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ABSTRACT

The use of nanorefrigerants in Organic Rankine Cycle (ORC) units is believed to affect the cycle environment
performance, but backed with very few relevant studies. For this purpose, a life cycle assessment (LCA) has been
performed for the ORC system using nanorefrigerant, the material and energy input, characteristic indicators and
comprehensive index of environmental impact, total energy consumption and energy payback time (BPBT) of the
whole life cycle of ORC system using Al,05/R141b nanorefrigerant were calculated. Total environmental compre-
hensive indexes reveal that ECER-135 index decrease by 1.5% after adding 0.2% Al,O3 nanoparticles to R141b.
Based on the contribution analysis and sensitivity analysis, it can be found out ORC system manufacturing is
of the most critical stage, where, the ECER-135 index of ORC component production is the greatest, followed
by the preparation process of R141b, transportation phase, and that of Al,O; nanoparticles preparation is small.
The retirement phase which has good environmental benefits affects the result significantly by recycling impor-
tant materials. Meanwhile, the main cause and relevant suggestion for improvement were traced respectively.
Finally, the environmental impacts of various power generations were compared, and results show that the power
route is of obvious advantage. Among the renewable energy, ORC system using Al,O;/R141b nanorefrigerant
with minimal environmental impact is only 0.67% of coal-fired power generation. The environmental impact
of current work is about 14.34% of other nations’ PV results.
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1 Introduction

Energy is an important guarantee for the development of human society and economy [1]. The global
energy demand is constantly increasing and recent projections show that this trend is going to continue with
an average increase of 1.2% up to 2040 [2]. The global energy problems are becoming more and more acute,
especially in the metallurgical, chemical, electrical, and mechanical sectors. On the other hand, there are
concerns about fossil fuel consumption and rising greenhouse gas emissions which could pose some
problems to the environment [3,4]. Thus, from the perspective of energy conservation and emission
reduction, it is vital to recover and reuse waste heat especially the low-grade waste heat from renewable
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energy sources such as industrial waste heat (new forms of energy utilization resulting from technological
reform of traditional energy sources are also included), solar energy, biomass, and geothermal energy
when the high temperature waste heat recovery technology is mature. An Organic Rankine Cycle (ORC)
is a low-grade waste heat recovery technology, which converts low-grade waste heat into high-grade
energy. It is similar to a conventional steam cycle energy conversion system, but uses organic fluid such
as refrigerants and hydrocarbons instead of water as the working medium. Due to its low pressure
requirement, simple mechanism, convenience of maintenance, better economy, and high recovery
efficiency, the ORC has become one of the most popular topics in the field of low-temperature waste heat
recovery [5].

The working medium, which runs through the whole thermal process of the cycle, is a key factor that
affects the performance of the ORC system. Hence, the selection of the working mediums is very important
and significant to the research and application of the ORC. One of the most well-known researches was made
by Chen et al. [6], who investigated 35 kinds of different working mediums for the two cycles and analysed
the influence of fluid properties on cycle performance. Results indicated that the thermodynamic and physical
properties, stability, environmental impacts, safety and compatibility, and cost should be all taken into
account when selecting a working medium. The latest research is mostly represented by Uusitalo et al.
[7], who thoroughly examined different types of working mediums in subcritical ORC by means of
thermodynamic analysis. As a result of the study, guidelines and recommendations were generated that
can be used in the preliminary evaluation of potential fluid candidates and cycle configurations.
Generally, the working mediums of the ORC system can be classified into four main categories:
ammonia, CO,, refrigerants, and hydrocarbons. Because of the low boiling point and low latent heat
properties, refrigerants have received increasing attention. One achievement was found by He et al. [8],
who calculated the optimal evaporation temperature of the ORC that the larger net power output would
be produced when the critical temperature of the working medium approached the temperature of the
waste heat source. In the study, the optimal evaporation temperature of 22 working mediums including
wet, isentropic and dry fluids were determined under the given conditions. From their results, R114,
R245fa, R123, R601a, n-pentane, R141b and R113 were suited as working mediums for subcritical ORC
under the given conditions.

Recently, it has been shown that the dispersion of solid nanoparticles in the refrigerants can increase the
heat transfer coefficient of the system. Thus, using nanorefrigerants as working mediums can be an effective
technique to improve the efficiency of the ORC system without altering the system design. Molana et al. [9]
conducted a comprehensive review on the numerical study of nanorefrigerant heat transfer enhancement, and
they demonstrated that nanorefrigerants had some promising aspects like enhanced pool boiling and
convective heat transfer coefficients, leading to produce smaller and more affordable refrigeration
equipment. Sun et al. [10] published a comparative study on the flow boiling heat transfer characteristics
of four nanorefrigerants (Cu-R141b, Al-R141b, Al,O5-R141b, and CuO-R141b) in an internal thread
copper tube. They concluded that the maximum heat transfer coefficient of the four kinds of
nanorefrigerants increased by 17%-25%. Yang et al. [11], experimentally studied the heat transfer and
flow characteristics of MWCNT-R 141b nanorefrigerant with different mass fractions through experiments.
The results suggested that the 0.3 wt% MWCNT-R141b nanorefrigerants had optimal heat transfer
enhancement effects compared with pure refrigerants. Sun et al. [12] performed a numerical and
experimental study to evaluate the flow boiling heat transfer characteristics of two functionalized multi-
walled carbon nanotube nanorefrigerants (MWCNT-COOH/R141b and MWCNT-OH/R141b). The results
show that both functionalized MWCNT/R141b nanorefrigerants can enhance the flow boiling heat
transfer coefficient of a refrigerant in a tube, and the enhancement was increased with an increase in
volume fraction.
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Solid nanoparticles suspended into refrigerants belong to a kind of two-phase nanofluids. Due to the
increase of thermal conductivity, the heat transfer characteristics of nanorefrigerants are enhanced. Hence,
some other researchers have done theoretical and experimental research works about preparation and
thermophysical properties of nanorefrigerants. Most of studies are related to thermal conductivity,
viscosity, density, heat capacity, surface tension, electrical conductivity, freezing characteristics, etc.
of nanorefrigerants. One achievement from Alawi et al. [13], revealed that the viscosity of
TiO,/R123 nanorefrigerant increased accordingly with the increase of nanoparticle volume concentrations,
while decreased with the increment of temperature. Alawi et al. [14] also reported a study on the thermal
conductivity and specific heat of CuO/R-134a nanorefrigerant, they observed that the thermal conductivity
and specific heat increased with the augmentation of particle concentrations and temperatures. In addition,
the results of viscosity and density of the nanorefrigerant show a significant increase with the increase of
volume fractions. And Mahbubul et al. [15] made a further development about the thermophysical
properties of nanorefrigerants by experiment, these experiments indicate that the thermal conductivity of
AlL,O3/R134a nanorefrigerant increased with the augmentation of particle concentration and temperature,
however, decreased with particle size intensification. In addition, the results of viscosity, pressure drop, and
heat transfer coefficients of the nanorefrigerant show a significant increment with the increase of volume
fractions. Therefore, they pointed out the optimal particle volume fraction was important to be considered in
producing nanorefrigerants that can enhance the performance of ORCs.

