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Abstract: Frequent fluctuations of CNG engine operating conditions make the waste heat source have
uncertain, nonlinear, and strong coupling characteristics. These characteristics are not conducive to
the efficient recovery of the DORC system. The systematic evaluation of the CNG engine waste heat
source and the comprehensive performance of the DORC system is conducive to the efficient use
of waste heat. Based on the theory of internal combustion (IC) engine thermal balance, this paper
analyzes the dynamic characteristics of compressed natural gas (CNG) engine waste heat energy
under full operating conditions. Then, based on the operating characteristics of the dual loop organic
Rankine cycle (DORC) system, thermodynamic models, heat transfer models, and economic models
are constructed. The dynamic response characteristics analysis and energy, exergy, and economic (3E)
evaluation of the DORC system under full operating conditions are carried out. The results show
that the maximum values of net power output, heat exchange area, and the minimum values of EPC
(electricity production cost) and PBT (payback time) are all obtained under rated condition, which are
174.03 kW, 25.86 kW, 37.54 kW, 24.76 m2, 0.15 $/kW-h and 3.46 years. Therefore, the rated condition
is a relatively ideal design operating point for the DORC system. The research in this paper not only
provides a reliable reference for the comprehensive analysis and evaluation of the performance of
the DORC system, but also provides useful guidance for the selection of appropriate DORC system
design operating points.

Keywords: CNG engine; waste heat recovery; dual loop organic Rankine cycle; dynamic response
characteristics; full operating conditions

1. Introduction

Oil used as a fuel plays an important role in the development of society and the
economy. In the field of oil consumption, the power industry, dominated by internal
combustion (IC) engines, occupies a large proportion [1]. Because of its easy access,
abundant output, low price, and environmental friendliness, compressed natural gas
(CNG) has been widely proposed as an alternative fuel for IC engines [2,3]. Analyzing the
energy distribution from the perspective of internal combustion engine thermal balance, it
can be found that only part of the energy is converted into useful work, and the remaining
energy is mainly lost in the form of waste heat [4]. As a clean and efficient power cycle,
the organic Rankine cycle (ORC) can effectively recover and utilize the waste heat of IC
engines, thereby improving the fuel economy [5,6]. The dual loop organic Rankine cycle
(DORC) system can realize the efficient recovery and utilization of different types of waste
heat sources of IC engines [7].

Compared with marine engines and stationary IC engines with relatively stable
waste heat energy, the variable operating conditions of vehicle IC engines have led to the
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complexity and variability of the waste heat energy [8]. Due to the frequent changes in
operating conditions of IC engines for vehicles, the organic Rankine cycle (ORC) system
cannot have enough work capacity under most operating conditions of IC engines. The
actual thermal efficiency of the ORC system was 3.67% (the thermal efficiency of the system
under design condition was 7.77%) [9]. Under the New York City Cycle road condition, the
exhaust heat energy fluctuated frequently and the energy was low; under the Common
Artemis Driving Cycles road condition, the exhaust heat energy fluctuated little and the
energy was high [10]. The exhaust temperature of the IC engines under heavy load was
more than 300 K higher than the exhaust temperature under light load; the exhaust mass
flow rate under heavy load was more than three times higher than that under light load [11].
Moreover, the energy grades of the intercooler waste heat energy, the jacket water waste
heat energy (353.15-373.15 K) and the exhaust waste heat energy (673.15-1173.15 K) were
different [12]. Therefore, the characteristics of high frequency and wide variation range
of the waste heat sources of IC engines bring great challenges to the efficient operation of
the DORC system. Full operating conditions refer to all operating conditions of the CNG
engine and all operating conditions of the ORC system. The analysis and evaluation of the
CNG engine waste heat sources under full operating conditions are beneficial to the stable
operation of the DORC system.

The complex and variable waste heat characteristics of IC engines affected the dynamic
response characteristics of the DORC system [13]. A simplified diagram of the DORC
system is shown in Figure 1. The reduction of the waste heat energy of the IC engine
reduces the evaporation pressure, power output, and mass flow rate in the loop. Compared
with the condensation pressure in the HT loop, the condensation pressure drop of the LT
loop is smaller. Moreover, the decrease of power output in LT loop is significantly higher
than that in HT loop [14]. In addition, the IC engine waste heat sources has an important
influence on the evaporation temperature in the HT loop, and an appropriate increase
in the evaporation temperature of the HT loop is conducive to improving the operating
performance of the system [15]. To sum up, analyzing and evaluating the dynamic response
characteristics of the DORC system under full operating conditions of the CNG engine
will help to obtain comprehensive waste heat recovery performance [16]. Table 1 briefly
lists the selection of operating conditions when recovering waste heat from IC engine in
recent years [17-29]. It can be seen from the table that researchers have carried out a lot of
research on ORC systems from different perspectives, but most of them use constant heat
source (usually the rated condition of engine) as the high-temperature heat source for the
ORC system. This choice will lead to insufficient evaluation of the performance of the ORC
system under full operating conditions. Moreover, when evaluating and analyzing system
operating performance, most researchers focus on the impact of operating parameters
on system performance. From the above analysis, it can be seen that the characteristics
of the waste heat sources of IC engines under different operating conditions have an
important impact on the operating performance of the DORC system, and the impacts are
significantly different.

In addition, due to the large temperature gradient characteristic of the waste heat
energy of IC engines, the operating conditions of the CNG engines significantly affect the
operating performance of DORC. Therefore, it is particularly important to evaluate the
performance of the DORC system under full operating conditions of the IC engines [30,31].
Table 2 simply lists the indicators used to evaluate the operating performance of ORC
systems in recent years [32—43]. It can be seen from the table that only a few indicators
are selected to evaluate the performance of the ORC system. As a result, the operating
performance of the ORC system has not been fully evaluated. Moreover, it does not
fully consider the impact of the IC engine on the operating performance of the system
under variable operating conditions. In addition the operating performance of different
components of the DORC system also has an important impact on the performance of the
system. The evaporator in HT loop and the condenser in LT loop are the two components
with the largest exergy destruction in the system [44]. In addition, under different operating
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conditions of the IC engine, the operating performance of the system components has
obvious differences in the impact of the overall operating performance [45]. Therefore,
for the DORC system for CNG engine WHR, it is particularly important to analyze the
operating performance of HT loop, LT loop, and different components to comprehensively
evaluate the system performance.

Figure 1. Schematic of the DORC system.

Table 2 shows ORC systems in recent years [32-43]. It can be seen from the table
that only a few indicators are selected to evaluate the performance of the ORC system.
As a result, the operating performance of the ORC system has not been fully evaluated.
Moreover, it does not fully consider the impact of the IC engine on the operating per-
formance of the system under variable operating conditions. In addition, the operating
performance of different components of the DORC system also has an important impact
on the performance of the system. The evaporator in HT loop and the condenser in LT
loop are the two components with the largest exergy destruction in the system [44]. In
addition, under different operating conditions of the IC engine, the operating performance
of the system components has obvious differences in the impact of the overall operating
performance [45]. Therefore, for the DORC system for CNG engine WHR, it is particu-
larly important to analyze the operating performance of HT loop, LT loop, and different
components to comprehensively evaluate the system performance.
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Table 1. Selection of operating conditions of IC engine.

