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ABSTRACT

A novel dual-pressure organic Rankine cycle system (DPORC) with a dual-stage ejector (DE-DPORC) is proposed.
The system incorporates a dual-stage ejector that utilizes a small amount of extraction steam from the high-
pressure expander to pressurize a large quantity of exhaust gas to perform work for the low-pressure expander. This
innovative approach addresses condensing pressure limitations, reduces power consumption during pressurization,
minimizes heat loss, and enhances the utilization efficiency of waste heat steam. A thermodynamic model is
developed with net output work, thermal efficiency, and exergy efficiency (W e, 0, Nex) as evaluation criteria, an
economic model is established with levelized energy cost (LEC) as evaluation index, an environmental model is cre-
ated with annual equivalent carbon dioxide emission reduction (4 ER) as evaluation parameter. A comprehensive
analysis is conducted on the impact of heat source temperature (7's;,), evaporation temperature(77,), entrainment
ratio (E;, Er), and working fluid pressure (Ps, Ps) on system performance. It compares the comprehensive
performance of the DE-DPORC system with that of the DPORC system at 7's, of 433.15 K and 7', of 378.15 K.
Furthermore, multi-objective optimization using the dragonfly algorithm is performed to determine optimal
working conditions for the DE-DPORC system through the TOPSIS method. The findings indicate that the DE-
DPORC system exhibits a 5.34% increase in W and ey, a 58.06% increase in 7, a 5.61% increase in AER, and a
reduction of 47.67% and 13.51% in the heat dissipation of the condenser and LEC, compared to the DPORC system,
highlighting the advantages of this enhanced system. The optimal operating conditions are T’s;, = 426.74 K, T,
= 389.37 K, E;; = 1.33, E;, = 3.17, Ps = 0.39 MPa, P¢ = 1.32 MPa, which offer valuable technical support for
engineering applications; however, they are approaching the peak thermodynamic and environmental performance
while falling short of the highest economic performance.
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Organic Rankine Cycle
Dual-pressure ORC system
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ma Manufacture
FP Fossil fuel power generation

1 Introduction

The industrial production process consumes a significant amount of energy, resulting in the gener-
ation of substantial waste heat resources totaling 340 million tons of standard coal [1,2]. Therefore, the
utilization of industrial waste heat is a crucial aspect of energy conservation and emission reduction,
as well as an important means to address the relative shortage of energy [3,4]. Approximately 46%
of these waste heat resources are high-grade, with temperatures exceeding 400°C. Currently, there is
relatively advanced technology for recovering high-temperature waste heat efficiently. The remaining
54% consists of medium- and low-grade waste heat resources below 400°C; however, the technology
for recovering low-temperature waste heat is not yet mature, leading to a significant portion being
released into the environment and resulting in substantial energy wastage [5,6]. Hence, it holds great
practical significance to investigate the utilization technology for medium- and low-grade waste heat.

Among the various medium- and low-grade waste heat resources, steam waste heat constitutes
approximately 21% and possesses the advantages of cleanliness, safety, ease of storage, and high latent
heat value [7,8], thus warranting attention. The Organic Rankine Cycle (ORC) power generation
technology is capable of converting medium- and low-grade waste heat steam into high-grade electric
energy. Due to its flexibility, safety features, and low maintenance costs [9,10], ORC has been
extensively researched and implemented in industrial sectors such as engine waste heat and flue gas
waste heat [11-14], rendering it one of the most promising technologies for waste heat recovery.

The dual-pressure ORC system (DPORC) [15] has garnered significant attention in the realm
of ORC power generation systems due to its exceptional efficiency in producing high levels of
electrical power, thus making it a subject of extensive research and study. Wang et al. [16] conducted a
comparative analysis of the performance between DPORC and ORC utilizing isobutane as the working
fluid. The findings revealed that within the heat source temperature range of 100°C to 177.2°C,
DPORC exhibited a higher net power output than ORC, with an increasing trend in net power output
gain as the heat source temperature decreased. Li et al. [17] observed a significant increase in the
net power output of the DPORC system by 21.4%~26.7% compared to the basic ORC, and the
DPORC effectively reduced total irreversible loss, particularly to evaporator-induced irreversibility.
Based on the DPORC, Feng et al. [18] introduced the concept of a parallel two-stage regenerative
DPORC (DTRORC) and conducted an optimization of its thermal economy. The findings indicate
that the DTRORC exhibits a 1.75% increase in thermal efficiency compared to the conventional
DPORC, along with a 3.5% improvement in exergy efficiency and an additional net power output
of 1 kW. Li et al. [19] conducted a comparative analysis of the thermal efficiency between DPORC
and supercritical DPORC systems for recovering engine waste heat. The findings revealed that the net
output power of the supercritical DPORC system increased by 4.5%, while the total UA decreased
by 2.7%. Sun et al. [20] introduced the concept of a regenerative DPORC system and compared it
with the basic ORC, demonstrating superior thermal performance in their results. Chen et al. [21]
proposed a double-flash geothermal-DPORC system and conducted an assessment of its performance.
The analysis demonstrated that the designed system achieves a net power output of 6336.04 kW with
an exergy efficiency of 66.70%, and the estimated payback period is 3.48 years, indicating the economic
feasibility of the system.

The literature review above indicates that while DPORC enhances the utilization of middle and
low-grade waste heat, there is a release of secondary condensing heat during system operation,
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leading to energy wastage. The implementation of DPORC necessitates two high and low-pressure
working fluid pumps, leading to increased power consumption and system cost. Furthermore, due
to the constraints of condensing temperature, the performance of working fluid in the turbine is
suboptimal. To address the issue of lost condensing heat due to temperature limitations, an injector
can be integrated at the turbine tail in an ORC system to effectively utilize turbine exhaust gas.
Larbietal. [22] used an ejector for the refrigeration of ORC turbine exhaust gas to ensure simultaneous
power production and refrigeration and incorporated novel thermodynamic parameters to enhance
system efficiency. Wu et al. [23] conducted a study on the dynamic response of the ORC combined
ejector expansion refrigeration cycle (ORC-EERC), and developed a dynamic model for single and
double condenser configurations of the ORC-EERC. The findings indicate that the impact of the
ORC subsystem on the refrigeration subsystem is more pronounced in the ORC-EERC system with
a single condenser compared to that with a double condenser. Mortazavi et al. [24] proposed a novel
ejector-enhanced ORC and two-stage compression refrigeration cycle (EORC-TCRC) combination
and conducted a comprehensive energy, exergy, economic, and environmental (4E) analysis. The results
indicate that the cooling output power, energy efficiency, and exergy efficiency of the EORC-TCRC
system have increased by 220.06 kW, 11.67%, and 17.07% respectively compared to traditional ORC
and ejector refrigeration systems. Haghparast et al. [25] conducted a study on the impact of ejector
geometry and operational characteristics on ORC output power. The findings indicate that the net
power output increases with an increase in ejector area ratio and secondary mass flow rate, while
it decreases with an increase in pipe diameter, primary inlet pressure, or primary inlet temperature.
Srivastava et al. [26] introduced two novel ejector-enhanced ORCs (EEORC-1 and EEORC-2) and
employed three newly developed economic models (M1, M2, and M3) to assess real-world feasibility.
The findings indicate that EEORC-1 utilizing R123 exhibits superior performance at a heat source
temperature of 70°C, resulting in a maximum net output increase of 18%. Within the framework of
the M2 economic model, EEORC-1 demonstrates the highest profit escalation of 7.32%.

