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Thermal comfort assessment and energy consumption analysis
of ground-source heat pump system combined
with radiant heating/ cooling
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Abstract: A new ground source heat pump system combined
with radiant heating/cooling is proposed, and the principles and
the advantages of the system are analyzed. A demonstration of
the system is applied to a rebuilt building: Xijindu exhibition
hall, which is located in Zhenjiang city in China. Numerical
studies on the thermal comfort and energy consumption of the
system are carried out by using TRNSYS software. The results
indicate that the system with the radiant floor method or the
radiant ceiling method shows good thermal comfort without
mechanical ventilation in winter. However, the system with
either of the methods should add mechanical ventilation to
ensure good comfort in summer. At the same level of thermal
comfort, it can also be found that the annual energy
consumption of the radiant ceiling system is less than that of
the radiant floor system.
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ards, the air-conditioning system has been indispensable.
Developing new energy and renewable energy has become
one of the main objects in the development of the national
economy. To achieve the coordination of economic de-
velopment and energy consumption, the urgent need is to
give serious consideration to the energy-saving air-condi-
tioning problems and promote energy-efficient and envi-
ronment-friendly air-conditioning products "'

The ground-source heat pump is one of the more im-
portant technologies which can use low level renewable
energy. It is a new method that uses low-temperature heat
sources to heat or cool™. It has many advantages, such
as saving energy and using renewable energy. When used

ith the growth of the national economy and the
continuous improvement of people’s living stand-
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for heating purposes, it is not only energy-efficient, but

also avoids the pollution of the heating boiler. It has sig-

nificant environmental benefits "'

In the radiant air-conditioning system, energy is trans-
ferred through the radiant floor or ceiling. For example,
in the radiant floor heating system, the air is heated
through convection heat transfer. At the same time, the
furniture and the building envelope are also heated
through the radiant heat transfer. As the indoor mean ra-
diant temperature rises and the thermal radiation dissipa-
tion from the human body is reduced, the human thermal
comfort can be improved. Using radiant heating, the in-
door design temperature can be 2 to 3 C lower than that
using the traditional air-conditioning systems. Similarly,
when using radiant cooling, it can be 2 to 3 C higher
than that using the traditional air-conditioning systems to
obtain the same thermal comfort .

In this paper, a ground-source heat pump system com-
bined with radiant heating/cooling is presented and it is
applied to Xijindu exhibition hall in Zhenjiang, China.
The thermal comfort of the air conditioning system is as-
sessed and its energy consumption is analyzed by TRN-
SYS software.

1 Principle of Air-Conditioning Systems of
Ground-Source Heat Pump Combined with
Radiant Heating/Cooling

As shown in Fig. 1, the ground-source heat pump radia-
tion air-conditioning system is composed of the geothermal
exchange system, the water source heat pump unit and the
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Fig. 1
cooling system

Diagram of ground-source heat pump radiant heating/
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air conditioning terminal system. The geothermal ex-
change system includes buried horizontal pipes, circulat-
ing pump, and pipelines. The air-conditioning terminal
system includes radiation coils, circulating pump, and
pipelines.

When the room temperature is high in summer, the
system starts the cooling cycle, and valves 7,9, 11, 13 are
on. Chilled return water in radiant coils enters inlet A of
the water chilling unit via valve 9, and chiller refrigerant
in the evaporator absorbs the heat emitted by them.
Chilled water which is cooled passes chilled water exit B,
then reaches flow pipes and the radiant coils in the room
via valve 7. Water in buried pipes enters cooling water
inlet C via valve 11, then reaches buried pipes through
cooling water outlet D via valve 13 after absorbing heat,
and heat will release to the ground.

When the room temperature is low in winter, the sys-
tem starts the heating cycle, and vavles 8, 10, 12, 14 are
on. Cooling return water in radiant coils enters cooling-
water inlet C of the water chilling unit via valve 10. Wa-
ter absorbs the heat emitted by the refrigerant in the con-
denser. Cooling water which is heated passes cooling wa-
ter exit D then reaches the flow pipes and the radiant coils
in the room via valve 8. The refrigerant which has re-
leased heat in the condenser will arrive at the evaporator
through a throttle, and then exchanges the heat with water
which flows from buried pipes through chilled water en-
trance A via valve 12 to the evaporator. Then the water
returns to the buried pipes through chilled water exit B via
valve 14, then absorbs heat from soil "',

2 Design of Ground-Source Heat Pump Radiant
Air-Condition System

2.1 Project overview

The detailed construction schematic diagram of the hall is
shown in Fig.2, which is 36 m in length, 16 m in width,
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(b)
Fig.2 Schematic diagram of Xijindu exhibition hall. (a) Ele-
vation of the East; (b) Elevation of the North

and 9.4 m in height. The height of the tilted roof is 4 m.
The construction area is 576 m’. The outer wall is com-
posed of a 40-mm thick polystyrene foam board plus a 20-
mm thick cement mortar. The roof is composed of a 12-
mm thick corrugated aluminum roof board plus a 50-mm
thick polystyrene foam board. The cooling load in summer
is 47.5 kW, and the heat load in winter is 40 kW.

