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Currently, the application and renovation of surface water heat source pump (WHSP)
mainly attempt to optimize heat exchangers, water pumps, the overall system, and
economic frictional head loss. The mathematical model is often established and solved with
such optimization objectives as optimization parameters, control forms, costs, and
feasibility of investment and construction. There are relatively few studies that optimize
the operating conditions with the minimal total energy consumption of system operations,
and, on this basis, pursue global optimization design of the WSHP system. Therefore, this
paper aims to carry out a systematic renovation design of the surface WSHP in a hot spring
center in the national forest park of northern Guilin, southwestern China’s Guangxi Zhuang
Autonomous Region. The project mainly covers the design of hot spring system, air-
conditioning system, and hot water system, as well as the exergy analysis of WSHP system.
Among them, the design of hot spring system includes the regulation of raw water, cold
water, and warmed water; the constant temperature control of hot spring pools; the waste
heat utilization of warmed water from the pools. The scientific nature of the design was

proved through experiments.

1. INTRODUCTION

The rapid advancement of social economy in China has
accelerated the growth in energy consumption of buildings,
which poses a huge challenge and an immense pressure to
energy conservation and emission reduction. For buildings,
the energy is mainly consumed by heating, ventilation, air-
conditioning, and domestic hot water [1-3]. Heat pumps have
been widely applied in the heating, ventilation, and air-
conditioning (HVAC) system of buildings, by virtue of their
energy efficiency, environmental friendliness, compact
structure, and ease of installation [4-7]. Depending on the type
of heat sources, heat pumps can be divided into ground source
heat pump (GSHP), air source heat pump (ASHP), and solar-
powered heat pump (SPHP) [8-12]. Water source heat pump
(WSHP) is the most applied type of GSHP. In the WSHP, the
heat pump could be linked to the surface water via closed
connection, open connection, or indirect connection [13, 14].

Many domestic and foreign scholars have explored surface
WSHP applications extensively, yielding fruitful results [11-
15]. Manyi-Loh et al. [16] analyzed the energy consumption
of WSHP system in a resort hotel, prepared a cold and heat
source combined scheme with economic indices as the
objectives, and relied on DeST-c to compute the annual air-
conditioning load of the hotel and evaluate the economical
efficiency of the system. Duarte, Duarte et al. [17] optimized
the measuring method of water temperature variation in the
system, and verified the optimized algorithm with a surface
WSHP project of small houses; the results show that their
algorithm effectively reduces the measuring error. Sikhonza et
al. [18] simplified the description of water flow and heat
exchange in WSHP system, and realized the microscopic
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modeling of heat exchange in system layers of different water
temperatures. Kazi and Agrawal [19] surveyed the water
temperature and water quality of an artificial lake, calculated
the heat balance of the water body, and designed a surface
WSHP system for the artificial lake, which includes water
chamber, water outlet, and overfall gap. Deymi-Dashtebayaz
et al. [20] constructed a mathematical model for the
calculation of energy efficiency and the evaluation of energy-
saving economic working conditions of surface water energy
systems, and simplified and fitted the mathematical model by
compiling visual source code, according to the temperature
difference for optimal energy utilization, and a huge amount
of equipment data; the compiled source code can improve the
engineering design quality and energy efficiency of the system.
Through daily accumulation, Sikhonza et al. [21] calculated
the seasonal heating energy consumption coefficient of surface
WSHP air-conditioning system, provided the specific steps of
calculation, and optimized the regulation of inlet/outlet water
temperature of the heat pump and the power consumption of
auxiliary heaters under the optimal heating mode.

So far, the application and renovation of WHSP mainly
concentrate on the optimization of heat exchangers, water
pumps, the overall system, and economic frictional head loss.
Most mathematical models are built to optimize the following
items: optimization parameters, control forms, costs, and
feasibility of investment and construction [22-28]. For the
surface WSHP system, there should exist an optimal operating
condition for the chilled water circulating system, cooling
water circulating system, refrigerant circulating system and
transmission pipes, and heat exchangers, under which the
system could operate with the minimum energy consumption.
The global optimization of the surface WSHP system could be
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more scientific, if the optimal operating condition is taken as
the objective. This paper attempts to systematically renovate
the design of the surface WSHP in a hot spring center in the
national forest park of northern Guilin, southwestern China’s
Guangxi Zhuang Autonomous Region. The renovation project
primarily consists of the design of hot spring system, air-
conditioning system, and hot water system, as well as the
exergy analysis of WSHP system. Specifically, the design of
hot spring system includes the regulation of raw water, cold
water, and warmed water; the constant temperature control of
hot spring pools; the waste heat utilization of warmed water
from the pools. Experimental results confirm the scientific
nature of our design.

