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Domestic Heat Pump with Deep Hole Ground Source 
Evaporator 
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The Queen's University of Belfast, Ashby Institute, 

Stranmillis Road, Belfast (Northern Ireland) 

S UMMA R Y 

A technique for absorbing low-grade heat from the ground for a ground 
source heat pump is described. Refrigerant is directly evaporated in U- 
tubes penetrating to a depth of lO m to form the heat pump evaporator. An 
installation with 16 U-tubes and a heat output of 8 -9kW has been 
completed, with the heating demand being provided by a house. The 
details of the installation and experiments on system reliability, perfor- 
mance and effects on soil conditions are described. 

INTRODUCTION 

An electrically driven heat pump delivers an output which is typically 
80-90 per cent of the heat released at the power station to produce the 
electrical input energy for the heat pump. This compares favourably with 
a domestic gas- or oil-fired boiler, where about 75 per cent of the heat 
released in combustion enters the heating system. Further, an oil- or gas- 
fired boiler consumes valuable potential feedstock for the petrochemical 
industry, whilst power stations typically consume residual oil, coal from a 
nearby mine or fissile materials. 

If the heat pump is driven directly by a heat engine, and engine waste 
heat added to the heat pump output, the ratio of heat output to heat input 
can be 150 per cent. 

Why, then, is there not a rush to convert every dwelling and place of 
work to a heat pump system? Capital cost is the main deterrent, 
particularly if there is an existing heating system. There is also resistance 
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to a system which is a relatively unknown quantity and which is more 
complex than existing systems. 

As a result of  the foregoing, heat pump applications have been in areas 
where there is a set of requirements particularly suited to a heat pump, 
aQd some of  these will be discussed in the next section. Meanwhile, 
development and refinement of heat pumps continues, and it is con- 
fidently expected that the areas of application will continue to be 
extended. 

C U R R E N T  A P P L I C A T I O N S  1 

In the domestic heating area, heat pumps are rarely installed with the 
main objective of  saving primary sources of energy. For example, in the 
USA, the domestic heat pump market  exists largely because the heat 
pump can easily be reversed so that space cooling can be achieved during 
the hot season. In northern Europe, an electrically driven heat pump may 
be installed to avoid reliance on direct oil-fired heating systems. District 
heating schemes are in use and under construction in a number of 
northern European countries, and in Japan. A variety of heat engine 
drives, and hence fuels, are used and the sources of low grade heat include 
sewage, ground coils, coalmine cooling, sea water, air, air plus solar 
panels and lake water. Delivery temperature of the heat is in the range 75 
to 90°C, with thermal outputs up to 25 MW. 

The use of  heat pumps in commercial premises has concentrated on 
buildings where air-conditioning of some sort is required, and often where 
there is a combined requirement for cooling and heating; for example, 
large shops, swimming pools, leisure centres, large offices and green- 
houses. Often, the system is designed so that there is a simultaneous 
generation of  electrical power. 

In the industrial sector, heat pumps are used for convective drying 
purposes, e.g. timber drying and the drying and curing of barley. 
Reclaiming waste heat from industrial processes and upgrading it to 
useful temperatures (up to about 100°C) is a growing application. 

D E V E L O P M E N T  TRENDS l'z 

Certain aspects of heat pump performance have been isolated as 
particularly requiring further development. Different forms of absorp- 
tion heat pumps are under scrutiny, and much work is directed towards 
identifying the best fluid combinations for this system. 
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In the industrial sector, a suitable working fluid which would condense 
at temperatures around 180°C and retain its chemical stability is an 
important target, and there is considerable speculation and experimen- 
tation on heat engine drives for vapour compression heat pumps. The 
Rankine cycle, using steam, whilst well proven in other spheres, has not 
been widely used for heat pumps, although its ability to reject all of its 
waste heat at a useful temperature makes it attractive. Stirling, Brayton 
and Ericsson cycles are also receiving attention. External combustion 
engines, with their multi-fuel capability and clean exhaust gases, are 
clearly attractive. 

On/off operation of a heat pump is inefficient, and leads to early 
equipment breakdown. The ability to control heat pump output to match 
a changing load, whilst maintaining performance, requires sophisticated 
control systems. The trend here is towards the use of microprocessors. 

For public acceptance of heat pumps in large numbers, reliability and 
ease of maintenance is important. Environmental impact must be 
minimised and therefore noise levels, exhaust gas contents and working 
fluids (most have toxic potential) must be effectively controlled. 

