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ABSTRACT

The organic Rankine cycle (ORC) is a promising technology for heat recovery. The major problem is its low cycle efficiency, and
the evaporator is a major contributor to the total irreversible losses. In this paper, the heat source is segmented in two temperature
ranges to realize cascade evaporating. The series double cascade-evaporation organic Rankine cycle (SDCORC) was put forward.
The objective of this paper is to evaluate the performance enhancement of the SDCORC with a reference to the ORC. The system
performances (mass flow rate, evaporating temperature, volumetric flow rate (VFR), net power output, system efficiency, and
thermal conductances) for the ORC and SDCORC were simulated and compared using R245fa as the working fluid. The objective
function is the ratio of the net power output to the total thermal conductance, reflecting both the system earnings and the cost. The
results show that the SDCORC can enhance the net power output, and the growth rate differs with intermediate geothermal water
temperature (IGWT) and geothermal water inlet temperature (GWIT). The SDCORC exceeds the ORC and enhances the systematic
performance with the GWIT. Optimal IGWT and evaporating temperatures of the SDCORC maximize the net power output. The
SDCORC presents excellent systematic performance, which should be popularized in engineering applications.

1. INTRODUCTION

The population boom together with social progress accelerates the energy demand, which is predicted to ascend with 33% by 2020
and 84% by 2035 (U.S. Energy Information Administration, 2011). The electricity price has increased by about 12% over the past
decade(U.S. Energy Information Administration, 2011; Eurostat, 2013).. Furthermore, serious environmental issues heavily
influence the energy policy. The energy gap has been becoming larger and larger, motivating the technologies for power generation
from renewable sources and waste heat recovery. Among the cycles, ORC has been focused on due to its simple cycle
configuration, high reliability and flexibility, and convenient maintenance (Bianchi and De Pascale, 2011). The ORC-based plants
have successfully been adopted in recovering the geothermal resources (Kanoglu, 2011), solar energy (Quoilin et al, 2011), ocean
thermal energy (Sun et al, 2012), and other waste heat from different industries (Zhang et al, 2013).

The ORC has been proven promising in converting low and medium grade heat sources into power, but the thermal efficiency is
only 8-12% (DiPippo, 2004). Mago et al. (2008) calculated the exergy destruction in ORC using an exergy wheel. The results show
that the evaporator has the highest exergy destruction rate, around 77%. Numerous studies have been carried out to reduce the
system irreversible loss, thereby improving the system performance. The correlative publications can be summarized as the cycle
configuration improvement. Based on the basic ORC, the regenerative organic Rankine cycle (RORC) has been proposed and
analyzed. Mago et al. (2008), Pei et al. (2010), Xi et al. (2013), Roy and Misra(2012), Fernandez et al. (2011), Franco (2011), and
Li et al. (2013) analyzed the RORC. They found that the RORC can increase the system performance but within a limited extent.
RORC not only decreases the thermal load of the condenser, but also reduces the irreversible loss in the evaporator. However, the
system performance is improved indeed, but only to a small extent.

On the premise of the minimal temperature difference at the pinch point, the single-evaporating characteristic between the heat
source and the working fluid in the evaporator is the major factor in bringing about the system irreversible loss. Kosmadakis et al.
(2009) and Kosmadakis et al. (2010), Wang et al. (2012), Liu et al. (2012), Zhang et al. (2013), Shu et al. (2013a, 2013b, 2014),
Yang et al. (2014), and Li et al. (2014) analyzed dual-loop ORC, and they found that the dual-loop ORC can enhance the system
performance. Mohammadkhani et al. (2014) utilized a gas turbine-modular helium reactor by two ORCs. The results showed that
the precooler, the intercooler, and the ORC condensers exhibit the worst exergoeconomic performance. The unit cost of electricity
increases with the turbine inlet temperature but decreases as the other above mentioned parameters increase.

Form the above-mentioned references on the ORC, it can be obtained that the two or multi stage ORC can indeed improve the
system performance. However, it should be pointed out that the cycle configurations are all parallel systems in essence, which may
also generate much irreversibility for the high-stage loop due to the high temperature difference between the heat source and
working fluid at the inlet of evaporator for the working fluid side. Moreover, no reference has been found to discuss such a cascade-
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evaporating organic Rankine cycle for geothermal power generation driven by the low and medium temperature geothermal
resources.

