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A B S T R A C T

Fluctuations in heat source/sink conditions degrade the performance of the organic Rankine cycle system and 
hinder its widespread application. The concentration regulation of the mixture working fluid is proposed in this 
work as a control approach to enhance the adaptability of the system to heat source/sink fluctuation. Two control 
strategies, constant-evaporation-pressure operation and constant-output-power operation, are investigated 
through the developed dynamic model of a 4-kW organic Rankine cycle prototype. The results indicate that, 
compared to the temperature glide of the mixture during phase change, a more significant mechanism of con
centration regulation is the variation of the average evaporation and condensation temperatures. The trade-off 
between the exergy destructions of the evaporator and condenser results in the optimal system performance 
at a specific mixture concentration. The mixture concentration alongside the mixture mass flow rate enables 
dual-objective control of the system. The concentration-adjustable organic Rankine cycle exhibits superior 
performance in both constant-evaporation-pressure and constant-output-power operations compared to the 
fixed-concentration organic Rankine cycle and the basic organic Rankine cycle with pure working fluid in two 
aspects: the enlargement of the effective control range and the improvement of system performance. Under the 
fluctuation of heat source/sink conditions, the control range of the concentration-adjustable system is about 
3–3.3 times wider than the fixed-concentration system, while the performance of the concentration-adjustable 
system is about 9.01 %–14.81 % higher in terms of the thermal efficiency and about 9.72 %–13.64 % higher 
in terms of the exergy efficiency than the basic organic Rankine cycle.

Nomenclature

Symbols Greek symbols
A area, m2 η efficiency
a chevron angle, rad ρ density, kg/m3

Bo boiling number λ thermal conductivity, W/ 
(m⋅K)

b corrugation pitch, m Subscripts
c specific heat capacity, J/(kg⋅K) c end-of-expansion state
de hydraulic diameter, m cool cooling water
Mwf mass flow rate of the working fluid, 

kg/h
e evaporation

Nexp expander rotating speed, RPM ex exhaust, exergy
Nu Nusselt number exp expander
P pressure, kPa f fluid
Pr Prandtl number g gas
Pd back pressure, kPa hf heat source fluid
Q heat power, kW i inside

(continued on next column)

(continued )

Re Reynolds number in inlet
RPM Units of rotational speed l liquid phase
s specific entropy, J/kg⋅K o outside
T temperature, oC p pump
t time, s tp two-phase
U Wetted perimeter, m s isentropic process
v specific volume, m3/kg w wall
w specific power, kJ/kg ​ ​

1. Introduction

The increasing global energy demand leads to serious energy and 
environmental issues. Developing clean energy sources and improving 
energy efficiency have become urgent priorities [1,2]. Owing to its 
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simple configuration and operational robustness, the organic Rankine 
cycle (ORC) has gained considerable interest as an effective solution for 
converting low-grade thermal energy to power [3]. It has demonstrated 
strong potential applications in various fields such as the recovery of 
industrial waste heat [4], solar-driven thermal energy conversion [5], 
geothermal power [6], and electricity generation from biomass com
bustion [7]. Researchers have extensively explored this technique in 
recent years, focusing on system analysis [8,9], working fluid screening 
[10,11], and cycle configuration improvement [12,13].

Utilizing the mixture working fluid in the ORC leads to a temperature 
glide during phase change, which enhances the thermal matching within 
heat exchangers such as the condenser and evaporator, thereby reducing 
thermal exergy losses and enhancing the system performance [14]. 
Many scholars have conducted experimental studies and thermody
namic analysis on mixture working fluid ORC [15,16]. Li et al. [17] 
observed a 4.45 % thermal efficiency with R245fa/R601a(0.72:0.28), 
exceeding pure R245fa (4.38 %). Yang et al. [18] found that an ORC 
system using R1234ZEZ/R1233ZDE (25/75 wt%) achieved 19.96 % 
higher power output than pure R1234ZEZ and 18.65 % higher than 
R1233ZDE. Liu et al. [19] constructed a thermodynamic model of a 
geothermal-driven cogeneration system containing DORC using a 
mixture working fluid. The mixture of butene/isopentane with a mass 
fraction of 0.442:0.558 delivers the best performance. The study results 
of Xia et al. [20] show that compared to pure working fluids, mixture 
working fluids significantly enhance the thermodynamic and economic 
performance of ORC-VCR systems by better matching temperatures 
during phase change. In the work of Feng et al. [21], ORC systems using 
mixture working fluids lead to improved thermodynamic efficiency and 
greater economic advantages compared to pure fluids. In addition, the 
use of zeotropic mixtures in supercritical ORC systems has also been 
demonstrated to improve system performance compared to pure work
ing fluids [22,23].

In ORC systems using a mixture working fluid, the optimal mixture 
concentration that maximizes thermal efficiency is primarily influenced 
by the heat source temperature [24,25]. Pang et al. [26] evaluated an 
ORC using R245fa, R123, and their mixtures at heat source temperatures 
of 120 ◦C and 110 ◦C. At 120 ◦C, the R245fa/R123 (2:1) produces the 
highest net power output, while at 110 ◦C, pure R245fa performs best. 
Braimakis et al. [5] analyzed ORC systems using mixtures of R32 and 
eight ultra-low GWP fluids. The optimal concentration of R32/R1234ZE 
is 0.8/0.2 at the heat source temperature of 120 ◦C, and 0.9/0.1 at 
160 ◦C. Bamorovat et al. [27] analyzed ORC using a 0.6 R245fa/0.4 
R134a mixture over heat source temperatures from 80 ◦C to 120 ◦C. The 

mixture outperforms pure fluids at 100 ◦C, while pure R245fa yields 
higher power output at 120 ◦C.

The aforementioned studies highlight the thermodynamic advan
tages of using zeotropic mixtures in ORC systems under idealized steady- 
state or design conditions. However, practical applications often involve 
fluctuations in the heat source/sink, such as the geothermal water, solar 
energy, and the environmental temperature. As the above literature 
indicates that the optimal composition of the mixture working fluid is 
sensitive to heat source temperature, this inspires that the mixture 
concentration could also be a control variable to make the ORC system 
more adaptive to the fluctuating heat source/sink and enhance the 
system performance. Wang et al. [28] used R245fa/R134a in an ORC 
system coupled with a vapor compression refrigeration cycle, demon
strating improved dynamic adaptability to variations in mass flow rate 
and heat source temperature. Chen et al. [29] conducted a dynamic 
modeling of ORC systems utilizing zeotropic mixtures under heat source 
temperature fluctuations, subsequently developing three control stra
tegies to enhance the system performance. Lu et al. [30] introduced an 
ORC system employing a liquid-separation condenser to adjust the 
mixture composition. The ORC system achieves a 0.52 % increase in 
annual net power generation, a 2.20 % enhancement in average thermal 
efficiency. Liu et al. [31] compared three ORC systems and found that 
the composition-adjustable ORC achieved 2.4 %–5.3 % higher net 
output than the basic ORC under off-design conditions. Collings et al. 
[32] proposed a dynamic modelling of an ORC with a binary zeotropic 
mixture, in which the fluid composition is regulated in response to 
variations in ambient temperature. The thermal efficiency and economic 
performance are improved. In the study of Wang et al. [33], a real-time 
control strategy for regulating the composition of zeotropic working 
fluids in an ORC system based on ambient temperature was proposed. 
This approach improved geothermal power generation efficiency.

