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Abstract China is the largest producer and consumer of
HFC-134a (1,1,1,2-tetrafluoroethane) in the world. Coal-
based route is mainly adopted to produce HFC-134a,
which suffers from large waste and CO, emissions. Natural
gas is a low-carbon and clean energy resource, and no
research has been found on the environment and economy
of producing HFC-134a from natural gas. In this study,
CML 2001 method was used to carry out the life cycle
assessment of natural gas (partial oxidation)-based and
natural gas (plasma cracking)-based routes (abbreviated as
gas(O)-based and gas(P)-based routes, respectively), and
their environmental performances were compared with
coal-based and oil-based routes. Meanwhile, considering
that China is vigorously promoting the transformation of
energy structure, and the application of electric heating
equipment to replace fossil-based heating equipment in
industrial field, which has a great impact on the
environmental performance of the production processes,
the authors conducted a scenario analysis. The results
showed that the gas(O)-based route had the most
favourable environmental benefits. However, the gas(P)-
based route had the highest potential for reducing
environmental burdens, and its environmental benefit was
the most favourable in scenario 2050. Additionally, the
economic performance of the gas(P)-based route was
significantly better than that of gas(O)-based and coal-
based routes.
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1 Introduction

HFC-134a (1,1,1,2-tetrafluoroethane), an environment-
friendly refrigerant with zero ozone depletion potential
and high safety, is widely used in automobile air
conditioners [1,2]. At present, China is the largest
producer and consumer of HFC-134a in the world. In
2018,  HFC-134a’s  production  capacity = was
approximately 250 kilotons, and increased to 345 kilotons
in 2020. In addition to being applied in automobile air
conditioners, the consumption of HFC-134a in other
fields (aerosols, industrial refrigeration equipment, and
mixed refrigerants) continues to grow in China, and
accounts for 55% of the total consumption in 2020 [3].
The main production processes of HFC-134a include
natural gas-based route, coal-based route, and oil-based
route, as shown in Fig. 1. The oil-based route is mainly
used in non-Chinese countries, while the coal-based route
is basically adopted in China due to its abundant coal
resources. However, coal-based route suffers from
various drawbacks, such as the production of large waste
and CO, emissions. China has clearly proposed to peak
CO, emissions by 2030 and strives to achieve carbon
neutrality by 2060, which makes the environmental
constraints more stringent, and the use of coal is limited.
Therefore, the research on coal substitution has become
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Fig.1 HFC-134a production routes.

very important. Natural gas is an important low-carbon
and clean energy resource. China is rich in
unconventional natural gas resources such as shale gas,
coalbed methane and tight sandstone gas, and ranks
second in the world in total recoverable resources that
account for 14% of the global total [4]. While China’s
acetylene produced from natural gas is mainly used to
produce 1,4-butanediol, vinyl chloride, and vinyl acetate,
and is not used to produce trichloroethylene. Therefore, it
is necessary and important for HFC-134a industry to
conduct the environmental and economic research on
producing HFC-134a through natural gas-based route.

Natural gas-based route includes natural gas (partial
oxidation)-based and natural gas (plasma cracking)-based
routes in China, which are abbreviated as gas(O)-based
and gas(P)-based routes, respectively. The main diffe-
rence between these two processes lies in the acetylene
production process the partial oxidation of natural gas and
the natural gas plasma cracking [5]. The former uses a
large amount of heat generated by partial combustion of
natural gas to heat another part of natural gas to above
1230 °C and crack it into acetylene, hydrogen, carbon
monoxide, etc. It is the main technology for producing
acetylene from natural gas in China, and is quite mature.
The latter is a novel Chinese technology, and is based on
the principle that natural gas is cracked in a plasma
reactor to generate high-temperature cracking gas
containing acetylene. Although it has not been fully
commercialized in China [6], it has obvious advantages,
such as the natural gas consumption is only one third that
of the partial oxidation method, and the investment is
lower than that of the partial oxidation method.

Great research efforts have been placed on the physical
characteristics of HFC-134a, as well as the performance
and global warming effect of HFC-134a air conditioning
systems [7,8]. Regarding the environmental aspects of the
HFC-134a production process, our previous work [9]
used a life cycle assessment (LCA) method to quantify
the environmental burdens of HFC-134a production using
coal-based route and identify ways to improve its
environmental benefits. Besides, to the best of our
knowledge, no other study has systematically evaluated
the environmental and economic performance of the
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production of HFC-134a using natural gas from a life
cycle perspective.