Some researches about dispersion stability [16], aggregation [17], pressure drop [18], heat transfer
characteristic [19], condensation [20-22], and rheological behavior also reported in quantity [23]. In
addition, a great number of studies focused on the examination of the application of nanoparticles in ORCs.
Boyaghchi et al. [24] performed the thermodynamic, economic and environmental analyses of the CCHP
cycle integrated with flat plat collectors containing copper oxide/water nanofluid as the absorbing medium,
and R134a, R423A, R1234ze and R134yf were selected as the working mediums. From their results, the
best refrigerant was selected from different aspects. Huang et al. [25] analyzed two different Dualloop
organic Rankine cycles. R123, R245fa, ethanol, R141b, and water were the candidate working mediums for
the HT loop, and R143a was the working medium of the LT loop, graphene nanoparticles and carbon
nanotubes were added to coolant water to enhance its heat transfer. Results show that when the coolant
water contains 0.5 wt% carbon nanotubes, system reaches the max net output power increment of 3.84 kW.
Boyaghchi et al. [26] presented a study to evaluate the performance of CCHP system integrated with flat
plate collectors based on an ORC. In this study, CuO nanoparticles were suspended in pure water as the
heat transfer medium inside the collector, and four kinds of refrigerants were selected as the working
mediums. In the end, the best refrigerant was selected from the energy, exergy and exergoeconomic
viewpoints. Sardarabadi et al. [27] experimentally studied the exergy and efficiency of a PV/T system based
silica/water nanofluid. They found the increase of 24.3% and 7.9% in overall exergy and efficiency
respectively, when the volume fraction of nanofluid was 3 vol% which was the maximum value studied in
this paper.

The literatures mentioned above highlight the following aspects: the selection of refrigerants used in the
ORC:s; preparation, thermophysical properties and heat transfer performance of nanorefrigerants; application
of nano/water nanofluid in the collectors or coolants of ORCs while refrigerants selected as the working
mediums from energy and exergy viewpoints. Nonetheless, to the authors’ best knowledge, none research
about LCA analysis was reported by using nanorefrigerants as working fluids in the whole ORCs, which
is an important research field of nanorefrigerant applied to the ORCs. Although LCA, as a useful tool for
comparing the impacts of various solutions [28], has been employed to evaluate the environmental impact
of an ORC system using refrigerants as working fluids. For example, Ding et al. [29] made comparison
of environmental impacts of ORC systems with different working mediums (R134a, R227ea, R152a,
R245fa) and suggested that the ORC system with R245fa has a minimal exergoenvironmental impact.
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Fergani et al. [30] reviewed a cogeneration system including an ORC system based on an
exergoenvironmental analysis, and found that the heat exchangers are the most relevant components from
an exergoenvironmental point of view. Wang et al. [31] analyzed the environmental impacts of the
working mediums (hexane, isohexane, R601, R123 and R245fa) and components and revealed that the
ORCs had good economic performance and reduce the gas emissions, the ORC system with R601 as the
fluid had the best economic performance and signifificant gas emission reductions. Although the above
reports evaluated the exergoenvironmental impact of an ORC system, the exergoenvironmental evaluation
method based on exergy analysis only includes refrigerants.

For an ORC system, the working medium is a very important part. The life cycle inventory for an ORC
system is incomplete without considering the working medium especially nanorefrigerants. According to the
related study [32—34], for an ORC system using nanorefrigerants as the heat transfer working medium for the
whole system, the heat transfer coefficient of the system increases with the increase of the volume fraction of
nanoparticles, which is a parameter greatly affecting the heat exchanger sizing (for both the evaporator and
condenser), which both affect the environmental impact of the ORC. The life cycle inventory for an ORC
system should be studied in depth, and no researcher has addressed the LCA analysis of the
nanorefrigerants in an ORC. Therefore, aiming to identify the environment performance improvement
introduced by the use of the nanoparticles, the LCA analysis of the nanorefrigerants in an ORC is also
investigated in the present paper. The environmental impact of the nanorefrigerants in the construction
phase as well as the operation phase is considered. Al,O3/R141b with different volume fractions are
selected as the nanorefrigerants. The LCA analysis of components in ORC is also analyzed. The purpose
of the present study is to investigate the sustainability of an ORC system whose working fluid is
nanorefrigerant for waste heat power generation through LCA analysis so as to point out the main
directions and ways of reducing environmental load and clarify the environmental advantages.

2 Life Cycle Assessment of Organic Rankine Cycle System

2.1 Methods

Since China has a different degree of industrialization and environmental restrictions compared to
Europe [35], we employ the Chinese Life Cycle Database (CLCD) v0.8, which is available in the
software eBalance v4.7. CLCD is a national background life cycle database consisting of more than
600 LCI datasets for key materials and chemicals, energy, transportation, and waste treatment, which is
based on a consistent core life cycle model and represents the Chinese market average technology.
Domestic production is further broken down by process technology and factory scale to collect data and
set up models. Finally by weighted average market share in China, the market average technology data
are calculated in CLCD. eBalance, independently developed by Chengdu IKE Environmental Technology
Co., Ltd., China, which is a full-featured LCA software and shipped with Chinese and global high quality
databases. The eBalance package is a professional tool for LCA studies of all kinds of products, and the
best choice for LCAs of products manufactured in China, which has been applied by more than
1000 users around the world. It has continuous updates with innovative features, such as supporting
quantitative quality evaluation and control, reproducible data collection by full-length documentation,
Chinese environmental policy target oriented LCA analysis (Energy conservation and emission reduction,
ECER).

2.2 Thermodynamic Modeling

2.2.1 Systems Description

As shown in Fig. la, the ORC system components are comprised of an evaporator, an turbine with
electricity generator, a condenser and a pump. Throughout the whole cycle, the vapour refrigerant with
high pressure and high temperature from evaporator enters the expander to generate electrical power by



JRM, 2023, vol.11, no.3 1157

the electricity generator. After expansion, the refrigerant with low-pressure from the outlet of the expander
flows into the condenser, where the steam is cooled and condensed into liquid state. Then, the refrigerant is
drawn into the pump to increase pressure. At last, it runs into the evaporator to absorb the heat from flue gas,
in which the liquid refrigerant is converted into vapour and then it flows back to the expander to perform the
next cycle. The T-S diagram for the ORCs based refrigerant is witnessed from Fig. 1b, (4-1) belongs to
isobaric heating, (1-2) belongs to isentropic expansion, (2-3) belongs to isobaric cooling, and (3—4)
belongs to isentropic compression. It is noteworthy that the heat transfer processes are not strictly
isentropic in practical ORC operation.
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Figure 1: Schematic diagram of the ORC: (a) Cycle configuration; (b) T-S diagram

2.2.2 Energy Analysis of ORC

Process 4—1: The isobaric heat absorbing process in the evaporator. The amount heat absorbed by the
refrigerant in the evaporator is defined as:

Qevp - mr(hl - h4) (1)

where m, is the mass flow rate of the refrigerant (kg/s). A;, 4, are the specific enthalpy of state points 1 and
4, respectively (kJ/kg).