The literature review above demonstrates the thermodynamic ben
efits of zeotropic mixtures. For the regulation of mixture concentration 
in the ORC system, some scientific gaps remain. Most studies rely on 
steady-state thermodynamic analysis or simulation, and the dynamic 
ORC models still need to be developed and shed light on the transient 
operation characteristics and the effect of concentration regulation on 
the system control and performance. Besides, current control strategies 
predominantly target single objectives. The mixture concentration and 
the mixture mass flow rate could both be the control variables. Whether 
the dual-objective control of the ORC could be realized and its dynamic 
behaviors and performance need to be explored.

This work developed a dynamic ORC model based on a 4-kW ORC 

Fig. 1. Schematic diagram of mixture working fluid ORC system.
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prototype employing mixture working fluids. The impact of mixture 
concentrations on ORC performance was analyzed. Two dual-objective 
control strategies were proposed and simulated: constant output 
power operation and constant evaporation pressure operation using PI 
control to adjust the concentration and mass flow rate of the mixture 
working fluid. A comparative analysis with the basic ORC using pure 
working fluid and ORC with fixed-concentration mixture is also per
formed to investigate the system behavior and performance with 
mixture concentration regulation. Innovations of this work: (1) The 
regulation of mixture concentration is proposed as a control approach to 
enhance the adaptability of the ORC to fluctuating heat source/sink. (2) 
The dual-objective control of the ORC is realized by the coordinated 
adjustment of mixture concentration and mass flow. (3) The system 
control range and performance are both improved under the constant- 
evaporation-pressure and constant-output-power operations compared 
to the BORC and MORC.

2. ORC system and component model

This section introduces the tested ORC prototype in the lab, the 
developed transient model of the ORC components and system, and the 
model validation based on the experimental results.

2.1. The ORC system

Fig. 1 illustrates the schematic layout of the concentration-adjustable 
ORC system using mixture working fluid. Fig. 2 shows the ORC proto
type built in the lab, comprising five integrated subsystems: an electric 
boiler of conductive oil adopted as the heat source, a closed-loop cooling 
tower used as the cooling source, an ORC unit featuring a scroll 
expander and plate heat exchangers, a batch distillation unit for con
centration adjustment, and an AC dynamometer unit monitoring and 
controlling the expander rotating speed, shaft torque and shaft power. 
Detailed information on the components of the ORC system is given in 
Table 1. The working fluid is compressed through the pump and heated 
in the evaporator, expands through the scroll expander to generate 
power, and then condensed in the condenser. The unique distillation 
unit enables dynamic concentration adjustment by separating and 
recombining mixture components in precise ratios.

The temperature, pressure, and mass flow rate of thermal oil, cooling 
water, and mixture working fluid in each subsystem, along with the 
expander rotating speed and shaft torque, are monitored and recorded in 
real-time. As certain parameters need to be derived from the measured 
temperatures and pressures, their error analysis is conducted using the 
following general expression: 

ΔY =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

i

(
∂Y
∂Xi

)2

ΔX2
i

√
√
√
√ (1) 

eY =
ΔY
Y

(2) 

where ΔY and eY are the uncertainty and relative uncertainty of the 
variable Y. Xi represents the independent variable in equations. Table 2
presents the error analysis of key parameters, where data with subscript 
"m" in tables denote measured values.

2.2. The dynamic model

The dynamic models for all components of the ORC prototype are 

Fig. 2. The prototype of mixture working fluid ORC.

Table 1 
Components of the ORC system.

Components Type Capacity/Range Precision

Boiler electric 100 kW ±1 ◦C
Cooling tower closed-loop 152 kW –
Expander scroll 4 kW –
Evaporator plate heat exchanger 5.7 m2 –
condenser plate heat exchanger 4.6 m2 –
pump diaphragm pump 2500 kg/h –
Distillation Intermittent 5 L/event –
Temperature sensor T-type thermocouple − 200-350 ◦C ±0.5 ◦C
Pressure sensor Capacitive 0–3 MPa ±0.1 % F.S
Rotational sensor Rotating speed 0–6000 rev/min 1.0 rev/min

Shaft torque 0–100 Nm 0.5 % F.S

Table 2 
Error analysis of the key parameters.

Parameter Related variables Relative uncertainty

Enthalpy, h T, P 0.5 % (vapor)
0.3 % (liquid)

Heat transfer rate, Q m, h 1 %
Measured shaft power, Wt,m Nt , Tt 0.5 %
Measured thermal efficiency, ηm Wt,m , Q 1.1 %
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developed in the Simulink environment and connected according to the 
process in Fig. 1 to form the dynamic model of the ORC system.

2.2.1. Modeling of the evaporator and condenser
The moving boundary method is employed to model the heat transfer 

processes in the evaporator and condenser, which is widely used in 
dynamic heat exchanger analysis to effectively simulate the movement 
of the phase change interface [34], as illustrated in Fig. 3. A series of 
assumptions are introduced to the heat transfer model to ensure 
computational efficiency while maintaining an accurate representation 
of physical processes: 

(1) The heat exchanger channels are assumed to facilitate the one- 
dimensional fluid flow.

(2) The evaporation temperature is assumed to remain unaffected by 
pressure drops in the system, as this effect is typically minor and 
can be ignored in preliminary analyses.

(3) Gravitational effects on heat transfer are assumed to be negli
gible. In many heat exchanger designs and operating conditions, 
gravity effects are relatively minor compared to other mecha
nisms, making this assumption reasonable for simplifying the 
model.

The heat transfer process in the evaporator is simulated by dividing 
the working fluid into three phase regions with time-varying bound
aries. For each region, the lumped-parameter method is employed to 
characterize the thermodynamic properties. The mathematical model is 
developed based on conservation equations [34]:

Mass conservation equation: 

∂ρ
∂t

+
∂(ρv)

∂z
= 0 (3) 

Energy conservation equation: 

∂(ρh − p)
∂t

+
∂(ρvh)

∂z
=

4
de

αi(Tw − T) (4) 

Leibniz formula [35] equation: 

∫ z2

z1

∂f(z, t)
∂t

dz=
d
dt

∫ z2

z1

f(z, t)dz − f(z2, t)
dz2

dt
+ f(z1, t)

dz1

dt
(5) 

The conservation equations for the different phase regions are 
simplified using the Leibniz formula to obtain the moving boundary 
model [35]. 

