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Abstract: The control strategy is crucial for the effective and safe operation of the ORC system.
A transient model of the ORC system was developed in the present work and validated by the
experimental data of a 4 kW ORC prototype. Then, the effect of heat source temperature on the
dynamic response and operation characteristics of the ORC system were analyzed. Five control
strategies were compared: the constant working fluid mass flow rate mode, constant vapor superheat
mode, constant vapor temperature mode, constant evaporation pressure mode and constant output
power load mode. Under the constraint that the working fluid at the expander inlet should be
superheated, we found that the constant vapor superheat mode enabled the safe operation with
the largest range of heat source temperature, while the other four modes were only available for a
certain temperature range. Apart from the constant output power mode, the constant evaporation
pressure mode can also provide a relatively stable performance for the ORC unit. The variation of the
thermal efficiency was limited when the heat source temperature was higher than 125 °C, except for
the constant vapor temperature mode. Considering the high performance and stable operation of
the ORC system, it is necessary to have different operation modes combined in the control strategy
according to the specific working scenarios.

Keywords: organic Rankine cycle; dynamic modeling; control strategy; output power; thermal efficiency

1. Introduction

The organic Rankine cycle (ORC) is a promising technology to convert low-grade
waste heat or renewable heat into mechanical work due to its relatively high efficiency,
simple configuration and appropriate working pressure. The steam Rankine cycle uses
water as the working fluid, whereas the ORC can generate electricity by using the substance
with a low boiling temperature to utilize low-temperature thermal energy at 60~300 °C [1],
such as solar energy [2], geothermal energy [3], biomass energy [4] and ocean temperature
difference energy [5]. Furthermore, ORC can recover industrial waste heat [6] and engine
waste heat [7], thereby, enhancing the overall energy usage efficiency.

In recent years, scholars have conducted extensive research on the ORC, the ma-
jority of which focuses on system analysis [8], working fluid screening [9], parameter
optimization [10], cycle structure improvement [11], the combine power systems [12] and
component structure design [13,14] under system design conditions, while others focus on
the off-design characteristics [15]. Heat sources, such as solar energy, geothermal energy
and industrial waste heat, are not steady in practice, and their temperature and mass flow
rate might fluctuate due to external factors.
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Furthermore, the ambient temperature varies with time. As a result, the ORC system
always operates in off-design conditions. A thorough understanding of the ORC system’s
off-design features is required for actual system operation and regulation.

Many researchers studied the off-design operating features of the ORC system. Fu
et al. [16] studied the performance of ORC systems at off-design heat source temperatures
and showed that the output work and thermal efficiency of ORC systems increased approx-
imately linearly with increasing temperature. Feng et al. [17] investigated the operating
characteristics of the ORC system when the heat source temperature varied between 383.15
and 413.15 K. They claimed that the overall performance of the pump, expander, evaporator
and condenser all increased with increasing heat source temperature, while the isentropic
efficiency of the expander decreased slightly.

Du et al. [18] compared the off-design performance of two ORC systems, single-
pressure evaporation and dual-pressure evaporation. The results showed that the net
output power decreased by 23% with the heat source flow rate reduced by 30% from the
design point and the reduction of the net output power was 39% when the heat source
temperature was reduced from 118 to 102 °C.

Manente et al. [19] investigated the off-design performance of an ORC system in
subcritical and supercritical cycles with an air-cooled condenser and discovered that the net
output work of the system is reduced from 7.7 to 2.7 MW when the geothermal temperature
is reduced from 180 to 130 °C. In conclusion, the ORC system’s operating characteristics in
off-design conditions differ significantly from those under design conditions [20]. Thus, the
regulation of operating parameters to ensure the effective and safe operation of the ORC
system under off-design situations is important and necessary.

Many scholars participated in the dynamic modeling of the ORC to realize the reg-
ulation of the system during off-design situations and control strategies were compared.
Colonna et al. [21] built a mathematical model of a biomass power plant boiler and analyzed
the system’s dynamic performance. The step-wise change of the flue gas flow rate was
simulated. Wei et al. [22] compared two modeling approaches based on moving boundary
and discretization techniques to build the dynamic model in terms of accuracy, complexity
and simulation speed. They claimed that the moving boundary model is more suitable for
control design applications due to its faster calculation speed.

Quoilin et al. [23] compared three ORC control strategies: maintaining a constant
evaporation temperature, altering the optimal evaporation temperature and regulating the
pump speed based on expander speed. The control strategy of the optimal evaporation
temperature regulation achieved the best performance, whereas adjusting the mass pump
speed according to the expander speed was unable to maintain the ORC system’s stable
operation under the fluctuating heat source. Wang et al. [24] studied the effect of engine
parameters on the dynamic response of the ORC system. Their results revealed that engine
conditions had a significant impact on the dynamic response of evaporation pressure, mass
enthalpy and superheat at the evaporator outlet, while the condensation pressure remained
relatively constant.