2. DESIGN CONDITIONS

2.1 Field survey of hot spring center

Our research team carried out a field survey. The survey
results are the mean of multiple measurements: In the river,
the water temperature was 14°C, and flow rate was 10,951m?%/h;
In the first hot spring pool at the source, the water temperature
was 48.7°C, and flow rate was 4.6m>/h; In the second hot
spring pool at the source, the water temperature was 51.6°C,
and flow rate was 14. 6m*/h; For the raw water flowing out of
the mountain to the inlet of the pools, the water temperature
was 52°C, and flow rate was 14m*/h. After consulting the
Engineering Department, it was confirmed that the water flows
are constant throughout the year. Then, the flow rates and raw
water temperatures of different seasons were derived (as
shown in Table 1 below).

2.2 Outdoor and air conditioning design parameters

The outdoor and air conditioning design parameters are
listed in Tables 2 and 3, respectively.

Table 1. Hot spring supply parameters

S

Parameters Winter (worst case)
Total volume of raw water 400 tons
Raw water temperature 58°C
Mountain spring water temperature 7°C
Ambient temperature 5°C
Surface wind speed of pools 1m/s
Ambient temperature around pools 14°C

pring and autumn (normal case) Summer (best case)
600 tons 800 tons
55°C 52°C
14°C 20°C
18°C 30°C
1m/s 1m/s
28°C 34°C

Table 2. Outdoor design parameters

Outdoor design parameters

Air conditioning dry ball temperature
Air conditioning wet ball temperature

Mean wind speed

Atmospheric pressure

Winter Summer
3°C 33.9°C
/ 27°C
3.2m/s 1.5m/s
1002.9hpa  986.1hpa

Table 3. Design parameters of air conditioning

Air conditioning venues Summerl - Winter . o
Temperature (°C)  Relative humidity (%) Temperature (°C) Relative humidity (%)
Office rooms 24~26 <70 18~22 —
Guest rooms 24~26 <70 18~22 —
Locker rooms 24~26 <70 18~22 —
Public areas 24~26 <70 18~22 —

3. ANALYSIS OF WATER UTILIZATION AT HOT
SPRING CENTER

3.1 Water utilization standard

(1) Hot spring water

In the hot spring area, the water temperature varies between
pools of different functions. The hot spring water temperature
generally falls between 37°C and 43°C. Therefore, the medium
of 40°C was taken for calculation, i.e., the hot spring water
temperature was assumed to be constant at 40°C. The water
quality meets the provisions in the current industry standard of
China: Water Quality Standards for Swimming Pool (CJ/T
244).

(2) Hot water

The total demand for domestic hot water was calculated as
40 tons, because the hot spring center receives 800 visitors
each day (300,000 visitors per year), and needs to supply S0L
of 55°C domestic hot water to each visitor. Of course, an extra
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amount of 50 tons of water is needed for the pool in the VIP
section. Therefore, the total amount of domestic hot water
should reach 100 tons.

3.2 Reasonable allocation and utilization of raw water

The raw water flows out from the spring to the raw water
tanker. From the tanker, the raw water is distributed to the
frontend water tanks of three different sections. Firstly, the raw
water is supplied to the VIP pool section. After the water is
supplied to the VIP pool at the beginning of the day, the
remaining raw water is divided evenly into two parts, which
are respectively supplied to the outdoor pool section and the
indoor pool section. The water distribution ensures that every
pool receives new raw water each day from the hot spring. The
three sections of the hot spring center are as follows:

(1) VIP pool section

This section (surface area: 200m?; depth: 0.8m; total
volume: 160m?) can hold 150 tons of hot spring water. Located



in the front part of the hot spring center, it belongs to the first
stage of water supply.