In this study, the LCA of HFC-134a production by
gas(O)-based and gas(P)-based routes was carried out
using CML 2001 method. Moreover, a comparative study
was carried out with the oil-based and coal-based routes.
At the same time, the impacts of China’s energy
transition on their environmental performance were
considered. Finally, the production cost was used to
evaluate their economic performance. The purpose of this
study was to comprehensively evaluate the production
process of HFC-134a, fill the gaps in the life cycle
inventory (LCI) database of HFC-134a production in
China, and provide the basis for future development of
China’s HFC-134a industry.

2 Methodology

2.1 LCA method

The LCA study is carried out based on the ISO 14040
series of standards [10,11], and consists of four main
steps, namely goal and scope definition, LCI analysis, life

cycle impact assessment (LCIA), and life cycle
interpretation.
2.1.1 Goal and scope definition

This study aims to evaluate the environmental impact of
HFC-134a production by different routes, systematically
analyze their resources and energy consumptions, and
waste emissions, and recognize the production route that
has the least impact on the environment. One ton HFC-
134a was selected as the functional unit. The system boun-
dary was determined using the “cradle to gate” method.

(1) Scope of the gas(O)-based and gas(P)-based routes.
Figure 2 shows the system boundaries of the gas(O)-
based and gas(P)-based routes, including the stages of
acetylene production using the partial oxidation method
(or plasma method), trichloroethylene production from
acetylene, and HFC-134a production.

In the gas(O)-based route, natural gas reacted with
oxygen, and was cracked to high-temperature cracking
gas (1400 °C). The high-temperature cracking gas was
quenched with water to about 80 °C, and purified with
absorbent = N-methylpyrrolidone (NMP) to obtain
acetylene and syngas. Then, acetylene was used as the
raw material for producing trichloroethylene, which
reacted with chlorine to produce tetrachloroethane.
Hydrogen chloride was removed from tetrachloroethane
to obtain trichloroethylene, and the by-products of
tetrachloroethylene and 30% hydrochloric acid were
obtained. Trichloroethylene was the main raw material
for producing HFC-134a. It reacted with anhydrous
hydrofluoric acid in the first reactor to produce HCFC-
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133a (CF;CH,CI). Then, the materials entered the second
reactor, where HCFC-133a reacted with anhydrous
hydrofluoric acid to produce HFC-134a. Finally, the
mixture containing HFC-134a was separated and purified
to obtain HFC-134a, as well as the by-products of HFC-
143a and 31% hydrochloric acid.

In the gas(P)-based route, natural gas was directly
cracked into high-temperature cracking gas in the plasma
reactor. After being quenched by water, it was purified
with NMP to obtain acetylene and H,. Acetylene was
used as raw material for the production of
trichloroethylene, as in the gas(O)-based route.

(2) Scope of the oil-based route. Figure 3 shows the
system boundary of the oil-based route, involved in the
productions of ethylene, trichloroethylene and HFC-134a.
Ethylene and chlorine were catalyzed to form 1,2-
dichloroethane, which was further chlorinated at 280—
450 °C to produce trichloroethylene, tetrachloroethylene,
and hydrogen chloride. After hydrogen chloride was
separated from the system, the crude trichloroethylene
was subjected to the steps of rectification, alkali washing
and dehydration to obtain trichloroethylene. Similarly,
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trichloroethylene was used for HFC-134a production.

(3) Scope of the coal-based route. Figure 4 shows the
system boundary of the coal-based route, including the
stages for the productions of calcium carbide, trichloroe-
thylene and HFC-134a. First, calcium carbide was
prepared by the reaction of lime and coke in the closed
calcium carbide furnace at 2000-2200 °C. Meanwhile,
vast quantities of furnace gas were also generated, which
were sent to the lime kiln for calcining limestone after dry
purification treatment. Then, calcium carbide reacted
exothermally with water to produce acetylene, during
which the reactor temperature was controlled at about
85 °C. After purification and cooling, acetylene was
chlorinated to generate tetrachloroethane. Then,
dehydrochloride was used to produce trichloroethylene.
Trichloroethylene was used as raw material for HFC-134a
production, similar to that in the gas(O)-based route.