Usman et al. [25] employed a PI controller with feedforward and overrun hysteresis
compensation to manage the operation of the expander with a sliding pressure control
approach, which improves control for systems with high thermal inertia. Jolevski et al. [26]
suggested a control approach that combines PI control with a transfer function to con-
vert control errors into control inputs. The results indicated that when the system was
perturbed by a 10% reduction in hot oil flow, the proposed control structure had good
anti-disturbance capacity.

Wu et al. [27] compared the control performance of an ORC system with and without
a feedforward compensation PI controller, finding that the PI controller with feedforward
compensation had a stronger anti-disturbance ability. Badescu et al. [28] studied the tran-
sient characteristics of an ORC system recovering waste heat from an internal combustion
engine. They found that the mass flow rate of working fluid should be adjusted accord-
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ing to the heat input to operate the ORC system continuously under fluctuating heat
source conditions.

At the same time, the ORC system’s thermal efficiency is essentially constant before
and after regulation. Chen et al. [29] analyzed the dynamic response of an ORC system
with a zeotropic mixture. The results showed that the dynamic change of the condenser is
much smaller than that of the evaporator when the heat source temperature or flow rate
changes in a stepwise manner; thus, the condenser can be ignored in the dynamic process.

In addition, some experimental research on ORC prototypes under various condi-
tions has been reported. Pei et al. [30] tested an ORC system with a radial expander of
60,000 rev/min rotating speed and produced an output power of roughly 1 kW. Li et al. [31]
developed an ORC system based on a single-stage axial expander that produced 6.07 kW
and 58% of the expander’s isentropic efficiency at a heat source of 130 °C. There are
currently fewer experimental studies on the effects of changes in heat source properties
on the operating characteristics of ORC systems [32]. Zhang et al. [33] compared the
performance of 3 and 10 kW ORC prototypes and found that the heat source and heat
sink primarily affected the pump and expander behaviors and then contributed to the
overall performance.

According to the above literature review, it is seen that the dynamic characteristics
of the ORC system can change significantly during off-design operation when the heat
source conditions vary over a wide range, which may threaten the safe operation of the
unit. Therefore, a suitable real-time control strategy is necessary to improve the system
performance and ensure the safe operation of the unit. By comparing multiple control
strategies, the suitable control strategy satisfying the unit operation requirements could
be selected.

Most dynamic models or control strategies in the literature were not validated by
experimental data. There is a lack of research on the off-design dynamic characteristics and
regulation capabilities of various control strategies for small-scale ORC systems under heat
source temperature variation based on the experimental verified dynamic model.

In the present work, a 4 kW ORC prototype adopting refrigerant R245fa as the working
fluid was tested at the heat source temperature varying between 120~150 °C to validate the
developed dynamic model. Five control strategies based on the dynamic model and the
prototype: constant working fluid mass flow rate, constant vapor superheat at expander
inlet, constant vapor temperature, constant evaporation pressure and constant power load
are compared and analyzed.

2. Description of the Organic Rankine Cycle Prototype

Figure 1 shows the schematic diagram and T-s diagram of the developed 4 kW ORC
prototype. Figure 2 is the arrangement of the test rig. The conductive thermal oil is used to
simulate low-grade heat sources (9-10). The oil is heated in an electrical oil boiler with the
capacity of 100 kW and circulated by an oil pump. A closed spray cooling tower installed
outside is utilized to release heat to the environment (12-11). Water is sprayed on the top of
the tower to the tube bundles, while air is drawn from the bottom and flows upward.

The evaporation of the water outside the tubes can reduce the air temperature, which
will enhance the overall heat transfer. The cooling water of the ORC system flows through
the tubes and is cooled down. The refrigerant R245fa is adopted as the working fluid, which
is pressurized by the diaphragm pump (5-6), delivered to the evaporator and vaporized
into high-temperature and high-pressure vapor (6-1). Then, it expands in the expander to
generate mechanical work (1-2).

The exhaust vapor is condensed into subcooled liquid in the condenser (2-5) and
returns to the storage tank to start the next cycle. The evaporator and condenser both
adopt the brazed plate heat exchangers. The expander is a scroll expander with a rated
mechanical power of 4 kW.
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Figure 1. The (a) schematic diagram and (b) T-s diagram of the 4 kW ORC prototype.
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Figure 2. The 4 kW ORC prototype.