(1) preheating region

Working fluid mass conservation equation: 

A
dL1

dt
(
ρL − ρf

)
+

1
2

AL1
∂ρL

∂hl

⃒
⃒
⃒
⃒
p

dhin

dt
+AL1

(
1
2

∂ρL

∂hl

⃒
⃒
⃒
⃒
p

dhf

dp
+

∂ρL

∂p

⃒
⃒
⃒
⃒
hl

)
dp
dt

=min

− mf

(6) 

Working fluid energy conservation equation: 

(
ρLhL − ρfhf

) dL1

dt
+

1
2

AL1

(

ρL + hL
∂ρL

∂hL

⃒
⃒
⃒
⃒
p

)
dhin

dt

+AL1

[
1
2

(

ρL + hL
∂ρL

∂hL

⃒
⃒
⃒
⃒
p

)
dhf

dp
+ hL

∂ρL

∂p

⃒
⃒
⃒
⃒
hL

− 1

]
dp
dt

+mfhf − minhin = αe1(Tw1 − Ts)L1

(7) 

Tube wall energy conservation equation: 

cwρwdw
dTw

dt
= αew(Ta − Tw1) + αe1(Ts − Tw1) (8) 

(2) two-phase region

Working fluid mass conservation equation: 

A
(
ρf − ρg

)
γ

dL1

dt
+ A

(
ρf − ρg

)
(1 − γ)

dL2

dt
+

A(L2 − L1)

[

(1 − γ)
dρf

dp
+ γ

dρg

dp

]
dp
dt

= mf − mg

(9) 

Working fluid energy conservation equation: 

A(L2 − L1)

[

(1 − γ)
dρfhf

dp
+ γ

dρghg

dp
− 1
]

dp
dt
+

γA
(
ρfhf − ρghg

) dL1

dt
+ A

(
ρfhf − ρghg

)
(1 − γ)

dL2

dt
+

mghg − mfhf = αe2(Tw2 − Ts)(L2 − L1)

(10) 

Tube wall energy conservation equation: 

cwρwdw
dTw2

dt
=αew(Ta − Tw2) + αe2(Ts − Tw2) (11) 

(3) superheating region

Working fluid mass conservation equation: 

1
2

A(L − L2)
∂ρv

∂hv

⃒
⃒
⃒
⃒
p

dhout

dt
+A(L − L2)

(
∂ρv

∂p

⃒
⃒
⃒
⃒
hv

+
1
2

∂ρv

∂hv

⃒
⃒
⃒
⃒
p

dhg

dp

)
dp
dt

+A
(
ρg − ρv

) dL2

dt
=mg − mout

(12) 

Working fluid energy conservation equation: 

A(L − L2)

[

h
∂ρv

∂p

⃒
⃒
⃒
⃒
h
+

1
2

(

ρv + h
∂ρv

∂xhv

⃒
⃒
⃒
⃒
p

)
dhg

dp
− 1
]

dp
dt
+

1
2

A(L − L2)

(

ρv + hv
∂ρv

∂hv

⃒
⃒
⃒
⃒
p

)
dhout

dt
+ A

(
ρghg − ρvh

) dL2

dt
+

mouthout − mghg = αe3(Tw3 − Ts)(L − L2)

(13) 

Fig. 3. Illustration of the moving boundary structure of the heat exchanger.

Table 3 
Heat transfer coefficients in different phase regions.

Heat exchanger segment Heat transfer coefficient

Evaporator single-phase fluid [35] α = 0.2092
λ

2de
Re0.78(Pr)

1
3

Evaporation process [36]
c1 = 2.81

(
b
de

)− 0.041( π
2 − a

)− 2.83

c2 = 0.746
(

b
de

)− 0.082( π
2 − a

)− 0.61

α = 0.6
λ
de

c1Rec2 Bo0.3 Pr0.4

The heat source side [37] α = 0.724
λ
de

(
6

a
π

)0.646
Re0.583(Pr)

1
3

Condenser single-phase fluid [38] α = 0.317
λ
de

Re0.703 Pr1/3

Condensation process [39] α = 4.118
λ
de

Re0.4 Pr1/3

The cold source side [40] α = 0.2121
λ
de

Re0.78 Pr1/3
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Tube wall energy conservation equation: 

cwρwdw
dTw3

dt
=αew(Ta − Tw3) + αe3(Ts − Tw3) (14) 

(4) heat source side

Tout,ei =Tw,ei −
(
Tin,ei − Tw,ei

)
e− a (15) 

a=
Aeiαew

ceme
(16) 

The modeling approach for the heat transfer process in the condenser 
follows a similar formulation to the previously presented equations, 
with the primary distinction being that the working fluid flows in the 
opposite direction compared to the evaporator. Table 3 summarizes the 
heat transfer coefficients of the condenser and evaporator in various 
phase regions.

2.2.2. The pump model
Because the working fluid flows much faster through the expander 

and pump than through the heat exchangers, steady-state modeling is 
applied to these two components. The pump raises the fluid pressure to 
ensure effective circulation throughout the system. The calculation of 
pump power consumption is given by: 

Wp =
Wp.s

ηp
=mp

(h6s − h5)

ηp
=mp(h6 − h5) (17) 

ηp = ηp,d

(
mp

md

)n

(18) 

where ηp,d denotes the isentropic efficiency of the pump. The values of 
ηp,d, md, and n are 0.84, 2500 kg/h, and 0.34, determined based on the 
performance characteristics of the diaphragm pump employed in this 
study.

2.2.3. The expander model
The expander serves as the key energy conversion component in the 

ORC system. The working fluid undergoes three sequential processes in 
the expander:

First, the vapor is drawn into the scroll chamber from the pipeline 
during the suction process. The power during the suction process is [41]: 

win = hin − uin = pinvin (19) 

Next, an expansion occurs within the expansion chamber. The 
rotation of the scrolls is driven by vapor expansion within the chamber. 

This process is assumed to be reversible and adiabatic. The expansion 
work is: 

ws = uin − uc = hin − pinvin − (hc − pcvc) (20) 

Finally, the vapor is discharged into the exhaust pipeline. The work 
consumption is given by: 

wex = pdvc (21) 

Under-expansion or over-expansion in the expander results from 
deviations in the operating pressure ratio from the design value [42], 
leading to the loss of power. The actual output power is: 

wexp = ηexp(win +ws − wex)= ηexp[hin − hc + vc(pc − pd)] (22) 

where ηexp is assumed to be 0.63 [43], reflecting the combined efficiency 
of the expander considering the previously discussed effects.

The vapor mass flow rate through the expander is determined by the 
following equation: 

mexp =
ρiNexpV

60
(23) 

where Nexp denotes the expander rotating speed, and V represents the 
swept volume.

The net output power is determined by the following equation: 

Wnet =Wexp − Wp = wexpmexp − Wp (24) 

Consequently, exergy and thermal efficiencies are calculated using 
the following equations: 

ηthermal =
Wnet

mexp(h1 − h5)
(25) 

ηexergy =
Wnet

mhf [(h9 − h10) − T0(s9 − s10)]
(26) 

where T0 corresponds to the ambient temperature, serving as the 
reference state.

