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ABSTRACT

Process heating constitutes a significant share of final energy consumption in the industrial sector around the
world. In this paper, a high-temperature heat pump (HTHP) using flash tank vapor injection technology (FTVI)
is proposed to develop low-temperature geothermal source for industrial process heating with temperature above
100°C. With heat sink output temperatures between 120°C and 150°C, the thermo-economic performance of the
FTVI HTHP system using R1234ze(Z) as refrigerant is analyzed and also compared to the single-stage vapor
compression (SSVC) system by employing the developed mathematical model. The coefficient of performance
(COP), exergy efficiency (7ex), net present value (NPV) and payback period (PBP) are used as performance
indicators. The results show that under the typical working conditions, the COP and 7¢. of FTVI HTHP system
are 3.00 and 59.66%, respectively, and the corresponding NPV and PBP reach 8.13 x 10° CNY and 4.13 years,
respectively. Under the high-temperature heating conditions, the thermo-economic performance of the FTVI
HTHP system is significantly better than that of the SSVC system, and the larger the temperature lift, the greater
the thermo-economic advantage of the FTVI HTHP system. Additionally, the FTVI HTHP system is more capable
than the SSVC system in absorbing the financial risks associated with changes of electricity price and natural gas
price.
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Nomenclature

A Heat transfer area, m?

Bd Bond number

Bo Boiling number

C Cost, CNY

c Price, CNY/kWh or CNY/Nm*
c Specific heat capacity, kJ/(kg-°C)
COP Coefficient of performance
CRF Capital recovery factor

D, Hydraulic diameter, m

E Exergy, kW
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Exchange rate

Mass flux, kg/(m?*-s)

Acceleration due to the gravity, m?/s
Flash tank vapor injection

Specific enthalpy, kJ/kg
High-temperature heat pump
Interest rate, %

Fluid thermal conductivity, W/(m-°C)
Plate length, m

Mass flow rate, kg/s

Lifetime, years

Net present value, CNY

Payback period, years

Benefit of energy saving, CNY
Prandtl number

Pressure, kPa

Heat flow rate, kW

Lower heating value, kJ/Nm®

Heat flux, W/m?

Reynolds number

Specific entropy, kJ/(kg-°C)
Single-stage vapor compression
Temperature, °C or K

Total capital investment, CNY
Overall heat transfer coefficient, W/(m?.°C)
Suction volume of compressor, m*/h
Electric power, kW

Vapor quality

Temperature difference, °C

Heat transfer coefficient, W/(m?.°C)
Chevron angle, °

Latent heat of vaporization/condensation, J/kg
Plate thickness, m

Efficiency, %

Plate thermal conductivity, W/(m-°C)
Viscosity, Pa-s

Friction factor

Density, kg/m®

Surface tension, N/m

Annual operation hours, h/year
Enlargement factor

Maintenance cost factor
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Subscripts

0
1-9,14.5
ann
boi
con
com
dh
E2C
EV1
EV2
ele
eq
eva
FT
geo
in
inj
int
1S

mot
NG
out

OM

sat
SC

sh
sin
tp
U2C
%
vol
W
wall

1 Introduction
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Boiler

Condenser
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Desupheating

Euro to Chinese Yuan
First-stage expansion valve
Second-stage expansion valve
Electricity

Equivalent

Evaporator

Flash tank

Geothermal water

Inlet

Injection
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Isentropic

Liquid phase
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Motor
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Operation and maintenance
Refrigerant
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Subcooling
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In recent years, the issue of energy consumption as well as the greenhouse gases emission involved
has gained prominence worldwide. To tackle this problem, transitioning the industrial sector has great
importance owing to that it is the largest energy consumption sector [1]. It is reported that the industrial
sector globally accounts for over one third of total energy consumption and about a quarter of global
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CO, emissions [2]. More importantly, the International Energy Agency projects a 50% increase in the
industrial energy demand by 2050 at the global level [3]. Among the energy consumption in industrial
sector, more than 70% of the total is used to meet the heating process demand [1]. This highlights the
significance of clean technology transition in industrial process heating.

