldest month 

to 15.3 0C instead of -3.4 0C, i.e. ventilation load will be decreased ~62% during 

coldest month in a year. This means that the heating power can be decreased ~40% 

and the heat demand by ~48%. 

3. 480 m of borehole with diameter 11 cm associated with 34 m2 of a solar collector 

are required to supply a typical chicken farms in Syria of aria 200 m2. In this case 

the maximum fluid temperature delivered from the boreholes is 27oC in the summer 

while the minimum mean fluid temperature is 11oC during the winter.

4. Table 4 shows a comparison of operation costs between the conventional (coal 

furnace), ASHP, and suggested GSHP heating/cooling system. COPh and COPc for 

the ASHP are 4 and 3.3, respectively, while the corresponding values for GSHP 

are 5 and 50.

5. In addition to improving the internal conditioning for chicken growth, 

implementing suggested system for a chicken farm would contribute to save energy 

Table 3 Heating and cooling demand for chicken farms in Syria. 
Typical farm size
Floor area 200 m2

Totally for 13000 farms 
Floor area 2,6 Mm2

Meat
production

ton/year

Heating
Energy

MWh/year 

Cooling
Energy

MWh/year

Total energy 
for heating 

GWh/y 

Total energy 
for cooling 

GWh/y 

Total Energy 
GWh/year 

13 90 13.2 1170 172 1342 
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by reducing annual energy consumption ~74%, see figure 15 and table 4. 

Consequence, save the environment by reducing carbon dioxide emissions. 

6. The estimated installation cost of a borehole system for a typical chicken farm was 

$15000. With current energy price in Syria the payback-time is about 8.5 years. 

CONCLUSIONS 

Based on data for a specific chicken farm in Syria the heating and cooling demands of a 

typical farm were estimated. A borehole system that meets these demands was designed and 

its cost was estimated. By assuming that such systems were used for chicken farms all over 

Syria its total potential was estimated. The climate conditions in Syria, seasonal air 

Table 4 Comparison between different heating/cooling systems for a typical chicken farm  
 Coal furnace ASHP GSHP 
 Heating cooling Heating cooling Heating cooling 

MWh 90 13.2 90 13.2 90 13.2 
Consumption 13 ton coal - 22.5 MWh 4 MWh 18 MWh 0.25 MWh 

Cost (S.P) 100000 - 67000 12000 28000 750 

Fig. 15. Comparison between conventional and suggested system
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temperature variation, are favorable for seasonal heat storage, which means that there is a 

great potential for such systems in space heating/cooling of buildings in Syria. Since Solar 

energy is more suitable in Syria than in most of Europe, there is a great potential to utilize 

diurnally and seasonally stored solar heat.

NOMENCLATURE

GCHP = ground-coupled heat pump 

GHE  = ground heat exchanger 

COP  = coefficient of performance of heat pump cycle 

HHR  = high heat reservoir 

LHR  = low heat reservoir 

T  = temperature 

A  = solar collector area 

Q  = energy requirements 

Greek letters 

  = yearly sun yield 

  = solar collector efficiency 

Subscripts 

h  = heating 

c  = cooling 

high  = high 

low  = low 
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ABSTRACT

Space heating/cooling systems account for approximately 30% of the global energy consumption. Such 
systems contribute to global warming by emitting 0.39.1011 MWh of heat and 2.9.1010 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.  
The poultry industry in the Mid East is an important business. There are e.g. 13000 chicken farms in Syria 
producing 172,000 ton of meat. This industry employs directly almost 150,000 people. The total investment in 
chicken farming is 130 BSP (2 B€).  
Even though, the annual mean temperature in Syria is ~15-18oC the winter temperatures are close to freezing 
for two months. Since the chickens need a temperature of 21-35oC, depending on age, approximately 168.103

tons of coal (1170 GWh) is consumed for heating these plants. The chicken farms have no cooling systems 
since conventional cooling is too expensive. In the summer time, the ambient air temperature in Syria could 
reach above 45oC. The elevated temperature inside the farms reduces the chicken growth and lots of chicken 
die of over heating. 
Using the ground as a heat source means 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 of the plants without any cooling machines.  
This study shows the design and simulated operation of a ground coupled heating/cooling system for a typical 
chicken farm in Syria. Based on this study the national potential of using such systems was estimated. It shows 
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. 

KEYWORDS: ground coupled, heating, cooling, chicken farm, CO2 emission, thermal pollution. 
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Fig. 2. Available solar energy and average air temperature in 
Hama, Syria, over an entire year  

Fig. 1. Syrian oil production and consumption. 

Fig. 3. Air and 63 Cm underground temperature variation 
over entire summer day  

INTRODUCTION
The global energy consumption is 1.3.1011

MWh/year, partly covered by a daily oil consumption 
of 82.6 Mbbl (2004 est.)[CIA]. The CO2 emission, 
which is supposed to play a leading role in global 
warming, is about 2.65 ton-CO2/m3 of oil [ Genchi 
et.al, 2002]. This means that oil alone results in an 
annual emission of 1.25.1010 tons of CO2. Global oil 
production peaked more than two years ago [Oil 
production has already peaked and Peak Oil]. Since 
there is no possibility to increase the global oil 
production, cost of oil will increase. 
Space heating/cooling systems consume about 
30% of global energy consumption [ Ala-Juusela] (oil, 
gas, coal etc.), i.e. 3.9.1010 MWh/year 
corresponding to emission of 2.9.1010 tons CO2/year.
The Syrian oil production (Fig.1), which has 
declined from 600.103 bbl/d in 1996 to 396.103 bbl/d 
in 2007, is projected to continue its decline [CIA,
Energy Information Administration and Syria Energy and 
power] and is projected to equal Syrian consumption 
in 2011. 
The foreseen environmental problems require long-
term actions for sustainable development. In this 
regard, more efficient use of energy and increased 
use of renewable energy (RE) appear to be the 
most efficient and effective solutions [Hepbasli and 
Nordel]. However, the problem is that most types of 
renewable energy are available when the demand 
is low [Nordell et.al]. One example is that (Fig.2) 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. Moreover, during the summer, night cold is 
available when the cooling demand is low (Fig.3). 
So, thermal energy storage is needed to bridge this 
gap in demand and supply. The ground is very 
suitable for thermal energy storage or as a sink or 
source of thermal energy.  

