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ABSTRACT 

This article gives an overview of using the ground source heat pump (GSHP) and air-to-water heat pump (A&WHP) in 
cold climate areas for heating and for domestic hot water production of buildings. Computer simulation and analysis 
were carried out for a typical detached house, with 200 m2 of living area, the heat demand of 9 kW and the average heat 
demand for DHW production of 1 kW. In heating period the average Coefficient of Performance (COP) of the A&WHP 
is considerably lower than COP of the GSHP. 
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1. Introduction 

In cold winter areas, minimization of fuel cost for heat- 
ing of buildings is a very important issue. The efficiency 
of wood stove heating is about 0.5. This means that it is 
necessary to burn 6 kWh of wood energy to produce 3 
kWh of heat (thermal) energy. The efficiency of gas-boil- 
ers is about 0.85, which means it is necessary to burn 3.5 
kWh of gas energy to produce 3 kWh of heat (thermal) 
energy. The efficiency of direct electrical heating is about 
1, i.e. to produce 3 kWh of heat (thermal) energy, 3 kWh 
of electrical energy is needed. 

Heat pumps are one of the most energy efficient equip- 
ments of heating available nowadays. Heat pumps do not 
produce heat; they simply move available heat from one 
level to another. The needed electrical energy is predomi- 
nantly used to run the compressor.  

If the average Coefficient of Performance (COP) of 
the heat pump is 3 (usually from 2.5 to 4.5), 1 kWh of 
electrical energy is needed to produce 3 kWh of heat 
(thermal) energy.  

The ease of use of heat pumps is comparable to those 
of simple electronic household appliances: their work is 
completely automated and they do not require supervi- 
sion. Heat pumps are suitable for heating and cooling 
new as well as old buildings. 

In this article two types of heat pumps are treated. 
They can be classified as: 

 devices that draw heat from the ground (with hori- 
zontal ground heat exchangers) and heat the building 
are called ground source heat pumps GSHP, Figure 
1; 

 devices that draw heat from the external air and heat 
the building using a water heating system are called 
air-to-water heat pumps A&WHP, Figure 2. 

Comparing the efficiency of GSHP and A&WHP in 
cold climate areas it is necessary to pay attention to the 
following aspects: 
 A&WHP should be operated at temperatures of am- 

bient air below −20˚C or even down to −30˚C and 
using additional heat sources (electrical heaters) might 
be necessary [1]; 

 soil temperatures in the depth of the horizontal ground 
heat collector decrease to the freezing point (0˚C) in 
winter and the soil around the collector pipes might 
be frozen [2]; 

 a rather low floor heating water temperature regime 
(35/30˚C) should be used in order to achieve the best 
possible COP value of heat pumps [2]. 

Background 

Different types of heat pump systems have been studied 
in Nordic climate conditions in order to find the most 
cost-optimal heat pump system. In practice, the heat 
pump was first introduced in 1939 in Zurich Town Hall. 
Heat pumps began to spread after the Second World War  *Corresponding author. 
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(mainly reversible air-to-air heat pumps were used for 
cooling in summer). Ground-source heat pumps, in com- 
bination with different heat sources, have been tested 
with different system designs in several countries during 
the last 25 years. The control system has, by the micro- 
processor technique, opened new possibilities for opera- 
tion strategies and makes it possible to design and opti- 
mize systems for different applications.  

The most common type of the heat pump in Sweden 
today is the ground source heat pump, which extracts 
heat from a borehole, the ground or seawater [3]. Direct 
expansion systems are rare today due to negative experi- 
ence from the period in the mid 1980s when they were 
popular. They found that the GSHP systems are typically 
not designed to cover the maximum heat load. They are 
sized to cover 55% - 60% of the requested heat power at 
the dimensioning outdoor temperature (DOT). Then they 
cover approximately 90% of the annual heat energy de- 
mand. The remaining part is covered by a supplementary 
heat source; typically an electric heater, but also oil burn- 
ers are used.  

