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Abstract: This study presents an ORC-HP combined system driven by diesel engine exhaust. This paper focuses
on the feasibility and performance of the combined system under heating mode to heat a coach. The performances
of the combined system with different parameters, including condensation temperature and evaporation pressure
in ORC system, gas cooler outlet pressure, gas cooler outlet temperature and evaporation temperature in HP
system, have been analyzed. The results show that the combined system can fully meet the demand of heat
production. The optimal flow division ratio (r,) of 0.32 is selected by analyzing the system performance. Low
condensation temperature is beneficial to the combined system performance. There exists a suitable range of
evaporation temperature, gas cooler outlet pressure and gas cooler outlet temperature to achieve excellent
performance. The heating coefficient of performance (COPy) shows a first increasing and then decreasing trend
with gas cooler outlet pressure, namely there exists an optimal gas cooler outlet pressure that achieves the maxi-
mum COPj,. The maximum total efficiency, COP,, and heating capacity can reach up to 48.44%, 4.78 and 176.56
kW, respectively. These results show significant energy savings by applying the ORC-HP combined system.

Keywords: organic Rankine cycle, heat pump, combined system, total efficiency, COP,

1. Introduction

With global energy usage continuing to rise, many
research institutes and universities are demonstrating a
commitment to energy saving both domestically and
across the globe. For China, the number of car ownership
is more than 200 million by 2017. However, the effective
efficiency from internal combustion engine (ICE) is
approximately 25% to 45%, and the remaining energy is
wasted in cooling, exhaust, and mechanical losses. Thus,
improving the efficiency of ICE has become the hot
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research topics [1-3].

ORC technology is deemed to be a promising method
to convert low-grade waste heat into useful work in
engine waste heat recovery [4, 5]. Song et al. used ORC
system to recover the compressed natural gas engine. The
results showed that the thermal efficiency of 5% could be
acquired [6]. Yang et al. designed a dual loop ORC
system to take advantage of the diesel engine waste heat.
The results revealed that the largest net power output
could reach 27.85 kW under the rated condition [7-8].
Zhao et al. stated that a maximum net power output of
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Nomenclature

c the constant pressure specific heat
P capacity/kJ-kg~'-K-'

Ex exergy destruction rate/kW

ex specific exergy/kJ-kg~'

h enthalpy/kJ-kg~'

m mass flow rate/kg-s—'

P net power output/kW

p pressure/MPa

0 heat transfer rate/kW

Tp flow division ratio

s entropy/kJ-kg="-K-'

T temperature/K

w rate of work or power/kW

Greek letters

& effectiveness of recuperator

n efficiency

Subscript

0 dead (reference) state

1,2,2s... state point in ORC system

1’,2°,3... state point in HP system

L IL 100, TV state point inside temperature of the

coach

C CO,

comp compressor

con condenser

e power generation

ehe exterior heat exchanger
evap evaporator

exh exhaust

exp expander

f working fluid

h heating

ihe interior heat exchanger
mech mechanical

p pump

re recuperator

s isentropic process

sh shaft

t total

v expansion valve
Acronyms

CCHP combined cooling, heating and power
CHP combined heat and power
corp coefficient of performance
FEL following the electric load
FTL following the thermal load
HP heat pump

ICE internal combustion engine
ORC organic Rankine cycle

4.13 kW and the thermal efficiency increment of 0.66 %
were acquired [9]. Yu et al. presented an ORC-ICE
simulation model and the findings indicated that the
recovery efficiency of 9.2% could be obtained under the
rated condition [10]. Song et al. investigated an
optimized ORC system simulation model about marine
diesel engines, and the conclusions indicated that the
system was economically attractive [11,12].

Besides, working fluids have a significant effect on
the performances of the ORC system. Several working
fluids were selected in Refs. [13, 14] and used in waste
heat recovery. Tian et al. estimated multifarious working
fluids to recover the ICE exhaust heat in an ORC system.
The results presented the highest thermal efficiency of
R141b, R245fa and R152a ranging from 16.60% to
11.80%, and expressed the lowest electricity production
cost values ranging from 0.30 to 0.384 $/kWh [15]. Wang
et al. took different pure working fluids into
consideration to assess the performances of the ORC
system. The results indicated that R245fa was eco-friendly
working fluids for ORC to recover the exhaust gas waste
heat. [16]. Feng et al. analyzed the waste heat utilization

using R123, R245fa and their mixtures and found that
R245fa had a better net electricity output [17]. Hence,
R245fa is adopted as the working fluid of the ORC
system in this study.