The present paper focuses on the evaluation of the systematic performance improvement of the ORC driven by geothermal water of
90-120°C. The heat source is utilized in two different segmented temperature ranges. The series double cascade-evaporating organic
Rankine cycle (SDCORC) are put forward to decrease the irreversible loss, especially in the evaporator, thereby enhancing the
systematic performance. R245fa is adopted as the working fluid. The main objective is to compare the system performance for
SDCORC and to optimize the system parameters, so such the preferable cycle configuration as well as the optimal parameters can
be obtained, with the dimensionless ratio of the exergetic efficiency to the total thermal conductance as the objective function.
Moreover, the parameters, the mass flow rate of the working fluid, the optimal evaporating temperature, the optimal IGWT, the
volumetric flow ratio (VFR), the net power output, the exergetic efficiency, the thermal conductance, and the objective function of
the SDCORC were compared with those of the traditional ORC.

2. SYSTEM DESCRIPTION

The heat source is utilized in segmented temperature ranges. Geothermal water from the production wells flows through the
evaporator 1 and evaporator 2 successively. It is identified as a-b-c, shown by red lines from Figs. 1. Geothermal water from the
outlet of the evaporator 2 will be reinjected. The cooling water goes into the condenser driven by the cooling water pump, and it
can be identified as d-e-d, shown by green lines. The heat source and heat sink in the SDCORC are totally the same. Moreover, the
counter-current flow between the heat source and heat sink with the working fluid are adopted.

The SDCORC is subcritical, and R245fa was chosen as the working fluid. Figure 1 shows the schematic diagram and the
corresponding T-s diagram of the SDCORC. The SDCORC is almost the same with the basic ORC, and the main difference
between them two is that the SDCORC adopts series double cascade-evaporating strategy whereas the basic ORC has only one. The
SDCORC consists of a high-pressure evaporator 1, a low-pressure evaporator 2, a high-pressure pump 1, a low-pressure pump 2, an
induction turbine, a generator, a condenser, a cooling pump, and a cooling tower. The specific flowchart for the working fluid is as
follows: The liquid working fluid from the condenser is first pressurized to flow into evaporator 2 where absorbs heat from
geothermal water (process b-c) coming from the evaporator 1 to generate low-pressure saturated or superheated vapour (process 4”-
1”). A portion of the saturated liquid at the saturated pressure in the evaporator 2 is pumped to the evaporator 1 to absorb heat from
geothermal water (process a-b) coming from production wells to generate high-pressure saturated or superheated vapour (process
4’-1"). The vapour at the state points 1° and 1” flow into the corresponding stages of the induction turbine where its enthalpy is
converted into mechanical energy to drive the generator to produce electricity (process 1’ (1”)-2). The discharging steam from the
turbine outlet is led to the condenser where it is liquefied by the cooling water (process 2-3). The liquid available at the condenser
outlet divides into two parts pressurized by the pumps 1 and 2, and then another new cycle begins. The PDCORC can be identified
as 1°(17)-2-3-4’(4”)-1°(1”), shown by green lines.

Generator

1 :
Turbine 7@

a ®

Geothermal wiife_f_ I

«BJ
U
T(C)

i

Evaporatorl Evaporator2
L b Condenser
4'e 5 e4" Je @c
Pumpl Pump?2 s (kd/kgrK)

(a) (b)

Figure 1: Schematic diagram (a) and 7-s diagram of the SDCORC.

3. MATHEMATICAL MODELLING

The energetic and exergetic analysis based on the first and second laws of thermodynamics were carried out for the working fluid
investigated. For simplicity, the following hypotheses were made:

(1) Geothermal power plants operate in a steady-state condition.

(2) Superheated vapour is considered at the outlet of the evaporator, with a degree of superheat of 5°C. Saturated liquid is
considered at the condenser exit.

(3) The working fluid at the inlet of the evaporator 1 for SDCORC is considered at the saturated pressure in the evaporator 2.
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(4) Pressure drops throughout the evaporator, the condenser and the pipelines are negligible.
(5) The kinetic and potential energy changes are negligible.
(6) The temperature and friction losses are negligible.
(7) Energy loss during the mixing process of the high- and low-pressure vapour in the turbine is negligible.
The mathematical model for PDCORC is expressed by the following equations:
Turbine:
n=(hy-ha) [(hy=ho ) =(hy-ha) [(hy-hay) (@)

where # and & denote the efficiency and the enthalpy, respectively; the subscript t stands for the turbine, and s means the isentropic
process.