Refs. Year Research Description Waste Heat Sources
Optimal design of ORC system for marine Engine power output: 23 MW; engine speed:
engine WHR based on performance maps, 74 r/min;
Baldasso etal. [17] 2020 numerical models, and waste heat exhaust temperature: 524.15 K; exhaust mass
recovery boiler. flow rate: 51.9 kg/s
Selection of working fluid used in DORC for Engine power output: 235.8 kW; exhaust
Wang et al. [18] 2020 engine WHR based on thermo-economic temperature: 792.15 K;
selection criteria. exhaust mass flow rate: 0.275 kg/s
Based on mathematical stepwise searching Engine power Oultgo%t;??fiiw; engine speed:
Zhi et al. [19] 2020 m?t.hOd' the operating performar}ce of . engine torque: 6340 N-m; exhaust temperature:
transcritical-subcritical parallel organic Rankine 57315 K:
cycle was optimized. exhaust mass flow rate: 1.91 kg/s
Engine power output: 996 kW; engine speed:
The energy and exergy analysis of transcritical 1500 r/min;
Zhi et al. [20] 2020 CO2 parallel Rankine cycle for engine WHR engine torque: 6340 N-m; exhaust temperature:
were analyzed. 573.15K;
exhaust mass flow rate: 1.91 kg/s
The parameters of the supercritical CO2-ORC . . .
system for engine WHR were optimized from Engine power output: 1170 kW; exhaust
Song et al. [21] 2020 . ) temperature: 730.15 K;
the perspective of thermodynamics
exhaust mass flow rate: 1.69 kg/s
and economy.
Engine power output: 996 kW; engine speed:
The energy, exergy, and design parameters of 1500 r/min;
Zhi et al. [22] 2019 transcritical-subcritical parallel organic Rankine  engine torque: 6340 N-m; exhaust temperature:
cycle for engine WHR were analyzed. 573.15K;
exhaust mass flow rate: 1.98 kg/s
The thermodynamic and thermal-economic Engine power Oultgo%t;?iiiw; engine speed:
Fang et al. [23] 2019 perfprmance Of. ORC system ‘.Nlth pure worl.<1ng engine torque: 1243 N-m; exhaust temperature:
fluids and their zeotropic mixtures for engine 653.15 K:
WHR were compared. exhaust mass flow rate: 0.36 kg/s
Engine power output: 996 kW; engine speed:
. . . 1500 r/min;
Mat Nawi et al. [24] 2019 The potentlal. of ORC system for marine diesel engine torque: 6340 N-m; exhaust temperature:
engine WHR was analyzed. 573.15 K:
exhaust mass flow rate: 1.98 kg/s
The dynamic response characters of ORC system Engine power outgouot r}?ﬁ&kw, engine speed:
Shu et al. [25] 2017 with different working fluids for engine WHR . -
were analyzed exhaust temperature: 813.15 K; exhaust mass
’ flow rate: 1.56 kg/s
The operating performance of the confluent Engine power output: 258'? KW; engine speed:
¢ X . 1400 r/min;
Chen et al. [26] 2017 cascade expansion ORC system for diesel engine . .
waste heat recovery is analyzed exhaust temperature: 678.15 K; exhaust mass
’ flow rate: 0.388 kg/s
The exergy of two-parallel-step ORC system for Engine power output: 2928 kW; engine speed:
. engine WHR was analyzed. In addition, a 1000 r/min;
Seyedkavoosi etal. [27] 2017 thermodynamic model was constructed and the exhaust temperature: 743.15 K; exhaust mass
operating performance was optimized. flow rate: 4.35 kg/s
The performance of novel single-loop ORC Engine power output: 26.7 kW; engine torque:
. system for engine WHR was analyzed, and was 106.2 N-m;
Kim etal. [28] 2016 compared to the performance of conventional engine speed: 2400 r/min; exhaust temperature:
single-loop system. 962.15 K
de Oliveira The applicability of the ORC system for engine Engine power output: 830 kW; exhaust
2016 WHR was analyzed and the economics of ORC temperature: 746.35 K;

Neto et al. [29]

system were analyzed.

exhaust mass flow rate: 0.0014 kg /s
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Table 2. Selection of ORC system operation performance index.

Refs. Year Research Description Performance Evaluation Index
. . . Exergy efficiency
Wang et al. [32] 2021 The se}ectlon of working fluid and exergy Payback period
analysis of DORC system were conducted. T .
Annual CO; emission reduction
The operating performance of DORC Net power output
Fouad et al. [33] 2020 system for biomass gasification WHR Thermal efficiency
was analyzed. Exergy efficiency
The operating performance of the two Net power output
Linnemann et al. [34] 2020 cascaded ORC system for power plant Therlr:)nal o fficiefl c
WHR was designed and tested. y
Through Rankine cycle, ORC and
absorption refrigeration cycle, the waste
Liu et al. [35] 2020 heat of marine engines was recovered, and Net power output
. Thermal efficiency
the thermodynamic performance of the
system was evaluated.
The operating performance of Series two Net power output
Surendran et al. [36] 2020 stage ORC and parallel two stage ORC for Thermal efficiency
engine WHR was compared and analyzed. Exergy efficiency
First, ORC and vapor compressor
refrigeration cycle were coupled into an
integrated system, and then IHE and FFH ,lr\f;fr?;filf‘fiﬁg lclt
Ebadollahi et al. [37] 2020 were applied to the ORC loop. In addition, L lency
. Exergy efficiency
the operation performance of the system .
. Exergy destruction
was analyzed from the perspective of
thermodynamics and exergy.
A hybrid DORC-Generator absorber Exergy eff1.c1fency
exchange cycle for WHR was designed Thermal efficiency
Pourpasha et al. [38] 2020 secyee. gned Exergy destruction
and the operating performance of the . .
system was analyzed and evaluated Exergy destruction ratio
Y ' Net power output
The operating performance of DORC for
waste heat recovery of solid oxide fuel cell
. . Cost rate
Emadi et al. [39] 2020 system equipped Exeray efficienc
with gas turbine was analyzed &Y y
and optimized.
. . Exergy efficiency
Xia et al. [40] 2020 The working fluid of the DORC system Payback period
was selected. T .
Annual CO; emission reduction
The operating performance of the DORC Net power output
. system for diesel engine WHR was Thermal efficiency
Mohammadkhani etal. [41] 2019 analyzed. In addition, the working fluid Payback period
was selected. Investment cost
A corpbmed .syster.n with DORC, Net power output
absorption refrigeration, and flue gas Thermal efficienc
Ouyang et al. [42] 2019 purification for WHR was modeled, and Y
Exergy destruction
the performance of the system Exeray officienc
was evaluated. 8y y
The operating performance of the Net power output
. regenerative super-critical carbon dioxide Energy efficiency
Liang etal. [43] 2019 Brayton cycle/ORC dual loop for dual-fuel Exergy efficiency
engine WHR was analyzed and evaluated. Exergy loss

Based on the theory of IC engine heat balance in high-dimensional space, this paper

first analyzes the dynamic characteristics of CNG engine exhaust, intercooler, and coolant
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waste heat sources under full operating conditions. Then, the proportion of different waste
heat energy in fuel energy is evaluated. In addition, based on the operating characteristics
of the DORC system, the thermodynamic model, heat transfer model, and economic model
of the system are constructed, respectively. In the high-dimensional space, the thermal
efficiency, total exergy destruction, net power output, heat exchange area, POPA (net
power output per unit heat transfer area), EPC (electricity production cost), PBT (payback
time), and total investment cost of the DORC system under full operating conditions of
the CNG engine are analyzed. Based on the operating characteristics of different loops
in the system, the thermodynamic model, heat transfer model, and economic model of
the HT and LT loop are constructed respectively. In the high-dimensional space, the
exergy destruction, net power output, heat exchange area, and POPA of the HT and LT
loop under the full operating conditions of the CNG engine are analyzed. Based on the
operating characteristics of the key components in the system, thermodynamic models,
heat transfer models, and economic models of different components are constructed. In the
high-dimensional space, the exergy destruction and investment cost of the key components
of the DORC system under full operating conditions of the CNG engine are analyzed. In
addition, the proportion of exergy destruction and investment cost of key components are
analyzed respectively.