Here, we focus on the very important chicken 
industry in Syria to show how underground thermal 
energy storage, UTES, enables a more efficient use 
of energy and increased use of renewable energy. 

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 = 1 €). Even though the annual mean 
temperature in Syria is 15-18oC (Fig.4) heating of such farms, consume considerable amounts of energy. 
The reason is that the air temperature is close to freezing during three winter months (Table 1) and that 
chickens require a relatively high temperature, 21-35oC, depending on age (Table 2). The estimated total 
annual heating demand of these plants is 1170 GWh (Table 3). The conventional heating systems, i.e. coal 
furnace, consume 168.103 tons of coal assuming a conversion efficiency of 85% and that the specific heat of 
coal is 8.141 kWh/kg. The chicken farms have no cooling systems since conventional cooling is too 
expensive, though the ambient air temperature could reach above 45oC during the summer. 
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Table 1 monthly temperature over entire year, Hama, Syria. 

Month 
Mean Air 

Temperature 
Ta (oC)

10 y Min Air 
Temperature 

Ta, min (oC)

10 y Max Air 
Temperature 

Ta, max (oC)

Daily Min 
Temperature 

Ta,dmin (oC)

Daily Max 
Temperature 

Ta,dmax (oC)
Jan 6.6 -3.4 17.2 2.3 10.8 
Feb 8.3 -2.6 17.5 2.8 13.4 
Mar 11.6 0.1 25.1 5.8 17.2 
Apr 15.9 3.5 30.7 8.9 21.8 
May 21.1 7.6 33.8 13.2 28.1 
Jun 25.8 14.2 37.9 17.7 32.4 
Jul 28.2 16.9 40.2 20.7 34.8 
Aug 27.9 17.7 38.9 20.5 34.5 
Sep 25.3 13.5 36.1 17.6 31.9 
Oct 19.3 7.1 34.2 12.4 26.0 
Nov 12.7 0.1 25.8 6.4 18.3 
Dec 7.9 -0.9 18.7 3.6 12.1 

Table 2 Appropriate indoor temperature in 
chicken farms. 

Age of 
chicken 

Temperat
ure at 

0.10-0.15  
m level 

(weeks) (oC)
1 35 
2 32 
3 29 
4 27 
5 24 

6 (fully 
grown) 21

Fig. 5. Temperature variation of air and ground at depth 2 m and  
12 m, in Hama, Syria 

Fig. 4. Undisturbed ground temperature in Syria. 

A suitable temperature is important for the chicken growth1, which is ~60% during the winter and ~45% 
during the summer. The interpretation is that heaters control the temperature in the chicken farm during the 
winter while it is often gets too hot during the summer. 
Furthermore, since lots of chicken die from overheating 
during hot days, inexpensive cooling would mean an 
important improvement. 

Solution 
Ground coupled heat pump systems (GCHP) exploit 
effectively the heat of the ground [ Florides et.al]. It can be 
used anywhere in the world to save energy and 
environment [ John et.al] and presently more than one 
million systems are in operation in US and Europe, mainly 
in Sweden, Germany, and Switzerland. From an 
economical point of view, low operating and maintenance 
cost mean that these systems generally have attractive 
life-cycle costs. The construction cost of the ground heat 
exchangers (GHE) is critical for the economical 
competitiveness of GCHP systems in the heating and air-conditioning market.  

Although Syrian local conditions in many ways 
are more favorable than in Sweden, such 
systems do not exist in Syria. Using the ground 
as a heat source means 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 of the plants without 
any cooling machines. 

Theory 
Ground coupled heating/cooling systems 
depend on the fact that the ground temperature 
(Fig.5) equals the annual mean air temperature 
at a certain depth below ground surface [Nordell 
and Omar]. In a climate with seasonal 
temperature variations, this gives the potential to 
use the underground as heat source (low temperature heat reservoir) during the cold season and as heat 

1 A chicken growth of 60% means that the weight increase is 60% of their feed. 
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Fig. 6. Carnot Cycle of heat pump   

sink (high temperature heat reservoir) during the hot season [ Nordell et.al and Ozgener et.al]. Extracted 
thermal energy is renewable since the seasonal temperature variation restores the temperature from ground 
surface. According to the second law of thermodynamics, the coefficient of performance (COP) of a heat 
pump cycle is influenced by the operating conditions (condensation and evaporation temperatures). Its 
highest COP is obtained when the cycle is reversible (without exergy losses i.e. the adiabatic operations are 
isotropic and heat transfer operations are isothermal) and operating at the Carnot limit, (Fig.6). In this case, 
the COP is a function of the high temperature heat reservoir (HHR) and low temperature heat reservoir 
(LHR): 

During winter (heating machine): 

Here, Thigh represents the condensation temperature, while Tlow 
represents the evaporation temperature. As seen, COPh will 
increase if the Tlow increases. 

During summer (cooling machine): 

Here, Tlow represents the evaporation temperature, while Thigh represents the condensation temperature. As 
seen, COPc will increase if the Thigh decreases. 

Figur 7 shows the theoretical COP for heating and cooling machines. 

Since the ground temperature equals the annual mean air temperature it is colder 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, Ozgener et.al, and Diao et.al]. 
Theoretically, the COP of GSHP heating systems in Syria will be 190% greater than that of ASHP systems, 
see Fig.7. 