2.2 Design of ground-source heat pump system com-
bined with radiant heating/cooling

1) Extraventricular geothermal exchange system

The area of available ground surface is about 1 200 m’.
Because the shallow rock soil temperature and the thermal
properties are less influenced by climate, rainfall and
planted depth, we can use horizontal buried pipes due to
the smaller initial investment required. There are three
layers of horizontal buried pipes. The depths of the first,
the second and the third layers are 2.5, 4.0 and 5.5 m,
respectively, and the pipe spacing is 0.7 m. The total
pipe length is about 2 400 m in serial and monolayer. The
pipe layout is shown in Fig. 3.
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Fig.3 Disposal of buried horizontal pipes

2) Ground-source heat pump

This project chooses one small ground source heat
pump unit. Technical parameters are given as follows: in
summer, the cooling capacity is 55 kW, and the refrige-
ration input power is 11 kW; in winter, the thermal ca-
pacity is 57. 4 kW, and the heat input power is 13. 8 kW.
When used for radiant cooling, the designed outlet cooled
water temperature is 13 C and the inlet water temperature
is 17 C in summer. When used for radiant heating, the
outlet heating water temperature is 45 C and the inlet wa-
ter temperature is 35 C in winter.

3) Radiant heating/cooling system

The building covers an available area of 576 m’. Ac-
cording to design technology rules, the hall is divided in-
to 27 intervals and each interval is about 20 m*>. Choose a
20-mm diameter PE-X pipe as the radiation pipe, which
is laid according to the Chinese word “[8]”. The tube
spacing is 200 mm and the spacing of the pipe tube
against the wall is 150 mm (see Fig.4).

4) Control strategy

The air-conditioning system installed with a temperature
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Fig.4 Disposal of floor radiant pipes

controller will start when the room temperature is below
16 C or over 26 C. In summer, we can use the ventila-
tion system to avoid feeling hot and condensation caused
by excessive air humidity. In addition, the fresh air into
the room after dehumidification can bear a certain amount
of sensible heat load'” .

3 Analysis of Ground-Source Heat Pump Sys-
tem with Radiat Heating/Cooling

3.1 TRNSYS software

TRNSYS software is a modular dynamic simulation
software, the so-called modular, that is, all the systems
is composed of a number of components (labeled Type),
and each component has a particular function. They are
produced by FORTRAN language and assigned in the data
base. Each component has an independent type serial
number to make FORTRAN subroutines be associated
with it. This component structure has a great deal of flex-

ibility, and it is easy to increase new components in the
standard TRNSYS data base. In addition, it is very suit-
able for analyzing a system which depends on the time
process. Each component has a range of parameters,
which produce the output based on the time relying on the
input of the time. The output of a component can be used
as its own or the input of other components since the sys-
tem components can link to each other. As a result, as
long as doing the system simulation analysis, we just
choose these special function components and give in-
puts, and then we can carry out simulation analysis of the

7
system[ !

3.2 Building simulation platform

Using TRNSYS simulation software, a simulation plat-
form of the ground-source heat pump system combined
with radiant cooling is built (see Fig.5).
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Fig.5 Simulation diagram of ground-source heat pump system with radiant heating/cooling
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In order to run the simulation system, it is necessary to
assign the meteorological parameters. Typel09,
Type69b, Type33e are used to realize the input of mete-
orological parameters in Type56a. Typel09, the meteor-
ological data file, is based on its use in Nanjing, China,
which is the meteorological data with a one-year time
span and per hour steps. Type69b is used to provide a
fictive sky temperature to Type56a. Type33e provides the
thermodynamic property parameters of moist air such as
dry-bulb temperature, dew point temperature, wet bulb
temperature, and the relative humidity to Type56a.

TypelO8 is a room temperature controller. When the
room temperature is lower than 16 C, it brings the heat-
ing signal to the heat pump to start the heating cycle;
when room temperature is higher than 26 °C, it brings the
cooling signal to the heat pump to start the refrigeration
cycle. The room temperature controller generates a refrig-
eration or a heating signal.

Type668, Type556, Type3d are the main components
to achieve heat collection. Type668 is a water-water heat
pump. When the temperature controller instructs it to
open, it supplies cold water in the summer and hot water
in the winter. Type556 is a ground pipe heat exchanger.
Type3d is a circulation pump.

3.3 Evaluation of thermal comfort

3.3.1 Evaluation of radiant heating in winter™

In winter, simulation analysis focuses on 0 to 730 h in
January for radiant heating without the mechanical venti-
lation. In the control strategy, the times of infiltration
ventilation is 0.2/h. The comfort status of the room
using the radiant floor system and the radiant ceiling sys-
tem are simulated in Fig. 6 and Fig.7, respectively.