Heating and cooling thermally driven by vapor
compression cycle had a promising future due to its high
coefficient of performance (COP) basing on the Ref. [18].
The performances of combined heat and power (CHP)
and combined cooling, heating and power (CCHP)
systems operating following the thermal load (FTL) and
following the electric load (FEL) were presented by
Mago et al. They revealed that both systems operating
FTL lessened the electricity consumption for all the
discussed cities [19]. Li et al. proposed a transcritical
CO, HP system driven by CO, Rankine cycle, and they
found that the whole system cooling COP and heating
COP can be above 0.3 and 0.9, respectively [20]. To
solve the influence of the ratio between electricity and
thermal energy output on the performances of CCHP
system, Fang et al. proposed a CCHP-ORC system,
which could adjust the ratio by altering the loads of ORC
and electric chiller, and the results showed that the
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performances of CCHP-ORC system were better than
conventional CCHP system [21]. Agrawal et al.
developed a CO, heat pump system using capillary tube
to act as an expansion valve for water cooling and
heating [22]. Antonijevic et al. tested a heat pump
supplemental heating system in vehicle at low tempera-
ture working conditions, and the performance, fuel
consumption and operational behavior were superior to
other heating solutions [23]. Wang et al. explored the
heating performances of prototype heat pump system for
automotive under low ambient temperature working
conditions, and the results showed that the system
performances had the potential for improvement [24,25].
And the same conclusions could be seen in Refs. [26,27]
where the heat pump was applied to the electric vehicles.
Therefore, CO, is employed as the working fluid of HP
system in this study.

Today, coaches are still in great use. The researches on
combined cooling, heating and power with the actual
operation conditions of diesel engine need to be further
explored. A detailed performance analysis is conducted
based on thermodynamic analysis and several indicators
such as total efficiency, heating capacity, net power
output and total exergy destruction is estimated. This
paper will provide a key guidance on the application of
an actual ORC-HP system that is suitable for engine
waste heat recovery.

2. ORC-HP Combined System Description

This paper proposes an ORC-HP combined system
(combined system), which is composed of an ORC
system and a transcritical CO, HP system. The purpose
of the combined system is to generate electricity and
adjust the inside temperature of the coach. Fig. 1 shows
the illustrative diagram of the combined system. The
expander of ORC system and compressor of the HP
system are connected by a drive shaft. The clutch in the
middle of the drive shaft can transfer or cut off the torque
transmission between the expander and compressor.

The ORC system with recuperator, which mainly
consists of an evaporator, a turbine expander, a condenser,
a reservoir, a pump and a recuperator used to enhance the
energy conversion efficiency effectively. The low-
pressure, saturated liquid R245fa (Fig. 1, state 1) is
pressurized by the pump (Fig. 1, state 2) and then is
preheated in the recuperator (Fig. 1, state 3). Subse-
quently, the R245fa absorbs heat from evaporator and
reaches its superheated and high-temperature state (Fig. 1,
state 4). The superheated R245fa vapor enters expander
to rotate the drive shaft, which further drives the
compressor and generator, simultaneously. R245fa vapor
expelled from expander (Fig. 1, state 5) is cooled in the

Study on the Performance of ORC-HP Combined System Powered by Diesel Engine Exhaust 1067

recuperator (Fig. 1, state 6) and then flows into the
condenser and reservoir. The corresponding 7-s diagram
of the ORC system is demonstrated in Fig. 2(a).

The HP system mainly includes a compressor, a four-
way reversing valve, an expansion valve, an interior heat
exchanger and an exterior heat exchanger. In the HP
system, the subcritical CO, (Fig. 1, state 1”) is compressed
to supercritical state (Fig. 1, state 2°) by compressor
which is powered by turbine of the ORC system.
Subsequently, CO, flows into heat exchanger through the
four-way reversing valve. The specific path of the CO,
flow depends on the operation mode of the HP system,
and the details are as follows. The corresponding 7-s
diagram of the HP system is demonstrated in Fig. 2(b).