Therefore, to solve the limitation of DPORC system to further improve the utilization efficiency
of steam waste heat, this paper proposes a novel DPORC system with a dual-stage ejector (DE-
DPORC), in which the dual-stage ejector is located at the end of the high-pressure expander of
DPORC system to solve the limitation of condensing pressure. The dual-stage ejector uses a small
amount of extracted steam from the high-pressure expander to pressurize the large amount of exhaust
gas from the high-pressure expander and then enters the low-pressure expander for operation. This
pressurization process consumes no electricity and replaces a low-pressure working fluid pump. In
addition, the operation of the system involves only one heat release process, thus reducing heat loss.

To further comprehend the technical potential, energy conservation, and emission reduction
capabilities, as well as the economic feasibility of the DE-DPORC system, thermodynamic, economic,
and environmental models have been established. The impact of heat source temperature, evaporation
temperature, entrainment ratio, and working fluid pressure of the dual-stage ejector on system
performance is investigated using waste heat steam from a steelmaking converter in Tangshan Ruifeng
Steel Group, Chian as the heat source. A comparison of the performance between the DE-DPORC
system and the DPORC system under fixed working conditions is conducted. Furthermore, multi-
objective optimization of the DE-DPORC system using the Dragonfly algorithm and TOPSIS
comprehensive evaluation method is performed to unveil optimal operating parameters for enhanced
system performance.

The primary innovations of this paper can be outlined as follows:
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e A novel dual-pressure ORC system with a dual-stage ejector is proposed for efficient utilization
of steam waste heat.

e A dual-stage ejector is incorporated into the DE-DPORC system to enhance system perfor-
mance by addressing constraints related to condensing pressure, reducing power consumption of the
working fluid pump, and minimizing heat loss during condensation.

e A thorough performance analysis and multi-objective optimization are conducted under diverse
operational conditions to enhance the understanding of the DE-DPORC system.

2 DE-DPORC System

2.1 Dual-Stage Ejector

Fig. 1 illustrates the structure of the dual-stage ejector and depicts the variations in pressure and
velocity during its operation. The dual-stage ejector consists of two ejectors arranged in series. During
operation, the working fluid (5, 6) undergoes expansion into the suction section, leading to an increase
in velocity and a decrease in pressure. Upon exiting the nozzle outlet, the working fluid typically
attains a supersonic state, generating a region of low pressure at the inlet of the mixing section (7,
11). The injection fluid (4, 10) is introduced into the mixing chamber for amalgamation with the
working fluid (8, 12); Subsequently, this mixed fluid enters the diffuser chamber for deceleration and
pressurization (9, 13), before ultimately exiting from the ejector (10, 14) [27]. The ejector effectively
utilizes a small amount of high-pressure working fluid to elevate the pressure of the ejecting fluid
without consuming mechanical energy during operation, thus offering a simpler and more reliable
alternative to mechanical supercharging equipment.

2.2 DE-DPORC System

Figs. 2 and 3 illustrate the diagram and thermal process of the DE-DPORC system. The system
comprises an evaporator, a regenerator, high and low-pressure expanders, a dual-stage ejector, a
working fluid pump, and a condenser. The operational process is as follows: waste heat steam enters
the evaporator to superheat the organic working fluid (Processes 1-3); upon entering the high-pressure
expander to do work (Processes 3—4), the outlet pressure of the high-pressure expander is significantly
lower than that of conventional back pressure. The exhaust gas from the high-pressure expander serves
as the ejecting fluid of the primary ejector (State 4), while the low-pressure gas from the high-pressure
expander functions as the working fluid for the primary ejector (State 5). The fluid discharged from the
primary ejector is utilized as the ejecting fluid for the secondary ejector (State 10), with high-pressure
gas from the high-pressure expander serving as its working fluid (State 6). Following passage through
the secondary ejector, the exhaust gas transitions into a medium-pressure and medium-temperature
gaseous working fluid (State 14), entering a regenerator to absorb heat from residual heat steam
exiting an evaporator (Processes 14—-15). Subsequently, it undergoes a work process in a low-pressure
expander (Processes 15-16); exhaust gas then enters a condenser and is condensed into liquid form by
cooling water (Processes 16—17). After being pressurized by a working fluid pump and returning to an
evaporator, this completes one cycle.

In the DE-DPORC system, the implementation of a dual-stage ejector serves to mitigate back
pressure in the high-pressure expander, thereby enhancing its power output. This design also obviates
the need for a low-pressure working fluid pump, resulting in reduced energy consumption and capital
investment costs. Furthermore, it minimizes heat loss during the condensation process. Notably,
compared to the single-stage ejector, the two-stage ejector is capable of reasonably extracting steam
from the high-pressure expander to eject exhaust gas, thereby efficiently controlling pressure drop in
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each stage of the working fluid and reducing pressure loss. This integration of the two-stage ejector
and DPORC system demonstrates a high level of effectiveness.
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Figure 1: The structure of a dual-stage ejector and the variation trend of pressure and velocity during
operation
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Figure 3: Thermal process and heat transfer of the DE-DPORC system (a) is the thermal process of
the DE-DPORC system, and (b) is the heat transfer process of the DE-DPORC system

2.3 Working Fluid and Boundary Conditions of the DE-DPORC System

Under literature [28,29] recommendations, dry fluid R245fa is chosen as the working fluid due
to its non-toxic nature, chemical stability, favorable thermodynamic properties, and low greenhouse
gas emissions. Table | presents the boundary conditions of the DE-DPORC system. The steam waste
heat is from the steelmaking converter at Tangshan Ruifeng Steel Group in China. The evaporation
temperature, cooling water parameters, equipment efficiency, etc., are determined based on previous
studies [30,31]. The working fluid pressure of the ejector, extraction fraction, and entrainment ratio
are set according to the characteristics and operating parameters of the DE-DPORC system.

Table 1: Boundary conditions of the DE-DPORC system

Item Symbol Value

Inlet temperature of waste steam/K Tsin 373.15~453.15
Mass flow rate of waste steam/kg/s Mg 27.8
Evaporation temperature of evaporator/K T, 318.15~418.15
High-pressure expander outlet pressure/MPa P, 0.05
Low-pressure expander outlet pressure /MPa Py 0.2

Working fluid pressure of first stage ejector/MPa P; 0.1~0.5
Working fluid pressure of second stage ejector/MPa P 0.6~1.6
Low-pressure extraction fraction as 0.1~0.5
High-pressure extraction fraction s 0.1~0.5

First stage ejector entrainment ratio E, 1~10

Second stage ejector entrainment ratio E, 1~20
Temperature difference of the pinch point/K AT, 5

Superheat degree/K AT, 5

Cooling water temperature rise/K AT, 10

(Continued)
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Table 1 (continued)

Item Symbol Value
Cooling water inlet temperature/K Tyin 288.15
Environment temperature/K T, 288.15
Environment pressure/MPa P, 0.101
Expander isentropic efficiency/% nr 80
Pump isentropic efficiency/% Mo 80
Ejector nozzle section efficiency/% Mas 85
Ejector suction nozzle efficiency/% Nen 80
Ejector mixing chamber efficiency/% Nine 75
Ejector diffuser efficiency/% Na 85

3 Modeling
Before delving into the models, the following assumptions are posited:

(1) DE-DPORC system is in a steady state.
(2) Heat dissipation and pressure drop in pipes are deemed to be negligible.
(3) The impact of fluid dynamics and gravitational potential energy is deemed insignificant.

