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Abstract: In the present study, a fuel cell driven ground source heat pump (GSHP) system
is applied in a community building and heat pump system performance is analyzed by
computational methods. Conduction heat transfer between the brine pipe and ground is
analyzed by TEACH code in order to predict the performance of the heat pump system.
The predicted coefficient of performance (COP) of the heat pump system and the energy
cost were compared with the variation of the location of the objective building, the water
saturation rate of the soil, and the driven powers of the heat pump system. Compared to the
late-night electricity driven system, a significant reduction of energy cost can be
accomplished by employing the fuel cell driven heat pump system. This is due to the low
cost of electricity production of the fuel cell system and to the application of the recovered
waste heat generated during the electricity production process to the heating of the
community building.
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1. Introduction

The development of renewable energy is becoming an urgent issue as global warming is accelerated
due to resource depletion and environmental pollution. Geothermal energy, which is one of the
renewable energy sources recently receiving attention, can be used to run an energy saving cooling and
heating system. The system is called the geothermal energy heat pump system. The geothermal heat
pump system has high capability of utilization in both the summer and winter. Its annual cost of
maintenance is low compared to present cooling and heating apparatus. It is also environmentally
friendly as it emits less household gases such as CO,. However, despite these benefits, various limits
are involved in the ground heat exchanger installation site and the initial installation cost.

On the other hand, the air source heat pump, which can perform heating and cooling alternatively
with a simple directional diverter valve, is acknowledged as a typical energy saving device and is
widely used in leading countries. Ground heat, which is used as the heat source for the heat pump, is
superior to other heat sources in its ease of applicability and lower maintenance cost. However, the
weakness of the air source heat pump is that the heat pump performance is greatly influenced by the
outdoor air temperature condition [1].

Thus, in order to supplement the weaknesses of the ground source and air source heat pumps and to
improve system performance, a hybrid ground source heat pump was developed. The ground heat
exchanger and a hybrid heat pump with an assistant heat source are widely used in America and
Europe. Generally, a hybrid ground source heat pump is a system that uses a ground heat exchanger
along with an assistant heat source apparatus such as a cooling tower and boiler. The ground heat
exchanger is utilized at a certain load, and the cooling tower is utilized simultaneously when the load is
higher than that of the selected load. During heating, the boiler or solar panels used for general heating
facilities are additionally installed in the geothermal heat pump and utilized as the assistant heat source.
A system using a ground heat exchanger and an air source as the assistant heat source can also be
considered as a hybrid geothermal heat pump system. These systems are developed to assist condenser
heat radiation during cooling and evaporator heat absorption during heating, thus increasing system
efficiency, resulting in a saving in electricity.

Previous studies include geothermal heat pump system design [2], heat pump system efficiency and
economic feasibility analysis [3], hybrid geothermal system performance analysis [4] and design
construction and construction criteria [5].

Healy et al. [3] analyzed a geothermal heat pump operation and performance characteristic through
a numerical study of various parameters that effect geothermal heat pump performance. Stoecker [6]
proposed a data processing model for a vapor compression system simulation analysis. The model is
used to predict the total system performance based on the performance characteristics of each
component (evaporator, condenser, compressor, and expansion devices).

Mei et al. [7] conducted a study on a high-efficiency ground coil heat exchanger, analyzing the
water phase change and the ground temperature variation of the horizontal ground coil due to the
seasonal change in the soil.

In America, research carried out on geothermal energy increased after the 1980s. In 1984,
Bose [8,9] proposed that for a vertical ground heat exchanger it is valid to use an equivalent diameter
and to consider the two tubes in the U-tube as one tube while deriving heat characteristics. Later, in
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1988, Bose was also the first to describe soil temperature variation around a vertical heat exchanger
using an analytical method. Kavanaugh [10] constructed a test module for measuring pipe pressure loss
and various heat losses in a geothermal heat pump system pipe design, thus describing the actual
operation and yielding design values that can be utilized. It should be noted that Bose [8,9] and
Kavanaugh [2] proposed the design criteria in the geothermal heat pump system, and provided the data
of various examples of installed heat pump systems, thus accelerating the use of the geothermal heat
pump [11].

