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a b s t r a c t

A great deal of waste heat is released in many industrial procedures, resulting in not only serious
energy waste but also heat pollution. To alleviate this phenomenon, in-depth analyses of a steam
generation system, whose novelty lies in synthesis of mechanical vapor recompression and thermal
power conversion processes for dealing with low-grade waste heat utilization, are performed. Determi-
nation of organic Rankine cycle (ORC) working fluid and thermal power conversion cycle are conducted
in detail. Then, parameter analyses and optimization are investigated. The simulation results show
that the ORC–based system performs well in efficiency improvement and cost reduction with 69.41%
higher exergy efficiency and 9.66% lower cost per ton of steam than the transcritical carbon dioxide-
based system. In addition, there is an optimum flow rate of ORC working fluid for thermodynamic
performance. A lower steam compression ratio and a higher heat source temperature are beneficial to
improve techno-economic performance. At last, according to optimized results, the steam production
yield and exergy efficiency of the ORC–based system are 2.50% and 44.31% under the 100 ◦C heat source
condition, as well as the cost per ton of recycled steam is 7.67 $/ton. The optimizations of the system,
working fluid, and parameters provide valuable information for improving system performance.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

1.1. Motivation and problem statement

Extensive attention for energy costs, climate change, as well
s environmental pollution demand for the energy efficiency
ncrease and pollution emissions reduction in industrial sector,
here the most energy-consuming has been consumed in China,
ccounting for 68.04% (Fig. 1a) in 2017 (National Bureau of Statis-
ics, 2017). In the industrial procedure, a massive amount of
aste heat has been produced, and low-grade waste heat (below
50 ◦C) accounts for nearly half (Fig. 1b). In typical energy-
ntensive industries, including cement, steel, and glass, the ca-
acities of low-temperature waste heat potential represent 49%,
6%, and 44% respectively (Lu et al., 2016), as shown in Fig. 1b.
aking full use of the above waste heat is conducive to saving

uel, improving production efficiency, and avoiding heat pollution
cooling costs caused by direct emissions. Low-temperature hot
ater is a common carrier of low-grade waste heat. In many
hemical reaction processes, the low-temperature hot water is

∗ Corresponding author.
E-mail address: wuxiaozan@csu.edu.cn (X. Wu).
https://doi.org/10.1016/j.egyr.2021.08.178
2352-4847/© 2021 The Authors. Published by Elsevier Ltd. This is an open access a
nc-nd/4.0/).
often around 90–100 ◦C, and some even higher than 100 ◦C. For
instance, (1) the waste water temperatures of scouring, bleaching,
and desizing operations in dyeing process are up to 130 ◦C,
90∼130 ◦C and 100 ◦C (Xu, 2011); (2) The production of ph-
thalic anhydride is accompanied by the discharge of hot water
at 120–130 ◦C (Wang et al., 2019).

Steam is a preferred heat exchange medium in actual produc-
tion due to its ability to provide stable latent heat. The boiler
system is a traditional and the most widely used steam produc-
tion system. Nevertheless, as part of the clean energy movement,
decentralized coal-fired boilers began to be replaced or elimi-
nated by large-scale steam heating systems in Chinese industrial
sectors (Wang et al., 2020a). Meanwhile, steam generation by
gas-fired and electric boilers is limited by the high production
cost. In summary, these conditions heighten the need for the de-
sign of energy-efficient, environmentally-friendly (Ammar et al.,
2012), and economical (Fitó et al., 2020) systems, which aim at
low-temperature waste heat utilization and steam generation.

1.2. Literature review

To improve the efficiency of waste heat utilization, scholars
have explored many high-efficiency waste heat recovery tech-
nologies, including high-temperature heat pump (HTTP), waste
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Fig. 1. (a) The proportion of energy consumption in various industries in China. (b) The capacities of waste heat potential in cement, iron, and glass industries.
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heat power generation (WHPG), and vapor compression (Igle-
sias Garcia et al., 2018; Jouhara et al., 2018; Minea, 2014; Wang
et al., 2017). In our previous work, the characteristics, advan-
tages, and disadvantages of the waste heat utilization systems
were discussed in detail (Chen et al., 2021). The optimizations of
these technologies are often conducted in the aspects of thermal
power conversion (TPC) technologies, cyclic working fluid, system
configuration, and key parameters.

Selecting a proper TPC system is essential to improve cycle
erformance. It is reported that organic Ranking cycle (ORC),
hich applies organic substances with low boiling points and
igh vapor pressures (Quoilin et al., 2013), as working mediums,
s effectively applied to low-grade waste heat recovery such
s geothermal (Bao et al., 2020; Wang et al., 2020b), biomass
Calli et al., 2021; El-Sattar et al., 2020), and solar (Sinasac and
ianu, 2021) utilization. As important forms of the thermal-power
onversion cycle, supercritical CO2 (S-CO2) power cycle and tran-
critical CO2 (T–CO2) power cycle have become hot research
topics because of their unique characteristics. Liao et al. (2019)
thought S-CO2 power cycle owns the potential for being em-
ployed in power generation and combined heat and power gen-
eration (CHP) system. The pinch limit of S-CO2 power cycle is
lighter owing to a better temperature glide match. Thus, the
hermodynamic performance of that is further improved. Evap-
ration and condensation pressure of the S-CO2 cycle are above
he critical value, while the condensation pressure of the T–CO2
ycle at a subcritical state (Sarkar, 2015). For the conversion
etween the low-grade waste power and power, Sarkar believes
hat the T–CO2 cycle performs better in terms of thermody-
amics than that of the ORC and S-CO2 cycle. Nevertheless, the
bove-mentioned systems operate under extremely high pres-
ure, which puts extremely high demands on the equipment
nd further increases the costs of the equipment. Consequently,
he large equipment investment and operation requirement may
ecome a factor hindering their development.
In addition, the selection of cyclic working fluids is another

mportant means to improve the waste heat utilization efficiency
or ORC systems and HTTP systems (Frate et al., 2019; Yu et al.,
016). The selection of working fluids is based on environmental
mpact, toxicity, system efficiency, and economic feasibility. A
ew binary, near-azeotropic mixed working fluid called BY-5 was
eveloped by Zhang et al. (2017) for an HTTP system. The coeffi-
ient of performance (COP) of the system achieved 2.57 and 4.44

◦C heat source and 130 ◦C heat sink temperature. Frate et al.
t 80

5910
2019) considered that R1233zd(E) is the most appropriate fluid
o improve both COP and volumetric heating capacity (VHC) for
TTPs. Saleh et al. (2007) pointed out that the suitable working
luids for three different ORC waste heat utilization systems are
thane, propane, and propylene.
Many recent researches have been devoted to system struc-

ure optimization and parameter optimization. A straightforward
pproach is adding an extra component to improve the thermo-
ynamic efficiency. Kang et al. (2019) and Arpagaus et al. (2018)
roposed HTTP systems with an internal heat exchanger (IHX)
nd a subcooler respectively. Results showed that the former’s
team production yield increased by 27 to 31%, and the latter
upplied 160kW heat with less power consumption. What is
ore, the development of integrated systems is another effective
ethod for waste heat utilization. Sun et al. (2018) compared the
ystem configuration of single-stage ORC, parallel two-stage ORC,
nd cascade two-stage ORC, and indicated that parallel two-stage
RC is a better selection for lower temperature heat sources.
ateu-Royo et al. (2019) proposed a coupling system based on
ombined cooling heating and power (CCHP) and ORC for waste
eat utilization. The significant performance improvement of 2.44
OP and 8.75% net electric efficiency can be supplied by the cou-
ling system. System coupling significantly improves the overall
erformance, and it has greater flexibility. At last, optimizing
arameters is a common method for system performance im-
rovement. Zhou et al. (2013) and Li et al. (2019a) discussed
he effects of heat source temperature, heat source flow rate,
uperheat degree, and condenser temperature for the ORC–based
HPG system.