3.1 Thermodynamic Models
The components of the DE-DPORC system satisfy the mass, energy, and exergy balance equations,
as detailed in Table 2.

Table 2: Thermodynamic models of the DE-DPORC system

Components Ttem Thermodynamic model
High-pressure ~ Evaporator Working fluid mass mys = Cpsms (Tsjin — (T2 + ATpp)) / (h3 — h2)
cycle flow rate

Outlet temperature of
waste steam
Heat transfer

High-pressure
expander

Output power

Entrainment ratio for
each stage

Nozzle section outlet
pressure for each stage

Dual-stage ejector [27]

Nozzle section outlet
enthalpy for each stage
Nozzle section outlet
velocity for each stage
Nozzle outlet pressure
for each stage

Ts,outl = Ts,in — Myf (hs —hy)/ (Cp,smS)

OEva = Myt (h3 — hy)

Wur = mys [(h3 — he) +

(1 —ag) - (he — hs) + (1 — ag — as) - (hs — hy)]
m l—as—a m 1—a

Er1=*4=#Er2= 0 _ 6
ms as me ae

Pg =Py — AP P;p = P — AP,

0.014 MPa < AP < 0.05 MPa

hg = hs — nns (hs — hgs) h1a = he — nns (he — h12s)

v = +/21ns (hs — hgs) vi2 = /20ns (he — hi12s)

P7; =Py — AP Py = P — AP,
0.014 MPa < AP < 0.05 MPa

(Continued)
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Table 2 (continued)

Components Item Thermodynamic model
Nozzle outlet enthalpy  h7 = ha — nsn (ha — h7s) h11 = hio — nsn (h1o — h1ts)
for each stage
Nozzle outlet velocity v7 = /20sn (ha — h75) vi1 = /2050 (h10 — h11s)
for each stage
Mixing section Py = Pg = P7 P13 = P12 =Py
pressure for each stage
1
Mixing section velocity  vg = \/fmc ( 3 + V7) Vi3 =
for each stage I+E I+ En
v v
M(1+Er R Iy 11)
1 2 E 2 2
Mixing section hy = F (13 + v;) + I rE (h V;) - %
enthalpy for each stage P + Er + Er
13=
1 vio? Er vii? viz?
— A —_— h —_— |- —
1+Er2(12+ > JPirE\"T 2 2
. vo? vi3?
Diffuser outlet hio = hy + 5 hios = ho + ng (hio — ho) h14 = hi3 + -
enthalpy and ideal hias = hi3 + ng (ha — hi3)
enthalpy for each stage
Diffuser outlet pressure  P1g = P (h1os,59) P1a = P (h1as, 513)
for each stage
Low-pressure Regenerator Heat transfer OReg = Mg (15 — h14)

cycle

DE-DPORC
system

Low-pressure expander
Condenser

Working fluid pump

Net power output

Thermal efficiency

Exergy efficiency

Outlet temperature of
waste steam

Output power

Heat transfer

Mass flow rate of
cooling water
Power consumption

Tsouz = T14 + ATpp

Wit = myt (s — hig)
Ocon = myr (7 — i)
My = QCon

CowATy
Wp = mys (hy — h7)
Whet = Wur + Wir — Wp

o= Whet
= —
(QEva + QReg)
Wnet Wnet
Nex =

En _ m [(hs,in — ho) — To (ss,in — 50)]

3.2 Economic Models

The levelized energy cost (LEC) serves as a key metric for assessing the economic viability of the
DE-DPORC system and can be mathematically represented as
Ctotal - CRF + COM

LEC = (1)
N - Wnet : ng
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The total purchase cost of the system (C,,;) encompasses the individual purchase costs of each
component, as detailed in Table 3 and adjusted by the chemical engineering plant cost index for year
2023 (CEPCl,y;3). This can be mathematically represented as

CEPCI.
Ctotal = CEP—CIzzz? (CEva + CHT + Cch + Cch + CLT + CCOn + CP) (2)
The capital recovery factor (CRF) is
(140"
CRF = ———— 3
I+ —1 (3)

where Coy is the operation and maintenance cost of the DE-DPORC system, equivalent to 1% of
the overall investment outlay [30]; NV is the annual operation hour, 7500 h [32]; n, is the generator
efficiency, 85% [32]; n is the life cycle, 15 years [32]; i is the interest rate, 2.73% [30]; CEPCl,y, is 397
[32]; CEPCly; 18 797.9 [33].

Table 3: Purchase costs of the component in the DE-DPORC system

Component Purchase costs Auxiliary equations Correction factor values
Evaporator Ig Co va = Apya = G Ky =4.66, Ky = —0.155, K3 =
’ 2 TS,in - T3 — ATpp 0.154
K+ K> lgAEva + K3 (lgAEva) kEV‘dl Te: T AT .
lg Fp,Eva — n ( S,in — 3) / pp
Ci+ G lgPs + Cs (g Py)?
CEva = Cb,Eva (Bl + BZFme,Eva) 1 — i@ + é@ 4 i C1=0,=0,C3=0
keva  owdi - hdm o By =0.96,B, = 121, F,y = 2.4
High-pressure lg Cour = - K =227,K)=144,K3 =
expander Ki + K lg (W) + K3 (g War)® —0.18
Cut = Cou1Fom Fpm = 3.50
Dual-stage ejector  Cpm; = Ki x Ky x K3 X Ky =15Ky,=045,K3 =20
T5\ %% .
9 Pio)” 75
( Ps) x (P10)
Ts 0.05
16 Pi4)-075
+ ( P6) x (P14)
Regenerator lg Cp reg = ARes = OReg K| =4.66,K; = —0.155, K3 =
o =
Ki + Ko 1g Aeg + K3 (Ig AReg)” * T e Tsow —Tia— ATy 0.154
10 (Ts.outl — T1a) /AT,
lng,Reg = -out PP C1=0,,=0,C3=0
Ci + Cylg Py + Cs (Ig P1a)?
1 1 dy 6ds 1
CRree = G B + ByF, F, =——4 - — B =096,B, =121, F, =24
Reg b,Reg ( 1+ B2y, p,Reg) kReg oy di X dm + g 1 2 m
Low-pressure lgCyorr = - K1 =227,K)=144,K3 =
expander Ki + Ky lg (Wir) + K3 (Ig Wir)? —0.18
Crr = Co.1Fom Fom = 3.50
Condenser lg Cy.con = Acon = K| =4.66,K; = —0.155, K3 =
K1+ KylgAcon + K3 (g ACon)Z Ocon 0.154
Ti6 — Twou — (T17 — Twin)
kCon

In (T16 — Tw,out) / (T17 — Tw,in)

(Continued)
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Table 3 (continued)

Component Purchase costs Auxiliary equations Correction factor values

lg Fy con — T 1do bdy 1 C1=0,Cr=0,C3=0

Ci+ G lgPis+ Ci(lg Pis)? kcon awdi  Adm oy

Ccon = Cov,con (B1 + B2FmFp con) B =096,B, =121,F,, =24
Working fluid lgCop = - K1 =339,K, =0.54,K3 =
pump Ki + Ko lg (W) + K3 (1g W)’ 0.15

