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Abstract: The possibility of underground imbalance between
heat emission and absorption has a negative impact on the
performance of ground-source heat pump systems ( GSHPs).
Numerical and experimental researches were made in a
residential building, which is supplied with a GSHP system
and a ceiling radiation system combined with a replacement
fresh air system. EnergyPlus simulations were used to estimate
heating and cooling loads, and to assess the heat generated
from the water pump, the fan and the heat pump unit. Then,
Fluent simulations were used to compare three different control
strategies of handling the underground heat exchange. These
simulations were strongly based on an experimentally verified
model. It is obtained that a ratio between cooling and heating
loads is 5.08: 1 in a case study in Nanjing. Moreover, the
control strategy based on the starting time is more efficient and
reliable than the temperature and temperature difference
strategies to control the underground heat exchange.
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he rapid economic expansion has propelled China
T into the ranks of the largest energy consuming na-
tions in the world. The research for a flourishing domes-
tic economy also urges rapid urbanization processes, thus
resulting in an increasing application of air conditioning
21 The rapid growth of the residential energy
demand increases the urgency to improve the efficacy of
the technologies in new houses.

Ground-source heat pump systems ( GSHPs) are proved
to be reliable air conditioning systems thanks to their high
energy efficiency,
costs. The GSHPs use the ground as a heating exchanger.
Thus, the thermal balance with the ground may play a
significant role in the performance of the GSHP. In fact,
accumulation of heat or cold may appear if the annual op-
eration results in thermal imbalance. Consequently, the
ground temperature field may gradually increase or de-
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crease, which results in changes in the coefficient of per-
formance( COP) of the GSHP" ™.

Based on the accumulation analysis, this paper focuses
on the efficacy of GSHPs, in terms of accurate energy
consumption and control strategies. EnergyPlus simula-
tions are used to calculate heat and cooling loads, where-
as Fluent simulations focus on the underground tempera-
ture field.

1 Building Model
1.1 Overview

The case study described in this paper is a residential
building in Nanjing (see Fig. 1). The building has seven
storeys, with 70 households and a total area of 10 304
m’. The shape coefficient of the building is 0. 192. The
air conditioning system in the building serves an area of
9530 m’> and consists of a ceiling radiation system for
heating/cooling, combined with a replacement fresh air
system.

Fig.1 Model of the residential building object

1.2 Air-conditioning system parameters

Occupancy statistics of the building reveal an occupan-
cy rate of 97% , mainly composed of middle-aged and
elderly people. The occupancy density of this building is
about three persons per apartment.

The design and operaton parameters of the air condi-
tioning system are shown in Tab. 1. The indoor tempera-
ture in the operation mode is 25 C during the cooling pe-
riod and 22 C during the heating period. Fresh air vol-
ume is assumed to be 30 m’/h per person.

According to the Chinese national standard “Heating,
ventilation and air conditioning design” ( GB 50019—
2003), the heat exchange amount for the radiant heating
system with hot water should be determined by calculation
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Tab.1 Design and operation parameters in the case study

Indoor air Design parameters Operation parameters
parameters Winter Summer Winter Summer
Temperature/ ‘C 20 26 19t024 241026
Humidity/ % 30 65 30 to 60 40 to 70

especially. The actual calculated value should be correc-
ted by an additional ratio of 0.9 to 0.95, or by setting
the design indoor temperature value at 2 C lower in the
heating load calculation. Just taking the second method,
the indoor air temperature is set at 20 C during the heat-
ing load simulation hourly. After being heated by the air
handling unit, the supply air temperature is 22 C, and
the supplying water temperature in the ceiling capillary is
28 C. In the same way, during the cooling period, the
temperature of the supplying fresh air is 14 C, and the
supplying water temperature in the ceiling is 18 C.

According to the climate conditions and actual opera-
tion situation in Nanjing, the heating period is assumed
from January 1st to March 31st and from October 16th to
December 31st. The transition period is from April 1st to
May 15th and from October 1st to October 15th; in this
period, the heating and cooling segments might both
work. The cooling period is from May 16th to September
30th, during which the fresh air unit is on operation of
cooling and dehumidification.

