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Featured Application: A control strategy for an ORC is designed and a transient simulation is
performed together with an ICE. The method can be used to develop the coordination control of
ICE-ORC combined system.

Abstract: Currently, internal combustion engines (ICEs) are still the main power for transportation.
Energy conservation and emission reduction for ICEs have become the driving force of the industrial
R&D in recent years. Organic Rankine cycle (ORC) is a feasible technology to recover the waste heat
of an ICE so that the energy efficiency can be enhanced apparently. However, there are still many
obstacles needed to be overcome for the application of an ORC together with an ICE. When a vehicle
is driving, the operation conditions of the ICE vary in a large range. The operation of the ORC needs
to be regulated accordingly to achieve maximum efficiency. In this study, the operation characteristics
of an ICE-ORC combined system is investigated and the transient performance is analyzed. First,
an integrated simulation model of the ICE and the ORC was built in GT-POWER software. A 5 kW
single-screw expander was employed for the ORC system. The working characteristics of the ORC
system were evaluated under various working conditions of the ICE. The matching principles of
the ORC with the ICE were discussed and the optimal operation conditions of the ORC over the
entire engine’s working range were obtained. Subsequently, a feedforward control strategy for the
ORC system was designed in MATLAB/SIMULINK. Finally, the entire model was simulated under a
transient driving cycle of a vehicle. The results indicate that the pump speed and the expander speed
are two important parameters and must be adjusted according to the engine’s working condition.
The speed of the single-screw expander maintains in the low-speed region and the pump speed is
tuned to achieve a high evaporation pressure and a proper superheat degree of the working fluid at
the inlet of the expander. Thus, the net power output can be maximized. The designed feedforward
control strategy can adjust the working condition of the ORC automatically to match with the working
condition of the ICE. The ORC operates intermittently and an impulse power is output under the
urban driving conditions. However, the working time of the ORC is increased significantly and the
power output is relatively higher under the highway conditions.

Keywords: organic Rankine cycle; internal combustion engine; exhaust heat recovery; single-screw
expander; performance match; transient simulation
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1. Introduction

Currently, internal combustion engines (ICEs) are still the main power for transportation. Energy
conservation and emission reduction are two critical tasks for the ICE industry all over the world.
Organic Rankine cycle (ORC) is a feasible technology to recover the waste heat of an ICE so that
the energy efficiency can be enhanced apparently. Compared with other technologies such as
improvements of the combustion and friction, the utilization of waste heat has a greater potential for
energy conservation and emission reduction. ORC technology is a method that can generate power
from a low-temperature heat source such as the waste heat of the exhaust and the coolant of an ICE.
For exhaust heat recovery, the working fluid of the ORC absorbs heat from the exhaust and outputs
power via an expander. Hence, the total power output and the energy efficiency of the ICE-ORC system
are increased [1]. The emissions of the ICE also decrease due to a reduction of the fuel consumption [2].
There are various waste heat recovery technologies such as the thermoelectric generator, steam Rankine
cycle, and Kalina cycle. However, ORC technology has a high thermal efficiency and good security,
which has drawn extensive attentions in recent years [3].

There are many parameters that will influence the performance of an ORC [4,5]. The selection
of the organic working fluid is very important [6,7]. Shu et al. selected an alkane as the working
fluid and compared the performance indicators including the thermal efficiency, the work output,
and the expander size parameters. The results showed that the performances of cycloalkanes such
as cyclohexane were relatively superior. However, the condensing pressure of the alkanes was low.
Thus, it was difficult to realize subcooling in an actual working system [8]. Zhu et al. compared the
performances of an ORC using R113, R123, R245fa, ethanol, and water. It was concluded that ethanol
and R113 had better performances. However, R113 and R123 belonged to CFCs (chlorofluorocarbon),
which violated the requirements for green energy and environmental protection. Ethanol and R245fa
were more suitable [9]. Dai et al. analyzed the optimal performances of different working fluids for
various power cycles using the same waste heat. The results indicated that the ORC was superior
to the steam cycle and the converting efficiency from low-grade waste heat to useful energy was
higher [10]. Wang et al. analyzed the performances of different working fluids in specific operation
regions by using the thermodynamic model built by MATLAB and REFPROP. The results showed
that the thermodynamic performances of R11, R141b, R113, and R123 were slightly higher than those
of the others. However, R245fa and R245ca were environmentally-friendly fluids and more suitable
for the waste heat recovery of engines [11]. Zhang et al. compared the economic performances of an
ORC using R123 and R245fa as working fluids and the influences of the operation parameters were
evaluated [12].