IgFpp = C1=-039,C,=039,C3 =

C + Calg Wy + G (Ig Wy)° —0.0023

Cp=Gyp (Bl + BszFp,p) B =189,B, =135 F,, =2.2

3.3 Environmental Models

The annual equivalent reduction in carbon dioxide (CO,) emissions (AER) is utilized as the
environmental assessment index, and can be expressed as

AER = Wey oy - (M2, — bz “

CO, C0,

The equivalent CO, emissions from a 1kW electricity-generating fossil fuel power station is
Mggz = Fcozmcoz + Feomco + Fcn4mc114 + Frog Moy ®)
The equivalent CO, emissions generated throughout the manufacturing process over the life cycle
of a 1kW electricity-generating is
L _ M (FeonE, + Feos + P, + Frou, )
€ Wnet‘ng'n'N

where m represents the mass of greenhouse gas released by the fossil-fuel power station to produce
1 kWh of electricity; F denotes the equivalent CO, factor converted by the greenhouse gas, as
detailed in Table 4. M is the mass of the device, is determined by the calculation equation for system
components as presented in Table 5.

(6)

Table 4: Emissions and conversion factors of greenhouse gas [34]

Greenhouse gas Conversion factors Releasing of greenhouse Releasing of greenhouse
gases from the power gases from the production
station that uses fossil of 1 kg of steel/kg/kg
fuels/kg/(kWh)

CoO, 1 0.877 0.41

CcO 2 0.00125 0.0055

CH, 25 0.00265 0.0009

NO, 320 0.00634 0.0008
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Table 5: Mass of the component in the DE-DPORC system [35]

Component Mass Parameter values
Evaporator M, =p- Ay -8 p=717.85g/cm?, § = 0.002m
High-pressure expander Myr = ar - Wi ar = 31.22 kg/kW
Dual-stage ejector - -

Regenerator Mg =P + Areg - 6 p=717.85g/cm? & =0.002m
Low-pressure expander M =ar Wi ar = 31.22 kg/kW
Condenser Meyw = p - Acop - 8 p=7.85g/cm’ 8§ =0.002m
Working fluid pump My =ap- Wp ap = 14 kg/kW

3.4 Multi-Objective Optimization Models

The objective functions consist of maximizing the net output power (W), minimizing the
levelized energy cost (LEC), and maximizing the annual equivalent reduction in CO, emissions (4ER).
The decision variables consist of the steam heat source temperature (7;,), evaporation temperature
(T,), entrainment ratios of the dual-stage ejector (E,, E.), and working fluid pressures of the
dual-stage ejector (Ps, P;). A multi-objective optimization model is then formulated based on these
parameters.

max Wnet (TS,ina T2: Erl: ErZa PS: P6)
min LEC (Ts,im T, E,, E,, Ps, Pa) (7)
max AER (TS,ina T29 Erl: Er27 PS: P6)

In this study, within the MATLAB environment (combined with REFPROP 9.0 software), the
dragonfly algorithm [36] is employed for multi-objective optimization. Subsequently, the Pareto
frontier is obtained and the technique for order preference by similarity to an ideal solution (TOPSIS)
37] is utilized to select the unique optimal solution. The constraints in the optimization process are
considered and addressed as

P, <P, 3)
O<as+a, <1

4 Validation

As the DE-DPORC system is a recent proposal, experimental verification is not feasible. There-
fore, the focus of this study is on verifying the key components of the DE-DPORC system-the ejector
and ORC system. The operating parameters of the ejector and a comparison between simulation and
experimental results [38] are presented in Table 6. It can be observed from Table 6 that, based on
the thermodynamic model developed in this study, the simulated outlet pressure of the ejector using
MATLAB software (combined with REFPROP 9.0 software) is 381.34 kPa with a relative deviation
of 0.24% compared to experimental results. Additionally, Table 7 presents a comparison between
simulation and experimental results [39] for the ORC system, demonstrating strong consistency with
relative errors ranging from —0.36% to 4.96%. Consequently, this paper provides verified accuracy in
both model development and simulation outcomes.
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Table 6: Operation parameters of the ejector and the comparison between the simulation results and
the experimental results

Item Reference  Present work Relative
[38] deviation/%

Operating conditions Inlet pressure of primary 966.81 - -

flow /kPa

Inlet temperature of primary  309.78 - -

flow/K

Mass flow rate of primary 0.0224 - -

flow/kg/s

Inlet pressure of secondary 355.40 — —

flow/kPa

Inlet temperature of 279.12 - -

secondary flow/K

Mass flow rate of secondary  0.0283 - —
flow/kg/s

Results Outlet pressure of 380.43 381.34 0.24
ejector/kPa

Table 7: Comparison between simulation results and experimental results of ORC system

Item Experimental results  Present work Relative
[39] deviation/%
Inlet pressure of pump/kPa 276.0 275.0 —0.36
Inlet temperature of pump/K 313.55 316.78 1.03
Outlet pressure of pump/kPa 2176.0 2110.0 3.03
Outlet temperature of pump/K 314.55 316.98 0.78
Outlet pressure of evaporator/kPa 2110.0 2110.0 0
Outlet temperature of evaporator/K ~ 408.85 408.54 —0.07
Inlet pressure of turbine/kPa 2098.0 2110.0 0.57
Inlet temperature of turbine/K 407.15 408.54 0.32
Outlet pressure of turbine/kPa 275.0 275.0 0
Outlet temperature of turbine/K 352.35 353.46 0.32
Inlet pressure of condenser/kPa 269.0 275.0 2.23
Inlet temperature of condenser/K 352.25 353.46 0.34
Outlet pressure of condenser/kPa 262.0 275.0 4.96

Outlet temperature of condenser/K ~ 314.25 316.78 0.81
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5 Results and Discussions

5.1 Performance Comparison between DE-DPORC System and DPORC System

To elucidate the advantages of the proposed DE-DPORC system, the performance of this system
is compared with that of the DPORC system. Two systems operate at a steam heat source temperature
(Ts;n) of 433.15 K and an evaporation temperature (7,) of 378.15 K for the high-temperature
evaporator. In the DE-DPORC system, the entrainment ratios for the dual-stage ejectors (E,,, E,,) are
set at 3 and 4, respectively, with working fluid pressures (Ps, P¢) of 0.5 and 1 MPa, respectively. For
the DPORC system, evaporation pressure for the low-pressure cycle is determined based on principles
governing sufficient utilization of steam waste heat. The parameters for each state point in the two
systems are presented in Table 8, from which performance parameters are derived as shown in Table 9.
Compared with the DPORC system, although a portion of the working fluid from the high-pressure
expander is extracted as the working fluid for the dual-stage ejector in the DE-DPORC system, there is
a 15.26% increase in output power of the high-pressure expander (W 1) due to the reduction in outlet
pressure. The output power of the low-pressure expander (W) experiences a decrease of 7.34% as
a result of lower inlet pressure. With only one working fluid pump, the power consumption of the
DE-DPORC system (W5) is reduced by 43.22%. Consequently, these parameters contribute to an
overall increase in net output power (W) by 5.34% for the DE-DPORC system. The DE-DPORC
system undergoes a single condensation process, resulting in a 47.67% reduction in condensation heat
dissipation (Q..,). This leads to a 58.06% increase in thermal efficiency (1,) due to reduced heat transfer
of regenerator. The exergy efficiency (7.,) of the DE-DPORC system increases by 5.34% with the rise in
W .., While the levelized energy cost (LEC) decreases by 13.51%. Additionally, thereis a 5.61% increase
in equivalent CO, emission reduction (4 ER) for the DE-DPORC system.