(2) Outdoor pool section

This section (surface area: 550m?; depth: 0.8m; total
volume: 440m?) can hold 440 tons of hot spring water. Located
in the rear part of the hot spring center, it belongs to the second
stage of water supply.

(3) Indoor pool section

This section (surface area: 600m?; depth: 0.8m; total
volume: 480m?) can hold 480 tons of hot spring water. Located
in the rear part of the hot spring center, it belongs to the second
stage of water supply.

In total, the three pool sections require 150 tons +440 tons
+480 tons =1,070 tons of water. Apparently, the total supply
of raw water is far from enough for the entire hot spring center.

This calls for reasonable allocation of water resources.

Table 4 shows the raw water distribution scheme for the hot
spring pools under extreme cold weather.

The same distribution and quality assurance scheme was
adopted for spring/autumn and summer as that for extreme
cold weather. In spring and autumn, the hot spring water in the
VIP section should be completely changed each day; that in
the outdoor and indoor sections should be completely changed
every other day. In summer, the hot spring water in the VIP
section and outdoor section should be completely changed
each day; that in the indoor section should be completely
changed every one and a half days. Tables 5 and 6 present the
raw water distribution schemes for spring/autumn, and
summer, respectively.

Table 4. Raw water distribution under extreme cold weather

Raw

Gravity

Hot spring Supply-demand

Distribution Water tanks Supply Demand
water flow pools balance
Front-end tank of VIP Pool of VIP
section section 150 tons 150 tons Balance
Front-end tank of outdoor Pool of outdoor
400 tons — section section 125 tons 440 tons -315 tons
Front-end tar_lk of indoor Pool of_mdoor 125 tons 480 tons -355 tons
section section
Table 5. Raw water distribution in spring and autumn
Raw Distribution Water tanks Gravity Hot spring Supply Demand Supply-demand
water flow pools balance
Front-end tank of VIP Pool of VIP
section section 150 tons 150 tons Balance
600 tons - Front-end tan_k of outdoor Pool of Qutdoor 295 tons 440 tons 215 tons
section section
Front-end tar_1k of indoor R Pool of_lndoor 295 tons 480 tons 255 tons
section section
Table 6. Raw water distribution in summer
Raw o Gravity . Supply-demand
water Distribution Water tanks flow Hot spring pools Supply Demand balance
Front-end tgnk of VIP Pool of VIP 150 tons 150 tons Balance
section section
800 tons R Front-end tan_k of outdoor R Pool of (_)utdoor 325 tons 440 tons -115 tons
section section
Front-end tar_1k of indoor Pool of _|ndoor 325 tons 480 tons 155 tons
section section

4. SYSTEMATIC WSHP RENOVATION DESIGN

In the pools, the hot spring water could lose heat through
the heat dissipation of surface evaporation, and the heat
conduction via pool bottom, pool walls, equipment, and pipes.
Due to the heat loss, the hot spring water will become cooler
and cooler. To stabilize the pool water at a certain temperature,
it is necessary to supplement an amount of heat equal to the
heat loss.

4.1 Exergy analysis of WSHP system

(1) Exergy and exergy loss

The first law of thermodynamics was adopted to judge
whether the energy utilization of the surface WSHP system has
quantity and quality differences. This paper employs exergy to
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measure the availability Sgx of surface water energy. Any
irreversible process at the hot spring center will reduce the
working capability of the surface WSHP system. To obtain the
enthalpy exergy, i.e., the maximum useful work, a series of
reversible processes are needed to balance the system with the
surrounding environment.