G R O U N D  SOURCE HEAT PUMPS 3"4 

Heat pumps which absorb low grade energy from the ground enjoy 
certain advantages relative to the more usual air source heat pump. The 
soil temperature does not vary rapidly with time compared with the rapid 
fluctuations which can occur in ambient air temperatures. This means 
that the control of the heat pump circuit is simpler. With the direct 
expansion of refrigerant in the buried evaporator tubes, there is no 
measurable noise produced in the evaporator, whereas for heat extraction 
from air, fans are required which lead to quite obtrusive noise levels and 
they require power to operate. Formation of ice on the air source 
evaporator heat exchange surfaces is a problem which must be solved by 
reverse cycling or direct heating at regular intervals. When absorbing heat 
from the soil, ice formation can be an advantage as it does not represent 
an appreciable rise in resistance to heat transfer. 

In anearlier  paper 4 a series of experiments was described on ground 
source evaporators which directly evaporated the refrigerant in tubes 
buried in the ground. The principal conclusions reached were that 
horizontal coils at relatively shallow depths required a large ground area 
for significant heat pump output. By placing the coils in vertical holes 
bored to a depth of 8 m, the ratio of ground area to heat pump output was 
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very considerably reduced. At depths of 8 m, the soil temperature is barely 
influenced by seasonal variations and is at about 8 °C. The experiments 
were small scale, with a maximum heat output of 850 W, and they were 
carried out solely to establish the principle and provide design data for 
later, more useful, sizes. 

Since completing the above phase of the heat pump programme, the 
work has been extended in a logical development, to the design, 
installation and testing of a ground source heat pump designed to have a 
heat output of 8-9 kW. A detached house which belongs to Queen's 
University, Belfast, and is situated on the University campus was used to 
provide the heat load. 

DESCRIPTION OF THE INSTALLATION 

The heat pump circuit excluding the evaporator coils is shown diagram- 
matically in Fig. 1. Circuit instrumentation, consisting of a refrigerant 
flow meter, pressure gauges and thermocouple temperature measuring 
points, is shown, together with all the principal components of the circuit. 
On the heat delivery side, the working fluid (Freon-12) leaves the 
compressor superheated, and it is cooled to saturated temperature by a 
coil in the hot water tank. The water in the tank (140 litres) can be heated 
to 70 °C. The fluid is then condensed in three parallel connected room 
heaters with fan-induced air convection. The resulting liquid is subcooled 
in a heat interchanger, after passing through a liquid receiver. The fluid 
flow rate is measured at this stage, and the liquid is then passed to the four- 
way distribution manifold and four thermostatic expansion valves. After 
expansion the fluid enters the ground source evaporator, which is 
described separately. 

The low pressure vapour leaving the evaporator ( - 7 . 5  °C, 2.38 bar) 
receives some additional heat in the heat interchanger, and the low 
pressure vapour then enters the semi-hermetic reciprocating compressor, 
where the cycle is completed. 

GROUND COIL EVAPORATOR 

The general layout of the ground coil evaporator is shown in Figs 2 and 3, 
and it is this component which is the focus of the investigation. Sixteen 
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Fig. 3. Ground coil layout. 

interconnected copper U-tubes, each 10 m long, are buried vertically in 
the soil. Direct expansion of the refrigerant, Freon-12, occurs in the coil. 
Figure 4 gives details of hole pitching, tube outside diameters and fluid 
distribution manifolding for one quadrant  of the evaporator. The 
evaporator layout is symmetrical. Hence the other quadrants have the 
same detail. 

DESIGN OF THE INITIAL EXPERIMENT 

Critics of ground source heat pumps have maintained that heat extraction 
from the soil will quickly reduce the soil temperature to the point at which 
further extraction will virtually cease. Then growth of vegetation on the 
surface above the coil will be severely curtailed and, in the case of direct 
expansion of refrigerant in the ground coil, there is a strong likelihood of 
loss of refrigerant due to leaks in the long coils that are needed. 

Undoubtedly,  if any of the above criticisms have substance, the 
usefulness of ground coil heat pumps is severely limited. In order to look 
at these points, and certain other connected matters, an initial run of the 
installation was designed whereby it would operate continuously for the 
entire heating season or until such time as there was a mechanical 
breakdown or loss of  significant heat output.  



