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Abstract

Reducing environmental impacts is a key challenge for the sanitary ware in-
dustry, which needs to effectively balance economic performance with envi-
ronmental sustainability. In this study, life cycle assessment (LCA) was ap-
plied to quantify the environmental impacts associated with sanitary ware
production in China. A Monte Carlo uncertainty analysis was further con-
ducted to evaluate the uncertainty of the LCA results under the assumption
that the inventory data followed normal distributions. The results show that
the product manufacturing stage is the dominant contributor to the overall
environmental impact, accounting for 79.90%. At this stage, human carcino-
genic toxicity, freshwater ecotoxicity, marine ecotoxicity, freshwater eu-
trophication, ozone formation impacts on terrestrial ecosystems, and ozone
formation impacts on human health are mainly attributable to electricity
consumption. In contrast, fossil resource scarcity, terrestrial ecotoxicity, and
global warming are primarily associated with the combined consumption of
electricity and natural gas. The Monte Carlo simulation results show that the
coefficient of variation of greenhouse gas emissions is below 10%, indicating
a relatively low level of uncertainty. The uncertainty is mainly attributed to
differences between domestic and international production conditions, as
well as the limited accuracy of raw material transport distance data. Future
research should focus on establishing regional background databases for raw
materials and developing data quality standards for activity data, thereby
further improving the reliability of environmental impact accounting for
sanitary ware.
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1. Introduction

China is one of the world’s leading producers of sanitary ware, and its annual out-
put has ranked first globally for many years. However, the industry is character-
ized by high energy consumption and substantial environmental emissions, with
manufacturing processes that have raised significant environmental concerns. At
the same time, as an important building finishing material, sanitary ware plays a
key role in improving the health and comfort of residential environments. In the
context of the global transition toward carbon neutrality, the sanitary ware indus-
try needs to accelerate energy-saving and consumption-reduction measures to
support high-quality development.

Life cycle assessment (LCA) is a widely used method for identifying, quantify-
ing, and evaluating material and energy inputs and environmental emissions as-
sociated with a product, system, or service throughout its life cycle. It also sup-
ports the identification of potential improvement opportunities. In recent years,
extensive LCA studies have been conducted on major construction materials such
as cement and concrete [1]-[6], whereas studies focusing on the environmental
impacts and emission reduction technologies of sanitary ware remain compara-
tively limited. Desole et al. [7] reported that energy and material consumption
during the production stage of sanitary ware contributed substantially to environ-
mental impacts, and that the introduction of photovoltaic systems combined with
water recycling could markedly reduce these impacts. Buonomo et al. [8] reported
that the application of solar systems to the drying process of sanitary ceramics in
Italy could reduce global warming potential (GWP) by 4%, with an estimated an-
nual reduction of 180 t CO, emissions across the industry. Xian et al [9] showed
that the carbon abatement cost of sanitary ceramic manufacturers, approximately
7437 - 13,635 CNY/t CO,, was significantly higher than that of architectural ce-
ramics, approximately 2064 - 3072 CNY/t CO,. For sanitary ceramic manufactur-
ers, expanding intermediate inputs was identified as the most economically viable
emission reduction strategy. Martini et al [10] demonstrated that incorporating
recycled materials into the body formulation could reduce the firing temperature
of sanitary ceramics by 80°C - 100°C, thereby improving product environmental
performance and reducing greenhouse gas emissions.

Taking sanitary ware produced in China as the research object, this study
adopts a LCA approach, with ISO 21930:2017 as the primary reference, to system-
atically assess the environmental impacts and uncertainty associated with its life
cycle. The results are intended to provide evidence-based support for the green

and low-carbon transition of the sanitary ware industry.

2. Methodology
2.1. Study Object and Functional Unit

Sanitary ware products manufactured by six representative Chinese manufactur-

ers were selected for this study. The functional unit was defined as 1 kg of sanitary

ware.
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2.2. System Boundaries