Based on the heat balance:

Mgy (Tain — Tpw) = m,(hy — hs) .

mgCp( Ty — Tgour) = my(hs — hs) 3
Among which:

T, = Ti +AT,, W

The mass flow rate of refrigerant is obtained according to Egs. (1) to (4):
m, = Cpmg(Tgin -1 - ATevp)/(hl — hS) 5)

where m, stands for the mass flow of flue gas, kg/s; ¢, stands for the average specific heat capacity under
fixed pressure of flue gas, klJ/(kg-K); T;, stands for the inlet temperature of the flue gas, K; T}, stands for
the corresponding flue gas temperature to make the refrigerant reach the evaporation temperature, K; Ty,
stands for the outlet temperature of the flue gas, K; 7, stands for the evaporation temperature, K; AT,
stands for the pinch point temperature of the evaporator, K; /s stands for the corresponding specific
enthalpy of the refrigerant which just reached the evaporation temperature in the evaporator, kJ/kg.
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Exergy loss in evaporator:

hy — hy

Ey = Tom, | (s1 — s4) — 7
H

(6)

In the equation, T; stands for ambient temperature, K; 7 stands for the heat-absorbing temperature of
refrigerant, K; S| and S, is the specific entropy of state points 1 and 4, klJ/(kg-K).

Process 1-2: The expansion process in the turbine. the ideal power generated by the turbine can be
calculated as:

Wi = my(h — hay) (7
The isentropic efficiency of the turbine is:
hy — hy

The practical power generated by the turbine can be calculated as:
WT - mr(hl - hzs)nexp (9)

where /, and /, are the actual and ideal specific enthalpy of refrigerant at the outlet of the expander, kJ/kg.

The exergy loss in the expander is:
E2 = T()mr(SZ - Sl) (10)

where S, stands for the specific entropy of state point 2, kJ/(kg-K).

Process 2—3: The isobaric condensation process in the condenser. The total heat released by the
refrigerant in the condenser can be expressed as:

Qcon - mr(hZ - h3) (1 1)
where /5 stands for the specific enthalpy at the outlet of the condenser, kJ/kg.
The exergy loss in the condenser is:

hy — hy
17

E3 = T()mr (S3 —52) -

(12)

where T} stands for the exothermic temperature of the refrigerant in the condenser, K; S5 stands for the
specific entropy of state point 3, kJ/(kg-K).

Process 3—4: The pressure of refrigerant is raised by the pump. The ideal power input consumed by the
pump can be expressed as:

Wp = mr(h4s - h3) (13)
where /45 stands for the ideal specific enthalpy of the refrigerant at the entrance of the evaporator, kJ/kg.

The isentropic efficiency of the pump is:

hag — h3
= — 14
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The practical power input consumed by the pump is:

w(has — h
wp = Melhas = hs) (15)
npup
The exergy loss of the pump is:
E4 = Tomr(S4 — S3) (16)
where s4 stands for specific entropy of state point 4, kJ/(kg-K).
The net power output of the ORC system is calculated as:
Woet = Wr — Wp 17
The thermal efficiency of the ORC system can be expressed as:
My = W et _ (hl - hZS)nexp - (h4s - h3)/’7pup (18)
"o 7 — ha
The exergy efficiency of ORC system can be calculated as:
_ W et _ Tgin A ATevp (hl - hZS)nexp - (h4s - h3)/’7pup (19)
lex E, Tgin h1 - h5

& (Tgn — To) — Toln T,

where T, is the environment temperature, K; 7y is the logarithmic mean temperature of the flue gas;
Toin — T,

Ty = M, where Ty, stands for the inlet temperature of the flue gas, T, stands for the outlet
In =8~
T, gout
temperature of the flue gas; 7; stands for the logarithmic mean temperature of the cold source,
T.n — T, . .
T, = cmf'w“t, T.;» stands for the inlet temperature of the cold source, 7, is the outlet temperature of
]n cin
TCOMt

the cold source.

2.3 Boundary of the ORC in the Life Cycle

The system boundaries include ORC components (evaporator, condenser, expander, pump), refrigerant,
and nanoparticles, as shown in Fig. 2. The life cycle includes the manufacturing phase, the construction
transportation phase, the operation phase and the retirement phase. Since the system is simple, the
environmental impact of all lines and valves in the system is ignored. Considering the preparation and
transportation of raw materials, assuming 2-ton petrol trucks are used for transport, with an average
domestic transport distance of 186.72 km [36]. The operating stage recovers waste heat, does not
consume fuel, and has no environmental impact. The ORC components are all steel-made, and if
electrosmelting of steel uses scrap steel as raw material, it can save 60% of the energy [37] compared to
long-process steel-making, but the impact of recycling steel and its transportation process shall be taken
into account during the waste phase [38]. It should be pointed out that there will be a small amount of
leakage of nanorefrigerant in the operation stage and waste stage, which will cause a small amount of
impact on the environment, but the recycling of the surplus will produce a lot of environmental benefits.
Due to the lack of relevant data, it is assumed that the positive and negative effects are offset in the
calculation. In addition, the volume of nanorefrigerant is small, and the environmental impact caused by
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the transportation process is negligible in the retirement phase. We choose a nanorefrigerant ORC system of
Al,O3/R141b as the functional unit.

| Energy | | Resources |
g Manufacturing stage :
b .
Components of ORC System R141b Al>O3 Nanopatticles
Transportation Construction
L —
: Operation phase
b .
:  Retirement phase :
L e R v
Components of ORC System
Recycling Transportation
! |
Electricity Emissions

Figure 2: LCA system boundary diagram of ORC system

2.4 Calculation Conditions

2.4.1 Selection of Refrigerant and Nanoparticles

(1) The boiling point of R141b is 32.06°C, and it can keep the liquid state under normal environmental
conditions, which is convenient for the preparation of nanorefrigerants; (2) The basic thermophysical
properties of R141b are similar to most commonly used refrigerants compared with non-refrigerant fluids.
Therefore, the performance of nanorefrigerants based R141b can reflect that of nanorefrigerants based
other refrigerants to some extent; (3) The thermophysical properties of R141b are the best under various
refrigerants in assumptions of ORC [39,40]. (4) Al,O5 nanoparticles are widely used and their properties
are well defined. Based on the above four points, Al,03/R141b nanorefrigerant is chosen for this work.
According to the previous research [41,42], the suspension stability of low concentration of
nanorefrigerant is very good, and after the ORC system runs normally, the fluid flow and bubble
disturbance in the flow boiling process can play a role in preventing nanoparticles from gathering,
depositing, rubbing parts and blocking pipes, it is feasible for low concentration of Al,O3;/R141b
nanorefrigerant to operate in the system. Therefore, Al,O; nanoparticles with concentrations of
0.02 vol.%—-0.2 vol.% were studied in this paper.
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2.4.2 Operating Conditions of ORC System

First, assumptions of the present ORCs model have been made as follows: the flue gas flow rate is
0.5675 m’/s, the waste heat flue gas density is 1.283 kg/m>, and the specific heat capacity of the waste
heat flue gas is 1.372 kJ/kg'K [43]; the ORC system operates steadily under working conditions, the
refrigerant evaporates at constant temperature in the evaporation section of the evaporator; ignore the heat
loss in the system components; ignore the pressure drop loss of the evaporator, condenser and system
pipeline; the refrigerant is in the saturated liquid state and saturated gas state at the pump outlet and
expander inlet respectively. Due to the simple structure, easy and reliable operation, the use of a variety
of materials for preparation, and high temperature and high pressure ressistance of the shell tube heat
exchanger, most ORC power plants are currently using shell tube heat exchanger [44]. so set the
evaporator and condenser as shell tube heat exchanger. The heat exchanger model is shown in Fig. 3, and
the temperature identification of each state point in the figure is the same as in Fig. 1. The evaporator is
divided into preheating section and evaporation section, and the condenser is divided into cooling section
and condensation section. The system operation conditions are shown in Table 1.