The expander is connected to an AC dynamometer by belts and wheels. The AC
dynamometer consists of the frequency converter, the asynchronous motor and the sensor
of rotating speed and torque. The asynchronous motor is used as the power load of the
expander, and its rotating speed can be directly controlled by the frequency converter.
Detailed information can be found in our former work [34]. The main features of the ORC
components are shown in Table 1. The accuracy of the main sensors is listed in Table 2.

Table 1. The main features of the ORC components.

Component Type Featured Parameters Value
Evaporator plate heat exchanger area 5.7 m?
Condenser plate heat exchanger area 4.6 m?
Expander Scroll expander build-in volume ratio 2.3
pump diaphragm pump rated mass flow rate 2500 kg/h
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Table 2. Accuracy of sensors in the ORC test rig.

Parameters Sensors Resolution Accuracy
Temperature K-Type Thermocouple +0.1°C +0.5°C
Pressure Rosemount Transmitters £0.1% ES +0.1% ES
Flow Rate Koch force flow meter +0.2% ES +0.2%ES
Torque JN338 torque-tachometer 0.5% E.S 0.5% ES
Rotational Speed JN338 torque-tachometer 1 rev/min 1 rev/min

3. Dynamic Models of the Organic Rankine Cycle Prototype

The components of the ORC system were modeled in Simulink and connected accord-
ing to the processes described in Figure 1. The following are the models of the four main
components: evaporator, condenser, pump and expander.

3.1. Evaporator and Condenser Model

The heat transfer processes in the evaporator and condenser are modeled based on
the moving boundary model as shown in Figure 3. The moving boundary model is a
classical method for the modeling of dynamic characteristics of heat exchangers. It has the
advantages of fast calculation and high accuracy [35], which are particularly suitable for
the dynamic modeling of a system consists heat exchangers. The following assumptions
are established in the moving boundary model:

1. In the heat exchanger, the flow of fluids can be treated as a one-dimensional flow.

2. The pressure distribution is assumed to be uniform along the channel length, ignoring
the influence of pressure decrease on the evaporation temperature.

3. Weignore the fluid’s and the metal wall’s axial heat conduction, assuming that only
radial heat transfer exists between the fluid and channel wall.

4. Weignore gravity’s effect on the heat transfer.
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Figure 3. Moving boundary model of the evaporator.

According to the state of the working fluid, the heat transfer process in the evaporator
is divided into three sections with changing boundaries: a liquid phase section, a two-phase
section and a vapor phase section. Within each section, the lumped parameter method is
used, and the dynamic process of the evaporator is obtained by tracking the length change
of each phase section.

Ly is the length of the liquid phase section; L, is the length of the heat exchanger from
inlet to saturated gas; and L is the total length of the heat exchanger. The subscripts L, s and
V stand for the liquid section, two-phase section and vapor phase section, respectively. The
subscripts f and g stand for the saturated liquid phase and saturated gas phase, respectively;
and the subscripts ‘in” and ‘out’ represent the working fluid inflow and outflow. The
conservation equations can be established for each region:
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Mass conservation equation:
Energy conservation equation:
a(phat_ 2 a(gzh) = %iﬂéi(Tw - T) @)

where v is the velocity of the fluid in the channel, and «; is the convective heat transfer
coefficient between the fluid and the inside wall.
Using the Leibniz formula [36] to simplify Equations (1) and (2), the expression is:

22 9 : d 2 p ]
/ o= [ ez = fla )5+ fa) )

1

By bringing the Leibniz equation into the conservation equation for each phase region
and making appropriate simplifications, the moving boundary model for each phase region
can be obtained. A detailed derivation process can be found elsewhere [36].

The energy conservation equation of the channel wall in each phase section is given as:

dT,

prdeTW = “i(Ti - Tw) + ao(Ta - Tw) (4)

t
where a, is the heat transfer coefficient between the hot fluid and the outside wall, ¢y is
the specific heat capacity of the channel wall, and d,, is the thickness of the channel wall.

The modeling of the heat transfer process in the condenser also uses the moving
boundary method, and the equations and processes are similar to those mentioned above.
The derivation process can also be referred to literature [36].

The heat transfer correlations for the evaporator and condenser in each phase region
are shown in Table 3, where A is the thermal conductivity, d, is the hydraulic diameter, a is
the chevron angle, b is the corrugation pitch, Re is the Reynolds number of the fluid, Pr is
the Prandtl number of the fluid, and Bo is the boiling number. Detailed expressions of the
variables can be found in the literature [37-39].

Table 3. The heat transfer correlations used in the model.

