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Abstract: A water loop variable refrigerant flow ( WLVRF) air-
conditioning system is designed to be applied in large-scale
buildings in northern China. The system is energy saving and it is
an integrated system consisting of a variable refrigerant flow
(VRF) air-conditioning unit, a water loop and an air source heat
pump. The water loop transports energy among different regions
in the buildings instead of refrigerant pipes, decreasing the scale
of the VRF air-conditioning unit and improving the performance.
Previous models for refrigerants and building loads are cited in
this investigation. Mathematical models of major equipment and
other elements of the system are established using the lumped
parameter method based on the DATAFIT software and the
MATLAB software. The performance of the WLVRF system is
simulated. The initial investments and the running costs are
calculated based on the results of market research. Finally, a
contrast is carried out between the WLVRF system and the
traditional VRF system. The results show that the WLVRF system
has a better working condition and lower running costs than the
traditional VRF system.
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revious researches show that if applied properly, a vari-
P able refrigerant flow( VRF) air-conditioning system can
operate flexibly, occupy small space, and consume low ener-
gy, and it is widely used in residential buildings, villas, as
well as small and medium public buildings. Recently, the
VRF systems have become a hot issue among HVAC re-
searchers. The most enormously complex task is to apply the
VREF systems to large-scale construction in northern China.
Lots of previous studies have focused on the extent of the
effective regions of the VRF air-conditioning systems. The
effective region of a VRF system was proposed by Shi et
al''’. Wu'” concluded that the COP increases when the ca-
pacity decreases. A few attempts have been made to design
highly efficient VRF air-conditioning systems, which can be
used in northern China. For instance, the lubricating oil level
sensor technology'”', the enhanced vapour injection technol-
ogy"™ and the double-stage compression technology are used
in the VRF air-conditioning systems to make the large-scale
systems technically feasible and economically acceptable in
northern China. However, for large-scale construction in
northern China, whether the VRF air-conditioning system
has a better energy efficiency than a traditional central air-
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conditioning system is still controversial. Water source VRF
(WSVRF) air-conditioning systems have been introduced in
recent years. The water source outdoor units of the WSVRF
systems speed up the start-up phase even if the outdoor tem-
perature is very low. The WSVREF air-conditioning systems
have already been applied in practical projects'™ . But in pre-
vious investigations, the energy consumption and the per-
formance of the WSVRF air-conditioning systems have not
been analyzed in detail. Moreover, the WSVRF air-condi-
tioning systems obtain heat from electric boilers. It is not an
advisable choice to spend high quality energy on heating
low-temperature water.

This paper introduces an improved VRF air-conditioning
system, a WLVREF air-conditioning system, which can be ap-
plied in large-scale construction in northern China with con-
siderable energy efficiency. The system uses an air source
heat pump as the heat supplementing equipment. An office
building is taken as an example, and the performance of this
system is analyzed. A comparison is also made between the
traditional VRF air-conditioning system and the WLVRF air-
conditioning system.

1 Description

The WLVREF air-conditioning system consists of a WS-
VREF air-conditioning unit, an air source heat pump, a water
loop, a cooling tower and an assistant heater. Among these
elements, the assistant heater is used in comparatively colder
regions ( Shenyang for example) and can be ignored if not
necessary ( for instance in Jinan and Beijing). The WLVRF
system retains the advantages of three subordinate systems,
the VRF air-conditioning unit, the water loop and the air-
source heat pump unit, and it is proven to be suitable for
large-scale construction in northern China. Fig. 1 shows the
principle of the WLVRF air-conditioning system.

The running conditions of the system are as follows: 1) In
summer, every WSVRF unit in the entire building is general-
ly under refrigeration conditions. The cooling tower and the
water pumps work while the air source heat pump unit and
the assistant heater are left unused. Valves d, e, g, h in Fig. 1
are closed while valves b, c, f, 1, j are open. Valve a is used
to regulate the water flow rate. 2) In a transitional season,
some WSVRF air-conditioning units function as heaters
while others function as refrigerators. When the energy re-
leased by heating units equals that received by refrigerating
units, the cooling tower, the air source heat pump and the as-
sistant heater stop working. If the majority of the units work
as chillers, the energy released to the water loop exceeds that
extracted from it. Subsequently, the air source heat pump is
off duty and the cooling tower runs. 3) In winter, the majori-
ty units heat the space. The energy released to the water loop
is not as much as that extracted from it. The air source heat
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1—Cooling tower; 2—Heat exchanger; 3— Air source heat pump;
4—Assistant heater; 5—Water tank; 6—WSVRF air-conditioning unit;
I , I —Water pumps; a to j— Valves

Fig.1 Principle of WLVREF air-conditioning system

pump works. Lukewarm water with a temperature of 10 to
20 C is prepared by the air source heat pump and performs
as a low-grade heat source for the WSVRF air-conditioning
units. If the outdoor temperature continues falling and the air
source heat pump cannot supply the system with enough en-
ergy, the assistant heater starts to play a critical role in the
system.