2. CNG Engine Waste Heat Characteristics

Part of the heat energy is lost due to heat radiation. Radiation losses are relatively
small, so they may not be taken into account. In CNG engine, only part of the energy
completely released by fuel combustion is converted into useful work, while the rest of
the energy is lost through exhaust and cooling water. This paper obtains the distribution
of useful work and various energy losses through the engine heat balance theory, so as to
evaluate the WHR potential of the CNG engine.

In the energy balance equation, the energy released by fuel combustion is determined
by the low heating value of the fuel and the fuel consumption obtained through measure-
ment. The useful work is obtained by the dynamometer. The exhaust energy is determined
by the engine exhaust temperature, specific heat, and exhaust mass flow rate. The waste
heat of coolant is determined by the measured coolant mass flow rate, the coolant inlet tem-
perature, and the coolant outlet temperature. The waste heat of intercooler is determined
by the measured intercooler mass flow rate, the intercooler inlet temperature, and the
intercooler outlet temperature. The main parameters of CNG engine are shown in Table 3.

Table 3. Main parameters of engine.

Property Value Unit
Cylinder number 6 -
Stroke and cylinder bore 114 x 144 mm
Maximum torque 1120 N-m
Low calorific value 44.7 MJ/N-m3
Displacement 8.9 L
Rated power 210 kw
Rated speed 2200 r/min

The CNG engine heat balance equation is:

Qexh =+ Weng + Qcool + Qinter + Qenv = Qtot (1)

where,
the calculation formula of CNG engine intercooler heat transfer rate:

Qinter = mintercpair (Tinter,in - inter,out) (2)
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the calculation formula of CNG engine coolant heat transfer rate:

Qcool = mcoolcpcool (Tcool,out - Tcool.in) (3)

the calculation formula of CNG engine exhaust heat transfer rate:

Qexh = mexh (hexh,in - hexh,out) (4)

In addition, the energy of different waste heat sources accounted for the propor-
tion of energy released by fuel combustion under full operating conditions. In the high-
dimensional space, the characteristics of the waste heat sources are analyzed.

2.1. Exhaust Waste Heat

Figure 2 shows the dynamic characteristics of CNG engine exhaust heat source under
full operating conditions. Figure 2a shows the exhaust mass flow rate distribution charac-
teristics under full operating conditions. It can be seen from the figure that as the speed
increases, the exhaust mass flow rate gradually increases; and in high torque range, the
exhaust mass flow rate increases significantly. As the torque increases, the exhaust mass
flow rate gradually increases; and in high speed range, the exhaust mass flow rate increases
significantly. The high exhaust mass flow rate is distributed near the rated condition.
The maximum exhaust mass flow rate is obtained under the rated condition, which is
0.3 kg/s. Figure 2b shows the exhaust heat transfer rate distribution characteristics under
full operating conditions. It can be seen from the figure that the change trend of exhaust
heat transfer rate with speed and torque is similar to that of exhaust mass flow rate. The
high exhaust heat transfer rate is distributed near the rated condition, but it is narrower
than the exhaust mass flow rate distribution area. The maximum exhaust heat transfer rate
is obtained under the rated condition, which is 174.03 kW. Figure 2c shows the proportion
of exhaust heat transfer rate to the energy released by fuel combustion under full operating
condition. It can be seen from the figure that as the speed increases, the proportion of
exhaust heat transfer rate gradually increases. With the increase of torque, the proportion
of exhaust heat transfer rate increases, but the increase is not obvious. Compared with
torque, speed has a greater influence on the proportion of exhaust heat transfer rate. The
proportion of high heat transfer rate is distributed in high speed range.

Figure 2. Dynamic characteristics of exhaust waste heat under full operating conditions. (a) exhaust mass flow rate
distribution characteristics under full operating conditions. (b) exhaust heat transfer rate distribution characteristics.
(c) proportion of exhaust heat transfer rate to the energy released by fuel combustion.
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2.2. Intercooler Waste Heat

Figure 3 shows the dynamic characteristics of CNG engine intercooler heat source
under full operating conditions. Figure 3a shows the intercooler mass flowrate distribution
characteristics under full operating conditions. It can be seen from the figure that as the
speed increases, the intercooler mass flow rate gradually increases; and in high torque
range, the intercooler mass flow rate increases significantly. As the torque increases, the
intercooler mass flow rate gradually increases; and in high speed range, the intercooler
mass flow rate increases significantly. The intercooler mass flow rate is distributed near
the rated condition. The maximum intercooler mass flow rate is obtained under the
rated condition, which is 0.29 kg/s. Figure 3b shows the intercooler heat transfer rate
distribution characteristics under full operating conditions. It can be seen from the figure
that the change trend of intercooler heat transfer rate with the speed and torque is similar
to that of intercooler mass flow rate. The high intercooler heat transfer rate is distributed
near the rated condition, but it is narrower than the intercooler mass flow rate distribution
area. In the high intercooler heat transfer rate area, the range covered by the torque is
larger than the speed. The maximum intercooler heat transfer rate is obtained under the
rated condition, which is 25.86 kW. Figure 3¢ shows the proportion of the intercooler heat
transfer rate to the energy released by fuel combustion under full operating conditions. It
can be seen from the figure that as the speed increases, the proportion of the intercooler
heat transfer rate gradually increases; at the same time, as the torque increases, the increase
gradually flat. As the torque increases, the proportion of the intercooler heat transfer rate
gradually increases; at the same time, as the speed increases, the increase gradually flattens.
Speed and torque have similar effects on the proportion of intercooler heat transfer rate.
The proportion of the high heat transfer rate is distributed in high speed, high torque range.

Figure 3. Dynamic characteristics of intercooler waste heat under full operating conditions. (a) intercooler mass flowrate

distribution characteristics. (b) intercooler heat transfer rate distribution characteristics. (c) proportion of the intercooler

heat transfer rate to the energy released by fuel combustion.

2.3. Coolant Waste Heat

Figure 4 shows the dynamic characteristics of the CNG engine coolant heat source
under full operating conditions. Figure 4a shows the distribution characteristics of the
coolant mass flow rate under full operating conditions. It can be seen from the figure that
as the speed increases, the coolant mass flow rate gradually increases. With the increase
of torque, the change of coolant mass flow rate is not obvious. The high coolant mass
flow rate is distributed in the high speed range. Figure 4b shows the coolant heat transfer
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rate distribution characteristics under full operating conditions. It can be seen from the
figure that as the speed increases, the coolant heat transfer rate gradually increases; but
as the speed increases, the increase of the coolant heat transfer rate gradually decreases.
As the torque increases, the coolant heat transfer rate generally increases, but the increase
is not obvious. The high coolant heat transfer rate is distributed in high speed range.
Figure 4c shows the proportion of the coolant heat transfer rate to the energy released
by fuel combustion under full operating conditions. Under the engine rated condition,
the mass flow rate and heat transfer amount of the coolant are 3.74 kg/s and 100.49 kW,
respectively. It can be seen from the figure that with the increase of speed, the change of
coolant heat transfer rate is not obvious. With the increase of torque, the proportion of the
coolant heat transfer rate gradually decreases; and with the increase of torque, the decrease
gradually flat. Compared with speed, torque has a greater influence on the proportion of
coolant heat transfer rate. The proportion of high coolant heat transfer rate is distributed in
low torque range.

Figure 4. Dynamic characteristics of coolant waste heat under full operating conditions. (a) distribution characteristics of

the coolant mass flow rate. (b) coolant heat transfer rate distribution characteristics. (c). proportion of the coolant heat

transfer rate to the energy released by fuel combustion.

