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Abstract: Deep geothermal heat pump systems have considerable energy saving potential for heating
and cooling systems that use stable ground temperature and groundwater as their heat sources.
However, deep geothermal systems have several limitations for real applications such as a very high
installation cost and a lack of recognition as heating and cooling systems. In this study, we performed
a feasibility assessment of a Standing Column Well (SCW) system using a deep geothermal well,
based on a real-scale experiment in Korea. The results showed that the temperature of the heat source
increased up to 42.04 ˝C in the borehole after the heating experiment, which is about 30 ˝C higher
than that of normal shallow geothermal wells. Furthermore, the coefficient of performance (COP) of
the heat pump during 3 months of operation was 5.8, but the system COP was only 3.6 due to the
relatively high electric consumption of the pump. Moreover, the payback period of the system using
a deep well for controlled horticulture in a glass greenhouse was calculated as 6 years compared with
using a diesel boiler system.
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1. Introduction

Renewable energy sources have attracted attention in recent years, due to concerns about nuclear
power plants and the depletion of fossil fuels. Since the announcement of the “Solar Heating and
Cooling Demonstration Act” in 1974 [1], the United States (US) have promoted policies supporting
the use of renewable energy sources. Japan established the New Energy Development Organization
(NEDO) in 1980 to support the development of renewable energy systems and promote the use of
renewable energy [2,3]. In Korea, the “Act on the Promotion of the Development, Use, and Diffusion
of New and Renewable Energy” was revised in 2014. According to the regulation, public facilities
of more than 1000 m2 must cover 12% of their energy needs with renewable energy [4]. Therefore,
various renewable energy systems have been introduced in Korea. The installation of Ground Source
Heat Pump (GSHP) systems for the heating and cooling of buildings is rapidly growing in Korea.
Generally, GSHPs are divided into closed loop systems, which are based on the circulation of a heat
carrier fluid into a buried pipe loop, and open loop systems, which are based on heat exchange with
groundwater [5]. Another classification can be made according to the depth crossed by the ground
heat exchangers, which are thus divided into shallow (up to 300 m) and deep (over 300 m) geothermal
heat pumps, with shallow systems largely prevailing over deep systems. Although deep geothermal
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heating systems are more efficient than shallow systems, the research and technological development
of these systems is still far from being satisfactory, since the installation costs are still very high. An
investigation of the physical and thermal properties of the target area ground, along with a quantitative
analysis of the available heat, is required for the use of deep geothermal energy, which has considerable
potential due to the high temperature of the source. In addition, the time trend of the energy needs
of the facility should be known. For the utilization of deep geothermal energy in the industrial and
public welfare sectors, initial costs (considering the potential of deep geothermal energy) should be
considered, and an objective Life Cycle Cost (LCC) is also necessary.

Nguyen et al. [6] evaluated the influence of groundwater flow in fractured aquifers using a
numerical coupled model of the Standing Column Wells (SCW) systems. With their model, they
achieved a good agreement with reference numerical solutions. Park et al. [7] studied Ground
Water Heat Pump (GWHP) systems through a field test and numerical studies. The analysis
confirmed that thermal dispersivity is a very important design factor when dealing with larger
GWHP systems. Casasso et al. [8] developed a model of thermal recycling in GWHPs, which has been
validated by numerical simulations with FEFLOW. This tool can be utilized for the design of GWHPs.
Lo Russo et al. [9–11] modeled GWHPs to assess the hydrogeological sustainability of water reinjection
in a plant installed at the Politecnico di Torino (Italy) for the cooling of various buildings. Different
scenarios were analyzed that differ significantly in terms of both overall plant costs (investments,
maintenance, and total electricity consumption) and environmental impact. In order to evaluate the
Thermally Affected Zone (TAZ), numerical simulations were performed. Minea [12] conducted an
experiment in the heating-cooling mode of two standing column wells that were shallower than the
closed-loop system. The author concluded that the heating performance of the system without an
artificial groundwater exchange is relatively high for limited periods of time. Efficient dehumidification
in the free cooling mode is not achievable.