T, T; s : T,
s H Pl
Ts

T, T
T,
T;
Ts Ts TQ/ Toe
€« i H H le——
T, T, T / Ty
— P — 1

(a) (b)

Figure 3: Model of heat exchanger: (a) Evaporator; (b) Condenser

Table 1: The operation condition of ORC system

Parameter Value Unit Bibliography
The temperature of the hot waste flue gas 423.15 K [45]
Cooling media inlet temperature 293.15 K [46]
Pinch point temperature difference of evaporator 9 K [47]
Pinch point temperature difference of condenser 5 K [47]
Isentropic efficiency of expanders 80 % [48]
Isentropic efficiency of pumps 90 % [48]
Annual operation time 7000 H [49]
Length of operation 20 Yr [49]

2.4.3 Optimization Results of ORC System

Based on the established thermal economic model, the use of MATLAB software and genetic algorithm
is aimed at the minimizing the Levelized cost of power generation and optimizing the operating parameters of
ORC system using R141b as circulating working medium, thus the optimal combination is confrimed: 395 K
for evaporation temperature, 305 K for condensation temperature, 4.74 kW for network [50]. Then,
according to evaporation temperature and condensation temperature, thermodynamic parameters of each
state point are obtained through REFPROP 9.0, as shown in Table 2. The parameters of each cycle state
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point and each thermodynamic parameter are calculated by substituting the parameters in the thermodynamic
formula, as shown in Tables 2 and 3.

Table 2: The state point parameter of R141b under the best working condition

The state point T (K) P (MPa) o (kgm®) H (kl'kg

1 395.00 1.0718 47.206 518.21
2 311.76 0.10063 4.7068 464.72
3 305.00 0.10063 1220.4 236.43
4 305.33 1.0718 1222 237.22
5 395.00 1.0718 1015.8 349.07
6 423.15 0.101 1.2883 580.56
7 404.00 0.101 1.2883 554.29
8 387.75 0.101 1.2883 531.99
9 305.00 0.101 4.8283 459.23
10 300.00 0.101 1.29 300.00
11 293.15 0.101 1.29 293.15
12 300.15 0.101 1.29 300.15

Table 3: The thermodynamic parameter values for ORC systems

QeVp (kW) Ocon(kW) Wr Wp Nth Nex

&W)  &W) (%) (%)
Qevp,l Qevp,Z Qevp Qcon,l Qcon.2 Qcon ° °
12.6403  19.1295 31.7698 1.8309 25.1989 27.0298 4.8395 0.0995 14.92 55.96

2.5 Mass Calculation of Components and Nanorefrigerant

2.5.1 Components of ORC

In the manufacturing stage, the raw materials of the system equipment are mainly steel, and the materials
required for various valves and pipes are less and neglected. The consumables of evaporator, condenser,
expander and pump components are mainly considered.

The evaporator is divided into preheating section and evaporation section:
Aevp = Aevp,l + Aevp,2 (20)
The required heat transfer area of single-phase region in preheating section is:

Qevp,l _ mr/nr(hS - h4)
Uevp,l X ATevp,l Uevp,l X ATevp,l

Aewp,1 = @1
where Q,,,, ; stands for the heat absorption capacity of the preheating section, kW; m,,,, stands for the mass
flow rate of the heat exchange medium, kg/s; /4, /15 stand for state point 4, 5, which are the specific enthalpy
value of the heat exchange medium at the inlet position of the evaporator and at the start position of the
evaporation section in the evaporator, kJ/kg; U,,, ; stands for the comprehensive heat transfer coefficient
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of the preheating section, W/m*K; AT, stands for the logarithmic mean temperature difference of the
preheating section, and the calculation formula is as follows:
AT, 1 max — AT ey 1 min Ty —T4) — (I7 — T
ATeVp] _ evp,l,ma; evp,l, _ ( 8 4) ( 7 5) (22)
’ In ATevp,l,max In T8 - T4
ATevp 1 min T; = Ts

The required heat transfer area of two-phase region in evaporation section is:

Qevp,Z _ mnr/r(hl - hS)
Uevp,Z X ATevp,z Uevp,z X ATevp,Z

Aevp,Z = (23)

The calculation formula of logarithmic mean temperature difference, AT,,,, in evaporation
section 1is:

_ ATevp,2,max - ATevp,z,min (Té - Tl) - (T7 - T5)

ATeyr = N ATy 2max = - To—T, (24)
ATevp 2 min T; = Ts
The condenser is divided into cooling section and condensing section:
Acon = Aeon1 + Acon (25)
The required heat transfer area of single-phase region in cooling section is:
doont = Ocon,l My (o — ho) 26)

Ucon71 X ATcon,l B Ucon,l X ATcon,l
The required heat transfer area of the two-phase region of the condensing section is:

Qcon,Z _ mnr/r(hc) - h3)
Ucon,Z X ATcon,Z Ucon,Z X ATcon,Z

Acon,Z = (27)

The calculation method of the logarithmic mean temperature differences for cooling section and
condensing section is the same as that of evaporator. The comprehensive heat transfer coefficients (U, 1,
Uevp2s Ucon,1> Uevp2) of preheating section, evaporation section, cooling section and condensation section
are calculated by the following formula:

1 1 Dy Doy, (Do 1 Do
—= — 4+ Ry +—In[= ) +—+R[= 28
i hr/nrDiJr 0t 57 n<D,~>+ho+ ’(Dl) (28)

where, Dy and D, stand for the outer diameter and inner diameter of the tested copper tube, m; 4 stands for the
thermal conductivity of the heat exchange tube, which is 383 W/m-K; R, and R; stand for the fouling thermal
resistance outside and inside the tube, whose value is set to 0.0002 and 0.001 m*-K/W [51]; A,.,,, stands for
the heat transfer coefficient of the heat exchange medium inside the tube, W/m? ‘K & stands for the heat
transfer coefficient of the heat exchange medium of the heat source or the cold source outside the tube,
W/m*K; the heat transfer coefficients of the gas side of the evaporator and condenser are set to 70 and
50 W/(m*K) [52], respectively.

Dittus-Boelter formula is used to calculate the heat transfer coefficient in the single-phase region as
follows:
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Y
hy = 0.023 Rel® Prt 5 (29)

where # is set to 0.3 when the medium is cooled and 0.4 when heated.