The WLVREF system is a double stage coupling heat pump
system. It consists of an air/water heat pump ( air-source
heat pump) and a water/air heat pump ( WSVRF air-condi-
tioning unit) . The air-source heat pump in this system works
more stably and efficiently than the traditional ones, because
the outlet water temperature set-point of the air source heat
pump is 10 to 20 C which is different from the customary
value of 45 C. The small difference between the evaporation
and condensation temperatures results in steadiness and high
efficiency. The outdoor unit of the WLVRF system is sup-
ported by a water-cooled heat exchanger. The outdoor unit
of the traditional air-source VRF air-conditioning system can
only be positioned in a well ventilated place while that of
the WSVREF system can be located anywhere near the indoor
units. Instead of refrigerant pipelines, the water loop under-
takes the responsibility of transferring energy among differ-
ent regions of the building. Moreover, household heat mete-
ring can be easily carried out in this system.

The WLVREF air-conditioning system can simultaneously
supply space heating and cooling throughout the whole year.
The automation level of the control system is high, which
can meet the requirements of intelligent construction. There-
fore, the WSVREF system is suitable for the buildings which
work at alternative times and have a large amount of waste
heat as well as variable heating and cooling loads.

2 Methods

The simulation is based on a case of an office building
with 19 stories. The total construction area is 43 340 m’; the
building area is 4 146 m’; the construction area of the inner

zone is 14 063 m’; the construction area of the peripheral
zone is 29 277 m’. The indoor design temperature is 20 C
in winter, and 26 C in summer. The indoor design relative
humidity in summer is 60% . The heating system continuous-
ly runs in winter while the cooling system and the fresh air
system only operate during the usage time. The air-condi-
tioning cooling loads are calculated by using the cooling-
load-factor method!” and the heating loads are counted
based on the heating load coefficient'”’. The thermodynamic
properties of the refrigerant is formulated according to Ref.
[8]. The mathematical models of the main equipment are es-
tablished by using the lumped parameter method because
this method is relatively simple and offers enough precision
for this study. The integration time step is set to be 6 min
according to Ref. [9]. The meteorological data are chosen
from Ref. [ 10]. The running conditions of the system in
Beijing, Jinan and Shenyang are simulated respectively.

The type of the air/water heat pump unit is YE-
AS300RC50B charged with R22. The type of the WSVRF
units is RWEYQ30MY1 charged with R410A. The mathe-
matical models are established by using the DATAFIT soft-
ware.

The equations for the air/water heat pump unit YE-
AS300RC50B are as follows:

Q,=a+bt, +ct, +dt’ +et,’ +ftt, +
gta3 -'—htwl3 + itatwlz +jtaztwl (1)

W=a, +bt, +ct, +d L, (2)

where Q, is the heating capacity; ¢, is the outlet water tem-
perature; W is the input power; ¢, is the outdoor tempera-
ture. The correlation coefficients of Eqgs. (1) and (2) are
0. 996 and 0. 992, respectively.

The equations for the WSVREF air-conditioning unit YE-

AS300RC50B in cooling conditions are expressed as

c0P=a+bﬁWz+tz£ (3)

w2
teop = Ak + bk + c ok +d, (4)
Qc :actWZ + bct\IA;ZS (5)

where ¢, is the inlet water temperature; k.., is the ratio of
the COP in the partial load to the COP in the full load; k is
the partial load ratio; Q. is the refrigeration output.

The equations for the WSVRF air-conditioning unit YE-
AS300RC50B in heating conditions are expressed as

_ bis ¢ 6
g, =a, +o,l,; +5%5 (6)

w2
k, =a,k’ + bk +cok+d, (7

where g, is the coefficient of the performance; k_ is the ratio
of g, in the partial load to &, in the full load. The correlation
coefficients of Eqs. (3) to (7) are 0.994, 0.993, 0. 998,
0. 993, and 0. 992, respectively.

According to the stylebook, the heating capacity rarely va-
ries with the change in the water temperature within a spe-
cific range.
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A dynamic simulation is carried out based on the mathe-
matical models by using MATLAB. The major parameters,
such as the consumed energy, the output heat energy and the
cold heat energy, are computed. The initial investment of the
equipment and the running costs are contrasted between the
WLVREF air-conditioning system and the traditional VRF air-
conditioning system by market research. The electricity price
at the end of 2008 is 0. 762 5 yuan/(kW -h) in Beijing. The
operation cost is calculated based on the temperature correc-
tion coefficient, the pipe length correction coefficient, the
height correction coefficient and the defrosting loss.