Following the provisions of ISO 21930:2017 regarding system boundary delinea-
tion for construction products, and considering that sanitary ware, as a basic con-
struction material, requires integration with other components before use [11],
this study adopted a cradle-to-gate system boundary. Therefore, the assessment
covered three stages: raw material extraction and processing, transportation
of raw materials to the manufacturing plant, and sanitary ware manufacturing.
Downstream processes, including transportation after the factory gate, on-site in-

stallation, use, and end-of-life treatment, were excluded from the system bound-

ary.
2.3. Assessment Tool and Life Cycle Inventory

LCA software is commonly used to quantify the environmental impact of prod-
ucts or services. Considering the operational convenience, database coverage, and
methodological completeness of mainstream life-cycle assessment software, SimaPro
Analyst 9.6.0.1 was selected as the analytical tool. The ReCiPe 2016 Midpoint (H)
V1.09 method was applied to quantify and assess the life-cycle environmental im-
pact of sanitary ware. The life-cycle inventory was compiled using primary field
data as the main data source and background data as supplementary data sources.
Data directly related to the manufacturing process and obtainable through field
investigation, including raw material formulations, transport schemes, and en-
ergy consumption in production processes, were collected through field surveys
of representative manufacturers. General background parameters, such as envi-
ronmental emissions associated with fossil energy consumption and electricity
use, were obtained from authoritative databases, including the Ecoinvent 3.10

database.

3. Results and Discussion
3.1. Life Cycle Inventory Analysis

Primary data were collected according to the cradle-to-gate system boundary es-
tablished in accordance with ISO 21930:2017. The inventory covered raw material
extraction and processing, transportation of raw materials to the manufacturing
plant, and product manufacturing. A life cycle inventory was compiled using the
collected data, as shown in Table 1. With respect to raw material inputs, the pro-
duction of sanitary ware involves more than ten types of raw materials, including
quartz, feldspar, kaolin, dolomite, zinc oxide, and gypsum. Because publicly avail-
able domestic and international literature provides limited information on the ex-
traction and production processes of these raw materials and data traceability is
difficult, the corresponding data were obtained directly from the Ecoinvent data-
base. Given that the Ecoinvent database does not fully cover all raw material types
involved in this study, missing data were substituted by datasets for products with
similar extraction characteristics and comparable emission profiles during pro-

cessing. The raw material formulation was derived from statistical analysis of ac-
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tual production data collected from the surveyed manufacturers. For raw material
transportation, transport modes and distances were calculated based on procure-
ment data from the surveyed manufacturers. In the product manufacturing stage,
energy consumption data, including natural gas, diesel, and electricity, were com-
piled by cross-checking the energy consumption statistics, equipment operating
power, operating time, and environmental impact assessment reports of the sur-
veyed manufacturers. The environmental impact factors corresponding to these

energy inputs were obtained from the Ecoinvent database.

Table 1. Life cycle inventory data for sanitary ware.

Raw material Amount (kg) Raw material Amount (kg)
Quartz 337.01 Zhangcun clay 49.12
Sandstone 68.62 Zhangwu clay 41.72
Datong soil 71.47 Purple kibushi clay 159.75
Raw material  Feldspar 232.52 Trona 101.2
Talc 16.08 Suzhou clay 115.54
Zircon sand 4.21 Limestone 5.45
Kaolin 72.52 Dolomite 1.9
Ball clay 105.06 Zinc oxide 1.82
Flint clay 30.11 Gypsum 29.9

Raw material Mode Distance (km)  Raw material Mode Distance (km)

Quartz Waterway 450 Zhangcun clay Waterway 1200

Sandstone =~ Waterway 600 Zhangwu clay ~ Maritime 1500

Datong soil ~Waterway 1200 Purple kibushi clay Waterway 1200

Raw material  Feldspar Road 350 Trona Waterway 900

transport Talc Waterway 900 Suzhou clay ~ Waterway 600

Zircon sand Waterway 450 Limestone Waterway 900

Kaolin Road 200 Dolomite Waterway 450

Ballclay =~ Waterway 600 Zinc oxide Road 100

Flint clay =~ Waterway 1200 Gypsum Road 200

Manufacturing Electricity (k-Wh) Natural gas (m?) Diesel (kg)
energy inputs 666.14 192.08 1.91

3.2. Environmental Impact Assessment Results

3.2.1. Characterization Results

In LCA, characterization results are obtained by applying characterization models
to convert inventory data into quantitative indicators for different environmental
impact categories. These results are commonly expressed in equivalent units,
thereby enabling comparison of the contributions of different resource inputs and

emissions to the same environmental issue. For the global warming impact cate-
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gory, for example, carbon dioxide is typically used as the reference substance, and
results are expressed as carbon dioxide equivalents (CO; eq). Using GWP factors,
emissions of greenhouse gases in the inventory, such as carbon dioxide, methane,
and nitrous oxide, are converted into equivalent carbon dioxide emissions. Char-
acterization results directly represent the absolute magnitude of environmental
impacts generated by a construction product at different life cycle stages and
therefore serve as absolute measures of environmental impact.