Liu-Winterton formula is used to calculate the heat transfer coefficient of refrigerant flowing and boiling
in the evaporation section of the evaporator, as follows:

h— [(Ehl)z + (Sh,ml)z}o'5 (30)

p 0.35
E= [1 + yPry <—1— 1>]
Py

S = (1+0.055E" Re,16) ™!

hpool — 55 % W@F)O.IZ(_lgp’ﬁ)—O.SSM—O.S

E stands for the two-phase convection enhancement factor, W/(m?*-K); S stands for the nucleate boiling
inhibition factor, W/(m*-K); hyo01 Stands for the boiling heat transfer coefficient, W/(m*K); M stands for
molar mass; P, stands for relative pressure. In the evaporation section (state point 5-state point 1), the
vapor quality increases. In order to facilitate the calculation, it is assumed that the vapor quality increases
linearly with the length of the heat exchange tube. In the calculation process, the evaporation section is
divided into several small unit sections, and the average heat transfer coefficient is used to solve the
problem. The heat transfer coefficient of nanorefrigerant can be calculated according to the following
formula:

hnr:FHTth (31)

among which:

p 0.8 c 0.4 1 —-0.4 ) 0.6
Frr=exp} ¢ —46348.58<ﬂ> <—> <—> ( ;”) +1019.058y(1—%)—0.402G+46478.13
Pr Cr 1y lr

s I+ =10+ (n— 1A (A — ) | Pupa ksT | 1
" I+ (n=1)2 — A3 (A — ) 2/, 3nr.u, "

1 1
180,KpT\2( m \ 3 _
My = (1 + 25@!1):“;‘ + <M>2< ) 3(72C) :

d,n 6,
(I = p)erp, + peup, (1 = p)erp, + up,
Por = (1 = @)p, + 0P, Car = = -

(1 - SO)Pr + PP Pur
o — (1 — @)erp, + peupy _ (1 —p)erp, + penpy,
(1 _So)pz—i_(ppn Pnr

where Fyris the heat transfer influence factor of nanoparticles; Kz is Boltzmann constant, with the value of
1.381 x 10723 J K !; p, ¢, 1, A respectively stand for density, specific heat, viscosity and thermal conductivity;
subscripts nr, r, n respectively stand for nanorefrigerant, refrigerant and nanoparticles; specific parameters of
Al,O5 nanoparticles are shown in Table 4; and specific parameters of R141b are obtained by REFPROP
9.0 software.
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Table 4: Thermophysical properties of metal oxide nanoparticles

Particle d (nm) p (g/cm’) A (W/mK) ¢, (kJ/kgK)
AlO5 20 3.680 40.00 0.729

For the condensing section of the condenser, the working medium condenses from the saturated steam to
the saturated liquid, and the heat transfer coefficient of the two-phase region of the heat transfer medium in
the tube is calculated by using the Dittus-Boelter formula (32) modified by Shah [53]. The calculation
process still uses the subsection method of heat transfer coefficient in the evaporation section.

G(1 —x)D o8 0.4 05 382701 — ™ A
h =0.023 [T P (1—p)" + D038 D (32)
The mass of the evaporator:
My = 0 X (Aeyp X 0) (33)
and the mass of the condenser:
Meon = 6 X (Aeon X 0) (34)

among which M., and M_,,, stand for the masses of the evaporator and the condenser, respectively; o stands
for the steel density (¢ = 7930 kg/m?); ¢ stands for the thickness of the steel, which is 0.002 m [54].

The mass of the expander:
Mr =ar x Wy (35)
and the mass of the pump:
Mp = oap x Wp (36)

among which arstands for the mass of steel required for expander of 1 kW power; ap stands for the mass of
steel for pump of 1 kW. According to the literature [55], ar equals 14 kg/kW and ap equals 31.22 kg/kW.

2.5.2 Refirigerant
Mass of refrigerant:

M, = o, x Wr (37)

among which a, stands for the mass of refrigerant required for 1 kW power of expander, which is 5.4 kg
according to reference [56]. Since there is no environmental impact data of R141b in the database, it is
necessary to trace back to the production process of R141b. In this paper, the chemical reaction formula
for preparation technology is C,H,CILb+HF—C,H;CLLF [57]. If the conversion rate is 100%, preparing
3 kg R141b needs 2.5 kg vinylidene chloride, 0.58 kg hydrogen fluoride, 0.3 kg chlorosulfonic acid, 5 h
working time for reactor (rated power is 1 kW), 12 kg water for water washing, 0.6 kg caustic soda and
6 kg water for alkali washing. Since there is no relevant data of molecular sieve drying tower, and the
power consumption is small, its power consumption can be ignored.

The environmental impact data of vinylidene chloride in the above R141b upstream raw material cannot
be found in the database, so it is necessary to calculate the input of materials required for synthesis of
vinylidene chloride. The preparation method of this method is vinyl chloride hydrochlorination [58], and
the reaction formula is CH,=CHCI+HCI—CH;CHCI,; CH3CHCI,+CIl,—CH;3;CCI;+HCI (chlorination at
480°C); CH5CCI3;—CH,CCI,+HCI (autolysis reaction at 510°C). If the conversion is 100%, preparing
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1 kg vinylidene chloride needs 0.6443 kg vinyl chloride, 0.3763 kg hydrogen chloride and 0.7320 kg
chlorine gas.

2.5.3 Nanoparticles
The mass of Al,O3; nanoparticles can be obtained by formula (38).

M/ Py
_ (38)
my/p, + M,/ p,

¢ stands for the volume fraction of nanoparticles; m,, stands for the mass of nanoparticles, kg; p, stands for
the density of nanoparticles (3680 kg/m?); p, stands for the density of R141b (1227 kg/m?).

Since there is no environmental impact data of Al,O3 in the database, it is necessary to trace its preparation
process. In this paper, the preparation process of ALLO3 by liquid deposition method is studied [59], and the
reaction formula is AICI;+3NH;3-H,O—AIl(OH);|+3NH4Cl; 2A1(OH);—Al,O3+3H,0. Preparing 0.051 kg
alumina nanoparticles needs 0.06675 kg aluminum chloride, 0.0525 kg ammonia, 0.381262 kg ethanol,
25 ml deionized water, drying oven (rated power 0.85 kW) for 10 h, resistance furnace (rated power 8 kW)
for 2 h, product pickling for 2 h, which requires 0.1149 kg hydrochloric acid.

¥

2.5.4 Mass List of Components and Nanorefrigerant
According to the above calculation formula and related results, the data list of ORC system with Al,O3/R141b
or R141b as cycle working medium in its manufacturing stage can be sorted out and calculated, as shown in Table 5.

Table 5: A list of data for manufacturing phase of ORC system with Al,O3/R141b or R141b as working medium

Process Detailed list
Material Nanoparticle volume fraction
R141b 0.02% 0.05%  0.1% 0.2%
ORC component  Evaporator (kg) 377.8090 377.0985 376.8258 376.399  376.0945
production Condenser (kg) 1280.9281 1268.8745 1264.245 1256.8939 1251.8774
Expander (kg) 151.0892 151.0892 151.0892 151.0892 151.0892
Pump (kg) 1.3993 1.3993 1.3993  1.3993 1.3993
R141b preparation Vinyl chloride (kg) 17.3253  17.3253  17.3253 17.3253  17.3253
Hydrogen chloride (kg) 10.118 10.118 10.118  10.118 10.118
Chlorine gas (kg) 19.6816  19.6816  19.6816 19.6816  19.6816

Hydrogen fluoride (kg) 5.6138 5.6138 5.6138  5.6138 5.6138
Chlorosulphate (kg) 2.9037 2.9037 2.9037  2.9037 2.9037

Water (kg) 174222 174222 174222 174.222 174222
Caustic soda (kg) 0.6667 0.6667 0.6667  0.6667 0.6667
Electricity (kwh) 43.5555  43.5555  43.5555 43.5555  43.5555
Al,O5 nanoparticle Aluminum chloride (kg) — 0.0209 0.0523  0.1047 0.2097
preparation Ammonia (kg) - 0.0164 0.0412  0.0824 0.1649
Ethanol (kg) - 0.1196 0.299 0.5983 1.1977
Deionized water (kg)  — 0.0078 0.0196  0.0392 0.0785
Hydrochloric acid (kg) — 0.03603  0.0901  0.1803 0.3609

Electricity (kwh) 0.3842 0.9606  1.9223 3.8482
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3 Results and Discussion

Based on the inventory data of the ORC system with Al,O3/R141b or R141b as the cycle working
medium in its manufacturing stage, construction and transportation stage and decommissioning stage, the
LCA modeling calculation is carried out with the help of eBalance 4.7 software.