The website of IEA Heat Pump Centre [4] includes the 
typical COP values of water-to-water heat pumps at dif- 
ferent temperature graphs of the condenser if the flow 
temperature on the evaporator side is 5˚C. It can be con- 
cluded from these data that the higher the required tem- 
perature is produced the lower the COP of the heat pump 
will be. It is most useful to use the heat pump for the 
floor heating system. In the case of the radiator heating 
system the average COP is 2.5 at the temperature of 60˚C/ 
50˚C and 3.5 at 43˚C/35˚C. In the case of floor heating 
(at 35˚C/30˚C) the COP is nearly 4.0. 

ASHRAE Handbook-HVAC Systems and Equipment 
[5] states that the heat pump can be economical com- 
pared to other heating systems when the heating require- 
ment of the building is covered with water temperatures 
of 45˚C - 50˚C. This is due to the fact that the COP of the 
heat pump is relatively high. In this case domestic hot 
water (DHW) production needs a separate solution be- 
cause the temperatures of 45˚C - 50˚C are not always 
sufficient for producing DHW.  

Abel and Voll [6] consider that the heat pump should 
be large enough to produce 90% of the required annual 
thermal energy. They also emphasise that for economic 
purposes it is recommended that the building should also 
be insulated when a heat pump is installed in an existing 
building. As the temperature escaping from the heat 
pump is lower than that from a fossil fuel boiler, already 
existing heaters can be used if the heat load decreases. 
The authors note that the low temperature of the heating 
system is an advantage if the heating system is based on 
heat pumps, because it is more efficient at low output 
temperatures. 
 

 

Figure 1. The ground source heat pump: 1—expansion 
valve; 2—circulating pump; 3—evaporator; 4—condenser; 
5—ground circuit; 6—heating circuit. 

 

 

Figure 2. The air-to-water heat pump 1—expansion valve; 2—circulating pump; 3—evaporator; 4—condenser; 5—air-liquid 
eat exchanger; 7—ventilator. h 
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Penjam [7] has studied heat production with GSHP for 

heating the building and producing DHW and has com- 
pared pollutants emitted into the atmosphere by heat 
pumps with other more common sources of energy. Di- 
mensioning of heat pumps driven by electricity has been 
covered in Hayton’s [8] research. 

Diao et al. [9] preferred using the vertical ground 
source heat pump because it takes less space. Also GSHP 
is much more stable than the air to water heat pump. 
However, when using GSHP, it must be noted that the 
borehole annulus should be protected with materials that 
provide thermal contact between the pipe and ground and 
protect groundwater from possible contamination. Be- 
cause the vertical borehole penetrates several geologic 
strata, local specificity must be considered. 

Ozgener and Hepbasli [10] tested two different sys- 
tems: namely a solar assisted vertical GSHP and hori- 
zontal GSHP. Test results show that the circulator watt- 
age for the closed loops of GSHP systems I and II can be 
categorized as efficient and acceptable systems, respec- 
tively.  

Ground-source or geothermal heat pumps are highly 
efficient, renewable energy technology for space heating 
and cooling [11]. This technology relies on the fact that, 
at depth, the Earth has a relatively constant temperature, 
warmer than the air in winter and cooler than the air in 
summer. The geothermal heat pump can transfer heat 
stored in the Earth into a building in winter, and transfer 
heat out of the building in summer. 

For the optimum design of the GSHP system, it is nec- 
essary to estimate its performance and economic feasibil- 
ity before the introduction of the system [12]. Most ana- 
lysis models are inaccurate in their predictions for long 
periods because they are based on a thermal conduction 
model using a cylindrical coordinate model or an equi- 
valent diameter model.  