Table 8: State parameters of the DE-DPORC and DPORC system

State point DE-DPORC system DPORC system
Temperature Pressure Mass flow Temperature Pressure Mass flow
/K /MPa rate/kg/s /K /MPa rate/kg/s

1 307.15 1.41 13.54 307.15 1.41 13.54

2 378.15 1.41 13.54 378.15 1.41 13.54

3 383.15 1.41 13.54 383.15 1.41 13.54

4 306.38 0.05 8.12 33241 0.2 13.54

5 352.73 0.5 2.71 306.49 0.2 13.54

6 371.62 1 2.71 306.98 0.98 13.54

7 297.16 0.03 8.12 362.15 0.98 13.54

8 293.23 0.03 2.71 367.15 0.98 13.54

9 295.84 0.03 10.83 327.89 0.2 13.54

10 340.45 0.37 10.83 - - —

11 338.97 0.35 10.83 - - —

12 330.08 0.35 2.71 - - -

13 331.83 0.35 13.54 - - -

14 355.56 0.81 13.54 - - -

15 368.34 0.81 13.54 - - -

(Continued)



EE, 2024, vol.121, no.12 3857

Table 8 (continued)

State point DE-DPORC system DPORC system
Temperature Pressure Mass flow Temperature Pressure Mass flow
/K /MPa rate/kg/s /K /MPa rate/kg/s
16 345.67 0.2 13.54 - - -
17 306.49 0.2 13.54 - - -
S,in 433.15 0.5 27.80 433.15 0.5 27.80
Soutl 376.03 0.5 27.80 376.03 0.5 27.80
Sout2 363.34 0.5 27.80 341.34 0.5 27.80
Winl 288.15 0.1 73.89 288.15 0.1 68.18
Woutl 298.15 0.1 73.89 298.15 0.1 68.18
Win2 - - — 288.15 0.1 66.72
Wout2 - - - 298.15 0.1 66.72

Table 9: Performance comparison between the DE-DPORC system and the DPORC system

Item DE-DPORC system DPORC system
Wl kW 462.21 401.03

Wit/ kW 300.67 324.48

WolkW 1.55 2.73

W oo/ kW 761.33 722.78

Qe kW 2953.45 5644.43

nd% 17.45 11.04

Nex! 0 34.94 33.17
LEC/$/(kW-h) 0.032 0.037

AER/kg 2.07 x 10° 1.96 x 10°

5.2 Effect of Steam Temperature and Evaporation Temperature on the Performance of the DE-DPORC
System

When the entrainment ratios of the dual-stage ejectors (E,,, E,,) are 3 and 4, and the working fluid
pressures of the dual-stage ejectors (Ps, Pg) are 0.4 MPa and 0.8 MPa, respectively, Fig. 4 illustrates the
variations in W, n,, and n,, of the DE-DPORC system to steam temperature (7;,) and evaporation
temperature (7,). Under constant 7T;,, W, 1, and 5. exhibit an initial increase followed by a
decrease as T, rises; When T, is fixed, W, n,, and ., increase as Tg;, rises.
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Figure 4: Impact of steam heat source temperature and evaporation temperature on the net output
power, thermal efficiency, and exergy efficiency

W . 1s determined by the power output of the high and low-pressure expander (Wyr, Wir),
as well as the consumption power of the working fluid pump (W;). When T, remains constant,
an increase in 7', leads to a rise in evaporation pressure (P,) and enthalpy at the inlet of the high-
pressure expander (4;). However, this also results in a decrease in the mass flow rate of the working
fluid (m,). While the outlet pressure and extraction pressure of the high-pressure expander remain
constant, there is an increase in enthalpy drop for the high-pressure expander but a decrease in m1,,.
Therefore, under these combined influences, Wy initially increases before decreasing. In the current
operational environment, the outlet pressure of the dual-stage ejector (P,,) exhibits minimal variation,
while the outlet temperature of the working fluid (7'5) experiences an increase due to elevated heat
source temperatures (7s,,;) in the regenerator. However, W is primarily reduced by a decrease in
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my, and W also decreases with a reduction in m,,. For instance, when T;, is 453 K and T, increases
from 318 to 418 K, Wy initially rises from 216.12 to 832.95 kW before decreasing to 725.12 kW;
W+ decreases from 215.10 to 155.78 kW; and W, decreases from 1.88 to 1.38 kW as illustrated in
Fig. 5. W is significantly influenced by Wy and follows a similar trend of change. When T, is fixed,
the m,, and Wy both increase with an increase in T;,. Additionally, an increase in 7’5 results in a
higher enthalpy at the inlet of the low-pressure expander, leading to an increase in W ;; W5 increases
as m,; increases. For instance, when 7', is 358 K and T, rises from 373 to 453 K, Wy increases from
161.32 to 701.57 kW, W increases from 131.14 to 182.18 kW, and W, rises from 1.28 to 1.68 kW.
Consequently, there is an overall increase in W, due to the increased values of both Wy and Wi.
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Figure 5: Impact of steam heat source temperature and evaporation temperature on the output power
of the high and low-pressure expander, and the consumption power of the working fluid pump

For n,, it is essential to consider the ratio of the W, to the combined heat absorbed by both the
evaporator and regenerator. It should be noted that as 7', increases, there is a corresponding increase
in heat absorption by the evaporator when maintaining a constant 7;,. Conversely, factors such as a
decrease in m,; and an increase in 75 can lead to a slight decrease in heat absorption by the regenerator.
While there may be fluctuations in total heat absorption, it is primarily influenced by changes in
W .- Thus, n, demonstrates a pattern of initially increasing before subsequently decreasing. When
T, remains constant and T, increases, both the heat absorption of the evaporator and regenerator
increase. However, the total heat absorption does not increase as much as W, leading to an increase
in 7. In terms of 7,,, it is determined by the ratio of W, to steam heat source input exergy. When the
T, 1s fixed, steam heat source input exergy remains constant, and 7., depends solely on W .. When
T, is fixed and T, increases, steam heat source input exergy can also increase but at a rate lower than
that of W, resulting in an overall increase in 7.
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Fig. 6 illustrates the effects of Ts;, and 7, on LEC. When T;, remains constant, LEC decreases as
T, increases. Conversely, when 7', is held constant, LEC increases with an increase in 7’s;,. According
to Eq. (1), LEC primarily relies on the W, and total investment cost. Based on the aforementioned
analysis, under constant Tg;,, as T, increases, the evaporator heat absorption rises, and the heat
exchange temperature difference decreases, leading to an increase in evaporator heat exchange area
and investment cost. Regenerator heat transfer diminishes as the heat transfer temperature difference
slightly increases, resulting in a reduction of heat transfer area and investment cost. The investment
cost of the high-pressure expander initially increases and then decreases as a result of its output power.
The investment costs of the low-pressure expander and the working fluid pump are also impacted by
the reduction in their power. The pressure parameter of the dual-stage ejector experiences a slight
increase, leading to a corresponding slight increase in its investment cost. A marginal rise in the heat
discharge of the condenser results in a minor increase in its investment cost. The overall investment cost
is primarily influenced by the investment costs associated with both high and low-pressure expanders.
Therefore, when T, is lower, LEC is affected by an increase in W, resulting in a significant decrease;
whereas when T, is higher, LEC is affected by reductions in total investment cost and W, leading
to a slower decrease. When T, is fixed, the increase in T';, leads to a corresponding increase in heat
transfer affecting the evaporator, reheater, and condenser, resulting in higher investment costs. The
power requirements of the high and low-pressure expanders and working fluid pump also increase with
T, leading to higher investment costs. Additionally, there is a slight increase in the investment cost of
the dual-stage ejector. Consequently, the investment cost of the DE-DPORC system rises, ultimately
leading to an increase in LEC.
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Figure 6: Effects of steam heat source temperature and evaporation temperature on the levelized energy
cost