Although there are many investigations devoted to the ORC system for waste heat recovery of ICE,
this technology still faces huge difficulty for practical application. Peris et al. analyzed six different
architectures of ORC using ten non-flammable working fluids for waste heat recovery of jacket cooling
water and the double regenerative ORC using SES36 achieved the maximum net efficiency of 7.15 [13].
Seyedkavoosi et al. designed a two-parallel-step ORC configuration to recover waste heat from the
engine coolant and the exhaust gas simultaneously [14]. Wang et al. proposed a dual-loop ORC system
to recover the exhaust and coolant waste heat that could improve the fuel efficiency evidently [15].
Tian et al. evaluated the performance of different ORCs with various working fluids [16]. Sprouse and
Depcik [17] and Shi et al. [18] summarized the recent investigations on engine waste heat recovery and
Karvonen et al. [19] reviewed the relevant patents. Zhao et al. developed a simulation model for a
diesel engine with an ORC system in GT-POWER. The steady simulation results indicated that the
power output was increased by 4.13 kW and the fuel consumption was reduced by 3.61 g/kWh [20].
Zhang et al. built an ICE-ORC integrated model and a particle swarm optimization method was used
to optimize the ORC system [21]. Vincent et al. evaluated the transient performance of a Rankine cycle
system for waste heat recovery of a heavy-duty truck and compared it to the steady-state results [22].

The operation parameters of an ORC system have a great influence on the performance. Therefore,
a proper configuration of these parameters is important for the performance improvement and cost
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reduction. Park et al. designed a speed estimation algorithm for a turbine-generator that utilized a
digital phase-locked loop and a state observer to detect the positive-sequence voltages [23]. Some
investigations were committed to the parameter optimization of the key components for an ORC
system [24]. Roy et al. carried out an optimization of the turbine inlet pressure to maximize the output
work and the efficiency of the system along the saturated vapor line and the isobaric superheating
under different pressures [25]. Yu et al. evaluated the influence of the evaporating pressure and the
engine operation conditions on the system performance [26]. Wang et al. used a NSGA-II algorithm to
optimize the exergy efficiency and the overall capital cost using the turbine inlet pressure, the turbine
inlet temperature, the pinch temperature difference, the approach temperature difference, and the
condenser temperature difference as the decision variables [27]. Yang et al. studied the influences of six
working parameters on the thermo-economic performance of a double-loop ORC system. The results
indicated that the thermal efficiency of the double-loop ORC system was in the range of 8.97-10.19%
across the whole operating range of the engine [28]. Boyaghchi and Sohbatloo used the NSGA-II
optimization algorithm and three objective functions with regard to the thermodynamic, economic,
and environmental impact performances were selected to optimize the ORC system [29]. Zhang et al.
conducted a performance comparison and a parameter optimization for a subcritical ORC and a
transcritical power cycle for low-temperature geothermal power generation based on the levelized
cost. Although the thermal efficiency and the exergy efficiency of the transcritical cycle with R125
were less than those of the ORC with R123 by 46.4% and 20%, respectively, the overall recovery rate
of the transcritical cycle was 20.7% higher than that of the subcritical cycle [30]. The influences of
the evaporation and condensation temperatures and the superheat degree of the high-temperature
loop on the performance of a dual-loop ORC system for engine waste heat recovery were studied by
Ge et al. [31].