Case Study – the Kharseh chicken farm 

Fig. 7. COP as a function of low/high reservoir temperature. 

a) Heating machine; Thigh is 10 0C higher than inside temperature. While Tlow is 10 0C lower than outside temperature (in 
ASHP case) or underground temperature (in GSHP case). 

b) Cooling machine; Tlow is 10 0C lower than inside temperature. While Thigh is 10 0 C higher than outside temperature (in 
ASHP case) or underground temperature (in GSHP case). 
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Fig. 8. Heating & cooling load

Fig. 10. Heating/cooling power as function of chicken ageFig. 9. Monthly heating/cooling demand and solar yield 

The Kharseh chicken farm in Hama, Syria, (Fig.4) was selected as a study case for a GSHP heating and 
cooling system combined with solar collectors.  
Reasonable assumptions were made for 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 hangar is placed parallel to the main wind direction. Some relevant data are:  
 Building area: 500 m2 (50 m x 10 m) in E–W direction. 
 Windows area: 12 m2 on each side  
 Indoor air temperature: 21oC - 35oC (see Table 2).  
 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 full area after about one month. 
 Thermal resistance of wall and ceiling is assumed about 0.28 K.m2/W
 Ventilation rate 20 m3/m2,h (ventilated area of chicken farm varies with chicken age) 
 Heat release from chickens: 50 W/m2 (varies with age) 
 The capacity of hangar is 5000 chickens (50-55 days each cycle life), which with 5 cycles/year, 

means and annual production of 25000 chickens or 33 tons of poultry meat. 

Mean heating load 
Occurring heat losses from the building, see Fig.8, is a result of: 

 Heat conduction through walls, ceiling, floor and windows 
 Ventilation air 

Mean Cooling load 
The required cooling demand depends on: 

 Conduction through the wall, ceiling and windows 
 Solar radiation 
 Ventilation air 
 Heat released by chickens. 

Heating/Cooling demand 
The area of the hangar, occupied by the chickens, varies with time or size of the chickens. Therefore, heat 
emissions, required ventilation, heating and cooling also vary with time. Fig.9 shows the estimated 
heating/cooling power as the chickens grow during the hottest and coldest period of the year. Due to 
increasing occupation area, which means more heat conduction through a wall as well as more ventilation 
air, the required power increases with time both winter and summer. However, during heating season, the 
heating power increases with time until it peaks in the middle of the chickens’ life cycle since the appropriate 
temperature is lowered with age. This peak demand does not occur during the cooling season (Fig.10).  
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Fig. 11. Relevant temperatures for performed calculations

Fig. 12. Principle outline of solar heated storage system 

Fig.10 shows that the required heating and cooling powers are 112 kW and 120 kW, respectively. The 
estimated total annual heating demand is 223 MWh while the corresponding cooling demand is 33 MWh. It 
was assumed that 10 h of cooling and 24 hours of heating are required per a day during summer and winter, 
respectively. The 5 cycles/year a 55 days means that the hangar is occupied by chicken 75% of the year. 

System Design and Simulated Operation 
The EED (Earth Energy Design) model [EED] was used in pre-designing required borehole system to meet 
to estimated heating/cooling load at given conditions.  

Borehole System 
 Number of boreholes: 10  
 Borehole Diameter:  0.11 m  
 Borehole Depth: 120 m  
 Drilling Configuration: open rectangle (3 x 4) 
 Borehole Spacing: 6 m.  
 Borehole installation:  Polyethylene U-pipe 
 Fluid flow rate: 0.5 10-3 m3/s, 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. 

Solar Collector 
The required solar collector area was determined without considering heat yield from ground by:  

)11()11(
COPc

Q
COP

Q
A

c
h

h

Where;  
Qh  Heating demand (MWh) 
COPh  Coefficient of performance for heating (in this case =5) 
Qc  Cooling demand (MWh) 
COPc  Coefficient of performance for free cooling (in this case =50) 

  Yearly sun yield (in this case =1.973 MWh/m2)
  Solar collector efficiency (in this case =0.86). 

In this case, the required solar collector area is 85 m2.
The solar heat is directly used when needed while the 
rest of the heat is stored until later (Fig.12). 

Heat and Cold Distribution 

Heating and cooling of the hangar are distributed by 
floor heating/cooling (UFH) and wall heating/cooling, 
see Fig.13. Since heat conduction through the ceiling 
represents ~25% of heating load, by use (UFH) air 
temperature close to the ceiling is reduced about 8oC
lower comparing with normal heat distribution (Fig.13), 
that means heating load can be reduced 8%. 

Floor heating means that warm water is circulated through special pipes in the floor, which effectively turns 
it in to a large radiator. Normally, such systems are used for low temperature heat distribution (30-35°C) 
though also warmer water can be used.  

Under Floor Heating has also many advantages for this chicken house application: 
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Fig. 13. Floor and wall heating/cooling distribution 

1. Same comfort is obtained with about 8oC lower air temperature 
2. Reduced heat loss through windows, ceiling, walls, and ventilation  
3. Reduced difference between heat source distribution temperature  
4. Unobtrusive, safe and quiet and virtually maintenance free system 
5. Simple to install 
6. UHF keep the wood chips dry i.e. reduction of diseases and infections. 
7. UHF heats the space from the chicken level, i.e. the highest temperature in the house will be at the 

chicken level. 

Ventilation 
Since the ventilation rate is relatively high (ventilation rate 20 m3/m2,h ), the ventilation load represents 20-
35% of the cooling demand during summer and about 60-70% of heating during the winter. Therefore, these 
heat losses are reduced by mechanically balanced ventilation using heat recovery, as shown in Fig.13. The 
gain was estimated assuming 20 0C air temperature at the ceiling and a heat recovery  =80%. After such 
heat recovery the inlet air temperature during the coldest month is 15.3 0C instead of -3.4 0C. 

Since heat distribution starts from the floor the lowest air temperature in the hangar is at the ceiling, while 
the opposite situation occurs during the summer. Therefore, to reduce ventilation load the ventilation system 
absorbs the air from ceiling level and provides with fresh air at chicken level Fig.13.  

Operation  
During the wintertime Fig.14-A, water is pumped from the borehole through the solar collector to increase its 
temperature. The temperature increase which is only 0.8 0C 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. Fig.11 shows the temperature of extracted water 
from borehole.  
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During summertime Fig.14-B, the ground temperature is cold enough for free cooling, so the water is 
pumped directly to the heat exchanger. Due to 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 temperature will decrease before pumped back to the hangar. 

