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Abstract

High-speed rail has been operating in more than 25 countries (mainly in Asia, Europe
and North America), and has become an important part of global economic development.
However, the cleaning and maintenance of high-speed rail is a comprehensive task, which
may easily cause environmental pollution. This study aims to analyze and improve the sus-
tainability of the formulation and production process of a concentrated complex enzyme
detergent used as the maintenance agent for high-speed trains via the life cycle assessment
(LCA) method. The eFootprint software system with built-in China, European and Swiss
Ecoinvent databases was used to establish the LCA model with the system boundary being
from cradle to gate. The LCA model showed that the production of 1 kg of concentrated
detergent generates the global warming potential of 2.53 kg CO, eq, and other environ-
mental emissions including acidification potential of 0.01 kg SO, eq, eutrophication poten-
tial of 3.76E-03 kg PO,*"eq, inhalable inorganic matter of 3.17E-03 kg PM2.5 eq, ozone
depletion potential of 5.3E-06 kg CFC-11 eq, photochemical ozone formation potential of
3.44E-03 kg NMVOC eq, primary energy demand of 3.17 MJ, abiotic depletion potential
of 4.97E-6 kg antimony eq, and water use of 0.84 kg. LCA results are not strongly depend-
ent to the assumptions of the research, and the uncertainties of LCA results are between 8
and 16%, which is mainly due to the regional differences in technology sources, the year of
technical data collection, and the representativeness of technology collection companies.
Carbon footprint analysis showed that the production processes of enzyme stabilizer (glyc-
erol) and surfactants contributed the most, while changes in power consumption during
production and transportation distance of raw materials had limited effect on total carbon
emissions. Therefore, the formulation of the concentrated complex enzymatic detergent
was improved based on the LCA results. The new formulations with less enzyme stabilizer
showed similar detergency to the original formulation. The new formulations could reduce
carbon emissions by 5,500-9,200 tons per year and save between $4.4 and $7.4 million in
annual production of 10,000 tons.

Keywords Concentrated compound enzyme detergent - Life cycle assessment - Carbon
footprint - Enzyme stabilizer - Formulation

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0002-8023-0388
http://crossmark.crossref.org/dialog/?doi=10.1007/s10668-023-03122-2&domain=pdf

9872 C.Yangetal.

1 Introduction

The global detergent industry has gradually formed a relatively complete industrial system
(Al-Ghanayem & Joseph, 2020). With the rapid development of science and technology
and the petrochemical industry, the production of detergents has reached an unprecedented
peak. According to Fortune Business Insights, in 2020, the global household cleaning
(HHC) products market was $221.32 billion (2020 US dollar)(Vochozka et al., 2020),
which is projected to grow from $235.76 billion in 2021 to $320.82 billion in 2028 at a
compound annual growth rate of 4.5% in forecast period (Fortune Business Insights, 2021).
The increasing demand for HHC products is partly because of emergence of COVID-19
pandemic (Maceno et al., 2022), population growth and the need for organic cleaning prod-
ucts, and partly because of the huge potential market in developing countries.

Since the Tokaido Shinkansen’s first high-speed rail (HSR) system began operating
in Japan in 1964, HSR has operated in a number of countries, mainly in Europe, Asia,
and North America. The world HSR network is expected to more than double the 2014
length by 2025 (Zhang et al., 2019). China has the largest network of high-speed railways
in the world, which is followed by European countries and Japan. High-speed rail has now
become an important part of economic development in many countries. It not only pro-
motes the transportation and railway industry, but also promotes macro-economic in high-
and upper-middle-income countries (Bhatt & Kato, 2021). With the rapid development
and export of high-speed rail, the maintenance of locomotive and mainline has become an
important industry in the economy of the HSR-associated production industry, forming an
important part of the modern high-end equipment maintenance industry and the modern
cleaning market.

The cost of each carriage of the HSR train is expensive, which is about $20 million
(Lawrence et al., 2019). HSR trains usually operate during the day. At night, locomotives,
train bodies, undercarriage, high-voltage electrical lines, engines, etc. need to be carefully
maintained to eliminate fatigue and hidden dangers and ensure normal travel the next day.
The maintenance of high-speed trains includes cleaning, lubrication, antifreeze and rust
prevention (Lin et al., 2019). The requirements for cleaning high-speed trains are strict, and
it is necessary to decontaminate without harming the surface and mechanical properties
of the train body. China’s National High-speed Railway Corporation stipulates that high-
speed trains must be cleaned and maintained every 4,000 km, and almost all parts such as
the exterior of the train body and the interior of the train should be cleaned. The cleaning
and maintenance of high-end equipment such as HSR is a comprehensive task. HSR dirt
includes heavy dirt on locomotives, dirt on train interiors and floors, dirt on toilets, dirt on
air conditioners, dirt on electrical equipment, and so on (Zhang et al., 2021). The variety
of pollution sources and complex structure determine the diversity and complexity of the
cleaning agent. At present, the cleaners on the market are mainly high pH alkaline clean-
ers. Although the formulation of ordinary cleaners is stable, they are not specific designed
(Gong et al., 2022). For example, washing with hard water will be worse, (i.e., the dirt
will not be cleaned thoroughly), and it will easily cause environmental pollution and other
problems (Danby et al., 2018; Li et al., 2021). The existing cleaning agents with profes-
sional cleaning functions have a narrow cleaning range, and also have disadvantages such
as high cost, slow cleaning of dirt, damage to solid surface paint, and harmful solvents.