Evaporator Reference Condenser Reference

Liquid phase Nu = 0.2092Re®78(Pr)!/3 [38] Nu = 0.317Re®7% (pr)!/3 [37]
¢ =281(L) "M (g —a)2®
Two-phase ) — 0.746(L) " (F —a) 00! [40] Niu = 4.118Re%4Pr!/3 [39]
Nu = ¢;Re®?Bo?3pPr0+4
Vapor phase Nu = 0.2092Re®78(Pr)!/3 [38] Nu = 0.317Re?7%3 (pr)1/3 [37]
Heat source side Nu = 0.724 (6%)0'646Re0'583 (Pr)1/3 [41]
Cold source side Nu = 0.2121Re®78(Pr)!/3 [42]
3.2. Pump Model
The power consumed by the pump can be calculated by:
Wps (hes — hs)
Wy = —22 = mp—22 = my(he — hs) ()
Tp Tp
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where Wy, ¢ is the power consumption corresponding to the isentropic compression, m, is
mass flow rate. 7, is the isentropic efficiency of the pump and is given as:

mp\"
p = Tpd my ©

where 1, 4 and my are the isentropic efficiency and mass flow rate of the pump at the
design point. 17, 4, M4 and n are given as 0.84, 2500 kg/h and 0.34 in the present model.

3.3. Expander Model

The scroll expander is used in the prototype. The expansion of working fluid in a
scroll expander consists of three processes: suction, expansion and exhaust. Thus, the total
output work of the expander is the sum of the suction work, expansion work and exhaust
work [43]. For a unit mass of working fluid, the suction work according to the energy
balance principle is:

Win = Nin — Uin = Pinin @)
where hip, ui, and v, are the specific enthalpy, specific internal energy and specific vol-
ume of the working fluid at the expander inlet, respectively; and pj, is the expander
inlet pressure.

The adiabatic and reversible expansion process of the working fluid in the scroll
chamber is assumed. In this condition, the expansion work according to the beginning and
termination of the expansion is calculated as follows:

Ws = Ui — Ue = Nip — Pin¥in — (hc - Pcvc) ®)

where the subscript c in the formula represents the end-of-expansion state of working fluid
in the scroll chamber.
The exhaust work is calculated by:

Wex = PaUc )

where py indicates the exhaust pressure of the expander connected with the pipeline. When
the expander operating pressure ratio is not the same as the design pressure ratio, the
phenomenon of under-expansion or over-expansion will occur [44]. The deterioration of
output work due to the under or over expansion can be considered in Equations (8) and (9).

Considering the internal leakage, mechanical friction and heat loss of the expander,
the practical output power of the expander can be expressed as:

Wexp = ﬂexp(win + ws — wex) = Nexp [hin —he+ vc(pc - pd)] (10)

where 77exp is the combined efficiency of the expander and is assumed to be a constant of 0.63.
The actual mass flow rate of the expander is:

NV
Mexp = Pm6 5 (11)

where N is the speed of the expander and V is the swept volume of the expander.
The thermal efficiency of the ORC system is

= (wexpmexp - Wp) /Q (12)
where Q is the power of the evaporator.

3.4. Dynamic Model of the Prototype

By combining the models for every component together, the dynamic model of the
cycle is developed as shown in Figure 4. Seven variables need to be solved in the modeling:
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the L1, Ly, pressure, specific enthalpy at the exchanger outlet and wall temperature at each
section. In this way, the variation of all operation parameters and performance of the
prototype with time could be calculated.
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Figure 4. The developed dynamic model of the ORC prototype.

A PID module is adopted to regulate the mass flow rate of the working fluid based on
the preset objective in different control strategies. Consequently, the dynamic characteristics
of the ORC prototype under different control strategies are simulated and compared.

4. Results and Discussion
4.1. Model Validation

Table 4 gives the main parameters of the ORC prototype at the design point. The
performance of the prototype with the heat source temperature varying from 150 to 120 °C
was tested and listed in Table 5. The dynamic characteristics of the prototype with the
heat source temperature varying from 150 to 140 °C are selected to validate the developed
dynamic model. It is seen that the decrease in heat source temperature leads to the gradual
deterioration of the ORC performance. The decrease in the condensation pressure is gentle,
indicating that the variation of heat source temperature has a limited effect on the conden-
sation process. The isentropic efficiency of the expander is relatively stable, which means
the expander can operate stably and effectively under different heat source temperatures.

Table 4. The main parameters of the ORC system at the design point.

Parameters Value Parameters Value
Heat source temperature 150 °C Working fluid flow rate 800 kg/h
Heat source flow rate 6900 kg/h Expander rotating speed 1600 rev/min
Cooling water temperature 23 °C Ambient temperature 23°C
Cooling water flow rate 3600 kg/h

Table 5. Off-design performance of the ORC prototype with decreasing heat source temperature.