3.1 LCA Results

The quantitative model constructed in this study is based on the Chinese 13th five-year comprehensive
energy conservation and emission reduction overall indicator “ECER-135" built in the software eBalance
v4.7 as the evaluation system. This weighted comprehensive index includes seven characteristic
indicators, which are primary energy demand (PED), carbon dioxide (CO,), chemical oxygen demand
(COD), industrial water usage (IWU), ammonia nitrogen (NH3-N), nitrogen oxides (NO,) and sulfur
dioxide (SO,). According to the “Decrement Rate of Energy Consumption per Unit of GDP” in the
corresponding part of the energy conservation and emission reduction policy target in the 13th Five-Year
Plan for Economic and Social Development of the People’s Republic of China, ECER-135 obtains the
weight value after taking the reciprocal normalization. The weight values of the above characteristic
indicators are 6.250, 5.882, 2.907, 3.333, 2.791, 2.791 and 2.907, respectively. Table 6 lists the
evaluation results of seven weighted comprehensive indicators of environmental impact types in the
whole life cycle of the ORC system with Al,O3/R141b or R141b as the circulation working medium.

Table 6: LCA results of ORC system with Al,03/R141b or R141b as working medium

Indicator R141b 0.02% 0.05% 0.1% 0.2%

The characteristic indicator PED (MJ) 6.57E+04 6.53E+04 6.51E+04 6.49E+04 6.48E+04
The characteristic indicator CO, (kg)  3.92E+03 3.89E+03 3.88E+03 3.87E+03 3.86E+03
The characteristic indicator COD (kg) 9.88E+00 9.81E+00 9.79E+00 9.75E+00 9.72E+00
The characteristic indicator IWU (kg) 2.56E+04 2.54E+04 2.53E+04 2.52E+04 2.52E+04
The characteristic indicator NH;-N (kg) 9.76E-02  9.69E-02  9.67E-02  9.63E-02  9.60E-02
The characteristic indicator NO, (kg)  1.13E+01 1.13E+01 1.12E+01 1.12E+01 1.12E+01
The characteristic indicator SO, (kg)  1.01E+01 1.00E+01 1.00E+01 9.97E+00 9.95E+00

Normalized result PED 6.12E-10  6.08E-10  6.07E-10  6.04E-10  6.03E-10
Normalized result CO, 4.28E-10 4.25E-10 4.24E-10 4.23E-10 4.22E-10
Normalized result COD 4.45E-10 4.42E-10 4.41E-10 4.39E-10 4.38E-10
Normalized result IWU 1.92E-10 1.90E-10 1.90E-10 1.89E-10  1.89E-10
Normalized result NH3-N 4.24E-11  4.21E-11  4.20E-11 4.19E-11  4.18E-11
Normalized result NOy 6.13E-10  6.09E-10  6.07E-10  6.05E-10  6.04E-10
Normalized result SO, 5.43E-10 5.39E-10 5.38E-10 5.36E-10 5.35E-10
ECER-135 1,1758E-  1,1679E-  1,1651E- 1.1606E-  1,1582E-
08 08 08 08 08

As shown in Table 6, the characteristic indexes and comprehensive index ECER-135 of ORC system
both decrease with the addition of Al,O5 nanoparticles. With the increase of the volume concentration of
nanoparticles, the comprehensive index ECER-135 decreases by 0.67%, 0.91%, 1.29% and 1.50%,
respectively. Even though the addition of Al,O3; nanoparticles induces the environmental impact of the
preparation process of nanoparticles, the consumption amount of steel used by evaporator and condenser
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decreases with the increase of heat transfer coefficient at the same time. Therefore, the overall environmental
impact of ORC system is reduced. However, after adding nanoparticles, the environmental impact is far less
than that of the enhancement of the heat transfer coefficient on the working medium side. This is because
there is phase change on the working medium side of the heat exchanger, the heat transfer coefficient of
single-phase gas on the flue gas side and air side is relatively small, and the total heat transfer coefficient
of the heat exchanger is closer to that on the gas side. The enhancement of the heat transfer coefficient on
the working medium side is reflected in the total heat transfer coefficient of the heat exchanger.
Therefore, in this sense, it is very beneficial to select the heat source and cold source working medium
which are closer to the heat transfer coefficient of heat transfer medium.

In order to qualitatively describe and quantitatively rank the environmental impact of different life cycle
stages of ORC system, the 0.2% AIl,03/R141b nanorefrigerant ORC (NORC) system with the smallest
environmental impact was selected for the following analysis and comparison.

3.2 Energy Payback Time of ORC System

Energy Payback Time (EPBT) is a widely used environmental indicator to evaluate the environmental
protection and sustainability of the NORC system. It is defined as the time required when the cumulative
power generation of the renewable energy system is equal to its energy consumption in its whole life
cycle. Therefore, it can be calculated by dividing the energy consumed in the whole life cycle of the
NORC system by the annual average energy output of the system. The calculation formula [60] is:

EPBT = Ein/Eou (39)

Among which Ej, is the energy consumed by the NORC system throughout its life cycle; £, is the
annual output of the NORC system. The overall energy consumption (E},) is evaluated using a primary
energy demand (PED) evaluation indicator, which is 64,770.3763 MJ.

The average annual energy output of the NORC system is:
E{)ut = anut/n (40)

Among which # stands for the operating life; E,,,,, stands for the total electric energy output in the entire
life cycle of NORC system, calculated as:

Bt = Wt X 1 X T X 3600 A1)

Among which T stands for the annual operation time. Through calculation, the total energy output of
NORC system in its life cycle (E,.,,) is 2.38896E+12J (6.636E + 5 kWh), and the annual average energy
output of NORC system (E,,,) is 1.19448E+11J. It can be calculated that the energy payback time
(EPBT) is 0.54 years, which only accounts for 2.7% of the 20-year service life of the NORC system.
From the perspective of energy, it fully shows that it is very practical to vigorously develop the NORC
system power station.

3.3 Energy Saving and Emission Reduction Effect

According to the National Power Industry Statistics Express, China’s thermal power generation
accounted for 70.39% of the total power generation in 2018. Although the proportion decreased year
by year, the current power production structure is still dominated by coal-fired power generation, with
great environmental pressure. NORC system can reduce traditional coal-fired power generation while
using low-temperature flue gas, which has a very important value in energy conservation and emission
reduction. In order to objectively reflect the good energy conservation and emission reduction effect of
the NORC system power generation, taking the national grid average electricity in CLCD database as a
reference, seven characteristic indexes of the ECER-135 evaluation system are used to quantify the
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energy conservation and emission reduction effect of NORC system power generation. The results are
shown in Table 7.