Tarnawski et al. [13] conducted computer simulation 
and analysis of a ground source heat pump system with 
horizontal ground heat exchangers operating in heating 
and cooling. They found that in spite of the high electric- 
ity rate, the ground source heat pump system is a more 
beneficial alternative for space heating than the oil fur- 
nace and the electric resistance system. Besides, the heat 
pump technology offers relatively low thermal degrada- 
tion of the ground environment, lower cost of heating 
and cooling, higher operating efficiency than electric re- 
sistance heating or the air-source heat pump and is envi- 
ronmentally clean, i.e. without greenhouse gas emission, 
if the electricity is generated from renewable energy re- 
sources, e.g. the wind and sun. The use of the cooling 
mode can provide further benefits, such as shorter in- 
vestment payback and human thermal comfort in sum- 
mer.  

Cui et al. [14] investigated transient heat conduction 

around the buried spiral coils, which could be applied in 
the ground-coupled heat pump systems with the pile 
foundation as a geothermal heat exchanger. Based on the 
“solid” cylindrical heat source model, an improved ana- 
lytical model of the ring-coil heat source is established to 
better illustrate the heat transfer process of PGHE with 
spiral coils. Coil type heat exchangers are used because 
the spiral coil configuration has the advantage of more 
heat transfer area and a better flow pattern without air 
chocking in the pipes compared to the serial of parallel 
U-tubes in the pile. 

Li and Lai [15] analyzed the influence of anisotropy of 
anisotropic soil on the processes of heat transfer by 
GCHP. Several important conclusions are listed: anisot- 
ropy of media affects the heat conduction process only 
over longer time spans, the differences between the cy- 
lindrical surface model and spiral line model are very 
small. So, both can be used to analyze the heat transfer 
process. 

Thermal response tests were carried out in a Korean 
laboratory [16]. The tests were made to develop an effi- 
cient spiral coil source model and its analytical solution, 
to consider the 3-dimensional shape effects and radial 
dimension effects of the spiral coil type ground heat ex- 
changer (GHE) using Green’s function method. The re- 
sults of the analytical solution of the spiral coil source 
model are in good agreement with the overall behavior. 

Energy performance of A&WHP and GSHP are stud- 
ied in the current paper. 

2. Method 

The ideal heat pump works according to the reversed 
Carnot’ thermodynamic cycle (see Figure 3) and its Co- 
efficient of Performance (COPC) is simply expressed by 
absolute temperatures 

 C 1 1 2COP T T T             (1) 

where 
T1—the condensing temperature of the refrigerant, K; 
T2—the evaporation temperature of the refrigerant, K. 

The working process of a real steam compressor heat 
pump might be described in a ph-diagram shown in Fig- 
ure 4. It differs significantly from the ideal, i.e. from the 
reversed Carnot cycle. The real heat pump cycle looks 
like a reversed Rankine cycle equipped in addition with 
an expansion valve. In the valve (line 1 - 2) the pressure 
of the saturated liquid working fluid abruptly decreases 
causing auto-refrigeration and flash evaporation of part 
of the liquid. In the evaporator (line 2 - 3) the cold mix- 
ture of liquid and vapor receives heat q1 from the low 
temperature heat source and completely vaporizes. In the 
compressor (line 3 - 4) the pressure increases and the 
working fluid converts into superheated vapor. In the 
condenser the superheated vapor is at first cooled and  
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Figure 3. The reversed Carnot’ cycle in a Ts-diagram. 
 

 

Figure 4. The working process of a real steam compressor 
heat pump with heat regeneration in a ph-diagram. 
 
afterwards converted into liquid (line 4 - 4’ - 1). In the 
condenser heat q2 is relieved and might be used for space 
heating. 

Heat pump systems for space heating consume energy 
not only for driving the compressor but also for other 
purposes in the system, incl. driving pumps and/or fans 
and for compensation of heat losses. 

The relative efficiency of a real heat pump heating 
system might be expressed as 

HP

C

COP

COP
                 (2) 

where  
COPHP—the COP value of the heat pump heating system 
φ—the relative efficiency of the real heat pump heating 
system. 