3. DORC Model
3.1. System Description

Figure 1 shows the schematic of the DORC system. From the figure, the HT loop and
LT loop constitute the main loop of the DORC system. CNG engine exhaust waste heat is
mainly recovered by HT loop. After the working fluid in HT loop exchanges heat with the
exhaust in evaporator, it becomes high-temperature and high-pressure vapor. Then it enters
the expander to do work. The vapor after the work enters the preheater and exchanges heat
with the working fluid in LT loop, and becomes saturated liquid. Finally, it is pressurized
by the working fluid pump and enters the evaporator again for heat exchange. The T-s
diagram of HT loop is shown in Figure 5. The T-s diagram of LT loop is shown in Figure 6.
CNG engine intercooler waste heat and coolant waste heat are mainly recovered by LT
loop. The working fluid in LT loop sequentially exchanges heat in the intercooler and the
preheater, and then enters the evaporator for heat exchange. It becomes saturated steam
and enters the expander, pushing the expander to do work. The vapor after work enters
the condenser and becomes saturated liquid. Then it is pressurized by the working fluid
pump and enters the LT loop again.
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Figure 5. HT loop of the DORC system.

Figure 6. LT loop of the DORC system.

R245fa can be regarded as an isentropic working fluid in some temperature ranges.
Compared with wet working fluid, isentropic working fluid is more suitable for ORC sys-
tem. This is because the wet working fluid will be condensed during the expansion process,
which makes the outlet working fluid of the expander appear in a gas-liquid two-phase
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state, resulting in a liquid hammer phenomenon in the expander [46-48]. Moreover, R245fa
has shown good performance in the application of ORC system and is widely used in ORC
experimental system [49,50]. Therefore, R245fa is selected as the working fluid of HT cycle
and LT loop.

3.2. Thermodynamic Model

The DORC system consists of HT loop and LT loop. The HT loop includes four pro-
cesses: expansion, condensation, compression, and evaporation. The expansion process in

HT loop is 1-2. The power output of the expander (WexleT) can be defined as:

WexpHT = Myt (h — h2) ®)
The isentropic efficiency of the expansion process (/jexp,it) can be defined as [51]:

h —hy
= 6
Hexp HT hl — h2s ( )

The heat transfer rate of preheater (Qpre,HT) can be defined as:

Qpre,HT = myeht(ho — hy) )

The pressurization process of the working fluid pump in HT loop is 4-5. The power

consumption of the working fluid pump during the pressurization process (Wp,HT) can be
defined as [52]:

Wyt = myenr(hs — he) 8)

The isentropic efficiency of the pressurization process (1, ut) can be defined as:

TpHT = -y 9)

In HT loop, the heat absorption process of the working fluid in evaporator is 5-1. The
heat transfer rate of the evaporator (Qeva’HT) can be defined as:

Qevatit = Myt (h1 — ) = tite (h7 — hg) (10)

In addition, the net power output in HT loop (Wnet,HT) can be defined as [53]:

WhetHt = Wexp,HT - Wp,HT (11)

Similar to the thermodynamic process of the HT loop, the LT loop also includes
four processes of expansion, condensation, compression and evaporation. The expansion

process in LT loop is L1-L8. The power output of the expander (Wexp,LT) can be defined as:

Wexp,LT = tygrr(hiy — his) (12)

The isentropic efficiency of the expansion process (7exp,L1) can be defined as [54]:

hiq — hig (13)

Hexp LT =
P hi1 — higs

In LT loop, the heat release process in the condenser is L8-L6. The heat transfer rate of
the condenser (Qop 17) can be defined as:

Qeon = Mwtrr(his — hie) (14)
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The pressurizing process of the working fluid pump in LT loop is L6-L5. The power

consumption of the working fluid pump during the pressurization process (WP,LT) can be
defined as:

Wit = it (his — hie) (15)

The isentropic efficiency of the pressurization process (77,,L1) can be defined as [55]:

hiss — hie (16)

L "

In LT loop, the heat absorption process of the working fluid in intercooler is L5-L4.
The heat transfer rate of the intercooler (Qimer) can be defined as:

Qinter = MwiLr (s — i) = tinter (s — ) (17)

In LT loop, the heat absorption process of the working fluid in preheater is L4-L2. The
heat transfer rate of the preheater (Qpre,LT) can be defined as [56]:

Qpre1r = Mitwr (o — hia) (18)

In LT loop, the heat absorption process of the working fluid in evaporator is L2-L1.
The heat transfer rate of the evaporator can be defined as:

Qevarr = fitwsrr(hi1 — hia) (19)

In addition, the net power output in LT loop can be defined as:

Wnet,LT = Wexp,LT - Wp,LT (20)

For the DORC: .
The net power output of the DORC (Wpet) can be defined as [57]:

Wnet - Wnet,HT + Wnet.LT (21)
The thermal efficiency of the DORC (#y,) can be defined as:

Wnet
Qeva,HT + Qint + Qeva,LT

#tn = 100% x (22)

3.3. Heat Transfer Model

The heat exchange process of the DORC system is completed by multiple heat ex-
changers, and the heat exchange process is complex and changeable. The heat transfer
process of the system is analyzed by constructing the heat transfer model. Fin-and-tube
heat exchanger is suitable for high-temperature and high-pressure sources. Plate heat
exchanger is suitable for low-temperature heat source because of its low cost and easy
maintenance. Therefore, the fin-and-tube heat exchanger is selected as the evaporator in
HT loop; The rest of the heat exchangers in HT loop and LT loop are plate heat exchangers.
The main parameters of the fin-and-tube heat exchanger and plate heat exchanger used are
shown in Table 4.
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Table 4. Main parameters of exchangers.

Property Value Unit
Fin-and-tube heat exchanger

Tube outer diameter 25 mm

Tube inner diameter 20 mm

Fin height 12 mm

Fin width 1 mm
Tube length 8.8 m

Tube pitch 60 mm

Row pitch 100 mm

Plate heat exchanger

Plate thickness 0.35 mm
Plate length 0.536 m
Plate width 0.123 m

Corrugation width 4 mm

Corrugation depth 3 mm

In this paper, the heat exchange process of the fin-and-tube heat exchanger is sim-
plified into the preheating section, the two-phase section and the overheating section;
According to different heat exchange processes, the heat exchange process of the condenser
is simplified into the preheating section, the two-phase section, the superheating section
and the condensation section [58,59]. The heat transfer model of the DORC system is
constructed by the logarithmic mean temperature difference (LMTD) method. The heat
transfer rate can be defined as [60,61]:

Q = AKATLMmTD (23)

In the equation ATy pTp can be defined as:

Atmax - Atmin

ATuvmp = — - S (24)
The heat transfer model construction process of fin-and-tube heat exchanger is:
The total heat transfer coefficient (K¢) can be defined as:
o A e T @)
where,
o« = M; " (26)

The formula for calculating the Nusselt number on the exhaust side is determined by
the Zhukauskas correlation equation [62]:

p 025
Nitexh = 0.35¢92Re08 Pr036 (Prre;h> (1000 < Re < 2 x 10°) 27)
exh,w
05 5036 Prexn \*%
Nitexn = 0.71Regq Prosyy (Pr e; ) (Re < 1000) (28)
exh,w

The calculation formula for the heat transfer coefficient of the working fluid in the
preheating section and the overheating section is determined by the Gnielinski correlation
equation [63]:

Nty = 9% _ (f/8)(Rewss — 1000) Pryyt

A 14127/ f78(Pr¥E —1)

I

2/3
(4 ]ct 29)
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The calculation formula of Darcy drag coefficient is determined by Filonenko correla-
tion:
f = (1.8210g,, Reys — 1.64) 2 (30)

In the preheating section:

Pro i\ / Pr.;
= —_— = . ~ 2 1
Ct ( Pry, > Pry, 0.05 0 (31)

In the overheating section:

B Tos 0.45 Tt B

Since the Liu-Winterton correlation equation can predict the heat transfer coefficient of
R245fa in the two-phase section well, the heat transfer coefficient of R245fa in the two-phase
section can be determined by the Liu-Winterton correlation equation [64]:

ap = \/(F“fb)z + (Sttgp)? (33)

where, 2.95 < d < 32 mm; 568.9 < Re < 8.75 x 10°

S = (1+0.055F% Re}16) (34)
0.35
F= (1 +xPr (2L - )) (35)
Ov
The heat transfer coefficient of film boiling is determined by the Dittus—Boelter corre-
lation [65].
ag = 0.023(A/d)Re) Pr (36)