From Figs. 6 and 7, it can be seen that the room tem-
perature can be maintained at around 18 “C in both the ra-
diant floor system and the radiant ceiling system. It can
also be found that the PMV is about 0. 3, and the PPD is
about 8% for the radiant ceiling system and 10% for the
radiant floor system. These all meet the ISO 7730 of the
PMV-PPD values ( The PMV value is between —0.5 to
0.5 and the PPD is less than 10% ). It can achieve good
comfort in winter without mechanical ventilation.

3.3.2 Evaluation of radiant cooling in summer

Fig. 8 shows the simulation results in summer without
mechanical ventilation, which covers 4 380 to 5 110 h in
July.

From Fig. 8, it can be seen that the room temperature
can be maintained at around 25 C. The PMV is about
1.5 and the PPD is approximately 45% . The results can-
not meet the ISO 7730 for the PMV-PPD recommended
indicators. The reason is that there is no use of the venti-
lation system, and the indoor air flow rate is low and the
indoor air humidity is high. As shown in Fig. 8, most of
the relative humidity reaches 100% . Excessive humidity

leads to an increase in skin moisture, and the skin feels
“stickiness” resulting in thermal discomfort.
Considering ventilation, the time of infiltration ventilation

30 Room 130
P Ambient
24+ PMV {24
‘O
\0 N T s A W\ A AN
g 18 VWU WYV YWV AW WA 18
g
%‘12- It 112
Y TR
6 Y P e Nl bk
T T T S A A T A
(LTS BN L;u‘r" Vi
et b AR
AR U S SR A S TR 0
0 73 146 219 292 365 438 511 584 657 730
Time/h
(a)
wr - Relative humidity
N —— PPD
£ 8o q .
T ) N EE]
= by LEAAR g 8 e
860 rywianndn bbb paaiand i
& R R R A
2 S AR A A
R R A B RN
= vy ’”"‘V (1
o hv\
';3 20
O
=1
1 1 | 1 | | 1 | 1 ]

0
0 73 146 219292 365 438 511 584 657 730

Time/h
(b)
Fig.6 Simulation results of ground source heat pump with ra-
diant floor system in winter. ( a) Temperature and PMV; (b) Rela-
tive humidity and PPD
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Fig.7 Simulation results of ground source heat pump with ra-

diant ceiling system in winter. (a) Temperature and PMV; (b) Rela-
tive humidity and PPD
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is 0. 2/h and the time of mechanical ventilation is 7/h
from six o’clock in the morning to 18 o’clock''. The re-
sults are shown in Fig.9.

From Fig. 9, it can be seen that the room temperature
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Fig.8 Simulation results of ground source heat pump with ra-

diant floor system in summer without mechanical ventilation.
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Fig.9 Simulation results of ground-source heat pump with ra-
diant floor system in summer using mechanical ventilation. (a)
Temperature and PMV; (b) Relative humidity and PPD

in summer can be maintained at around 24 C with the
PMYV around 0.5 and the PPD about 10% . It can meet
the PMV-PPD values of the ISO 7730. Furthermore,
using the radiant ceiling method, we also have a similar
thermal comfort.

3.4 Evaluation of energy consumption

Fig. 10 shows the comparison of the energy consump-
tion of the radiant floor system with the radiant ceiling
system at the same thermal comfort level in the room.
The heat pump power is cumulated per month™ .
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Fig.10 Comparison of energy consumption

From Fig. 10,
tion per month of the radiant floor system is greater than
the radiant ceiling system at the same thermal comfort
level in the room. The annual total energy consumption
of the radiant floor system is 26.9 GJ, but that of the ra-
diant ceiling system is 22.3 GJ, namely, the energy con-
sumption of the radiant floor system is about 16% more
than that of the radiant ceiling system system. However,
the form and construction of the radiant floor system is
simpler than that of the radiant ceiling and the cost of the
radiant floor system is also much lower. When choosing

it can be seen that the energy consump-

the radiation plate, the techno-economic conditions

should be considered.
4 Conclusions

This paper introduces the application of the ground-
source heat pump air-conditioning system in a practical
project. Through the analyses, the following conclusions
can be drawn:

1) The engineering application of the ground-source
heat pump air-conditioning system combined with radiant
heating/cooling is feasible and successful. It uses renew-
able energy and has the advantages such as high efficien-
cy, significant environmental benefits, and notable ener-
gy-saving effect, etc.

2) The system with the radiant floor method or the ra-
diant ceiling method can provide good thermal comfort
without mechanical ventilation in winter. However, the
system with either of the methods must use mechanical
ventilation in summer, and then thermal comfort can be
achieved.

3) At the same level of thermal comfort, the annual
energy consumption of the radiant ceiling method is less
than that of the radiant floor method.
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