When a vehicle is driving, the operation conditions of the ICE vary in a large range. For the ORC
operating together with an ICE, the control strategy and the transient performance of the ORC system
are very important. Lee et al. studied the transient response of a 50 kW ORC system when the mass
flow rate of the cooling medium varied in the condenser [32]. Xie et al. established a Rankine cycle
model and discussed the operating performance under an actual driving cycle. The results indicated
that the road efficiency of the Rankine cycle was as low as 3.63%, less than half of the rated power
point whose efficiency was 7.77% [33]. Jin et al. built a dynamic response model with regard to the
mass flow in the condenser under transient working conditions and four different control strategies
were compared [34]. Li et al. designed a CO; transcritical power cycle and the results indicated that
the pump speed, the exhaust temperature, and the cooling water temperature had great impacts on
the net power output and the thermal efficiency of the system [35]. Shu et al. compared 14 different
working fluids and found that they had different dynamic characteristics [36]. Andwari et al. designed
an ORC for exhaust heat recovery of a hybrid powertrain and three different driving cycles (FTP-75,
EUDC, and US06) were used to evaluate the extent of fuel reduction [37].

The operation characteristics of the expander has a great influence on the performance of an ORC
system [38]. Li et al. designed a predicted method for the efficiency of a radial-inflow turbine and
compared with a constant turbine efficiency method. The results indicated the system performances
of these two different methods were different evidently [39]. Although several investigations were
performed with regard to the dynamic performance of an ORC operating together with an ICE, most
of them employed a scroll expander or a turbine. The single-screw expander is a positive displacement
expander, which has a compact volume and a good force balance, leading to low noise and a small
vibration during the working process. In this study, the dynamic performance of an ORC using a
single-screw expander for exhaust heat recovery is optimized based on the working conditions of
the ICE and the transient operation characteristics of the ICE-ORC combined system is investigated.
First, a combined simulation model consisting of the ICE and the ORC with a single-screw expander
is set up in GT-POWER and the operation characteristics of the ORC system under the rated power
condition of the ICE is studied. The optimal operation conditions of the ORC system are obtained
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according to the working conditions of the ICE. Then, a control strategy of the ORC system based on a
feedforward method is designed in MATLAB. The dynamic operation performance of the ICE-ORC
system is simulated under a transient driving cycle. The results indicate that the designed control
strategy can operate properly and the efficiency of the entire system can be increased under some
driving conditions. The transient performance under the highway conditions is better than that of
the urban driving conditions. The results can provide a reference for the practical application of ORC
system for waste heat recovery of ICE on vehicles.

2. Simulation Model of ICE-ORC System

2.1. ICE Modeling

A four-cylinder turbocharged diesel engine was selected for this study. The engine type was
BJ493ZLQ3, which was manufactured by Beijing Foton Co., Ltd. (Beijing, China). The main technical
parameters are listed in Table 1.

Table 1. The main technical parameters of the BJ493ZLQ3 engine.

Parameter Value Unit
Displacement 2.771 L
Rated power 85 kW
Max. torque 280 N'm

Bore 93 mm
Stroke 102 mm
Compression ratio 17.4 -

The engine was modeled by a zero-dimensional model in the software GT-POWER. Normally,
three-dimensional simulation can give the detailed turbulent flow and combustion process inside
the cylinder [40]. However, it will take a long time to run the simulation. In this study, only the
transient variations of the temperature and the mass flow rate of the exhaust gas were considered
and zero-dimensional simulation was enough. Therefore, GT-POWER was used to model the diesel
engine. Figure 1 shows the engine model in GT-POWER, mainly consisting of the intake system, the
four cylinders, the crankshaft, the exhaust system, and the turbocharger. The complicated working
processes inside the cylinder could be represented as a function of the mass of the working fluid,
the in-cylinder pressure and temperature. In this model, the Weibo function was used to determine
the heat release rate and the working processes for the four strokes were expressed by ordinary
differential equations with regard to the crank rotation angle. Some assumptions were assumed and
listed as follows:

(1) The thermodynamic properties of the working fluid such as the internal energy and the specific
heat capacity are functions of the temperature and the components.

(2) The fluctuations of the pressure and temperature inside the intake system are neglected.

(3) The thermodynamic state inside the cylinder is considered homogeneous and the influence of the
residual combusted gas inside the cylinder is ignored.

The compressor and the turbine should operate in the regions with high efficiencies to ensure a
good match of the turbocharger with the engine. The operation trajectories of the compressor and the
turbine are shown in Figure 2 under the full-load conditions. Most of the operation points are in the
high-efficiency regions.