The heat transfer coefficient of nucleate boiling is determined by the Copper correla-
tion:
by = 55p) 12> (— logyg py) M0 (37)

The heat transfer model construction process of the plate heat exchanger is:
The total heat transfer coefficient (Kp,) can be defined as [66]:

1 1 é 1
= 4y — S 38
Kpl Xin rin A Tout Xout (38)

The Chisholm-Wanniarachchi correlation is used to determine the heat transfer coeffi-
cient of the working fluid in the preheating section and the overheating section [67]:

0.646
Nu = ‘%"‘ = 0.724(25) Re383pp1/3 (39)
_Gdy (. m . dwb
Re= 0 (6= Nag = 30057 (40)

The Yan-Lin correlation is used to determine the heat transfer coefficient of the
working fluid in the two-phase section [67]:

; 0.5
N — % _ 1.926P711/3B03E13R62&15 {1 —Xi + xi<ﬂ) :| (41)
v
Geqdh ( Pl 0.5) :
Reog = —— | Gog = G[1 — x; + x;(— ; BOpg = =—— 42
eq M eq [ i+ i v) ] “ Geqtg ()
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The heat transfer coefficient of the working fluid in the condensation section is deter-
mined by the Yin-Lio-Lin correlation [67]:

x = 4.118(521)12532;;1”11/3 (43)
3.4. Exergy Destruction Model

Through the construction of DORCexergy model, the exergy of the system is analyzed.
In HT loop, 1-2 is the expansion process of the expander. The exergy destruction during

expansion (IexerT) is [68]:
Texp,ut = Tenviitwinr(s2 — 51) (44)
The heat exchange process of the preheater is 2—4. The exergy destruction of the
preheater (1pre,HT) can be defined as:

Ipwe it = Tenvlitwiyar (4 — 52) + Tenvfityt 7 (512 — 514) (45)
The pressurization process of the working fluid pump is 4-5. Exergy destruction
during pressurization (I p,HT) can be defined as [69]:

Ip,HT = Tenvmwf,HT(SS - 54) (46)

The heat exchange process of the evaporator is 5-1. The exergy destruction of the
evaporator (1 eva,HT) can be defined as:

. . hi—h
IevaHT = Tenvmwf,HT[(sl - 55) - 1T 5] (47)
HT
where,
Tyr = Ty + ATur (48)
T —Tq) — (Tg — T
ATyt = (I7 1)T _(T s~ Ts) (49)
In 7 1
Ts—Ts

In LT loop, the work process of the expander is L1-L8. The exergy destruction of the
expansion process (Iexp,LT) is [70]:

Texp, LT = TenvMwirT(SL8 — SL1) (50)

The heat exchange process of the condenser is L8-L6. The exergy destruction of the
condenser (ICOH,LT) can be defined as [71]:

. ) hig—h
Ieon1T = Tenviywrr([(SL6 — S18) — %] (51)

LT

where,
Tir = Tre — ATt (52)
(T — Tg) — (Tre — Te)
ATir = S T 2 (53)
In Tre—Te

The pressurizing process of the working fluid pump is L6-L5. Exergy destruction
during pressurization (1 p,LT) can be defined as:

Ip it = Tenviyerr(SL5 — SL6) (54)
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The heat exchange process of the intercooler is L5-L4. The exergy destruction of the
intercooler (1 inter) can be defined as [72]:

. . hia—nh
Tinter = Tenvweit[(514 — 515) — Li}itw] (55)
mter
where,
Tinter = TL4 + ATinter (56)
T, — Tia) — (T — T
AT]’nter — ( 1 L4)T.7(T h L5) (57)
ln Tl _TL4
h L5

The heat exchange process of the evaporator is L2-L1. The exergy destruction of the
evaporation process (Ieva,LT) can be defined as [73]:

) ) hi1—h
Ievarr = Tenvitwerr[(SL1 —s12) — %] (58)

cool

where,
Tcool = TLl + ATcool (59)
(T — Tua) — (T — Tr2)
ATeo0l = T (60)
j L2

Therefore, the total exergy destruction of the DORC system (1 tot) can be defined as [74]:

Itot = Iexp,HT + 1pre,HT + 1p,HT + 1eva,HT + Iexp,LT + Icon.LT + 1p,LT + Iinter + Ieva,LT (61)

3.5. Economic Model

In order to evaluate the economic performance of the system, a modular costing
technique is used to construct economic model of the DORC system. The bare module cost
of the expander can be defined as [75,76]:

. . 2
loglo ngp = K1,exp + KZ,exp 10g10 Wexp + K3,exp (10g10 Wexp) (62)
The bare module cost of the working fluid pump can be defined as:
. .2
logyy Cp = K1,p + Ko p logy Wp + Kz p(logy, Wp) (63)
The bare module cost of the fin-and-tube heat exchanger can be defined as:
l0gyo Cff = Ky i + Kot log A + Kz e (1g4)° (64)
The bare module cost of the plate heat exchanger can be defined as [77]:
10819 CY) = Kip1 + Ko p1 10g Api + K31 (1g4p) (65)
The pressure correction coefficient of the working fluid pump can be defined as:
logFpp = Cip + Coplog Pp + Cap (log Pp)2 (66)
The pressure correction coefficient of the fin-and-tube heat exchanger can be defined as:

log Fp it = Cy 5t + Co ¢t log Py + C3 ¢ (log Py)? (67)
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The pressure correction coefficient of the plate heat exchanger can be defined as:
log Fp,p1 = C1,p1 + Co,p1 108 Ppy + Cs 1 (log Ppy)? (68)

The cost of the working fluid pump after considering the material and pressure
correction factor is [78]:
Cp = Cp(B1 + BaFmpFrp) (69)

The cost of the fin-and-tube heat exchanger after considering the material and pressure
correction factor is:
Ci = CR(B1 + BaFmeeFrst) (70)

The cost of the plate heat exchanger after considering the material and pressure
correction factor is [79]:

Cor = CY (B1 + Bsz,pIFP,pl) (71)

Fn and Fp are pressure correction coefficients; By, B, C1, Cy, C3, K1, K and K3 are cost
coefficients. Table 5 shows the corresponding selected values.

Table 5. Main parameters of economic model [80].

Equipment Types K; K, K3 By B, Cq C Cs Fn
Expander 2.2659 14398  —0.1776 / / / / / /

Pump 3.3892 0.0536 0.1538 1.89 1.35 —0.3935 03957 —0.00226 15

Fin-and-tube heat exchanger =~ 4.3247  —0.3030  0.1634 1.63 1.66 0 0 0 1.25

Plate heat exchanger 4.6656 —0.1557  0.1547 0.96 1.21 0 0 0 1.0

In the model, based on the cost in 2001, the chemical engineering plant cost index
(CEPCI) is used to calculate the capital cost of the equipment. Then the cost index of 2018
is used for conversion. The cost calculation formula of different components in the system

is as follows [81]:
CEPClyp1g

Cexp,2018 = mcexp,mm (72)
CEPClyyg
- 200 7
Cp2018 CEPClyo; Cp,2001 (73)
CEPClyo1s
= —— 74
Cit2018 = rpe Toogp 2001 (74)
CEPClIypg
C = —_— — 290 75
PL2018 = GEPC o0 P20 (75)
where,
CEPC Ly = 397 [82]
CEPCly= 648.7 [83]
Therefore, the total investment cost of the DORC system is:
Crot = Cexp,2018 + Cp2018 + Crr 2018 + Cpi2018 (76)

In addition, the cost of operation and maintenance (COM) is 1.5% of the total cost.
Capital recovery factor (CRF) can be defined as:

i(140)T

CRF =
(1+i)T -1

(77)
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The calculation formula of electricity production cost can be defined as [84]:

CRF + f;
(Wexp - Wp) hfull—load

EPC = Ciot (78)

Among them, fi is the system operation and maintenance cost coefficient, which is
0.015. hgyi110ad is the annual operating time, 8000 h. The payback time of the system (PBT)
can be defined as [85]:

In< i Wnetcelec_COM )
PBT _ WnetcelecfcoleiCtot
In(1+1)

where the electricity price (Celec) is 0.5283 $/(kW-h) [83].