.3. Main contribution

From the above-mentioned literature, it is crucial to make ef-
ort on TPC system and working fluid selection, system structure
esign, and parameter optimization to meet the comprehensive
eeds of thermodynamics, economy, and energy conservation.
n our previous work (Chen et al., 2021), an innovative low-
rade waste heat recovery system, which is a coupling of a TPC
ystem and a mechanical vapor recompression (MVR) process,
as proposed for the efficient generation of low-pressure steam.
he proposed system performs well in waste heat recovery with
7.01% and 60.59% higher exergy efficiencies than two existing
eference systems. However, there is still a blank for system op-
imization and analysis, as well as TPC system and working fluids
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election. For this purpose, a series of efforts are conducted in
his study to explore the optimization potential and direction of
he proposed system. The results and conclusions of the present
tudy are expected to give a more comprehensive understanding
f this novel system in different application scenarios.
The main contributions of this paper are as follows:

(1) The selection of ORC working fluids and TPC subsystems
is studied in detail, and selection suggestions based on
objectives are given.

(2) The effects of the ORC cyclic fluid flow rate, isentropic
and adiabatic efficiency of the expander and pumps, and
steam compression ratio (i.e., Psteam/Phot water ), on system
performance are investigated.

(3) The thermodynamic and economic indicators are calcu-
lated after optimization.

. System description

By the synthetic cascade utilization of the industrial waste
eat, the proposed system is dedicated to generating low–pressure
team efficiently and economically. Fig. 2 shows the schematic
resentation of the proposed system composed of a TPC subsys-
em and an MVR subsystem, and Fig. 3 presents the temperature–
ntropy diagram. The TPC subsystem is composed of five com-
onents: an evaporator, a condenser, two pumps (pump 1 and
ump 3), and an expander, in which the evaporator also works as
he cooler in the MVR subsystem. The MVR subsystem comprises
even parts: two pumps (pump 2 and pump 4), a flash tank, a
ee, a heat exchanger, a compressor, and a cooler (it works as the
vaporator in the TPC subsystem).
The specific working processes are as follows. Lines of different

olors represent streams with various components. The MVR
ubsystem, utilizing the high-temperature part of the waste hot
ater (saturated liquid state), is shown on the outside of Fig. 2.
ecause of the pressure drop, the waste heat is recovered by
team and remaining hot water (processes 1–2 and 1–5). The
emaining hot water releases heat in the cooler (process 5–6) and
hen is separated into two parts, in which one part is discharged
o the environment after being pressurized to atmospheric pres-
ure (processes 6–9–18), and the other part is used as the heat
ink for the heat exchanger (processes 6–16–7). The purpose
f the heat exchanger is to cool the high-temperature steam
state 3). Meanwhile, the steam is compressed by the compressor
process 2–3), and then it released heat (process 3–4). At last, it
ecomes the target steam. The TPC subsystem is shown on the in-
ide of Fig. 2. Contrary to the MVR subsystem, the TPC subsystem
tilizes the waste heat of the relatively low-temperature part. As
he heat source of the evaporator, the remaining water heats the
yclic fluid (process 10–11). Then, it flows into the expander for
echanical work generation (process 11–12). After being cooled

o the saturated liquid state in the condenser (process 12–15), the
luid is pressurized to a state of high pressure (process 15–10).

We need to pay attention to the coaxial connection between
he expander and the compressor in this study, that is, the me-
hanical power consumption of the compressor is directly pro-
ided by the expander. Compared with the conventional con-
iguration, this one avoids the complicated conversion process
f work–electricity–work, which is helpful for structure sim-
lification, investment cost reduction, and cycle efficiency im-
rovement. Moreover, the grid provides the mechanical work

onsumed by pumps 1–4.

5911
. Mathematical model

.1. Assumptions

Some specific assumptions are made as follows to simplify the
imulation and numerical calculation processes.

• The proposed system operates under steady–state condi-
tions.

• The efficiency of phase separation is set to 100%.
• The heat and pressure losses are ignored in the pipes and

heat exchangers.

.2. Thermodynamic model

.2.1. Energy and exergy model
The energy and exergy models are built on the basis of the

irst law and the second law of thermodynamics. The simulation
nd calculation of the energy transfer between components are
y the energy and exergy model.
The exergy model provides a theoretical basis for the calcula-

ion of exergy destruction and exergy efficiency. Exergy is defined
s the part of energy that can be converted into useful work the-
retically under ambient conditions. In general, exergy includes
hysical exergy, chemical exergy, kinetic exergy, and potential
xergy (Liu et al., 2020). In this model, the kinetic and potential
xergy is ignorable and chemical exergy is not considered because
he combustion is not involved. It takes physical exergy into
onsideration only, which is defined as:

= m [(h − h0) − T0 (s − s0)] (1)

where s is the specific entropy, and h is the specific enthalpy.
The energy and exergy correlations for each component are

hown in Table S1 in the Supporting Information, and the exergy
alculations for the components are shown in Table S2 in the
upporting Information. The subscripts (1,2, . . . , 18) of balance
quations correspond to the status points in Fig. 2.

.2.2. Thermodynamic index
Analyzing the proposed system, waste heat recovery and low-

ressure steam production are the two most important tasks.
ence, steam production yield (ηsp), thermal recovery ratio
ηthermal recovery), and exergy efficiency (ηE) are three suitable in-
icators, which can evaluate the performance of the above two
asks in terms of product, energy, and exergy.

The steam production yield shows the productivity clearly. It is
losely related to pressure drop in the flash tank, and is calculated
s (Lu et al., 2019):

sp = (m4 + m8) /m1 × 100% (2)

The thermal recovery ratio is calculated as shown in Eq. (3)
iven in Box I.
The exergy efficiency is calculated as:

E =
Eoutput
Einput

× 100% = 1 −
Edes
Einput

× 100% (4)

where Edes is the exergy destruction. The cooling water exergy is
too small to be neglected.

The output exergy (Eoutput ) is defined as:

output = E4+E8+Wexp−Wcom−Wpump 1−Wpump 2−Wpump 3−Wpump 4

(5)

The input exergy (Einput ) is defined as:

input = E1 (6)
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Fig. 2. Scheme of the proposed waste heat utilization system.
Fig. 3. The temperature–entropy diagram of the proposed system: (a) hot water side and TPC cycle and (b) steam side.
ηthermal recovery =
m4 · (h4 − h0) + m8 · (h8 − h0) + Wexp − Wcom − Wpump1 − Wpump2 − Wpump3 − Wpump4

[m1 · (h1 − h0)] × 100%
(3)
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.3. Economic analysis

Economic analysis is a requisite aspect for system performance
valuation owing to its contribution to the feasibility evaluation.
or the purpose of generating steam efficiently, cost per ton of
ecycled (COS) reflects costs of producing unit mass of steam,
ased on the total costs during the lifetime and the associated
team production (Parrado et al., 2016).
COS is calculated as follows (Chen et al., 2018):

OS =
(
CRF · Ccapital + COM

)
/Msteam (7)

here, CRF represents the capital recovery factor, defined as:

RF =
i (1 + i)N[

(1 + i)N − 1
] (8)

where i represents the interest rates, and N denotes the system
ifetime.