Lund [12] showed a 58% growth in geothermal heat pump system usage after 1995, and that the
growth was 9.8% annually, and around five million heat pump systems in use in America and
European countries by the beginning of 2000s. Lund et al. [13] estimated the increase in the numbers
of geothermal heat pump system being installed. Around 4.5 million geothermal heat pump systems
were installed in America in 2005, with an increase of 0.5 million each year. The increase rates of
installation were as follows: encapsulated type vertical heat exchanger, 46%; encapsulated type
horizontal heat exchanger, 38%; open type system, 15%; and overall installation, 10%. In 2005, the
number of 12 kW capacity geothermal heat pump systems installed had doubled compared to that in
2000 and by 2010, about 15 million geothermal heat pump systems had been installed.

Zeng et al. [14] analyzed borehole heat transfer in a vertical ground heat exchanger while utilizing
single U-tube and double U-tube units. Hepbasli et al. [15] conducted experimental research on
geothermal heat pump performance with an encapsulated vertical ground heat exchanger. Bi ef al. [16]
analyzed the temperature distribution around a ground heat exchanger through theory and experiment.
Inalli et al. [17] analyzed seasonal ground temperature distribution and system performance while
varying the burying depth of the ground heat exchanger in the horizontal geothermal heat pump system.
Esen et al. [18] analyzed heat pump system performance of the horizontal geothermal heat pump
system in cases where the heat exchanger burying depth was 1.0 m and 2.0 m.

In this study, a fuel cell system was combined with a heat pump system and hybrid heat pump
system currently in use. The fuel cell system transforms chemical energy directly to electrical energy,
thus yielding higher efficiency compared to other electricity generating technologies. The cost is less
than that of late-night electricity due to its capability to generate electricity on its own. Also, the waste
heat from the fuel cell operation can be stored in the heat storage tank and used as a heat source, thus
increasing the heat pump system coefficient of performance (COP) during heating.

2. The Selection of Community Building for Numerical Analysis

In this study, the object of numerical analysis is an actual building currently in operation. The
specifications of the object community building are shown in Table 1. This community building has
lower load change compared to other buildings, and has a large annual load, which is economically
beneficial. Thus the building was selected as the object for numerical analysis. Also, to increase the
building area to 33,057 m” and to observe the energy consumption variation according to regional
change, the object building was fixed while the building location was varied, including Munmak,
Daejeon, and Busan during numerical analysis.
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Table 1. Specifications of the object community building.

Item Specifications
Object community building Oak Valley Resort
Location Munmak, Gangwon-do, Korea
Area (m) 27,028
Number of persons Maximum: 2,260

3. Numerical Analysis of Geothermal Heat Pump
3.1. Ground Source Heat Pump System

A schematic of the fuel cell driven ground source heat pump system in this study, which is the
object of the numerical analysis, is shown in Figure 1.

Figure 1. Schematic diagram of the fuel cell driven ground source heat pump heating and
cooling system.
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The heat pump system is a system combining a chilled water storage tank, a ground source heat
pump, and a heat pump using bath water waste as a heat source. It consists of two heat pumps, while
one heat pump can alternatively use the ground source and the waste heat as a source. In more detail,
in the heat pump system, heat is stored in a chilled water storage tank with late-night electricity and
heat from the fuel cell operation to be used during heating. Waste heat from the shower and bath water
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is stored in the hot water storage reservoir through the water source heat pump. Waste heat from the
shower and bath water is stored in the hot water storage reservoir through the water source heat pump.
In the case of cooling, the heat from the chilled water storage tank is pumped to the hot water storage
reservoir using the water source heat pump so that both cold and hot heats are utilized simultaneously
by a single heat pumping operation. This combined load system increases double the COP of the
system. For numerical analysis of the heat pump system, the heating and cooling load calculation of
the building, the heat pump capacity calculation, and the sub-program to predict ground temperature
variation through the heat pump energy equilibrium equation are used to analyze two-dimensional
heat transfer.

3.2. Fuel Cell System Waste Heat Recovery Apparatus

In a fuel cell system, waste heat recovery is more important than simply improving energy
efficiency. According to the American DOE report [19], a polymer electrolyte membrane fuel cell
system with 30% fuel-to-electricity efficiency can save up to 40% gas fuel when a waste heat recovery
system with 65% efficiency is installed. In the actual fuel cell systems, water or air is used for cooling in
order to maintain the optimal operation temperature, and pipelines are also already in the system. Thus,
simple heat exchangers are added as shown in Figure 1 to store the heat generated during the fuel
cell operation.