(79)

4. Results and Discussion
4.1. Validation

The thermodynamic modeling and economic modeling process of the DORC system
has been verified in Ref. [31]. The isentropic efficiencies of the expander and working fluid
pump in the models are 0.85 and 0.8, respectively [86,87]. The main operating parameters
of DORC system are shown in Table 6.

Table 6. Selection of the main operating parameters of the DORC system.

Property Value Unit

Py [64] 29 MPa
ATg, 1 [31] 17 K
T4 [88,89] 346 K
T [88] 343 K
Ti6 [88] 298.15 K

4.2. Thermodynamic Analysis
4.2.1. DORC System

Figure 7 shows the dynamic response characteristics of the thermal efficiency and
total exergy destruction of the DORC system under full operating conditions. Figure 7a
shows the dynamic response characteristics of the thermal efficiency of DORC system
under full operating conditions. It can be seen from the figure that as the speed increases,
the thermal efficiency of the DORC system increases first and then decreases. Starting
from around 1170 r/min, the increase gradually decreases; at 1500 r/min, the thermal
efficiency obtains the maximum value, which is 14.47%. As the torque increases, the
thermal efficiency of the DORC system first increases and then decreases. Starting from
around 430 N-m, the increase gradually decreases; at 703 N-m, the thermal efficiency
obtains the maximum value, which is 14.47%. The total exergy destruction corresponding
to the maximum thermal efficiency is 45.26 kW. In addition, under the rated condition of
the CNG engine, the thermal efficiency of the DORC system is 14.17%. Figure 7b shows the
dynamic response characteristics of the total exergy destruction of the DORC system under
full operating conditions. It can be seen from the figure that as the speed increases, the total
exergy destruction of the DORC system gradually increases. In high torque range, the total
exergy destruction of the DORC system increases significantly. As the torque increases, the
total exergy destruction of the DORC system gradually increases; in high speed range, the
total exergy destruction of the DORC system increases significantly. The high total exergy
destruction is distributed in high speed, high torque range. When the speed and torque are
2197 r/min and 924.2 N-m, the total exergy destruction is the greatest: 105.9 kW. Under
the rated condition of CNG engine, the total exergy destruction of the DORC system is
86.08 kW. From the above analysis, it can be seen that although the thermal efficiency of
the CNG engine under rated condition is 2.07% less than the maximum value under full
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operating conditions, the corresponding total exergy destruction is 90.19% higher. From
the perspective of thermal efficiency and total exergy destruction, for CNG engines, the
rated condition is not an ideal DORC system design point.

Figure 7. Dynamic response characteristics of thermal efficiency and total exergy destruction under full operating conditions.

(a) dynamic response characteristics of the thermal efficiency of DORC system. (b) dynamic response characteristics of the

total exergy destruction of the DORC system.

Figure 8 shows the net power output, heat exchange area, and POPA dynamic response
characteristics of the DORC system under full operating conditions. Figure 8a shows the
dynamic response characteristics of the net power output of the system under full operating
conditions. According to the figure, as the speed increases, the net power output gradually
increases; and as the torque increases, the increase gradually increases. As the torque
increases, the net power output gradually increases; and with the increase of speed, the
increase of net power output gradually becomes obvious. The high net power output is
distributed near the rated condition. The maximum net power output is obtained under the
rated condition, which is 37.54 kW. Figure 8b shows the dynamic response characteristics
of the heat transfer area of the system under full operating conditions. It can be seen from
the figure that the dynamic response characteristics of the heat exchange area of the system
under full operating conditions are similar to the net power output. However, compared
with the dynamic response characteristics of the net power output of the system, the change
trend of the system heat exchange area with the speed and torque is more linear. The high
heat transfer area is distributed near the rated condition. The maximum heat exchange
area is obtained under the rated condition, which is 24.76 m?2.

Figure 8c shows the dynamic response characteristics of the system POPA under full
operating conditions. It can be seen from the figure that as the speed increases, the POPA
of the system first decreases and then increases. In low speed range, with the increase of
torque, the change of POPA is not obvious. In middle speed range, as the torque increases,
POPA shows an overall increasing trend. In high speed range, as the torque increases,
POPA gradually decreases. High POPA is distributed in high speed, low torque range.
When the speed is 1298 r/min and the torque is 500 N-m, POPA is the smallest, which
is 1.16 kW /m2. When the speed is 1997 r/min and the torque is 300 N-m, the POPA is
the largest, which is 1.63 kW/m?. Under the rated condition of the CNG engine, POPA
is 1.52 kW/m?2. The POPA of CNG engine under rated condition is 6.75% less than the
maximum value of POPA under full operating conditions.
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Figure 8. Dynamic response characteristics of system POPA under full operating conditions. (a) dynamic response
characteristics of the net power output of the system. (b) dynamic response characteristics of the heat transfer area of the
system. (c). dynamic response characteristics of the system POPA.

4.2.2. HT System and LT System

Figure 9 shows the dynamic response characteristics of the exergy destruction of the
HT and LT loop under full operating conditions. It can be seen from the figure that the
exergy destruction of the HT loop is higher than that of the LT loop under full operating
conditions. The total exergy destruction of the DORC system is mainly contributed by
the HT loop. In HT and LT loop, as the speed increases, the exergy destruction gradually
increases. As the torque increases, the exergy destruction gradually increases; and in
high speed range, the exergy destruction increases significantly. The high total exergy
destruction of HT and LT loop are distributed around the rated condition. Under the rated
condition, the exergy destruction of the HT and LT loop both obtain the maximum value,
which are 87.77 kW and 18.13 kW, respectively.

Figure 9. Dynamic response characteristics of HT loop and LT loop exergy destruction under full
operating conditions.
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Figure 10 shows the net power output, heat exchange area and POPA dynamic re-
sponse characteristics of the HT and LT loop under full operating conditions. Figure 10a
shows the dynamic response characteristics of net power output of HT and LT loop under
full operating conditions. It can be seen from the figure that in HT and LT loop, as the speed
increases, the net power output gradually increases; in high torque range, the increase
is obvious. In HT and LT loop, as the torque increases, the net power output gradually
increases; in high speed range, the increase is obvious. Under full operating conditions,
the net power output of LT loop is higher than that of the HT loop. The high net power
output is distributed near the rated condition. Under the rated condition, the net power
output of the HT and LT loop both obtain maximum values, which are 17.06 kW and
20.48 kW, respectively.

Figure 10. Dynamic response characteristics of HT loop and LT loop POPA under full operating conditions. (a) dynamic

response characteristics of net power output of HT and LT loop. (b) dynamic response characteristics of the heat transfer

area of the HT and LT loop. (c¢) dynamic response characteristics of POPA of the HT and LT loop.

Figure 10b shows the dynamic response characteristics of the heat transfer area of
the HT and LT loop under full operating conditions. It can be seen from the figure that
the dynamic response characteristics of the heat exchange area of the HT and LT loop
are similar to the net power output. However, compared with the dynamic response
characteristics of the net power output of the system, the heat exchange area of the HT
and LT loop changes linearly with the speed and torque. Under full operating conditions,
the net power output of the HT loop is higher than that of the LT loop. The high heat
transfer area is distributed near the rated condition. Under the rated condition, the heat
exchange area of the HT and LT loop both obtain maximum values, which are 13.82 m?
and 10.94 m?, respectively.