Ccapital is the total equipment costs, which is expressed as:

C = C + C + C + C + C + C + C + C (9)
capital com ft eva exp con tee pumps sc

5912
COM is the operation & maintenance expense, including costs
of maintenance (Cmain), electricity (Cele), and cooling (Ccool):

OM = Cmain + Cele + Ccool (10)

main = 0.05 × Ccapital (11)

steam = H · msteam (12)

= 0.9 × 24 × 365 = 7884 (13)

The equipment costs are calculated by the related investment
ost functions in the Supporting Information, and detailed infor-
ation can be found in the original paper (Chen et al., 2021).

n this study, the costs of the tee and TPC working media are
egligible in comparison with other costs.

.4. Calculation parameters, optimization processes, and operation
trategy

This study applied the powerful engineering simulation
oftware—Aspen Hysys to carry out process simulation. The widely
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nput parameters for the simulation.
Block Model Specification

Flash tank Separator • Pressure (state 1): 101.325 kPa
• Mass flow rate (state 1): 1.0 kg/s
• Vapor fraction (state 1): 0
• Pressure drop: optimization variable

Compressor Compressor • Adiabatic efficiency: 85% (Wright, 2013)

Heat exchanger Heat exchanger • Outlet pressure (states 4 and 8): 101.325–506.625 kPa (adjustable in Parametric analysis)
• Outlet vapor fraction (states 4 and 8): 1

Evaporator/Cooler Heat exchanger • Outlet temperature (state 6): optimization variable
• Pressure (state 10): adjustable for judging criterion
• Mass flow rate (state 10): optimization variable
• Overall heat transfer coefficient: 850 W/(m2 K) (Li et al., 2019b)

Expander Expander • Adiabatic Efficiency: 60%–95% (adjustable in Parametric analysis) (Wright, 2013)

Condenser Heat exchanger • Pressure (state 12): adjustable for judging criterion
• Overall heat transfer coefficient: 250 W/(m2 K) (Li et al., 2019b)

Pump 1 Pump • Isentropic efficiency: 60%–95% (adjustable in Parametric analysis) (Wright, 2013)
• Vapor fraction (state 15): 0

Pump 2 Pump • Isentropic efficiency: 60%–95% (adjustable in Parametric analysis) (Wright, 2013)

Pump 3 Pump • Cooling source temperature: 25 ◦C
• Cooling source Pressure: 101.325 kPa
• Mass flow rate of cooling source: 2.0 kg/s
• Isentropic efficiency: 60%–95% (adjustable in Parametric analysis) (Wright, 2013)

Pump 4 Pump • Isentropic efficiency: 60%–95% (adjustable in Parametric analysis) (Wright, 2013)
• Output pressure (state 18): 101.325 kPa
used Peng–Robinson equations of state were adopted to solve the
thermodynamic properties of each state. The objectives of ηE and

exp are optimized by adopting an optimization procedure, in
ddition to the basic calculation process are similar to that of our
revious studies (Chen et al., 2021). Taking the system complexity
nd parameter coupling effect into consideration, the maximums
f ηE is realized by maximizing the exergy of output for the whole
ystem, and the Wexp is maximized for the TPC subsystem. The
ressure drop in the flash tank (∆Pft ), flow rate of the cyclic
orking fluid, and discharge temperature (Tdis, temperature of
tate 6) are assumed and adjusted as optimization variables. The
ptimal solution is conducted by the optimizer in Aspen Hysys,
hich is based on the Box algorithm. It is theoretically based
n Box’s Complex method and is applied to deal with non-linear
bjective problems (Box, 1965). Fig. 4 presents the optimization
rocedure of the proposed system. The detailed input parameters
re listed in Table 1. Table 2 shows the parameters of the system
nalysis. ∆Tcond and ∆Tevap represent the pinch point temperature

difference in heat exchangers. Wmax
exp represents the maximum

mechanical work that the expander can generate.
The specific operation strategy of the proposed system is as

follows. Adjusting the ∆Pft will cause the mass flow of state 2 to
move inversely to that of state 5. That is, as the ∆Pft rises, the
mass flow of state 2 will increase and the mass flow rate of state
5 will decrease, indicating that the Wcom will increase whereas
the Wmax

exp will decrease. In the TPC subsystem, parameter opti-
mization is conducted for the maximization of the Wexp (Fig. 4).
From the point of the whole system, the Wcom is all supplied by
the Wmax

exp . If Wmax
exp > Wcom, the ∆Pft should be increased to meet

the above requirements. Instead, the ∆Pft needs to be decreased.
The optimal ∆Pft is determined by repeated regulation.

4. Result and discussion

4.1. Selection of the TPC subsystem and the cyclic working fluid

In this section, to select suitable TPC subsystems, the ORC–
based system (i.e., the proposed system with ORC) and T–CO2–
based system (i.e., the proposed system with T–CO cycle) are
2

5913
Fig. 4. The optimization procedure of the proposed system.

Table 2
Parameters of system analysis.
Parameter Value Parameter Value

T0 25 ◦C Ccool 0.35 $/GJ (Cui et al.,
2019)

P0 101.325 kPa Cele 8.72 × 10−3 $/kWh
(Guangdong Provincial
Development and
Reform Commission,
PRC, 2015)

∆Tcond 3 ◦C (Kemp,
2010)

i 5%

∆Tevap 3 ◦C (Kemp,
2010)

N 25 years
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Fig. 5. Maximum steam mass flow rate for different organic refrigerants.

simulated and evaluated through four indicators: the steam mass
flow rate, exergy efficiency, total costs, and COS. The selection of
proper cyclic working fluid contributes to the minimization of en-
tropy production as well as basically determining the operability
and economy of the TPC subsystems. CO2 is the working media of
the T–CO2 cycle. Compared with the steam Rankine cycle, ORC is
more similar to the steam compression refrigeration cycle; hence;
that all organic refrigerants can be employed as the working
medium of ORC over a certain temperature range. Consequently,
the selection of organic refrigerants is an important task. First
of all, their impacts on the environment and their safety need
to be concerned. That is, a suitable organic refrigerant should
be characterized by zero ozone destruction potential (ODP), low
global warming potential (GWP), high thermal stability, non-
toxic, and non-combustible. In addition to their properties, ORC
working mediums also need to meet the requirements for safe
and stable operation of the ORC. Dry fluid and isentropic fluid are
mostly applied in the ORC, which are saturated vapor at the outlet
of the evaporator without overheating. Considering the cost and
safety of the system, the ORC working medium with lower critical
pressure is a better choice. What is more, its critical temperature
should be close to that of the heat source for better temperature
matching. Hence, R600a, R141b, R245fa, R600, and R123 are
primarily selected for the ORC–based system and the properties
are provided in Table 3. For the proposed system, the steam mass
flow rate is selected to evaluate the thermodynamic performance
when the above five fluids are applied. As revealed by Fig. 5, the
system with R600a has the largest steam mass flow rate, which
means that the system performs better in thermodynamics. This
is because the critical temperature of R600a is close to the heat
source temperature. Therefore, R600a is selected as the working
fluid of the ORC–based system.