The development of renewable energy to replace fossil fuels is a promising approach to address
the environmental problems resulted from growing energy consumption [4]. Geothermal energy, which
is considered as low-emissions renewable resource independent from weather conditions [5], can play
a significant role in clean technology transition [6]. According to reservoir temperatures, geothermal
resources can be divided into three categories, i.e., low-, medium- and high-temperature resources,
which correspond to temperature ranges of <90°C, 90°C-150°C and >150°C, respectively [7]. In
comparison, the low-temperature geothermal source is widely available all over the world, but it is
limited to direct utilization such as heating, greenhouses, snow melting and so on, and has insufficient
quality to meet most of the demand coming from industrial process heating at temperatures above
100°C [8]. Therefore, it is necessary to develop technologies for expanding the application scope of
low-temperature geothermal sources to increase the contribution of geothermal energy. In this respect,
the method of combining the low-temperature geothermal sources with high-temperature heat pump
(HTHP) is appealing [9]. Besides, this is also beneficial to recover the tail water exhausted from
geothermal power plant, which is usually about 70°C [10].

It has been proved that the HTHP systems have wide application potential in food, printing
and dyeing, papermaking, chemical industry, drying and rectification [11]. The most widely used
HTHPs usually fall into two types, i.e., vapor compression and absorption cycles, see for example
[12,13]. Compared to the absorption cycle, the vapor compression heat pumps offer the advantages
of less expensive, simpler and easier in installation and control. However, to achieve a high output
temperature, the single-stage vapor compression (SSVC) heat pump must contain high condensation
temperature, which leads to large compression ratio and lowers the compression efficiency, and
therefore the system heating capacity and coefficient of performance (COP) [14]. Consequently, a
multi-stage configuration becomes more convenient, especially the two-stage vapor compression heat
pumps. For example, an optimized two-stage heat pump cascaded with internal heat exchangers is
recommended for temperature lifts from 60°C to 70°C or even higher [15]. Moreover, to further
enhance the performance of two-stage HTHP systems, the vapor injection technique has become
popular [16], which is commonly fulfilled by using either a flash tank or a sub-cooler. Compared to the
sub-cooler vapor injection technology, the flash tank vapor injection (FTVI) has superior performance
in the heat pump systems [17].

Nowadays, the FTVI used in HTHP systems usually involves two compressors, for instance,
as seen in [14]. However, in practical, due to the high cost and huge size of these compressors, the
application of two-stage cycle is limited to certain advanced systems [18]. As an alternative, the HTHP
system with two-stage cycle using one injection type compressor is preferred, also known as quasi-
two-stage systems, which in consequence becomes the focus of this study. It should be noted that
although the FTVI technique is mainly devoted to improve the air-source heat pump systems under
cold environments in recent years, it is also proved to be beneficial to the heating performance of
HTHP systems. For instance, Zhang et al. [19] compared the FTVI and SSVC HTHP systems for
steam production and indicated that with the condensation temperature at 120°C, the COP and
thermal perfection of the FTVI HTHP system reach 3.4 and 0.502, respectively, which are 15.64% and



EE, 2023, vol.120, no.8 1821

13.99% higher than that of the SSVC system. On the other hand, the selection of refrigerant is also an
important direction of the HTHP technology [20]. Li et al. [21] analyzed the application potential of
four Hydrofluoroolefin refrigerants in the FTVI HTHP under condensation temperature above 100°C
and suggested that R1234ze(Z) has the largest volumetric heating capacity and its COP is comparable
to that of R245fa, making it particularly suitable for high-capacity and high-temperature lift heating
systems. This finding is in accord with Fukuda et al. [22] and Zhang et al. [23]. Overall, the advantages
of FTVI technology in the HTHP systems have been proved, but its economic performance is not yet
clear due to some additional devices included in the FTVI HTHP system compared to the single-stage
systems. Furthermore, to date, few works consider the impact of actual boundary conditions on the
economic performance of the FTVI HTHP system.

The present study aims to provide directions for expanding application scope of low-temperature
geothermal sources using the FTVI HTHP systems, and to this end, a mathematical model of
geothermal driven FTVI HTHP system is developed considering both thermodynamic and economic
performance. Following the author’s previous work [21], R1234ze(Z) which has good flow and heat
transfer performance [24], is chosen as working fluid. The effects of geothermal water temperature on
the thermo-economic performance of FTVI HTHP system are analyzed with the specified heat sink
outlet temperatures between 120°C and 150°C and also compared with the SSVC system under same
working conditions. Here, the COP and exergy efficiency are used as thermodynamic performance
indicators while the net present value and payback period are introduced as performance indicators in
the economic evaluation. In addition, the impacts of electricity and natural gas price on the economic
performance of the FTVI HTHP system are also discussed.