2.1.2  LCI analysis

The LCI of the gas(O)-based, gas(P)-based, oil-based and
coal-based routes are presented in Tables 1-4 [9,12—17].
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Table 1 LCI of the gas(O)-based route based upon 1 t of HFC-134a

Acetylene production stage using partial oxidation method
Input Output
Substance Value Substance Value
Natural gas/Nm?3 2035.91 Acetylene/t 0.35
Electricity/kWh 1169.76 Syngas/Nm? 3103.52
Steam/t 1.60 CO,/t 0.28
Fresh water/t 1.10 Particle matters to air/g 88.96
NMP/kg 2.66 SO, to air/g 22.88
NO, to air/g 169.12
NMVOC? to air/g 10.64
Trichloroethylene production stage from acetylene
Input Output
Substance Value Substance Value
Acetylene/t 0.35 Trichloroethylene/t 1.32
Chlorine/t 1.72 Tetrachloroethylene/kg 4791
Electricity/kWh 237.78 31% hydrochloric acid/t 1.45
Steam/t 5.28 Cl, to air/g 133.29
Fresh water/t 9.25 HCl to air/g 28.80
Compressed air/Nm?3 29.06 NMVOC to air/g 29.24
Nitrogen/Nm? 165.13
Coal/kg 132.11
NaOH/kg 2.11
HFC-134a production stage
Input Output
Substance Value Substance Value
Trichloroethylene/t 1.32 HFC-134a/t 1
HF/t 0.84 31% hydrochloric acid/t 3.20
Sodium hydroxide/kg 6.06 HFC-143a/kg 4.90
Electricity/kWh 1875.20 HEF to air/g
Fresh water/t 5.19 HCl to air/g
Steam/t 7.01 NMVOC to air/g 7.69
Trichloroethylene to air/g 230.13
a) NMVOC: non-methane volatile organic compound
Table 2 LCI of acetylene production stage by plasma method in the gas(P)-based route based upon 1 t of HFC-134a
Input Output
Substance Value Substance Value
Natural gas/Nm® 709.38 Acetylene/t 0.35
Electricity/kWh 3901.57 H,/Nm? 886.72
Steam/t 1.42 CO, to air/kg 25.01
Fresh water/t 2.13 Particle matters to air/g 82.15
NMP/kg 2.48 SO, to air/g 25.64
NO, to air/g 159.72
NMVOC to air/g 12.59
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Table 3 LCI of trichloroethylene production stage from ethylene in
the oil-based route based upon 1 t of HFC-134a

Input Output

Substance/t Value Substance Value
Ethylene/t 0.4 Trichloroethylene/t 1.3
Chlorine/t 1.4 Tetrachloroethylene/kg 211.4
Steam/t 6.6 HCl/kg 184.9
Water/t 7.9 CO, to air/kg 169.1
Oil/kg 54.2 NO, to air/g 535
Electricity/kWh 383.1 VOCs? to air/g 26.8
Nitrogen/Nm? 99.1

a) VOCs: volatile organic compounds

Table 4 LCI of calcium carbide and trichloroethylene production
stage in the coal-based route based upon 1 t of HFC-134a

Calcium carbide production stage

Input Output

Substance Value Substance Value
Limestone/t 1.87 Calcium carbide/t 1.19
Coke/t 0.77 Particle matters to air/g 191.10
Electrode paste/kg 29.72 SO, to air/g 530.96
Iron sheet/kg 2.97 NO, to air/g 295.01
Electricity/kWh 3894.8 CO, to air/t 1.37
Fresh water/t 2.38

Compressed air/Nm? 63.60

Nitrogen/Nm? 53.50

Trichloroethylene production stage from calcium carbide

Input Output

Substance Value Substance Value
Calcium carbide/t 1.19 Trichloroethylene/t 1.32
Chlorine/t 1.72 Tetrachloroethylene/kg 39.63
NaClO/kg 64.4 HCI (= 98%)/kg 360.63
NaOH/kg 2.11 Cl, to air/g 133.29
Electricity/kWh 356.67 HCl to air/g 28.80
Steam/t 5.28 NMVOC to ait/g 130.28
Fresh water/t 18.49 Trichloroethylene to air/g  142.67
Compressed air/Nm? 67.37

Nitrogen/Nm? 126.82

Coal/kg 132.10

Ferric chloride/kg 0.22

The LCI of coke, natural gas, ethylene, and the
background data (such as electricity, water, steam, coal,
chemicals) were all obtained from the GaBi database. The
power model adopted the state grid in 2019, of which
hard coal accounted for 64.8%, hydro 17.4%, wind 5.4%,
nuclear 4.6%, natural gas 3.2%, photovoltaic 3.0%,
biomass and other 1.6% [18]. Steam model considered
coal-fired steam since coal is China’s dominant energy
source [19]. HFC-134a production was considered a
multi-product system, and inputs and outputs were
needed to be allocated to different products. According to
ISO 14044 [11], physical attribute allocation was given
priority, followed by economic value allocation. The
allocation factors of each production route are detailed in
Appendix Al.
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2.1.3 LCIA methodology