This study conducted a life cycle assessment (LCA) study on a concentrated complex
enzyme detergent (Model TL1003-1) developed by Sugian Dunjia Biotechnology Co., Ltd.
(Jiangsu, China) in cooperation with the University. LCA is a methodology for assessing
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environmental impacts associated with all the stages of the life cycle of a commercial prod-
uct, process, or service. The LCA method must be in accordance with ISO 14040 and ISO
14044, which specify a characterization model for each category indicator and are based on
precise standard environmental mechanisms and repeatable verification (Chang & Huang,
2022). The formulation of this detergent product has efficient penetration, stripping, disso-
lution and decontamination functions, so it can effectively remove heavy stains such as oil
stains, insect carcasses, animal feces, plant fruit dirt and other stains from high-speed train
bodies and interiors. The market demand for cleaning agents for high-speed trains exceeds
100,000 tons per year, and this complex enzyme detergent has a good profit margin. If
the formulation is further improved through research and development, and the technical
advantages and cost advantages of the products are improved, the market share of cleaning
agents for high-speed trains can be increased. The target market share is 40%. Therefore,
by optimizing the formulation and production process of HSR cleaners, more profits can be
brought to the enterprise and the risk of bankruptcy can be reduced (Durana et al., 2021a;
Kliestik et al., 2022).

To evaluate and improve existing product formulations from a life cycle perspective, this
study involves life cycle inventory analysis of all raw materials and production processes,
assessment and interpretation of the LCA results including nine environmental indicators,
and experimental tests of new formulations.

2 Materials and methods
2.1 Material

The ISO standards for LCA require the definition of goal and scope, functional units, sys-
tem boundaries, life cycle inventory analysis, life cycle impact assessment and interpreta-
tion of results. The research object of this study is the concentrated compound enzyme
detergent of model TL1003-1 produced by Suqgian Dunjia Biotechnology Co., Ltd. It is
used as a HSR maintenance agent, which belongs to one of the special series of clean-
ing agent products for cleaning, anti-rust, anti-freezing and lubricating maintenance of the
HSR train. This phosphorus-free product is compounded with biologically active enzymes,
surfactants and additives. It has a strong ability to remove inorganic and organic dirt on the
train body surface, as well as its interior parts. Its form is suspension. The functional unit
in this LCA study is 1 kg concentrated complex enzyme detergent product. The representa-
tion of time and geography is 2020 and China, respectively.

2.2 Scope definitions

System boundaries in LCA must be relevant in relation to the purpose of the study, which
is to improve the formulation and the sustainability of the production process. Therefore,
the initial choice of the system boundary for this study is "from cradle-to-gate." The system
encompasses all upstream chemical manufacture processes, raw material transportation,
and detergent manufacturing and packaging processes. As shown in Fig. 1, the foreground
process includes the production of amylase, cellulase, glycerol, sodium dodecylbenzene
sulfonate (SDS), sodium fatty alcohol polyoxyethylene ether sulfate (AES), and citric acid.
Background processes include power grids, natural gas, transportation, propylene glycol,
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Fig.1 System boundary of the concentrated complex enzyme detergent

high-density polyethylene, and other chemicals. To further expand the scope of this study,
downstream washing and wastewater treatment processes are also evaluated in Sect. 3.9.

The trade-off rules used in this study are based on the weight ratio of raw material to the
product weight or the total process input. Specific rules are as follows:

(1) When the weight of ordinary material is less than 1% of the product weight and the
weight of material containing rare or high purity components is less than 0.1% of the
product weight, the upstream production data of the material can be ignored. The total
weight of negligible material must not exceed 5%.

(2) The material can be ignored if the low value waste is used as raw materials, such as fly
ash, slag, straw, garbage and other upstream production data. The production equip-
ment, plant, living facilities and other emissions are ignored.

In this study, the eFootprint software system was used to establish a life cycle model
of the concentrated complex enzyme detergent and calculate the LCA results. The eFoot-
print software system is an online LCA analysis software developed by IKE Environmental
Technology Co., Ltd (China). It complies with ISO 14040, ISO 14044, ISO/TS 14,048
standards (Wang & Zhu, 2021), and supports full life cycle process analysis and has built-in
China Life Cycle Basic Database (CLCD), European ELCD database and Swiss Ecoinvent
database (Qian et al., 2022). The CLCD database is an industry average database based on
the core model of China’s basic industrial system life cycle. The CLCD database includes
inventory data sets of major domestic energy, transportation, and basic raw materials. The
calculated environmental indicators include global warming potential (GWP), acidification
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potential (AP), eutrophication potential (EP), inhalable inorganic matter (RI), ozone deple-
tion potential (ODP), photochemical ozone formation potential (POFP), primary energy
demand (PED), abiotic depletion potential (ADP), and water use (WU), which are sum-
marized in Table S1 of the supporting material. The background data sources of this LCA
study are summarized in Table S2.

2.3 Data collection
2.3.1 Production of the concentrated complex enzyme detergent

Main data sources are collected via enterprise surveys, the literature (Kim & Park, 2020;
Melian et al., 2023), and chemical process simulation. The surveyed company is Sugian
Dunjia Biotechnology Co., Ltd. (Jiangsu, China), which is producing annually 10,000
tonnes of TL1003-1 concentrated compound enzyme detergent. The base year is 2020, and
the origin is China. The major process equipment includes 2000-L reactors (BMT-F2000L,
Guangzhou Senmeite Light Industry Machinery Manufacturing Co., Ltd., Guangdong,
China), steam generator (Type A, Peiyu Machinery Manufacturing Co., Ltd., Shanghai,
China), 1000-L storage tanks (GXCG-1000L, Guangzhou Guanxin Light Industry Machin-
ery Manufacturing Co., Ltd., Guangdong, China), and 100-L 4 kW vacuum homogenizer
(YK-100, Yodi Machinery Equipment Co., Ltd., Shanghai, China), (Figure S1). A simpli-
fied process flow chart of the concentrated compound enzyme detergent is shown in Figure
S2. Main raw materials include organic chemicals and enzymes. The main energy con-
sumption is electricity. The life cycle inventory (LCI) data of the process is summarized in
Table 1.