Fig. 7illustrates the impact of the T's;, and T, on AER. When T';, remains constant, 4 ER initially
increases and then decreases with the rise in 7’,, a higher T's;, corresponds to a greater maximum value
of AER at T,; When T, is held constant, A ER increases as T's;, rises. This is because A ER is contingent
upon the reduction in equivalent CO, emissions during DE-DPORC system power generation and
equipment manufacturing processes throughout the life cycle. Under constant T;, conditions, an
increase in 7', leads to a greater evaporator heat transfer area and subsequently an increase in mass.
The heat transfer area of the regenerator decreases, leading to a decrease in its mass. The mass of the
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high-pressure expander initially increases and then decreases as a result of changes in output power.
The mass of the low-pressure expander and the working fluid pump is reduced due to their power.
There is a slight increase in the mass of the condenser. The total equipment mass first increases and
then decreases, with a significant impact on W, resulting in an initial increase followed by a decrease
in AER. When T, remains constant, all equipment mass in the DE-DPORC system increases with an
increase in T;,, but AER is primarily affected by changes in W .
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Figure 7: Effects of steam heat source temperature and evaporation temperature on the equivalent CO,
emission reduction

Upon analysis, it is evident that the increase in T';, primarily results in an increase in the mass
flow rate of the working fluid within the system, subsequently leading to increases in W .., 1, Mes
LEC, and AER. The rise in T, corresponds to an increase in the inlet state parameters of both high-
and low-pressure expanders; however, this also causes a decrease in the mass flow rate of the working
fluid within the system. As a result, W, n,, 7, and 4 ER initially experience an increase followed by
a decrease while LEC decreases. In comparison to T;, changes, DE-DPORC system performance
demonstrates greater sensitivity towards alterations in 7, with higher heat source temperatures
exhibiting stronger sensitivity. Under these operating conditions for practical engineering applications,
optimal thermodynamic and environmental performance for DE-DPORC systems is achieved at T,
= 453.15 K and T, = 388.15 K. Economic performance peaks when T;, = 453.15 K and T, =
418.15 K; however, this condition necessitates higher equipment pressure requirements than the former
scenario.

5.3 Effect of Entrainment Ratios of the Dual-Stage Ejector on the Performance of the DE-DPORC
System

The entrainment ratios, defined as the ratio of the mass flow rate of the ejecting fluid to the mass
flow rate of the working fluid, are crucial parameters for assessing ejector performance. In this study,
the entrainment ratios of the dual-stage ejectors (E,,, E,,) are adjusted by manipulating the proportion
of high and low-pressure extraction steam from the high-pressure expander (as, a5). As depicted in
Fig. 8, variations in E,, and E,, with changes in a; and «, are observed at a T;, of 433 K, an T,
of 388 K, and working fluid pressures for the dual-stage ejectors (Ps, P¢) at 0.4 MPa and 0.9 MPa,
respectively. Under constant a4 conditions, E,, decreases while E,, increases with increasing as; thus
indicating an inverse relationship between E,, and E,, under these operating conditions. Conversely,
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when holding the a5 constant, both E,; and E,, decrease with increasing a¢; demonstrating that there
is a proportional relationship between E,, and E,, under these conditions.
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Figure 8: Effects of extraction steam from the high-pressure expander on the entrainment ratios of the

dual-stage ejector

The variation in W, of the DE-DPORC system with the different E,, and E,, above is illustrated
in Fig. 9. It is observed that, under varying a, conditions, as E,, decreases and E,, increases, W,
initially rises before subsequently declining. This indicates the existence of the optimal E,, and E,,
which maximizes W . Due to the decrease in E,;, which results in a decrease in mass flow rate of
exhaust gas (m,) and an increase in mass flow rate of low-pressure extraction steam (m15), the output
power of the high-pressure expander (W) gradually decreases. Conversely, an increase in E,, leads
to an increase in mass flow rate at the outlet of the primary ejector (m1,,) and a decrease in mass flow
rate of high-pressure extraction steam (1), causing continuous increases in the outlet temperatures of
primary ejector and secondary ejector (7o, T4). Consequently, the output work of the low-pressure
expander (W 1) increases. Thus, W, initially increases and then decreases. Specifically, when a, = 0.3,
E.,=1.63,and E, = 3.76, W, reaches its maximum value at 1210.14 kW for the DE-DPORC system.

Fig. 10 illustrates the variations in 7, and 5., of the DE-DPORC system at different E,, and E,,.
As E,, decreases and FE,, increases, there is a gradual decline in 7,, while 5, initially rises before
subsequently declining. The reasons are that the T; and T, remain constant, the heat absorption
of the evaporator and the input exergy from the heat source can be stabilized. As E,, decreases and E,,
increases, there is an increase in outlet pressure and temperature for the two-stage ejector, leading to a
subsequent rise in heat absorption upon entering the regenerator. This results in an overall increase in
total system heat absorption, consequently reducing n, due to increased heat absorption. 5., is solely
dependent on W, thus exhibiting a similar trend as W .. When a, = 0.3, E,; = 6.30, E,, = 2.70, the
maximum 5, is 21.70%; When a, = 0.3, E,, = 1.63, E,, = 3.76 leads to achieving a maximum 7, value
of 43.95%.
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Figure 10: Effects of entrainment ratios of the dual-stage ejector on the thermal efficiency and exergy
efficiency (a) shows the effects of entrainment ratios of the dual-stage ejector on the thermal efficiency,
(b) shows the effects of entrainment ratios of the dual-stage ejector on the exergy efficiency
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Fig. 11 illustrates the LEC under varying E,, and E,. It is observed that, under different «
conditions, LEC increases with decreasing E, and increasing E,. Based on the aforementioned
analysis, in this operational scenario, the heat absorption of the evaporator and the work consumption
of the working fluid pump remain constant, leading to a fixed investment cost. The output power of
the high-pressure expander decreases, resulting in reduced investment costs; meanwhile, there is an
increase in investment costs for the low-pressure expander, regenerator, and condenser. The overall
investment cost (C.,,) 1s primarily influenced by the initial investment in high-pressure expander,
followed by the costs associated with low-pressure expander, regenerator, and condenser. This results
in a trend of decreasing followed by increasing. As W, initially increases and then decreases, LEC
gradually rises with the decrease of E,, and the increase of E,, due to their influence on W, and C..
When a; = 0.2, E,, = 7.20, E,, = 4.56, the LEC reaches a minimum of 0.06 $/(kW-h).
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Figure 11: Effects of entrainment ratios of the dual-stage ejector on the levelized energy cost