Conclusions 
Based on data for a specific chicken farm in Syria the heating cooling demand of a typical farm was estimated. 
A borehole system that meets these demands was designed and its cost was estimated. By assuming that 
such systems were used for chicken farms all over Syria its total potential was estimated.  

1. A typical average size chicken house in Syria requires 90 MWh of heating and 13.3 MWh of cooling. 
Required heating and cooling powers are 112 kW and 120 kW, respectively. See Table 3. 

2. A borehole system of ten boreholes, drilled to a depth of 120 m as an open rectangle 3 x 4, meets this 
demand if combined with 85 m2 low temperature solar collector. The boreholes supply free cooling 
during the summer. 

3. The maximum fluid temperature delivered from the boreholes is 27oC in the summer while the minimum 
mean fluid temperature is 11oC during the winter.  

4. The floor heating system decreases the heating demand by 8%. Heat recovery on ventilation air 
increases the inlet air temperature during coldest month to 15.3 0C instead of -3.4 0C, i.e. ventilation 
load will be decreased approximately 62% during coldest month in a year. This means that the heating 
power can be decreased ~40% and the heat demand by ~48%  

5. The electricity consumption of a GSHP is considerably lower than that of an ASHP. 
6. Table 4 shows a comparison of operation costs between the conventional (coal furnace), ASHP, and 

suggested GSHP heating/cooling system. COPh and COPc for the ASHP are 4 and 3.3, respectively, 
while the corresponding values for GSHP are 5 and 50.  

Table 3 Heating and cooling demand for chicken farms in Syria. 
Typical farm size  
Floor area 200 m2

Totally for 13000 farms 
Floor area 2,6 Mm2

Meat
production 
ton/year

Heating 
Energy

MWh/year

Cooling 
Energy

MWh/year

Total energy 
for heating 

GWh/y

Total energy 
for cooling 

GWh/y

Total Energy 
GWh/year 

13 90 13.2 1170 172 1342 

Fig. 14. Schematic of the solar coupled to ground source heat pump system. 



9

7. The climate conditions in Syria are favorable for seasonal heat storage, which means that there is a 
great potential for such systems in space heating/cooling of buildings in Syria. 

8. Solar energy is more suitable in Syria than in most of Europe, which means that there is a great 
potential to utilize diurnally and seasonally stored solar heat.  

9. By implementing suggested system in all Syrian chicken farms, the annual oil consumption would 
decrease ~0.72 Mbbl/year (see Fig.15), i.e. 72 M$ at current oil price. 

10. The estimated installation cost of borehole system for one typical chicken farm is $15000, indicating a 
payback-time of about 2.7 years.  

Table 4 Comparison between different heating/cooling systems for a typical chicken farm  
 Coal furnace ASHP GSHP 
 Heating cooling Heating cooling Heating cooling 

MWh 90 13.2 90 13.2 90 13.2 
Consumption 13 ton coal - 22.5 MWh 4 MWh 18 MWh 0.25 MWh 

Cost (S.P) 100000 - 67000 12000 28000 750 

Fig. 15. Comparison between conventional and suggested system
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Abstract

Despite the fact there are different interpretations of global warming, no one can deny 

the fact that the global temperature is increasing since 1880. Consequently, the ground 

temperature is increasing. The aim of this study is to set an equation, which introduces 

the ground temperature field as a function of depth, time, and ground thermal 

properties, in an area where the local global warming is known. To achieve this goal, 

numerical solution of general heat conduction equation and special program were 

used. The integration of derived function could be used to determine the heat 

accumulation in the ground as a result of global warming. 

Nomenclature

T     temperature (oC)

T   temperature amplitude, local global warming (oC)

T     time (s) 

t0    temperature variation period (s) 

do      penetration depth (m) 

h      depth (m)

thermal conductivity (W/m.K) 

C     volumetric heat capacity (J/m3.k)

    shifting time (s) 

      thermal diffusivity (m2/s)

T  temperature gradient (oC)

Indices

a air 

g ground 

mailto:khamoh@ltu.se
mailto:bon@ltu.se
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Fig. 1 Air and ground temperature at different depth.

Introduction

Global warming means global air temperature increase, and as a result, the ground is 

getting warmer. In several energy systems, such as ground-coupled heat pump, the 

ground is used as a heat source or a heat sink or as a medium for thermal energy 

storage. Consequently, the efficiency of performance of such systems are affected by 

the global warming.  

The annual air temperature varies with time t according to Eq (1)1, assuming an 

average air temperature Ta=8oC, 

temperature amplitude T=8oC, during 

period t0= 1 year, see Fig (1). 

)
t
t2cos(TT)t(T
0

aa     (1)

Furthermore, the ground temperature at 

depth h (m), with thermal conductivity 

(W/m.K) and volumetric heat capacity C 

(J/m3.k) varies sinusoidal, but with new 

amplitude and shifting time  according 

to Eq (2)1, as it shown in Fig (1). 

)
d
h

t
t2cos(eTaT)t(T

oo

od
h

a     (2)

Where do, the penetration depth, is given by 

C
td o

o      (3)

Comparison of equations (1) and (2) indicates that Earth’s crust temperature amplitude 

is damped. The damped amplitude and shifting time depend on depth, thermal 

conductivity and volumetric heat capacity of the ground. The shifting time is given by 

tC
2
h

1t2t o
    (4)

While the temperature amplitude through earth’s crust at depth h is: 

C
ot

h

a
od
h

ag eTeTT    (5)
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Figure (2-A) shows temperature field through the ground over an entire year. It is 

noticed that the ground temperature varies with time and it decreases with depth until it 

“disappears” after approximately 10 m. i.e. the effect of air temperature oscillation at 

the surface is negligible below a certain ground depth. It should be mentioned however 

the generally ground temperature increases with depth due to effect of geothermal 

heat flow. Figure (2-B) shows the temperature field variation including the geothermal 

gradient.

According to temperature compilations made by National Climate Data Center 

(NCDC)2 the global mean land area temperature (LAT) has been increased since 1880 

as shown in Fig (3). It should be noted that the air temperature increase varies in 

different regions, in some urban areas up to 6oC. Such local temperature change 

definitely affects the ground temperature.  