In the baseline model, only the transportation of glycerol that accounts for 60% of the
total product mass was considered. The transport distance is assumed to be 200 km, which
is close to the average transport distance (175.6 km, 2020) of domestic goods in China
(National Bureau of Statistics of China, 2021). The upstream data sources of transportation
data are all from the CLCD database.

2.3.2 Production of fatty alcohol ether sulfate (AES)

The process boundary is from cradle to gate. The main data sources are the CLCD data-
base, Ecoinvent database and the literature (Munkajohnpong et al., 2020; Myers, 2020).
The origin is China, and the base year is 2019. The production scale is 1000 t/d. AES is a
detergent with high solubility and low sensitivity to water hardness. AES can be prepared
by the ethoxylation of alcohols to form alcohol ethoxylate, and these ethoxylated alcohols
are further sulfonated to produce the final detergent. A schematic diagram of the produc-
tion process of AES from alcohol ethoxylate is provided in Figure S3.

2.3.3 Production of sodium dodecyl benzene sulfonate (SDS, LAS)

The process boundary is from cradle to gate. The main data sources are the CLCD data-
base, Ecoinvent database and the literature (Ivanchina et al., 2021; Shokri & Karimi,
2021). The origin is China and the base year is 2011-2016. The production scale is 1000
t/d. The principle of preparation of SDS is that alkylating agent reacts with benzene to
form alkylbenzene, which is then sulfonated and neutralized. In this production process,
dodecylbenzene (a linear alkylbenzene, LAB) is used as raw material, and sulfur trioxide
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Table 1 LCI data of the production of the concentrated complex enzyme detergent

Type List name Quan- unit Upstream data ~ Use/emission
tity source reasons
Product Concentrated complex enzyme 1 kg - -
detergent
Raw material ~ Amylase 0.0032 kg Foreground
process data
Raw material ~ Cellulase 0.0032 kg Foreground
process data
Raw material ~ Propylene glycol 0.05 kg CLCD-China-
ECER 0.8
Raw material ~ AES 0.16 kg Foreground
process data
Raw material ~ SDS 0.17 kg Foreground
process data
Raw material  Citric acid 0.02 kg Foreground
process data
Raw material ~ Glycerol 0.6 kg Foreground
process data
Raw material  HDPE 0.02 kg CLCD-China-
ECER 0.8
Energy Electricity 0.06 MJ CLCD-China-
ECER 0.8
Environmental ~ water vapor 8.40E- kg Boiler blowdown
emission 04
Environmental Suspended solids, unspecified ~ 9.33E- kg emission (water
emission 05 body)
Environmental biological oxygen demand 0.0001 kg emission (water
emission body)
Environmental Chemical oxygen demand 0.0001 kg emission (water
emission body)

is used as sulfonating agent (Figure S4). Dodecylbenzenesulfonic acid is synthesized by
sulfonation in the reactor, and then sodium hydroxide is added for neutralization reaction to
form the final product.

2.3.4 Production of citric acid

Citric acid is an organic acid with a global market value of 3.6 billion US dollars, which is
widely used in the food, pharmaceutical, biomedical, textile, and leather industries (Reena
et al., 2022). The production of citric acid is one of the oldest industrial fermentations,
which is predominantly produced by Aspergillus niger due to its higher yield and ability to
ferment various low-cost feedstock (Mores et al., 2021). The process boundary of this part
of LCA model is from cradle to gate. The main sources of LCI data of citric acid produc-
tion are the GREET database and the literature (Tong et al., 2021). GREET (Greenhouse
gases, Regulated Emissions, and Energy use in Transportation) is a full life cycle model
sponsored by the Argonne National Laboratory (U.S. Department of Energy’s Office of
Energy Efficiency and Renewable Energy). The data used in this study represents industry
average data. The origin is China, and the base year is 2019. The production scale is 10
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t/d. The technology includes that Aspergillus niger uses starch as a raw material to fer-
ment to produce citric acid (Figure S5). The technology also includes the use of corn as
raw material, the use of jet liquefaction technology to liquefy the corn syrup after the corn
is crushed and mixed, the liquefied mash is filtered to obtain the liquefied clear liquid, and
the liquefied clear liquid enters the fermentation section. Finally, the advanced absorption
method is used to extract citric acid.

2.3.5 Production of amylase

Amylases are important hydrolase enzymes which have been widely used since many dec-
ades (Movahedpour et al., 2022). Bacillus species including B. amyloliquefaciens and B.
licheniformis are widely used for commercial production of the enzyme (Ngalimat et al.,
2021). In this part of LCA model, the a-amylase is produced by biological fermentation
using glucose as the feedstock, and the process boundary is from cradle to gate. The main
data sources are the GREET database and the literature (Dunn et al., 2012; Nogueira et al.,
2022). The data used in this study represents industry average data. The origin is China,
and the base year is 2020. The production scale: 1 t/d.

2.3.6 Production of cellulase

Cellulases are the enzymes that hydrolyze f -1, 4 linkages in cellulose chains, which are
produced by fungi, bacteria, protozoans, plants, and animals (Suhag, 2022). Most of the
cellulases exploited for industrial applications are from filamentous fungi such as Tricho-
derma, Penicillium, Fusarium, Humicola, Phanerochaete (Naher et al., 2021). Most reports
of microbial production of cellulase utilize the submerged fermentation technology. The
widely studied organism for cellulase production, T. reesei, has also been tested primarily
in liquid media. In this part of LCA model, the cellulase is produced by biological fermen-
tation using glucose as the feedstock, and the process boundary is from cradle to gate. The
main data sources are the GREET database and the literature (Wang et al., 2012). The data
represent industry average data. The origin is China, and the base year is 2020. The pro-
duction scale is 1 t/d.