Closed-loop and open-loop systems, using shallow geothermal energy, are predominantly used in
research and technological development in order to apply geothermal heat to buildings globally. Little
research has been conducted regarding heat source temperature changes and the amount of energy
usage. The Korea Institute of Geoscience and Mineral resources (KIGAM) conducted an evaluation of
deep geothermal feasibility, aimed at the Korean peninsula, in order to assess the domestic geothermal
energy reserves. According to the survey, a temperature of 90 ˝C was measured at a depth of 2385 m.
Assuming the same ground temperature gradient below a depth of 2 km or more, a geothermal
reservoir temperature of 180 ˝C could be obtained at a depth of 5 km [13,14]. Thus, in this study,
real-scale testing equipment was constructed, and the actual energy availability was calculated for
a deep geothermal well installed in Soenggok-ri, Heunghae-eup, Pohang-si, South Korea in order to
evaluate the availability of deep geothermal energy. On the basis of the results, an evaluation was
performed on each area for its potential use in controlled horticulture. Furthermore, on the basis of the
LCC, the economics of the deep geothermal system were analyzed, and a comparison was made with
existing heating boilers.

2. Summary of the Heating Experiment

2.1. Site Description

The target location of this experiment is the Heungae area of northern Pohang, Gyeongbuk, in
South Korea. South Korea lies at a latitude of 36.02˝ N and a longitude of 129.33˝ E. In regard to
the weather in Pohang, which is located in the southeastern part of the Korean peninsula, where the
annual mean temperature and precipitation are 14.2 ˝C and 1152 mm, respectively. Pohang faces the
East Sea and has a moderate climate due to the presence of the ocean and the warm current [15]. The
ground surface of this area is a depositional surface belonging to the Gyeongsang supergroup from
the Cretaceous period. The stony crystal tuff, biotite granite, felsite, and crystal tuff are distributed
throughout the region, constituting the bedrock of the Pohang basin [13]. The location of the experiment
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is one of the large energy potential areas in South Korea [16]. In research started in 2003, a deep borehole
was installed for deep geothermal energy resource development and a heating experiment was carried
out using one borehole placed between four deep geothermal wells.

2.2. Summary of the Experiment and Heating System

In this study, a heating experiment was performed using a SCW, as shown in Figure 1. In these
plants, the same deep geothermal well is used both for the abstraction and the injection of groundwater,
which is used as a heat source for the heat pump.
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Figure 1. Standing Column Well (SCW) system.

SCW systems have attracted increasing attention due to their advantages such as low construction
cost and high heat exchange rate per well depth compared to the closed-loop system, because they
directly use groundwater as a heat sink, thus maintaining a constant temperature [17,18]. A real-scale
laboratory was constructed and GSHPs experimental equipment was used to examine the feasibility of
the deep SCW. The laboratory is located in Heunghae-eup, Pohang, South Korea, and was constructed
using a container structure of 12 m2 in area. Figure 2 shows a schematic diagram of the equipment
system developed in this study. The system configuration includes a heat exchanger, a heat pump, and
load-side units, as shown in Table 1 [14,18].
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Figure 2. Schematic diagram of the Ground Source Heat Pump (GSHP) systems. Reproduced with
permission from [14,18].



Energies 2016, 9, 108 4 of 13

Table 1. System configuration.

System Sides Composition Specifications

Geothermal Heat Exchanger
Borehole

Diameter 0.2032 m

Depth 2383 m

Heat Source Groundwater

Submersible Pump 30 kW

Circulation Pump Flow Rate Max 400 L/min

Heat Pump
Heat Pump Heating 4.79 RT

Cooling 4.74 RT

Heat Exchanger Plate

Circulation Pump Flow Rate Max 333 L/min

Load-Side

Storage Tank 200 L

Circulation Pump Flow Rate Max 333 L/min

Fan Coil Unit
Heating 14.50 kW

Cooling 7.43 kW

The ground heat exchanger is a SCW, with a depth of 2383 m, as shown in Figure 3; water is
abstracted using 29.42 kW submersible pumps. The heat pump system (WaterFurnace, Wayne, NJ,
USA) is composed of a plate-type heat exchanger, a heat pump with a 5 RT capacity for heating and
cooling, and a circulation pump. The load part (SHINWOO, Paju, South Korea), is composed of a 200 L
thermal storage tank a Fan Coil Unit (FCU) with a 14.5 kW capacity for heating, and a circulation pump.
In order to analyze the temperature change of water within the borehole and the system performance,
monitoring was carried out by installing a temperature sensor, a flow meter, and a power meter around
the plumbing and heat pump, as shown in Table 2. A total of six temperature sensors were installed
as shown in Figure 3 in order to measure the temperature of the heat source. The circulation flow
was measured using an electronic flow meter, and a single-phase two-wire power meter was used
to measure the amount of electricity consumed in the operation of the heat and circulation pumps.
A data logger was used to save the data measured in the SCW system in this study [14,18].
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Table 2. Monitoring equipment.