Appl. Sci. 2019, 9, 1639 50f 18

turbine

exhaust
em—————

e = |
turbine-1 3 envniet-2

intunner-4

air
B = I—
env-iniet-1 compinl Shaft-1

compressor transmission shaft

Figure 1. The internal combustion engines (ICE) model built in GT-POWER.
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Figure 2. Operation trajectories of the turbocharger with the engine: (a) The compressor and (b)
the turbine.

The simulated data were validated by the measured data under the full-load conditions.
The detailed descriptions can be found in Liu et al. [41]. At the rated power point, the simulated engine
power was slightly greater than the measured one. The differences between the simulated results and
the measured results for the engine power, the torque, and the fuel consumption were less than 7.8%,
indicating that the accuracy of the built engine model could fulfil the requirement. The simulated
engine power increased as the engine speed rose under the full-load conditions. The engine torque
first increased and then decreased while the fuel consumption rate showed an opposite trend.

2.2. ORC Modeling

An ORC with a simple architecture was used in this study shown as Figure 3. The system was
mainly composed of a pump, an evaporator, an expander, a condenser, a reservoir, and the connecting
pipes. R245fa was selected as the working fluid and its thermodynamic properties were obtained by
the database of Refprop, which was embedded in the GT-POWER.
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Figure 3. Schematic of the organic Rankine cycle (ORC) system.

2.2.1. Evaporator

The waste heat of the exhaust gas was transferred to the working fluid inside the evaporator.
A shell-and-tube heat exchanger was employed in this study. The main parameters are listed in Table 2.
The heat transfer process inside the evaporator can be divided into three zones: The liquid zone,
the two-phase zone, and the gaseous zone. For the single-phase zone, the convective heat transfer of
the working fluid was determined by the Dittus-Boelter equation:

h= 0.023Re°'8Pr0'4(%) 1)

where & is the convective heat transfer coefficient (W/m?K), Re is the Reynolds number, Pr is the
Prandtl number, K is the thermal conductivity (W/m-K), and D is the characteristic length.

Table 2. The main parameters of the evaporator.

Parameter Value Unit
Tube length 850 mm
Tube diameter 12 mm
Tube number 90 mm
Shell diameter 150 mm
Path number 1 —

For the two-phase zone, Shah-Thome equation was used to calculate the convective heat
transfer coefficient:

Nu; = 0.023Re,*5Pr,** ©)
3.8x076(1 — x) 204/ k
_ _x)08 x
h = Nu(1-x) ( b, 038 (D) (3)
P
Py =— 4
rd P, 4)

where x is the quality of the two-phase working fluid, P is the operation pressure, and P, is the
critical pressure.

2.2.2. Condenser

The low-pressure gaseous working fluid was transformed into a liquid state inside the condenser.
A plate condenser was employed in this study and the main parameters are listed in Table 3.
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The model of the condenser was similar with the evaporator. For the single-phase zone,
Dittus-Boelter equation was used. For the two-phase zone, Yan-Lin equation was used to determine
the convective heat transfer coefficient:

- 1,926Boeq_0'3Reeq0'5PVll/3(1 -x+ Pz/Pg)(%) ®
pV(1-x+x/pi/pg)D
- ©)
t
q
Bo_ 1 @)
(1o~ h)

where p; is the saturated liquid density, p, is the saturated gaseous density, g is the heat flow density,
hy is the enthalpy of the saturated gas, and /i is the enthalpy of the working fluid.

Table 3. The main parameters of the condenser.

Parameter Value Unit
Plate length 300 mm
Plate width 200 mm

Channel height 3 mm
Channel number 45 —

2.2.3. Expander and Pump

The single-screw expander in Zhang et al. [42] was employed for the ORC in this study.
The maximum evaporation pressure was set to 1.4 MPa. The expander model in GT-POWER
was set up by inputting the measured performance data of the single-screw expander including the
expander speed, the mass flow rate, the efficiency, and the temperatures and the pressures at the inlet
and outlet of the expander.

There are mainly two kinds of pumps for the ORC system: The centrifugal pump and the positive
displacement pump. The volume flow rate of the positive displacement pump is proportional to
the pump speed. The efficiency of the pump can be in a high level under all the speeds. Therefore,
a positive displacement pump was employed in this study. When the engine operates at the rated
power point, the maximum mass flow rate of the working fluid was approximately 300 g/s with an
evaporation pressure of 1.4 MPa. Therefore, the operation range of the pump was set as 70-350 g/s with
a speed range of 13002500 r/min. The corresponding efficiency was between 30% and 80%. Finally,
a reservoir with a volume of 4 L was inserted and all the components were connected in series.