2.3.7 Production of glycerol

The function of glycerol in the formulation is both an enzyme stabilizer and a solution
(Braham et al., 2021). The process boundary for the glycerol production is from cradle to
gate. The main data sources are the USLCI database and the literature (Feraldi et al., 2011;
Yang & Rosentrater, 2021). The data represent industry average data. The origin is USA,
and the base year is 2020. The production scale is 4000 t/d. Glycerol is prepared from natu-
ral oils (Figure S6). The main raw materials are crude palm kernel and methanol with the
main energy consumption being from biomass, diesel, natural gas, and electricity.

2.4 Integrity description, assumptions and limitations
In this study, mass balance and energy balance calculations were performed on the pro-

duction process of concentrated complex enzyme detergent according the unit operations.
A literature study was conducted on the emission data of the production process, and the
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average value of multiple literatures was used. The possible increase in power consump-
tion during the production improvement process is discussed in detail in Sect. 3.3 of Car-
bon footprint analysis of power consumption. At the same time, some components that
account for less than 0.5% by mass, such as boric acid and calcium dioxide, are ignored.
The amylase and cellulase data sets use the production process emission data in the public
database, and the raw materials and electricity consumption are domesticized. The uncer-
tainties of environmental impacts of the production process were quantitatively evaluated
in the eFootprint system using the CLCD quality assessment method, which is a quality
assurance method based on Taylor series expansion (Ding et al., 2022).

This study calculated the results of 9 environmental impact indexes of the produc-
tion process of the concentrated complex enzyme detergent. During the simulation of the
chemical process, only the energy consumption of the core equipment was calculated. It’s
assumed that when the number of major equipment increases, only electricity is consumed,
and process emissions are not increased.

The production processes of amylase, cellulase, and citric acid are all fermentation pro-
cesses. The LCA model assumes that the fermentation strain used has the same production
efficiency as the published literature or public database, i.e., the process and the emissions
are the same. For the three production processes of glycerol, AES, and SDS, it is assumed
that the production technology used is the same as that in the other LCA databases and
literature, and the emissions are the same. The model assumption description of each unit
operation is shown in Table S3.

2.5 Experimental determination of detergency

The detergency is the ability of detergent to remove stains, which is a common indicator of
the washing performance. According to the national standard of P. R. China GB/T13174-
2008 "Determination of Detergent Power and Cycle Washing Performance of Detergents
for Clothing," the detergency is calculated by using following equation.

B-F
R=———x100% e))
Fo—F,
in which R is the detergency of the detergent, F|, is the weight of the empty sample holder
(such as stainless steel and white cloth), F is the weight of the sample before washing, and
F, is the weight of the sample after washing.

3 Results and discussion
3.1 LCA results and analysis of process cumulative contribution

Table 2 shows the LCA results of the production of 1 kg concentrated composite enzyme
detergent. Cumulative contribution results of the production process are illustrated in
Fig. 2. The cumulative contribution of a process refers to the cumulative value of the direct
contribution of the process and the contribution of all upstream processes (i.e., the contri-
bution of raw material consumption). Since the process usually contains multiple inven-
tory data, the process contribution analysis is actually the accumulation of the sensitivity
of multiple inventory data. According to the LCA results (Fig. 2), the three processes that
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Table 2 LCA results of the

Indicator Unit Results
concentrated complex enzyme
detergent (1 kg) GWP kg CO, eq 253
AP kg SO, eq 0.01
EP kg PO, >"eq 3.76E-03
RI kg PM2.5 eq 3.17E-03
ODP kg CFC-11 eq 5.3E-06
POFP kg NMVOC eq 3.44E-03
PED MJ 3.17
ADP kg antimony eq 4.97E-06
WU Kg 0.84
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contribute the most to the environmental impacts are the production of glycerol, the pro-
duction of AES, and the production of SDS. It can be seen that the environmental emis-
sions from the detergent product manufacturing process are lower, because the production
process mainly uses most of the physical action equipment and heat exchangers (Figures S1
and S2). Therefore, the main source of environmental emissions is the production process
of raw materials.

Nielsen et al. (Nielsen et al., 2013) compared several environmental indicators of com-
pact detergents with ordinary laundry detergent. The results showed that 1 kg of compact
detergent will generate GWP of 2.32 kg CO, eq, AP of 8.8 mg SO, eq and EP of 3.6 mg
PO,>"eq during its entire life cycle. The surfactant content of the detergent and the wash-
ing practice of users are significant factors affecting the environmental emissions of the
product. Their results are close to the results of this study. The main deviations of cal-
culation results are due to the water content of the compact detergent which is 26.7% of
total weight. Kim and Park (Kim & Park, 2020) studied the environmental emissions of
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containers for 10,000 loads of liquid detergent. Assuming that one load of liquid is approx-
imately two tablespoons (28.3 g), the container for 1 kg detergent will generate GWP of
0.5 kg CO, eq, which also justifies our calculations.

3.2 Sensitivity analysis of inventory data

Inventory data sensitivity was preformed to analyze the LCA results, which refers to the
corresponding indicator change rate caused by the unit change rate of inventory data. By
analyzing the sensitivity of the inventory data to each indicator and cooperating with the
improvement potential evaluation, the most effective improvement points can be identified.
The carbon footprint sensitivity analysis (Table 3) showed that the top three production
processes of the active components with the greatest impact are glycerol, AES, and SDS.
Therefore, the sensitivity analysis confirmed that the main source of environmental emis-
sions of this product formulation is the production process of three raw materials.

Because glycerol in this detergent acts as an enzyme stabilizer and a solvent, it accounts
for the highest proportion in the originally designed formulation. Based on the LCA
results, it is recommended to reduce the use of glycerol to further reduce the carbon foot-
print of this product. AES and SDS as surfactants are necessary active ingredients in deter-
gent products. It is recommended to use a cleaner production process to partially replace
such products or develop cleaner production processes.