W (g1 (hy-hag) Tmya(h-hos) i, (2)
mgwcp,gw (];w,in - ];;w,mid)
’(];va,l - eva,l,opt)
B h.—h, 3)
T = e (T —AT. ~T. )
gw p,gw \ 7 gw,in pp eva,l (T > T )
h], _ h4, eva,l eva,l,opt
mwc w(Twmid_Tw u)
e £ e - wf,12 (];va,z S T;val,opt)
I P =B )
wf,2
moc (T ..—AT —T )
gw ~p,gw \" gw,mid PP eva,2
hln h4, H (]—t;va,Z 2 7:3va,2,opt)

where W and m represent the power output and the mass flow rate, respectively; the subscript wf stands for the working fluid.

L=To(my1 (5275 1) TMyg2(527517)) (5)
where 7 and s stand for the irreversible loss and the entropy, respectively; 7, means the ambient temperature.

Condenser:

O=(myg1tmyg2)(ha-h3) (6)
where Q stands for the thermal load; the subscript ¢ stands for condenser.

L= (Mg 1 tmyg2) Tol[ (53-52)-(h3-h)/ T1] @)
where T stands for the temperature; 77 stands for the average temperature of the cooling water.

Wp.cw=mewAP e/ (1 cwPew) (®)

where p means for the density; the subscript p stands for the pump; AP, represents the pressure loss in the cooling water circuit;
the subscript cw stands for the cooling water.

(KA)e,pre=Qepre/ (AT pre) ©
(KA)e.con=0e.con/ (AT con) (10)
(KA. totar=(KA)c pre (KA, con )
Q=0 pret Decon (12)

where K and A stand for the heat transfer coefficient and the area, respectively; the subscripts pre, and con stands for the pre-
cooling and condensing.

Pump 1:
Np1=(hy s-hs)/(ha=hs) (13)
where the subscript 5 stands for the saturated liquid at the saturated temperature in the evaporator 2.

Wp1:mwf,l(Pe"Pe”)/(r/plpwf) (]4)
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Ly =myg To(s4-S5) (15)
Pump 2:

Np2=(hs5-h3)/(ha-h3) (16)
Win= (g 1+ m2)(Per=Po) (2P we) amn
Ly =(Mgg 1 TMy62) To(S47-53) (18)

Evaporator 1:

Qel:mwf,l(hl"h4’) (19)
where the subscripts el and wfl stand for the evaporator 1 and the working fluid evaporated in the evaporator 1.

T =mygi Tol(s1-s2)-(h-he)/ Tir] (20)
where Ty represents the average temperature of the heat source in the evaporator 1.

W.gw1 =M AP g1/ (1 guPgw) 21

where gw represents geothermal water; AP,,,; stands for the pressure drop in the evaporator 1.

(KA)e1 pre=Qet pre/ (ATt pre) (22)
(KA)e1,eva=Oet eva/ (ATl eva) (23)
(BA)e1,sup=Cet sup/ (AT 1 sup) (24)
(KA)e1 tota=(KA)e1 pre T (KA )e1 evaT(KA)e1 sup (25)
Oc1=0e1,pret Oet,evaTOel sup (26)

where the subscript el represents the evaporator 1; the subscripts pre, eva, and sup stands for the pre-heating, evaporating, and
superheating.

Evaporator 2:
Oa =Myt (hS'h4”)+mwf,2(h 1=hy) 27
Leo=my o To[(s17-547)-(h1~ha) Typ] 28)

where the subscripts €2 and wf2 stand for the evaporator 2 and the working fluid evaporated in the evaporator 2; Ty;» represents the
average temperature of the heat source in the evaporator 2.

Wp,ng :mgwAPgWZ/(r/p,gwpgw) (29)

where AP, stands for the pressure drop in the evaporator 2.

(KA ez pre=0e2 pre/ (AT 2 pre) (30)
(K4 )eZ,eva:QeZ,eva/ (A TeZ,eva) @31
(KA)e2 5up=0e2,sup/ (AT 2, 50p) (32)
(KA) 2 tota=(KA) 2 pre T (KA)e2,eva (KA e 5up (33)
Oc=0e2 pret Qe evaTOca sup (34)

where the subscripts e stands for the evaporator.
Total thermal conductance in the evaporator:
(KA)e=(KA)erH(KA)ep (3%)
Total thermal conductance:
(KA)oa=(KA)HKA). (36)
Total irreversibility:
o=l Lty ot Hleo=To[myg | (hy-hp ) Ty (ho-hs) T tmgo(ha-hy) Ty H(hy-hs) T 37

Net power output:
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Whet=numtg W W1 -Wia=-Wp o W g (38)
where 7, and 7, are the conversion efficiency of the mechanical energy and the efficiency of the generator, respectively.