3.3. Dynamic Analysis of Community Building Load

In this study, the heat resistance-capacitance method [20,21] is used to calculate the heating and
cooling load. In particular, the thermal-resistance capacitance method is widely used in the aviation
industry. While a great deal of research has been carried out on the dynamic analysis of the building
heating and cooling load such as DOE, BLAST, and TRNAYS [22-24], the program structure is
complex and difficult to apply to building heating and cooling load calculation, and is also
time-consuming. In this study, the entire building is considered in a one room equivalent model and a
non-steady heat transfer equation is solved for the equivalent model to yield indoor temperature and
wall temperature variation with time. Solar radiation load [25] due to solar radiation and permeability
of solar radiation in the window are derived from the method proposed in ASHRAE
Fundamentals [26]. Also, to obtain an infiltration air load, human body load, and other loads [27],
numerical analysis was conducted while considering the object building’s operation characteristics.

Lee et al. 28] applied thermal-resistance capacitance to office building energy consumption and the
result showed the same accuracy as the dynamic analysis using the response factor method, with the
error within 5% compared to the TRACLOAD code [22]. Lee [21] and Choi et al. [23] found that heat
performance concurred well with the results from the experiments by using the thermal-resistance
capacitance method, and they conducted a simulation of the continuous heat supply control in a
high-rise apartment building.

In this study, a program is developed to easily analyze a heat pump heating and cooling system
through dynamic heat load analysis using the thermal-resistance capacitance method.
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3.4. Analysis of GSHP Cycle

In order to simulate the heat pump system, the cycles for the air source heat pump and water source
heat pump must be simulated. In this study, the Engineering Equation Solver (EES) is used to simulate
the heat pump cycle. Assumptions for the cycle simulation are as follows:

(1) Temperature difference between condenser and water is £5 °C in the heat pump heat storage
tank or chilled cooling storage tank heat exchanger.

(2) Temperature difference between the outdoors and the evaporator or condenser is +10 °C for the
evaporation and condensing in water-air heat exchange.

Procedures for simulating the heat pump with the EES code are as follows.

(1) Determine the evaporator temperature and condenser temperature and then calculate the R-22
refrigerant heat pump system coefficient of performance (COP) with the EES program.

(2) Ground brine temperature is altered automatically in response to the ground heat conduction
condition until the total heat absorbed or emitted from the entire pipeline becomes 2RT. 2RT is
the postulated heating or cooling capacity of a module ground pipe hole.

3.5. Ground Heat Exchange Analysis

Figure 2 shows a schematic of a ground source heat pump system in a geothermal heat pump
system with a vertical ground heat exchanger. The single U-tube vertical ground heat exchanger
consists of two tubes with flowing fluid, grout, and a borehole which is the boundary of the soil and
grout. In the case of the heat pump cooling operation, discharged fluid flows through the pipeline and
passes through the tube and grout, emitting heat to the soil, and returns to the heat pump. In reverse,
during the heating operation, the fluid discharged from the heat pump flows through the tube and
absorbs heat from the soil and returns to the heat pump.

Figure 2. Schematic of a ground source heat pump system.
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In this study, an equivalent tube is used to substitute the U-tubes, and the square calculation region
is changed to a circular region, to simplify the simulation, as shown in Figure 3. Borehole pitch is
assumed to be 4.5 m and borehole depth is 100 m. The properties of the underground soil and
bentonite, which fills the borehole, were selected as shown in Table 2. Equation (1) is used to calculate
the valid thermal conductivity in the soil. Water contained in the underground soil was assumed to be
35% and 75% [24].

Figure 3. Transformation of a square domain to an equivalent concentric domain.
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Table 2. Properties of the element of the ground heat exchanger.
Material Soil Refrigerant (R-22) [27] Grout (Bentonite)
p (kg/m?) 2600 1133 1800
C, (J/(kg K)) 837 1332 500
k (W/(m K)) 3.1 0.077 2.66

The valid thermal conductivity of the soil is:
i _ 1-® L. (0] (1)
k k, (1-S,)k,+S k,

g

where F =0.5(e+0. 014)025 g=S -®. Here ky, ks k, represent the thermal conductivity of soil
particle, air, and water, respectively. @ is underground soil porosity and S, is the degree of saturation.