Fig. 12 illustrates the variations in 4 ER at different E,; and E,,. As E,, decreases and E,, increases,
AER initially rises before declining. This phenomenon can be attributed to the impact of W, on
the equivalent CO, emission reduction during DE-DPORC system power generation, which initially
increases and then decreases with the decrease in E,, and increase in E,,. Additionally, changes in heat
exchange and power of each equipment affect the equivalent CO, emitted during system construction,
resulting in a trend of initial decrease followed by an increase. Consequently, under the influence of
these two factors, AER exhibits an initial increase followed by a decrease, mirroring the trend observed
for W, but with a different corresponding maximum point. Specifically, when a, = 0.1, E,, = 2.10,
E., = 13.28, the DE-DPORC system achieves a maximum A4ER value of 3.17 x 10°kg.
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Figure 12: Effects of entrainment ratios of the dual-stage ejector on the equivalent CO, emission
reduction

Upon the aforementioned analysis, it is evident that the E,, and E,, of the dual-stage ejector
are governed by the a; and a, of the high-pressure expander, with a greater sensitivity to variations
in the a;. With different @, conditions, E,; decreases and E,, increases as as increases. Their impact
on the system primarily manifests in reduced working fluid mass flow rate in the high-pressure
expander and enhanced state parameters at the inlet of the low-pressure expander (state parameters of
working fluid exiting from the two-stage ejector). Consequently, W .., n.., and AER initially increase
before decreasing, n, decreases, and LEC rises. Under the current operational conditions, it is not
feasible for the DE-DPORC system to simultaneously achieve optimal thermodynamic performance,
economic performance, and environmental performance. In engineering applications, to attain the best
thermodynamic performance, the working parameters can be configured as follows: ¢, = 0.3, E,, =
1.63, E,, = 3.76; For achieving optimal economic performance, the operating parameters should be set
as:ag=0.2, E,, = 7.20, E,, = 4.56; To optimize environmental performance, the operating parameters
should be adjusted to: as = 0.1, E,, = 2.10, E,, = 13.28.

5.4 Effect of Working Fluid Pressure of the Dual-Stage Ejector on the Performance of the DE-DPORC
System

When Ty, is 453 K, T, is 408 K, and E,; and E,, are 3 and 5, respectively, Fig. 13 illustrates the
variation in output power of the expander for working fluid pressures of the dual-stage ejector (Ps,
P¢). When P, is held constant, the output power of the high-pressure expander (W) decreases while
the output power of the low-pressure expander (W ;) increases with an increase in Ps, resulting in a
W .. that initially decreases before increasing again; reaching its minimum point at P; of 0.45 MPa.
When P; is fixed, an increase in P, leads to a decrease in Wy and an increase in W, causing a
similar trend of decreasing W, followed by an increase; reaching its minimum point at P, of 1 MPa.
The aforementioned changes can be attributed to the following reasons: when Pq is fixed, P; increases,
leading to a rise in the extraction pressure of the high-pressure expander. This results in a decrease in
the enthalpy difference of the working fluid and subsequently reduces W ;. However, as P increases,
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both the outlet temperature and pressure of the dual-stage ejector (T4, Py,) also increase, as depicted
in Fig. 14, thereby elevating the enthalpy value of the working fluid entering into the low-pressure
expander and ultimately increasing W ;. It is observed that when 0.1 MPa < P; < 0.45 MPa, there
1s a reduction in W, due to a decrease in W yr; whereas when 0.45 MPa < P; < 0.5 MPa, there is
an increase in W, as a result of an increase in W . Similarly, as P; is fixed, an increase in P, leads
to a rise in the extraction pressure of the high-pressure expander and a subsequent decrease in Wy.
The W demonstrates an increase with higher 7', and P,,. Specifically, when 0.5 MPa < P, < 1 MPa,
there is a reduction in W, due to Wy decrease; conversely, when 1 MPa < P, < 1.5 MPa, there is an
increase in W attributed to W augmentation.
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Figure 13: Effects of working fluid pressures of the dual-stage ejector on the output power

Fig. 15 shows the impact of Ps and P¢ on n, and 7. As Ps and P, increase, n, demonstrates an
upward trend, while ., initially decreases before subsequently increasing. For instance, when P, is set
at 1.2 MPa and P; is raised from 0.1 MPa to 0.5 MPa, there is a corresponding increase in 1, from
18.96% to 19.25%, with 7., decreasing from 43.45% to 38.51% before rebounding to 38.67%. Similarly,
when Ps is maintained at 0.4 MPa and P, is increased from 0.5 MPa to 1.5 MPa, there is a notable
rise in n, from 16.16% to 21.08%, accompanied by a decrease in 7., from 39.49% to 38.46% before
ultimately reaching 39.48%. Due to these conditions, the heat absorption of the evaporator remains
constant, causing the overall heat absorption trend of the DE-DPORC system to rely on the heat
transfer of the regenerator. The increase in 7', leads to a decrease in heat transfer of the regenerator,
resulting in reduced total heat absorption and subsequently impacting n,. As for 7,,, with fixed input
exergy from the heat source, its variation trend is solely dependent on W, and thus follows the same
trend as W .
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Figure 14: Effects of working fluid pressures of the dual-stage ejector on the outlet temperature and
pressure of the dual-stage ejector

Figure 15: Effects of working fluid pressures of the dual-stage ejector on the thermal efficiency and
exergy efficiency (a) shows the effects of working fluid pressures of the dual-stage ejector on the
thermal efficiency, and (b) shows the effects of working fluid pressures of the dual-stage ejector on
the exergy efficiency

Fig. 16 depicts the impact of P; and P on LEC and AER. As P; and P increase, there is a
corresponding increase in LEC and a decrease in AER. Based on the aforementioned analysis, it is
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evident that an increase in Ps and P, leads to a decrease in Wy and an increase in W, resulting
in reduced investment cost and mass of high-pressure expander, as well as increased investment cost
and mass of low-pressure expander. Furthermore, the reduction in heat transfer results in decreased
investment cost and mass of the regenerator, while slightly increasing the investment cost and mass
of the condenser. The investment cost and mass of the evaporator and working fluid pump remain
constant. The total investment cost (C,,.,;) and the total mass of the equipment are primarily influenced
by the high- and low-pressure expander, exhibiting a trend of initial decrease followed by an increase.
LEC was initially impacted by the reduction in W, followed by an increase in C,, leading to its
continuous growth. Similarly, AER was first affected by a decline in W, and subsequently by an
increase in Cy,, resulting in a sustained decrease in its value.