Thermal efficiency:

Ntr=Whe(QertOe2) (39)
The exergy for geothermal water at the inlet and outlet of the evaporator can be expressed as:

Mgy (R )=y 1 (hi-ha )Ty (Bs-ha Y Amgga(hi-hy) (40)
where the subscripts a and c stand for the state points of geothermal water.

Exgy=mgy[(ha-he)-To(sa-5c)] (41)

Exergetic efficiency:

Nex=Wne/Ex gy (42)

Objective function:

f;)hi=’7€x/(KA)tota] (43)

3. VALIDATION

Numerical solution is validated by the data of Saleh et al. (2007) for various working fluids-based ORC without regenerator and for
the same operating conditions. The results of present solutions showed a very good agreement with the results in the Reference, as
shown in Table 1. The highest absolute difference in the thermal efficiency is only 0.26%, with the highest relative difference of
3.48%. The differences mainly arise from the selection of equation of state, and the BACKONE equation of state was adopted in
the Reference while the fundamental equation of state was selected in this paper.

Table 1 Validation of the numerical model with previous published data for various fluids-based ORC

Substances ¢,;,°C ¢;,,°C t,°C P, ,MPa P, MPa V,.m’/s VFR nasYo  Sources

R125 66.18  40.06 30.00 2.000 1.564 2.878 1.270 2.32  Salehetal. ,2007
R125 66.18  40.06 30.00 2.000 1.564 2.834 1.360 2.35  Present
R290 96.65 57.14 30.00 2.000 1.079 1.063 1.667 591  Salehetal. ,2007
R290 96.65 57.14 30.00 2.000 1.079 1.049 1.764 5.81  Present
R134a 101.03 67.75 30.00 2.000 0.772 0.656 2.357 7.74  Saleh et al. ,2007
R134a 101.03 67.75 30.00 2.000 0.772 0.639 2483 7.48  Present

4. RESULTS AND DISCUSSION

This study takes the subcritical ORC based on geothermal water as an example for low- and medium-grade heat source recovery.
Table 2 shows the system parameters including the ORC, heat source, and heat sink, which is extracted from an existed practical
ORC-based geothermal power plant in China. GWIT is varied at steps of 5°Cin the range of 90-120°C, however, geothermal water
outlet temperature is confined to be no lower than 70°C to prevent silica precipitation in the rejection wells (Toffolo et al., 2014).
R245fa is selected and used for the working fluid, and its main physical properties are shown in Table 3, which was previously
screened as among broad candidates because of its excellent performance in the low- to medium-temperature range (Li et al. 2014,
Lietal. 2012, Li et al. 2013, Li et al. 2013, Li et al. 2013, Shengjun et al. 2011, Fiaschi et al. 2012). There are C, H, and F atoms in
the molecular formula, so such it belongs to HFC substances whose ozone depletion potential (ODP) is zero. Moreover, R245fa is
non-flammable.

Table 2 Simulation parameters and boundary conditions used in this study.

Parameter Value | Parameter Value
GWIT (C) 90-120 | Turbine 1sentropic etficiency (%) 75
Tail water outlet temperature ('C) >70 Pump isentropic efficiency (%) 60
Geothermal water flow rate (m’/h) 69.45 Cooling pump efficiency (%) 75
Cooling water inlet temperature (‘C) 25 Mechanical efficiency (%) 97
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Cooling water outlet temperature (C) 35 Generator efficiency (%) 98
Pinch point temperature difference (‘C) 5 Environmental temperature(‘C) 25
Turbine inlet superheated degree ('C) 5 Environmental pressure (MPa) 0.101325

Table 3 Thermodynamic properties of R245fa

Physical data Environmental data
Substance “F7eTmol)  T,(C) 7oA C)  P.(MPa) ALT(yr) ODP__GWP(I100yr) Source
R245Ta 13405 1490 15405 3.640 7.6 0 T030 (Calm and Hourahan, 2007)

Table 4 lists the effect of the evaporating temperature (7ey,0rc) 0f the ORC on mass flow rate (m,), volumetric flow ratio (VFR),
and Jakob number (Ja) at Ty, ;;=100°C. Clearly, as indicated in the table, VFR is proportional to T.,,. For a given ambient condition,
the system condensing pressure can be regarded as a constant, which implies that the VFR is only determined by T¢y, orc, 1.€., there
is a one-to-one correspondence relationship between VFR and 7,,,. From Macchi and Perdichizzi (1981), lower VFRs lead to high
turbine efficiencies. Moreover, according to Invernizzi et al. (2007), the turbine efficiency can exceed 80% only when the VFR is
lower than 50. The highest VFR in this study is only 4.488, thereby manifesting that the turbine efficiency can be relatively high.