Table 2 presents the characterization results for the environmental impact of
sanitary ware across three stages: raw material extraction and processing, raw ma-
terial transportation, and product manufacturing. The results were calculated us-
ing the ReCiPe 2016 method based on the life cycle inventory data listed in Table
1.

Table 2. Characterization results of the environmental impact of sanitary ware.

Environmental impact category Unit Raw material extraction raw material transportation product manufacturing
Global warming kg CO2eq 5.5831E-02 7.0500E—02 1.3269E+00
Stratospheric ozone depletion kg CFCI11 eq 1.5295E-08 4.4280E-08 1.7746E-07
ITonizing radiation kBq Co-60 eq 2.4896E-03 9.7140E-04 1.0522E-02
Ozone formation impacts on
human health kg NOx eq 2.1087E-04 6.0960E—-04 2.3690E-03
Fine particulate matter formation kg PM.seq 9.9010E-05 1.3340E-04 1.2584E-03
Ozone formation impacts on
terrestrial ecosystems kg NOx eq 2.1082E-04 6.2330E-04 2.4542E-03
Terrestrial acidification kg SOz eq 2.2348E-04 3.6190E-04 2.8439E-03
Freshwater eutrophication kg P eq 1.7572E-05 7.2190E-06 3.3418E-04
Marine eutrophication kg N eq 1.2823E-06 8.4580E-07 1.4452E-05
Terrestrial ecotoxicity kg 1,4-DCB 1.0764E+00 1.2389E+00 3.0287E+00
Freshwater ecotoxicity kg 1,4-DCB 2.6370E-03 1.1987E-03 3.4937E-02
Marine ecotoxicity kg 1,4-DCB 4.4426E-03 2.7550E-03 4.7202E-02
Human carcinogenic toxicity kg 1,4-DCB 1.7714E-02 1.4020E-02 1.1225E-01
Human non-carcinogenic toxicity kg 1,4-DCB 6.4679E-02 2.8096E-02 7.8440E-01
Land use m?*a crop eq 6.4639E-03 4.7941E-03 2.0355E-02
Mineral resource scarcity kg Cueq 7.1462E-03 2.1160E-04 1.1055E-03
Fossil resource scarcity kg oil eq 1.5253E-02 1.9920E-02 3.4145E-01
Water consumption m? 1.1546E-03 1.4155E-04 2.1101E-03

3.2.2. Normalization Results

Characterization results are not directly comparable across different environmen-
tal impact categories; therefore, normalization is required. Normalization enables
the quantitative comparison of environmental impact indicators and facilitates
the identification of the relative contribution of each impact category within the

defined life cycle boundary. In this study, the environmental impact of sanitary
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ware was normalized. The normalized environmental impact results for each life
cycle stage are presented in Table 3, and the total normalized values are shown in
Figure 1. The normalized life cycle environmental impact results in Table 3 and
Figure 1 show clear differences among impact categories. The categories are ranked
in descending order as follows: human carcinogenic toxicity, freshwater ecotoxi-
city, marine ecotoxicity, freshwater eutrophication, fossil resource scarcity, terres-
trial ecotoxicity, Ozone formation impacts on terrestrial ecosystems, global warm-
ing, ozone formation impacts on human health, terrestrial acidification, fine par-
ticulate matter formation, ionizing radiation, human non-carcinogenic toxicity,
water consumption, land use, stratospheric ozone depletion, marine eutrophica-

tion, and mineral resource scarcity.

Table 3. Normalized environmental impact results for each life cycle stage of sanitary ware.

Environmental impact category
Global warming
Stratospheric ozone depletion

Ionizing radiation

Ozone formation impacts on human health

Fine particulate matter formation

Ozone formation impacts on terrestrial

ecosystems
Terrestrial acidification
Freshwater eutrophication
Marine eutrophication
Terrestrial ecotoxicity
Freshwater ecotoxicity
Marine ecotoxicity
Human carcinogenic toxicity
Human non-carcinogenic toxicity
Land use
Mineral resource scarcity
Fossil resource scarcity

Water consumption

Raw material extraction raw material transportation  product manufacturing

7.0222E-06 8.8000E-06 1.6589E-04
2.5696E-07 7.3940E-07 2.9617E-06
5.2088E-06 2.0164E-06 2.1986E-05
1.0301E-05 2.9650E-05 1.1514E-04
3.9013E-06 5.2150E-06 4.9175E-05
1.2331E-05 3.5130E-05 1.3825E—-04
5.4760E-06 8.8250E-06 6.9294E-05
2.7196E-05 1.1106E-05 5.1461E-04
2.7985E-07 1.8390E-07 3.1392E-06
7.1029E-05 8.1460E-05 1.9903E—-04
1.0507E-04 4.7630E-05 1.3812E-03
1.0257E-04 6.3300E-05 1.0906E-03
1.7251E-03 1.3610E-03 1.0894E-02
2.0785E-06 9.0090E-07 2.5083E-05
1.0473E-06 7.7626E-07 3.2919E-06
5.9506E-08 1.7650E-09 9.1993E-09
1.5614E-05 2.0280E-05 3.4850E-04
4.3309E-06 5.3140E-07 7.9185E-06