Golsteijn et al. (Golsteijn et al., 2015) compared the LCA of six household detergent
product categories in Europe including hand dishwashing detergents, compact laundry
detergents, window glass trigger spray, bathroom trigger spray, acid toilet cleaners, and
bleach toilet cleaners. Through the evaluation and sensitivity analysis, it was concluded
that product usage and surfactant selection and dosage were the main drivers of emissions.
Their research conclusions are comparable with the results of this study.

3.3 Carbon footprint analysis of electricity consumption

In the original model, the energy consumption of heating, stirring, cooling, and pumping
materials in the production process is considered. The power consumption is estimated as
0.065 MJ. The simulated production process did not consider the energy consumption of
the vacuum homogenization and filtration process. After adding these two unit operations,
it is estimated that the total energy consumption is about 0.1 MJ.

Table 4 shows the impact of increasing power consumption from 0.065 MJ to 1 MJ
on total carbon emissions. It can be seen that when the energy consumption increases to
0.1 MJ, the total carbon emissions only increase by 0.4%. When electricity consumption
further increases 10 times to 1 MJ, carbon emissions will increase by about 10%. There-
fore, under the premise of paying attention to energy conservation in the production pro-
cess, electricity consumption has little effect on the carbon footprint.

3.4 Carbon footprint analysis of transportation distance

In the original model, only the transportation of glycerol, which accounts for 60% of the
mass of the component, was considered. The transportation distance was 200 km, which is
close to the average transport distance of 175.6 km of domestic goods in China. The calcu-
lated results (Table 5) showed that if the transportation distance is increased to 2000 km,
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Table 4 Effect of electricity

; bon f R Electricity Production process Total GWP  Change ratio (%)
consumption on carbon footprint ption GWP (kg CO,eq) (kg CO, eq)
MJ)
0.065 1.71E-02 2.53E+00 -
0.1 2.64E-02 2.54E4+00 +0.40
0.5 1.32E-01 2.64E4+00 +4.35
1 2.64E-01 2.78E4+00  +9.88

Table5 Effect of transportation

distance on carbon footprint Transportation Transportation Total GWP (kg Change

distance (km) GWP (kg CO,eq) CO,eq) ratio (%)

200 8.74E-03 2.53 -

500 2.18E-02 2.54 +0.40

1000 4.37E-02 2.56 +1.19

2000 8.74E-02 2.61 +3.16

200 for all raw 1.46E-02 2.532 +0.11
materials

the total carbon emissions increase by 3.16%. When taking into account the transportation
of all raw materials, and assuming a transportation distance of 200 km, the total carbon
emission increases by only 0.11%. Therefore, transportation distance has little effect on
total carbon emissions.

3.5 Carbon footprint analysis, experimental testing and cost saving of suggested
product formulations

According to the results of LCA analysis, three improvements to the original product
formulation were proposed (Table S4). In the suggested formulation 1, the content of
the enzyme stabilizer glycerol is reduced by adding soft water, and the final product is a
concentrated detergent with 70% active ingredient content. The suggested formulation 2
reduces the active ingredients content of the concentrated detergent to 50% by reducing the
amount of enzyme stabilizer and adding water. The suggested formulation 3 increases the
content of AES and SDS, and reduces the content of glycerol to 50% of the original formu-
lation. The effect of suggested formulations on the carbon emission is shown in Table 6.

For suggested formulations 1 and 2, when the amount of glycerol is reduced to 50% and
16.7% of the original formulation, carbon emissions can be reduced by 21.7% and 36.7%,
respectively. With an annual production of 10,000 tons of concentrated compound enzyme
detergent, carbon emissions in the production process are reduced by 5,500 to 9,200 tons.
However, if glycerol is reduced while the amount of surfactants is relatively increased
in the suggested formulation 3, the total carbon emissions will increase instead. This is
because there is still a large amount of carbon emissions from the production processes of
surfactants.

In terms of detergency, experimental tests showed that there is no statistical difference
between the original formulation, suggested formulation 1, and suggested formulation
2. The detergency of all 3 formulations is about 83-86%. The possible reason is that the
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function of glycerol is mainly as an enzyme stabilizer. Therefore, decreasing the amount of
the enzyme stabilizer does not significantly affect the performance of these products.

The price of ordinary train cleaning agent is $1000—1500/ton. This highly concentrated
complex enzyme detergent is composed of biological enzymes, enzyme stabilizers and sur-
factants, and the cost is relatively high at~$1500/ton. However, in the cleaning process,
the amount of compound enzyme cleaning agent added is only 0.1%, which is much lower
than other cleaning agents, giving a better profit margin. By further reducing the stabilizer
content in the formulation, the cost saving of suggested formulations 1 and 2 could reach
29.6% and 49.6%, respectively. With an annual production of 10,000 tons of concentrated
compound enzyme detergent, the cost can be saved from 4.4 to 7.4 million US dollars. For
a more in-depth discussion of the financial perspective of sustainable smart manufacturing
based on Industry 4.0, more details can be found in the literature (Durana et al., 2021b;
Kovacova & Lazaroiu, 2021).

The technology on the new formulations has been transferred to Sugian Dunjia Biotech-
nology Co., Ltd. Suggested formulation 1 and suggested formulation 2 have been desig-
nated by the manufacturer as model numbers TL1003-2 and TL1003-3, respectively. Cur-
rently, the stability study of these 2 new formulations is still ongoing. For a more in-depth
review of data visualization, Industry 4.0 wireless networks, smart factory performance
and cognitive automation, more details can be found in the literature (Kovacova et al.,
2022; Zvarikova et al., 2021).

3.6 Carbon footprint estimation of upstream glycerol production process

To trace the high impact factors on the carbon footprint, the carbon emissions of the three
upstream production processes (glycerol, AES, and SDS) were further estimated. The car-
bon footprint of the glycerol production process is estimated using public data from the
USLCI database. The database data are summarized in Table 7.