2.2.4. System model
Utilizing the aforementioned component models and the inter- 

component coupling relationships, the dynamic simulation model of 
the ORC system was implemented in the Simulink environment. Fig. 4
presents the ORC system model, which comprises four main compo
nents: pump, expander, condenser, and evaporator. The model in
corporates dual PID controllers for system regulation: a concentration 
controller that adjusts the concentration of the mixture circulating in the 

Fig. 4. The ORC dynamic simulation model.
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ORC loop according to real-time thermal feedback (typically the vapor 
superheat), and a mass flow rate controller that maintains optimal su
perheat by regulating the mixture mass flow rate based on deviations 
between measured evaporator pressure or system power.

The inter-component coupling relationships are as follows: the pump 
module, according to the working fluid initial state parameters 
(including key variables such as inlet enthalpy and mass flow rate), 
performs compression calculations and transmits the working fluid state 
parameters to the evaporator module. The evaporator model accurately 
simulates the multi-stage heat transfer process from liquid preheating, 

Table 4 
Verification of working conditions.

Parameters Value

Thf 120 ◦C–130 ◦C
Vhf 8800 L/h
Tcool 15 ◦C
Vcool 3100 L/h
Working fluid 0.25R236fa/0.75R123
Mwf 700 kg/h
Nexp 1600 rev/min

Fig. 5. Comparison of modeling results and tested data: (a) heat source temperature, (b) output power, (c) evaporation pressure, and (d) evaporator outlet 
temperature.
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phase-change heat absorption to superheated vapor generation. The 
calculated evaporator outlet parameters are then input as boundary 
conditions to the expander model to calculate the expansion work. 
Finally, the expander exhaust parameters are fed into the condenser 
module to simulate the heat rejection and phase-change processes, 
thereby completing the system-level simulation across one time step.

This dynamic simulation includes the independent operating char
acteristics of each component and integrates the interactions and in
fluences between them, so as to more accurately represent the system’s 
performance under varying operating conditions, including changes in 
parameters such as mass flow rate, temperature, and pressure. Addi
tionally, the model serves as a tool to evaluate and validate the impact of 
various control strategies on ORC system performance, which is critical 
for the development of an efficient and reliable system.

2.3. Model validation

To validate the accuracy of the model, simulations were conducted 
under identical conditions to those used in the experiments, as given in 
Table 4. Experimental data corresponding to a heat source temperature 
(Thf) varying between 120 ◦C and 130 ◦C are selected for comparison 
with the simulation results.

The variation of the conductive oil temperature during the test and 
simulation is shown in Fig. 5(a), while the other parameters are kept 
consistent. Fig. 5(b–d) compares the experimental data and simulation 
results of the output power, evaporator outlet temperature, and evapo
ration pressure. The relative errors are about 2 %, 0.9 % and 1 % for 
these three parameters, respectively.

3. Results and discussion

This section explores the specific impacts and underlying mecha
nisms by which concentration adjustments of the mixture working fluid 
influence the system performance. Based on its dynamic characteristics, 

two control strategies are proposed: constant evaporation pressure (CP) 
and constant output power (CW).

3.1. Influence of mixture working fluid on system performance

The same working fluids as the experiments in Section 2: R236fa, 
R123, and their mixtures, are selected for the simulation in this section. 
To facilitate the comparison of the effects of different mass fractions of 
species on the system performance, the basic simulation conditions are 
set, details of which are given in Table 5. According to the results ob
tained from the preceding experiments, if the Thf is too high, a large 
redundancy of the heat exchange area of the evaporator occurs, which 
makes the outlet temperature of the working fluid from the evaporator 
closely match the Thf and is unfavorable for the analysis of the heat 
exchange efficiency. Therefore, Thf is set to 120 ◦C. Other external 
conditions are kept constant in the simulation process, and only the 
mixture mass fraction is adjusted to analyze the changes in system 
performance.

Fig. 6 illustrates the variation of exergy efficiency, thermal effi
ciency, and output power of the ORC system concerning the mass frac
tion of R236fa. It can be observed that the system output power initially 
increases and subsequently decreases as the mass fraction of R236fa 
decreases. Thermal and exergy efficiencies exhibit a similar trend. The 
performance of the system reaches its peak when the mass fraction of 
R236fa is 0.6, with the output power increasing by 140 W (approxi
mately 5 %) compared to the use of pure R236fa. Additionally, the 
thermal efficiency increases from 5.57 % to 5.92 %, while the exergy 
efficiency improves from 25.4 % to 26.97 %.

Fig. 7 illustrates the variation of key operating parameters of the 

Table 5 
The main operating parameters of the ORC system.

Parameters Value

Thf 120 ◦C
Vhf 3000 L/h
Tcool 20 ◦C
Vcool 3100 L/h
Mwf 750 kg/h
Working fluid R236fa/R123
Nexp 1600 RPM

Fig. 6. Variation of output power and efficiencies with R236fa mass fraction.

Fig. 7. Variation of key system parameters with R236fa mass fraction.
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ORC system with the R236fa mass fraction. As the mass fraction of 
R236fa decreases from 1.0 to 0.4, the temperature glide during the 
phase change process gradually increases. The condenser exhibits a 
greater temperature glide compared to the evaporator. Compared to the 
cooling source, considering the substantially larger temperature fluc
tuations of the heat source, the use of a mixture working fluid mainly 
serves to improve the temperature match between the cooling source 
and the working fluid in the condenser. As the mass fraction of R236fa 
decreases, the condensation pressure, evaporation pressure, and vapor 
superheat progressively decline. The evaporation pressure was reduced 

by 140 kPa, about 10 %, while the condensation pressure was reduced 
by 100 kPa, about 28 %, with the mass fraction of R236fa decreasing 
from 1.0 to 0.4. At the same time, the vapor superheat decreases from 
34 ◦C to nearly 0 ◦C, which limits the simulation to a minimum R236fa 
mass fraction of 0.4 to prevent liquid entrainment at the expander inlet. 
In addition, the evaporator outlet temperature was maintained at about 
120 ◦C, close to the Thf when the R236fa mass fraction is between 1 and 
0.6, whereas it decreases significantly when the mass fraction decreases 
from 0.6 to 0.4.

From the above analysis, it was found that changes in the mixture 

Fig. 8. T-s diagrams for different mixture compositions.
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concentration have a significant impact on the system key parameters, 
which is mainly attributed to the effect of phase equilibrium property, 
that is, the saturation temperature-pressure relation with the mixture 
concentration. Fig. 8 shows the T-s diagram of the ORC system with 
different R236fa mass fractions to further investigate the intrinsic 
mechanism by which changes in the concentration regulation of the 
mixture affect system parameters, as well as the impact of temperature 
glide on temperature match during the phase change process. In the 
evaporator, the most volatile component in the mixture evaporates first, 
leading to a gradual increase in the average boiling point of the mixture 
during the evaporation process. Conversely, in the condenser, the least 
condensable component condenses last, resulting in the average 
condensation temperature of the mixture decreasing progressively 

during the condensation process. Both the temperature glide in the 
condenser and evaporator can optimize the temperature match during 
heat transfer. At the same time, the more significant effect of the mixture 
concentration is the variation of the average evaporation and conden
sation temperature. It can be observed that, with a fixed mass flow rate 
of the mixture working fluid and a constant expander rotating speed, the 
average evaporation and condensation temperatures increase as the 
R236fa mass fraction decreases. Consequently, the temperature differ
ence between the mixture and the heat source becomes smaller, 
reducing the irreversible losses in the evaporator. However, the tem
perature difference between the mixture and the cooling source becomes 
larger simultaneously, which increases the irreversible losses in the 
condenser. The combined effect results in the highest thermal and 
exergy efficiencies and maximizes the power output at the R236fa mass 
fraction of 0.6.