According to ISO 14040 [10], LCIA can be defined as a
three-step model: impact classification, characterization,
and quantitative assessment. In this study, LCA models
for HFC-134a production were built via GaBi software.
CML 2001 [20], a widely used midpoint method, was
applied for LCA evaluation. The selected impact
categories included abiotic depletion potential (ADP
elements), abiotic depletion potential (ADP fossil),
acidification potential (AP), eutrophication potential,
freshwater aquatic ecotoxicity potential (FAETP), global
warming potential (GWP 100 years), human toxicity
potential (HTP), ozone layer depletion potential (ODP),
photochemical ozone creation potential (POCP), and
terrestric ecotoxicity potential. To further understand their
respective  contributions to overall environmental
burdens, the normalization [21] and weighted evaluation
[22] were conducted. The normalized factor is the ratio of
per unit of emission impact divided by the per capita
global impact for the year 2000 [23], and weighted
factors adopt the Thinkstep LCIA Survey 2012.

2.2  Economic assessment

The calculation of product cost (PC) is an important part
of the economic analysis, and includes raw material cost
(Cp), utility cost (Cy), operation and maintenance cost
(Com)> depreciation cost (Cp), plant overhead (C),
management expenses (C,,), distribution and selling cost
(Cy) and by-product cost (Cy). The PC is calculated using
Eq. (1) [24,25].

PC:CR+CU+COM+CD+C0+CM+CS_CB. (1)

The assumptions for calculating PCs [26], and the
market prices of major materials, utilities and by-products
are summarized in Table 5. The by-products are sold at
market prices. In this paper, 1 t HFC-134a product was
taken as the calculation basis. A certain raw material cost
or utility cost is its unit consumption multiplied by the
market price. The operating labor cost is 100000 CNY
per capita per year, and the number of labors is estimated
based on survey data. Depreciation expenses are
depreciated according to the straight-line method for
20 years, and the salvage value is set to be 4%. The
remaining costs are calculated according to each scale
coefficient.

3 Results and discussion

3.1 Comparison of environmental performance

3.1.1 Comparison of LCIA results

Figure 5 shows the relative contribution of each process
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Table 5 Assumptions for the estimation of PC
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Component

Basis

(1) Raw material

(2) Utilities
(3) Operating & maintenance
(3.1) Operating labor

(3.2) Direct supervisory & clerical labor
(3.3) Maintenance and repairs

(3.4) Operating supplies

(3.5) Laboratory charge

(4) Depreciation

(5) Plant overhead cost

(6) Administrative cost

(7) Distribution and selling cost

(8) By-product

Coke 546 CNY-t!; natural gas 2.5 CNY-Nm™>; ethylene 7100 lCNY~r1; hydrogen fluoride 8550 CNY-t™1;

chlorine 550 CNY -t~

Steam 80 CNY-t™'; water 1 CNY -t ™'; electricity 0.6 CNY-kWh™!

Coal-based route 319 labors; gas(O)-based route 288 labors; gas(P)-based route 284 labors; oil-based route

211 labors; 100000 CNY -labor year™!

20% of operating labor
2% of fixed capital investment
0.7% of fixed capital investment

15% of operating labor

Life period 20 years, salvage value 4%

60% ((3.1) +(3.2) + (3.3)

2% of production cost

2% of production cost

Syngas 0.56 CNY-Nm—; H, 1.2 CNY-Nm; perchloroethylene 3000 CNY-t"!; R143a 20000 CNY-t!; 31%
hydrochloric acid 280 CNY -t ™;

; HCI1 1400 CNY -t}
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(c) Oil-based route

= Others
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Fig. 5 Relative contribution of each process to the environment in (a) gas(O)-based, (b) gas(P)-based, (c) oil-based and (d) coal-

based routes.

to the environment in the four HFC-134a production
routes. ADP elements and ODP categories were mainly
contributed by chlorine. In addition to these two impact
categories, in the gas(O)-based, gas(P)-based and coal-
based routes, the electricity had the highest contribution
to the remaining impact categories, followed by steam.
The oil-based route was different, with steam contributing

the most to these impact categories, followed by
electricity. Moreover, hydrogen fluoride had a significant
impact on the AP, FAETP, ODP and POCP categories in
the four production routes. The contribution of direct
emissions, transportation stages, and other processes to
each impact category were relatively small. Therefore, it
is important to reduce the consumption of electricity,
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steam, and hydrogen fluoride for decreasing the
environmental impacts of HFC-134a production. Since
electricity generation and steam production both consume
large amounts of coal, using clean energy to replace coal
is also one of the important future directions for
improving the enviromental benefits of HFC-134a
production.