For further study, the comparative analysis among the ORC–
based and T–CO2–based systems is conducted under the same
input parameters, which are listed in Table 1. The parameters
of each cycle are adjusted to maximize the ηsp, and the ther-
odynamic properties of states are listed in Table S3 in the
upporting Information. The various cost calculations of the T–
O2–based system and ORC–based system are listed in Table S4
n the Supporting Information.

Fig. 6 presents the comparisons among the thermodynamic
nd economic performance of the ORC–based system and T–
O2–based system. As shown in Fig. 6, the thermodynamic and

conomic performance of the two cycles is quite different. To

5914
be specific, the maximum steam mass flow rate of the T–CO2-
based system can reach 187.34 kg/h, which is twice that of the
ORC–based. But it is at the expense of the ηE of the T–CO2–based
system. The ηE of the T–CO2–based system is only 26.15%, which
is 69.41% less than that of the ORC–based system. Through further
exergy analysis of each component (Fig. 7), it can be found that
the Edes of the T–CO2–based system is significantly greater than
hat of the ORC–based system. The low ηE (26.16%) of the T–
O2–based system attributes to substantial exergy wasted in the
umps, condenser, flash tank, and expander. This is inevitable
or the T–CO2–based system as the Wpumps, Wexp, and the heat
ransfer of the condenser increase with the increase of the steam
ass flow. From the economic perspective, there are obvious ad-
antages in the ORC–based system with 56.61% and 9.66% larger
nnual total costs and COS than the T–CO2–based system. The
omponent costs of the proposed systemwith different TPC cycles
ary greatly (Fig. 8): the costs of the components (evaporator,
ompressor, pumps), the costs of maintenance, and electricity
re obviously fewer of the ORC–based system compared with
he T–CO2–based system. The tremendous circulation pressure in
he T–CO2–based system causes a noticeable rise in equipment
osts and costs of maintenance. The cooling water consump-
ion increases because of a larger heat exchange capacity of the
ondenser, and the cost of electricity increases due to the huge
echanical work consumption of pumps. The higher steam mass

low rate of the T–CO2–based system prevents the COS from
ncreasing dramatically, but it is at the cost of consuming a large
mount of electricity, which defeats the purpose of the proposed
ystem.
In conclusion, the T–CO2–based system has obvious advan-

ages in improving the ηsp. However, the low ηE and the large COS
ay become its fatal defect. The ηE of the T–CO2–based system
ill increase as the steam mass flow rate decreases, but it also
eans that the COS of the T–CO2–based system will increase
ignificantly because of the huge total costs. How to reduce the
ost of the T–CO2–based system is a focus of future research
n this field. Accordingly, taking into account the investment
osts, the equipment requirements, and the operating conditions,
he ORC–based system is more suitable than the T–CO2–based
ystem in this paper and the ORC–based system is selected as TPC
ycle under the condition that the thermodynamic and economic
erformance are comprehensively considered.

.2. Parametric analysis

To further investigate the system performance, the effects of
ome key parameters, such as the flow rate of R600a (mR600a),
team compression ratio, isentropic efficiency of the expander,
nd the adiabatic efficiency of pumps, are analyzed under differ-
nt heat source conditions. The Wexp, mechanical work input from
he grid, ηE , ηsp, and COS are chosen to visualize the effects of the
arameters in the section.

.2.1. Effects of the R600a flow rate
In this section, the effect of the mR600a under designed working

conditions is studied, in which stats 11 is always in the saturated
vapor state (i.e., the fluid flowing into the expander is a saturated
gas). As can be seen in Fig. 9a, the Wexp curves and the ηE
curves corresponding to different heat source temperatures have
the same fluctuation trend with an increase in the mR600a. Ths
represents the temperature of heat source. Take the heat source
of 100 ◦C as an example, there is a gradual rise of Wexp from 0.1 to
0.25 kg/s, then an observable dip. The largest Wexp can reach 6.04
kW, which occurs when the mR600a is 0.25 kg/s. Meanwhile, the
Wexp is positively associated with the heat source temperature.

The reasons for this phenomenon are as follows. The Wexp is the
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Table 3
Properties of common organic refrigerants.
Organic refrigerant R600a R141b R245fa R600 R123

Normal boiling point/◦C −11.67 32.00 14.90 −0.5 27.82
Critical temperature/◦C 134.67 204.40 154.05 151.90 183.68
Critical pressure/MPa 3.60 4.21 3.60 3.79 3.60
ODP 0 0.086 0 0 0.01
GWP/(100 yr) 20 630 820 20 93
Type Dry fluid Dry fluid Dry fluid Dry fluid Isentropic fluid
Fig. 6. Thermodynamic and economic performance of the ORC–based system and T–CO2–based system.
Fig. 7. Ratio of exergy destruction of each equipment for the (a) ORC–based system and (b) T–CO2–based system.
5915
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Fig. 8. Ratio of component costs and operation & maintenance expense for the (a) ORC–based system and (b) T–CO2–based system.
Fig. 9. The effect of mR600a and heat source temperature on the (a) Wexp and the (b) ηE .
S

4
a

T
a
a
r

product of the mR600a and the specific enthalpy difference (∆h).
Fig. 10 illustrates the variations of specific enthalpy difference
of the expander (∆hexp) and decrement of specific enthalpy dif-
ference (∆h∗

exp) versus the mR600a. The rise of the mR600a causes
a significant dip in ∆hexp, whereas the ∆h∗

exp shows an overall
upward trend, which means that the ∆hexp is shrinking at an
increasing rate. Hence, the mR600a is the dominant factor of Wexp
in the early stage. As the mR600a exceeds a certain value, the Wexp
begins to decline because of the rapid drop in enthalpy difference.
From another perspective, Fig. 11 presents the visual depiction
of the relationship between pinch point location and mR600a, in
which the minimum approach temperature of the evaporator
is 3 ◦C constantly. The location where the minimum approach
temperature occurs is the pinch point location. Before the peak
value of Wexp, pinch point moves to the right when the mR600a
rises. After the maximumWexp, the pinch point moves left quickly,
which means that the temperature of the ORC working fluid at
state 11 is lower to meet the requirement of reaching the pinch
point earlier. Thus, a continued rise of the mR600a leads to a sharp
dip in the temperature difference of the expander, which further
causes a rapid decline in Wexp. Synthesizing the above analysis,
there is a pattern that Wexp increased firstly and decreased later.

Fig. 9b visualizes that, as far as the ηE is concerned, the main
trend of the ηE is upward and then downward. The specific
reasons in the case of the 100 ◦C heat source are demonstrated in
Fig. 12, which provides the effects of mR600a on the Einput , Eoutput ,
and Edes. There are obvious turning points of the Edes. That is,
before reaching the turning point, the Edes decreases rapidly. After
reaching the turning point, the Edes begins to increase gradually.
But the Einput remains the same, because it only depends on the
heat source conditions. According to Eq. (4), there is a sharp rise
in η , then a steep dip. The same results can be obtained from
E
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Fig. 10. The variation of the expander specific enthalpy difference and decre-
ment of specific enthalpy difference versus mR600a in the case of 100 ◦C heat
sources.

the point of view of Einput . Under other heat source conditions,
the analyses of the reason for the changes in the Wexp and the
ηE is similar to the above, shown in Fig. S1 and Fig. S2 in the
upporting Information.