The Jakob number (Ja) is the ratio of sensible to latent heat absorbed during liquid-vapor phase change in the evaporator. Apparent,
as indicated in the table, Ja exhibits the similar variation trend with VFR, and it is mainly dependent on T, orc once the ambient
conditions are fixed. It should be pointed out that the specific enthalpy at the evaporator inlet are slightly different with 7., and is
proportional to Ty,, however, the difference can be ignored due to the low range of 7., 0rc. The increase in Ty, orc leads to the
increasing of the sensible heat and the reduction of the latent heat during liquid-vapor phase change in the evaporator, as shown in
Figurel(b).

Based on the first law of thermodynamics, m, is associated with the thermal load in the evaporator and the specific enthalpy
change of the working fluid. From Table 3, m. decreases with Tey, orc, and the change rate Om ;. / 8TM’ORC is associated with

Tevaorc- There exists an optimal evaporating temperature 7Toy, orcop Mutating  Om,, / 07, ie, as a whole,

eva,ORC

o(my, /' m

‘wf ,max

)/ 0T, for Touorc <Tevaorcopt ANA Tovaore 2Tevaorcopt €an be regarded as fixed, and the absolute value of

eva

o(m, /' m )/ 0T, ore Tor Tevaore <Teva0rcopt 15 much lower than that for Tey,orc Tevaorcop- This is due to that the

‘wf ,max
increasing of T,,, enhances the specific enthalpy rise in the evaporator. On the other hand, a higher T, orc sharply reduces the
available heat to vaporize the working fluid. Moreover, it should be pointed out from Eqs. (3), and (4) that the available heat are
totally the same for Ty, orc <Teva0rC,opt @t the given Ty, iy, therefore, my¢ mainly relied on Tey, ore- FOr Tovaore =T eva,0rC opts the
available heat is inversely proportional to Ty, ore, and this is due to the increase of Ty oy Increasing T, corresponds with
decreasing the available heat to vaporize the working fluid, the two parameters integrate with each other, making a significant
reduction of the working fluid for Ty, ore =T eva,0RC,0pt-

Table 4 Effect of evaporating temperature on system parameters of ORC at T, ;,=100°C.

T, (C) VFR  mye(kg/s) Ja T, (C) VFR  mye(kgls) Ja
65 3.034 40.23  0.3386 80 4.611 29.05 0.5089
66 3.123 40.1 0.349 81 4.737 2726 0.5216
67 3.213 3998 0.3595 82 4.866 2546 0.5344
68 3.306 39.85 0.3701 83 4.998 23.64 0.5474
69 3.402 39.72  0.3809 84 5.133 21.79  0.5607
70 3.499 39.6 0.3918 85 5.271 19.93 0.5741
71  3.599 3948 0.4028 86 5412 18.04 0.5878
72 3.701 39.36 0.414 87 5.557 16.14 0.6016
73 3.806 39.24 0.4253 88 5.705 1421 0.6157
74 3913 39.12  0.4368 89 5.856 12.25 0.6301
75  4.022 37.7 0.4484 90 6.011 10.28 0.6446
76 4.135 36 0.4601 91 6.169 8.275 0.6595
77 4.25 3429 0.4721 92 6.331 6.247 0.6746
78 4.367 32.56  0.4842 93  6.497 4.193  0.6899
79 4.488 30.81 0.4965 94  6.666 2.111 0.7056
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Figure 2 shows the effect of the evaporating temperature (7.,,) on the thermal conductance in the condenser ((KA4)., and
evaporator ((KA)ey,) at Tyy,iw=100"C.Clearly, as indicated in the figure, (K4)co, decreases with T, and (0((K4),,,)/ 0T, ) at
different with T, 0((K4),,,)/ 0T, can be approximately regarded as constant for Toy, < Tevaopt A0 Teyy = Teyaopr- Moreover,
O((KA)

(Q.) and the log mean temperature difference in the condenser (AT,p). For Teyy < Tovaopts Q. s always decreasing due to that O, is
constant at this time whereas W, is increasing, on the other hand, an increase in 7, leads to an increase in the temperature of the

working fluid at the turbine outlet, thereby increasing ATon. For Toya > Tevaop Q. is sharply declined due to the increasing of Ty outs
moreover, AT, becomes larger and larger.

con va

con

)/ OT,,, for Teyy < Teyaop is higher than that for Ty, = Teyaopt. (KA)con is determined by the thermal load in the condenser

con eva

Compared with (KA)con, (KA4)eva presents distinct variation trend for ey, < Tovaopt AN Tevy > Tevaopt> and (KA)ey, is dependent on (Qe)
and the log mean temperature difference in the condenser (AT.,,), and it gets the maximal value at Tevy = Tevaopt- FOT Teva < Tevaopts

O, is always constant whereas AT, is decreased with the increase of T.,, thereby the parameter O((K4),,,)/ 01,

va

eva 18 positive.