It can be seen from the normalization results (Fig. 6)
that, in the four HFC-134a production routes, the
contribution of each impact category to the normalized
environmental performance exhibited similar variation
trend. HTP category contributed the most to the
normalized environmental performance, and accounted
for 43%—-48%, followed by ADP fossil, GWP, AP and
POCP, which accounted for 17%-22%, 11%—13%,
10%—12%, and ~6%, respectively, while the remaining
categories only accounted for ca.7%.

The coal-based route had the largest normalized value
for each impact category, followed by the gas(P)-based
route (except for ADP fossil category). Because these two
routes consumed large amounts of electricity (more than
6100 kWh of electricity), which was 1.8 times that of the
gas(0)-based route, and 2.7 times that of the oil-based
route. For the ADP fossil category, the environmental
burdens of the gas(O)-based route was second only to the
coal-based route, and was approximately 6495 MJ higher
than the gas(P)-based route. Since nearly 70% of natural
gas was burnt to provide heat energy for the remaining
natural gas cracking in the gas(O)-based route, the route
consumed a lot of natural gas. For the categories of ADP
elements, ADP fossil and ODP, the environmental
burdens of the gas(O)-based route were slightly higher
than those of the oil-based route. However, for the
remaining impact categories, the environmental burdens
of the gas(O)-based route were smaller than that of the
oil-based route. Therefore, in order to facilitate the
comparison of the environmental benefits of each HFC-
134a production route, these ten impact categories were
weighted to get a comprehensive index, as shown in Fig. 7.
It can be seen that, under the current energy structure, the
gas(O)-based route had the most favourable
environmental benefits, followed by the oil-based, gas(P)-
based and coal-based routes.

3.1.2 Impact of China’s energy transition

It can be observed from the above results that electricity
and steam were the key factors impacting the
environment in HFC-134a production. The large-scale
utilization of fossil resources in China results in large
amounts of CO, emissions, and serious air pollution [27].
In this regard, the 14th Five-Year Power Plan pointed out
[5] that China should further advance the energy
transition, and vigorously promote the application of
electric heating equipment (such as electric steam
generators and electric heat-conduction oil furnaces) in
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Fig. 7 Comparison of weighted results for different HFC-134a
production routes.

the industrial field to replace traditional fossil-based
heating equipment, which is of great significance for
achieving carbon neutrality and mitigating air pollution.
Moreover, it was also predicted the installed power
generation capacity and their proportion in 2025-2050
(Appendix A2). China’s power generation capacity will
grow rapidly in the next 30 years. The proportion of coal-
based power will gradually decrease from 64.8% in 2019
to 5.7% in 2050, and the clean energy power generation
will develop into China’s main energy source. Therefore,
according to the future power deployment in the policy, a
scenarios analysis of HFC-134a production was
conducted. In the basic scenario, electricity situation was
assumed as that of 2019 state grid; steam was produced
by coal. In other scenarios, both the electricity and the
steam were generated from the state grid of the year,
which were respectively recorded as scenario 2019,
scenario 2025, scenario 2035, and scenario 2050.

The results in Table 6 show that, compared with the
basic scenario, the fossil resource consumption of the four
production routes in scenario 2019 increased by 3.8 x
104, 3.2 x 10%, 3.4 x 10* and 4.3 x 10* MJ, respectively,
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Table 6 Fossil resource consumption and CO, equivalent emissions of different HFC-134a production routes in different scenarios

Category Scenario Gas(0O)-based route Gas(P)-based route Oil-based route Coal-based route

ADP fossil/MJ Basic scenario 1.33 x 103 1.26 x 10° 1.16 x 10° 1.40 x 10°
Scenario 2019 1.64 x 103 1.61 x 10 1.59 x 10° 1.78 x 103
Scenario 2025 1.55 x 10° 1.43 x 10° 1.43 x 10° 1.60 x 10°
Scenario 2035 1.27 x 10° 111 x 10 1.11 x 10° 1.22 x10°
Scenario 2050 1.01 x 10° 8.12 x 10* 8.10 x 10* 8.78 x 10*