1.3 Air conditioning equipment

The parameters of the circulation pumps are shown in
Tab. 2. In each subsystem, there are three circulation
pumps, two of which are generally operative, and the
other one is in standby mode.

Tab.2 Parameters of the circulation pump of the system

Pump flow/ Pump Power

System 5 o K Number
(m’ -h™") head/m rating/kW
Ceiling radiation system 500 31 50 3
Ground source system 500 31 50 3
Fresh air system 250 33 25 3
Cooling tower system 250 25 25 3

As we all know, pump power consumption is conver-
ted into water pressure, pump heating, and heat produc-

31 The nominal effective

tion for mechanical friction'
power of the pumps is supposed to be 86. 1% according
to manufacture data. However, the behavioral measure
reveals that the actual effective power of the pumps is
around 60% .

In the calculation, the heat transformed from the pump
pressure energy is absorbed by the circulating water and
becomes a part of the heat exchange between the building
and the cold/heat source. Only a portion of the mechanical
friction heat production is absorbed by the circulating wa-
ter ,because much of it directly spreads into the HVAC plant
room. So this paper assumes that 60% of the power of the
circulating pump is converted into heat that is absorbed by
the circulating water of the air-conditioning system.

In addition to the heat converted from the water pump
power, the power consumption of fans is also converted
into heat inside the air conditioning units ( AHU). The
two AHUs have a blowing rate of 5 135 m’/h and a total
pressure of 500 Pa. In the rated supply air conditions, the
power converted from power consumption of the fans is
2.58 kW.

The energy consumption of the heat pump units in the
cooling and heating conditions is calculated according to
the following equations respectively.

~ g
O = fcopi il (0
q;
QS}\ = COPdT (2)

where Q,, is the heat converted from the power consump-
tion of the heat pump units in the cooling condition, and
Q,, is under the heating condition (and they are expressed
in kJ) ; COP, is the COP of the heat pump units when the
load is ¢/.

The heat pump unit in this building is an Italian Clima-
veneta PSRHH3602. The performance parameters of this
machine are reported in Tab. 3.

Tab.3 Performance parameters of the heat pump units

Item Parameters Value
Refrigerating capacity/kW 1377.3

Cooling Input power of the unit/kW 280. 3
performance Chilled water flow/(m> - h™!) 235.2
Cooling water flow/(m® - h~!) 283.6

Heating capacity/kW 1496. 4

Heating Input power of the unit/kW 339.2
performance Chilled water flow/(m? - h™") 202.6
Cooling water flow/(m® - h~!) 260. 2

Refrigeration performance parameters are obtained un-
der the condition that the inlet/outlet water temperature at
the load side is 12/7 C, while the ground source side is
30/35 C. Heating performance parameters are obtained
under the conditions that the inlet/outlet water tempera-
ture at the load side is 40/45 C, and the ground source
side is 10/5 C.

The study is done by simplifying some parameters of
the heat pump unit. In particular, it is assumed that the
COP of the unit is only related to the inlet and outlet wa-
ter temperature under the condition of constant flow, as
shown in the following equation

chf(T]’Ts)’ Qh:f(Tl7T5) (3)

where Q_ and Q, are the cooling and heating capacities of
the heat pump, kW T, is the outlet water temperature at
the load side, C; T, is the outlet water temperature at the
ground source side, C.

Assuming the function relations in Eq. (3), it can be
rewritten as
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Q. =al} T, (4)

Taking the logarithmic on both sides of Eq. (4), we
obtain

InQ, =1na + b,InT, + b,InT, (5)

The goal is hence to obtain the constants a, b, and b,
in Eq. (5). This is a problem of linear regression of the
binary function. Qiao'”’ revealed these data according to
the performance samples of the heat pump under non-
standard conditions provided by manufacturers. The fol-
lowing formulae are hence obtained by fitting these data .