The single module for the ground heat exchanger is a square with the length of each side S as shown in
Figure 3. Djp is the grout diameter and D, is the ground pipe diameter. The square region is substituted
for the circular region with equivalent diameter D, while the two circular tubes with diameter D, are
substituted for the equivalent tube with diameter D,.. The equivalent diameter D,. is calculated as
\/EDF , while the ground equivalent diameter Dy is +/25 .

Figure 4 shows the mesh generated to analyze ground temperature distribution. Fine mesh is used
for regions where rapid temperature variation due to heat pump system operation is expected to occur.
The TEACH code program was used for the ground heat transfer method [27] during simulation. A
pipe depth of 100 m and a ground depth 150 m were analyzed, while the borehole pitch S varied.
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Figure 4. Transformation of a square domain to an equivalent concentric domain.
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3.6. Governing Equation and Boundary Condition

The U-tubes are substituted for an equivalent tube as shown in Figure 3, and an assumption is made
that the heat velocity originated from the equivalent tube and was transferred to the ground through the
grout. The heat velocity has a positive value when the heat is transferred from a refrigerant tube to the
ground, and has a negative value when heat is transferred from ground to refrigerant tube.

The heat conduction equation in the axis-symmetric coordinate is shown as follows [29]:

oT 190 oT\ o (,dT
ol VAL IR A
P ot rar(r ar}—az( BZJ (2)

Heat conduction equation for grout is with r, <r <r,:

oTf k o OT 0T
(pCp)g—=—g—[V g}k - 3)

ot r or\ or £ 9z

Here, r, is radius of equivalent refrigerant tube; and 7, is radius of grout, with 7, <r <oo:

¥
k o oT o°’T oT
A Y s k s =( pC s

r ar(r or j+ ' 9’z (,0 ”)S ot )

Boundary condition at the outermost boundary of domain is:

aT
or

, =0 5)

DS
2

Boundary condition at the surface of refrigerant tube is:

r |DT =T, 6)
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with an initial condition 7}, = 14.2 °C.
Ground surface boundary condition is:

z=0 = 7:1ir (7)
Boundary condition for the bottom of the domain is:
Tlw=T. ®)

Computational analysis is conducted for Equations (2)—(8) by discretization using finite volume
method. Ground temperature is continuously varied according to depth, as time changes. However,
after the depth reaches a certain value, the ground temperature variation maintains a constant
annual temperature.

In this study, such a depth is defined as 150 m, and the temperature at the depth is assumed to be
T;« = 14.2 °C [24]. The ground heat exchanger is axis-symmetric, thus a two-dimensional analysis is
conducted for computation analysis, while the boundary condition at the symmetric surface around the
borehole is defined as zero gradient of temperature [29]. To analyze the ground heat conduction
equation, the ground surface condition is needed along with the boundary condition. Thus, in this study,
the regional annual climate data is used as the outdoor condition [30] and air is assumed to have the
same properties as the outdoor condition [31].

3.7. Cost of Electricity and Fuel

A comparison of the late night electricity cost and the heat pump system operational cost is shown
in Table 3. The cost of electricity generated from the fuel cell system is calculated using 46 won/kWh
for hydrogen cost and 40% for fuel cell efficiency.

In this study, the energy cost is computed from the hydrogen cost and fuel cell efficiency, without
taking into account the installation cost of the fuel cell. Also, the operational cost of the machines is
excluded and only net energy cost is computed. The base price of late night electricity costpys. 1S
computed from the following equation. In Equation (9), the COPp,y;, is the average of the hot water
supply heat pump COP, while COPcqsing 1s the average of the heat pump heating COP:

bath heat pump capacity N cooling and heating heat pump

COB)ath COPheating ) (9)

+fan power + circulating pump power)+light load)X cost, x12

cost, . =(0.746X (4.73%(

where cost, = basic cost.
3.8. Heat Pump Capacity and Heat Storage Tank Calculation

Heat pump capacity (HPC) is calculated from Equation (10) with the maximum daily load during a
year obtained from the heating and cooling load program. The heat storage tank capacity is calculated
from Equation (11):

SR
HPC (kJ / hr) = PL(kJ / day)x OT(hr) (10)
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HPC(kJ | hr)x NT (hr)x SR — NL(kJ)
RT(°C)x RE x1,000(kJ / m") (1)

RC(m*) =

Here, PL is maximum daily load; SR is excess rate; OT is heat source apparatus operating time; NT'
is operating time during night; NL is night load; RT is temperature difference due to heat storage tank
usage, and RE is heat storage tank efficiency.