Let C(e, ¢, r, d) be the state of surface WSHP system; U(eo,
©o, 1o, do) be the ambient environment state of the only heat
source. The series of processes for the surface WSHP system
to shift from state C to state U, i.e., the system reaches an
equilibrium with the ambient environment, must be reversible.
Therefore, the heat source should be isolated first, such that
the system experiences the reversible adiabatic process of
C—D. This ensures that ¢p equals the ambient temperature .
Next, the system will exchange heat with the ambient
environment, and thus go through the reversible constant



temperature process of D— U, and thus reach an equilibrium
with the ambient environment. Figure 1 shows the reversible
processes of C—D—U.
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r

Figure 1. Reversible processes of C—D—U

Without considering the changes in the kinetic and potential
energies at the inlet and outlet, the first law of thermodynamics
was applied to the processes of C—D—U. Then, the system
energy flowing through each unit mass of surface water can be
described by:

e=d,—d+p, (1)

Considering the two stages of the processes, formula (1) can
be rewritten as:

€=¢€_p €y =0+(00(I’0 —I‘) 2
Thus, system exergy can be expressed by:
Sex = Phimex :(d_do)_%(r_ro) A3)

where, pimax 1s the maximum useful work for the surface water
to change from state 1 to state 2:

Phmex = Sex1 ~ Sex2 =(dl—d2)—(p0(l’l—r2) “4)

Formula (4) shows that the enthalpy exergy of surface water
is a state parameter dependent on the state of the water and the
state of the ambient environment. The enthalpy exergy equals
zero, when the system reaches an equilibrium with the ambient
environment. If the environment is the only heat source, then
Pmma 18 the exergy difference between the initial and final states
of surface water.

(2) System exergy analysis

Exergy analysis was carried out on the surface WSHP
system and its components. For the surface WSHP at the hot
spring center, the working flow of refrigerant varies with
seasons. The heating and cooling states between winter and
summer are usually switched with four-way valves.

Let LOc be the exergy loss of the compressor; Pey be the
theoretical power of the compressor; dr and P be the
mechanical efficiency and input power of the compressor
motor, respectively; q; be the mass flow of refrigerant; ¢o be
the ambient temperature; Sex.. and Sex., be the input and output
exergies of the compressor, respectively. Then, the exergy
balance of the compressor can be described by:
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Sex-a T Pex =Sgxp +LO (5)
where, LOc can be calculated by:
LO, = (SEX 2~ Sexp ) + Py
(6)

q.(d, —dy)+ea. (r,—1,)+5P

Let LOx be the exergy loss of the condensers; gw4> be the
secondary water flow; SH,, » be the constant pressure specific
heat of water; Sexe and Sexp be the input exergies of the
condensers; Sexv.. and Sgx, be the output exergies of the
condensers. Then, the exergy balance of the condensers can be
described by:

Seyp + SEX_g =S . +Sg, +LO, (7)
where, LOy can be calculated by:
LOy =(Sex = Sex o)+ (Sex g =Sexn)  ®
Formula (8) can be rewritten in the form of power:
LO, =q, [(db —d,)+d, (1, -1, )}
+0gy [(olg ~d,)+#SH, In(4, /¢h)] ®
There exists an equation:
A (d, —d, )= G (d, —dly) (10)
Combing formulas (9) and (10):
LOy =@yl (1, = 1,)+ thuwoSH, (e T )| 1)

Let Sgx.c and Skx.q be the input and output exergies of the
throttle valve, respectively; LOr be the exergy loss of the
throttle valve. Then, the exergy balance of the throttle valve
can be described by:

Sex_c =Sgx_q +LO; (12)
where, LOy can be calculated by:
LO, =Sy, . —Sey_,
(13)
=0, [(d—dy) = (r. - 1y) ]
There exists an equation:
d . =d, (14)
Combing formulas (13) and (14):
LO; =q.¢(ry — 1) (15)

Let Sex.« and Sex.; be the input exergies of the evaporators;
Sex.« and Sex.; be the output exergies of the evaporators. Then,
the exergy balance of the evaporators can be described by:



Sex-g +Sexi = Sex_a + Sex_j + LOgy (16)
where, LOgy can be calculated by:
LOg, = (Sex g _SEX—a)+(SEX7i _SEX—j) a7
Formula (17) can be rewritten in the form of power:
LOg, =0, [(dy —d,)+d,(r, —1,)]
Fys [(oli ~d,)+4SH, In(4 /¢, )] (18
There exists an equation:
qL(da_dd):qWA’z(di_dj) (19)
Combing formulas (18) and (19):
LO., =9, [qL(ra —r )+ qWAO,SH”’WIn(goj /o )J (20)