In addition, the comparison of the cycle parameters for the four 
groups of mixture composition shows that the evaporator outlet super
heat decreases as the mass fraction of R236fa decreases. At the end of 
evaporation, the mixture temperature is close to Thf. The reduced heat 
transfer temperature difference during evaporation of the mixture re
quires a larger two-phase area, resulting in a smaller superheated area 
and a smaller vapor superheat.

Table 6 
Key parameters used in the control strategy.

Control strategy Working fluid Abbreviation

Constant output power 
operation

R236fa CWBORC

0.5R236f/0.5R123 CWMORC

R236f/R123 (concentration 
adjustable)

CWCAORC

Constant evaporation pressure 
operation

R236fa CPBORC

0.5R236f/0.5R123 CPMORC

R236f/R123 (concentration 
adjustable)

CPCAORC

Constant vapor superheat 
operation

R236fa Tsup = 10 ◦C
0.5R236f/0.5R123
R236f/R123 (concentration 
adjustable)

Table 7 
Parameters used in the dynamic modelling and the distillation process.

Parameters Value

R236fa/R123 0.2/0.8–1/0
Thf 100–130 ◦C (sinusoidal)
Vhf 2000–4000 L/h (sinusoidal)
Tcool 10–30 ◦C
Tover 10 ◦C
Mwf dependent
Nexp 1600 RPM
Distillation section flow rate 140 kg/h
Distillation pressure 200 kPa
Heat of evaporation 16.22 kJ/kg
Output power 3000 W

Fig. 9. Control strategy diagram: (a) univariate control of the BORC with pure R236fa and MORC with 0.5R236f/0.5R123, and (b) bivariate control of the CAORC 
with R236f/R123.

Fig. 10. Variation of heat source temperature with time.
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3.2. Influence of the mixture concentration regulation on the ORC control 
strategy

As demonstrated by the results in the preceding section, the tem
perature of the hot and cold sources can be better matched by adjusting 
the concentration of the mixture working fluid, thus improving the 
output power, exergy efficiency, and thermal efficiency. Meanwhile, the 
change in the mixture concentration also has a significant effect on the 

saturation pressures and vapor superheat of the ORC working fluid. This 
characteristic can help to explore the new control strategy of the ORC 
operation. At present, the control of the ORC system generally lies in 
adjusting the speed of the expander and the mass flow rate of the 
working fluid. However, the frequency of the output power will also 
fluctuate due to the real-time adjustment of the expander speed. The 
regulation of mixture concentration will not affect the frequency and 
can be used as a new ORC control strategy to adapt the ORC operation to 

Fig. 11. Variation of control variables and objectives with time under the heat source temperature fluctuation.
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fluctuations in boundary conditions. The fluctuations of specific 
boundary condition parameters are presented in Table 7.

The adjustment of the working fluid flow rate is flexible and simple 
to implement, but it has certain limitations if only this approach is used. 
When the system operates under CW or CP mode, significant fluctua
tions in vapor superheat may occur during the control process. Exces
sively high or low superheat not only reduces the system’s thermal 
efficiency but also poses risks to its safe operation. As discussed in 
Section 3.1, the vapor superheat is highly sensitive to variations in the 

mixture concentration. Therefore, it is possible to regulate the mixture 
concentration to maintain a constant vapor superheat. In this section, 
the ORC system is studied by regulating the mixture concentration under 
CW and CP operating conditions, ensuring that the vapor superheat 
remains around 10 ◦C during operation. When the heat source param
eters are too low to support either of these two operating modes, the 
constant vapor superheat operation mode is activated to ensure the 
system continuous and safe operation. Furthermore, two types of 
working fluids are selected for comparison: a pure working fluid 

Fig. 12. Temporal variation of key parameters and system performance under the heat source temperature fluctuation.
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(BORC), R236fa, and a fixed concentration mixture working fluid 
(MORC): 0.5 R236fa/0.5 R123, as shown in Table 6.

In the system simulation, the ORC system with pure R236fa and 
fixed-concentration mixture 0.5R236f/0.5R123 adopts univariate con
trol to maintain CW or CP by adjusting the mass flow rate of the working 
fluid, as shown in Fig. 9 (a). For the CAORC with mixture R236f/R123, 
bivariate control is applied to regulate both the mass flow rate and the 
mixture concentration to maintain the two objectives: vapor superheat 
at 10 ◦C and constant output power (or constant evaporation pressure), 
as depicted in Fig. 9 (b).

In addition, the introduction of a concentration regulation unit will 
increase the system cost, and the distillation process requires additional 
heat supply. Therefore, it is necessary to analyze its economic feasibility. 
The heat required during the distillation process can be calculated as: 

Qmin = Fr
(

1
α − 1

+ xFa

)

(27) 

where F refers to the feed flow rate, r is the heat of evaporation, xFa is the 
lighter composition fraction, while α indicates the relative volatility, 
defined as the vapor pressure ratio of the two compositions. As an 
example of concentration regulation when Thf changes, the heat 
consumed in the distillation process is calculated by selecting the 
working condition with the most drastic concentration adjustment in the 
simulation process. Table 7 shows the main parameters of the selected 
condition. The mixture concentration is changed from 0.5/0.5 to 0.4/0.6 
from 1250 s to 1300 s.

During the distillation, the two separated components are stored in 
independent tanks. To adjust the mixture concentration, the required 
component is extracted from the storage tank and introduced into the 
ORC reservoir. As shown in Table 7, only 140 kg/h of the mixture 
working fluid needs to be extracted for distillation in this case. By adding 
an equal mass flow rate of R123 to the ORC system, the mixture con
centration can be adjusted to 0.4/0.6. The average heat required for the 
distillation process is 6.3 W, while the ORC output power is 3000 W. The 
heat required for distillation accounts for only 0.2 % of the system 
output power. Thus, from the overall system perspective, the heat de
mand of the concentration regulation unit is insignificant.

3.2.1. Performance of the ORC with heat source temperature fluctuations
To investigate the general behavior of the ORC system under fluc

tuating heat source parameters, this study assumes that the transient Thf 
and heat source flow rate (Vhf) follow a series of sinusoidal functions. 
The variations in Thf and Vhf can be represented as time-dependent or 
aperiodic signals, which are amenable to decomposition into multiple 
sinusoidal elements of differing frequencies through Fourier transform 

techniques. [44,45]. Therefore, to simplify the calculation, Thf and Vhf 
are set to sinusoidal curves varying from 100 ◦C to 130 ◦C and from 2000 
L/h to 4000 L/h, respectively, as illustrated in Fig. 10. Other parameters 
of the heat source remain the same as in Section 3.1.