2.3. ICE-ORC Combined System

To evaluate the operation characteristics of the ICE-ORC combined system, the ICE model and
the ORC model were integrated in the GT-POWER, shown as Figure 4. The exhaust gas from the
ICE model was transmitted to the ORC model as the heat source. The module “FlowCircuitSplitter”
was inserted to the flow path of the exhaust gas. In the module, the temperature and pressure of the
exhaust gas were input to the ORC model directly while the mass flow rate of the exhaust gas was
determined by a proportional-integral-derivative (PID) block. The parameters of the PID block were
adjusted to ensure a good consistency of the mass flow rate between the ICE and the ORC models.

3. Operating Characteristics of the ICE-ORC System

3.1. Performance Under the Rated Power Condition

The performance of the ORC system when the engine operates under the rate power condition
was investigated. The influences of the working parameters of the ORC system were evaluated and
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the optimal parameters were obtained. The results for the engine performance under the rated power
are given in Table 4.

Table 4. The engine performance under the rated power condition.

Parameter Value Unit
Engine speed 3600 r/min
Power 83.0 kW
Torque 220.2 N-m
Fuel consumption 260.2 g/kW-h
Thermal efficiency 322 Y%
Exhaust mass flow 185.6 g/s
Exhaust temperature 757 K
Heat addition 75.6 kW

Based on the established ICE-ORC model, the simulated performances of the ORC system as a
function of the pump speed and the expander speed when the ICE operates under the rated power
condition are shown in Figure 5. The results for the net power output are shown in Figure 5a, which
increased significantly as the expander speed decreased. The influence of the pump speed was
relatively small. When the expander speed was high, the net power reduced as the pump speed
rose. When the expander speed was low, an opposite tendency was observed. From the measured
performance characteristics of the single-screw expander in Zhang et al. [42], the efficiency of the
expander increased as the mass flow rate rose under a low expander speed. However, the efficiency of
the expander decreased with the mass flow rate when the expander speed was high. Therefore, the net
power output showed a similar trend.

The maximum net power reached 3.08 kW with an expander speed of 1350 r/min and a pump
speed of 2350 r/min. The evaporation pressure will increase as the expander speed reduces, which is
beneficial for the improvement of the net power output. However, if the expander speed is too small,
the efficiency of the expander will decrease, resulting in a low net power output again. The efficiency
of the expander reaches a high level with an expander speed in the range of 1300-1500 r/min [42].
Therefore, a maximum net power output is achieved with an expander speed slightly higher than
900 r/min. The results for the thermal efficiency of the ORC are shown in Figure 5b. The surface of the
thermal efficiency exhibited a similar tendency with that of the net power output because the heat
transfer quantities inside the evaporator were very close for different operation conditions defined
by the pump speed and the expander speed. For the designed ORC system, the maximum thermal
efficiency reached 4.5% accordingly.

The influences of the working parameters on the system performance were analyzed further and
the results are shown in Figure 6. The net power as a function of the evaporation pressure and the mass
flow rate of R245fa is displayed in Figure 6a. The net power increases apparently as the evaporation
pressure increases because the enthalpy difference between the inlet and outlet of the expander is
increased. The pump speed and the expander speed are two important working parameters that will
influence the evaporation pressure. In this study, the pump speed was used to control the mass flow
rate and the expander speed was used to control the evaporation pressure. When the pump speed
keeps constant, the evaporation pressure will increase as the expander speed decreases. Therefore,
a maximum net power was achieved under a low expander speed as shown in Figure 5a. Results for
the outlet temperature of the evaporator are shown in Figure 6b. The corresponding outcomes for the
superheat degree of the working fluid at the outlet of the evaporator are shown in Figure 6¢c. The outlet
temperature decreased evidently as the mass flow rate increased. If the mass flow rate was small,
the specific enthalpy difference between the inlet and outlet of the evaporator enlarged, leading to a
high outlet temperature. The superheat degree would increase accordingly. Meanwhile, the waste heat
of the exhaust gas could not be utilized fully. On the other hand, the evaporation pressure shows a
negative correlation with the outlet temperature for a fixed mass flow rate. The evaporation pressure
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must be enhanced to a high level until the superheat degree decreases to a value slightly higher than 0
because the influence of the evaporation pressure was more significant than the outlet temperature of