106 J. R. Goulburn, J. Fearon 

.Direction of 
refrigerant flow 

~ 9 -  

9 . 5 m m  

e 1 2 . 5 m m  

J 
Thermostatic expansion 
valve 

U-Tubes buried vertically 

1.4m 

2m 

22mm- 

From condenser 

To c o m p r e s s o r  - -  

Fig. 4. Plan view of one quadrant of ground evaporator coil, 

The questions that an extended test should help to answer are as 
follows. 

(1) Can the heat output be maintained at an acceptable level if low 
grade heat extraction from the ground is continuous over the 
winter heating season? 

(2) What will happen to the soil during this period in the immediate 
vicinity of  the ground coil, both in terms of temperature changes 
and mechanical effects ? 
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(3) How far from the coil will there be measurable et~ects in the soil 
condition? 

(4) What will happen to the vegetation on the surface of the site? 
(5) How will the coefficient of performance of the heat pump vary 

during the continuous extraction periods? 
(6) Will the heat pump circuit and all its components operate without 

failure during a long run? 
(7) After a long run, will the ground conditions altered by the heat 

extraction recover for the next heating season? 
(8) How well does the system heat the house? 

RESULTS OF THE TEST ON THE HEAT PUMP CIRCUIT 

The heat pump circuit was operated continuously for 2617h. It was 
started on the 8th of November, 1980, and stopped on the 25th of 
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Fig. 5. Variation of COP and heat output during continuous heat pump run. 
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TABLE ! 
List of Readings Taken Daily During Continuous Heat Pump Operation, with Three 

Samples of Set Results 
(Refer to Fig. 1 for further details on location of instruments) 

Time and date 17.00 12.45 14.07 
12.11.80 3.1.81 25.2.81 

High side pressure Pl (bars) 12.03 11.55 11.55 
Receiver pressure Pz (bars) 11.34 11.00 10.65 
Low side pressure (evaporator coil inlet) 

P3 (bars) 2.73 3-0 2-38 
Low side pressure (evaporator coil outlet) 

P4 (bars) 2.38 2.4 2,16 
Fluid temperature after expansion valve T 1 (K) 271.1 271-8 270.7 
Fluid temperature before heat interchanger T z (K) 266 265.8 263.2 
Fluid temperature after heat interchanger T 3 (K) 269.4 266.4 263.7 
Compressor discharge temperature T 4 (K) 351.2 346.9 338-1 
Liquid temperature into heat interchanger T 5 (K) 315.3 314 309.9 
Liquid temperature out of heat interchanger 

T 6 (K) 300-3 291.7 286.1 
Liquid return temperature from room heaters 

T 7 (K) 317 315.5 312.6 
Liquid temperature before valve T 8 (K) 291.2 283-2 278-5 
Temperature leaving evaporator coil T9 (K) 267-4 268.2 264-9 
Room temperature T10 (K) 299 297 295.6 
R-12 mass flowrate (kg/s) 0.043 2 0.045 1 0.036 3 
Heat pump output (kW) 8.0 8.63 7.549 
Compressor motor electrical input (kW) 2.72 2.73 2.66 

(Heat pump output'~ 
COP \ C o o m ~ r  input-I 2.96 3.17 2.84 

February, 1981. Sufficient readings were taken to enable output and COP 
to be calculated on a daily basis. Table 1 shows three of these sets of 
results, the first shortly after the start of the continuous operation, the 
second in the middle of the run and the third just before the system was 
closed down. 

Figure 5 shows graphically the variation of COP and heat pump output 
over the period of operation. A sample calculation is shown in Fig. 6. The 
water in the hot water tank shown in Fig. 1 reached a temperature of 
70°C, and the temperature inside the house at a position considered 
representative never dropped below 22 °C during the system operation, 
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700 

F r o m  the results shown in Table i the corresponding values for the 
enthalpies  have been taken from a R I 2  pressure-enthalpy diagram and 
are shown below. 

h 2 = 248-5 kJ /kg 

h 3 -- 270-8 kJ /kg 

h 4 = 292.5 kJ /kg 

h s = 141.0kJ/kg 

h 6 = 125.5 kJ/kg 

h7 = 142.5 kJ/kg 

h a = l l 7 . 0 k J / k g  

h 9 = 249.0 kJ /kg 

Energy rate from ground coil = ( h  9 - h6) x mass flow 

=(249  - 125.5) x 0.0432 

= 5 .3352kW 

Electrical power to moto r  = 2.72 kW 

Total energy rate input  = 8.0552 kW heating 

8.0552 
Coetficient of performance = 2.72 = 2,96 

Sample  calculat ion of  C O P  and  heat  output .  (Test on  12.11.81 at 17.00h.) 
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despite the grossly inadequate thermal insulation in the house, which was 
built in the 1920's. 