Let Sgx.. and Sex., be the input exergies of the plate heat
exchangers; Sgx.r and Spx¢ be the output exergies of the plate
heat exchangers; LOpy be the exergy loss of the plate heat
exchangers; gw41 be the flow of surface water. Then, the
exergy balance of the plate heat exchangers can be described
by:

Sex_e T Sexon = Sex_s +SEX—g +LO;, (21
where, LOpy can be calculated by:
LOs, :(SEX—e —Sex1 )+ (SEX—h _SExfg) (22)
Formula (22) can be rewritten in the form of power:
LOpyy =G| (d. —d; )+ SH, (4 /6, ) ]
o [ (dy =y )+ 4,SH, (4, /4, )| @)
There exists an equation:
Guu(d; —d,)=0e(d, —d,) (24)
Combing formulas (23) and (24):
LO,, = ¢, uSH. (4, /4 25)

+qWAZSHs,WIn(¢g /¢h )

Let Sex; and Sex.« be the input exergies of the fan coils; Sgx-
i and Sex- be the output exergies of the fan coils; LOws be the
exergy loss of the fan coils; g, be the air flow processed by the
fan coils; SHp be the constant pressure specific heat of the air.
Then, the exergy balance of the fan coils can be described by:

SEx—j + SEx—k = SEx—i + SEx—l + LOWS (26)

where, LOyws can be calculated by:
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LOus =(Sex; = Sexi J+ (Sexk =Sex) @)
Formula (27) can be rewritten in the form of power:
LQOys = Gyns [(dj —d,)+¢,SH, In(4, /¢ )]
+0q [ (de —0))+4,SH, ,In(4, /4] -
There exists an equation:
Gue(d -d;)=0,(d, -d,) 29)
Combing formulas (28) and (29):
o, - [qWABSHg‘W'n(G’% 4, )} 0
+q,SH, ,In(4 /4,)

The exergy loss LOgp of the surface WSHP system equals
the sum of the exergy losses of different parts of the system:

LO,, = LO. +LO, +LO; |
+LOg, +LOg,, +LO, (1)

In the cooling working condition, the exergy loss of the
surface WSHP system can be calculated by:

LOye =5EP+qL(da_db)
SH_ In(¢, /
+¢0 l:qwl &W (¢f ¢e)

(32)
+ngH5,gIn(¢k /¢| )

Formula (32) shows that the value of LOpp is independent
of any other intermediate state parameter, but related to such
parameters of ambient temperature, inlet/output temperature
of surface water, input power of the compressor, exergy
difference of refrigerant, surface water flow, mass flow of
refrigerant, and the temperature difference between supply and
return airs.

The goal of exergy analysis is to improve the thermal
efficiency of the surface WSHP system. However, the optimal
setting for the thermal efficiency does not necessarily lead to
the optimal economy of different parts of the system.
Therefore, the systematic renovation design of the WSHP
must be prepared combining thermodynamics with economy.
Figure 2 resents the exergy dissipation model of the surface
WSHP system, i.e., the thermo-economics model of the

system.
Exergy loss
Exergy flow of
input surface wa‘
< Output
Exergy flow cost of input|  Exergy loss of surface ~|—SXergy flow
surface water WSHP system at the hot  [®cgsT 6T sutput
e J put
Exergy flow of input powern, spring center wrbrab i
> PSR
Cost of input power
exergy

Figure 2. Thermo-economics model of the surface WSHP
system



4.2 Optimal design for VIP section

As shown in Figure 3, the low-temperature hot spring water
(39°C) in the VIP pool is filtered before flowing into the
circulating water tank in the VIP section. From that tank, the
low-temperature water is pumped to the WSHP by a
circulating water pump. At the WSHP, the water is heated
cyclically from 39°C to 50°C. The work consumed for the

heating is the energy loss during the 11°C of temperature rise
at the WSHP. After reaching 50°C, the hot spring water is
transmitted by a lift pump to the front-end tank. From that tank,
the high-temperature hot spring water flows under gravity to
different pools to make up for their heat losses. In this way,
the hot spring water in the system is utilized cyclically, without
needing additional warmed spring water.