GWP/kg CO, eq. Basic scenario 8.00 x 10° 9.12 x 10° 8.21 x 10° 1.13 x 10%
Scenario 2019 1.11 x 10* 1.25 x 10* 1.24 x 10* 1.51 x 10*
Scenario 2025 1.00 x 10* 1.06 x 10* 1.06 x 10* 1.30 x 10*
Scenario 2035 7.17 x 10 7.33 x 10° 737 x 10° 9.27 x 10°
Scenario 2050 4.62 x 10° 4.42 x 10° 4.44 x 10° 5.90 x 10°

and the CO, equivalent emissions increased by 3.7, 3.1, 5 5x10- -

3.4 and 4.2 t, respectively. The increase was very ‘ ® Gas(O)-based route

significant, which means that the performance of electric 2ei0+ b Gas(P)-based route

steam was significantly inferior to coal-fired steam in
terms of fossil resource consumption and CO, equivalent
emissions, when the electricity used in HFC-134a
production was from 2019 state grid.

In scenarios 2019, 2025, 2035 and 2050, the fossil
resource consumption and CO, equivalent emissions of
the four production routes gradually decreased, indicating
that the higher the proportion of clean energy power
generation, the more conducive to reducing fossil
resource consumption and CO, equivalent emissions.
Starting from scenario 2035, the fossil resource
consumption and CO, equivalent emissions of the four
production routes became lower than those of the basic
scenario. Especially in scenario 2050, compared with the
basic scenario, the fossil resource consumption of the four
production routes was reduced by 23%-38%, and the
CO, equivalent emissions were reduced by 42%—52%.
Additionally, in this scenario, the gas(P)-based route had
the least carbon emissions, which were reduced by 4.7 t
as compared to basic scenario. In addition, the CO,
equivalent emissions of the coal-based route in the five
scenarios were much higher than the other three
production routes, which was in part due to the direct
CO, emissions during the calcium carbide production
stage that reached 1.37 t and accounted for 12.1%, 9.1%,
10.5%, 14.8% and 23.2% of the CO, equivalent
emissions in basic scenario and scenarios 2019, 2025,
2035 and 2050, respectively.

It can be seen from Fig. 8 that the overall
environmental benefits of the four production routes in
basic scenario were far better than scenario 2019. In these
two scenarios, electricity was both from 2019 state grid,
and the difference lied in the types of steam used.
Therefore, it can be inferred that the environmental
benefits of electric steam were inferior to that of coal-
fired steam. The reason was that coal-based power played
a leading role in 2019 state grid, and the chemical energy
of coal was first converted into electric energy, and then
into heat energy, which lowered the energy utilization

m Qil-based route

Coal-based route
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Fig.8 Comparison of weighted results of different HFC-134a
production routes in different scenarios.

efficiency as compared to that of the direct conversion of
chemical energy of coal into heat energy. With the
decrease in the proportion of coal-based power, and the
increase in the proportion of clean energy power
generation, the environmental burdens of each production
route gradually decreased. It can be seen that the overall
environmental burdens of coal-based power were higher
than those of the clean energy power [28-31]. By
scenario 2035, the proportion of coal-based power
dropped to 26.0%, whereas the overall environmental
benefits of each production route were better than that of
the basic scenario. In scenario 2050, the order of
environmental benefits of each route were found in the
following descending order: gas(P)-based route = oil-
based route > gas(O)-based route > coal-based route,
while the overall environmental burdens of the gas(P)-
based and oil-based routes were 11.8% less than those of
the coal-based route.

In short, changes in the energy structure have a
profound impact on the environmental performance of
HFC-134a production. Only under the condition that the
proportion of coal-based power is reduced to about 26%,
the overall environmental burdens of HFC-134a
production can be reduced when electric heating
equipment is used to replace fossil-based heating
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equipment. In the process of energy transition,
manufacturers should be encouraged to give priority to
using green electricity to heat equipment.