However, For Tey, < Tevaopts Qe is sharply declined and ATy, is always decreased with the increase of T.,,, but the influence of Q. to
Ty, is more dramatic compared with AT, thereby leading to a negative O((KA),,,)/ 0T,

eva va *

The total thermal conductance in the evaporator ((K4)o) With the evaporating temperature (Tey,) at Ty ;n7=100°C is presented in
Figure2. Apparently, as shown in the figure, (KA ), exhibits the similar variation trend with (KA )cop, i.€., (KA4)oa decreases with
Teys, but the change rate (0((KA),,,)/ 0T, ) at different evaporating temperature are different. The rate 0((K4),,, )/ 0T, can

be approximately regarded as constant for Toy, < Teyaope A Tevy > Tevaopes coincidently, O((KA4),y, )/ 01, for T,

eva g

con va

w.in iNVestigated in

this paper are almost the same. Moreover, O((KA4),,, )/ OT.,, for Tovy < Teyaop is higher than that for Ty, = Tevaop. From Eq. (36),

eva
(KA)orar 1s determined by (KA)eon and (KA )eya. (KA)con 1s much higher than (KA4).,, due to the pretty smaller temperature difference
in the condenser. So (KA4). is dependent on (KA4).,,, and this is the reason why (KA4) and (KA4),, presented the similar variation
rules. For Teyy > Tevaop» compared with AT, and AT, Q. and Q. are both sharply declined due to the increasing of T,y oy i.€., the
evident decrease in the thermal load is a main contributor the (KA4)qa

The net power output (W, at different evaporating temperature (7y,) at Tgy;»=100°C is also presented in Figure2. Evidently, as
shown in the figure, W, first increases until achieving the maximal value at Tey,op and then decreases with Ty, Furthermore,
Wietmax @t Taw in=100°C is 622.7kW. The change rate OW,, /0T, is proportional to T,,, which manifests that 7, ;, can output

net eva

more power for higher T, ;, due to the more available energy provision.
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Figure 2: Thermal conductance in condenser and evaporator with evaporating temperature at 7, ;,=100°C

Figure 3 shows the thermal efficiency (7,) and the exergetic efficiency (7.) with different evaporating temperature (7,,,) at
Tow,n=100°C. Obviously, as shown in the figure, #y, is proportional to T,, and there is one-to-one correspondence between 7, and
Teva- In this sense, Ty, i, is a decisive factor to 7. However, no such relationship exists between 7y, and Te,,, and the variation trend
of 7y is coincident with that of Wy For Teyy < Tevaopts 7ex 18 only relied on W, because geothermal water has the same parameters.
On the other hand, for Ty, = Tevaop> Hex are determined by W and the exergy at the inlet and outlet of the evaporator for
geothermal water, which differs from one working condition to anather. This is due to that W, is a major factor in determining 7.
It is noteworthy that Ty, o, makes 7, achieve the maximal value.
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Figure 3: System efficiency and objective function with evaporating temperature at 7y, ;,=100C.

Table 5 shows the effect of the intermediate geothermal temperature (7, miq) on mass flow rate (m,,), volumetric flow ratio (VFR),
and Jakob number (Ja) at T,,,;,=100°C. Clearly, as indicated in the table, Ty miq as Well as Tey,; and Ty, has a decisive effect on
the system performance and should be optimized. T, and T, are generally inversely proportional with Ty ¢, Which is due to
that decreasing T, mia reduces the average temperature of the heat source in the evaporators, thereby leading to lower Ty, 1 op and
Teva,opt- Moreover, Ty mid.opt together with Ty, 1 ope and Tiya 2 oy maximizes the net power output. VFR and Ja depend on the Te,,, so
the two parameters are no more discussed in detail. my, and m,, manifest different variation trends with Ty mig, 1.€., Mgy iS
inversely proportional to Ty, mia» Whereas there is proportional relationship between mg, and Tgy mig. This is because increasing
Ty mia increases the available heat in the high-pressure evaporator and decreases the available heat in the low-pressure evaporator.

Furthermore, the total mass flow rate m, differs with working condition.

Table 5 Effect of evaporating temperature on system parameters of SDCORC at T, ;,=100°C.