Heat Source Evaporation Condensation Thermal Expander
Power Load Vapor .. .

Temperature Pressure Pressure W) Superheat (°C) Efficiency Isentropic
Q) (kPa) (kPa) P (%) Efficiency (%)
149.9 1502.8 308.4 4175 39.2 5.56 54.7
140.6 1452.8 309.2 3969 32.6 5.34 53.9
130.6 1402.8 306.5 3761 25.0 521 53.7
120.5 1334.5 301.2 3473 17.1 4.95 52.6

In Figure 5a, it is seen that the predicted evaporation pressure is consistent with the
measured one with a relative error of about 0.7%. In Figure 5b, the simulated condensation
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Evaporation pressure (kPa)

Shaft power (W)

pressure is slightly lower than the tested results. In addition, a gradual decrease in the
simulated condensation pressure can be seen, while the tested curve is relatively stable.
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Figure 5. Comparison between the simulation and experimental results of ORC: (a) evaporation
pressure, (b) condensation pressure, (c) power and (d) superheat degree.

Referring to the condensation pressure in Table 5, we can see that tested condensation
pressure has a slight increase of 0.8 kPa. The diverse trend between the tested and simulated
condensation pressure is caused by the temperature variation of the cooling water. During
the test, the cooling water gradually increases from 23.2 to 23.5 °C, while it is set as a con-
stant of 23 °C in the simulation. It is seen that the condensation pressure is more sensitive
to the cooling water temperature than the heat source temperature as the variation of the
cooling water temperature can directly change the heat transfer temperature difference.

The relative error between the tested and simulated condensation pressure is 6.2%,
which is acceptable for the simulation. The results in Figure 5c exhibit the good agreement
between the predicted mechanical shaft power and the tested one with a relative error of
about 0.8%. In Figure 5d, the relative error of the vapor superheat degrees between the
simulation and the experiment is less than 5%. Generally, Figure 5 shows a good agreement
between the simulation results and the experimental data, which ensures the reliable and
accurate prediction of the dynamic characteristics of the prototype under various off-design
conditions through the present model.
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4.2. Comparison of Five Control Strategies for Off-Design Operation

Based on the ORC model established above, this paper adopted the PID control
module to adjust the mass flow rate in real-time when the operating conditions of the unit
change. Five operation modes were simulated and compared: constant working fluid mass
flow rate, the constant vapor superheat, constant vapor temperature, constant evaporation
pressure and constant power load.

The abbreviations and preset target parameters for these five control strategies are
shown in Table 6. Ambient temperature, heat source temperature and heat source flow rate
fluctuations all change the operating conditions of the ORC system. However, the heat
source temperature is the most sensitive factor [24,25,31] affecting the operation of the ORC
system. Consequently, the focus of this study is the comparison of system performance
under various control strategies when the heat source temperature varies.

Table 6. Control strategy abbreviation and preset parameters.

Control Strategy Abbreviation Set
Mode-1 Constant working fluid mass flow rate CMEFR working fluid mass flow rate of 800 kg/h
Mode-II Constant vapor superheat CVS superheat degree of 10 °C
Mode-III Constant vapor temperature CVT vapor temperature of 130 °C
Mode-IV Constant evaporation pressure CEP evaporation pressure of 1.5 MPa
Mode-V Constant power load CPL power load of 4 kW

4.2.1. Operation Characteristics under CMFR Mode and CVS Mode

The CVS operation mode is the most commonly used control strategy for the practical
ORC unit. For the present tested ORC prototype, the superheat is relatively high at the
design point as shown in Table 5. It is seen in Figure 6 that the degree of superheat at the
design point is about 40 °C. From the thermodynamic point of view, the relatively smaller
superheat degree can benefit the ORC performance. Thus, the operation point of this ORC
prototype can be optimized.

| |
| |
1800 | —9— Output power /o____").__o— 51 7
= —3— mass fldw rate o : -
=) L ||
=) [ |
I I 6
£ 150} !
| 1
2 I )
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2 I o
= : 44
2 0ot :
= I
g 1
I ! 43
600 F— ! '
1 o [ 2 [} o ] o [] 2
50 40 30 20 10 0

Superheat (°C)

Figure 6. Effect of vapor superheat degrees on the output power of the ORC prototype.
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With the increase in the working fluid mass flow rate, the degree of superheat becomes
smaller significantly. At the same time, the output power of the ORC unit increases sharply
with the superheat degree decreasing from 40 to 20 °C. Then, with the further decrease in
superheat degree from 20 to 0 °C, the output power exhibits gentle growth. According to
the results in Figure 6, the superheat degree of 10 °C is set as a constraint to ensure both
the security operation and relatively high performance of the expander, which refers to the
optimized point in the chart.