In the case of small-scale heat pumps for heating a de- 
tached house, the value of φ might be about 0.5, and in 
the case of advanced powerful heat pumps for district 
heating up to 0.7. 

In cold climate areas the temperatures of energy sourc- 
es (soil and ambient air) vary to a large extent during a 
year (see Figures 5 and 6) and annual (seasonal) elec- 
tricity consumption and the Coefficient of Performance 
(COPHP) should be calculated by simulating the heating 
process of a building).  
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Figure 5. Ambient air temperatures in Estonia (Tallinn, 59˚ 
north latitude) during 1993-2012. 
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Figure 6. Average soil temperatures in Estonia at the depths 
of 0.2 - 3.2 m. 
 

Simulation of the heating process allows taking into 
account the real changes in conditions during the year, 
such as  
 ambient air temperature profile during a year in case 

of A&WHP and energy demand for defrost process of 
the surfaces of evaporation heat exchanger; 

 soil temperature profile during a year in the depth of 
ground heat collector (1 m in this study) in case of 
GSHP; 

 design and temperature regime of the water heating 
system of a building; 

 hot tap water demand; 
 technical parameters of the heat pump. 

Long term measurements (about 30 years) at the 
depths of 0.2, 0.8, 1.6 and 3.2 m have been performed by 
the Institute of Geology of the Estonian Academy of Sci- 
ences. Temperatures at the depth of 1.0 m have been 
calculated. 

3. Results 

The existing building stock in European countries ac- 
counts for over 40% of the final energy consumption in 
the European Union (EU) member states, of which resi- 
dential use represents 63% of the total energy consump- 
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tion in the building sector. Improving energy perform- 
ance in the building sector is therefore a key factor to 
achieve the EU’s climate and energy objectives for 2020, 
including the reduction of CO2 emissions and 20% en- 
ergy saving [17]. Therefore it is very important to evalu- 
ate the factors that would increase energy consumption 
already during the design process. In addition, the Euro- 
pean energy performance directive for buildings (Energy 
Performance Building Directive-EPBD) states that the 
energy efficiency of buildings has to be calculated in the 
member states [18]. 

Description of the Building 

The object of modeling is a 2-storey detached house (see 
standard floor Figure 7), which is situated in Tallinn. 
The height of floors is 3.0 m and the height of rooms is 
2.7 m. The temperature of indoor air is assured by floor 
heating with water parameters 35/30 and the ventilation 
air is heated with the water based battery.  

To avoid the impact of the usage of the building, the 
calculations are made with standard usage and by unified 
calculation methodology. The methodology is specified 
in local regulations [19]. According to the methodology, 
the ventilation air flow is 0.42 l/(s·m2) and the demand 
for domestic hot water (DHW) heating is 45 l/(pers.*day). 
The house has no mechanical cooling system. The build- 
ing has also a mechanical supply and exhaust ventilation 
system with heat recovery (the efficiency of heat recov- 
ery is 0.75; the specific fan power is 2.5 kW/(m3·s); the 
minimal achievable leaving air temperature is 5˚C; the 
temperature of the supply air to the rooms is +18˚C). The 
living area of the building is 200 m2. 

The thermal transmittances of the envelope are shown 
in following table (see Table 1). Pilkington Optitherm S4 
type of windows are used, made of triple glass and filled 
with argon. The thermal transmittance of the frame is 1.4 
W/(m2·K) and the area of the frame is 15% of the whole 
window. The maximum heat loss of the building is 9 kW. 

The model has been made exactly according to the ar- 

chitectural plan of the building. The CAD-file of the 
building was imported to the program, which guarantees 
sufficiently exact accomplishment of the model. The 
plans and views of the building are shown in Figures 7 
and 8. 