Refrigeration condition

QC - e7.56777-\(]).2739 TS—O.3|14 (6)
PC — e3.30137-(l),0723 7(:,5399 (7)
COPC — e4.26647{]}.2016 7-:0.8512 (8)

Heating condition

Qh — e7A4653T1—0,2307 7{:.2689 (9)
Ph :e2.79307-(]).6906 7—(:.0743 (10)
COPh — e4. 6723 T]—ﬂ, 9214 T\(: 1947 ( 11 )

In the case of the constant water flow of load and
ground source sides, the inlet and outlet water tempera-
tures at both the load and ground source sides change with
the building load. The annual COP of the heat pump unit
is generally related to the inlet water temperature of un-
derground heat exchange only, assuming that the supply
water temperature at the load side is 7 ‘C during the cool-
ing period and 45 C during the heating period. Combi-
ning Egs. (1) and (2), the COP of the heat pump is
plotted in Fig. 2.
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Fig.2 Bi-annual COP curves of the heat pump unit

2 Heat Balance of GSHPs
2.1 Hourly cooling and heating loads

EnergyPlus is used to calculate the hourly profiles of
the cooling and heating loads. Simulation results are
shown in Fig. 3. The peak cooling load in summer was

206. 45 kW on July 18th. The peak heating load in winter

was 93. 90 kW on December 18th. The total annual cool-
ing load was 391 343 kW - h, and the total annual heat-
ing load was 161 278 kW - h. Finally, the ratio of the
annual cooling and heating load was 2. 43.
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Fig.3 Hourly cooling and heating load

2.2 Ground heat exchanges

In the calculation of heat exchange underground, the
water pumps, fans and heat pump units of the air-condi-
tioning system should be considered. Heat transfer capac-
ity throughout the year of underground heat exchangers
can be calculated as follows:

Cooling condition

1
QC_QC1(1+COPum) (12)
Heating condition
0, =0y (1 - (13)
h — hl ( COPh,cm)

where Q,is the total annual cooling load of the building
during the cooling period, kW; Q,, is the total annual
heat load of the building during the heating period, kW ;
COP, .. is the operating cooling coefficient of perform-
ance; COP
formance.
As shown in Fig. 4, the peak heat release in summer
from underground heat exchangers is 263. 75 kW, and the
peak heat absorption of underground heat exchangers in
winter is 68.26 kW. The total annual cooling load is
531 237 kW - h, and the total annual heating load is
104 507 kW - h, so the ratio of the total annual cooling
and heating load is 5. 08.
300 -
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Fig.4 Heat exchange for the ground heat exchangers in one
year
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2.3 Numerical modeling of underground heat excha-
ngers

In this case study, there are around 1 700 groups of
heat exchangers. The bore holes are arranged squarely, at
intervals of 5 m (see Fig.5). Transfer performances of
underground heat exchangers, groups and changes of the
underground temperature fields under the condition of the
building dynamic load are collected. Moreover, adiabatic
conditions are set for the boundary conditions on the ver-
tical walls of the square. In the modeling and simulation
of underground heat exchanger groups, the following as-
sumptions are made

1) At the depth of 55 m, the structure parameters of 16
underground heat exchangers are all the same. Under-
ground pipes are set as single U-shaped, high-density po-
lyethylene pipe (PE), whose external and inner diame-
ters are 25 mm and 20. 4 mm, respectively. The diameter
of the drilling borehole is 130 mm.

2) 4 x 4 underground heat exchangers of a 3D un-
steady state heat exchanging model are simulated through
Fluent. The calculated hourly heat exchanging data of
the underground heat exchangers are transferred to the
underground heat exchanging model by a setted program
UDF.
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Fig.5 Underground heat exchanger arrangement

In the model, monitoring points are settled to help
comparing between the actual testing data and the simula-
ted data and to analyze the changing conditions of the
ground soil temperature. The monitors are all settled 25
m below the horizon, and monitors 3 to 7 are settled suc-
cessively as distances of 100, 500, 750, 1 000, 2 000
mm away from the central tube. Monitor 4 represents the
actual testing position.