3.2 Comparison of economic performance

32.1 PC

Acetylene was the intermediate raw material for HFC-
134a production using the gas(O)-based, gas(P)-based
and coal-based routes, whereas the difference in PC of
the three routes mainly stemmed from the acetylene
production stage. The results presented in Table 7 show
that the PC of the gas(O)-based route was the highest
with 17187 CNY typc.134, - In addition, its raw material
cost was significantly higher than those for the other
routes, mainly because large amounts of natural gas were
consumed in the partial oxidation process of natural gas,
and the price of natural gas has been rising in China in
recent years, thus resulting in a high natural gas raw
material cost that reached 3860 CNY “tyrc. i34, - The PC
of the coal-based route was 16574 CNY typc.i3 s
second to the gas(O)-based route. In this route, the raw
material cost of coke and electrode paste consumed was
only 538 CNY typc.i34. '» Which was much lower than
the gas(O)-based route. Meanwhile, this route had the
highest utility cost due to a great amount of electricity
consumed in the calcium carbide production stage. The
PC of the gas(P)-based route was 15212 CNY “tyypc 340 s
which was 1362 CNY “typc_ 134, | less than the coal-based
route. Furthermore, its natural gas raw material cost was
2515 CNY type.iaq, - lower than the gas(O)-based route
due to the reason that its natural gas consumption was
about one-third of the gas(O)-based route. Moreover,
natural gas cracking via plasma required vast quantities of
electricity. Therefore, its utility cost was relatively high,
and second only to the coal-based route. Among all the
HFC-134a production routes, the PC of the oil-based
route was the lowest with 14780 CNY “tyypc. 340 -

In addition to the main product, by-products were also
produced. The economic values of by-products of the
gas(0)-based and gas(P)-based routes were significantly
higher than those of the other two routes, mainly because

Table 7 PC of 1 t HFC-134a produced by different routes

Item Gas(O)-based  Gas(P)-based Oil-based  Coal-based
route route route route
Cp/CNY 12090 9605 10726 8929
Cy/CNY 2797 3647 2185 4395
Com/CNY 2066 1868 1480 2088
Cp/CNY 1370 1049 943 1160
Cy/CNY 1034 944 742 1056
Cy/CNY 344 304 296 332
C4/CNY 344 304 296 332
Cp/CNY —2856 —2509 —-1887 -1716
PC/CNY 17187 15212 14780 16574
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a great quantity of syngas or hydrogen were produced in
the acetylene production stage.

3.2.2 Sensitivity analysis

Sensitivity analysis is an effective method to determine
the impact of various uncertain factors on the economic
evaluation index of a project. A sensitivity analysis of the
PC was carried out in this study, as shown in Fig. 9. It can
be seen from Fig. 9(a), the most significant impact on the
PC of the gas(O)-based route was the raw material cost,
followed by the utility cost, and operation and
maintenance cost. When the raw material cost, utility
cost, and operation and maintenance cost varied by
+20%, the PC of the gas(O)-based route varied by
+14.07%, +3.25%, and £2.45%, respectively. Similar to
the gas(O)-based route, these three types of costs had a
significant impact on the PC of the other production
routes, as shown in Figs. 9(b—d). The by-product cost,
which was just the opposite of other types of costs, also
had relatively large impact on PC. When the variation
was +20%, the PCs of the gas(O)-based, gas(P)-based,
oil-based and coal-based routes changed by —3.32%,
-3.30%, -2.55% and -2.07%, respectively. The
remaining costs had little effect on the PC of the four
production routes, which varied by less than +2%.
Therefore, in order to reduce the PC, efforts should be
made to reduce the raw material cost, followed by the
utility cost, and operation and maintenance cost, as well
as efforts to increase the value of by-products.

3.2.3 Impact of raw material prices on production cost

As mentioned in Section 3.2.2, raw material cost had the
most significant impact on the economic performance of
HFC-134a production compared to other types of costs.
Therefore, the authors further investigated the impact of
the price of important raw materials on the production
cost, as shown in Fig. 10. Figure 10(a) shows that the PC
of the four production routes would increase significantly
with the increase in hydrogen fluoride price. When the
price of hydrogen fluoride changed from 6000 to
11000 CNY-t!, the PC of the four production routes
increased by 4175 CNY'typc 34, - As shown in
Fig. 10(b), when the natural gas price increased from 1 to
5 CNY'm, the PC of 1 t HFC-134a using the gas(O)-
based and gas(P)-based routes increased from 14871 to
21047, and 14405 to 16557 CNY, respectively. It was
clear that the impact of change in the price of natural gas
on the PC of the gas(O)-based route was more significant
than that of the gas(P)-based route, which mainly
depended on the consumption of natural gas in the
production stage of acetylene. When the price of ethylene
increased to 11000 CNY-t, the PC of the oil-based
route increased to 16304 CNY typc 34 » Which was
still lower than the coal-based route. Furthermore, only
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Fig. 9 Sensitivity analysis of production cost of HFC-134a produced by (a) gas(O)-based, (b) gas(P)-based, (c) oil-based and

(d) coal-based routes.
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Fig. 10 Impact of different raw material prices on PCs: (a) hydrogen fluoride; (b) natural gas, ethylene and coke.