2.4

LEC/$/(kW-h)
AER/10%g

(a) (b)

Figure 16: Effects of working fluid pressures of the dual-stage ejector on the levelized energy cost and
equivalent CO, emission reduction (a) shows the effects of working fluid pressures of the dual-stage
ejector on the levelized energy cost, and (b) shows the effects of working fluid pressures of the dual-
stage ejector on the equivalent CO, emission reduction

The above analysis reveals that the increase in Ps and P primarily results in a decrease in pressure
difference at the inlet and outlet of the high-pressure expander, as well as an increase in state parameters
at the inlet of the low-pressure expander (the outlet of the dual-stage injector), consequently causing
a decrease followed by an increase in W, and ., an increase in n, and LEC, and a decrease in AER.
It is observed that n, is more sensitive to changes in P,, while other performance indexes are more
sensitive to variations in Ps. Under these circumstances, it is challenging for the system to achieve
optimal performance simultaneously. In practical applications, setting Ps to 0.1 MPa and P, to 1.5
MPa yields the highest W, and 7., for the DE-DPORC system; setting Ps to 0.5 MPa and P, to 1.5
MPa maximizes n,; setting Ps to 0.1 MPa and P, to 0.5 MPa optimizes LEC and AER. Adjusting
operating parameters according to actual demand allows for selecting optimum performance.

5.5 Multi-Objective Optimization Results Analysis
Fig. 17 depicts the Pareto frontiers obtained from the multi-objective optimization of the DE-
DPORC system. It is evident that the optimal W, falls within the range of 99.74 to 1211.28 kW,
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while the optimal LEC ranges from 0.057 to 0.14 $/(kW-h), and the optimal AER ranges from 0.63
x 10° kg to 4.65 x 10° kg. Furthermore, there exists a positive proportional relationship among these
three objective functions. The TOPSIS method is employed to select a unique optimal solution from
numerous Pareto frontiers. Firstly, the positive ideal solution is determined as W, = 1211.28 kW, AER
=4.65 x 10° kg, LEC = 0.057 $/(kW-h) based on the Pareto frontiers; the negative ideal solution is
determined as W, =99.74 kW, AER = 0.63 x 10° kg, LEC = 0.14 $/(kW-h). Subsequently, the Pareto
solution set is normalized and the relative proximity of each point in the set to the optimal solution is
calculated by determining their distance from the positive and negative ideal solutions. The ultimately
selected optimal solution is W, = 1129.37 kW, AER = 4.29 x 10° kg, LEC = 0.13 $/(kW-h) with
corresponding optimal working condition T;, = 426.74 K, T, = 389.37 K, E,, = 1.33, E,, = 3.17, P;s
=0.39 MPa, P, = 1.32 MPa, as shown in Table 10.
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Figure 17: Pareto frontiers and optimal solution of the DE-DPORC system

Table 10: The optimal objective functions and decision variables for the DE-DPORC system

Item Value
Decision variables Ts../K 426.74
T,/K 389.37
E, 1.33
E., 3.17
P/MPa 0.39
P/MPa 1.32
Objective functions W .o kKW 1129.37
LEC/$/(kW-h) 0.13
AER/10°kg 4.29
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The determined optimum operating parameters can serve as technical support for the DE-
DPORC system in engineering applications, falling within the conventional range and offering ease of
operation. Furthermore, these parameters can provide theoretical guidance for DE-DPORC systems
of varying scales. However, while the optimized comprehensive performance aligns closely with the
optimal value of thermodynamic and environmental performance, it remains distant from achieving
the optimal value of economic performance. As a result, the system is unable to simultaneously achieve
optimal values across thermodynamic, economic, and environmental performance.

6 Conclusions

This paper proposed a novel dual-pressure ORC system with a dual-stage ejector (DE-DPORC)
aimed at addressing the condensing pressure limitation and maximizing the utilization of steam waste
heat. Thermodynamic, economic, and environmental models were developed and compared with a
DPORC system under fixed operating conditions. The impacts of steam heat source temperature,
evaporation temperature, entrainment ratio, and working fluid pressure on the performance of the
DE-DPORC system were analyzed, and multi-objective optimization was conducted to unveil the
optimal operational parameters and performance of the system. The main results of the study can
be summarized as follows:

(1) In comparison with the DPORC system, the DE-DPORC system demonstrates an increase of
15.26% in output power of the high-pressure expander as outlet pressure decreases, despite
a portion of the working fluid being extracted from the high-pressure expander for use in
the dual-stage injector. The DE-DPORC system of only one working fluid pump results in
a reduction of 43.22% in power consumption, while its single condensation process leads to a
decrease of 47.67% in condensation heat loss. These parameters contribute to a 5.34% increase
in net power output, a 58.06% improvement in thermal efficiency, a 5.34% enhancement in
exergy efficiency, as well as annual equivalent CO, emission reduction by 5.61%, and a 13.51%
decrease in levelized energy cost.

(2) When the steam heat source temperature is fixed, the net output power, thermal efficiency,
exergy efficiency, and annual equivalent CO, emission reduction of the DE-DPORC system
exhibit an initial increase followed by a decrease with rising evaporation temperature. However,
it should be noted that the maximum points corresponding to different heat source tempera-
tures vary, and there is a reduction in levelized energy cost. Conversely, when the evaporation
temperature remains fixed, all aforementioned parameters including net output power, thermal
efficiency, exergy efficiency, annual equivalent CO, emission reduction, and levelized energy
cost demonstrate an increase with escalating steam heat source temperature.

(3) The entrainment ratios of the dual-stage ejector are adjusted by the extraction ratios of the
high-pressure expander. When the low-pressure extraction ratio is fixed, the two entrainment
ratios decrease as the high-pressure extraction ratio increases. However, when the high-pressure
extraction ratio remains fixed, the first-stage entrainment ratio decreases while the second-
stage entrainment ratio increases with an increase in low-pressure extraction ratio; under these
operating conditions, net output power, exergy efficiency, and annual equivalent CO, emission
reduction initially increase and then decrease, while thermal efficiency and levelized energy cost
increase.

(4) As the high- and low-pressure working fluid pressures of the dual-stage injector increase, the
net output power and exergy efficiency of the DE-DPORC system decrease first and then
increase, thermal efficiency and levelized energy cost increase, while the annual equivalent CO,
emission reduction decreases.
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(5) The DE-DPORC system exhibits greater sensitivity to internal operating parameters—
evaporation temperature, entrainment ratio of the dual-stage ejector, and working fluid
pressure of the dual-stage ejector, as these directly impact the operational state parameters
of high and low-pressure expanders. Among these factors, the entrainment ratio of the dual-
stage ejector is identified as the most influential. Conversely, the system demonstrates lower
sensitivity to external parameters - heat source temperature, primarily due to its effect on the
mass flow rate of the working fluid.

(6) The optimal operating parameters of the DE-DPORC system are as follows: the steam
heat source temperature is 426.74 K, the evaporation temperature is 389.37 K, the first-
stage entrainment ratio is 1.33, the second-stage entrainment ratio is 3.17, the low-pressure
working fluid pressure is 0.39 MPa, and the high-pressure working fluid pressure is 1.32 MPa.
The corresponding optimal performance includes a net output power of 1129.37 kW, an
annual equivalent CO, emission reduction of 4.29 x 10° kg, and a levelized energy cost of
0.13 $/(kW-h). The optimal operating parameter values fall within the conventional range,
facilitating practical operation. However, the optimized comprehensive performance is closer
to the thermodynamic and environmental optimal values but far from the economic optimum.

(7) The DE-DPORC system has been enhanced based on the existing DPORC system and holds
significant practical significance. The utilization of cost-effective, mass-produced components
while upholding high reliability and efficiency will contribute to the development of a product
that is appealing to the global market. Although the system was initially designed for steam
waste heat, it remains suitable for heat sources with relatively high calorific value and
temperature. However, the performance and state parameters of different heat source systems
will vary, necessitating further exploration.
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