Front-end
g
—
i1 Oy |
- 1}@ VIP pool Outdoor poal Clean cold water (7°C) 325 toms, 34°C
150 tons 440 tons
|+
- o )
I Circulating '
- vater tanik of
I TP seeon ‘Warmed 3 [
. water t
| o tank of
' — g — outdoor I 3 -
— section 3
Discharge into river t l
=
Clean cold water
Domestic hot (60 tons, 27°C)
water tank l 325 tons. 30°C
| |
Public area VIP VIP pool = = -
restroom restroom

Figure 3. Constant temperature water replenishment of VIP section

e

. Front-end I « | Front-end tank I
tank of VIP of outdoor

=) ) P

| & e ]

. VPgool | | . | Outdoor pocl | Clean cold water (7°C) 325 tons, 34°C

I 150 tons : I 440 tons . u llv

. | - | / - \

I Circulating . I Circulating . u ‘

. water tank of I - water tank of | ‘ t

I VIPsection | I outdoor section . ‘Warmed ']

. I . | lt water t

| | ! tank of

| =l oudoor | & B | =

- WSHP PR section ‘
Discharge into river 1 3
Nl
Clean cold water
Domestic hot (60 tons, 27°C) ! _ _
water tank | 3 tons, 3076 t
I I
Public area VvIP VIP pool T L Lo

restroom restroom

Figure 4. Constant temperature water replenishment of outdoor section

4.3 Systematic optimal design of outdoor section and
indoor section

As shown in Figure 4, the low-temperature hot spring water
(39°C) in the outdoor pool is filtered before flowing into the
circulating water tank in the outdoor section. From that tank,
the low-temperature water is pumped to the WSHP by a
circulating water pump. At the WSHP, the water is heated
cyclically from 39°C to 50°C. The work consumed for the
heating is the energy loss during the 11°C of temperature rise
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at the WSHP. After reaching 50°C, the hot spring water is
transmitted by a lift pump to the front-end tank. From that tank,
the high-temperature hot spring water flows under gravity to
different pools to make up for their heat losses. In this way,
the hot spring water in the system is utilized cyclically, without
needing additional warmed spring water. As shown in Figure
5, the constant temperature water replenishment of the indoor
section is the same as that in the VIP section and the outdoor
section.



Raw water tank

55°C

Clean cold water

VIP pool
150 tons

Hot waterof  VIP
publicarea  pool

35°C

40°C

Clean cold water
Indoor pool

. 480 tons
150 tons

Filtering

Circulating
water tank of
indoor section

£ ¥ 1

wsH [o5=]

Warmed
water tank
of indoor

Hotel Longfu Laundry

Figure 5. Constant temperature water replenishment of indoor section

Front-end -
tank of VIP I .
section ! I
I: I = |
‘1’?; m I u Clean cold water (7°C) u 325 tons, 34°C I
T I / - \ -
Circulating .3 1 3 I
V{;lt: :;ko;f I ‘Warmed : I
8 |water + !
I tank of I
" outdoor 1 -
gy ‘l section
— o m—] WSHP - l |
Discharge into river I ' l, !
Clean cold water I I
Domestic hot (60 tons, 27°C) " # ]

water tank | 325 tons, 30°C tl
e 1L

[ [ |

Public area VIP VIP pool = - -

restroom restroom

Figure 6. Primary recycling of waste heat

Front-end
tank of VIP
section

Clean cold water

|

Discharge into river

Domestic hot (60 tons, 27°C)
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N B
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dum. -
VIP pool Clean cold water (7°C) 325 tons, 34°C
150 tons l l

water tank

325 tons, 30°C

Public area VIP VIP pool —
restroom  restroom

Figure 7. Secondary recycling of waste heat
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4.4 Systematic waste heat recycling

Two approaches were designed to recycle waste heat. The
first approach (Figure 6) preheats cold spring water with
domestic hot water from 7°C to 27°C. Then, the spring water
is further warmed up to 55°C by the WSHP. The second
approach (Figure 7) extracts heat by the WSHP to keep the hot
spring water at a constant temperature. The waste heat is
recovered twice. After the two recoveries, all the heat of the
hot spring water can be fully utilized. No heat waste will occur.