Table 7: Energy conservation and emission reduction effect of the whole life cycle of power generation from
NORC system

Indicator ~ Unit NORC system  National grid Energy conservation
average electricity  and emission reduction

PED MJ 6.48E+04 8.27E+06 8.21E+06

CO, kg 3.86E+03 5.76E+05 5.72E+05

COD kg 9.72E+00 4.97E+01 3.99E+01

Iwu kg 2.52E+04 2.07E+06 2.04E+06

NH;-N kg 9.60E-02 1.05E+00 9.55E-01

NO, kg 1.12E+01 1.62E+03 1.61E+03

SO, kg 9.95E+00 1.97E+03 1.96E+03

It can be seen from Table 7 that in the 20-year life cycle of NORC system, compared with the
national grid average electricity, the total emissions of CO,, COD, NH;-N, NO, and SO, are reduced by
5.80 x 10° kg, the industrial water consumption reduced by 2.04 x 10° kg, and the primary energy
consumption reduced by 8.21 x 10° MJ, which has significant environmental benefits of energy
conservation and emission reduction.

3.4 Contribution Analysis

Contribution analysis is to analyze the structure of each indicator, and then identify the main links and
causes of problems. The contribution analysis in this paper involves comprehensive environmental impact
contribution analysis and characteristic indicator contribution analysis. The contribution analysis of
comprehensive environmental impact includes the contribution analysis of each process stage in the
whole life cycle of NORC system to the comprehensive index ECER-135, and the contribution analysis
of each environmental impact index (PED, CO,, COD, IWU, NH;-N, NO,, SO,) to the comprehensive
index ECER-135. The contribution analysis of characteristic indicators includes the contribution analysis
of each process stage in the whole life cycle of NORC system to each environmental impact indexes
(PED, CO,, COD, IWU, NH;3-N, NO,, and SO,) and the contribution analysis of each environmental
impact type to each process stage.

3.4.1 Contribution to the Total Index

The contribution percentage of each stage to the comprehensive index ECER-135 is shown in Fig. 4. It
can be seen from Fig. 4 that the manufacturing phase of the entirce NORC system has the greatest
environmental impact, and its contribution to the comprehensive index ECER-135 is 140.75%. In the
manufacturing stage, the production process of NORC components contributed the most, accounting for
137.74%; the preparation process of R141b accounted for 2.85% of the comprehensive index; while the
preparation process of Al,O; nanoparticles had little impact on the environment, accounting for only
0.16% of the comprehensive index. The retirement stage of the NORC system plays a very important role
in the whole life cycle, producing 43.73% of good environmental benefits, indicating that the recycling of
heat exchanger tubes plays an important role in the environmental impact of the system. In addition, the
construction and transportation phase also contributed 2.98% of the environmental impact.
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150.00% ~ 137.74% A: Parts of NORC system manufacturing
B: R141b manufacturing

C: Nanoparticle manufacturing
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E: NORC system retirement
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Figure 4: Contribution of each unit stage to the total index as percentage

The contribution percentage of each characteristic indicator to the comprehensive indicator ECER-
135 is shown in Fig. 5. It can be seen from the figure that among the seven characteristic indexes of
ECER-135, the contribution of PED and NO, is the largest, both accounting for 21.3%, followed by SO,,
COD, CO, and IWU, accounting for 18.9%, 15.5%, 14.9% and 6.7%, respectively, while the contribution
of NH5-N is the smallest, accounting for only 1.5% of the total.

Figure 5: Contribution of characteristic indicators to the total index (ECER-135) as percentage

3.4.2 Contribution to the Characterization Indexes

The result of analyzing the contribution of seven characteristic indexes of comprehensive index ECER-
135 is shown in Fig. 6. The contribution of the manufacturing stage to each characterization index is still the
largest; as PED, CO, and SO, are greatly affected by the consumption of high energy consuming products
and power demand, the contribution proportion of each process stage to them is relatively close; among all
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characterization indexes, the environmental impact of construction and transportation stage on NH3-N is the
largest, reaching 12.92%, which is attributed to the use of gasoline in the transportation process of various
parts of the NORC system, while the impact of retirement stage on the good environment of NH3-N is the
least, which is 14.59%, mainly because the impact of recycled steel on the environment of NH;-N is small.

T~

T B rED
- T I co,

Figure 6: Contribution of each unit stage to the the characterization indexes of NORC system

The contribution of each characteristic indexes to the environmental impact percentage of each stage of
the NORC system is shown in Fig. 7.

Steel recovery [N

National average grid power [ | N |
Transportation of retirement PR |
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Figure 7: Contribution of characteristic indexes to each unit stage of NORC system as percentage
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As shown in the figure that NH5-N contributed the most in the construction and decommissioning
transportation stages, followed by NO,; SO, contributed the least and followed by IWU. SO, makes a
great contribution to R141b manufacturing and nanoparticles manufacturing, mainly due to the power
consumption. The contribution of the seven environmental impact indexes in the steel recovery stage and
ORC system component production stage is very similar, almost equally divided into two stages.

3.5 Sensitivity Analysis

Once the inventory data (Inventory;) changes, the LCA results will change. Sensitivity analysis is to
analyze the sensitivity (Sensitivity;) of inventory data to each index (/ndex;) and identify the most
effective improvement points with the improvement potential estimation. Sensitivity is defined as the index
change rate (Alndex;/Index;) caused by the unit change rate of inventory data (Alnventory/Inventory;).
The ratio of the two is the sensitivity, as shown in formula (42). If the calculation result shows high
sensitivity, it means that it is the direction and focus of improvement.

Alndex; [ Index;

42
Alnventory; [ Inventory; (42)

Sensitivity; =

3.5.1 Sensitivity Analysis for the Total Environmental Impact Index
The sensitivity analysis list is shown in Table 8, which only shows the first few items with the highest
sensitivity in each process of NORC system life cycle.

Table 8: The main results of the sensitivity analysis for the total environmental impact index

Phase Process Manifest ECER-
135
NORC parts production Condenser 96.84%
Evaporator 29.10%
Expander 11.69%
R141b preparation Electricity 0.88%
Manufacturing phase Vinyl Chloride 0.81%
Hydrogen fluoride 0.59%
Al,O3 nanoparticle preparation  Electricity 0.08%
Ethanol 0.06%
Ammonia 0.02%
Construction and transportation phase NORC system transportation Freight transport  2.98%
Retirement phase Decommission and transportation Freight transport 2.98%
Steel recovery Steel recovery —46.71%

As shown in Table 8 that the highest sensitivity to the comprehensive indexes is the condenser,
evaporator and expander in the production process of NORC components in the manufacturing stage,
which are 96.84%, 29.10% and 11.69%, respectively; the second highest is the freight transport process,
which is 2.98%; followed by the consumption of electric energy and vinyl chloride in the preparation
process of R141b, which are 0.88% and 0.81%, respectively; in contrast, the sensitivity of Al,O3
nanoparticles is very small; while the sensitivity of retirement phase is relatively high, which is —46.71%.
Obviously, the production of NORC components, especially the condenser, has a great negative
environmental impact, while the retirement stage has a significant positive impact through steel recovery.
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3.5.2 Sensitivity Analysis for the Characterization Indexes
The results of sensitivity analysis of characteristic indexes are shown in Table 9, which gives a list with
sensitivity of more than 1% for each characteristic index.