Figure 10c shows the dynamic response characteristics of POPA of the HT and LT
loop under full operating conditions. It can be seen from the figure that in HT loop, as the
speed increases, POPA gradually increases. In low speed range, as the torque increases,
POPA does not change significantly; in high speed range, as the torque increases, POPA
gradually increases. Starting from around 502 N-m, the increase gradually flat. Under
the rated condition, the POPA of the HT loop is the greatest, which is 1.23 kW/m?. In LT
loop, as the speed increases, POPA shows a decreasing trend. With the increase of torque,
POPA presents an obvious non-linear trend. When the speed and torque are 1399 r/min
and 201 N-m respectively, the POPA of the LT loop obtains maximum value, which is
2.74 kW/m?. Under the rated condition, the POPA of LT loop is 1.87 kW /m?, which is
31.75% less than the maximum value.
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4.2.3. Key Component

Figure 11 shows the proportion of the exergy destruction of key components to the
average total exergy destruction in the DORC system. Figure 11a shows the proportion
of the average exergy destruction of key components under full operating conditions.
According to the figure, the exergy destruction of the evaporator in HT loop and the
preheater in HT loop account for the largest proportion of the total exergy destruction; And
the evaporator in HT loop and the preheater in HT loop account for the same proportion,
both being 40%. In addition, in the DORC system, the working fluid pumps in HT loop
and LT loop account for the least total exergy destruction, both of which do not exceed 1%.
Figure 11b shows the proportion of exergy destruction of key components of the DORC
system under the rated condition of the CNG engine. It can be seen from the figure that the
evaporator exergy destruction in HT loop account for the largest proportion, which is 43%,
and that of preheater in HT loop is the second, accounting for 37%. Similarly, in the DORC
system, the working fluid pumps of HT loop and LT loop account for the least total exergy
destruction, neither exceeding 1%.

Figure 11. The proportion of exergy destruction of key components. (a) proportion of the average exergy destruction of key

components. (b) proportion of exergy destruction of key components of the DORC system.

Figure 12 shows the dynamic response characteristics of the exergy destruction of key
components in HT loop under full operating conditions. Figure 12a shows the dynamic
response characteristics of the exergy destruction of the expander in HT loop under full
operating conditions. It can be seen from the figure that as the speed increases, the exergy
destruction of the expander gradually increases. at the same time, the exergy destruction
increases significantly in high torque range. As the torque increases, the exergy destruction
of the expander gradually increases; at the same time, the exergy destruction increases
significantly in high speed range. The high exergy destruction is distributed near the
rated condition of CNG. Under rated condition, the exergy destruction of the expander
in HT loop obtains the maximum value, which is 2.56 kW. Figure 12b shows the dynamic
response characteristics of the exergy destruction of the working fluid pump in HT loop
under full operating conditions. It can be seen from the figure that the change trend of
exergy destruction of the working fluid pump with speed and torque is similar to that of the
expander with speed and torque in HT loop. The high exergy destruction is distributed near
the rated condition. At the CNG-rated condition, the exergy destruction of the working
fluid pump in HT loop obtains the maximum value, which is 0.3 kW. Figure 12c shows the
dynamic response characteristics of the evaporator exergy destruction in HT loop under
full operating conditions. It can be seen from the figure that the change trend of the exergy
destruction of the evaporator with the speed and torque is similar to that of the expander
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with the speed and torque in HT loop. The high exergy destruction is distributed near the
rated condition. At the CNG rated condition, the exergy destruction of the evaporator in
HT loop obtains the maximum value, which is 45.7 kW. Figure 12d shows the dynamic
response characteristics of the preheater exergy destruction in HT loop under full operating
conditions. It can be seen from the figure that the change trend of exergy destruction of
the preheater with the speed and torque is similar to that of the expander with the speed
and torque in HT loop. The high exergy destruction is distributed near the rated condition.
Under the rated condition, the exergy destruction of the preheater in HT loop obtains the
maximum value, which is 39.22 kW.

Figure 12. Dynamic response characteristics of exergy destruction of key components in HT loop under full operating

conditions. (a) dynamic response characteristics of the exergy destruction of the expander in HT loop. (b) dynamic response

characteristics of the exergy destruction of the working fluid pump in HT loop. (¢) dynamic response characteristics of

the evaporator exergy destruction in HT loop. (d) dynamic response characteristics of the preheater exergy destruction in

HT loop.

Figure 13 shows the dynamic response characteristics of the exergy destruction of key
components in LT loop under full operating conditions. Figure 13a shows the dynamic
response characteristics of the exergy destruction of the expander in LT loop under full
operating conditions. It can be seen from the figure that as the speed increases, the exergy
destruction of the expander gradually increases; at the same time, in high torque range, the
exergy destruction increases significantly. As the torque increases, the exergy destruction
of the expander gradually increases; at the same time, the exergy destruction increases
significantly in high speed range. The high exergy destruction is distributed near the
rated condition. Under the rated condition, the exergy destruction of the expander in
LT loop obtains the maximum value, which is 3.52 kW. Figure 13b shows the dynamic
response characteristics of the exergy destruction of the working fluid pump in LT loop
under full operating conditions. It can be seen from the figure that the change trend of
exergy destruction of the working fluid pump with speed and torque is similar to that of the
expander with the speed and torque in LT loop. The high exergy destruction is distributed
near the rated condition. Under the rated condition, the exergy destruction of the working
fluid pump in LT loop obtains the maximum value, which is 0.08 kW. Figure 13c shows
the dynamic response characteristics of the exergy destruction of the evaporator in LT
loop under full operating conditions. It can be seen from the figure that the change trend
of the exergy destruction of the evaporator with the speed and torque is similar to that
of the expander with the speed and torque in LT loop. The high exergy destruction is
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distributed near the rated condition of CNG engine. The maximum exergy destruction
of the evaporator in LT loop is 3.13 kW. Under the rated condition, the evaporator exergy
destruction in LT loop is 3.11 kW, which is 0.64% less than the maximum value under
full operating conditions. Figure 13d shows the dynamic response characteristics of the
exergy destruction of the intercooler in LT loop under full operating conditions. It can be
seen from the figure that the change trend of the exergy destruction of the intercooler with
the speed and torque is similar to that of the expander with the speed and torque in LT
loop. The high exergy destruction is distributed near the rated condition. Under the rated
condition, the exergy destruction of the intercooler in LT loop obtains the maximum value,
which is 3.91 kW. Figure 13e shows the dynamic response characteristics of the condenser
exergy destruction in LT loop under full operating conditions. It can be seen from the figure
that the change trend of exergy destruction of the condenser with the speed and torque
is similar to that of the expander with the speed and torque in LT loop. The high exergy
destruction is distributed near the rated condition. Under the rated condition, the exergy
destruction of the condenser in LT loop reaches the maximum value, which is 7.52 kW.

Figure 13. Dynamic response characteristics of exergy destruction of key components in LT loop under full operating

conditions. (a) dynamic response characteristics of the exergy destruction of the expander in LT loop. (b). dynamic response

characteristics of the exergy destruction of the working fluid pump in LT loop (c¢) dynamic response characteristics of the

exergy destruction of the evaporator in LT loop. (d) dynamic response characteristics of the exergy destruction of the

intercooler in LT loop. (e) dynamic response characteristics of the condenser exergy destruction in LT loop.

4.3. Economic Analysis
4.3.1. DORC System

Figure 14 shows the dynamic response characteristics of the economic performance
of the DORC system under full operating conditions. Figure 14a shows the EPC dynamic
response characteristics of the DORC system under full operating conditions. It can be
seen from the figure that as the speed and torque increase, the EPC gradually decreases.
EPC obtains the minimum value at the CNG engine rated condition, which is 0.15 $/kW-h.
Figure 14b shows the PBT dynamic response characteristics of the DORC system under
full operating conditions. As the speed and torque increase, PBT gradually decreases.
PBT obtains the minimum value at the CNG engine rated condition, which is 3.46 years.
Figure 14c shows the dynamic response characteristics of the total investment cost of
the DORC system under full operating conditions. It can be seen from the figure that
as the speed increases, the total investment cost gradually increases; and in high torque
range, the total investment cost increases significantly. As the torque increases, the total
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investment cost gradually increases; and in high speed range, the total investment cost
increases significantly.