2.1. Operation mode

The diesel engine exhaust is divided into two parts by
valve 2 under heating mode. The flow division ratio 7, is
defined as the ratio of the exhaust mass flow rate in HP
system to the diesel engine exhaust mass flow rate. One
part of exhaust (r,) is used to preheat the exterior heat
exchanger of the HP system. The exhaust temperature is
much higher than ambient temperature, thus the frosting
problem of exterior heat exchanger can be solved by this
way even at the extremely low ambient temperature. The
other part of exhaust (1—7,) is used as the heat source to
ORC system.

The exterior heat exchanger is used as an evaporator
to absorb exhaust heat under heating mode. CO, reaches
to high-temperature state (Fig. 1, state 6°) after heated by
exterior heat exchanger. Then CO, enters the compressor
through the four-way reversing valve from port B to port
C. Subsequently, supercritical CO, flows into the interior
heat exchanger to heat the coach through the four-way
reversing valve from port D to port A. CO, flows into the
exterior heat exchanger through the expansion valve, and
finally the whole heating mode is completed.

The temperature 77 and 7y (77 < Ty) are set in the
coach in advance, and the inside temperature of the coach
is monitored by temperature sensor. When the inside
temperature of the coach is lower than T}, the valve 3 is
opened, then the clutch is in a state of connection and the
interior heat exchanger of the HP system heats the coach.
When the inside temperature of the coach reaches Ty, the
clutch is cut off and the valve 3 is closed, then all the
exhaust is supplied to the ORC system through valve 2
and valve 1. When the temperature is lower than T, the
clutch is connected and the HP system will work again.
In this way, the intermittent work of the HP system
ensures that the inside temperature of the coach
fluctuates within a reasonable range.

The valve 3 closes completely under cooling mode,
and all of exhaust flows into the ORC system to generate
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Fig. 2 T-s diagram of the ORC system and HP system under heating mode

power. The compressor of the HP system is driven by
drive shaft or purely powered by electricity when the
expander cannot provide sufficient power. The other
difference with heating mode is the flow path of the CO,
through four-way reversing valve. The compressed CO,
flows into exterior heat exchanger to release heat through
four-way reversing valve from port D to port B. There is
an expansion valve between interior and exterior heat
exchanger. After the CO, cooled in exterior heat
exchanger flows through the expansion valve, it flows
into the interior heat exchanger to cool the coach. The
interior heat exchanger and inlet port of compressor are
connected by the four-way reversing valve from port A to
port C. In this way, the HP system can achieve the
refrigeration function, and the cycle recommences.

The temperature Ty and Ty (Ti< Tyy) are set in the
coach in advance. When the inside temperature of the
coach is higher than Ty, the HP system is under
operation state; when the inside temperature reaches 77,

the clutch is disconnected and the HP system stops
working.

When the vehicle temperature is higher than Tjy, the
HP system will work again. In this way, the intermittent
work of the HP system ensures that the inside temperature
of the coach changes within a reasonable range.

2.2. Parameters of diesel engine

The exhaust energy changes with the operation
conditions of the WPI10.336NCB diesel engine. A
six-cylinder in-line diesel engine is acted as the heat
source of the combined system. The amount of available
heat in the exhaust depends on the engine operation
conditions, which have an essential impact on the
operation performance of the ORC-HP combined system.
Accordingly, it is significant to research the characteris-
tics of the exhaust energy under different operation con-
ditions. The main characteristics of the WP10.336NCB
diesel engine are listed in Table 1.
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Table 1 WP10.336NCB diesel engine main characteristics

Item Parameters Unit
Rated power 280 kW
Maximum torque 1500 N-m
Displaced volume 9.726 L
Bore 126 mm
Rated speed 2200 r/min
Stroke 130 mm
Compression ratio 17:1 -

The exhaust temperature of the diesel engine under
various operating conditions is shown in Fig. 3(a). The
engine exhaust temperature increases with engine torque.
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The reason for this is that: when engine speed is constant,
the increase of the engine torque is depended on
increasing fuel injection which can increase the
temperature of mixture gas after combustion, so the
exhaust temperature increases. It can be calculated that
the maximum exhaust temperature is about 818.5 K.
Moreover, the maximum exhaust energy rate can reach
280 kW when engine exhaust temperature and speed are
818 K and 2200 r/min, respectively. The variation of
engine exhaust mass flow rate with the engine speed and
torque is shown in Fig. 3(b). As the engine speed and
torque increase, exhaust mass flow rate increases. When
the engine speed is 2200 r/min and the engine torque is
1215 N'm, the exhaust mass flow rate reaches a
maximum value of 0.48 kg/s.