when the price of natural gas was lower than 1.93 and
4.53 CNY-m™, the PC of gas(O)-based and gas(P)-based
routes was lower than the oil-based route, respectively.
When the coke price fluctuated within the range of
300-1200 CNY-t!, the PC of the coal-based route
changed by a maximum of 691 CNY typc. i34, > Which
had little impact on its PC. In addition, only when the
price of natural gas was lower than 1.98 and 4.68 CNY -m >,

respectively, it could be assured that the finished PC of
the gas(O)-based and gas(P)-based routes were lower than
the coal-based route. However, the price of natural gas in
China has been increasing in recent years, and the current
average price has reached 2.5 CNY-m™. It can be seen
that the economic performance of the gas(P)-based route
was better than that of the gas(O)-based and coal-based
routes.



Suisui Zhang et al. Life cycle assessment and economic analysis of HFC-134a production

4 Conclusions

In this study, the environmental and economic
performances of HFC-134a production using the gas(O)-
based, gas(P)-based, oil-based and coal-based routes were
studied. Based upon the results obtained, following
conclusions are drawn.

Electricity and steam were the key factors impacting
the environmental performance of the four production
routes. The gas(O)-based route had the most favourable
overall environmental benefits, followed by the oil-based,
gas(P)-based and coal-based routes.

The environmental burdens of gas(P)-based and oil-
based routes were the smallest, both being 11.8% less
than the coal-based route in scenario 2050. Moreover,
only under the condition that the energy structure is
profoundly changed (the proportion of clean energy
power generation was significantly increased), the overall
environmental burdens of HFC-134a production could be
reduced when electric heating equipment was used to
replace the fossil-based heating equipment.

With regards to the economic performance, the PC
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of the gas(O)-based route was the highest with
17187 CNY ‘typc.iz4s > followed by the coal-based,
gas(P)-based and oil-based routes. The impact analysis of
raw material price showed that the gas(P)-based route
was less affected by the change of natural gas price than
the gas(O)-based route, and its economic performance
was better than the gas(O)-based and coal-based routes.
Only when the price of natural gas was lower than
4.53 CNY-m, the competitiveness of gas(P)-based route
was equivalent to that of the oil-based route.

HFC-134a is not only used in the automotive industry,
but also has important applications in other fields.
Research on the environmental and economic
performance of HFC-134a production provides valuable
insights for decision-makers in the face of diversified
process technology choices.
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Appendix

Table A1 Allocation method and allocation factors involved in each route

Item Acetylene production stage

Trichloroethylene production stage

HFC-134a production stage

Gas(O)-based route Economic value allocation,
acetylene 65.2%,

syngas 34.8%

Gas(P)-based route Economic value allocation,
acetylene 75.3%,

H,24.7%

Coal-based route -

trichloroethylene 73.3%,
tetrachloroethylene 2.7%,
31% hydrochloric acid 24.0%

Economic value allocation,
HFC-134a 95.1%),
HFC-143a 0.5%,

31% hydrochloric acid 4.4%

Mass allocation,

Mass allocation,

trichloroethylene 73.8%,
tetrachloroethylene 2.2%,
hydrogen chloride 20.1%,
high-boiling product 2.4%,

low-boiling product were 1.5%

Oil-based route -

Mass allocation,

trichloroethylene 76.6%,
tetrachloroethylene 12.5%,
hydrogen chloride 10.9%

Table A2 China’s different types of installed power generation capacity (TWh) and their proportion in 2025-2050%

Category 2025 2035 2050
Power generation Proportion Power generation Proportion Power generation Proportion

Coal 4515.5 48.9% 3045.8 26.0% 815.5 5.7%
Hydro 1483.2 16% 1915.7 16.4% 2248.4 15.7%
Wind 1019.3 11% 2413.3 20.6% 4357.8 30.5%
Nuclear 511.6 5.5% 872.3 7.4% 1228.8 8.6%
Natural gas 589.2 6.4% 605.5 5.2% 486.3 3.4%
Solar photovoltaic 853.3 9.2% 2342.5 20.0% 4305.7 30.1%
Solar thermal 30.0 0.3% 130.5 1.1% 352.9 2.5%
Biomass and others 253.9 2.7% 388.5 3.3% 503.5 3.5%
Total 9256.0 100% 11714.1 100% 14298.9 100%

a) Due to data limitations, solar thermal power generation was modeled as solar photovoltaic power generation, and biomass and others were modeled as

biomass power generation.
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