the evaporator on the improvement of the net power output.
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Figure 4. The ICE-ORC combined model in GT-POWER integrated with the control strategy designed
in MATLAB/Simulink.
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Figure 5. Results of the ORC system when the engine operates under the rated power condition: (a) The
net power output and (b) the thermal efficiency.
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Figure 6. Influences of the mass flow rate and the evaporation pressure on the ORC system performance:
(a) The net power output, (b) the temperature at the outlet of the evaporator, and (c) the superheat degree.

When the engine operated under the rated power point, the evaluated optimal mass flow rate was
approximately 300 g/s. In Figure 6a, a high value for the net power output was obtained with a mass
flow rate in the range of 280-320 g/s. If the mass flow rate was too small, the evaporation pressure
would decrease. If the mass flow rate was too large, the superheat degree would drop, which had a
negative influence on the net power.
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3.2. Influence of the Expander Efficiency

In the previous analysis, the measured data for the expander efficiency in Zhang et al. [42] were
used. The maximum expander efficiency was only 45%. If the mechanical design and manufacturing
of the single-screw expander were improved, a maximum efficiency of 60% could be realized, close to
what a positive displacement expander normally could achieve [43]. According to the measured data
in [42], the expander efficiency can be plotted as a surface with regard to the mass flow rate and the
pressure ratio. In this section, this surface for the expander efficiency was assumed to be improved by
a geometric translation so that the maximum expander efficiency equals 60%. Then, the influence of
the expander efficiency on the ORC system was investigated.

Figure 7 shows a comparison of the net power and the thermal efficiency between the original
and improved data of the expander efficiency. If the expander efficiency was improved, the variation
tendencies for the net power output and the thermal efficiency were similar with those using the
original low expander efficiency. However, the net power was increased by 0.6-0.7 kW for each
operation point (19.68-53.66% compared with the original data). Accordingly, the thermal efficiency
was improved by 25.53-51.6%. The improvement was more significant in the region with a low net
power output. Therefore, keeping the expander efficiency in a high level could improve the system
performance apparently. The following analysis will employ the improved data of the expander
efficiency to evaluate the energy efficiency of the ICE-ORC combined system.
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Figure 7. Influence of the expander efficiency: (a) The net power and (b) the thermal efficiency.

3.3. Operation Characteristics Under Various Conditions

The high temperature exhaust gas was delivered to the ORC as the heat source. The temperature
and mass flow rate of the exhaust gas varied with the engine speed and the engine load. Therefore,
the operation characteristics of the ICE had a great influence on the performance of the ORC. Normally,
a vehicular ICE would operate under various conditions such as high-speed or high-load conditions
during a journey. It is necessary to investigate the performance of the ORC when the ICE operates over
a wide range.

First, the waste energy of the exhaust gas over the entire engine’s operation range was analyzed.
The mass flow rate of the exhaust gas increased as the engine speed rose. The simulated mass flow rate
ranged from 35.94 g/s to 185.59 g/s. The exhaust temperature increased as the engine load rose. When
the engine speed was fixed, the engine load was essentially proportional to the injected fuel amount.
A higher engine load resulted in a higher exhaust temperature because the compression ratio of the
engine was constant, leading to a larger amount of waste energy. The simulated exhaust temperature
was in the range of 599-972 K. In this study, the minimum exhaust temperature at the outlet of the
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evaporator was fixed as 350 K. Accordingly, the maximum waste energy for each operation point of the
engine was determined according to the mass flow rate of the exhaust and the temperature decrease
through the evaporator. The obtained exhaust energy was approximately proportional to the power
output of the engine, increasing as the engine speed or the engine load increased. The maximum
exhaust energy reached 75.55 kW under the rated power condition of the engine.