Figure 7 shows the dynamic response of the key operating parameters of the ORC
prototype at CVS mode with a stepwise drop in the heat source temperature. Corresponding
to the operating parameters at the optimized point, when the heat source temperature steps
down from 150 to 140 °C or from 140 to 130 °C, it is seen that the superheat degrees of the
vapor exhibit a sharp decrease within 10 s. The quick response of the superheat degrees is
due to a thermal couple of heat source fluid and ORC working fluid in the evaporator.
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Figure 7. Dynamic response of key operating parameters under the CVS mode.

The counter flow arrangement makes the change of heat source temperature immedi-
ately act on the outlet temperature of the working fluid vapor. It is also seen that the mass
flow rate of working fluid was reduced by the PID algorism with a 1-2 s delay to the change
of the superheat degrees to avoid the liquid droplet entrainment at the expander inlet. The
decrease in the mass flow rate leads to a synchronized decline in the output power of the
ORC unit and a significant recovery of the superheat degrees. Then, the superheat degrees
gradually approach the set value of 10 °C in about 100-150 s.

Figure 8 shows the operating characteristics of the ORC system under CVS mode and
CMEFR mode. The lower limit of 10 °C superheat degrees is set for the CMFR mode. The
working fluid mass flow rate under the CMFR mode is kept the same as that at the design
point: 800 kg/h. The dash-dot line in Figure 8a represents the maximum working fluid
mass flow rate corresponding to the 0 °C superheat degree. It is clear that the CVS mode
can enable the ORC system to work in a large heat source temperature range (150 to 90 °C),
while the CMFR mode can only provide relatively narrow range from 150 to 115 °C.
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Figure 8. Variation of key parameters of the ORC system with heat source temperature under CVS
and CMFR modes. (a) mass flow rate and power, (b) vapor temperature and superheat, (c) vapor
pressure and thermal efficiency.

This is because the adjustment of the working fluid mass flow rate at the CVS mode
effectively changes the evaporation pressure, shown in Figure 8c, to keep the 10 °C super-
heat degrees at the expander inlet, seen in Figure 8b. In this condition, the output power is
sensitive to the variation of the heat source temperature. It is seen that the output power
is reduced from 7 to 1 kW (almost the whole range from none to the maximum) with the
heat source temperature decreasing from 150 to 90 °C. Conversely, the CMFR mode offers
relatively stable output power and evaporation pressure at the expense of the significantly
changed vapor temperature and superheat degrees.

At the heat source temperature of 115 °C, the working fluid mass flow rate at the
CVS mode reaches 800 kg/h, which is kept under the CMFR mode. The corresponding
superheat degree is 10 °C. This means the CMFR mode cannot apply to the heat source with
a temperature lower than 115 °C due to the constraint of at least 10 °C superheat degrees.
It is also seen in Figure 8c that the thermal efficiency of both modes for the temperature
range from 120 to 140 °C is relatively high and stable.
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4.2.2. Operation Characteristics under CVT Mode

As mentioned in Section 4.2.1, the counter flow arrangement of fluids in the evapo-
rator makes the change of heat source temperature immediately reflected on the vapor
temperature. If the expander has a limit on the inlet vapor temperature, the CVT mode
should be enabled. In this modeling, the inlet vapor temperature of 130 °C is set as the
control objective. Consequently, the ORC prototype should work under a heat source
temperature higher than 130 °C.

Figure 9 shows the response of key operation parameters under the step jump of
heat source temperature from 130 to 140 °C and from 140 to 150 °C. It is seen that vapor
temperature at the expander inlet has a short time overshooting just after the 10 °C jump of
the heat source temperature. Simultaneously, the superheat degrees also exhibit a slight
increase, which triggers the PID algorism to increase the working fluid mass flow rate.

160
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Figure 9. Dynamic response of key operating parameters under the CVT mode.

Then, the output power of the ORC prototype increases, and the superheat degrees
decrease. As the heat source temperature is adjusted to 140 °C, the superheat degrees
become lower than 10 °C. When the heat source temperature is further increased to 150 °C,
the superheat degrees approach zero. This means that the CVT mode can only be applied
to a narrow range of the heat source temperature. The upper limit is 150 °C for this mode
at the present ORC prototype.