1173

Table 9: The main results of the sensitivity analysis for the characterization indexes

Characterized Process phase List Sensitivity
index
NORC parts production Condenser 97.34%
NORC parts production Evaporator 29.24%
NORC parts production Expander 11.75
Retirement phase Steel recovery benefits —45.99%
PED Construction and transportation Transport 1 unit of NORC 2.076%
phase components
Retirement phase Transport 1 unit of NORC 2.076%
components
R141b preparation Vinyl chloride 1.40%
NORC parts production Condenser 102.08%
NORC parts production Evaporator 30.67%
NORC parts production Expander 12.32%
Retirement Phase Steel recovery benefits —52.23%
CO, Construction and transportation Transport 1 unit of NORC 2.12%
phase components
Retirement phase Transport 1 unit of NORC 2.12%
components
R141b preparation National grid average electricity 1.05%
NORC parts production Condenser 91.21%
NORC parts production Evaporator 27.40%
NORC parts production Expander 11.01%
COD Retirement phase Steel recovery benefits —36.41%
Construction and transportation Transport 1 unit of NORC 2.74%
phase components
Retirement phase Transport 1 unit of NORC 2.74%
components
NORC parts production Condenser 108.10%
NORC parts production Evaporator 32.48%
IwWu NORC parts production Expander 13.05%
Retirement phase Steel recovery benefits =57.01%
R141b preparation Hydrogen fluoride 1.13%

(Continued)
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Table 9 (continued)

Characterized Process phase List Sensitivity
index
NORC parts production Condenser 70.53%
NORC parts production Evaporator 21.19%
NORC parts production Expander 8.51%
NH;-N Retirement phase Steel recovery benefits —27.52%
Construction and transportation Transport 1 unit of NORC 12.93%
phase components
Retirement phase Transport 1 unit of NORC 12.93%
components
NORC parts production Condenser 83.93%
NORC parts production Evaporator 25.22%
NORC parts production Expander 10.13%
Retirement phase Steel recovery benefits —39.25%
NOy Construction and transportation Transport 1 unit of NORC 8.68%
phase components
Retirement phase Transport 1 unit of NORC 8.68%
components
R141b preparation National grid average electricity 1.02%
NORC parts production Condenser 102.15%
NORC parts production Evaporator 30.69%
NORC parts production Expander 12.33%
Retirement phase Steel recovery benefits —53.03%
SO, Construction and transportation Transport 1 unit of NORC 1.45%
phase components
Retirement phase Transport 1 unit of NORC 1.45%
components
R141b preparation Hydrogen fluoride 1.83%
R141Db preparation National grid average electricity 1.39%

3.6 Analysis for Improvement

Combined with the previous life cycle impact analysis, this paper aims to reduce the comprehensive
environmental impact, and put forward the improvement direction and key points of certain stages in the
whole life cycle of NORC system.

The process stage, which makes a great contribution to the environmental impact indicators and the list
of substances with high sensitivity, are the key points to reduce the environmental impact. For the production
process of NORC components, the goal should be to reduce the use of steel, especially for the condenser. The
heat transfer area of the heat exchanger determines the amount of steel to be used. To transfer the same
amount of heat, the area of the heat exchanger is related to two factors, the total heat transfer coefficient
and the logarithmic mean temperature difference. The total heat transfer coefficient is determined by the
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heat transfer coefficient of the working medium inside and outside the tube under working conditions.
Therefore, the heat source and cold source working medium with high heat transfer coefficient are
selected to make the heat transfer coefficient of the working medium outside the tube close to the
working medium inside the tube. Under this condition, it is very meaningful to select the nanorefrigerant
which can enhance the maximum heat transfer performance, so as to improve the overall heat transfer
coefficient significantly. The increase of logarithmic mean temperature difference is related to the system
working condition, so it is necessary to optimize the system working condition. In addition, optimizing
the design of the heat exchanger and changing the type of materials for the heat exchanger can also
change the environmental impact. Besides, the appropriate software or calculation method can be selected
to get a more comprehensive optimization scheme, so that the size of the expander can be reduced under
the premise of large work output. In the preparation process of R141b, attention should be paid to save
electricity, improve productivity, and reduce the use of vinyl chloride and hydrogen fluoride, or adopt
other cleaner and ecological preparation methods. It can be summarized as the following four ways: 1.
Select the appropriate software or calculation method to get a comprehensive working condition
optimization scheme; 2. Optimize the design of heat exchanger; 3. Explore better heat transfer
performance of heat source transition working medium, cold source working medium and
nanorefrigerant; 4. Optimize the preparation process of R141b.

3.7 LCA Comparision

The results of LCA comparison between other energy sources and NORC system are shown in Fig. 8.
With the help of eBalance v4.7 software, the same system boundary and functional unit (generating 1 kWh)
are selected based on the same model method and comprehensive indexes. The data of national grid average
electricity, coal-fire generated electricity and hydropower generated electricity are from CLCD database, and
the remaining data are from ELCD and Ecoinvent database.
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Figure 8: Comparison between total environmental impact indexes in the other power generation and
NORC system

As shown in the figure, in the comparison with both the traditional fossil energy and the renewable
energy, the environmental impact of NORC system power generation is the smallest, only 0.67% of coal-
fired power generation, and 14.34% of photovoltaic power generation in the United States, which has the
smallest environmental impact among other energy generation. This shows that vigorously developing
low-temperature waste heat power generation of NORC system and striving to reduce the proportion of
thermal power in the power generation system is in line with the 13" Five-Year plan of energy
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conservation and emission reduction in China. At the same time, the environmental advantages of power
generation of NORC system with Al,O3/R141b as the circulating working medium are quantified.

4 Conclusions

LCA has been performed on the ORC system which uses nanorefrigerant as its cyclic working medium.
The main findings are as follows:

1) With the addition of Al,O5; nanoparticles to R141b, the comprehensive environmental impact index
of ECER-135 decreased by 1.50%. The total energy consumption of the system is 64,770.3763 MJ,
and the energy recovery period is 0.54 years, which only accounts for 2.70% of the 20-year service
life of the ORC system.

2) In the 20-year life cycle of NORC system, compared with the national average power grid, the total
emission of five main pollutants including CO, is reduced by 5.80 x 10° kg, the industrial water
consumption is saved by 2.04 x 10° kg, and the primary energy is saved by 8.21 x 10° MJ.

3) In the whole life cycle of the NORC system, the manufacturing stage has the greatest impact on the
comprehensive environment and the most contribution to the characterization indexes. In the
manufacturing stage, the production process of ORC components has the largest contribution to
the overall environmental impact, while other processes have relatively small contributions,
especially the preparation process of Al,O3 nanoparticles.

4) In the production process of ORC components, the manufacturing process of evaporator, condenser
and expander have the greatest impact on the environment, mainly due to the extensive use of steel.
In order to reduce the environmental load, we should optimize the system working conditions,
improve the component structure and explore nanorefrigerant with better heat transfer performance.

5) Compared with traditional fossil energy and renewable energy, the NORC system has the smallest
environmental impact, which is only 0.67% of coal-fire generated electricity and 14.34% of
photovoltage generated electricity of the United States, indicating that the NORC system has
obvious environmental advantages.
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