Fig. 11 shows the variation of control variables and objectives over 
time, where the gray dashed line represents the fluctuations in Thf with 
time. As shown in Fig. 11(a–b), the mass fraction of R236fa in the ORC 
system (CWCAORC) fluctuates significantly between 0.2 and 1.0, 
demonstrating the system rapid response capability under varying 
operating conditions. In contrast, the mass fraction of R236fa in the 
BORC and the MORC (0.5R236f/0.5R123) remains stable at 1.0 and 0.5. 
Under both operational strategies, the working fluid mass flow rates in 
all three ORC systems exhibit notable fluctuations. The maximum mass 
flow rates in CWBORC and CWCAORC modes reach 860.94 kg/h and 
860.87 kg/h, respectively.

Fig. 11(c–d) compares the control effectiveness of ORC systems 
under CW and CP modes. In the CW operation, the CAORC and BORC 
share the same control range. When the Thf lies between 107 ◦C and 
130 ◦C (1000–1777 s and 2123–2400 s), the systems effectively sustain a 
stable output power of 3000 W. Their effective control range covers 
78.6 % of the fluctuation period of Thf. As Thf gradually decreases from 
130 ◦C to 105 ◦C, the R236fa mass fraction in the CAORC under CW 
mode gradually increases to 1.0, which is the pure R236fa. When Thf 
further declines below 107 ◦C (1777–2123 s), the ORC systems fail to 
sustain the target output power and switch to a constant superheat mode 
to maintain a stable superheat of 10 ◦C, resulting in a decrease in power 
output. The CAORC matches that of the BORC in the CW mode, leading 
to similar mass flow rates that fluctuate with Thf until temperatures 
recover to the controllable range of the CAORC. Comparatively, MORC 
exhibits the narrowest control range, maintaining constant power 
output only when Thf is between 120 ◦C and 130 ◦C (1250–1650 s), 
covering merely 28.6 % of the fluctuation period of Thf. Outside this 
range, MORC mode switches to constant superheat mode, where the 
evaporation pressure varies dynamically with Thf, causing output power 
to drop to a minimum of 2539 W at 100 ◦C.

The ORC systems operating in the CP mode exhibit similar charac
teristics to those in the CW mode. CAORC and BORC share identical 
control ranges, maintaining a constant evaporation pressure of 1300 kPa 
for most of the time. When the Thf falls below 102 ◦C (1847–2053 s), the 
systems switch to constant superheat mode. At this stage, the R236fa 
mass fraction in the CAORC reaches 1.0, precluding further adjustment. 
Only the mass flow rate of the working fluid can be regulated to main
tain a constant superheat at 10 ◦C. As Thf decreases, the mass flow rate of 
the CAORC gradually declines, approaching 756.69 kg/h during 
1847–1950 s, as shown in Fig. 11 (b). When the temperature rises again 
(1950–2053 s), the CAORC system decreases the mass fraction of R123 
in the working fluid to elevate the mass flow rate. Similar to the CW 
mode, MORC in the CP mode exhibits the narrowest control range, 
maintaining constant evaporation pressure only when Thf exceeds 
120 ◦C (1243–1657 s). Outside this range, it switches to constant su
perheat mode with significant evaporation pressure fluctuations, with 
the minimum recorded pressure reaching 923 kPa.

It is noted that the phenomenon that the BORC shows the same 
control range as the CAORC and the MORC exhibits a quite narrow 
control range is a relative term, which is closely related to the setting of 
the control objective: the output power of 3000W and the evaporation 
pressure of 1300 kPa. The results in Fig. 11 imply that the control range 
could be enlarged if the mass fraction of R236fa becomes higher for the 
MORC; otherwise, the control range tends to shrink until no control 
range is available or the mixture becomes pure R123. The change of the 
control objective will impose a significant effect on the control range of 
the BORC or MORC, while the CAORC holds the obvious advantage 
attributed to the active adjustment of the mixture concentration to be 
more adaptable to the fluctuation of the Thf.

Fig. 12 further compares parameter variations and the performance 
of ORC systems under the two control strategies. During the CW 

Table 8 
The control range and performance of different operation modes under heat 
source temperature fluctuations.

Operation 
mode

Control range Average thermal 
efficiency (under 
shared control range 
with MORC)

Average exergy 
efficiency (under 
shared control range 
with MORC)

CWBORC 1000–1777 s 
and 2123–2400 
s

5.61 %(5.55 %) 26.61 %(24.4 %)

CWMORC 1255–1645 s 6.04 % 26.44 %
CWCAORC 1000–1777 s 

and 2123–2400 
s

5.91 %(6.11 %) 27.82 %(26.62 %)

CPBORC 1000–1847 s 
and 2053–2400 
s

5.51 %(5.37 %) 26.50 %(24.21 %)

CPMORC 1243–1657s 6.01 % 26.62 %
CPCAORC 1000–1847 s 

and 2053–2400 
s

5.87 %(6.17 %) 27.90 %(26.86 %)
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operation, CAORC exhibits the lowest evaporation and condensation 
pressures due to its minimal R236fa mass fraction (ranging from 0.2 to 
0.5), as discussed in Section 3.1. This configuration also demonstrates 
the most pronounced temperature glide, reducing the heat transfer 
temperature difference as the evaporation temperature increases. 
Additionally, the superheat remains consistently as low as 10 ◦C through 
the active adjustment of the mass fraction of R236fa. In contrast, BORC 
and MORC in the CW mode primarily adjust mass flow rates to maintain 
constant power output but fail to actively reduce the vapor superheat. 
Consequently, these modes exhibit higher and more variable superheat 

levels: 10–42.15 ◦C for BORC and 10–21.39 ◦C for MORC. Excessive 
superheat fluctuations degrade thermal match in heat exchangers and 
increase exergy losses. The CAORC is more adaptable to the fluctuation 
of the Thf, yielding a higher average thermal efficiency of 5.91 % and 
exergy efficiency of 27.82 % under the CW mode, seen in Table 8, 
compared to the average thermal efficiency of 5.61 % and exergy effi
ciency of 26.61 % for the BORC in their control range (1000–1777 s and 
2123–2400 s). For the MORC in the CW mode in its control range of 
1255–1645 s, the ORC system achieves the average thermal efficiency of 
6.04 % and exergy efficiency of 26.44 % while the CAORC mode also 

Fig. 13. Variation of control variables and objectives with time under the heat source mass flow rate fluctuation.
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exhibits superior performance: the average thermal efficiency of 6.11 % 
and exergy efficiency of 26.62 %. Similar trends are observed in the CP 
mode, where the CAORC maintains the lowest condensation pressure 
and most stable superheat of 10 ◦C, achieving peak thermal efficiency 
(6.34 %) and exergy efficiency (26.52 %) at 1450 s. For the shared 
control range of 1243–1657 s, the CAORC in the CP mode shows the 
higher average thermal efficiency of 6.17 % and exergy efficiency of 
26.86 % while the BORC has the average thermal efficiency of 5.37 % 
and exergy efficiency of 24.21 %. Compared with the MORC in the CP 
mode in its control range of 1243–1657 s, the CAORC also achieves 
higher system performance: the average thermal efficiency of 6.17 % 

and exergy efficiency of 26.28 % while the MORC has the average 
thermal efficiency of 6.04 % and exergy efficiency of 26.44 %.