(1) Primary recycling of waste heat

In winter, all the waste heat of the water from the warmed
water tank can be fully utilized. This is understandable
because more waste heat can be recycled in winter than any
other season. Primary recycling aims to freely preheat the
spring water by up to 20°C. The temperature rise does not
consume any power. It is equivalent to saving the energy
needed to heat 100 tons of spring water from 7°C to 27°C,
which is about 2,333kWh=840kg standard coal. That is, 0.84
tons of standard coal is saved each day.

(2) Secondary recycling of waste heat

After first recycling, there is still lots of heat in the warmed
water tank. This part of heat needs to be recycled again. During
the secondary recycling, some clean cold water is mixed into
the system. Once the water reaches the operating temperature
of the WSHP, the pump will extract the heat from the warm
water, and use it to maintain the constant temperature of the
pools and warm up the domestic hot water.

During secondary recycling, the worst-case recovery of
waste heat is calculated in the first step. Since the WSHP of
VIP section and outdoor section follows the same principle as
that of the indoor section, the secondary recycling is illustrated
with VIP and outdoor sections as the example.

5. EXPERIMENTS AND RESULTS ANALYSIS

The systematic renovation scheme for the WSHP of the hot
spring center must minimize the system exergy, or
comprehensively adjust the components and operating
parameters to minimize the design, renovation, and operating
costs of the surface WSHP system. Table 7 compares the
thermodynamic  optimization and  thermo-economic
optimization results of the WSHP system. It can be seen that
the two optimization strategies differ in direction and objective,
and result in different system parameters. Focusing on the best
energy efficiency of the system, thermodynamic optimization
pursues the minimization of exergy loss of the system.
Thermo-economic optimization tries to maximize the
economic benefit. To a certain extent, the latter strategy
increases the exergy loss of the WSHP, and reduces the energy
efficiency ratio of the unit. In the meantime, thermo-economic
optimization lowers the design, renovation, and operating
costs of the system. Therefore, thermo-economic optimization
can effectively control the cost of systematic renovation
design for the WSHP of the hot spring center. Based on the
operating samples of the WSHP system, the cooling capacity
and input power of the WSHP under the cooling state were
calculated after the optimization. The optimization
coefficients of inlet and outlet water performance are listed in
Tables 8 and 9, respectively.

As shown in Table 8, during the cooling state, the input
power of the renovated WSHP system gradually decreased
with the growing cooling water flow. To effectively reduce
system energy consumption, the actual systematic renovation
design must fully consider the influence of cooling water flow
over WSHP performance.

Table 7. Thermodynamic optimization and thermo-economic optimization results of the WSHP system

Suction Discharge Annual
g Compression  Compressor  electricity  Evaporation Condenser Condensation
Parameters pressure of  pressure of - .
ratio power bill of temperature area temperature
compressor  compressor
compressor
Thermodynamic 1.257 2.128 3 14.96 12491 8.41 4.46 34.76
optimization
Thermo-
economic 0.7684 2.2145 25 16.75 13798 4.35 4.381 31.78
optimization
Surface Surface Chilled Chilled Mass flow E_ne_zrgy
water water water Surface efficiency System
Parameters water supply of .
supply return return . water flow ratio of exergy loss
temperature refrigerant
temperature temperature temperature pump
Thermodynamic 25 28 12 14 0.612 4.751 6.23 12.3715
optimization
Thermo-
economic 23 27 5 12 0.3756 13.26 5.71 13.7541
optimization
Table 8. Optimization coefficients of inlet water performance under the cooling state
Inlet water Inlet water temperature of condensers
temperature of 12 16 19 23 24
P Cooling Input Cooling Input Cooling Input Cooling Input Cooling Input
evaporators . - - . .
capacity power capacity power capacity power  capacity power capacity power
12 0.98 0.85 0.97 0.95 0.99 0.97 0.88 1.08 0.94 1.09
13 1.07 0.92 1.03 0.98 1.03 1.09 0.97 1.09 0.93 1.2
16 1.14 0.94 1.2 1.10 1.12 1.08 1.25 1.2 0.98 1.16
17 1.3 0.95 1.15 1.15 1.17 1.09 1.23 1.12 0.85 1.23
19 1.34 0.96 1.23 1.23 1.25 1.07 1.34 1.15 1.17 1.14
21 1.42 0.98 1.27 1.27 1.26 1.12 014 1.14 1.23 1.3
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Table 9. Optimization coefficients of outlet water performance under the cooling state