The total carbon emission per 1 kg of glycerol is 2.48 kg, which mainly comes from
processing palm kernel oil, crude palm kernel oil, and natural gas combustion for heating.
The main carbon emission of processing palm kernel oil is derived from the production
process of crude palm kernel oil, while the main carbon emissions of crude palm kernel
oil production is due to the palm kernel production process. The main carbon emissions of
palm kernel processing are generated from biomass burning for heating and energy con-
sumption for crop harvesting. In summary, the carbon emissions in the production process
of glycerol are mainly due to the biomass combustion for heating during palm kernel pro-
cessing, and the secondary sources of carbon emissions include natural gas, bituminous
coal, and diesel combustion for heating and as fuel. Therefore, it is recommended that the
exhaust gas from the production process of glycerol should undergo strict absorption and
purification before being discharged.

3.7 Carbon footprint estimation of upstream AES production process

AES is produced by further sulfonation of ethoxylated alcohols AE3 or AE7 (Schowanek
et al., 2018). The carbon emission estimation of the production process needs to consider
processes such as alcohol ethoxylate (AE3 or AE7), ethanol, sodium hydroxide, SO5, nitro-
gen, deionized water, sewage treatment, and electricity. Alcohol ethoxylates with three or
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Table 6 Effect of suggested formulations on carbon emission (total and breakdown), detergency and cost
savings

Carbon emission (kg CO, eq) Original formu- Suggested formula- Suggested formula- Suggested

lation tion 1 tion 2 formula-
tion 3

Production of concentrated 2.53 1.98 1.60 2.87

complex enzyme detergent

(total)
Electricity 1.71E-02 1.71E-02 1.71E-02 1.71E-02
Amylase 1.66E-02 1.66E-02 1.66E-02 1.66E-02
Cellulose 9.59E-03 9.59E-03 9.59E-03 9.59E-03
Propylene glycol 2.02E-01 2.02E-01 2.02E-01 2.12E-01
AES 6.16E-01 6.16E-01 6.16E-01 1.18E+00
SDS 3.66E-01 3.66E-01 3.66E-01 6.84E-01
Citric acid 1.47E-01 1.47E-01 1.47E-01 1.47E-01
Gylcerol 1.10E+00 5.56E-01 1.85E-01 5.56E-01
Glycerol transportation 8.74E-03 4.40E-03 1.47E-03 4.40E-03
HDPE 4.31E-02 4.31E-02 4.31E-02 4.31E-02
Soft water 0.00E+ 00 2.02E-04 3.40E-04 0.00E +00
Change ratio of carbon emis- - -21.7 -36.7 +13.44

sions(%)
Detergency 86.1+5.2% 822+7.1% 83.5+5.1% N/A
Cost saving (%) - 29.6% 49.6% N/A

seven ethylene oxide units (i.e., AE3/AE7) are formed by the reaction of C12-C15 petro-
leum fatty alcohols with ethylene oxide with a catalyst.

Petroleum fatty alcohols can be produced by ethylene alkylation using the Ziegler pro-
cess with a hydrogenation catalyst of triethylaluminum, or by an oxo process using syn-
thesis gas for hydroformylation of long-chain olefins. Normal olefins are produced by
dehydrogenation of normal alkanes, which are synthesized from kerosene or natural gas
in petroleum refining products. Ethylene oxide is synthesized by direct oxidation of ethyl-
ene catalyzed by silver. Ethylene is produced by cracking natural gas liquid and petroleum
steam, while SO; is produced by sulfuric acid evaporation method. Ethylene hydration
method is used for ethanol production. The production process of deionized water uses
distillation, ion exchange and reverse osmosis technologies. Nitrogen preparation uses
air cryogenic separation technology. Sodium hydroxide is produced by sodium chloride
electrolysis.

Due to the confidentiality of Ecoinvent database, the AES, AE3/AE7, and normal olefin
datasets obtained do not provide detailed production process and chemical reaction meas-
urement numbers. So, the carbon footprint contribution can only be estimated from the
emission data per kilogram of raw materials (Table 8). Among these raw materials, AE3,
AE7, and ethanol have the highest contribution to the carbon emissions. The carbon emis-
sions of petroleum fatty alcohol and ethylene oxide, which are the main raw materials in
AE production, are also significant. The carbon emission of petroleum fatty alcohol pro-
duction mainly comes from normal olefin production and ethylene production, while the
carbon emissions of ethylene oxide are from the production of ethylene, the chemical reac-
tions, and natural gas combustion. Therefore, it is estimated that carbon emissions from
normal olefin production mainly come from the petroleum refining process.

@ Springer



C.Yang et al.

9886

16€0°0 [ouByIN

¥€L0°0 Suiddiys ueaoo

980°0 Surddiys ueaoo 170 UoNSNQUIOD [e0D SNOUTWNIg

2100 uonejrodsuen Yoniy, 201°0 uonsSNquIod [3s3A(] 780°0 Surddiys uesoo 11€°0 uonsnNquIod ses [emjeN
6L1°0 1seArey do1) geco Kooy 6800 uonsnquiod [osa1qg LLY'0 [0 [ouoy wied apniy
121 Sursseood [ouray weq 6¥'1 [ouIoY wred 96’1 [1o [euxay wyed apni) SH'T 1o [oury wifed passadoig
[ SUOISSIULD UOGIDD [DJO] 6T SUOISSIULD UOGIDD [DJOT Iz SUOISSIWD UOGIDD [DJOT 9T SUOISSIUD UOGIDD [DJO]

(35 1) [ouray wred

(3 1) 110 (ourey wied apni)

(3 1) 110 ouIey wied passadold

(3 1) 1010941

(ba 20D 8/dMD) ssed01d uononpoid 0129413 Jo uonewnss juridiooy uoqie) /3jqer

pringer

Qs



Formulation improvement of a concentrated enzyme detergent... 9887

In summary, the main carbon emissions of the AES production process are derived from
petroleum refining, natural gas production, ethylene oxide reaction, and ethanol produc-
tion process. It is recommended to use renewable fuels/raw materials instead of crude oil
to achieve a cleaner production. The exhaust gas from the traditional production processes
shall be strictly absorbed and purified before being discharged.