The temperature difference due to heat storage tank usage was assigned as 5 °C, with a 10 h
operating time during the night, a heat storage tank efficiency of 95%, and an excess rate of 10%. The
amount of waste water was assigned as 1.8 times that of daily heated water, while heat storage tank
capacity was the amount of the daily heated water, and the waste water storage tank capacity was
1.8 times that of the heat storage tank.

4. Results and Discussion
4.1. Regional Data of Ground Temperature Variation

In Korea, the heating load is larger than the cooling load, whereby more ground heat source is used
during the winter than is stored heat during the summer; thus the ground temperature continuously
decreases. Figure 5 shows the variation of ground mean temperature obtained from computational
analysis. The difference of initial ground temperature according to the region is due to the fact that
when the ground heat source is used, more heat is used than the amount stored in the ground heat
source. Therefore the temperature difference in the ground is increased during use of the geothermal
heat pump. Southern regions show a smaller decrease in ground temperature, while the northern
regions show a larger variation in ground temperature. In southern regions, the heat load is small when
heating with a ground heat source, making ground heat source recovery possible. However, in the
northern regions, the amount of heat used is greater than the amount stored when heating with the
ground heat source. Thus, after 1 year, the following ground temperature drop for each city is observed
through computational analysis: in Busan, 1.5 °C; in Dajeon, 2.0 °C; and in Munmak 2.0 °C. Also, the
increased use of the geothermal heat pump resulted in a greater decrease in temperature.

Figure 5. Variation of ground mean temperature.
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Thus, the most important issue in the geothermal heat pump system is how to compensate for the
continual decrease of ground temperature. To resolve this problem, it is possible to control the system
operation time and to store the heat source generated from summer cooling, as well as to use the heat
source during winter heating. However, while this method can prevent ground temperature decrease,
any long-term use of this system requires the use of multiple heat sources to deal with the continual

decrease of ground temperature.
4.2. Variation of Heat Pump System Performance According to Building Occupancy

Figure 6 shows the ground temperature variation according to occupancy in different regions. Heat
generated from the human body differs as occupancy varies, and affects the building heat and cooling
loads as well as the ground mean temperature, thus affecting overall heat pump system performance.
As can be observed from Table 3, a reduced heat pump system performance can result from a ground
temperature drop when the annual average occupancy is 60%. Thus, the adequate operation control is
needed to maintain the ground mean temperature in different regions.

Figure 6. Effect of occupancy on the ground mean temperature. (a) Munmak; (b) Daejeon;

(¢) Busan.
24 24
B 40% of capacity B 40% of capacity
®— 50% of capacity ® 60% of capacity
229 0% of capacity 224 80% of capacity
w— 100% of capacity 4—%— 100% of capacity "_Tm"‘_'
20 20 4 v v
v’ Yy v' vy
- v vy v v
O 184 v v o 184 v
o v Vv S (M v
© Fv' v D "‘r "‘ ........
5164 v, v’ 2 16 vy v’ . %o
& [ v,“ "v" evov0e,, o 1%, MAAAAALAM «* .'c
@ TYvvvvyv?Y * . o r o L
E' 14‘|... ..O ... E. 14 ...... .. --llll.- o
ng ® L] . 5 . o® " ]
] e [] ™ ] ]
@ - "%, ...o ...IIIII-.. e, = . 2050000000°° -.- .,
] B %%eesccenee®® - - 12 "=, " "
L " " 1 "Snpagmannt”
10 Ll TP T T Ll .T 104
s+—v—r——rr1+—7—++ 8 —— e ————
0 50 100 150 200 250 300 350 1] 50 100 150 200 250 300 350
Day Day
(a) Munmark (b) Daejeon
24
—MW— 40% of capacity
2 @ 60% of capacity
T 80% of capacity
YYvy
—w— 100% of capacity v Yv .
20 - v Vv
-
v
5 18-F
[ 9] vy v
v
D.is. 'v' "v ...ol....
v
ERl 4. Y Y Yrvyvvvvr?’ .l. "o.
o . . L
o S mmEg
2 . " o.. .’ Ll .
E L (] 1 L] ]
n_ Yo, o® a* n
[ . LTI L . "
= s ] n
124 L L
"Eppgguun®
10
3 1 I T I I ] 1
0 50 100 150 200 250 300 350
Day

(¢) Busan



Energies 2013, 6 2439

Table 3. Variation of mean ratio of number of people staying in the building to the
maximum number of people staying in the building (total floor area 33,000 m’, Heat
recovery, Night-electricity driven Ground source heat pump system).