Different engine operation points based on the engine speed and the engine torque were selected
over the entire engine’s operation range. The ICE-ORC model was simulated under each operation
point and the results were analyzed. Figure 8 shows the results for the performance of the ORC under
a constant engine load while the engine speed increased gradually. The engine load was fixed at 100%
while the engine speed was set to 1600, 2600, and 3600 r/min, respectively. The variation tendencies
of the net power as a function of the pump speed and the expander speed under different engine
speeds were similar. However, the optimal operation point of the ORC with a maximum net power
output varied with the engine speed. The optimal pump speed increased apparently as the engine
speed rose. The results for the net power of the ORC under different engine loads with an engine
speed of 3600 r/min are shown in Figure 9. The optimal pump speed increased as the engine load
rose. Because the exhaust energy increased as the engine load increased, the mass flow rate must

be increased accordingly to utilize the waste energy comprehensively, resulting in an increase of the
optimal pump speed.
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Figure 8. Results for the net power of the ORC under various engine speeds with a 100% load.
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3600 r/min.

The optimal operation point of the ORC under various operation conditions of the engine were
determined by the ICE-ORC model and the results are shown in Figure 10. Figure 10a shows the results
for the optimal pump speed. The optimal pump speed reached a peak of 2350 r/min. Meanwhile, the
engine operated at the rated power point. The optimal pump speed decreased as the engine power
dropped. When the exhaust energy declined to 16-17 kW, the pump speed reduced to a minimum to
keep the superheat degree of the working fluid at the outlet of the evaporation greater than 0. In the
lower-left region of Figure 10a, the exhaust energy was too small to drive the ORC system. Hence,
there existed a boundary line, below which the ORC system must stop.
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Figure 10. Results for the optimal operation point of the ORC under various engine operation conditions:

(a) The pump speed and (b) the expander speed.
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The results for the optimal expander speed are shown in Figure 10b. The performance data of the
single-screw expander was measured with an expander speed greater than 900 r/min. The optimal
expander speed approximated to the minimum in most of the regions. Only when the engine power
was close to the rated power point, the expander speed increased apparently. In practice, when the
engine operation condition changes, the working speeds of the pump and the expander must be
controlled based on the optimal results shown in Figure 10 so that a maximum net power of the ORC
is achieved.

4. Transient Simulation of the ICE-ORC System

The performances of the ORC under various operation conditions of the engine were analyzed
and the optimal operation conditions of the ORC with regard to the engine speed and the engine
torque were obtained. When a vehicle is running on the road, most of the operation conditions of the
engine are transient. Therefore, it is important to investigate the operation characteristics of the ORC
system when the engine operates under practical transient conditions.

The pump speed and the expander speed were controlled during the transient working process to
get a high net power output. Based on the results of Figure 10, a feedforward control method was used
to determine these two speeds according to the engine speed and the engine torque. The model for
the ICE-ORC combined system and the control strategy were integrated in GT-POWER together with
MATLAB as shown in Figure 4. The ICE-ORC model was built in GT-POWER and the control strategy
was designed in MATLAB/Simulink. The interface block “SimulinkHarness” was used to connect the
signals between these two different programs.

In this study, the ECE-EUDC driving cycle was selected as a case study for the transient operation
conditions of the engine. The corresponding vehicle speed is shown in Figure 11a. The ECE test
simulated the driving conditions in urban areas while the EUDC test was used for the highway
conditions. First, a truck model was built in the software Advisor. Then, the ECE-EUDC driving
cycle was used as an input and the required engine speed and torque were determined shown as
Figure 11b,c. Subsequently, the engine speed and torque data were input to the control strategy in
MATLAB. In the designed control strategy, the injected fuel amount was controlled according to the
required engine torque. A feedback PID controller was employed to ensure the actual engine torque
output could follow the target one. The actual torque output was measured by a torque sensor in
GT-POWER. Then, the PID controller calculated the difference between the required and measured
torques and the injected fuel amount was regulated accordingly.

The working parameters of the ICE such as the speed, the torque output, the temperature and mass
flow rate of the exhaust gas were measured by the sensors in GT-POWER and then were transmitted to
the control strategy in MATLAB/Simulink via the interface. In the Simulink model, the control strategy
calculated the optimal speeds of the pump and the expander according to the engine speed and the
engine torque by looking up two 2D tables. Then, the manipulated variables such as the injected
fuel amount, the pump speed, and the expander speed were output from the Simulink model to the
actuators in the GT-POWER model via the interface.