The model of the building has been made using IDA 
indoor Climate and Energy 4.5 (IDA-ICE) building si- 
mulation software [20]. IDA Indoor Climate and Energy 
(IDA ICE) is a tool for simulating the energy consump- 
tion, indoor air quality and thermal comfort of a building. 
It covers a large range of phenomena, such as the inte- 
grated airflow network and thermal models, CO2 and 
moisture calculation, and vertical temperature gradients. 

For example, wind and buoyancy driven airflows 
through leaks and openings are taken into account via a 
fully integrated airflow network model. The model has 
been made exactly according to the architectural plan of 
the building. The CAD-file of the building was imported 
to the program, which guarantees sufficiently exact ac- 
complishment of the model [21]. 

The current study investigates mainly the influence of 
different heat pump systems on energy performance. The 
main investigated systems are the ground source heat 
pump and the air to water heat pump. The results of the 
simulations of the air to water heat pump are shown in 
 

Table 1. Initial data of the building model. 

Part of the thermal 
envelope 

Thermal  
transmittance, 

W/(m2·K)�
Unit 

External walls 0.17 W/(m2·K) 

Roof 0.20 W/(m2·K) 

Slap on ground 0.36 W/(m2·K) 

Doors 1.0 W/(m2·K) 

Air leakage rate 
q50 

1.0 m3/(h·m2) 

Solar factor g 0.59 - 

Heat exchanger 
efficiency 

0.75 - 
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33.7 m2
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Kitchen
16.1 m2

Hall
5.0 m2

Bathroom
11.2 m2

Utilities
7.0 m2

Utilities
15.5 m2

Sauna
4.8 m2

Stockroom
2.8 m2

Tambour
3.7 m2

Bedroom
19.8 m2

Hall
23.2 m2

Bedroom
16.9 m2

Bedroom
15.6 m2

Dressing room
10.6 m2

Bathroom
19.8 m2

 

Figure 7. The ground (left) and first (right) floor of the building. 
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Figures 9-11. The mean loads and energy consumption 
of the air-to-water heat pump system are included in Ta- 
ble 2. 

As shown in Table 2 the annual heat production of the 
air to water heat pump for heating and ventilation is 
16911 kWh, for DHW is 4251 kWh and the mean COP is 
2.6. The average COP value of the summer period (May 
to September) is 2.5 and average COP value of heating 
period (October to April) is 2.7. In summer period the 
heat pump produces mainly DHW. The low average COP 
value of summer period can be explained as the fact that 
DHW has to be heated to 55˚C. At the same time in case 
of floor heating system the lower parameters (35˚C/30˚C) 
are used. 

The results of the simulations of the ground source 
heat pump are shown in Figures 12 and 13. The mean 
loads and energy consumption of the ground source heat 

pump system are included in Table 3. 
According to Table 3, the annual heat production of 

the ground source heat pump for heating and ventilation 
is 17179 kWh, for DHW is 4256 kWh and the mean COP 
is 2.9. The average COP value of air to water heat pump 
of the summer period (May to September) is 2.6 and av- 
erage COP value of heating period (October to April) is 
3.2. In heating period the average COP of the air to water 
 

 

Figure 8. The view of the building. 
 

Entire simulation: from 1.01.2013 to 31.12.2013

Leaving air temp, degC

 1000  2000  3000  4000  5000  6000  7000  8000

 Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec

 -25

 -20

 -15

 -10

 -5

 0

 5

 10

 15

 

Figure 9. The temperature of the air leaving from the evaporator of the A&WHP. 
 

Entire simulation: from 1.01.2013 to 31.12.2013

COP

 1000  2000  3000  4000  5000  6000  7000  8000

 Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec

  2.0

  2.2

  2.4

  2.6

  2.8

  3.0

  3.2

  3.4

  3.6

  3.8

 

Figure 10. The COP of the A&WHP. 
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Entire simulation: from 1.01.2013 to 31.12.2013

Compressor power, W
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Figure 11. The power of the compressor of A&WHP. 
 

Entire simulation: from 1.01.2013 to 31.12.2013

COP
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Figure 12. The COP of the GSHP. 
 