System Sides Specifications Number

Electricity meter 4–20 mA 4
Flow meter Electronic type 3

Thermometer PT-100 6
Data logger GR100-12ch 1

2.3. Experiment Method

Table 3 shows the test methods used during the heating operation of the system. A simulated
cooling load was installed inside the laboratory, taking into account the lack of a heating load during
the day.

Table 3. Summary of the experiments.

Operation Mode Mode 1 Mode 2

Experiment Period 18 November 2014–21 December 2014 22 December 2014–11 February 2015
Flow Rate 70 L/min 50 L/min

FCU Temperature 30 ˝C 22 ˝C
Submersible Pump

Power Consumption 2.50 kW 1.75 kW

Operating mode Continuous Operation

A heating operation test was performed in order to analyze the maximum heating load that could
be provided by the system, in continuous operation, without regard of the bleeding operation of the
SCW. The heating test was conducted over a period of 3 months from 18 November 2014 to 11 February
2015. The heat source temperature within the well, as well as the system performance (in accordance
with the flow rate change and the FCU set temperature) were compared and analyzed. The heat pump
load-side temperature was set at 45 ˝C. The temperature difference (∆T) at the heat exchanger was
set at 5 ˝C. When deep geothermal wells are applied in controlled horticultural farms, a quantitative
analysis of the energy consumption, per plant, is needed to determine the heating set temperature.
Therefore, an FCU temperature change (from 30 to 22 ˝C) was set. The power consumption of the
installed submersible pump was 15.3 kW during the drawdown test at 416 L/min. Lower flow rates of
70 and 50 L/min were used in the experiment, and the power consumption of the heat pump hence
proportionally diminished to 2.50 and 1.65 kW, respectively.

3. Experimental Results

3.1. Temperature Change of the Heat Source Water

Figure 4 shows the change of the water temperature during the heating operation of the systems
by using the deep geothermal well. T1 (Heat source_In) and T2 (Heat source_Out) are the time series of
the water temperature at the inlet and outlet of the borehole, respectively. After the heating operation
at 70 L/min and 30 ˝C FCU set point had ended, the temperatures of the entering and return water
were 40.06 and 36.99 ˝C, respectively; these temperatures increased to 41.84 and 38.57 ˝C in the second
period at 50 L/min and 22 ˝C FCU set point.

A maximum entering water temperature was achieved of 42.04 ˝C, which then decreased to
41.84 ˝C at the end of the experiment; this is considered to reliably respond to the heating load, per
crop, when a deep geothermal well is predominantly used in a controlled horticulture farm. T3 (Heat
pump_In) and T4 (Heat pump_Out), in Figure 4, are the water temperature time series at the outlet of
the heat pump, which is connected to the plate type heat exchanger. In T5 (Load side_In) and T6 (Load
side_Out), in Figure 4, the heat source water temperature of the load side, and the mean inlet and
outlet temperatures during the heating operation were measured as 45.16 and 42.62 ˝C, respectively, as
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the heat pump temperature was set at 45 ˝C. The temperature of heat source in this system gradually
increased with time, indicating that the geothermal energy potential is greater than that resulting from
the experiment.Energies 2016, 9, 108  6 of 13 
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The average heat exchange rate of the system is 25.77 kW at a flow rate of 70 L/min and 27.25 kW
at a flow rate 50 L/min.

This is due to the continuous increase of the temperature of the heat source. The mean power
consumption of the circulation pump on the source and load sides is 0.5 kW, and the power
consumption of the heat pump is 4.7 kW.

Figure 6 shows the COP of the heat pump (HP.COP) and of the whole system (S.COP) during the
heating experiment, calculated using Equations (2) and (3):

HP.COP “
ř

Q
ř

Whp
(2)

S.COP “
ř

Q
ř

Whp `
ř

Wp
(3)

where ΣQ: total heating power (kW), ΣWhp: electricity consumption of the heat pump (kW),
ΣWp: electricity consumption of the circulation pump (kW).
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The average COP of the heat pump is 5.5 and 5.8 for the first and the second part of the heating
experiment, respectively, i.e., at flow rates of 70 and 50 L/s, respectively. These values are noticeably
higher than 3.1, i.e., the minimum standard value according to [17]. The heat source temperature kept
increasing up to 41.04 ˝C, as shown in Figure 4. Thus, we consider that the heat exchange rate of the
system and the heat pump performance would be much higher under optimal operating conditions.
The average system COP, reflecting the power consumption of each facility system is 3.1 and 3.6 at
a flow rate of 70 and 50 L/s, respectively. The reason why the system COP is much lower than that of
the heat pump is that the power consumption of the submersible pump was relatively high compared
to that of the closed-loop system. If the submersible pump were optimized, the system COP could be
improved substantially.