Fig. 2 Temperature field through Earth’s crust without global warming 
A: without considering geothermal gradient 
B: taking into consideration geothermal gradient 

A B
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Using numerical calculation methods, we can calculate the ground temperature 

development over time due to global warning. However, the aim of current study is to 

derive an equation that expresses the ground temperature as a function of depth, 

thermal properties of the ground, geothermal heat flux, and increase of the local air 

temperature, since the start of global warming in 1880.  

Numerical Solution of Heat Conduction Equation 

In special cases where thermal properties can be considered constant over the 

temperature range of interest, in the absence of any internal heat generation, the heat 

conduction equation can be simplified to obtain the general heat conduction equation1:

T1T2
     (6) 

Euler Method was used to the numerical solution of this equation. 

Let us numerically determine the ground temperature at depth ‘h’, and time ‘ ’ after 

1880, in two different region where  and  are 2,2 W/m.K and 1.10-6 m2/S. the 

average air temperature set to be 8 oC, global temperature was linearly changed since 

1880 to be 2 and 5 oC. The result of this numerical solution is shown in Figur 4. 

Fig. 3 Global Mean Land Area Temperature3.
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General Concept of Temperature Field 

To find out the primer concept of the equation that gives the ground temperature 

Buckingham’s  theorem was applied as a general solution3. The basic dimensional 

variables are given in Table (1). The number of variables used were n=7 

Table 1 Basic dimensional variables. 

T Geothermal gradient { T }={ /L}
t Time {t}={S}

Thermal conductivity of ground (W/m K) { }={ML/S3 }
T Local global warming or air temperature increase (°C) { T}={ }
c Volumetric ground heat capacity (J/m3 K) { c}={M/L S2}

h Depth below ground surface (m) {h}={L}
T Ground temperature (°C) {T}={ }

Fig. 4 Development of ground temperature at different times since 1880.
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These variables are expressible in terms of k=4 independent fundamental physical 

quantities (meter L, mass M, temperature K, and time S). Buckingham’s theorem 

provides j = n  k=3 independent non-dimensional numbers. That means, the original 

expression is equivalent to an equation involving dimensionless variables ( 1, 2, 3)

constructed from the original variables 

From table 1 it is obvious that there are four primary dimensions involved: M, L, K and 

S. Therefore, we can select any set of four dimensional parameters that include all the 

primary dimensions involved in this problem as explained above. In this case, , T, t 

and h were selected. Dimensionless  groups, is set up by combining selected 

parameters, combined with the remaining parameters (T, c) as follows: 

ThtT dcba
1      (7a) 

chtT dcba
2     (7b) 

ThtT dcba
3     (7c) 

In this group a, b, c, and d exponents are needed to non-dimensionalize the group, 

which is determined as follows: 

00003/ SLMLSSLM dcba

Similarly, 2 and 3 groups can be expressed as 

000023 // SLMSLMLSSLM dcba

00003 // SLMLLSSLM dcba

Therefore, by finding the constants a, b, c, and d, 1, 2 and 3 can be rewritten as: 

T
T

1

t
h

t
ch 22

2

T
hT

3

The functional relationship between 1, 2 and 3 can be written as: 
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T
h,

c2h

tf
T

T)3,2f(1
T

   (8) 

The second 2 term represents a dimensionless number known as Inverted Fourier 

Number (1/Fo), while the third 3 in this study will be referred to as Kh. 

Fo
1

t
h2

     (9) 

Kh
T

hT
     (10) 

Therefore, the ground temperature, at depth h, after time  from the start of global 

worming, is given as function of Fourier number and Kh as: 

,Kh
Fo
1fT)T(h,t     (11) 

Our goal of determining f (1/Fo.Kh) to express the ground temperature in terms of 

T= T.f (1/Fo, Kh), is now reduced to finding f (1/Fo, Kh). A numerical solution of heat 

conduction equation was used to determine the ground temperature at different depth 

and time since 1880.

Result 
Using the FindGraph software4, empirically we found this function i.e. f (1/Fo, Kh), 

which gives the best correlation with numerical solution of Equation 4,  

t2
h

0.028-T-11
T

hTT)hTTaT()Kh,
Fo
1(f

As a result, the ground temperature as function of depth and time, was found to be,  

t2
h

0.028-T-11
T

hTT)hTTaT()t,h(T  (12) 

Where  

T (h, t)   temperature through Earth’s crust as function of depth and time (oC)

Ta         current average air temperature (oC)

T        local global warming (oC) 

h          depth (m) 
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          thermal diffusivity (m2/s)

t           time (s) 

T      temperature gradient (oC/m), that depends on geothermal heat flux and thermal 

conductivity of Earth’s crust by use next equation 

qT

The numerical and analytical solutions are compared in Figure 5, in which the results 

are exemplified for the following assumptions; Mean air temperature Ta=8 oC, local 

“global” warming was T=2 and 5oC, respectively, time =127 years (in seconds), 

geothermal heat flow q=0.038 W/m2, thermal conductivity =2.2 W/m.K, and the 

diffusivity =1.10-6 m2/s, respectively. 

Fig. 5 comparison of numerical and analytical solutions
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Conclusions

An equation was derived to determine the increasing ground temperature as a result of 

global warming. This function showed excellent agreement with numerical solutions.  