Entire simulation: from 1.01.2013 to 31.12.2013
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Figure 13. Compressor power of the GSHP. 
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Table 2. The seasonal energy consumption, COP and mean load of the air-to-water heat pump system. 

AIR-TO  
WATER HP 

AHU heating 
coil power, W

Water based 
heating power to 

zones, W 

Domestic hot 
water use, W 

COP of 
HP cycle 

HP system 
power, W 

Condenser 
power, W 

Evaporator 
power, W 

January 477.6 4218.1 481.7 2.6 2099.4 5255.7 3156.4 

February 571.4 4263.6 483.0 2.6 2130.5 5313.6 3183.1 

March 359.0 2200.4 485.0 2.6 1253.0 3112.5 1859.5 

April 177.7 1072.9 485.8 2.8 703.1 1778.2 1075.0 

May 5.8 5.8 486.3 2.4 235.8 566.8 331.0 

June 0.0 0.0 486.3 2.5 220.5 549.7 329.2 

July 0.0 0.0 486.3 2.6 211.3 550.1 338.8 

August 0.0 0.0 486.3 2.6 214.2 549.9 335.7 

September 8.1 7.2 486.3 2.4 232.1 562.9 330.8 

October 113.0 1409.4 485.8 2.8 788.4 2056.5 1268.2 

November 349.2 3412.7 485.2 2.7 1668.1 4288.8 2620.7 

December 456.6 4253.3 484.8 2.6 2057.8 5250.4 3192.6 

Mean 207.7 1722.8 485.3 2.6 978.1 2470.5 1492.4 

Mean*8760 -Wh 1819494.3 15091995.6 4250805.3 - 8568043.3 21641290.0 13073261.0 

Min 0.0 0.0 481.7 2.4 211.3 549.7 329.2 

Max 571.4 4263.6 486.3 2.8 2130.5 5313.6 3192.6 

 
Table 3. The seasonal energy consumption, COP and mean load of the ground source heat pump system. 

GROUND 
SOURCE HP 

AHU heating 
coil power, W 

Water based 
heating power 
to zones, W 

Domestic hot 
water use, W 

COP of 
HP cycle 

HP system 
power, W 

Condenser 
power, W 

Evaporator 
power, W 

January 464.8 4302.8 485.5 3.3 1700.3 5295.2 3594.9 

February 558.3 4331.2 485.5 3.3 1735.2 5426.8 3691.6 

March 351.9 2241.3 485.4 3.2 1023.6 3112.1 2088.5 

April 173.4 1111.3 485.8 3.1 617.7 1827.9 1210.1 

May 6.0 6.2 486.3 2.6 222.0 568.3 346.3 

June 0.0 0.0 486.3 2.6 215.7 551.5 335.8 

July 0.0 0.0 486.3 2.6 215.4 550.8 335.4 

August 0.0 0.0 486.3 2.6 215.5 551.1 335.6 

September 8.1 9.0 486.3 2.6 221.3 566.1 344.8 

October 108.4 1456.5 486.0 3.2 697.6 2082.6 1385.0 

November 338.1 3488.4 485.6 3.3 1412.5 4355.7 2943.2 

December 443.5 4331.2 485.5 3.3 1703.5 5316.2 3612.7 

Mean 202.3 1758.9 485.9 2.9 826.6 2500.6 1674.0 

Mean*8760 h 1771750.5 15407534.6 4256483.1 - 7240869.3 21904962.9 14664095.5 

Min 0.0 0.0 485.4 2.6 215.4 550.8 335.4 

Max 558.3 4331.2 486.3 3.3 1735.2 5426.8 3691.6 

 
heat pump is considerably lower than COP of the ground 
source heat pump. 