Exhaust mass flow rate/kg-s™

(b)
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Fig. 3 Variation of the exhaust temperature, available exhaust energy rate (represented by the various red curves in kW) and exhaust

mass flow rate with the engine speed and torque

3. Thermodynamic Analysis of the ORC-HP
Combined System

The thermodynamic model for the combined system is
employed based on the first and second laws of
thermodynamics. Steady flow energy equations in view
of the energy balance and exergy balance for components
of the system are employed in each case. Some
assumptions under heating mode have been made for
ORC-HP combined system as follows:

(1) Heat transfer between the coach and ambient is
negligible;

(2) The compression process is adiabatic but non-
isentropic;

(3) The evaporation and vapor cooling processes are
isobaric;

(4) The pressure loss and heat rejection to the
environment of the recuperator are not considered. The
recuperator effectiveness of 80% is adopted [28];

(5) The power generation efficiency, expander
isentropic efficiency and pump isentropic efficiency are
set to 90%, 85% and 85%, respectively [29];

(6) Rated heating capacity is set to 15 kW [30].

The relative influence factors of ORC-HP combined
system are shown in Table 2.

Table 2 Range of variable parameters

Variable parameters Range Unit
Condensation temperature in ORC system (77)  303-323 K
Evaporation pressure in ORC system (ps) 1-3 MPa
Gas cooler outlet pressure in HP system (p4) 313 MPa
[31]

Gas cooler outlet temperature in HP system 303-323 K
(Tv)
Evaporation temperature in HP system (75') 273-287 K

The maximum available exhaust
ORC-HP combined system is given by:

energy rate for
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Qexh = CpMexh (Texh - Tmin) (1)
where mg,y, is the exhaust mass flow rate; T, is the
exhaust temperature at the points a and c in Fig. 1; Ty, is
exhaust temperature at the outlet of the evaporator
(points b and d). Considering the corrosion for metal heat
exchanger, the temperature of flue gas is scarcely
allowed to drop below the sulfur trioxide dew point
during heat exchange process [32]. Therefore, the
exhaust temperature at the outlet of evaporator is
specified as 388.15 K.

¢, s the constant pressure specific heat capacity of the
exhaust:

¢, =0.00025x T, +0.99 2

According to the energy conservation law, the heat
transfer rate of exhaust is equal to the heat absorption of
the working fluid:

Qevap = Qexh X (1 _rp) (3)
Q. is the total energy rate of the diesel engine
exhaust.

The heat transfer rate and exergy destruction rate of
the evaporator are determined as:

Qevap =ms (h4 - h3) (4)
hy—h

Exevap = TOmf |:(S4 _S3)_u:| (5)
Texh

The output work and exergy destruction rate of the
expander are determined as:

Weeo =my (hy —hs) (6)

exp

Exexp = my (ex4 —€Xs ) - VVexp (7)
Wy, is the shaft work of the ORC system and can be
described as:

I/Vsh = I/Vexp}’]mech}']sh (8)
where #mecn 1S the mechanical efficiency of the expander,
which is assumed to be 90%; 7, is the transmission
efficiency of the shaft, which is assumed to be 90% [33].

The heat transfer rate and exergy destruction rate of
the condenser are denoted as:

Qcon = my (hﬁ _hl) (9)
Excon - mf I:h6 _hl _T;) (Sé _Sl ):| (10)

The power consumed and exergy destruction rate of
the pump are calculated as:

E.xp :Tomf (S2—S1) (12)
The energy equation and the exergy destruction rate of
the recuperator are given:
hy —hy = hs = hg (13)
Ex,, = Tymg (83— 5, + 55 —S5) (14)
& 1s the regenerative efficiency of the recuperator,
which can be calculated as follow:
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g LT 15)
L-T,
For HP system, some equations are represented as
follows:

For compressor:

I/Vcomp = I/Vsh (16)
I/Vcomp =mc (h2' _hl') (17)
Excomp = VVcomp +me (exl' - ex2') (18)

The adiabatic efficiency of the compressor is
presented as [31]:

Neomp = 1:0003 012122 (19)
pr

For exterior heat exchanger:

Oche =mc(hg —hs) (20)
For expansion valve:

hy = hy @
Ex, =mc (exs —exy) (22)

For interior heat exchanger:
Oihe =Mmc (h4' - ha’) (23)

T
Exipe =mc (exy —exy )+ Oy (1 ‘FOJ (24)
h
where T is atmospheric temperature; 7}, is logarithmic
mean temperature difference of interior heat exchanger.
The total exergy destruction rate of ORC system is
written as:

EXORC = Exevap + Exexp

+ Ex, + Exgo + EX, (25)
The total exergy destruction rate of the HP system is
determined as:

Expp = Exeomp + ExXipe + Exgpe + Ex, (26)

The total exergy destruction rate of the ORC-HP
combined system is the sum of ORC system and HP
system:

Ex o101 = Exore + Exyp (27)

The performance of the ORC-HP combined system is
evaluated by heating coefficient of performance (COP},)
and total efficiency. The COP) is the ratio of heating
capacity in HP system to the power consumption of the
compressor in the HP system. It is calculated as:

COP, = e (28)
comp

The net power output generated by the combined
system is described as:

P:(chp _VVcom)Uc _Wp (29)

The total efficiency of the combined system is
presented as:

= —Qé £ (30)
exh

t
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4. Results and Discussion

By way of recovering diesel engine exhaust energy as
much as possible, it is needed to identify some boundary
conditions to explore the effect of different parameters on
the performance of the combined system.

The condensation temperature in ORC system is 313
K, evaporation pressure in ORC system is 3 MPa, gas
cooler outlet pressure in HP system is 10 MPa, gas cooler
outlet temperature in HP system is 313 K, evaporation
temperature in HP system is 283 K, ambient temperature
is 273 K and the degree of superheating of R245fa is 10
K. All the above conditions are defined as the reference
operation condition. The control variable method is used
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(a') T T T T T T T
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to analyze the impact of these parameters on the
combined system performance.

The variation of 7, has a great impact on net power
output of combined system, which can be drawn from
following figures. The HP system is purely driven by
drive shaft when r, is 0, and the maximum amount of
power available is 29.60 kW. The net power generated by
the combined system cannot meet the needs of required
heating capacity under the operation conditions when
exhaust temperature and engine speed are low.

The net power gradually decreases to 0 with
increasing r,. The critical value of the net power output
of the combined system can be obtained when 7, is 0.32.
Specially, the reason for the negative value in Fig. 4 is
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Fig. 4 The net power output of ORC-HP combined system with the engine speed and 7., under different 7,
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that the heating capacity of the HP system cannot meet
the value of rated heating capacity (15 kW). When r, is
equal to 0.08, 0.20 and 0.32, the net power output is
calculated by Eq. (29), and it decreases gradually with
the rise of 7, and decrease of engine speed.

Available power is the sum of net power output and
heating capacity in ORC and HP system. Fig. 5 illustrates
the maximum available power variation with the exhaust
temperature under different r,. The results show that
available power rises with the exhaust temperature.
Moreover, in general, when the exhaust temperature is
higher than 475 K, the higher #, is, the more available
power can be gained.

120

100 -

80 -

60 -

40

Available power/kW

20

400 500 600 700 800 900
Exhaust temperature/K

Fig. 5 The maximum available exhaust energy rate with 7o,
under different r,,

Fig. 6 shows the change of net power output and total
exergy destruction of the combined system. Net power
output of the combined system lessens obviously with
increasing condensation temperature of ORC. Compared
with the reference operation conditions, low condensation
temperature is conducive to improving the performance
of the combined system. In addition, the maximum net
power output increases by 3.0 kW on the basis of
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reference operation conditions. When the condensation
temperature rises to 323 K, the negative value of the net
power output can be obtained, which indicates that the
power consumption by compressor is more than the
power generated by expander under these operation
conditions. Additionally, the total exergy destruction of
the ORC-HP combined system increases with increasing
exhaust temperature and engine speed, such as shown in
Fig. 6(b). Moreover, condensation temperature has a
slight influence on the total exergy destruction.