3 Results and Discussion

The results of the dynamic simulation show that the
WLVREF air-conditioning system can operate normally and
effectively in large-scale construction in northern China. The
peak exhaust temperature of the air source heat pump is 65
C, which is much lower than the upper limit 150 C. The
highest condenser pressure is 1. 23 MPa, which is far below
the design pressure 3. 1 MPa. The maximum values of the
daily average compression ratios in three cities vary from
2.5 to 7.7. A screw compressor has excellent cubage effi-
ciency in this range. The daily average coefficient of the
heating performance of the air source heat pump is 3.1 to
4.5.Tab. 1 provides crucial information on heat recovery in
winter based on different cities. In the table, C; is the design
cooling load of the inner zone; Q, is the design heating load
of the peripheral zone; Q, is the total quantity of the heat
from the air source heat pump; W, is the total quantity of the
consumed power by the air source heat pump; Q, is the total
quantity of heat energy from the WSVRF air-conditioning
unit; W, is the total quantity of the consumed power by the
WSVREF air-conditioning unit under the heating conditions;
C, is the total quantity of cold energy from the WSVREF air-
conditioning unit in winter; W _ is the total quantity of the
consumed power by the WSVREF air-conditioning unit under
the cooling conditions in winter; Q,, is the quantity of the-
heat released by the WSVREF air-conditioning unit in the in-
ner zone in winter; Q' is the quantity of the heat received by
the WSVREF air-conditioning unit in the peripheral zone; O,

Tab.1 Information on heat recovery in winter
based on different cities
City Beijing Shenyang Jinan
C;/kW 1036 1 036 1 036
Q,/kW 2 700 2 540 3 440
Q,/Gl 3675 7 088 2 399
w,/Gl 1081.3 2 158 676
0,/Gl 11 531 17 787 8 789
W,/ GI 1 900 3 106 1420
C,/GJ 5590 6919 4 582
W,./GJ 859.9 977.5 729
0,.,/Gl] 6 450. 2 7 897 5311
0.,./GJ 5955.5 7593 4 969
W/GJ 4 086 6 242 2 826
0./GJ 494.17 304.0 342.0
o.,/W 2.82 2.85 3.11
C,/W 1.37 1.11 1.62
1,/h 2928 3624 2 400
t./h 1 464 1812 1200

is the heat released by the cool tower under the winter run-
ning condition; W is the total power consumed by the whole
system in winter; ¢, is the heating time; ¢, is the cooling time
in winter.

Tab. 1 reveals that more than half of the heat energy from
the peripheral zone is transferred from the inner zone in Bei-
jing and Jinan. The proportion in Shenyang is 43% . The da-
ta in Tab. 1 indicate that the sufficient and perennial scrap
heat energy is a critical condition of the system. If the scrap
heat energy is not available in the building, the system can-
not fully play a role in enhancing the building energy effi-
ciency. We can conclude that when the system consumes 1 J
electric power, about 3 J heat energy is supplied for the pe-
ripheral zone and more than 1 J energy is extracted from the
inner zone.

Take a building in Beijing as an example. The costs of the
traditional VRF and WLVRF air-conditioning systems are
calculated and a contrast between them is made. Tabs.2 and
3 show the initial investments for the traditional VRF and
WLVREF air-conditioning systems in Beijing.

Tab. 2 Initial investment of traditional VRF air-conditioning
system
Model Uniz price/ Number Total ir;vestment/
10”7 yuan 10”7 yuan
RHXYQI14PY1 56. 68 75 4 251
RHXYQI0PY1 41.73 60 2503.8
FXFP45KMVC 8.047 50 462.3
FXFPO9OKMVC 9. 945 470 4674. 1
Else 350
Total 12 241.2
Tab.3 Initial investment of WLVRF air-conditioning system
Model Uniz price/ Number Total ir:vestmem/
10”7 yuan 10”7 yuan
RWEYQ30MY1 120. 12 55 6 606. 6
FXFP45KMVC 8.047 50 462.3
FXFPO9OKMVC 9. 945 470 4674.1
YEAS300RC50B 400 3 1200
NC8329D-1 220 2 440
KDSB250-200-360A 59.4 3 178.2
BR2. 0-1. 0-650-N-I 442 1 442
Else 200
Total 14 200

As shown in Tabs. 2 and 3, the initial investment of the
WLVREF air-conditioning system is about 16% more than
that of the traditional VRF air-conditioning system. Howev-
er, the WLVRF air-conditioning system costs less than the
traditional VRF air-conditioning system in the running
costs. The WLVREF air-conditioning system consumes 4. 734
x 10°(kW -h)/ year while the traditional VRF air-condition-
ing system consumes 4. 086 x 10° (kW +h)/year. I kW-h
power costs 0. 762 5 yuan. That is, the WLVRF air-condi-
tioning system can save 494 x 10’ yuan/year. Thus, the pay-
back period is about four years.

It can be concluded that the WLVREF air-conditioning sys-
tem runs safely and effectively, and it can be applied in
large-scale construction in northern China. The WLVREF sys-
tem can be widely used in the future because of its essential
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characteristics. But it is a common bias that the VRF air-
conditioning system is an utterly energy-saving system. The
investigation implies that the precondition of this proposition
is the existence of enough waste heat in the building. Other-
wise, it would be an unadvisable choice. This study provides
HVAC designers with theoretical support and direction.

4 Conclusions

1) The scale of the WLVRF air-conditioning system is ex-
tended by introducing a water loop into the system. The wa-
ter loop also leads to favorable working conditions for the
air source heat pump and the VRF air-conditioning unit. The
WLVREF air-conditioning system is suitable for large-scale
buildings in northern China.

2) The WLVREF air-conditioning system is more economic
and secure than the traditional VRF air-conditioning system.

3) The WLVREF air-conditioning system saves energy only
when it is used in buildings with abundant waste heat.
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