4. Conclusions 
This article gives an overview of using the ground source 
heat pump (GSHP) and air-to-water heat pump (A&WHP) 

in cold climate areas for heating and for domestic hot 
water production of buildings. Computer simulation and 
analysis were carried out for a typical 2-storey detached 
house, with 200 m2 of living area, the heat demand of 9 
kW and the average heat demand for DHW production of 
1 kW. The model of the building has been made using 
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IDA indoor Climate and Energy 4.5 (IDA-ICE) building 
simulation software. 

The annual heat production of the air to water heat 
pump for heating and ventilation is 16,911 kWh, for 
DHW is 4251 kWh and the mean COP is 2.6. The annual 
heat production of the ground source heat pump for heat- 
ing and ventilation is 17,179 kWh, for DHW is 4256 
kWh and the mean COP is 2.9. The average COP of the 
air to water heat pump is 2.5 in summer period and 2.7 in 
heating period. The average COP of the ground source 
heat pump is 2.6 in summer period and 3.2 in heating 
period. 

5. Acknowledgements 

The research was supported by the Estonian Research 
Council, with Institutional research funding grant IUT1- 
15, and with the project “Development of efficient tech- 
nologies for air change and ventilation necessary for the 
increase of energy efficiency of buildings, AR12045”, 
financed by SA Archimedes and by the project “Civil 
and Environmental Engineering PhD School, DAR9085”. 

REFERENCES 
[1] Ch. Tian and N. Liang, “State of Art of Air-Source Heat 

Pump for Cold Regions,” Proceedings of the 6th Interna- 
tional Conference for Enhanced Building Operations, 
Shenzhen, 6-9 November 2006, Renewable Energy Re- 
sources and a Greener Future, Vol. VIII-12-5. 

[2] F. Karlsson, “Capacity Control of Residential Heat Pump 
Heating Systems,” Thesis for the Degree of Doctor of 
Pholosophy, Chalmers University of Technology, Göten- 
borg, 2007. 

[3] F. Karlsson, M. Axell and P. Fahlén, “Heat Pump Systems 
in Sweden—Country Report for IEA HPP Annex 28,” 
2003. http://www.annex28.net/pdf/Annex28_N28.pdf 

[4] IEA Heat Pump Centre, “Heat Pump in Residential and 
Commercial Buildings,” 2013.  
http://www.heatpumpcentre.org/en/aboutheatpumps/heatp
umpsinresidential/Sidor/default.aspx 

[5] ASHRAE, “Handbook of HVAC Systems and Equip- 
ment,” American Society of Refrigerating and Air-Con- 
ditioning Engineers, 2008. 

[6] E. Abel and H. Voll, “Building Energy Consumption and 
Indoor Climate (Estonian),” Presshouse, Tallinn, 2010. 

[7] V. Penjam, “Heat Pumps COP in the Estonian Context 
and Environmental Pollution Emissions Compare to Lo- 
calized Heating System Commonly Used Fuels (Esto- 
nian),” Tallinn, 2005. 

[8] J. Hayton, “Calculation Procedure for the SAP Appendix 
Q Process for Electrically Driven Heat Pumps,” 2010.  
http://www.sap-appendixq.org.uk/documents/SAPQ_HP_
Calculation_Methodology_19_02_2010.pdf  

[9] N. Diao, Q. Li and Z. Fang, “Heat Transfer in Ground 

Heat Exchanger with Groundwater Advection,” Interna- 
tional Journal of Thermal Sciences, Vol. 43, No. 12, 2004, 
pp. 1203-1211.  
http://dx.doi.org/10.1016/j.ijthermalsci.2004.04.009 

[10] O. Ozgener and A. Hepbasli, “Modeling and Performance 
Evaluation of Ground Source (Geothermal) Heat Pump 
Systems,” Energy and Buildings, Vol. 39, No. 1, 2007, pp. 
66-75. http://dx.doi.org/10.1016/j.enbuild.2006.04.019 

[11] A. M. Omer, “Ground-Source Heat Pumps Systems and 
Applications,” Renewable and Sustainable Energy Re- 
views, Vol. 12, No. 2, 2008, pp. 344-371.  
http://dx.doi.org/10.1016/j.rser.2006.10.003 