Figure 14. Dynamic response characteristics of system economic performance under full operating conditions. (a) EPC

dynamic response characteristics of the DORC system. (b) PBT dynamic response characteristics of the DORC system.
(c) dynamic response characteristics of the total investment cost of the DORC system.

4.3.2. Key Component

Figure 15 shows the dynamic response characteristics of the investment cost of key
components of the DORC system under full operating condition. Figure 15a shows the
dynamic response characteristics of the total investment cost of the heat exchangers under
full operating conditions. It can be seen from the figure that as the speed increases, the
total investment cost of the heat exchangers gradually increases; and in high torque range,
the total investment cost of the heat exchangers increases significantly. As the torque
increases, the total investment cost of the heat exchangers gradually increases; and in
high speed range, the total investment cost of the heat exchangers increases significantly.
The maximum value of the total investment cost of the heat exchangers is obtained at
the CNG engine rated condition, which is 3.78 x 10° $. Figure 15b shows the dynamic
response characteristics of the total investment cost of the working fluid pumps under
full operating conditions. It can be seen from the figure that the change trend of the total
investment cost of the working fluid pumps with the speed and torque is similar to that of
the heat exchangers with the speed and torque. The maximum total investment cost of the
working fluid pumps is obtained at the CNG engine rated condition, which is 1.89 x 104 $.
Figure 15c shows the dynamic response characteristics of the total investment cost of the
expanders under full operating conditions. It can be seen from the figure that the change
trend of the total investment cost of the expanders with the speed and torque is similar to
that of the heat exchangers with the speed and torque. The maximum value of the total
investment cost of the expanders is obtained at the CNG engine rated condition, which is
7.43 x 104 $.

Figure 16 shows the proportion of the investment cost of key components of the DORC
system. Figure 16a shows the proportion of the average value of the total investment cost
of the key components under full operating conditions. It can be seen from the figure that
the total investment cost of heat exchangers accounts for the greatest proportion, which is
88%. The total investment cost of the working fluid pumps accounts for the least, which
is 3%. Figure 16b shows the proportion of the investment cost of key components of the
DORC system under the rated condition of CNG engine. It can be seen from the figure that
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the investment cost of the heat exchangers accounts for the highest proportion, which is
80%. The investment cost of the working fluid pumps accounts for the least proportion,
which is 4%.

Figure 15. Dynamic response characteristics of key components total cost under full operating conditions. (a) dynamic
response characteristics of the total investment cost of the heat exchangers. (b) dynamic response characteristics of the
total investment cost of the working fluid pumps. (c) dynamic response characteristics of the total investment cost of

the expanders.

Figure 16. The proportion of cost of key components. (a) proportion of the average value of the total investment cost of the
key components. (b) proportion of the investment cost of key components of the DORC system.
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5. Conclusions

Based on the theory of IC engines” heat balance in high-dimensional space, this paper
analyzes the dynamic characteristics of CNG engine exhaust, intercooler, and coolant waste
heat sources under full operating conditions. Based on the operating characteristics of
the DORC system, loops and key components, the thermodynamic models, heat transfer
models and economic models are constructed respectively. In the high-dimensional space,
the thermodynamic performance, heat transfer performance, and economic performance
of the system, loops, and key components are analyzed and evaluated under full operating
conditions of CNG engine. The main conclusions are summarized as follows:

(1) The maximum values of exhaust mass flow rate, exhaust heat transfer rate, in-
tercooler mass flow rate, and intercooler heat transfer rate are obtained under the rated
condition. In addition, the net power output and heat exchange area of the DORC system
under the rated condition have the maximum values, which are 37.54 kW and 24.76 m?2,
respectively. From the perspective of IC engine heat balance theory, output characteristics
and heat exchange area, the CNG engine rated condition is a relatively ideal DORC system
design operating point.

(2) The thermal efficiency of the DORC system under the CNG engine’s rated operating
conditions is 14.17%, and the corresponding total exergy loss is 86.08 kW. Although the
thermal efficiency of the CNG engine under rated condition is 2.07% lower than the
maximum value under full operating conditions, the corresponding total exergy destruction
is 90.19% higher. The EPC and PBT at the rated condition are the minimum values, which
are 0.15 $/kW-h and 3.46 years respectively.

(3) Under the rated condition of CNG engine, the total exergy destruction of HT and
LT loop both obtain the maximum values, which are 87.77 kW and 18.13 kW, respectively.
However, the net power output and heat exchange area of HT and LT loop also obtain
the maximum values. Therefore, under the rated condition, the net power output and
heat exchange area of different loops are optimal, and the loops also have the highest
exergy destruction. In addition, the total exergy destruction of the DORC system is mainly
contributed by the HT loop.

(4) In the HT loop, the average exergy destruction of the evaporator and the preheater
accounts for the largest proportion of the average total exergy destruction, both being 40%;
under the rated condition, the evaporator exergy destruction in HT loop accounts for the
largest proportion, which is 43%. The average exergy destruction of the working fluid
pumps account for the least of the average total exergy destruction, not exceeding 1%.

(5) The investment cost of the heat exchangers in the DORC system is the highest.
Under full operating conditions, the average value of the total investment cost of the heat
exchanger accounts for the average value of the total investment cost of the system is
largest, which is 88%. The average value of the total investment cost of the working fluid
pumps account for the average value of the total investment cost of the system is least,
which is 4%.
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Nomenclature

A heat transfer area (m?2)

Bo boiling number

b channel spacing (m)

Cp specific heat at constant pressure

Ct temperature difference correction factor
d diameter (m)

F forced convective heat transfer enhancement factor
f Darcy resistance coefficient

G mass velocity (kg/m?-s)

H fuel low calorific value

h specific enthalpy (k] /kg)

I exergy destruction (kW)

i annual interest rate

K overall heat transfer coefficient (W/m?2-K)
LT lifetime (years)

l length (m)

M molecular weight (kg/kmol)

m mass flow rate (kg/s)

Nu Nusselt number

P pressure (MPa)

Pr reduced pressure

Pr Prandtl number

Q heat transfer rate (kW)

q heat flux (kW/(m?-K))

Ttg enthalpy of vaporization (J/kg)

Re Reynolds number

S suppression factor
s specific entropy

T temperature (K)

W power output (kW)
w channel width (m)
X mass fraction

Greek letters

1 thermal efficiency

A thermal conductivity (W/m-K)
B rib effect coefficient

r fouling resistance (m2-K/W)
€ correction factor

1) fin height (m)

« heat transfer coefficient (W/m?2-K)
U dynamic viscosity (N-s/ m?)
Subscripts/Subscripts

cool coolant

env environment

eng engine

exh exhaust

eva evaporator

exp expander

eq equivalent

f fin

ft fin-and-tube heat exchanger
fb film boiling

h hydraulic

in inner

inter intercooler

1 liquid
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LT lifetime or low temperature

nb nucleate boiling

th thermal

tp two-phase

tot total

out outer

p pressure (MPa) or pump

pl plate heat exchanger

pre preheater

tot total

v vapor

w wall

wf working fluid

6a-1 state points in HT loop
Acronyms

CNG compressed natural gas

DORC dual loop organic Rankine cycle
EPC electricity production cost

HT high temperature

IC internal combustion

LT low temperature

LMTD logarithmic mean temperature difference
ORC organic Rankine cycle

PBT payback time

POPA net power output per unit heat transfer area
WHR waste heat recovery
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