This project applies a radiant ceiling combined with a
replacement fresh air system. The total ratio of the cool-
ing to the heating load is 2. 43. As calculated above, tak-
ing the heat generated from the water pump, the fan and
the heat pump unit into account, the ratio of cooling to
heating is 5. 08. Fig. 6 shows the underground tempera-
ture field of monitoring points through eight years, con-
cerning a consistent cooling coefficient. Monitor 1 col-

lects the inlet temperatures of exchangers, and monitor 2
collects the outlet temperature of exchangers. We can see
that after a period of eight years, the average temperature
of underground soil increases. The average temperature of
monitoring point 4, which is settled 0. 5 m away from the
tube, rises by 12. 4 C over a year. As a result, the cool-
ing season begins at an edaphic underground temperature
of 34.5 C in the summer. On this occasion, the simula-
ted average temperature of underground exchangers rea-
ches 44.0 C, which will certainly reduce the GSHPs’
cooling coeffecient, or even cause an outage of the sys-
tem. In this paper, we take the dynamic load information
out from EnergyPlus as the dynamic input into the Fluent
model by editing a UDF procedure. We find that Fluent
UDF can handle at most 1 500 time steps at one time.
Considering almost 24 h operating performance of this air-
conditioning system, the time step is set to be 24 h, when
dealing with the 8-year temperature field of heat exchang-
ers in Fig. 6. However, when dealing with the controlling
strategies in the next part, the time step is set to be 1 h in
order to reflect the influence of the auxiliary equipment on
exchangers more accurately.
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Fig.6 Temperature field of monitoring points through eight
years

2.4 Reliability analysis

Reliability analysis is carried out by comparing simula-
ted and operating parameters, in terms of the change of
temperature for underground exchanger inlet, outlet and
soil monitoring points. There are two temperature probes
30 m under the ground, with a distance of 0.5 m away
from the center of the drill. Each of the probes reveals the
change principle of temperature field underground as
shown in Fig. 7. The soil average temperature increases
by 1.9 C yearly, and the temperature difference between
the highest and the lowest during a year is about 5.2 C.
However, as shown in Fig. 8, for the simulated data, the
average temperature underground increases by 1.5 T ev-
ery year, and the temperature difference between the
highest and the lowest one is about 4. 8 C.

It can be concluded that the research method of using
EnergyPlus for heat and cooling load simulation and
Fluent for underground heat exchanging analysis is reli-
able.
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soil monitoring point

3 Control Strategy for the Auxiliary Cooling Unit

The previous analysis suggests that it is hard to main-
tain high efficiency depending only on the underground
heat exchangers. As a result, the cooling tower units can
help to reduce the imbalance between heat emission and
absorption underground. In this project, a closed-circuit
cooling tower applied as auxiliary cooling
equipment, which has a circulating water flow of 500
m’/h.

Besides the added auxiliary cooling units, a suitable
control strategy is also a vital factor for reaching high ef-
ficiency of a GSHP. A suitable control strategy of the
combined GSHP system may mainly focus on optimizing
the running method of the auxiliary cooling units. As for
the cooling unit and the cooling tower, the normal strate-

unit is

gies include controlling the ground tubes’ inlet water tem-
perature, the temperature differences and the starting time
of the cooling tower * """,

3.1 Temperature control

This strategy is carried out by settling the tolerant high-
est water inlet temperature of the ground tubes, concern-
ing the local weather and the construction features of the
building involved.

1

Based on the research of Yavuzturk and Spitler'""’ | the

cooling tower will be started when the water inlet temper-
ature of the ground tubes is higher than 35. 8 C. As for a
project which shows an imbalance between heat emission
and absorption, the running time is relatively short in the
first year. As heat accumulates day by day, the cooling
tower’s running time for the second year is likely to ex-
ceed that of the first year. In this way, it increases year-
ly, which will in return aggravate the cooling tower’s
cooling burden. So, setting a suitable cooling tower start-
ing temperature is crucial. In this paper, the water outlet
temperature of the ground tubes is 30 C. This extends
the cooling tower running time, decreases heat accumula-
tion, and maintains a consistent operation.

Controlling the water inlet temperature of the under-
ground tubes can maintain GSHPs running continually,
while the crucial problems are setting a suitable starting
temperature of the cooling tower and a proper cooling
load of the tower. A simulation of eight years was done
to reflect the water inlet and outlet temperatures, and the
underground soil temperature field. Fig. 9 reveals that an
excess temperature value for the cooling tower is likely to
cause underground heat accumulation. Consequently, the
yearly running time and the peak cooling load of the cool-
ing tower capacity will both increase. If the cooling ca-
pacity of the cooling tower is enough, then the combined
GSHPs will not only show a proper refrigeration perform-
ance but also a higher heating coefficient.