[12] Y. Nam, R. Ooka and S. Hwang, “Development of a Nu- 
merical Model to Predict Heat Exchange Rates for a 
Ground-Source Heat Pump System,” Energy and Build- 
ings, Vol. 40, No. 12, 2008, pp. 2133-2140. 
http://dx.doi.org/10.1016/j.enbuild.2008.06.004 

[13] V. R. Tarnawski, W. H. Leong, T. Momose and Y. Ha- 
mada, “Analysis of Ground Source Heat Pumps with Ho- 
rizontal Ground Heat Exchangers for Northern Japan,” Re- 
newable Energy, Vol. 34, No. 1, 2009, pp. 127-134. 
http://dx.doi.org/10.1016/j.renene.2008.03.026 

[14] P. Cui, X. Li, Y. Man and Z. Fang, “Heat Transfer Analy- 
sis of Pile Geothermal Heat Exchangers with Spiral Coils,” 
Applied Energy, Vol. 88, No. 11, 2011, pp. 4113-4119. 
http://dx.doi.org/10.1016/j.apenergy.2011.03.045 

[15] M. Li and A. C. K. Lai, “Heat-Source Solution to Heat 
Conduction in Anisotropic Media with Application to Pile 
and Borehole Ground Heat Exchangers,” Applied Energy, 
Vol. 96, 2012, pp. 451-458. 
http://dx.doi.org/10.1016/j.apenergy.2012.02.084 

[16] S. Park, S.-R. Lee, H. Park, S. Yoon and J. Chung, “Char- 
acteristics of an Analytical Solution for a Spiral Coil 
Type Ground Heat Exchanger,” Computers and Geotech- 
nics, Vol. 49, 2013, pp. 18-24. 
http://dx.doi.org/10.1016/j.compgeo.2012.11.006 

[17] B. Poel, G. Cruchten, van A. Constantinos and A. C. Ba- 
laras, “Energy Performance Assessment of Existing Dwell- 
ings,” Energy and Buildings, Vol. 39, No. 4, 2007, pp. 393- 
403. http://dx.doi.org/10.1016/j.enbuild.2006.08.008 

[18] EN. Directive 2002/91/EC of the European Parliament 
and of the Council of 16 December 2002 on the Energy 
Performance of Buildings, “Official Journal of the Euro- 
pean Communities,” Vol. 4, No. 1, 2003, pp. L1/65-L1/ 
71.  

[19] Ministry of Economic Affairs and Communications Ordi- 
nance No. 63, “Hoonete Energiatõhususe Arvutamise Me- 
toodika. (Methodology for Calculating the Energy Perfor- 
mance of Buildings) (08.10.2012); RT I, 18.10.2012, 1,” 
2012. 

[20] Getting Started with IDA Indoor Climate and Energy 4. 
EQUA Simulation AB, September 2009. 

[21] T. Kalamees and J. Kurnitski, “Estonian Test Reference 
Year for Energy Calculations,” Proceedings of the Esto- 
nian Academy of Science Engineering, Vol. 12, No. 1, 
2006, pp. 40-58. 

 

Copyright © 2013 SciRes.                                                                                SGRE 

http://dx.doi.org/10.1016/j.ijthermalsci.2004.04.009
http://dx.doi.org/10.1016/j.enbuild.2006.04.019
http://dx.doi.org/10.1016/j.rser.2006.10.003
http://dx.doi.org/10.1016/j.enbuild.2008.06.004
http://dx.doi.org/10.1016/j.renene.2008.03.026
http://dx.doi.org/10.1016/j.apenergy.2011.03.045
http://dx.doi.org/10.1016/j.apenergy.2012.02.084
http://dx.doi.org/10.1016/j.compgeo.2012.11.006
http://dx.doi.org/10.1016/j.enbuild.2006.08.008