2 Methodology

2.1 System Description

The schematic diagram of the FTVI HTHP system is shown in Fig. |, which is constituted by an
injection type compressor, condenser, evaporator, flash tank and two expansion valves. The refrigerant
flows out of the condenser where it releases heat to lift the heat sink water temperature from T, ;, to
T and then expands to a certain intermediate pressure through the first-stage expansion valve
before entering the flash tank, in which it splits into liquid and vapor phases. The liquid phase
refrigerant flows out of the flash tank from its bottom and enters the evaporator after expanding
to evaporation pressure through the second-stage expansion valve, where it absorbs heat and becomes
low-pressure vapor making geothermal water temperature drop from 7 g in t0 T geo oui- SUbsequently, the
low-pressure vapor phase refrigerant is sucked into the compressor in which it is compressed to the
intermediate pressure and mixed with the injected vapor phase refrigerant, and finally it is further
compressed to the condensation pressure to complete the cycle. The corresponding p-/ (pressure-
specific enthalpy) diagram of the FTVI HTHP is shown in Fig. 2. In a word, compared to the SSVC
system, the feature of the FTVI HTHP system is that a flash tank is equipped between the two
expansion valves that separates the vapor and liquid refrigerant after partial expansion and injects
the flashed vapor into the compressor at intermediate pressure [17].
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Figure 1: Schematic diagram of flash tank vapor injection heat pump system
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Figure 2: P-/ diagram of flash tank vapor injection heat pump system
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2.2 Mathematical Model
2.2.1 Thermodynamic Model

To simplify the analysis, the following assumptions are considered for the FTVI HTHP system
[25-28]: the system operates under steady-state conditions; geothermal fluid is assumed as pure water;
sink water is pressurized for hot water supply; only counter flow heat exchangers are considered;
pressure drop and heat losses in all components and connections are neglected; throttling process
is isenthalpic; pinch point temperature difference of 3°C is imposed on all heat exchangers; isentropic,
volumetric and motor efficiencies of compressor are fixed at 0.75, 0.90 and 0.95, respectively;
temperature glides of the geothermal and sink water are both 20°C, i.e., Twoout = Tgeoin — 20 and
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Tnow = Tnin + 20; sub-cooling degree of 10°C is assumed at the condenser outlet, i.e., s = Ty — 10;
sup-heating degree of 5°C is supposed at the evaporator outlet, i.e., T, = T + 5.

It is well known that the intermediate pressure is the key parameter for the design of FTVI HTHP
[29], which is usually defined as the geometric mean of evaporation and condensation pressure [30]:

Pint = /Pevaleon (1
In view of the energy conservation law, the geothermal heat supplied (Q,.,) to the evaporator of

the HTHP system can be calculated by:

Oueo = MyeoCy (Teoin — Toeoou) = Myeva (hy — his) (2)
Considering that the heat transfer process in the evaporator is characterized by division into two

zones, 1.e., two-phase evaporating and superheating, as shown in Fig. 2, Q,, also can be expressed as
follows:

Qgeo = Qeva‘lp + Qeva,sh (3)
with

Qeva,tp = mr,eva (hl’ - hS) (4)
Qeva,sh = My eva (hl - hl/) (5)

The compressor power inputs during stage I (W, the refrigerant vapor at the evaporation
pressure is compressed to the intermediate pressure) and stage II (W 1, the mixed refrigerant vapor
at the intermediate pressure is further compressed to the condensation pressure) can be obtained as
follows:

M eva (hz,is - hl)
I/I/com,l = mr,eva (hZ - hl) = - (6)
ncom,isncom,mot
mr,con h s T h
Wcom,]l = mr,con (h4 - h3) == M (7)
ncomAis ncom,mol
where
mr,con = mr,eva + mr,inj (8)

In the vapor injection compressor, the specific enthalpy of the mixed refrigerant vapor at the high-
pressure stage inlet can be defined by:

J )
h3 — mr,eva 1 + ml,m] 9 (9)

M, con

Thus, the total power input of the vapor injection compressor is calculated by:
Wcom = com,l + Wcom,ll (10)

It is well known that the heating capacity of heat pump system is the sum of heat input and
compressor power input, and thus the heating capacity (Q;,) of the HTHP system can be calculated by:

Qsin - Qgen + I/I/ccvm (11)
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Besides, similar to the evaporator, with the heat transfer process being divided into three zones, i.e.,
desuperheating, two-phase condensing and subcooling, as shown in Fig. 2, Qy, also can be expressed
as follows:

Qsin - msincp (T%in,oul - T'sin,in) = mr,con (h4 - hS) = Qcon‘dh + Qcon,tp + Qcon,sc (12)
where

Qcon,dh = mr,con (h4 - h4/) (13)
Qcon,tp - mr,con (h4’ - hS/) (14)
Qcon,sc = mr,con (hi’ - hS) (15)

The COP is a common indicator for evaluating the thermodynamic performance of heat pumps
[31]. As a ratio between the heating capacity and total electric power consumption, the COP is defined
as Eq. (16):

Qsin
16
I/I/com ( )

As another common indicator for evaluating thermodynamic systems, the exergy efficiency (7.,.)
based on the second law of thermodynamics can quantify the potential for improvement [32—34]. As
for the HTHP system, the 7., can be calculated as follows:

Esin‘out - Esin,in

COP =

exe — 17
! (Egeoin - Egeo‘out) + Weon (17)
Egeo,in - Egeo,om = mgeo [(hgeo,in — hgeo,out) — T() (sgeo,in —_ Sgeo,out)] (18)
Esin,out - Esin,in = Mg, [(hsimout — hsin,in) — TO (Ssin,om — Ssin,in)] (19)

For the aim of validating the thermodynamic model of the FTVI HTHP, the calculated results
are compared against Kosmadakis et al. [35] under the same assumptions and working conditions.
As shown in Table 1, the values of COP calculated from the present model agree well with that of
Kosmadakis et al. [35]. Therefore, the validity of the thermodynamic model is confirmed.

Table 1: Validation results for the thermodynamic model of FTVI HTHP
Qsin (kW) Tgeo,in (OC) Tsin,in (OC) COP Relative error (0/0)

Kosmadakis et al. [35]  This paper

298 50 120 242 2.39 —1.24
381 60 120 2.81 2.72 -3.20
482 70 120 3.28 3.14 —4.27

595 80 120 3.89 3.70 —4.88
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2.2.2 Economic Model

The total capital investment (TCI) of the FTVI HTHP system can be simplifiedly determined
as a fixed multiple ' of the purchased equipment cost of the main components [28] including the
compressor, evaporator, condenser, flash tank and expansion valves:

TCI :fTCI (Ceva + Ccon + Ccom + CFT + CEV] + CEV2) (20)

Note that f¢, is usually an experience-based value that accounts for the remaining expenses [28].
Considering the exchange rate of US dollar and Euro to Chinese Yuan (CNY), namely f,c and feac,
respectively, the cost estimation formula for the specific equipment of the FTVI HTHP system is shown
in Table 2.

Table 2: Equipment cost estimation formula

Component Formula
Evaporator/Condenser  Ciyjcon = frac - 780.65A40% 36]

eva/con

V 0.73
Compressor Coom = frac - 324.75 ( e ) [36]
ncom,vol
Flash tank CFT :fuzc . 28031’}’1806“7 [37]
Expansion valves Cevia = fuac - 114.5mgy, ), [38]

The plate heat exchanger is adopted for the evaporator and condenser owing to compact
configuration and good heat transfer performance. Based on logarithmic mean temperature difference
method, the heat transfer areas of evaporator and condenser in the FTVI HTHP can be calculated by
Egs. (21) and (22), respectively:

Qeva,tp + Qeva,sh

Ao = 21
UevaAlp A TLM,eva.lp Ueva,sh A TLM,eva,sh

Acon — Qcon.dh + Qcon,tp + Qcon,sc (22)
Ucon,dh A TLM,con,dh (]con,lpA TLM,con,lp Ucon,sc A TLM,con,sc