This equation would be valuable in all situations where the ground temperature is of 

importance; e.g. design of underground thermal energy storage systems, studies of 

microbiological systems in the ground, plant growth, frost heave, and also more 

generally to understand the effect of global warming. 
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Fig. 1. Global Energy Consumption
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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 
1.47.1010 tons of CO2. Space 
heating/cooling systems consume 30-50% 
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 

mailto:1khamoh@ltu.se
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Fig. 3. Carnot Cycle of heat pump 

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

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: 

lowhigh

high
h TT

T
COP

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: 

lowhigh

low
c TT

TCOP

Here, Tlow and Thigh is proportional of the 
evaporation condensation temperature, 
respectively. Figure (4) shows the theoretical 
COP for heating and cooling machines as a 
function of temperature of low and high 
reservoirs, respectively. Ground coupled 
heating/cooling systems depend on the fact that 
the ground temperature equals the annual mean 
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

Cxt
t
2cos(eAT)t,x(T

00

)
t

Cx(

0
0

Where is 
T(x,t)  ground temperature at depth x and time t.  
T0   annual mean ground temperature (oC)
A   annual surface temperature amplitude (oC)
t0   variation period (s).  
C   volumetric heat capacity of the ground (J/m3)
   thermal conductivity of the ground /W/m,K). 
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Fig. 5. Temperature profile through the 
ground

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 of Thermal 
Response Test theory 

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 

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 
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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: 

r5tthatprovidedT
r

t4ln
4

q)t(T
2

b
g2

b
b  (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): 

qRtTtT bbf

qRT
r

t4ln
4

q)t(T bg2
b

f        (2) 

Where:
   is thermal diffusivity of the ground (m2/s)
   is thermal conductivity of the ground (W/m,K) 

rb is borehole radius (m) 
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) 
    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 

2
TT

)t(T foutfin
f             (3)
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Fig. 7. Theoretical mean fluid temperature 
circulated through borehole, Eq.5 with =3.5

W/m,K & q=40 W/m 

Fig.6. Theoretical mean fluid temperature 
circulated through borehole, Eq. 4 with =3.5

W/m,K and q=40 W/m. 

Eq. (2) can be rearranged in a linear form as: 

gb2
b

f TR
r
4ln

4
1q)tln(

4
q)t(T      (4) 

Eq.(4) can be written more simply as; 

m)tln(k)t(Tf            (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). 

k4
q

X
Yk      (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) 

r
t4ln

4
1

q
T)t(T

R 2
b

gf
b (7)

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 
capacity must also be known. Since this is 
relatively constant for various types of rocks 
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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Fig. 8. The equipments used for TRT before it 
was thermally insulated. 

Fig. 9. Fluid temperatures and input power during 
the experiment 

Fig. 10. Mean fluid temperature and during the 
experiment 

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). 

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. 
During the test, the flow of the pump 
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): 

011.2
2611.24
57

3250

k4
q W/m.K 

 To determine the borehole thermal 
resistance, the mean fluid temperature 
and Eq (2) were drawn versus time in 
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Fig. 11. Mean fluid temperature during the experiment, and Eq (2). Assumed Rb=0,111 
and C=2MJ/m3K

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.

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: 
For the borehole under test the effective ground thermal conductivity ( ) 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. 
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 
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 
The thermal response test can easily be made, as it was done with this test.
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Abstract

The design of ground heat exchanger (GHE) systems requires knowledge of ground thermal 

properties, e.g. ground thermal conductivity and thermal resistance of the borehole. The main 

purpose of this study was to increase the heat transfer by forced convection in the borehole. In 

order to achieve this goal air bubbles were injected at the bottom of a borehole. Two thermal 

response tests (TRT) were carried on the same borehole, before and after the injection of air 

bubbles. It was found that the thermal resistance of borehole was reduced by 27.65%. The 

effective thermal conductivity was also changed and increased by 27.71% 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. Convection in side 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. 

mailto:khamoh@ltu.se
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The sum of the first three stages is called borehole thermal resistance Rb
1-2:

cvecdcvib RRRR

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 

There are many experimental and theoretical studies on the influence of groundwater flow on 

the performance of borehole heat exchangers have been published3-4-5-6. 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 

Fig. 1. Schematic representation of the BHE system model with 
heat transfer and temperature distribution for heat injection. 
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temperature increase from 15 – 30ºC decreases the borehole thermal resistance from 0.075 to 

0.065 K·m/W7.

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 resistance8, 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 

Mogensen9 suggested the (mobile) thermal response equipment in 1983 and Gehlin (2002)3

developed this idea between 1996-2002. We tried to apply Gehlin’s experiences in this test. 

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. 
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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. 

The Building 

4.4 m 

6.3 m
6.2 m

3.1 m

3.5 m

8.5 m

6.7 m

6.8 m

Fig. 3. Location of the boreholes and the building . 

Fig. 2. Used thermal response test equipment. 
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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 between 60 l/min to 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. 

Fig. 4 Outline of experimental setup in Karlstad. 
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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 

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. 
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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. 

Table 1: Calculated results 

Type of experiment Thermal Resistance 
m.K/W 

Effective ground thermal conductivity 
W/m.K 

Without air injection 0.0753 3.44 
With air injection 0.0545 4.39 

Fig. 6. Thermal response with and without air injection. 
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Conclusion

The thermal resistance of the borehole before injecting air to borehole was 0.0753 K,m/W 

while thermal conductivity of the surrounding ground is 3.437 W/m.K. After injecting air into 

borehole these values became 0.0545 K.m/W and 4.389 W/m.K, respectively.  

Consequently, the air injection reduced the thermal resistance of the borehole by 27.7%. Since 

injected air bubbles caused convection also in the groundwater, surrounding the borehole, the 

effective thermal conductivity was increased 27.7%. 

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

Global warming (GW) is linked to the use of conventional energy, mainly fossil fuels. There is 
a general understanding that the way to reduce GW is more efficient use of energy and 
increased use of renewable energy. Heating and cooling of buildings account for more than one 
third of the world’s primary energy consumption. Using the ground as a heat/cold source means 
more sustainable heating and cooling. The ongoing GW means that heat is accumulating in air, 
ground and water. Since BTESs are using the ground as a source of heat and cold, such systems 
are affected by the increasing ground temperature. Thus, heat is more easily extracted and 
heating demand is reduced. The warmer ground means that it is more difficult to use the ground 
as a cold source, while the cooling demand increases. Here, the effect of GW on the 
performance of BTESs was analyzed for different GW. 