Towmid (C) Teva1 (C)  Tevar (C)  myey (kg/s)  mye, (kg/s) VFR;  VFR; Ja, Ja,

99 94 73 1.402 3742 6296 3.727 0.2139 0.3615
98 93 73 3.313 35.64 6.11 3.727 0.199 0.3615
97 92 73 4.986 33.85 5.97 3.727 0.1876  0.3615
96 91 73 6.67 32.06 5.832 3.727 0.1765 0.3615

95 90 73 8.366 30.28 5.696 3.727 0.1655 0.3615
94 89 73 10.07 2849 5562 3.727 0.1547 0.3615

93 88 73 11.79 26.71 5431 3.727 0.144 0.3615
92 88 73 13.48 2492 5431 3.727 0.144 0.3615
91 87 73 15.21 23.14 5303 3.727 0.1335 0.3615
90 86 73 16.96 21.36 5.176  3.727 0.1232  0.3615
89 85 73 18.73 19.58 5.052 3.727 0.1129 0.3615
88 84 73 20.5 17.79 493  3.727 0.1028 0.3615

87 83 73 22.29 16.01 4.81 3.727 0.0929 0.3615
86 82 73 24.1 1423 4.692 3.727 0.08308 0.3615
84.89 81 73 25.92 1245 4577 3.727 0.07338 0.3615
84.74 81 72 25.97 12.39 4.577 3.63 0.08247 0.3511
83.79 80 72 27.68 10.62 4.463 3.63 0.07285 0.3511
83.66 80 71 27.68 10.57 4.463 3.535 0.08187 0.3409
83.52 80 70 27.68 10.52 4463 3.441 0.09088 0.3308
83.38 80 69 27.68 1047 4.463 3.35 0.09986 0.3208
82.43 79 69 29.37 8.726 4.352 3.35 0.09023 0.3208
82.29 79 68 29.37 8.686 4.352 3.26  0.09915 0.3109
82.15 79 67 29.37 8.647 4352 3.172 0.1081 0.3011
82 79 66 29.37 8.609 4.352 3.087 0.1169 0.2915
81.05 78 66 31.05 6.886 4.243 3.087 0.1073  0.2915
80.9 78 65 31.05 6.858 4.243 3.002 0.1158 0.2823
79.95 77 65 32.71 5.143 4.136 3.002 0.1063 0.2823
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The system irreversible loss of ORC, and SDCORC at Ty, ;;=100°C is shown in Figure 4. The total irreversible loss of the ORC and
the SDCORC reduces sequentially, and the irreversible loss in the evaporator manifests a similar variation trend. However, the
irreversible loss in the turbine, pump, and condenser for ORC, and SDCORC are increased. For the evaporator, the SDCORC
utilizes geothermal water in segmented temperature range, thereby improving the matching between geothermal water and working
fluid, so such the irreversible loss in the evaporator declines. A mew parameter, the equivalent evaporating temperature, is used to
evaluate the SDCORC, which is expressed as follows:

B My Ty + 10,1,

eva,l eva,2
Téva,eq - (44)
mwf,l + mwf,2
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Figure 4: Irreversible loss (a) and irreversible loss coefficient (b) of system component at T, ;,=100C.

For a given turbine efficiency, msand VFR are the decisive factors for the irreversible loss caused by the turbine, and the highest
difference of the working fluid between SDCORC and ORC is up to 11.01%, so such the irreversible loss caused by the turbine is
mainly influenced by the VFR. Moreover, Teyqeqsprore 18 higher than Ty, ore. This is the reason for more irreversible loss in the
turbine for the SDCORC. It should be pointed out that the irreversible loss generated by the pump for the ORC, and SDCORC
ascends sequentially, and it is similar with the irreversible loss caused by the turbine. SDCORC shows the highest irreversible loss
in the condenser. The working fluid at the outlet of the condenser is set to be 30°C. Furthermore, the working fluid at the inlet of the
condenser for the SDCORC has a higher temperature than that for the ORC. Overall, the evaporator contributes the most to the total
irreversible loss followed the turbine. However, the condenser only accounts for 3.82% in the SDCORGC, this is due to the low log

mean temperature difference in it. From the aspect of reducing the irreversible loss in the evaporator and the total irreversible loss,
SDCORC is more favourable than ORC.