Fig. 7(a) exhibits the exergy destruction variation in
ORC system with evaporation pressure. The exergy
destruction of evaporator and condenser decreases with
increasing evaporation pressure, and most of the exergy
destruction is in evaporator and condenser, whereas the
exergy destruction in pump is the lowest, which is close
to 0. When evaporation pressure rises from 1.0 MPa to
3.0 MPa, the exergy destruction in evaporator decreases
from 71.90 kW to 60.81 kW, and that of expander
increases from 2.65 kW to 4.20 kW. Therefore, the total
exergy destruction decreases from 94.11 kW to 83.70 kW
for ORC system. Moreover, Fig. 7(b) shows that the total
exergy destruction of the combined system decreases
slightly with increasing evaporation pressure. When
exhaust temperature and engine speed are 818 K and
2200 r/min, respectively, the total exergy destruction
decreases from 161.90 to 151.56 kW. It varies rapidly
with the exhaust temperature and engine speed. Similarly,
the higher the engine speed and exhaust temperature are,
the higher total exergy destruction is.

Fig. 8 shows the varying trend of total efficiency and
COPy, with gas cooler outlet pressure of HP system. The
total efficiency shows a first rapidly decreasing and then
slowly increasing trend with gas cooler outlet pressure of
HP system. Furthermore, the total efficiency decreases
from 48.44% to 42.96% when the gas cooler outlet
pressure HP varies from 8 MPa to 9.5 MPa. In addition,

mction/kw
z B 2z

Total exergy gt

Fig. 6 Net power output and total exergy destruction with condensation temperature of ORC system
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the total efficiency only increases from 42.96% to
43.81% when the gas cooler outlet pressure rises from
9.5 MPa to 13 MPa.

Contrary to the curve of the total efficiency, the COPy,
shows a first increasing and then decreasing trend with
the gas cooler outlet pressure, namely there exists an
optimal gas cooler outlet pressure that achieves the
maximum COPy. The COP,, increases rapidly from 1.79
to 3.76 when the gas cooler outlet pressure varies from 8
to 10 MPa, and the peak value of 3.76 is obtained when
the gas cooler outlet pressure is 10 MPa, then the COP;,
decreases slightly to 3.12 with the increment of gas
cooler outlet pressure.

Fig. 9(a) shows the net power output variation with
gas cooler outlet pressure. Generally, the net power
output goes up at first and then decreases with the gas
cooler outlet pressure. The higher the exhaust tempera-
ture is, the more obvious the change of net power output
is. Moreover, when the gas cooler outlet pressure rises
from 9.5 MPa to 11 MPa, the higher the exhaust tempe-
rature is, the higher the net power output is, and the value
of it is higher than 0, namely the power from expander is
enough to drive the HP system. When gas cooler outlet
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pressure is less than 9.5 MPa and more than 11 MPa, the
value of it is negative. The higher the exhaust tempera-
ture is, the lower the net power output is. Therefore, there
exists a suitable operation range of the gas cooler outlet
pressure for the combined system.

Fig. 9(b) and Fig. 9(c) show the variation of heating
capacity and total exergy destruction with gas cooler
outlet pressure. It is interesting that the variation of
heating capacity and total exergy destruction is similar: it
first decrease rapidly and then tend to stabilize with the
gas cooler outlet pressure. Additionally, the higher the

exhaust temperature is, the greater the heating capacity is.

Fig. 9(b) shows that the maximum heating capacity of the
HP system decreases first from 176.56 to 105.27 kW, and
then increases to 109.41 kW with the variation of gas
cooler outlet pressure. When the gas cooler outlet pre-
ssure varies from 8 to 10 MPa, the maximum heating
capacity rapidly reduces and reaches the valley value of
105.27 kW under the reference operation conditions.
Subsequently, the heating capacity changes from 105.27
to 109.41 kW with the gas cooler outlet pressure.

Fig. 10 shows the varying trend of total efficiency and
COPj, under different gas cooler outlet temperature of HP
system. Similar to the effect of gas cooler outlet pressure
on the performance of combined system, the total
efficiency and COP;, have a contrary tendency with gas
cooler outlet temperature. As shown in Fig. 10, the total
efficiency increases from 42.54% to 47.06% with gas
cooler outlet temperature, and the higher of the gas
cooler outlet temperature is, the faster total efficiency
grows. The COP;, has an opposite relationship with the
gas cooler outlet temperature, which changes in the range
0f 4.78 to 1.99.
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Fig. 10 Total efficiency and COPy, under different gas cooler
outlet temperature of HP system

According to the 7-s diagram, when the gas cooler
outlet temperature increases, the heating capacity and
power consumption of the compressor correspondingly
rise. The increasing rate of heating capacity is less than
that of power consumption of the compressor, leading to

J. Therm. Sci., Vol.28, No.5, 2019

the decrease of COPy. Moreover, the increase in heating
capacity is greater than that in net power output. There-
fore, the thermal efficiency gradually increases according
to Eq. (30).