According to the results in Figure 9, the available heat source temperature is from
130 to 150 °C for the CVT mode, which is shown in Figure 10 as the ‘CVT region’. If the
heat source temperature is higher than 150 °C, the vapor superheat degrees cannot be
guaranteed. If the heat source temperature is lower than 130 °C, the vapor temperature
of 130 °C cannot be maintained. It has to decline with the heat source temperature. Thus,
the CVT mode is transferred to the varied vapor temperature mode, shown as the “VVT’
region in Figure 10.
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Figure 10. Variation of key parameters of the ORC system with the heat source temperature under
CVT mode. (a) mass flow rate and power, (b) vapor temperature and superheat, (c) vapor pressure
and thermal efficiency.

With the further decrease in the heat source temperature, the working fluid mass flow
rate is reduced and the highest vapor temperature is limited to the heat source temperature.
As a result, the output power in Figure 10a, the superheat degree in Figure 10b, and the
evaporation pressure and thermal efficiency in Figure 10c gradually decrease with the
decrease in heat source temperature. Considering the CVT and the VVT regions together, it
is seen that the output power of the expander decreases almost linearly with the decreasing
heat source temperature.

However, the thermal efficiency reaches the highest efficiency of 5.7% with the heat
source temperature decreasing from 150 to 130 °C. This is caused by the reduction of the
power consumed by the pump with the decrease in the working fluid mass flow rate.
Comparing the results in Figure 10 to those in Figure 8, we can see that the output power
under CVT mode is slightly lower than that under the CVS mode at a specific heat source
temperature. This indicates that the high vapor superheat under the CVT is harmful to the
cycle performance.

4.2.3. Operation Characteristics under CEP Mode

The CEP mode of the ORC prototype is similar to the fixed pressure operation of the
traditional steam unit. In the present work, the evaporation pressure was fixed at 1.5 MPa.
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The dynamic response of key operation parameters under this mode with the stepwise
drop of the heat source temperature from 150 to 140 °C and from 140 to 130 °C is shown in
Figure 11. Once the heat source temperature decreases by the step of 10 °C, the reduced
temperature difference between the heat source fluid and the ORC working fluid results in
the reduction of heat flux of the evaporator.
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Figure 11. Dynamic response of key operating parameters under the CEP mode.

Consequently, the amount of vapor gathering in the evaporator becomes smaller,
which is reflected by the sharp decrease in the evaporation pressure. The PID algorithm
presently responds to the change of evaporation pressure and increases the working fluid
mass flow rate through the pump. Then, the evaporation pressure climbs back in a few
seconds and exhibits a slight overshooting. It takes about 50 s for the evaporation pressure
to approach the next steady state. The evaporation pressure is directly related to the driving
force of the expander. Thus, the output power of the ORC prototype showed a similar
trend to the evaporation pressure.

Figure 12 shows the effect of heat source temperature on the operation characteristics
of the ORC prototype under the CEP mode. It is seen that the CEP mode is available only if
the heat source temperature is higher than 125 °C. The further reduction of the heat source
temperature cannot provide enough amount of vapor in the evaporator to maintain the
target pressure and the superheat degree at the evaporator outlet will be too low. Hence,
the control strategy is transferred to the CVS mode to keep the 10 °C superheat degrees.

When the ORC prototype operates under the CEP mode, as shown in Figure 12a,
the working fluid mass flow rate is gradually raised with the reduction of heat source
temperature to maintain the preset evaporation pressure by making the liquid phase occupy
more space in the evaporator. In this condition, the output power is stable because the
fixed evaporation pressure provides the stable driving force as mentioned above.
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Figure 12. Variation of key parameters of the ORC system with heat source temperature under CVS
and CEP modes. (a) mass flow rate and power, (b) vapor temperature and superheat, (c) vapor
pressure and thermal efficiency.

However, the weakened heat transfer capacity of the evaporator at lower heat source
temperature leads to a significant decrease in the vapor temperature and the superheat
degrees as shown in Figure 12b. The thermal efficiency in Figure 12c is also stable under
the CEP mode. These results reflect that the CEP mode can offer relatively stable ORC
performance as long as it is available for the heat source condition.

4.2.4. Operation Characteristics under CPL Mode

Some application scenarios require the ORC unit to provide relatively stable output
power. In the present simulation, the output power of the ORC prototype is preset as 4 kW
for the CPL mode. The dynamic response of key operation parameters under this mode
with the stepwise drop of the heat source temperature from 150 to 140 °C and from 140 to
130 °C is shown in Figure 13. It is seen that the dynamic response and adjustment of the
prototype are similar to that of the CEP mode but are more dramatic and faster.
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Figure 13. Dynamic response of key operating parameters under the CPL mode.

As the heat source temperature steps down, the reduced heat transfer capacity of the
evaporator cannot provide sufficient amounts of vapor to drive the expander, reflected by
the sharp decrease in the output power. The PID algorithm presently detects the reduction
of output power and responds to a sharp increase in the working fluid mass flow rate.