.2.2. Effects of the isentropic and adiabatic efficiency of expander
nd pump
Keeping the mR600a and Tdis constant, which are listed in

able 4, visual depictions of the expander isentropic efficiency
nd pumps adiabatic efficiency effect are present in Figs. 13
nd 14. The Wexp and the mechanical work input from the grid
ise steadily as the isentropic and adiabatic efficiency increase,
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Fig. 11. The variation of the pinch point position versus mR600a in the case of 100 ◦C heat sources.
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Fig. 12. The variation of the Einput , Eoutput , and Edes with the simultaneous
ariation of the mR600a in the case of 100 ◦C heat sources.

hereby increasing the Eoutput while the Einput keeps unchanged.
ence, the rises in the isentropic and adiabatic efficiencies cause
monotonous rise in the ηE . Additionally, when the isentropic ef-
iciency of expander and the adiabatic efficiency of pumps change
he same value, the effect of the former on the thermodynamic
erformance is obviously greater than that of the latter.

.2.3. Effects of the steam compression ratio
In practical application, the pressure of the required steam

ill vary according to different requirements. In this section, the
ffect of the steam compression ratio is performed under a fixed
luid state of state 11 (saturated vapor state), and both the steam
states 4 and 8) and the heat source (state 1) are saturated.

Fig. 15 demonstrates the variations of (a) ηsp, (b) ηE , and (c)
OS versus steam compression ratio and heat source tempera-
ure. The increase in steam compression ratio leads to a great
ip in the ηsp and then the rate of decline in that slows down,
hich means that the changes gradually stabilize (Fig. 15a). A
5917
imilar tendency as above can be observed in analyzing the effect
f the steam compression ratio on the ηE in Fig. 15b. Additionally,
t is noticeable that an increase in heat source temperature is
ccompanied by an increase in the ηsp and ηE . The reason analyses
re as follows. As the steam compression ratio increases (that is,
he steam pressure increases and the hot water pressure remains
nchanged in this section), the Wexp increases accordingly. Under
he premise of Wexp = Wcom, the mass flow rate of steam
ust be reduced to reduce the mechanical work consumption
f the compressor, as shown in Fig. 16b. Besides, as the steam
ompression ratio increases, the flow rate of steam decreases, and
he mass exergy of steam increases (Fig. 16b). The decline rate of
he former is larger than the growth rate of the latter, leading to
decrease in the exergy of steam (Fig. 16a). Meanwhile, the me-
hanical work consumption of pumps is proportional to the steam
ompression ratio and the Einput remains constant. Combining the
bove analyses and Eqs. (4)–(6), the ηE decreases with increas-
ng steam compression ratio. From an economic perspective, an
pposite tendency as above can be seen in analyzing the effect
f the steam compression ratio on the COS in Fig. 15c, that is,
he COS appears in a pattern of monotone increasing. It is caused
y changes in the steam flow rate and investment costs. On the
ne hand, increasing the steam compression ratio results in a
ignificant decline in the flow rate of steam. On the other hand,
he Wexp, Wcom, Wpumps, Qevap, and Qcond all increase with the rise
f the steam compression ratio, resulting in the increment of the
capital and the COM . Combined with the two aspects, it is seen that
he COS will increase monotonically based on Eq. (7).

According to the above analyses, lower steam compression ra-
io and higher heat source temperature are beneficial to improve
hermodynamic and economic performance. Nevertheless, the
ctual situation should be taken into account. From the perspec-
ive of heat source temperature, low-temperature heat sources
<90 ◦C) perform poorly in terms of economy and thermodynam-
cs. The temperature of the wasted hot water is below 151.8 ◦C
enerally in China (Chen et al., 2021). For the steam compression
Fig. 13. The effect of the isentropic of expander on the (a) Wexp and the (b) ηE .



Z. Zeng, Y. Chen, C. Li et al. Energy Reports 7 (2021) 5909–5921

r
c
c
r
a
c
9

4

o
i
p

Table 4
The constant R600a flow rate and discharge temperature.
Heat source temperature/(◦C) 90 100 110 120 130 140 150
mR600a/(kg/s) 0.212 0.250 0.314 0.352 0.384 0.442 0.528
Tdis/(◦C) 60 64 66 70 74 76 76
Fig. 14. The effect of the adiabatic efficiency of pumps on the (a) mechanical work input from the grid and (b) ηE .
Fig. 15. The effect of the steam compression ratio on the (a) ηsp , (b) ηE , and (c) COS.
a
p
1
t

c
o

η

atio, it may be necessary to achieve the goal of a high steam
ompression ratio through multi-stage compression, which is not
onducive to simplifying the system. The steam compression
atio should be determined by the actual steam requirements
nd the heat source conditions. The suitable range of the steam
ompression ratio is 1–3 under the heat source temperature of
0–150 ◦C.

.3. Optimized results

In this section, the parameters are optimized for the purposed
f maximizing thermodynamic performance using the optimizer
n Aspen Hysys. Under the premise of setting the calculation
arameters in Tables 1 and 2, selecting the ∆P , T , and m
ft dis R600a

5918
s the parameters that need to be optimized. The optimization
rocess was carried out under the heat sources of 90 ◦C and
00 ◦C, and the steam compression ratio is 2. Fig. 17 visualizes
hat under the premise that the Wexp can meet the Wcom, the

∆Pft can reach 24.0 kPa and 38.5 kPa under designed heat source
onditions, respectively. Meanwhile, it can be found that the
ptimal value of the mR600a declines gradually with the Tdis rise.

As shown by the optimization results (Table 5), for the common
case where the heat source temperature is 100 ◦C, the system
E is optimal at the mR600a of 0.227 kg/s and the Tdis of 63.3 ◦C.

The ηsp is 2.50%, and the ηthermal recovery can achieve a relatively
high value of 21.34%. From the perspective of exergy, the ηE of
the ORC–based system is 44.31%, benefiting from the synthetic



Z. Zeng, Y. Chen, C. Li et al. Energy Reports 7 (2021) 5909–5921

g
e
T
o
p
o
t
o
a

Fig. 16. The variation of (a) the exergy of steam, mechanical work consumption of pumps, (b) flow rate of steam, and mass exergy of steam under the influence of
steam compression ratio in the case of 100 ◦C heat sources.
Fig. 17. The combined effect of R600a flow rate and discharge temperature on system performance under heat source temperature of (a) 90 ◦C and (b) 100 ◦C.
Table 5
Optimization results.
Temperature of heat source/(◦C) 90 100
mR600a/(kg/s) 0.201 0.227
Tdis/(◦C) 59.4 63.3
∆Pft /(kPa) 24.0 38.5
ηsp/(%) 2.01 2.50
ηE /(%) 41.37 44.31

cascade utilization of energy. What is more, a COS of 7.67 $/ton
could be approached in the optimum condition.