The net power output of the combined system is
shown in Fig. 11(a). Generally, the net power output gra-
dually decreases with the gas cooler outlet temperature.
The higher the exhaust temperature is, the more obvious
the variation of net power output is. When the gas cooler
outlet temperature of the HP system is higher than 313 K,
the net power output is negative, and the shaft power
output of the expander in the ORC is not enough to drive
the compressor and the generator at the same time, so the
system performance under this condition is poor.
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Therefore, the best gas cooler outlet temperature is less
than 313 K.

Fig. 11(b) and Fig. 11(c) show the variation of heating
capacity and total exergy destruction under different gas
cooler outlet temperature. The variation of heating
capacity is similar to that of total exergy destruction and
they gradually rise with increasing gas cooler outlet
temperature. As shown in Fig. 11(c), the total exergy
destruction of combined system increases from 144.47 to
198.28 kW with the gas cooler outlet temperature. In
addition, the heating capacity and total exergy destruct-
tion are progressively sensitive to the gas cooler outlet
temperature.

According to Fig. 12, it can be concluded that the
variation of evaporation temperature has a significant
impact on the performance of the combined system about
the total efficiency and COP,. When the evaporation
temperature rises from 273 K to 287 K, the total
efficiency decreases from 43.67% to 42.70% and COP,
changes in the range of 3.23 to 4.45. Similarly, the
heating capacity and power consumption of the compre-
ssor correspondingly decrease with the evaporation tem-
perature, and the decrease in heating capacity is weaker
than the decrease in power consumption of the com-
pressor. Therefore, COP;, gradually increases.
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Fig. 12  Total efficiency and COP, with evaporation

temperature of HP system

As indicated in Fig. 13(a), the net power output
increases with the evaporation temperature. The net
power output is higher than 0 when the evaporation
temperature is higher than 281 K. Therefore, the opti-
mum evaporation temperature is higher than 281 K. And
the maximum net power output of 3.50 kW can be
obtained when the evaporation temperature is 287 K.

Fig. 13(b) and Fig. 13(c) show the same trend with the
evaporation temperature. The maximum heating capacity
of the HP system decreases from 114.47 to 101.98 kW
with increasing the evaporation temperature. The maxi-
mum total exergy destruction of combined system
decreases from 160.76 kW to 148.27 kW with increasing
the evaporation temperature from 273 K to 287 K.

Study on the Performance of ORC-HP Combined System Powered by Diesel Engine Exhaust

1075

Meanwhile, the total exergy destruction goes up with the
exhaust temperature and engine speed, and the higher
engine speed and exhaust temperature are, the higher
total exergy destruction is.
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Fig. 13 Net power output, heating capacity and total exergy
destruction with evaporation temperature of HP
system

5. Conclusions

This paper investigates the performance characteristics

of an ORC-HP combined system. The findings indicate
that:
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(1) Low condensation temperature is conducive to the
performance of the combined system, and condensation
temperature has a slight influence on the total exergy
destruction. There exists a suitable range of evaporation
temperature, gas cooler outlet pressure and gas cooler
outlet temperature to achieve excellent performance for
the combined system. The optimum evaporation
temperature is more than 281 K and the optimum gas
cooler outlet temperature is less than 313 K.

(2) The exergy destruction of evaporator and
condenser decreases with evaporation pressure, and most
of the exergy destruction is in evaporator and condenser.
It varies rapidly with the exhaust temperature and engine
speed. The total exergy destruction decreases from
161.90 to 151.56 kW. The heating capacity and total
exergy destruction are sensitive to the change of gas
cooler outlet temperature.

(3) The total efficiency shows a first rapidly
decreasing and then slowly increasing trend with gas
cooler outlet pressure, whereas the COP, shows an
opposite trend with gas cooler outlet pressure, namely
there exists an optimal gas cooler outlet pressure that
achieves the maximum COP,. The maximum COP, of
4.78 can be achieved.
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