Figure 5 shows the thermal conductance in the condenser ((K4).,,) and evaporator ((K4).y,) with the intermediate geothermal water
temperature (Tgy,mia) at Tew,in=100"C. Obviously, as shown in the figure, (K4).o, first decreases until achieving the minimum and
then increases with Ty mig, but it is just the opposite for (KA4)eya). i.€., (KA4)ey, first increases until achieving the maximum, and then
decreases With Ty mig. (K4)con gets the minimal value at Ty, mia =88 °C, whereas (K4).y, gets the maximal value at Ty mig =85C.
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Figure 5: Thermal conductance in condenser and evaporator with intermediate geothermal water temperature at
Ty in=100C.
gw,in

Figure 6 shows the total thermal conductance ((KA4),) and the net power output (W) with the intermediate geothermal water
temperature (Towmia) at Towin=100C. Obviously, as shown in the figure, as Ty mia increases, (KA)ow is first increasing until
achieving the maximal value and then it is reduced until obtaining the minimal value, and afterwards it is gradually increased. From
Figure 5, (K4)on is much larger than (KA4).,, at a fixed Ty mig, indicating that (K4),o is more influenced by (K4).,,. Moreover,
(KA)oral €xhibits the similar variation trend except for Tyymia > 94°C. W, is associated with Ty g, there exists an optimal
intermediate geothermal water temperature Ty, miq ope Maximizing the We. Wy achieves its maximal value of 669.7kW at Ty, mig =
88C, Teva1,0pt = 84°C, and Toyan0p = 73°C.

Combining Figs. 2 with 6, it should be pointed out that Ty, niq is @ key parameter to the SDCORC, and not all the available Ty, mia
can improve the net power output, i.e., the SDCORC can output more power when 80 < Ty, g < 98°C. The dimensionless ratio
W et max. SDCORC! Whet. max 0rc 18 €nhanced by about 7.55%. Furthermore, (K4)aspcore and (KA1 0rce are almost the same, 1196.40
and 1216.22kW/C.
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Figure 6: Total thermal conductance and net power output with intermediate geothermal water temperature at T, ;,=100C.

The ratio of the exergetic efficiency to the total thermal conductance is chosen as the evaluation indicator (#e./((KA)wi). The
numerator, 7.y, reflects the system earnings, and the denominator, (KA4),., reflexes the system cost. Moreover, for the convenience
of simplifying the comparison between SDCORC and ORC, the ratio (#ex/((KA4)ota)spcorc/Hex!(KA)wota)ore) 1S chosen as the
objective function. The dimensionless ratio (#e/((KA4)otal)spcore/Aex/(KA)wwa)ore) versus the GWIT is depicted in Figure 7.
Obviously, as indicated in the figure, (7ex/((KA)owa)spcore/Mex/(KA)wore) first increases and then decreases with Te,. The

maximal values of (”ex/((KA)total)SDCORC/nex/((KA)lotal)ORC) is 1.096. (77ex/((KA)lotal)SDCORC/r/ex/((KA)total)ORC) alwayS Surpasses 1.000,
illustrating that the SDCORC evidently exceeds the ORC.

From the above-mentioned analysis, the SDCORC enhances the net power output, which is at the expense of a larger total thermal
conductance requirement. The extent of improvement is proportional to the GWIT, and this is due to that the SDCORC pumps a
portion of the saturated liquid in the low-pressure stage evaporator to the high-pressure stage evaporator, and thus the SDCORC
improves the matching between the heat source and the working fluid in the evaporator. Therefore, the SDCORC manifests more
excellent systematic performances, which can be popularized in engineering applications. In actual, it should be specially pointed
out that the SDCORC absorbs a portion of heat from the lower temperature range to preheat the working fluid in the low-pressure
stage evaporator, which is the reason for that the SDCORC exceeds the ORC.
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Figure 7: Ratio of the exergetic efficiency to the total thermal conductance with geothermal water inlet temperature.

5. CONCLUSIONS

The ORC is promising in energy recovery for low- and medium-grade heat sources, but the evaporator contributes the most to the
total irreversible loss. This study proposes the segmented utilization of the heat source, and the series double cascade-evaporating
technology has been adopted to replace the single evaporating. The SDCORC is presented to improve the matching between the
heat source and the working fluid using R245fa, thereby enhancing the systematic performance. The system parameters are
calculated and optimized. The main conclusions that can be drawn from the present study may be summarized as follows:

(1) The SDCORC segments the heat source in two ranges, improving the matching between heat source and working fluid.
(2) There exists an optimal IGWT and evaporating temperatures for the SDCORC to maximize the net power output.

(3) The SDCORC can enhance the net power output and the growth rate differs with GWIT and IGWT, but the total thermal
conductance is almost the same with the ORC, moreover, the SDCORC is more preferable for higher GWITs.

(5) The SDCORC presents excellent systematic performance, which should be popularized in engineering applications.
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