5. Conclusions

In this study, a steam generation system, which utilizes low-
rade waste heat, is investigated by in-depth thermodynamic and
conomic analyses. Several investigations have been done on the
PC system, ORC working fluid, control parameter for system
ptimization. On the basis of models and evaluations in our
revious work, thermodynamic and economic screenings of five
rganic working fluids and two TPC-based systems are conducted
o determine the selection of fluid and TPC subsystem. More-
ver, the effects of the ORC working fluid flow rate, isentropic
nd adiabatic efficiency of the expander and pumps, and steam
5919
compression ratio on system performance are investigated. The
main conclusions are summarized as follows:

(1) Compared with the T–CO2–based system, the ηE of the
ORC–based system is 69.41% higher, while the ηsp is 51.97%
lower. Meanwhile, the ORC–based system performed better
in terms of economics with 56.61% lower annual total cost
and 9.66% lower COS. For the background and application
scenario of the proposed system, the ORC–based system
is a more suitable choice. Moreover, for the selection of
ORC working fluid, the ORC–based system with R600a has a
higher steam mass flow rate because of a smaller tempera-
ture difference between the R600a critical temperature and
heat source temperature.

(2) There is an optimum flow rate of ORC working fluid for
thermodynamic performance. The mechanical work gen-
eration of the expander, mechanical work input from the
grid, and ηE increase linearly with the increase of equip-
ment efficiency. Besides, to improve the system perfor-
mance, the steam compression ratio and the heat source
temperature should be reduced and raised respectively
within a certain range. Combined with the actual situation,
the suitable range of the steam compression ratio is 1–3
under the heat source temperature of 90–150 ◦C.

(3) Setting the optimum operating parameters, the ηsp, ηE ,
and COS of the ORC–based system are 2.50%, 44.31%, and
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7.67 $/ton under the heat source condition of 100 ◦C. The
optimal mR600a decreases gradually with the increase of the
Tdis.

To sum up, the proposed system provides a technically fea-
ible and cost–competitive solution for waste heat utilization
nd steam generation in the industry. Facing various working
onditions, the simulation results provide theoretical guidance
nder operations with different configurations and states.

RediT authorship contribution statement

Zhiyong Zeng: Supervision, Writing (original draft), Visualiza-
ion, Funding acquisition. Yufeng Chen: Conceptualization, Soft-
are, Visualization, Writing (original draft). Chenghao Li: Soft-
are, Visualization, Writing (review & editing). Yunfeng Li: Writ-

ng (review & editing). Xiaozan Wu: Conceptualization, Supervi-
ion, Writing (review & editing), Funding acquisition.

eclaration of competing interest

The authors declare that they have no known competing finan-
ial interests or personal relationships that could have appeared
o influence the work reported in this paper.

ata availability statement

The data used to support the findings of this study are included
ithin the article and supplementary information files.

cknowledgments

This work was supported by the National Natural Science
oundation of China (Grant No. 52074348) and Fundamental Re-
earch Funds for the Central Universities of Central South Univer-
ity (Grant No. 1053320192040).

ppendix A. Supplementary data

Supplementary material related to this article can be found
nline at https://doi.org/10.1016/j.egyr.2021.08.178.

eferences

mmar, Y., Joyce, S., Norman, R., Wang, Y., Roskilly, A.P., 2012. Low grade thermal
energy sources and uses from the process industry in the UK. Appl. Energy
89, 3–20. http://dx.doi.org/10.1016/j.apenergy.2011.06.003.

rpagaus, C., Bless, F., Uhlmann, M., Schiffmann, J., Bertsch, S.S., 2018. High
temperature heat pumps: Market overview, state of the art, research status,
refrigerants, and application potentials. Energy 152, 985–1010. http://dx.doi.
org/10.1016/j.energy.2018.03.166.

ao, J., Zhang, L., Song, C., Zhang, N., Zhang, X., He, G., 2020. Comparative
study of combined organic Rankine cycle and vapor compression cycle for
refrigeration: Single fluid or dual fluid? Sustain. Energy Technol. Assess. 37,
100595. http://dx.doi.org/10.1016/j.seta.2019.100595.

ox, M.J., 1965. A new method of constrained optimization and a comparison
with other methods. Comput. J. 8, 42–52. http://dx.doi.org/10.1093/comjnl/
8.1.42.

alli, O., Colpan, C.O., Gunerhan, H., 2021. Thermoeconomic analysis of a biomass
and solar energy based organic Rankine cycle system under part load
behavior. Sustain. Energy Technol. Assess. 46, 101207. http://dx.doi.org/10.
1016/j.seta.2021.101207.

hen, Y., Li, C., Zeng, Z., 2021. Proposal and comprehensive analysis of an
innovative steam generation system by deep recovery of low-grade waste
heat. J. Clean. Prod. 310, 127509. http://dx.doi.org/10.1016/j.jclepro.2021.
127509.

hen, R., Rao, Z., Liao, S., 2018. Determination of key parameters for sizing the
heliostat field and thermal energy storage in solar tower power plants. En-
ergy Convers. Manage. 177, 385–394. http://dx.doi.org/10.1016/j.enconman.

2018.09.065.

5920
Cui, P., Yu, M., Liu, Z., Zhu, Z., Yang, S., 2019. Energy, exergy, and economic
(3E) analyses and multi-objective optimization of a cascade absorption
refrigeration system for low-grade waste heat recovery. Energy Convers.
Manage. 184, 249–261. http://dx.doi.org/10.1016/j.enconman.2019.01.047.

El-Sattar, H.A., Kamel, S., Vera, D., Jurado, F., 2020. Tri-generation biomass system
based on externally fired gas turbine, organic rankine cycle and absorption
chiller. J. Clean. Prod. 260, 121068. http://dx.doi.org/10.1016/j.jclepro.2020.
121068.

Fitó, J., Ramousse, J., Hodencq, S., Wurtz, F., 2020. Energy, exergy, economic
and exergoeconomic (4E) multicriteria analysis of an industrial waste heat
valorization system through district heating. Sustain. Energy Technol. Assess.
42, 13–15. http://dx.doi.org/10.1016/j.seta.2020.100894.

Frate, G.F., Ferrari, L., Desideri, U., 2019. Analysis of suitability ranges of high
temperature heat pump working fluids. Appl. Therm. Eng. 150, 628–640.
http://dx.doi.org/10.1016/j.applthermaleng.2019.01.034.

Guangdong Provincial Development and Reform Commission, PRC, 2015. The an-
nouncement of the price of electricity transmission and distribution areas in
our province. http://drc.gd.gov.cn/spjg/content/post_846353.html (accessed 5
June 2021).

Iglesias Garcia, S., Ferreiro Garcia, R., Carbia Carril, J., Iglesias Garcia, D., 2018. A
review of thermodynamic cycles used in low temperature recovery systems
over the last two years. Renew. Sustain. Energy Rev. 81, 760–767. http:
//dx.doi.org/10.1016/j.rser.2017.08.049.

Jouhara, H., Khordehgah, N., Almahmoud, S., Delpech, B., Chauhan, A., Tas-
sou, S.A., 2018. Waste heat recovery technologies and applications. Therm.
Sci. Eng. Prog. 6, 268–289. http://dx.doi.org/10.1016/j.tsep.2018.04.017.