The refrigerant fluid condensed in the air convector units at a 
temperature of about 48 °C. Figure 7 is a pressure-enthalpy diagram 
showing the heat pump cycle derived from one particular set of readings. 
It illustrates the relative amounts of the energy transfers to and from the 
fluid, both external to the circuit, and internal as in the heat interchanger. 
No mechanical problems arose during the continuous run. 

EFFECT ON SOIL OF HEAT EXTRACTION 

Figure 5 shows that the heat output was successfully maintained over the 
period of continuous operation. The information from the temperature 
probes in the soil is summarised in Fig. 8, including the extent of freezing 
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Fig. 9. Soil temperatures after heat extraction. 

in the soil. It can be seen that the soil temperature near the surface is 
considerably depressed by the heat extraction. The heat pump operation 
was in the winter, when vegetation growth had virtually ceased, hence it 
was not possible to compare the growth of the vegetation over the 
evaporator, with the surrounding ground. Since ceasing heat extraction, 
and with the advent of the growing season, growth has seemed normal on 
the site. 

Theoretical estimates of  soil temperature recovery after an extended 
heat extraction period causing large-scale freezing in the soil, indicate that 
it will take a number of years for complete recovery. Experimental data 
would support a shorter period and Fig. 9 shows the movement of soil 
temperature with time, at a range of positions of interest, since heat 
extraction ceased. After 9 months the ice has entirely melted, and soil 
temperatures should be completely recovered after 11 months.  

A large amount  of  data on soil temperature and condition was 
accumulated during both the continuous heat extraction period and the 
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subsequent recovery period: it is intended that a fuller analysis of this 
aspect of the investigation will be published later. 

F U T U R E  TESTS 

When the soil temperature has recovered, a series of tests on the cyclic 
operation of the heat pump is planned. This will be a more realistic 
approach to the demand for heating, compared with the continuous 
operation. In the first instance, the installation will be operated 8 h on, 
16 h off, on a daily cycle. Once again, soil temperature will be monitored, 
with the interest focused on the amount  of heat recovery after each daily 
run, and the longer term movement of soil temperatures and conditions 
over the winter heating season. 

Another aspect that will be investigated is an important practical point. 
When the 10 m deep holes were drilled, 2 U-tubes were inserted into each 
hole, one copper and the other a nylon tube. The copper U-tubes have 
been connected in to the heat pump circuit, whilst the nylon tubes have 
been plugged. It is intended to connect the nylon tubes into the circuit and 
see if they perform satisfactorily. If they do, there would be an important  
cost advantage in using nylon tubing for the evaporator coils. 

F INANCIAL AND ENERGY ASPECTS 

The installation cost about £2500 (excluding instrumentation), and this 
includes £350 for the drilling of the holes. The COP varied between 2.8 
and 3.1. At 2.8, assuming 30 per cent thermal efficiency of the electrical 
supply system, this represents a ratio of heat output  to heat input at the 
power station of 84 per cent. For this system to offer a dramatic reduction 
in primary energy consumption it would need a heat engine drive to the 
compressor, with waste heat going to the heating load. 

Taking energy costs on a local (Northern Ireland) basis, a kWh unit of 
electricity costs 5-3 p on the domestic tariff. The quoted price for kerosene 
for domestic heating purposes is £94.82 for 450 litres. 

Assuming a CO P  of 2.8, the cost per kWh using a heat pump is 1.89p. 
The gross calorific value of the kerosene is quoted as 36.7 MJ/litre. This 

gives a figure, based on 100 per cent boiler efficiency and on the gross 
calorific value, of 2.07p per kWh. 
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A more realistic figure would be based on net calorific value ( -~ 36.7 × 
0.92 MJ/litre) and a boiler efficiency of  75 per cent. This would give the 
cost of 1 kWh as 3p, which represents 45 per cent higher running cost per 
heating unit compared with the heat pump. 

These costs are very sensitive to variations in energy prices, which 
change with time and also with geographic location. For example, energy 
prices in Northern Ireland tend to be high compared with other regions of 
the UK. 
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