Hourly Hourly Annual Annual Heating and Bath heat
People Total
maximum maximum maximum maximum cooling heat pump (6(0) 4 COP
Location living in energy
cooling heating cooling heating pump capacity (heating) (cooling)
building cost **
load * load * load * load * capacity * RT)
40% 3,671,875 5,969,645 —3.92x10° 11.30 x 10° 1,731 267.6 11,363 3.60 6.57
M . 60% 4377429 5,993,169 —529x10° 10.75 x 10° 1,681 267.6 16,552 3.75 6.12
unma
80% -4390,529 5,999,053 —6.85x10° 10.46 x 10° 1,668 267.6 16,572 3.84 5.68
100% -5,835,283 6,040,654 —853x10° 9.58x10° 1,620 267.6 16,611 4.40 4.52
40% 4274281 5125525 —542x10° 928 x 10’ 1,583 267.6 12,386 3.67 6.40
Daci 60% 4,903,655 5,126,583 —6.97x10° 840 x 10’ 1,544 267.6 16,562 3.94 5.85
aejeon
! 80% -5,754,941 5128469 —8.69x10° 7.94 x 10’ 1,492 267.6 16,578 423 4.78
100% —6,495,485 5,130,355 —105x10° 739 x10° 1,460 267.6 16,721 4.53 3.98
40% 4274281 5125525 —580x10° 9.28 x 10’ 1,498 267.6 11,363 3.68 6.40
B 60% -5014,825 5,126,104 -7.48x10° 8.15x 10’ 1,434 267.6 11,731 3.94 4.93
usan
80% —-6,322,806 4,574,010 928 x10° 626 x 10’ 1,631 267.6 16,351 4.01 4.88
100% —6,495,485 5130355 -105x10° 622x 10’ 1,788 267.6 17,070 4.54 3.98

*in kJ/h; ** in ten thousand won.
4.3. Heat Pump System Performance Variation for Various Heat Sources

According to the results of this study, the air source heat pump using night time electricity and
geothermal heat pump was modified so that the area was increased to 33,000 m” during analysis of the
standard model, and 60% occupancy was assumed. The same building model was used for locations
Munmak, Dajeon and Busan. Computational analysis was conducted for each case. Calculated data
includes hourly maximum heating and cooling load, annual heating and cooling load, heat pump
capacity, hot water supply heat pump capacity, total energy cost, COP for each heat pump system, size
of hot water supply, size of return heat storage tank, size of heat storage tank, pump power, and fan
power. The heating and cooling heat pump capacity is calculated from the hourly maximum heating or
cooling load that has a higher absolute value. Tables 4 and 5 show a comparison of air source and
geothermal heat pump system performance using night time electricity and fuel cells. Observing the
annual heating and cooling maximum load, Munmak resort has the highest heating load, followed by
Dajeon and Busan. Busan has the highest cooling load, followed by Dajeon and the Munmak resort. In
each case, the heat pump capacity is determined by either the maximum daily heating or cooling load,
whichever is the larger.
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Table 4. Heat pump system simulation results for heating and cooling a resort building

(total floor area 33,000 m%, Heat recovery, Night-electricity driven heat pump system).