Kang, D.H., Na, S.I., Yoo, J.W., Lee, J.H., Kim, M.S., 2019. Experimental study on
the performance of a steam generation heat pump with the internal heat
exchanging effect. Int. J. Refrig. 108, 154–162. http://dx.doi.org/10.1016/j.
ijrefrig.2019.09.003.

Kemp, P., 2010. Pinch Analysis and Process Integration, second ed. Butterworth
Heinemann, Oxford.

Li, C., Liu, J., Zheng, S., Chen, X., Li, J., Zeng, Z., 2019a. Performance analysis
of an improved power generation system utilizing the cold energy of LNG
and solar energy. Appl. Therm. Eng. 159, 113937. http://dx.doi.org/10.1016/
j.applthermaleng.2019.113937.

Li, C., Zheng, S., Li, J., Zeng, Z., 2019b. Optimal design and thermo-economic
analysis of an integrated power generation system in natural gas pressure
reduction stations. Energy Convers. Manage. 200, 112079. http://dx.doi.org/
10.1016/j.enconman.2019.112079.

Liao, G., Liu, L., E, J., Zhang, F., Chen, J., Deng, Y., Zhu, H., 2019. Effects of
technical progress on performance and application of supercritical carbon
dioxide power cycle: A review. Energy Convers. Manage. 199, 111986. http:
//dx.doi.org/10.1016/j.enconman.2019.111986.

Liu, Y., Han, J., You, H., 2020. Exergoeconomic analysis and multi-objective
optimization of a CCHP system based on LNG cold energy utilization and
flue gas waste heat recovery with CO2 capture. Energy 190, 116201. http:
//dx.doi.org/10.1016/j.energy.2019.116201.

Lu, Z., Gong, Y., Yao, Y., Luo, C., Ma, W., 2019. Development of a high temperature
heat pump system for steam generation using medium-low temperature
geothermal water. Energy Procedia 158, 6046–6054. http://dx.doi.org/10.
1016/j.egypro.2019.01.513.

Lu, H., Price, L., Zhang, Q., 2016. Capturing the invisible resource: Analysis
of waste heat potential in Chinese industry. Appl. Energy 161, 497–511.
http://dx.doi.org/10.1016/j.apenergy.2015.10.060.

Mateu-Royo, C., Mota-Babiloni, A., Navarro-Esbrí, J., Peris, B., Molés, F., Amat-
Albuixech, M., 2019. Multi-objective optimization of a novel reversible
High-Temperature Heat Pump-Organic Rankine Cycle (HTHP-ORC) for indus-
trial low-grade waste heat recovery. Energy Convers. Manage. 197, 111908.
http://dx.doi.org/10.1016/j.enconman.2019.111908.

Minea, V., 2014. Power generation with ORC machines using low-grade waste
heat or renewable energy. Appl. Therm. Eng. 69, 143–154. http://dx.doi.org/
10.1016/j.applthermaleng.2014.04.054.

National Bureau of Statistics, PRC, 2017. China Statistical YearBook. https://data.
stats.gov.cn/easyquery.htm?cn=C01 (accessed 5 June 2021).

Parrado, C., Girard, A., Simon, F., Fuentealba, E., 2016. 2050 LCOE (Levelized
Cost of Energy) projection for a hybrid PV (photovoltaic)-CSP (concentrated
solar power) plant in the Atacama Desert, Chile. Energy 94, 422–430. http:
//dx.doi.org/10.1016/j.energy.2015.11.015.

Quoilin, S., Broek, M. Van Den, Declaye, S., Dewallef, P., Lemort, V., 2013. Techno-
economic survey of Organic Rankine Cycle (ORC) systems. Renew. Sustain.
Energy Rev. 22, 168–186. http://dx.doi.org/10.1016/j.rser.2013.01.028.

Saleh, B., Koglbauer, G., Wendland, M., Fischer, J., 2007. Working fluids for low-
temperature organic Rankine cycles. Energy 32, 1210–1221. http://dx.doi.org/
10.1016/j.energy.2006.07.001.

Sarkar, J., 2015. Review and future trends of supercritical CO2 Rankine cycle
for low-grade heat conversion. Renew. Sustain. Energy Rev. 48, 434–451.
http://dx.doi.org/10.1016/j.rser.2015.04.039.

https://doi.org/10.1016/j.egyr.2021.08.178
http://dx.doi.org/10.1016/j.apenergy.2011.06.003
http://dx.doi.org/10.1016/j.energy.2018.03.166
http://dx.doi.org/10.1016/j.energy.2018.03.166
http://dx.doi.org/10.1016/j.energy.2018.03.166
http://dx.doi.org/10.1016/j.seta.2019.100595
http://dx.doi.org/10.1093/comjnl/8.1.42
http://dx.doi.org/10.1093/comjnl/8.1.42
http://dx.doi.org/10.1093/comjnl/8.1.42
http://dx.doi.org/10.1016/j.seta.2021.101207
http://dx.doi.org/10.1016/j.seta.2021.101207
http://dx.doi.org/10.1016/j.seta.2021.101207
http://dx.doi.org/10.1016/j.jclepro.2021.127509
http://dx.doi.org/10.1016/j.jclepro.2021.127509
http://dx.doi.org/10.1016/j.jclepro.2021.127509
http://dx.doi.org/10.1016/j.enconman.2018.09.065
http://dx.doi.org/10.1016/j.enconman.2018.09.065
http://dx.doi.org/10.1016/j.enconman.2018.09.065
http://dx.doi.org/10.1016/j.enconman.2019.01.047
http://dx.doi.org/10.1016/j.jclepro.2020.121068
http://dx.doi.org/10.1016/j.jclepro.2020.121068
http://dx.doi.org/10.1016/j.jclepro.2020.121068
http://dx.doi.org/10.1016/j.seta.2020.100894
http://dx.doi.org/10.1016/j.applthermaleng.2019.01.034
http://drc.gd.gov.cn/spjg/content/post_846353.html
http://dx.doi.org/10.1016/j.rser.2017.08.049
http://dx.doi.org/10.1016/j.rser.2017.08.049
http://dx.doi.org/10.1016/j.rser.2017.08.049
http://dx.doi.org/10.1016/j.tsep.2018.04.017
http://dx.doi.org/10.1016/j.ijrefrig.2019.09.003
http://dx.doi.org/10.1016/j.ijrefrig.2019.09.003
http://dx.doi.org/10.1016/j.ijrefrig.2019.09.003
http://refhub.elsevier.com/S2352-4847(21)00781-2/sb16
http://refhub.elsevier.com/S2352-4847(21)00781-2/sb16
http://refhub.elsevier.com/S2352-4847(21)00781-2/sb16
http://dx.doi.org/10.1016/j.applthermaleng.2019.113937
http://dx.doi.org/10.1016/j.applthermaleng.2019.113937
http://dx.doi.org/10.1016/j.applthermaleng.2019.113937
http://dx.doi.org/10.1016/j.enconman.2019.112079
http://dx.doi.org/10.1016/j.enconman.2019.112079
http://dx.doi.org/10.1016/j.enconman.2019.112079
http://dx.doi.org/10.1016/j.enconman.2019.111986
http://dx.doi.org/10.1016/j.enconman.2019.111986
http://dx.doi.org/10.1016/j.enconman.2019.111986
http://dx.doi.org/10.1016/j.energy.2019.116201
http://dx.doi.org/10.1016/j.energy.2019.116201
http://dx.doi.org/10.1016/j.energy.2019.116201
http://dx.doi.org/10.1016/j.egypro.2019.01.513
http://dx.doi.org/10.1016/j.egypro.2019.01.513
http://dx.doi.org/10.1016/j.egypro.2019.01.513
http://dx.doi.org/10.1016/j.apenergy.2015.10.060
http://dx.doi.org/10.1016/j.enconman.2019.111908
http://dx.doi.org/10.1016/j.applthermaleng.2014.04.054
http://dx.doi.org/10.1016/j.applthermaleng.2014.04.054
http://dx.doi.org/10.1016/j.applthermaleng.2014.04.054
https://data.stats.gov.cn/easyquery.htm?cn=C01
https://data.stats.gov.cn/easyquery.htm?cn=C01
https://data.stats.gov.cn/easyquery.htm?cn=C01
http://dx.doi.org/10.1016/j.energy.2015.11.015
http://dx.doi.org/10.1016/j.energy.2015.11.015
http://dx.doi.org/10.1016/j.energy.2015.11.015
http://dx.doi.org/10.1016/j.rser.2013.01.028
http://dx.doi.org/10.1016/j.energy.2006.07.001
http://dx.doi.org/10.1016/j.energy.2006.07.001
http://dx.doi.org/10.1016/j.energy.2006.07.001
http://dx.doi.org/10.1016/j.rser.2015.04.039