The overall heat transfer coefficient U is calculated in general as follows:

1 1 1 )

B R T 23

U  «a, + o, + A 23)

Here, the single-phase heat transfer coefficient («,,) for both water and working fluid sides is
calculated by Martin correlation [39] as follows:

k\ 13 n e 5 . 0.374
a, =0.122( — ) Pr (§Re’sin (28)) (24)
D, Mowan
where
1 cosf 1 —cospg

(25)

ﬁ B J/0.18 tan B + 0.36 sin B + &,/cosf * /388
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[ 64

.| = if Re < 2000 06)
| (1.81gRe — 1.5, if Re > 2000
FSIZ—9+385 if Re < 2000

£ =1 39 | (27)
k W, if Re > 2000

In the evaporator, the boiling heat transfer coefficient (.. ,) 1s calculated using Amalfi et al. cor-
relation [40] as follows:

1.101 ” 0315 —0.224
D
982 ( k ) (70) (G h) (ﬂ) Bo™®, ifBd < 4
O Pm P

Cevarp = k 0.248 —0.223 (28)
18.495 (== 2) Re"™'Re¥Bd"*Bo""”, ifBd > 4
70 Oy
where
Bo— 1 (29)
Gy
_ DZ
Bd = P PIED, (30)
(e

In the condenser, the condensation heat transfer coefficient (ct..,,) can be calculated using
Longo et al. correlation [41] as follows:

kioigy .
0.9430 10 . if Rey, < 1600
o _ Mchon (Tsat - Twall) (31)
contp —
1.875® (%) Re, Pr”, if Re., > 1600
h

where

Reeq=G(ﬂ) [(1—x)+x(p'> } (32)
20! Py

To assess the economic performance of the HTHP system, net present value (NPV) and payback
period (PBP) are used as indicators. The NPV denotes the accumulated net revenue of the system
through whole life time and the investment is accepted with NPV value larger than zero, and the
larger the better. the PBP is the time needed to recover the initial investment cost, and the shorter the
better. According to [42], using a natural gas boiler as benchmark system, the NPV and PBP can be
calculated as follows [43]:

suv COM
NPV = Z T — TCI (33)
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TCI
PBP = P, — TCI- CRF — Coy 9
with
P, = cng - 3600 - Qo - Tumm (35)
Mvoi * NG
Com = Cete * Weom * Tamn + @ - TCI (36)
i (1+0)
CRF = ﬁ 37)

3 Result and Discussion

Based on the model developed above, the thermo-economic performance of the FTVI HTHP
system with R1234ze(Z) as refrigerant driven by low-temperature geothermal water is analyzed and
compared to the SSVC system with the heat sink outlet temperature specified at 120°C, 130°C, 140°C
and 150°C. The input parameters used are listed in Table 3. In the analysis, Tyoin = 70°C, Tgpou =
130°C, ¢4. = 0.6 CNY/kWh and ¢y = 3.5 CNY/Nm’ are set as typical working conditions and assumed
constant except the parameter whose effect is discussed varies. Noteworthy the thermophysical
properties of R1234ze(Z) are calculated through a link with CoolProp [44], and the characteristic
geometry parameters of the evaporator and condenser are taken from Mancini et al. [45].

Table 3: Input parameters of model

Parameter Value Parameter Value
Geothermal heat supplied, Q,., 500 Natural gas price, cng (CNY/Nm®) 24
(kW)

Geothermal water inlet 50-90 USD to CNY exchange rate, fic 6.75 [46]
temperature, 7 g (°C)

Fixed multiple, f1c, 4 28] EUR to CNY exchange rate, fg,c 7.04 [46]
Maintenance cost factor, ¢ (%) 2 Gas boiler efficiency, 1u.; (%) 90 [42]
Lifetime, n (years) 20 [28] Lower heating value, gxs (kJ/Nm?) 38931 [42]
Annual operation hours, 7, 8000 [47] Interest rate, i (%) 5128]
(h/year)