1. Introduction

It is generally accepted that the global mean air temperature has increased since 1880. This 
phenomenon called Global Warming (GW) means that the ground temperature has increased as 
well. Fig1 shows the global land area temperature (air temperature over the continents) has been 
increasing of 1.4 oC between 1880 and 2007(NCDC, 2008).  
The ground source heat pump (GSHP) system is used for both heating and cooling and is 
energy efficient and environmentally clean. In such systems, thermal energy is extracted and/or 
injected from/to the ground as a source or a sink for energy (John et al., 2005, Hepbasli, 2005 
and Florides, 2008).  
According to the fact that the heat transfer rate between two objects depends on the 
temperature difference between them, heat extraction from a warmer ground will be easier; 
while injecting heat into it is more difficult. The heating and cooling demand of a building is 
generally proportional to the mean air temperature (Durmayaz et al., 2000). Consequently, the 
ongoing global temperature increase affects both the heating and cooling demand of 
buildings. The overall objectives of this paper were to study how GW affects the heating and 
cooling demand of a certain building in combination with how GW affects a GSHP system. 
This was accomplished by calculating energy demand for a reference building. The total 
borehole length required for the GSHP system was also calculated. Both of these calculations 
were made for three different GW scenarios. Three global warming scenarios were studied. It 
was assumed that the land surface temperature was linearly changed since 1880 by 1.5, 3.0, and 
4.5oC, Fig 2. 

mailto:1khamoh@ltu.se
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2. Determination of Ground Temperature Increase due to GW 

In special cases, the heat conduction equation can be simplified to obtain the general heat 
conduction equation Eq (1) (Massoud, 2005): 

T
z
T

y
T

x
T 1

2

2

2

2

2

2

   (1) 

where T represents ground temperature and  thermal diffusivity of the ground. In our case 
(increasing ground surface temperature) the ground can be treated as a semi-infinite solid. 
Mathematically this is expressed as 0  x < ,  < y <  and  < z < 
The governing equation for a semi-infinite solid is the 1-D, x-direction (depth direction): 

T
x
T 1
2

2

    (2) 

The temperature of the ground is given by solving Eq. 2 numerically. Taking into account that 
Eq. 2 is linear, the superposition principle holds, and a constant temperature distribution may be 
added to any solution, i.e. the geothermal gradient can be added to the final solution 
(Winterberg, 1991). Fig 3 shows the temperature through the ground corresponding to GW 
equals to 0.0, 1.5, 3.0 and 4.5 oC. The following assumptions were used: Mean thermal 
conductivity of the ground =3 W/m.K, geothermal heat flow q=0.07 W/m2 and volumetric 
heat capacity C=2.4 MJ/m3.K. 
Considering ground surface temperature is equivalent to zero, we can calculate the mean 
ground temperature changes due to GW instead of calculating ground temperature itself, e.g. 
considering the previous assumption the mean change of ground temperature down to 100 m 

Figur 1 Global Land Area Temperature 

Figure 2. The three different GW scenarios used.
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Fig. 3. Ground temperature increase and 
mean change until 100 m at different 

global warming. Assumed =3 W/m.K, 
q=0.07 W/m2, C=2.4 MJ/m3.k.

depth due to GW=3 oC equals to 1.44 oC. Fig 4 shows mean change of ground temperature 
due to GW. 

3. Heating and Cooling Demand Change Due to GW

By using the Degree-Hours (DH) Method, the effect of GW on the heating/cooling demand of a 
building can be determined. The total number of heating degree-hours (DHh) for the complete 
heating season can be expressed as (Durmayaz et al., 2000 and Guttman et al., 1992) 

bo

N

j
joi TTiswhenTTDHh

1
)(   (3) 

While for cooling (DHc)  

bo

K

j
jio TTiswhenTTDHc

1
)(   (4) 

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 bo TT in a heating season while K is the number of hours 
providing the condition of bo TT in a cooling season. From long records of measurements 
and experience, the indoor temperature is designed to be maintained at 20 (Durmayaz et al., 
2000) and 23 oC (Sekhar, 2005) in heating and cooling season, respectively. Taking into 
consideration the fact cooling and heating days have been found to be represented by base 
levels of 24 and 15 oC, respectively, (Durmayaz et al., 2000 and Kadioglu et al., 1999).  
The seasonal outdoor air temperature in the chosen region is assumed as a sinusoidal curve from 
-3 to 29 oC, so that, the seasonal fluctuation of air temperature would be expressed by Eq. 5: 

Fig. 4. Mean change of ground temperature 
due to GW down to 100 m depth. 
=3W/m.K, C=2.4 MJ/m3.K, q=0.07 W/m2
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8760
2cos)( tTTtT aa    (5) 

Where Ta is mean ambient air temperature, Ta is amplitude of temperature variation and t 
represents time during the year. Fig 5 shows the temperature variation during an entire year in 
chosen area. In this case, by using the Eq.3 and Eq.4, the total number of heating DH by the 
areas A12341+A56785 and the corresponding cooling DH by the area Aabcdea, see fig 5.  These 
areas are calculated by integrating Eq.6; consequently, to calculate A12341:

c

i dttTTA
0

12341 )(       (6) 

Where c is the time providing the condition of T(t)  Tb
The heating/cooling demand of a building is caused by the heat transfer through building 
envelope and ventilation. Let us assume that the seasonal average air exchange rates per hour is 
I (1/h); the roof, outside wall, glazing and floor areas is A (m2) thermal transmittance of the 
building envelope U (W/m2 K), volumetric heat capacity of air ( cp)air (J/kg.K) and the total 
volume of the building is V, m3.

Thus, using Eq.7, we can calculate the total heat loss coefficient of the chosen building, L 
(W/K) as follow 

AU
VIC

L airp

3600
)(

     (7) 

Finally, seasonal energy requirements, Q (J), for heating is
DHhLQh 3600       (8) 

and for cooling is  
DHcLQc 3600       (9) 

From Eq.7, 8 and 9 we see that required energy for a building is a function of DH, i.e. a 
function of the ambient air temperature. Fig 5 shows that with increasing ambient air 
temperature the total number of heating and cooling DH will decrease and increase, 
respectively. Thus, for the case of GW=4.5 oC, Eq.8 and Eq.9 show that the ratio of required 
energy for heating before and after GW is equivalent to the ratio between the two areas 
(A1`2`3`41`+A5`6`7`85`) and (A12341+A56785), see fig 5. For the cooling demand, the corresponding 
ratio is given by the two areas (Aa`b`c`d`e`a`) and (Aabcdea). This is expressed by Eq.10 and 
Eq.11;