1
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Fig.9 [Inlet, outlet water and the soil monitoring temperature
changes of the tubes underground

3.2 Temperature difference control

This strategy is aimed to control the difference between
the inlet water of ground tubes and the ambient dry-bulb
temperature. The cooling tower will start when this
difference exceeds the set point.

In this strategy, the cooling tower system and its water
circulating pump starts performing the auxiliary cooling
when the difference exceeds the set value, which is usual-
ly set to be 2 C. The heat transfer model of the ground
tubes is on the basis of the hourly cooling and heating
load of the structure. In cold seasons, the cooling tower
will be on if the water outlet temperature of the ground
tubes exceeds the outdoor dry-bulb temperature by 2 C,
which tries to make sure that the outlet cooling water ex-
ceeds the outdoor dry-bulb temperature by 1.5 C.
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Fig. 10 shows the running results for two years at steps
of 1 h. When controlling the water outlet temperature of
the ground tubes and the outdoor dry-bulb temperature,
the shorter the controlling time step, the higher the con-
trol accuracy. However, an extreme short-time step may
cause frequent cycles of on/off of the auxiliary cooling
plant.
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Fig. 10 Inlet, outlet water and the soil monitoring temperature
changes of the tubes underground

The adopted time step, 1 h, has been already proved to
be a huge calculating task'®’.
made to reflect the characteristics of this strategy. As
shown in Fig. 10, the yearly highest inlet water tempera-
tures of the ground tube were 33. 71 C and 34.45 C, re-
spectively, and the yearly soil (0.5 m away from the
central tube) highest temperatures were 21.65 C and
22.69 T, respectively.

A two-year simulation is

It can be concluded that in this controlling strategy, the
average underground soil temperature and the yearly aver-
age inlet and outlet temperature increase year by year. As
a result, a proper temperature difference should be care-
fully determined for a specific heat pump system to main-
tain the balance between heat emission and absorption and
a high-efficiency operation.

3.3 Timing starting control

This strategy takes the period of a relatively lower am-
bient temperature as the running period of the cooling
tower units. This strategy, in which both the cooling
tower and the underground heat exchangers run intermit-
tently, can get rid of the heat accumulation. In this strat-
egy, the cooling tower runs 6 h at night (00.00 am to
6:00 am) using the ambient air as an additional cooling
source. The strategy contains three ways: (1) Cooling
tower runs from 0:00 am to 6.00 am every day all over
the year; (2) Cooling tower runs in January , February and
March from 0:00 am to 6:00 am every day; @ Cooling
tower runs in June, July, and August from 0:00 am to
6:00 am every day.

There is an imbalance between yearly accumulated heat
emission and heat absorption, and this can be solved by
extending the running period of the cooling tower. Re-
search on this strategy was made with the cooling tower
running from 12 ;00 am to 12 ;00 pm from June st to Oc-
tober 15th. The ground tubes operated intermittently in

With data ac-
quired in the monitoring points hourly, the temperature
field of four years under the timing starting control strate-
gy can be seen in Fig. 11. For the yearly cycle, the high-
est inlet temperature of each year inside ground tubes are
27.15, 27.80, 28.31 and 28.82 C, respectively, with
an average rise of 0. 56 C. This aggravates the situation
of the insufficient running time of the cooling tower. At
this rate, it can be indicated that the inlet temperature will
rise up to 38.34 C during the 20 years of the working
life of the GSHP.

order to decrease the imbalance of heat.
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changes of the tubes underground

Inlet, outlet water and the soil monitoring temperature

4 Conclusion

This research has revealed that, in the case study of a
very large GSHP, the annual accumulated total cooling
load was larger than the heating load and had a ratio of
2.43. Considering the heat generated from the water
pump, the fan and the heat pump unit, the ratio of the
cooling to the heating load reached the value of 5. 08 in
Nanjing. Thus the underground temperature field would
increase continuously without auxiliary cooling plants,
even resulting in the breakdown of the GSHP. After com-
paring the three control strategies, this study suggests that
an optimized timing starting control strategy , which oper-
ates conveniently but not frequently, is the most effective
method for maintaining the efficiency and reliability of a
GSHP.
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