3.8 Carbon footprint estimation of upstream SDS production process

SDS (LAS, HLAS) is produced by sulfonation of linear alkylbenzene (LAB) (Schowanek
et al., 2018). The conventional production process of LAB is that hydrofluoric acid cat-
alyzes the alkylation reaction of benzene and normal olefins. The production of normal
olefins includes petroleum collection, petroleum refining (kerosene production), kerosene
pre-fractionation and hydroprocessing, and normal paraffin separation. In the LCA process
of the Ecoinvent database, one-third of benzene production is produced via pyrolysis gaso-
line (Pygas), while two-thirds is produced via the catalytic reforming of refined petroleum
products. Pygas is a series of naphtha products with high aromatic content, and is a by-
product of high-temperature naphtha cracking in the production of ethylene and propylene.

Due to the confidentiality of the database, Ecoinvent’s Sodium Dodecylbenzene Sul-
fonate (LAS) dataset does not provide detailed documentation, but only provides basic
input and output information (Table 9). It is estimated that the carbon emissions of LAS
production are mainly derived from the production of linear alkyl benzene (LAB). The
main raw materials of LAB including normal olefins and benzene also produce relatively
high carbon emissions. Due to the different production technologies of benzene, the emis-
sion data given by different databases are quite different. According to the information pro-
vided by the USLCI database, it can be seen that when petroleum refined products and
pygas are used as raw materials, the production of these raw materials is the main source of
carbon emissions. Emissions from pygas production mainly come from the combustion of
petroleum refined products and natural gas. The carbon emissions of the petroleum refin-
ing process have been analyzed in the previous Sect. 3.7, which are mainly caused by oil
extraction, electricity, shipping, fuel heating, etc.

The carbon footprint estimation of the LAS production process showed that its main
carbon emissions are petroleum refining, natural gas production and fuel combustion. It is
recommended that the exhaust gas generated in the production process is discharged after
strict absorption and purification.

3.9 Downstream washing and wastewater treatment process evaluation

The concentrated complex enzyme detergent is designed for cleaning the dirt on the high-
speed train. Before using the product in the train maintenance workshop of the railway
bureau, the concentrated detergent needs to be diluted 1,000 times, i.e., 1 kg of detergent is
diluted to 1 tonne. It is estimated that 1000 m? train body can be cleaned by 1 tonne diluted
detergent. As shown in Table 10, the concentration of active ingredient of the three formu-
lations decreased to 1%, 0.7%, and 0.5% after dilution. In consideration of other cleaning
processes (such as rinsing), the diluted wastewater concentration can reach the third-level
standard for discharge to the second-level sewage treatment plant (China National sewage
comprehensive discharge standard GB8978-1996). At present, the energy consumption of
wastewater treatment plants is about 1.8-4.4 kWh/kg COD (Capodaglio & Olsson, 2020).
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Table 8 Carbon footprint estimation of AES production process (GWP /kg CO, eq)

Process Carbon emission Process Carbon emission
AES (1 kg)° 3.71 Alcohol Ethoxylate-AE (1 kg)

AE3 (1 kg) 2.67°-4.32 Petroleum Fatty Alcohol (1 kg) 29794412
AE7 (1 kg) 2.31%-3.04° Ethylene oxide (1 kg) 1.6°-2.03¢
Ethanol (95%,1 kg)° 2.79

Sodium hydroxide (1 kg)® 1.33

SO; (1 kg)° 0.78 Ethylene oxide (1 kg) ¢ 2.03

Nitrogen (1 kg)© 0.0822 Ethylene production 0.848

Deionized water (1 kg)® 1.61E-03 Chemical reaction process 0.667
Wastewater treatment (1 kg)® 9.39E-04 Natural gas combustion for 0.243

heating

Process Carbon emission Process Carbon emission
Petroleum Fatty Alcohol (1 kg)*  2.97 Normal olefin(1 kg)* 1.86
Normal olefin production® 1.55
Ethylene production® 0.257
Thermal energy - Petroleum Refined Products as 0.52
the feedstock of Normal Olefin
Feedstock (1 kg)*
Crude oil extraction 0.22
Ethylene (1 kg)° 1.08 Electricity 0.108
Natural gas production 0.52 Ocean shipping 0.0896
Natural gas combustion for 0.347 Residual fuel oil combustion 0.0843
heating
Petroleum refined products 0.14 Natural gas combustion for 0.022

heating

Data sources: (a) WebLCA/Ecoinvent3.1, (b) ERASM platform, (c) USLCI, (d) literature (Shah et al.,
2016), (e) CLCD

According to the content of active components, the three formulations are equivalent to
1 kg COD, 0.7 kg COD, 0.5 kg COD. Even assuming that wastewater treatment is per-
formed in an energy-efficient manner, the energy consumption required for the treatment
is 2.8 MJ, 1.96 MIJ, and 1.4 MJ, respectively. Based on the datasets of the power grid in
the CLCD database, different regions and power generation methods in China are slightly
different. Each 1 MJ of electricity will produce approximately 0.25-0.35 kg CO, eq. In
this study, an average value of 0.3 kg CO, eq was used to calculate the carbon emissions
caused by the electricity consumption of sewage treatment. The estimated carbon emis-
sions based on electricity consumption of three formulations are 0.84, 0.588, and 0.42 kg
CO, eq, respectively. USLCI database reported that the municipal sewage treatment plant
in US has a carbon emission of approximately 0.9-1.5 kg CO, eq/ton sewage due to differ-
ent treatment methods (National Renewable Energy Laboratory, 2021). Therefore, carbon
emissions estimated in this study are comparable to data in the USLCI database, and the
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Table 9 Carbon footprint estimation of LAS production process (GWP /kg CO, eq)