Location Munmak Daejeon Busan
Heat source Air Ground Air Ground Air Ground
Hourly maximum cooling
—4,390,529  —4,390,529  —4,903,655  —4,903,655 —6,322,806 —6,322,806
load (kJ/h)
Hourly maximum heating
5,999,053 5,999,053 5,126,583 5,126,583 4,574,010 4,574,010
load (kJ/h)
Annually maximum o o 9 9 9 9
) —4.66 x 10 —4.66 x 10  —6.17 x 10 —6.17 x 10 —6.55 x 10 —6.55 x 10
cooling load (kJ/year)
Annually maximum 9 9 0 0 0 0
) 10.0 x 10 10.0 x 10 8.0x10 8.0x10 6.0 x 10 6.0 x 10
heating load (kJ/year)
Heating and cooling heat
) 1,668 1,668 1,418 1,418 1,631 1,631
pump capacity (kJ/h)
Bath heat pump capacity
267.6 267.6 267.6 267.6 267.6 267.6
(RT)
Total energy cost
18,371 16,572 18,306 16,562 17,702 16,351
(ten thousand won)
COP (heating) 3.16 3.84 3.27 3.94 3.42 4.01
COP (cooling) 3.84 4.68 3.69 4.85 3.90 4.93
COP (bath) 4.21 4.18 4.21 4.18 4.21 4.18
Thermal storage reservoir
511 511 511 511 511 511
for bath (t)
Waste heat recovery
i 919 919 919 919 919 919
storage reservoir (ton)
Thermal storage reservoir
) ) 2,209 2,209 1,879 1,879 2,161 2,161
for cooling and heating (t)
Pump power
i i 46.1 46.1 39.4 39.4 48.8 48.8
(heating and cooling)
Pump power (bath) 6.2 6.2 6.2 6.2 6.2 6.2
Fan power (ventilation) 17.9 17.9 17.9 17.9 17.9 17.9

Table 5. Heat pump system simulation results for heating and cooling a resort building

(total floor area 33,000 m% Heat recovery, Fuel-cell driven heat pump system).

Location Munmak Daejeon Busan

Heat source Air Ground Air Ground Air Ground
Hourly maximum cooling

—4,390,529  —4,390,529  —4,903,655  —4,903,655 6,322,806  —6,322,806
load (kJ/h)
Hourly maximum heating

5,999,053 5,999,053 5,126,583 5,126,583 4,574,010 4,574,010

load (kJ/h)
Annually maximum 9 9 9 9 9 9

—4.66 x 10 —4.66 x 10 —6.17 x 10 —6.17 x 10 —6.55 x 10 —6.55 x 10

cooling load (kl/year)
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Table 5. Cont.

Location Munmak Daejeon Busan

Heat source Air Ground Air Ground Air Ground

Annually maximum 0 0 9 0 9 0
10.0 x 10 10.0 x 10 8.0x10 8.0x10 6.0 x 10 6.0 x 10

heating load (kJ/year)
Heating and cooling heat
) 1,668 1,668 1,418 1,418 1,631 1,631
pump capacity (kJ/h)
Bath heat pump capacity
267.6 267.6 267.6 267.6 267.6 267.6
(RT)
Total energy cost
11,669 8,324 11,511 8,111 10,821 7,970
(ten thousand won)
COP (heating) 4.62 5.34 4.68 5.44 4.73 5.51
COP (cooling) 3.84 4.68 3.69 4.85 3.90 4.93
COP (bath) 4.21 4.18 4.21 4.18 4.21 4.18
Thermal storage reservoir
511 511 511 511 511 511
for bath (t)
Waste heat recovery
. 919 919 919 919 919 919
storage reservoir (t)
Thermal storage reservoir
) ) 2,209 2,209 1,879 1,879 2,161 2,161
for cooling and heating (t)
Pump power
i i 46.1 46.1 39.4 39.4 48.8 48.8
(heating and cooling)
Pump power (bath) 6.2 6.2 6.2 6.2 6.2 6.2
Fan power (ventilation) 17.9 17.9 17.9 17.9 17.9 17.9

Thus, Busan which has the largest maximum cooling load needs the largest heat pump capacity.
Therefore, the base price for electricity rises. In determining the heat pump capacity, the optimal
situation occurs when the amount of heating load and the amount of cooling load are similar. When
either the heating load or cooling load is relatively large, the heat pump capacity and the size of the
heat storage tank increase, thus increasing the cost of the initial installation and the cost of electricity.
In Korea, the daily maximum heating load of the northern region is greater than that of the cooling
load, which is the disadvantage in heat pump system application. Also, since the heating load is larger
than the cooling load, the heat source used in winter is greater than the amount stored during the
summer, thus resulting in a continual decrease of ground temperature. In southern regions, the ground
temperature drop is less than in the Northern regions. In the ground source heat pump (GSHP),
compensation of the continual increase or decrease of ground heat source is an important issue. Thus,
in winter, heating the waste heat generated from the fuel cell operation can be used in system heating
to yield a 1.5 COP increase in system performance compared to present ground heat source heat pump
system. Electricity generated from the private power station can be supplied to the heat pump, saving
energy costs.
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4.4. Energy Cost