Nine major environmental impact categories were identified for further analy-
sis according to their contribution rankings. The proportional contributions of
the three life cycle stages-raw material extraction and processing, raw material
transportation, and product manufacturing-were then examined. The results
show that these three stages contribute 11.17%, 8.93%, and 79.90% to the overall
environmental impact, respectively. This indicates that the product manufactur-

ing stage is the dominant source of environmental impacts over the life cycle of
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sanitary ware. To further identify priority stages for emission reduction, the raw
material extraction and processing stage and the product manufacturing stage
were selected for detailed analysis, given the relatively simple energy consumption
and emission profile of the raw material transportation stage. The associated en-
vironmental emissions were further analyzed and normalized, and the results are

shown in Figures 2-5.
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Figure 1. Total normalized environmental impact of sanitary ware.
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Figure 2. Contribution of raw material extraction and processing to different environmen-
tal impact categories.

As shown in Figure 2, during the raw material extraction and processing stage,
human carcinogenic toxicity, freshwater ecotoxicity, marine ecotoxicity, and ter-
restrial ecotoxicity are mainly associated with the extraction and consumption of

clay. Freshwater eutrophication, fossil resource scarcity, and global warming are
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primarily attributed to the processing and consumption of quartz sand and kaolin.
In contrast, ozone formation impacts on terrestrial ecosystems and ozone for-
mation impacts on human health are mainly attributable to the extraction and

consumption of quartz sand. Figure 3 further indicates that clay makes the largest

contribution to the overall environmental impact, accounting for 52.39%.

Quartz

Gypsum Feldspar

Zinc 60%
oxide

Kaolin

Dolomite Clay

Limestone

Figure 3. Contribution of raw material extraction and processing to the
overall environmental impact.

Human carcinogenic toxicity —

— Electricity
Freshwater ecotoxicity 1

Marine ecotoxicity |

Freshwater eutrophication —
Fossil resource scarcity
Terrestrial ecotoxicity ||

Ozone formation terrestrial ecosystems — — Diesel

Global warming —

/[

/ — Natural gas
Ozone formation human health

Figure 4. Contribution of product manufacturing to different environmental impact cate-
gories.

As shown in Figure 4, during the product manufacturing stage, human car-
cinogenic toxicity, freshwater ecotoxicity, marine ecotoxicity, freshwater eutroph-
ication, ozone formation impacts on terrestrial ecosystems, and ozone formation
impacts on human health are mainly attributable to electricity consumption. Fos-
sil resource scarcity, terrestrial ecotoxicity, and global warming are primarily as-

sociated with the combined consumption of electricity and natural gas. Figure 5
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further shows that electricity accounts for the largest share of the overall environ-
mental impact, reaching 82.19%, and is therefore identified as the dominant con-
tributor at this stage. These results indicate that, during the product manufactur-
ing stage, the dominant contributor to the overall environmental impact is con-
sistent with the major sources identified for different environmental impact cate-

gories.

Electricity

Natural gas

Figure 5. Contribution of product manufacturing to the overall environmental impact.

The preceding analysis indicates that two primary strategies can effectively re-
duce the overall environmental impact of sanitary ware: reducing energy con-
sumption during the manufacturing stage and optimizing the production formu-
lation. Among these, reducing energy consumption during manufacturing repre-
sents the primary mitigation pathway. Replacing conventional energy sources
with renewable or low-carbon energy, particularly by increasing the share of re-
newable electricity, is expected to yield substantial environmental benefits. In ad-
dition, the use of raw materials with high environmental burdens should be re-
duced, and low-carbon alternative materials with comparable technical perfor-
mance should be further developed and adopted.