Fig. 5. The seasonal outdoor air temperature in the chosen region
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Fig. 6. Change in heating/cooling demand due to GW

DHhb
DHha

Q
Q

hb

ha

5678512341

5`6`7`85`1`2`3`41`

AA
AA

        for heating  (10) 

DHcb
DHca

Q
Q

cb

ca

abcdea

a`a`b`c`d`e`

A
A

              for cooling (11) 

where Qhb and Qha are the energy required for heating before and after GW, respectively. It 
should be noticed, when cooling is >0 the ratio between seasonal heating Qhb and cooling Qcb
demands before GW has to be equal to the ratio between the area (A12341+A56785) and Aabcdea
in fig 5

bcdea

5678512341

A
AA

acb

hb

Q
Q

    (12) 

In this paper for the prototype building in the chosen region, and by use of Eq.6 and fig 5, this 

ratio was found to be 
cb

hb

Q
Q =7.95. Therefore, the heating and cooling demand for this study 

were assumed 32 and 4 MWh, respectively. Using Eq.10 and Eq.11 for each scenario of GW, 
we have calculated the heating and cooling demand after global warming, which is tabulated 
in table 1. 
Fig 6 illustrates the change in heating/cooling energy requirements due to GW. As it is 
shown, heating demand is decreasing while cooling demand is reducing. 

Table 1 effect of GW on DH and energy demand 
Global Warming oC

0 1.5 3 4.5 
Qha/Qhb 1 0.894 0.793 0.697
Qca/Qcb 1 1.411 1.869 2.372
DHh (h) 77370 69170 61350 53920
DHc (h) 9735 13740 18200 23090

Cooling demand (MWh) 4 5.645 7.478 9.487
Heating demand (MWh) 32 28.608 25.374 22.301

To determine individual month 
heating share from seasonal heating 
demand, we have deduced the 
percentage of degree-hours for every 
heating month from the total number 
of heating degree-hours DHh 
Consequently, percentage of heating 
requirement for individual month 
from the total heating demand was 
found. Similarly was done for cooling 
season. The results are tabulated in 
table 2 and shown the fig 7 

4. Determination of Borehole Systems Change Due to GW 

Using the assumptions shown in table 3, three types of simulations were made; 
Considering the ground temperature increase 
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Considering the change in heating/cooling demand 
Considering both these two factors (ground temperature increase and the change in 
heating/cooling demand. 

Table 2 individual month share from heating/cooling demand of the entire year 

These simulations were computed, for each one of the four different scenarios of GW, using 
EED (EED, 2008) program in order to calculate total borehole length that is required to 
supply both heating and cooling energy requirement. Results are shown in table 4; and 
illustrated in fig 8 and 9. 
For the filling material in the boreholes, it was assumed to have the same thermal properties 
as the ground, as it provides a better condition for heat transfer. 

As seen in figure 8, increasing global temperature reduces the totally required borehole’s 
length. It is also seen that the change in heating and cooling demand due to GW has a greater 
effect on borehole systems than the change in ground temperature, fig 8 and 9. 

 Heating Cooling 
Month GW=0 GW=1.5 GW=3 GW=4.5 GW=0 GW=1.5 GW=3 GW=4.5

Jan 0.214 0.223 0.233 0.244 0 0 0 0
Feb 0.158 0.162 0.167 0.171 0 0 0 0
Mar 0.109 0.106 0.096 0.081 0 0 0 0
Apr 0.015 0.006 0 0 0 0 0 0.008
May 0 0 0 0 0.098 0.134 0.163 0.178
Jun 0 0 0 0 0.387 0.353 0.325 0.303
Jul 0 0 0 0 0.407 0.370 0.340 0.316

Aug 0 0 0 0 0.108 0.143 0.172 0.184
Sep 0.013 0.004 0 0 0 0 0 0.011
Oct 0.107 0.103 0.091 0.076 0 0 0 0
Nov 0.169 0.174 0.179 0.183 0 0 0 0
Dec 0.214 0.223 0.234 0.245 0 0 0 0

Fig. 7. Monthly share of total energy demand for heating and cooling 
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Table 3 Assumptions made for the borehole system design. 
Ground temperature (oC) 0 Pipe outer diameter of pipe (m) 0.032
Borehole type Single-U Pipe wall thickness (m) 0.003
Borehole Configuration  Thermal conductivity (W/m,K) 0.42
Borehole Spacing (m) 6 Pipe shank spacing (m) 0.07
Borehole Diameter (m) 0.11 Filling thermal conductivity (W/m,K) 3
Flow rate (m3/s) 0.002 Minimum mean fluid temperature (oC)  -5
Contact resistance (m,K/W) 0 Maximum mean fluid temperature (oC) 2

Table 4 Total borehole length of the borehole system as a function of global warming. 
Required total borehole length 

change in demand and 
ground temperature 

Change in ground 
temperature Change in the demand 

GW 
(oC)

Total length 
(m) Change % Total length 

(m) Change % Total length 
(m) Change % 

0.0 414.7 0.0 414.7 0 414.7 0
1.5 337.0 18.7 374.5 9.7 374.9 9.6
3.0 263.0 36.6 340.0 18.0 323.9 21.9
4.5 206.0 50.3 310.6 25.1 282.0 32.0

Fig. 9. Change required Borehole length as percentage of total length before GW.

Fig. 8. Total required borehole length vs. GW.
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5. Conclusion  

In a region where the ground has thermal properties similar to what were assumed in this 
study, the change of ground mean temperature almost equals 50% of the ambient air 
temperature change.  
The total number of heating and cooling degree-hours (DH) is suitable to study the effect 
of GW on the heating/cooling demand of a building. 
The cooling demand increases and heating demand decreases due to GW 
In the case that the heating demand is greater than the cooling demand, GW will make 
existing borehole systems more efficient, while future systems will be cheaper, since 
fewer boreholes are needed. 

Performed study is made for a building with considerably greater heating demand than 
cooling demand. In continued work, the varying heating and cooling demand will be studied. 
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