The cost of energy in the heat pump heating and cooling system is calculated as the sum of the
electricity cost for the heat pump power, the hot water heat pump power, and the fan power. The total
cost varies slightly in a heat storage heat pump system, but the variance of total energy cost according
to location is small in Munmak, Dajeon, and Busan. In Busan, while the cooling energy cost is the
largest, it has a small heating load energy cost. On the contrary, Munmak has a large heating load
energy cost, but has a small cooling load energy cost. Thus, the sum of heating and cooling load
energy cost was similar for Busan and Munmak. Table 6 shows the cost of electricity, gas, and the sum
when absorption cooler-heat system is used instead of the heat pump system. Cases are classified by
whether the public bath is installed in the resort and whether the waste heat is recovered. Cases are
classified by whether the public bath is installed and whether the waste heat is recovered. In the cases
when the public bath is installed and the waste heat is not recovered, total energy cost showed about a
0%—5% increase.

Table 6. Energy cost of gas absorption cooler-heater system for a resort building (total
floor area = 33,000 m®).

Energy cost Munmak Daejeon Busan

Location
Bath existence Non-exist Exist Non-exist Exist Non-exist Exist

Absorption
cooler-heater gas cost 38,988 38,988 37,464 37,464 34,594 34,594
(ten thousand won)

Absorption
cooler-heater electric cost 24,966 24,973 24,003 23,997 22,166 22,159
(ten thousand won)

Heat

recover

Absorption
cooler-heater total cost 63,954 63,961 61,467 61,416 56,760 56,753
(ten thousand won)

Absorption
cooler-heater gas cost 53,300 53,300 51,766 51,776 48,906 48,906
(ten thousand won)

Absorption
cooler-heater electric cost 24,189 23,280 23,213 22,346 21,372 20,537
(ten thousand won)

Non heat

recovery

Absorption
cooler-heater total cost 77,489 76,580 74,989 74,122 70,281 69,443
(ten thousand won)

Table 7 shows a comparison of the total energy cost in a resort building when various heat sources
are used. The large energy cost for gas absorption cooling-heating is due to an expensive fuel cost and
general electricity cost, thus showing the largest energy cost. Energy cost difference according to
location was slight in the air source and ground source heat pump system using night time electricity.
Thus fuel cell driven heat pump system with a high system performance coefficient and low unit price
showed the lowest energy cost.
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Table 7. Comparison of operation costs.
Heat pump heating and cooling system Munmak Daejeon Busan

Gas absorption cooler-heater(ten thousand won) 76,580 74,122 69,443
Gas absorpti ler-heater + waste heat

as absorption cooler-heater + waste heat recovery 63.961 61,461 56,753
(ten thousand won)
Night-electricity dri i heat t

ight-electricity driven air source heat pump water 18371 18,306 17702
storage (ten thousand won)
Night-electricit i heat

ight-electricity driven ground source heat pump 16,572 16.562 16351
water storage (ten thousand won)
Fuel cell dri i h

uel cell driven air source heat pump water storage 11,669 11,511 10,821
(ten thousand won)
Fuel cell dri h

uel cell driven ground source heat pump water 8.324 8111 7.970

storage (ten thousand won)

5. Conclusions

In this study a ground source heat pump heating and cooling system driven by a fuel cell was

computationally analyzed, in which heat pump system performance and economic feasibility were

considered. Ground temperature ground the pipe is affected both by the variation of air temperature in

the pipe brine temperature. The results are as follows:

(1) While the fuel cell driven heat pump system incurs a high initial installation cost, the cost is

expected to decrease as fuel cell technology is developed. Also, night time electricity is

predicted to increase, thus the fuel cell driven heat pump system will be competent to night time

electricity driven heat pump system in future. Also the fuel cell system can be operated without

limit in time and thus the size of heat storage tank can be decreased, which is an advantage over

night time electricity driven heat pump system.

(2) In Korea, where the heat load is larger than the cooling load, a continuous operation of ground

heat source heat pump system is bound to lead to a continual drop in ground temperature. The

system is also affected by outer conditions such as occupancy. Therefore, the fuel cell driven

system can increase COP by using waste heat generated from the system and minimize ground

temperature drop.

(3) A fuel cell driven ground heat source heat pump system increased the COP heating by about 1.5

through waste heat recovery.
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