Electricity price, c,. (CNY/kWh) 0.45-0.75 Reference temperature, 7', (K) 298.15

Figs. 3 and 4 show the variation of COP and 7. for the FTVI and SSVC HTHP systems with
the geothermal water temperature. The figures show that as expected, with the increased geothermal
water temperature, the COP and 7., of the HTHPs gradually increase, and with same geothermal water
temperature, the lower the heat sink outlet temperature, the better the thermodynamic performance.
The main reason for this fact is that a low temperature lift is beneficial to improve the thermodynamic
performance of HTHP systems [48]. Under the given working conditions, the COP and 5., of the
FTVI system range from 2.00 to 4.70 and from 52.99% to 65.78%, respectively, which is generally
better than that of the SSVC system. Besides, the thermodynamic advantage of the FTVI over SSVC
HTHP system at same heat sink outlet temperature increases with the decreased geothermal water
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temperature. For example, as for the typical case, the COP and 7., of the FTVI system reach about
3.00 and 59.66%, respectively, and the corresponding improvements over the SSVC system are about
18.18% and 13.48%, respectively; however, when the geothermal water temperature drops to 60°C,
the improvements of COP and 5., increase to 20.51% and 16.79%, respectively. Furthermore, with
same geothermal water temperature, the economic advantage of the FTVI over SSVC HTHP system
becomes more prominent.

120°C 130°C 140°C 150°C T, ..,
- A e FTVI
- SNYe
4-
(=9
O3t
O
2+
1 1 1 1 1 1 1 1 1 1
45 50 55 60 65 70 75 80 85 90 95

Geothermal water temperature (°C)

Figure 3: Coefficient of performance vs. geothermal water temperature

70
120°C 130°C 140°C 150°C T, o
—-— —A— —e— FTVI
--0-- --AD-- --O-- SSvC
60
2 /D’"/A'/
< = Y
o0 N e
50 T el
Lo
AN _,,O"
P
40 1 1 1 1 1 1 1 1
45 50 55 60 65 70 75 80 85 90 95

Geothermal water temperature (°C)

Figure 4: Exergy efficiency vs. geothermal water temperature

Figs. 5 and 6 show the variation of NPV and PBP for the FTVI and SSVC HTHP systems
with the geothermal water temperature. As the geothermal water temperature increases, the NPV of
HTHP systems tends to increase while the PBP gradually decreases. With the same geothermal water
temperature, the lower the heat sink outlet temperature, the better the economic performance. That
can be explained by the improvement in thermodynamic performance of the HTHP systems resulted
from the decreased heat sink outlet temperature, which reduces the system costs. Under the given
working conditions, the FTVI system is techno-economically feasible in terms of NPV ranging from
0.45 x 10° to 11.91 x 10° CNY, but this finding is not fully supported by the PBP due to that its
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value is longer than the expected lifetime under some working conditions. Nevertheless, the FTVI
system performs generally more economically than the SSVC system considering the fact that the
techno-economic temperature lift of the FTVI system can be up to 90°C, which is higher than that of
the SSVC by about 20°C. Besides, the economic advantage of the FTVI over SSVC HTHP system at
same heat sink outlet temperature increases with the decreased geothermal water temperature. Taking
the typical case as an example, the NPV and PBP of the FTVI system reach about 8.13 x 10° CNY
and 4.31 years, respectively, and the corresponding improvements over the SSVC system are about
28.31% and 21.41%, respectively, but when the geothermal water temperature is as low as 60°C, the
improvements of NPV and PBP increase to 81.63% and 47.16%, respectively. Also, the higher the heat
sink outlet temperature, the more the economic advantage of FTVI over SSVC HTHP system at the
same geothermal water temperature.

14
120°C 130°C 140°C 150°C T, oy
12| —A— —— FTVI
SNYe
10 +
>~
g st
E
> of
Ay
Z
4 -
2 L

0 Ai" 1 1 1 1
45 50 55 60 65 70 75 80 85 90 95
Geothermal water temperature (°C)

Figure 5: Net present value vs. geothermal water temperature

20 v
120°C 130°C 140°C 150°C Ty, o,
—-— A —— FTVI
B P N SSVC
15+ \

PBP (years)
S

O 1 1 1 1
45 50 55 60 65 70 75 80 8 90 95

Geothermal water temperature (°C)