4. Feasibility Analysis of the Controlled Horticulture Scenario

4.1. Simulation Summary

A quantitative analysis of the energy consumption in buildings served by a geothermal plant is
required in order to assess the feasibility of the utilization of geothermal energy. Thus, in this study,
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a heating load analysis was performed considering the standard materials used for greenhouse covers
in Korea; i.e., glass, polyethylene, and polycarbonate [19] (Figure 7). The software TRNSYS (University
of Wisconsin, Madison, WI, USA) 17 was adopted for the dynamic energy simulation of these standard
greenhouses. TRNSYS is able to model complex energy systems, which are reproduced by assembling
modular components modeled by libraries (Types). The simulation conditions are summarized in
Table 4. The weather data from the Meteonorm was utilized, which is in Ulsan, near Pohang. The
product cultivated in the controlled horticultural farms is assumed to be paprika, and the indoor
temperature was set at 18 ˝C. The indoor temperature control of the greenhouse is performed by
ventilation, and the amount of ventilation was set at 1.57 times/h according to the prescriptions of
Korea Rural Development Administration (RDA) [20]. In this study, the operation of the greenhouse
time was set as a 24-h continuous operation, and the heating energy required per unit area (according
to the operation conditions of the greenhouse) was calculated.
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Table 4. Simulation condition.

Target Facility Controlled Horticulture

Facility Area 375 m2

Weather Data Ulsan
Set Temperature of Crops Paprika Heating 18 ˝C

Monthly Ventilation 1.57 times/h
Operation Schedule All times (8760 h)

4.2. Simulation Results

Figure 8 and Table 5 show the results of the heating load analysis. The results, according to the
cover type, showed that the total annual heating load is 146.77 MWh/year for glass, 85.33 MWh/year
for polyethylene, and 96.04 MWh/year for polycarbonate. It was confirmed that a glass greenhouse
consumes about 1.6 times more energy than a greenhouse covered with other materials, because of
the higher transmissivity (U-value). The solar energy transmittance (G-value) of polycarbonate is
lower than that of polyethylene, and hence the heating consumption of the polycarbonate greenhouse
is higher, due to the lower solar gains. The peak heating load was calculated as 83.58 kW for glass,
58.64 kW for polyethylene, and 56.42 kW for polycarbonate. Assuming that the GWHP has a flow rate
of 300 m3/day, the estimated thermal power is 72.74 kW, which is sufficient to cover the peak load of
the polyethylene and polycarbonate greenhouse, but not that of the glass-covered greenhouse.
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Table 5. Simulation results of each case.

Case Annual Heating Load Peak Load Peak Load per Area

Glass 146,746 kWh 83.58 kW 222.88 W/m2

Polyethylene 85,305 kWh 58.64 kW 156.37 W/m2

Polycarbonate 96,014 kWh 56.42 kW 154.58 W/m2

5. Economic Analysis

5.1. Summary of Economic Analysis

Depending on the outer cover type of the greenhouse, and hence on the heating load,
a comparative economic analysis was carried out as shown in Figure 9. The Life Cycle Cost (LCC) and
the Return On Investment (ROI) were calculated adopting the present value analysis method, which is
described by the following equations:

PF “
F

p1` iqn
(4)

PA “
A rp1` iq ´ 1s

i p1` iqn
(5)

P = PF + PA (6)

where PF: the present value of future cash, PA: capitalization factor of annuity, F: cost incurred after
n years, A: annual cost, i: discount value.
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5.2. Calculation of Initial Cost

The initial cost was calculated as shown in Table 6, based on the heating peak load on which the
required power of the heat pump/boiler depends.

Table 6. Initial cost of each system.

Case Peak Load (kW) GSHP (won) Diesel Boiler (won)

Glass 83.58 102,655,400 2,695,000
Polyethylene 58.64 86,943,200 1,878,000

Polycarbonate 56.42 85,544,600 1,878,000

The initial cost of the boiler was taken from the price list of the Kiturami Company in South
Korea [21]. Assuming a depth of 1 km for the SCW, the excavation cost of the geothermal heat
exchanger was calculated, based on estimates from Korean GSHP companies. The cost of the heat
pump, depending on the power, was taken from [22]. The initial cost of the geothermal heating system
is 38 to 46 times higher than that of the oil boiler, as reported in Table 6. Two oil boilers were considered,
Boiler 1 with a power of 116.3 kW and an efficiency of 83%, and Boiler 2 with a power of 81.4 kW and
an efficiency of 82%.