In summary, under the fluctuation of Thf, the CAORC has superior 
performance: the largest control range and the highest efficiencies, as 
well as stable vapor superheat degrees, ensuring operational safety. For 
the CW operation, the thermal efficiency of the CAORC is 9.17 % higher 
than the BORC and 1.15 % higher than the MORC, while the exergy 
efficiency of the CAORC is 8.34 % higher than the BORC and 0.68 % 
higher than the MORC. For the CP operation, the thermal efficiency of 
the CAORC is 12.97 % higher than the BORC and 2.6 % higher than the 
MORC, while the exergy efficiency of the CAORC is 9.87 % higher than 

Fig. 14. Temporal variation of key parameters and system performance under the heat source mass flow rate fluctuation.
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the BORC and 0.89 % higher than the MORC.

3.2.2. Performance of the ORC with heat source flow rate fluctuations
As shown in Fig. 10, the Vhf varies, while other system parameters 

remain consistent with those mentioned above. Fig. 13 shows the vari
ation of control variables and objectives over time, where the gray 
dashed line represents the fluctuations in Vhf with time. Fig. 13(a–b) 
illustrates that in the CAORC, the mass fraction of R236fa fluctuates 
between 0.4 and 0.7. In contrast, the mass fraction of R236fa in the 
BORC and the MORC remains stable at 1 and 0.5. Comparatively, the 
CAORC demonstrates superior adaptability to fluctuations in the Vhf by 
dynamically adjusting the mass fraction of R236fa. Although all three 
working fluids exhibit mass flow rate fluctuations under both operation 
strategies, their magnitudes are significantly smaller compared to those 
caused by Thf variations, indicating lower sensitivity of ORC systems to 
Vhf changes. During the operation of the two operating strategies, the 
BORC and CAORC exhibit the highest mass flow rates, with the mass 
flow rate of the BORC fluctuating between 776 kg/h and 750 kg/h and 
that of the CAORC between 724 kg/h and 750 kg/h. Additionally, mass 
flow rate fluctuations are more pronounced under the CW operation 
than under the CP operation.

Fig. 13(c–d) compares the control effectiveness of three working 
fluids in ORC systems under the CW and CP operation. In the CW 
operation, the CAORC and BORC maintain stable power output 
throughout the simulation. However, the MORC exhibits the narrower 
control range, sustaining constant power output only when the Vhf 

exceeds 3200 L/h (approximately from 1200 to 1650 s), representing 
32.14 % of the range achievable by the other two modes. Outside this 
range, the MORC switches to constant superheat operation, highlighting 
its limited adaptability to variations in Vhf. A similar trend is observed 
under the CP operation. The CAORC and BORC can maintain stable 
evaporation pressure throughout the simulation, while the MORC 
operates within the narrower range (3200 L/h, approximately from 
1200 to 1650 s), also 31.21 % of the other modes’ range, and switches to 
constant superheat operation otherwise.

Fig. 14 highlights differences in key parameters and system perfor
mance under the CW and CP operations. Fig. 14(a–d) compares varia
tions in other key parameters and system performance with time under 
the two control strategies. Since fluctuations in Thf and Vhf both origi
nate from disturbances on the heat source side, the observed parameter 
trends exhibit a certain degree of consistency. In CW and CP operations, 
the CAORC maintains the lowest and most stable superheat levels, 
consistently around 10 ◦C, while the MORC shows fluctuations of the 
superheat within the range from 10 ◦C to 15 ◦C. CWBORC and CPBORC 
demonstrate significantly higher vapor superheat levels, reaching 
approximately 32 ◦C and 37 ◦C, respectively. The excessive superheat 
indicates substantial irreversible losses during heat exchange, which in 
turn degrade overall thermodynamic performance. During these oper
ations, the CAORC not only achieves the lowest superheat but also 
maintains lower condensation pressures, averaging 212.75 kPa and 
217.31 kPa, respectively. In terms of thermodynamic performance, the 
CAORC achieves thermal and exergy efficiencies comparable to those of 
the MORC. Specifically, the MORC in the CW mode attains an average 
thermal efficiency of 6.06 % and an exergy efficiency of 26.60 % during 
the control range of 1200 s–1700 s, seen in Table 9, while the CAORC 
achieves 6.05 % and 26.86 %, respectively. In contrast, BORC exhibits 
the lowest performance among the evaluated configurations, with the 
highest superheat levels and reductions in average thermal and exergy 
efficiencies by 7.1 % and 5.23 % in the CW operation and 11.44 % and 
11.58 % in the CP operation, compared to the CAORC.

In summary, under Vhf variations, the CAORC exhibits superior 
performance during both the CW and CP operations. These systems 
maintain greater parameter stability across a broader control range 
compared to MORC while achieving more effective superheat regula
tion. Moreover, the characteristics of both control strategies under mass 
flow rate variations closely align with those observed under temperature 
variations, as both scenarios stem from disturbances on the heat source 
side. Additionally, the system demonstrates lower sensitivity to fluctu
ations in Vhf, further enhancing its adaptability and operational stability.

3.2.3. Performance of the ORC with cooling water temperature fluctuations
As shown in Fig. 15, the temperature of the cooling source is simu

lated to fluctuate within a range of 10 ◦C–30 ◦C, following the diurnal 
variations in ambient temperature, while Thf remains constant at 120 ◦C. 
According to the dynamic characteristics of the ORC system, changes in 
cooling source temperature (Tcool) have a negligible effect on the heat 
source side, and the evaporation pressure remains nearly stable. 
Therefore, only the CW operation strategy is simulated in this section.

Fig. 16 illustrates the temporal variations in control parameters. In 
the CW mode, the mass fraction of R236fa in the CAORC varies between 
0.4 and 0.7, peaking at 0.7 at the 5 h mark, with a maximum mass flow 
rate of 857.07 kg/h observed. This indicates that the CAORC system 
dynamically adjusts the working fluid concentration in response to Tcool 
variations, thereby adapting to changing operating conditions and 
enhancing thermodynamic performance. In contrast, the mass fraction 
of R236fa in the BORC and MORC remains stable at 1.0 and 0.5. During 
operation, all three working fluids exhibit significant mass flow rate 
fluctuations: 702.75–857.07 kg/h for the BORC, 650.25–748.94 kg/h 
for the CAORC, and 669.43–850.36 kg/h for the MORC. Among these, 
the BORC shows the highest mass flow rates. Fig. 16 (c) demonstrates 
the power output control capabilities of the three modes under the CW 
operation. Both the CAORC and BORC successfully maintain stable 

Table 9 
The control range and performance of different modes with heat source flow rate 
fluctuations.