Figure 6: Payback period vs. geothermal water temperature

Figs. 7 and & show the NPV and PBP of FTVI and SSVC HTHP systems as a function of the
electricity price. For the HTHP systems, the increased electricity price leads to a decline in the NPV
and a rise in the PBP. With the same electricity price, as the heat sink outlet temperature drops, the
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economic performance of the HTHP systems tends to be significantly improved. Noteworthy that
a high heat sink outlet temperature may cause an unfavorable economic performance of the HTHP
systems with the low NPV tending to zero and the long PBP exceeding the system lifetime mainly
due to the fact that the thermodynamic performance deteriorates as the heat sink outlet temperature
rises and the system costs therefore increase. For the given working conditions, the NPV and PBP of
the FTVI system in the techno-economically feasible range are about 1.98 x 10°-12.32 x 10° CNY
and 2.75-18.86 years, respectively, which are superior to that of SSVC system. Also, with the higher
electricity price, the economic advantage of the FTVI over SSVC HTHP system is more obvious at the
same heat sink outlet temperature. For example, when the electricity price increases to 0.65 kWh/CNY,
with the typical case as basis, the improvement of the NPV and PBP of the FTVI over SSVC HTHP
system increases from 28.31% to 45.01% and from 21.41% to 30.46%, respectively. Furthermore, with
the constant electricity price, the higher heat sink outlet temperature leads to the larger economic
difference between the FTVI and SSVC systems, especially in terms of the PBP.
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Figure 7: Net present value vs. electricity price
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Figs. 9 and 10 show the NPV and PBP of FTVI and SSVC HTHP systems as a function of the
natural gas price. It is clear that as the natural gas price increasing, the NPV of the HTHP systems
increases linearly while the PBP exponentially decreases. Noteworthy that at a relatively lower natural
gas price, the NPV of the HTHP systems is unusually small, even tending to a negative value, and the
corresponding PBP is extremely long, going to exceed the system lifetime, which can be attributed
that the benefit of energy saving with fixed geothermal heat supplied grows proportionally as the
natural gas price increasing. For the FTVI system under given working conditions, the NPV ranges
from 1.89 x 10° to 12.83 x 10° CNY and the PBP ranges from 2.65 to 18.57 years. Additionally, the
economic advantage of the FTVI over SSVC HTHP system is more significant as the natural gas price
decreasing. For example, with the natural gas price dropping to 3.00 CNY/Nm?, taking the typical case
as reference, the improvement of the NPV and PBP of the FTVI over SSVC HTHP system increases
from 28.31% to 95.18% and from 21.41% to 48.34%, respectively. These figures also indicate that at
the same natural gas price, a greater economic advantage of the FTVI over the SSVC HTHP system
may be anticipated as the heat sink outlet temperature increases in general.
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4 Conclusions

Low-temperature geothermal source has promising prospect in industrial process heating. In
this paper, a mathematical model for the FTVI HTHP system has been established and the effects
of geothermal water temperature, electricity price and natural gas price on the thermo-economic
performance of FTVI HTHP system with output temperatures between 120°C and 150°C are
analyzed. Also, the comparison against the SSVC system is conducted.

Under typical working conditions, the COP and 5., of FTVI HTHP system reach 3.00 and
59.66%, respectively, and the corresponding NPV and PBP are about 8.13 x 10° CNY and 4.31 years,
respectively. Compared to the SSVC system, the FTVI HTHP system has better thermodynamic and
economic performance in general. The COP and 7., improvements of the FTVI over SSVC HTHP
system reach 18.18% and 13.48%, respectively, and the corresponding NPV and PBP improvements
are about 28.31% and 21.41%, respectively, under typical working conditions. Besides, the lower the
geothermal water temperature, the more the thermo-economic advantage of the FTVI HTHP system.
Further, in comparison to the SSVC system, the FTVI HTHP system is better equipped to handle
the financial risk associated with higher electricity price and this advantage increases as the electricity
price rises. This is also true when the natural gas price decreases.

Moreover, note that the limitation of the present study is that the mathematical model developed
for numerical analysis is not verified against experimental data. So, future works should be devoted
to experimental verification of the performance of FTVI HTHP system. Additionally, it is common
knowledge that the environmental impact associated with energy systems is currently one of the
most important concerns, and thus further research also should include the life cycle environmental
assessment of the geothermal driven FTVI HTHP system.
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