5.3. Calculation of Operation Cost

The LCC of each system was calculated considering both the energy and the maintenance costs.
Table 7 reports the price of diesel in Korea as of June 2015 [23] and the heating value of diesel in an
ideal boiler considering the efficiency of Boilers 1 (83%) and 2 (82%).

Table 7. Diesel price and diesel heat efficiency.

Item Boiler 1 Boiler 2

Price of Diesel 1241.68 won/L
Heating Value of Diesel 9.80 kWh/L

Heating Value by Using Diesel Boiler 8.04 kWh/L 8.14 kWh/L

The heat pump COP should consider a variety of effects, such as the operation method of the
system, the ground properties etc., in order to calculate the operating cost of the GSHP. For this reason,
the operation costs were calculated by setting the heat pump COP to 3.1, according to the minimum
performance standard value reported in [17]. The special tariff of the Korea Electric power Corporation
was used to calculate the cost of electricity to feed the heat pump [24]. For the maintenance costs, it was
assumed that the oil boilers need to be replaced after 10 years, while the heat pump does not need to
be replaced in a 20 year lifespan. Table 8 reports the annual energy consumption of each system.

Table 8. Annual energy consumption of each case.

Case Diesel Consumption (L) Electricity Consumption (kWh)

Glass 16,963 48,929
Polyethylene 10,582 28,443

Polycarbonate 11,911 32,014

Table 9 reports the annual operation costs of the oil boiler and the GSHPs. The annual operation
costs are reduced by 19 million South Korean won (SKW) for about 12 million SKW in the plastic
greenhouse, and about 13 million SKW in the polycarbonate greenhouse, when using diesel oil as the
heat source.
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Table 9. Annual operation costs of each case.

Case Diesel Price of the Diesel Boiler (won) Electricity Price of the GSHPs (won)

Glass 21,062,722 2,233,090
Polyethylene 13,139,830 1,320,012

Polycarbonate 14,789,458 1,479,165

5.4. Payback Period Analysis

An ROI analysis was performed using the present value analysis method, converting all costs
(annual operation and system maintenance costs, etc.) that occur in the life cycle of the energy supply
system. The average value of the three-year expiration Treasury bond for 10 years (2005–2014), in the
Korea Bank economic Statistics System was 3.94% [25]. In the case of the oil boiler, assuming that
boiler replacement and installation costs are incurred every 10 years, the non-recurring cost was
calculated. Figure 10 shows the LCC analysis of the diesel oil boiler and the GSHPs for the different
cover materials. An economical benefit of adopting GSHPs is found for all materials, as the payback
period is shorter than the 15 years plant lifetime considered in our analysis, i.e., about 6 years for
the glass greenhouse (which is characterized by higher energy consumption), about 9 years for the
polyethylene greenhouse, and 8 years for the polycarbonate greenhouse.
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6. Conclusions

In this study, the system performance and availability of deep geothermal energy were analyzed
through empirical heating experiments on a SCW-type deep geothermal well installed in Pohang-Si,
South Korea. Also, a heating load analysis was conducted according to the outer cover materials, by
using a dynamic thermal analysis simulation tool. Based on the results of the energy simulation, the
economics of the deep geothermal well were analyzed, comparing it with a conventional oil boiler.
The following results were obtained.

‚ The heating experiment at the deep geothermal well showed that the temperature increased over
time, achieving a final value of 41.84 ˝C. The performance analysis of the GSHPs showed that
the average HP.COP is 5.5 with a flow rate of 70 L/min and a FCU set temperature of 30 ˝C,
and 5.8 with a flow rate of 50 L/min and a FCU set temperature of 22 ˝C. Such performance is
much greater than the minimum standard value specified in ASHRAE. A deep geothermal well
for a greenhouse with a dominant heating load is therefore expected to operate efficiently in the
long term.

‚ The LCC analysis results for each outer cover type, when replacing an existing diesel oil boiler
with GSHPs, show economic profits after about 6 years for a greenhouse of glass, after 9 years for
polyethylene, and after 8 years for polycarbonate.
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In the future, optimal operating conditions and design methods will be established during
long-term heating operation, using a deep geothermal well, through continuous monitoring of
the systems.
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