3.3. Uncertainty Analysis

Several sources of uncertainty are associated with the environmental impact as-
sessment of sanitary ware. The main sources of uncertainty include data on raw
material extraction and processing, raw material consumption, transport modes
and distances for raw materials, and energy consumption. Data on raw material
and energy consumption were supported by relatively detailed records and were
therefore considered relatively reliable. Although data on raw material extraction
and processing were obtained from the widely used Ecoinvent database, these data

may not fully represent actual production conditions in China. In addition, the
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limited precision of transport distance data may also increase uncertainty in the
results. To evaluate the reliability of the assessment results, uncertainty analysis
was conducted using Monte Carlo simulation. Given the multiple environmental
impact indicators involved in this study, GWP was selected as a representative
impact category for the uncertainty assessment. GWP is one of the most widely
used environmental impact categories in international LCA studies and is also a
major impact category in the production of sanitary ware. It therefore provides a
suitable basis for evaluating how variations in model parameters and input data
affect the overall environmental impact results.

Under the assumption that all parameters followed normal distributions, 100,000
Monte Carlo iterations were performed. The probability distribution of the GWP
results, expressed as kg CO, eq, was generated as a histogram, as shown in Figure
6. The simulation results show that the 95% confidence interval for the GWP re-
sults is 1.2381 - 1.6695 kg CO; eq, and the coefficient of variation (CV) is 7.56%.
A coefficient of variation below 10% indicates a relatively low level of uncertainty

in the assessment results.

0.06
0.05
0.04

0.03

Probability

0.02

0.01

000 T T T T T 3 T T T T 1
0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00

Carbon emissions / kg

Figure 6. Histogram of carbon emissions based on Monte Carlo simulation.

3.4. Future Research Directions

Existing literature [12]-[14], together with the findings of this study, suggests that
the environmental impact assessment of sanitary ware still faces several chal-
lenges. To improve assessment accuracy, future research should focus on the fol-
lowing two aspects.

First, a regional raw material database should be established to improve the ac-
curacy of emission factors. The raw materials used in sanitary ware are mainly
non-metallic mineral resources, whose extraction and processing are closely tied
to local resource characteristics and production technologies. Consequently, en-
vironmental emission factors for non-metallic minerals vary by region. Existing

international databases may therefore not fully capture the environmental char-
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acteristics of non-metallic mineral extraction in China, nor do they cover all types
of raw materials. Accordingly, a database of raw material emission factors that
reflects China’s extraction and processing technologies is necessary. A regular up-
dating mechanism should also be developed, and leading supply-chain enterprises
should be encouraged to participate in data collection and sharing. These
measures will help ensure the timeliness and representativeness of emission fac-
tors and further improve the accuracy of product environmental impact assess-
ments.

Second, data quality standards for activity data should be established to im-
prove the reliability of statistical results. The production process of sanitary ware
is lengthy, the level of refinement in production practices remains limited, and
different products may share the same production line. Therefore, specific life cy-
cle data collection requirements for sanitary ware should be developed, including
guidance on the collection, aggregation, analysis, review, and recording of data
such as raw material transport distances, transport vehicle types, raw material for-
mulations, and energy consumption during production. Data quality control and
validation should be conducted to ensure the consistency and validity of activity
data. Furthermore, the analysis in this study shows that energy consumption dur-
ing production is the dominant source of environmental impact, accounting for
nearly 80% of the total. Thus, the accuracy of energy data is critical to ensuring
the reliability of the assessment results. Manufacturers are advised to install me-
tering and monitoring equipment on production lines and adopt digital, intelli-
gent, and big-data-enabled technologies to substantially improve the capacity for

collecting and statistically processing activity data during production.

4. Conclusion

In this study, life cycle assessment and Monte Carlo uncertainty analysis were ap-
plied to quantify the environmental impacts and associated uncertainty of sanitary
ware production in China. The product manufacturing stage is the dominant con-
tributor to the overall environmental impact, accounting for 79.90%. At this stage,
human carcinogenic toxicity, freshwater ecotoxicity, marine ecotoxicity, freshwa-
ter eutrophication, ozone formation impacts on terrestrial ecosystems, and ozone
formation impacts on human health are mainly attributable to electricity con-
sumption. In contrast, fossil resource scarcity, terrestrial ecotoxicity, and global
warming are primarily associated with the combined consumption of electricity
and natural gas. The 95% confidence interval for global warming potential is
1.2381 - 1.6695 kg CO; eq, with a coefficient of variation of 7.56%, indicating a
relatively low level of uncertainty in the results. The main sources of uncertainty
include discrepancies between background database assumptions and actual pro-
duction conditions in China, as well as the limited precision of raw material transport
distance data. To improve the reliability of environmental impact assessment re-
sults for sanitary ware, future research should focus on two priority areas: estab-

lishing a regional raw material background database and developing quality
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standards for activity data.
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