Process Carbon  Process Carbon  Process Carbon emission
emis- emis-
sion sion
LAS (1 kg) 1.75% Benzene production (1 kg)° 0.85 Pygas produc- 0.619
tion(1 kg)*
LAB (1kg) 2.13% Petroleum refined products 0.351 Petroleum Refined  0.256
Products
Pygas 0.207 Natural gas com-  0.232
bustion
Normal 1.86° Residual fuel oil combustion 0.121 Diesel/gasoline 0.1
olefin combustion
(1kg)
Benzene 2222 Natural gas combustion 0.094
(I'kg)
1.81° Sum of other processes 0.0457
0.85¢ Chemical reactions of produc- 0.03

tion process

Data sources (a) WebLCA/Ecoinvent3.1, (b) WebLCA/CLCD-China-ECER 0.8, (c) USLCI

COD content in sewage has a significant impact on total carbon emissions. Minimizing the
amount of enzyme stabilizer glycerol without compromising detergency will help reduce
environmental emissions throughout the entire life cycle of this series of products.

3.9.1 Data quality assessment results

Data quality represents the difference between the target representativeness of the LCA
study and the actual representativeness of the data. The uncertainties of environmental
impacts of the production process were quantitatively evaluated in the eFootprint system
by using the CLCD quality assessment method. The data quality evaluation results are
shown in Table 11. The uncertainties of LCA results are between 7.6% and 15.8%, which is
mainly due to the regional differences in technology sources, the year of technical data col-
lection, and the representativeness of technology collection companies.

Table 10 Estimation of the impact of washing process and sewage treatment on carbon emissions

Washing and sewage treatment Original formula-  Suggested formula- ~ Suggested
tion (TL1003-1) tion 1 (TL1003-2) formulation 2
(TL1003-3)
Active component content 100% 70% 50%
Active ingredient content after dilution 1% 0.70% 0.50%
Concentration of sewage (only the wash- 1000 ppm 700 ppm 500 ppm
ing process is considered)
Energy consumption of sewage treatment 2.8 MJ 1.96 MJ 1.4 MJ
(1.8kWh/kg COD)
Carbon emission (kg CO, eq) 0.84 0.588 0.42
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4 Conclusions and recommendations

The life cycle analysis of the established LCA model for the TL1003-1 concentrated com-
plex enzyme detergent shows that the GWP for the production of 1 kg of concentrated
detergent is 2.53 kg CO, eq, AP is 0.01 kg SO, eq, EP is 3.76E-03 kg PO,*"eq, RI is
3.17E-03 kg PM2.5 eq, ODP is 5.3E-06 kg CFC-11 eq, and POFP is 3.44E-03 kg NMVOC
eq. The uncertainty of the results is between 7.6-15.8%. Carbon footprint (GWP) analy-
sis showed that the production processes of glycerol, AES, SDS, propylene glycol, and
citric acid contributed the most to the production process. Changes in power consump-
tion during production and transportation distance of raw materials have limited effect on
total carbon emissions. The average sensitivity analysis shows that the most influential pro-
cesses are enzyme stabilizer and surfactants production, so they are the focus of process
improvement.

The LCA analysis of suggested product formulations (TL1003-2 and TL1003-3) showed
that when the amount of enzyme stabilizer glycerol is reduced to 50% and 16.7% of the origi-
nal formulation, carbon emissions can be reduced by 21.7% and 36.7%, respectively. The
detergency of two suggested product formulations were experimentally tested and showed a
similar performance to the original formulation. The newly improved formulations have been
transferred to the manufacturing plant for production. The Environmental Protection Agency
(China) will continue to monitor the environmental emissions of new formula production in
accordance with the law, and we will further follow up the pollution emission data of the new
product production process.

Estimates of carbon emissions from major upstream production processes show that carbon
emissions mainly come from biomass combustion, petroleum refining, natural gas produc-
tion, chemical reactions, natural gas combustion, bituminous coal combustion, diesel com-
bustion for heating and as fuel. Estimation of carbon emissions from downstream washing
and wastewater treatment processes shows that the COD content in wastewater has a signifi-
cant impact on total carbon emissions. While detergent manufacturers are not responsible for
environmental emissions from the production of raw materials, it is recommended that addi-
tives with higher emissions be minimized without compromising detergency. In addition, sur-
factants with a cleaner production process may be used to reduce carbon footprint. For exam-
ple, renewable energy can be used to replace crude oil for carbon (tax) credits or as carbon

Table 11 LCA data quality assessment results

Indicator (Unit) LCA results Uncertainty Upper and lower limits of
results (95% confidence
interval)

GWP(kg CO, eq) 2.529 10.03% [2.28,2.78]

AP(kg SO, eq) 1.322E-002 11.18% [0.01,0.01]

EP(kg PO,*"eq) 3.764E-003 15.76% [3.17E-03,4.36E-03]

RI(kg PM2.5 eq) 3.165E-003 10.65% [2.83E-03,3.50E-03]

ODP(kg CFC-11 eq) 5.301E-006 14.98% [4.5E-06,6.09E-06]

POFP(kg NMVOC eq) 3.441E-003 9.76% [3.11E-03,3.78E-03]

PED (MJ) 3.171 10.46% [2.85, 3.49]

ADP (kg antimony eq) 4.97E-06 7.63% [4.61E-6, 5.36E-6]

WU (kg) 0.84 15.55% [0.72, 0.98]
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sinks. Fermentation is recommended used to produce some of raw materials, such as ethanol.
Exhaust gas from the traditional production process shall be strictly absorbed and purified
before being discharged. The recycling of HDPE packaging material also needs attention.
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org/10.1007/s10668-023-03122-2.
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