The vehicle speed underwent a quick acceleration and deceleration frequently under the urban
driving conditions. Therefore, the transmission needs to shift frequently. Accordingly, both the
engine speed and the engine torque showed great fluctuation during the shifting process shown as
Figure 11b,c. The exhaust energy may be not high enough to start the ORC system according to the
results in Figure 9 because both the engine speed and the engine torque were small. Thus, the power
output of the expander of the ORC showed a series of spikes ranging from 2.8 kW to 5.5 kW shown
as Figure 11d. This pulsing operation was not helpful for the durability of the ORC system. When
the vehicle was running on the highway conditions, the vehicle speed was increased greatly and the
exhaust energy was large. Therefore, the ORC system can operate for most of the time except during
the braking processes where the engine is normally shut off. The power output of the expander was in
the range from 0.8 kW to 6 kW. The results indicated that the ORC system had a better performance
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under the highway driving conditions than that of the urban conditions. A high efficiency of the ORC
was achieved only in the region where the engine power was high because the design point of the
ORC system was based on the rated power point of the engine.

100 3000 5
] [
80 2500 ] i f
= g | | | I
E £ | | |
£ 60 = 2000 1 ‘ g
=] o
3 2 |
- 2 |
ﬁ 401 2 1500 t l ; ‘ ‘
2 RIS S -
0 T
20 1000 ‘ 1 ‘ 1 \ Y i 5 ‘
n “ “ n 1 (I 1N |
0 T T T T T 500 T T T T T 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time(s) Time(s)
(a) (b)
300 7-
250 o5 ‘
- |
—_~ 0
200 B ‘
- | &
g J ‘ ‘ 3 44
5 = \
% 150 | ‘ ‘ 2 { 1
g [ | ‘ | | 5 3 | ‘
] ; z
[ =]
& 100 J ‘ = | I‘ \ [ |
2 ’ J \ H
50 L1 ] [ H | \ ' ‘ ‘ A J‘h\ {
) 11 | ‘ x
I | &
H H i H | ‘ 1. ‘ JL | “ i 1
0 r — T T T ) 0 e — ey I 1
0 200 100 600 800 1000 1200 0 200 400 600 800 1000 1200
Time(s) Time(s)
() (d)

Figure 11. Results for the transient simulation of the ICE-ORC combined system: (a) The vehicle speed,
(b) the engine speed, (c) the engine torque, and (d) the expander power output.

5. Conclusions

In this study, the model of an ICE-ORC system was built in the software GT-POWER. Then,
the optimal operation conditions of the ORC system were determined based on various engine
conditions. The control strategy of the ORC system was designed using a feedforward method in
MATLAB/Simulink. Finally, the operation performance of the ICE-ORC combined system was analyzed
under a transient driving cycle. The main conclusions are summarized as follows:

(1) The influence of the expander inlet pressure on the net power output and the thermal efficiency of
the ORC system was greater than the expander inlet temperature when the engine was operating
on a fixed condition. Therefore, the mass flow rate of the working fluid should be adjusted to
improve the evaporation pressure as high as possible while maintaining the working fluid slightly
superheat at the inlet of the expander. The expander efficiency also had a great influence on the
performance of the ORC. The measured efficiency of the prototype single-screw expander was
relatively small. If its efficiency is improved to a level that industrial products can achieve, the net
power output and the thermal efficiency of the ORC can be increased by more than 20%.

(2) There exists an optimal operation condition of the ORC system defined by the pump speed
and the expander speed corresponding to each operation point of the engine. For the ICE-ORC
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combined system, this pattern can be programed as a feedforward control method to coordinate
the operation of the ORC with the engine under transient operation conditions. When the
engine operates under the ECE-EUDC driving cycle, the designed control strategy can adjust
the operation point of the ORC system accordingly. The exhaust energy must be greater than a
minimum value to ensure the ORC system operating properly. The ORC system operates in a
pulsating way when the vehicle is running under the urban conditions because of a frequent start
and stop and a low exhaust energy. However, the designed ORC system can operate for most
of the time during the high-way conditions except during the braking process. The net power
output of the expander essentially follows the power output of the engine.
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