Z. Zeng, Y. Chen, C. Li et al. Energy Reports 7 (2021) 5909–5921

S

S

W

W

W

inasac, Z., Jianu, O.A., 2021. Parametric study on the exergetic and cyclic
performance of a solar-powered organic Rankine cycle coupled with a
thermal energy storage and complete flashing cycle. Sustain. Energy Technol.
Assess. 45, 101172. http://dx.doi.org/10.1016/j.seta.2021.101172.

un, Z., Lai, J., Wang, S., Wang, T., 2018. Thermodynamic optimization and
comparative study of different ORC configurations utilizing the exergies of
LNG and low grade heat of different temperatures. Energy http://dx.doi.org/
10.1016/j.energy.2018.01.085.

ang, Q., Liu, X., Guo, X., 2017. Application of waste heat recovery technology
in union station and analysis of energy efficiency. Procedia Eng. 205,
3860–3866. http://dx.doi.org/10.1016/j.proeng.2017.10.063.

ang, B., Qi, L., Zhang, W., 2019. Technical transformation of recovery and
utilization of reaction waste heat in phthalic anhydride production process.
Henan Chem. Ind. 4, 75–84. http://dx.doi.org/10.14173/j.cnki.hnhg.2019.02.
014, (in Chineses).

ang, L., Yu, S., Kong, F., Sun, X., Zhou, Y., Zhong, W., Lin, X., 2020a. A study on
energy storage characteristics of industrial steam heating system based on
dynamic modeling. Energy Rep. 1–9. http://dx.doi.org/10.1016/j.egyr.2020.07.
001.
5921
Wang, N., Zhang, S., Fei, Z., Zhang, W., Shao, L., Sardari, F., 2020b. Thermodynamic
performance analysis a power and cooling generation system based on
geothermal flash, organic Rankine cycles, and ejector refrigeration cycle; ap-
plication of zeotropic mixtures. Sustain. Energy Technol. Assess. 40, 100749.
http://dx.doi.org/10.1016/j.seta.2020.100749.

Wright, T., 2013. Fluid Machinery: Perforamnce, Analysis, and Design. CRC press
LLC, Boca Raton.

Xu, J., 2011. Practice and Benefit analysis of waste heat utilization of printing and
dyeing wastewater. J. Shaoxing Univ. 31, 73–76. http://dx.doi.org/10.16169/
j.issn.1008-293x.k.2011.02.017, (in Chinese).

Yu, H., Feng, X., Wang, Y., 2016. Working fluid selection for organic rankine cycle
(ORC) considering the characteristics of waste heat sources. Ind. Eng. Chem.
Res. 55, 1309–1321. http://dx.doi.org/10.1021/acs.iecr.5b02277.

Zhang, Y., Zhang, Y., Yu, X., Guo, J., Deng, N., Dong, S., He, Z., Ma, X., 2017.
Analysis of a high temperature heat pump using BY-5 as refrigerant. Appl.
Therm. Eng. 127, 1461–1468. http://dx.doi.org/10.1016/j.applthermaleng.
2017.08.072.

Zhou, N., Wang, X., Chen, Z., Wang, Z., 2013. Experimental study on Organic
Rankine Cycle for waste heat recovery from low-temperature flue gas. Energy
55, 216–225. http://dx.doi.org/10.1016/j.energy.2013.03.047.

http://dx.doi.org/10.1016/j.seta.2021.101172
http://dx.doi.org/10.1016/j.energy.2018.01.085
http://dx.doi.org/10.1016/j.energy.2018.01.085
http://dx.doi.org/10.1016/j.energy.2018.01.085
http://dx.doi.org/10.1016/j.proeng.2017.10.063
http://dx.doi.org/10.14173/j.cnki.hnhg.2019.02.014
http://dx.doi.org/10.14173/j.cnki.hnhg.2019.02.014
http://dx.doi.org/10.14173/j.cnki.hnhg.2019.02.014
http://dx.doi.org/10.1016/j.egyr.2020.07.001
http://dx.doi.org/10.1016/j.egyr.2020.07.001
http://dx.doi.org/10.1016/j.egyr.2020.07.001
http://dx.doi.org/10.1016/j.seta.2020.100749
http://refhub.elsevier.com/S2352-4847(21)00781-2/sb36
http://refhub.elsevier.com/S2352-4847(21)00781-2/sb36
http://refhub.elsevier.com/S2352-4847(21)00781-2/sb36
http://dx.doi.org/10.16169/j.issn.1008-293x.k.2011.02.017
http://dx.doi.org/10.16169/j.issn.1008-293x.k.2011.02.017
http://dx.doi.org/10.16169/j.issn.1008-293x.k.2011.02.017
http://dx.doi.org/10.1021/acs.iecr.5b02277
http://dx.doi.org/10.1016/j.applthermaleng.2017.08.072
http://dx.doi.org/10.1016/j.applthermaleng.2017.08.072
http://dx.doi.org/10.1016/j.applthermaleng.2017.08.072
http://dx.doi.org/10.1016/j.energy.2013.03.047

	Parametric analysis and system optimization of a novel steam production system by synthetic cascade utilization of industrial waste heat
	Introduction
	Motivation and problem statement
	Literature review
	Main contribution

	System description
	Mathematical model
	Assumptions
	Thermodynamic model
	Energy and exergy model
	Thermodynamic index

	Economic analysis
	Calculation parameters, optimization processes, and operation strategy

	Result and discussion
	Selection of the TPC subsystem and the cyclic working fluid
	Parametric analysis 
	Effects of the R600a flow rate
	Effects of the isentropic and adiabatic efficiency of expander and pump
	Effects of the steam compression ratio

	Optimized results

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability statement
	Acknowledgments
	Appendix A. Supplementary data
	References