The overcontrol occurs to quickly recover the output power and then results in the
overshooting. It takes about 30 s for the output power to approach the next steady-state.
The restabilized mass flow rate becomes higher and the superheat degrees are decreased. It
is also seen that the dynamic behavior of the ORC prototype is more sensitive to the change
of heat source temperature when the heat source temperature is lower.

Figure 14 shows the influence of heat source temperature on the performance of the
ORC prototype under CPL mode. It is seen that the results in Figure 14 have similar trends
to Figure 12. The operation of the ORC prototype is divided into two modes by the heat
source temperature of 125 °C. The CPL mode is available when the heat source temperature
is higher than 125 °C, while it should turn into the CVS mode for the further reduction of
the heat source temperature due to the significant decrease in the superheat degree at the
evaporator outlet as shown in Figure 14b.

When the ORC prototype operates under the CPL mode, as shown in Figure 14a, the
working fluid mass flow rate is gradually increased with the decrease in the heat source
temperature to keep the power load stable. It is seen that the evaporation pressure is also
stable. The reason for this phenomenon is discussed in the above section. In addition,
the decrease in the heat source temperature leads to a significant decrease in the vapor
temperature and the superheat degrees as shown in Figure 14b.

The further reduction of the heat transfer capacity of the evaporator at a heat source
temperature lower than 125 °C cannot vaporize a sufficient amount of vapor corresponding
to the given working fluid mass flow rate. Consequently, the evaporation pressure and the
output power cannot be maintained. In this condition, the control strategy of CVS mode
is preferred to maintain the 10 °C superheat degrees by reducing the mass flow rate and
evaporation pressure as seen in Figure 14a,c. The thermal efficiency in Figure 14c¢ is also
stable under the CPL mode. The results of the CEP and CPL mode are similar and imply
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that both these two modes can provide relatively stable ORC performance when the heat
source temperature is proper.
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Figure 14. Variation of key parameters of the ORC system with heat source temperature under CVS
and CPL modes. (a) mass flow rate and power, (b) vapor temperature and superheat, (c) vapor
pressure and thermal efficiency.

5. Conclusions

To investigate the effect of different control strategies on the dynamic response and
operation characteristics of an ORC system driven by a heat source with variable temper-
atures, the present work developed a transient model and compared five typical control
strategies. The model was validated by experimental data of a 4 kW ORC prototype. The
simulation was performed under the constraint that the working fluid at the expander inlet
should be superheated. The main contributions of this paper are summarized as follows:

1.  The adjustment of the working fluid mass flow rate through the PID algorism can
satisfy the dynamic operation of the ORC unit. The system approached the next
steady-state within 50 s for most operation modes.

2. The CVS mode enabled the safe operation of the ORC system under the largest range
of heat source temperature, while the other four modes were only available for a
certain temperature range—higher than 125 or 130 °C. The further decrease in the heat
source temperature compelled the system to turn to other control strategies—generally,
the CVS mode—to guarantee the safe operation of the ORC system.
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3. Inaddition to the CPL mode, the CEP mode can also provide relatively stable output
power of the ORC system at various heat source temperatures, while the CVT and
CVS modes exhibited significant variation of the output power. The CMFR mode is
the simplest control strategy and showed a moderate change of the output power
with heat source temperature.

4. The variation of the thermal efficiency is limited when the heat source temperature is
higher than 125 °C, except for with the CVT mode. Considering the high performance
and stable operation of the ORC system, it is necessary to have different operation
modes combined in the control strategy according to the specific working scenarios.
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Nomenclature
a chevron angle, (rad) w specific power, (kJ/kg)
Bo the boiling number Greek letters
b corrugation pitch,(m) o« heat transfer coefficient
c specific heat, (J/kg-K) n efficiency
d thickness, (m) p density, (kg/ m?)
de hydraulic diameter, (m)
h specific enthalpy, (J/kg-K) Subscripts
L length, (m) d the end-of-expansion state
m mass flow rate, (kg/h) d design
N notating speed, (rev/min) e evaporation
Nu  the Nusselt number ex exhaust
P pressure, (kPa) exp expander
Pr the Prandtl number f fluid
Pd  back pressure, (kPa) g gas
Q heat power, (kW) i inside
Re the Reynolds number in inlet
s specific entropy, (J/kg-K) 1 Liquid phase
T temperature, (°C) 0 outside
t time, (s) ) pump
u specific internal energy, (J/kg-K)  tp two-phase
\Y% volume, (m?) s isentropic process
\% specific volume, (m3/kg) \% vapor phase
\%\Y power, (kW) w wall
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