Operation 
mode

Control 
range

Average thermal 
efficiency (under shared 
range with MORC)<

Average exergy 
efficiency (under 
shared range with 
MORC)

CWBORC 1000–2400 
s

5.60 % (5.55 %) 25.40 % (24.48 %)

CWMORC 1200–1700 
s

6.06 % 26.60 %

CWCAORC 1000–2400 
s

6.01 % (6.05 %) 27.33 % (26.86 %)

CPBORC 1000–2400 
s

5.34 % (5.29 %) 24.12 % (23.46 %)

CPMORC 1200–1700 
s

6.05 % 26.59 %

CPCAORC 1000–2400 
s

6.03 % (6.05 %) 27.28 % (26.66 %)

Fig. 15. Variation of cold source temperature with time.
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power output throughout the simulation. However, the MORC demon
strates a more constrained power control range, maintaining constant 
power output only within a narrow Tcool range from 10 ◦C to 18 ◦C. 
Outside this range, it switches to constant superheat mode, with power 
output fluctuating between 2800 W and 3000 W as the Tcool varies.

Fig. 17 highlights differences in key parameters and system perfor
mance under the CW operation. In the CAORC and BORC, both the 
evaporation and condensation pressures exhibit substantial fluctuations. 

When the R236fa mass fraction of the CAORC is below 0.5, the evapo
ration pressure of the CAORC is lower than that of MORC. However, as 
the temperature of the cooling source rises, the evaporation pressure of 
the CAORC gradually increases and eventually surpasses that of the 
MORC. A similar trend is observed for condensation pressure. The de
gree of vapor superheat in the CAORC remains stable at 10 ◦C, whereas 
that in the MORC varies with the Tcool. When the Tcool exceeds 18 ◦C, the 
MORC operates in constant superheat mode due to its inability to 

Fig. 16. Variation of control variables and objectives with time under the cooling source temperature fluctuation.
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maintain stable output power. Regarding efficiency, both the CAORC 
and MORC exhibit comparable thermal and exergy efficiencies, fluctu
ating between 5.56 %-6.26 % and 25.34 %–28.15 %, respectively. While 
the CAORC demonstrates higher average efficiencies over a range of 
Tcool, as shown in Table 10, with average thermal and exergy efficiencies 
of 6.02 % and 27.23 %, respectively. The MORC achieves thermal and 
exergy efficiencies of 5.99 % and 26.99 %. In contrast, the BORC 

consistently operates with high superheat levels (>30 ◦C), leading to the 
absorption of the most heat but resulting in the lowest average thermal 
efficiency of 5.47 % and exergy efficiencies of 25.32 %, about 8.80 % 
and 7.34 % lower than the CAORC.

In summary, under Tcool variations, the CAORC also demonstrates 
superior performance during operation, maintaining stable power 
output and vapor superheat degrees throughout the simulation. The 

Fig. 17. Temporal variation of key parameters and system performance under the cooling source temperature fluctuation.
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MORC exhibits a narrower control range and lower efficiencies, while 
the BORC shows the lowest efficiencies.

4. Conclusion

A dynamic model is established in this work for a 4 kW ORC proto
type in the laboratory to study the transient behavior and develop the 
control strategy of the ORC system with concentration regulation of the 
mixture working fluid, R236fa/R123. The influence of the mixture 
working fluid on the system performance is discussed, and two control 
strategies are proposed and compared: constant output power operation 
and constant evaporation pressure operation. The main conclusions are 
as follows: 

(1) Compared to the temperature glide of mixture working fluids 
during phase change, a more significant effect of the concentra
tion regulation is the variation of the average evaporation and 
condensation temperatures, which exhibits opposing effects on 
the heat transfer temperature differences in the evaporator and 
condenser. The trade-off between the exergy destruction of the 
evaporator and condenser results in the optimal system perfor
mance at a specific mixture concentration. At the Thf of 120 ◦C, 
the R236fa mass fraction of 0.6 shows a 6.3 % increase in thermal 
efficiency and a 6.2 % improvement in exergy efficiency, 
accompanied by a 5 % rise in power output compared to the pure 
R236fa.

(2) Introducing the mixture concentration as the other control vari
able, alongside the mixture mass flow rate, enables dual-objective 
control of the system, realizing simultaneous stabilization of both 
the superheat degree and system output power under the CW 
mode or both the ORC evaporation pressure and superheat degree 
under the CP mode. Under the fluctuation of Thf, Vhf, and Tcool, 
the vapor superheat at the expander inlet is controlled at 10 ◦C. 
The CAORC exhibits superior performance in both CW and CP 
operations compared to the MORC and BORC in two aspects: the 
enlargement of the effective control range and the improvement 
of the system performance in terms of exergy efficiency and 
thermal efficiency.

(3) Under heat source temperature fluctuation, the control range of 
the CAORC is comparable to the BORC and 3.3 times wider than 
the MORC. Besides, the CAORC achieves the highest thermal and 
exergy efficiencies. Specifically, for the CW operation, CAORC 
shows a thermal efficiency improvement of 9.17 % over BORC 
and 1.15 % over MORC, while exergy efficiency increases by 8.34 
% and 0.68 %, respectively. For the CP operation, CAORC out
performs BORC and MORC by 12.97 % and 2.6 % in thermal 
efficiency, and by 9.87 % and 0.89 % in exergy efficiency, 
respectively.

(4) Under heat source mass flow rate fluctuations, the CAORC ach
ieves the widest control range under both CW and CP operations, 
which is approximately three times that of the MORC. During the 
shared range, the CAORC reaches an average thermal efficiency 
of 6.05 % and exergy efficiency of 26.86 % under the CW mode, 
which is comparable to the MORC (6.06 %, 26.60 %) and 
significantly higher than the BORC (5.55 %, 24.48 %). Similar 

trends are observed under the CP operation: the CAORC achieves 
6.05 % thermal efficiency and 26.66 % exergy efficiency within 
the shared control range with the MORC, outperforming the 
BORC by 14.56 % in thermal efficiency and 13.64 % in exergy 
efficiency, respectively.

(5) Under cooling water temperature fluctuations ranging from 10 ◦C 
to 30 ◦C, the CAORC maintains a wide control range (0–10 h) 
with stable power output and consistent vapor superheat (10 ◦C), 
which is about three times that of the MORC. The CAORC 
dynamically adjusts the R236fa mass fraction (0.4–0.7) and 
achieves the highest average thermal and exergy efficiencies at 
6.02 % and 27.23 %, comparable to the MORC (average thermal 
and exergy efficiencies of 5.99 % and 26.99 %). The BORC system 
operates with the lowest average thermal efficiency of 5.47 % and 
exergy efficiencies of 25.32 %, about 8.80 % and 7.34 % lower 
than the CAORC.

It is noted that the current research is confined to the R236fa/R123 
mixture, and the robustness of the dual-variable control strategy under 
extreme operating conditions (e.g., heat source fluctuations exceeding 
30 %) requires further verification. To address these limitations, future 
work will prioritize the investigation of environmentally friendly HFO- 
based refrigerants to enhance the findings.
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