Outlet water

Outlet water temperature of condensers

temperature of 23 24 30 33 37
P Cooling Input Cooling Input Cooling Input Cooling Input Cooling Input
evaporators . . . . .
capacity power capacity power capacity power capacity power capacity power

8 0.96 0.85 0.95 0.97 0.93 0.88 0.85 1.05 0.92 1.08

6 1.04 0.92 1.03 0.98 1 0.97 0.97 1.07 0.95 11

10 1.12 0.96 1.2 0.96 1.05 1.05 1.06 1.09 1.02 1.15

12 1.3 0.94 1.15 1.04 1.09 1.07 1.12 1.2 1.03 1.17

14 1.33 0.99 1.23 1.03 1.06 1.08 1.17 1.23 1.12 1.2

18 1.38 1.02 1.27 1.05 1.07 1.05 1.08 1.25 1.14 1.23
Annual energy consumption statistics 400
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Figure 8. Total annual energy consumption of the WSHP
system

In the light of the above precautions, the energy
consumption of the WSHP system optimized by our scheme
was calculated for each season. Figure 8 shows the total annual
energy consumption of the WSHP system at the hot spring
center. Figure 9 shows the proportion of different seasons in
total annual energy consumption. It can be seen that spring and
autumn accounted for 72% of the total annual energy
consumption, summer accounted for 10%, and winter
accounted for 18%.

Total energy consumption

analysis(kw . h)

10%.

= Spring and autumn Summer = Winter
Figure 9. Proportion of different seasons in total annual
energy consumption

The total energy consumption, thermal performance index,
and transmission energy consumption ratio of the WSHP
system (Figures 10-12) were calculated under the two waste
heat recycling schemes, respectively, and compared with the
results under constant flow operation. The results show that
the two schemes brought a lower total energy consumption
than the constant flow operation state. When the load rate
fluctuated in [1/4, 1], the total energy consumption under
secondary recycling was 6.85% higher than that under primary
recycling; the thermal performance index under secondary
recycling was 38% greater than that under primary recycling;
the transmission energy consumption ratio under secondary
recycling was 15.4% lower than that under primary recycling.

LOAD RATE

Figure 10. Total energy consumptions under the two waste
heat recycling schemes
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Figure 11. Thermal performance indices under the two waste
heat recycling schemes

S
N
>

= Parallel

IRANSMISSION ENERGY,
F-EONSU;P:/'IF'T\O%RAT\O:J

w

W

e
o

0.4 0.6 0.8 1
LOAD RATE

Figure 12. Transmission energy consumption ratios under
the two waste heat recycling schemes

6. CONCLUSIONS

This paper carries out a systematic renovation design of the
surface WSHP in a hot spring center in the national forest park
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of northern Guilin, Guangxi. The main steps include the design
of hot spring system, air-conditioning system, and hot water
system, as well as the exergy analysis of WSHP system.
Among them, the design of hot spring system covers the
regulation of raw water, cold water, and warmed water; the
constant temperature control of hot spring pools; the waste
heat utilization of warmed water from the pools. The following
conclusions can be drawn from the experimental results:

(1) This paper establishes a WSHP operating system with
heat pump technology. The proposed system can extract as
much natural heat as possible, and maximize the scale of hot
spring pools, while keeping a constant temperature. Under the
proposed system, the hot spring can be used flexibly by
visitors, and different sections can be opened/closed
depending on the visitor scale, thereby saving energy
consumption.

(2) It is recommended to use an automation control system,
and monitor the filtering system. The back flush devices need
to be turned on at preset time. Moreover, unattended operation
should be realized to automatically monitor the water
temperature, quality, and volume in each section.

(3) The height of the machine room should be lower than
that of the warmed water tank, so that the warned water can
flow under gravity to the WSHP, eliminating the need for
additional water pumps. Furthermore, the heat preservation
water tanks should be placed at windless positions to reduce
heat dissipation and facilitate insulation.
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