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Abstract: The cement industry confronts significant challenges in raw materials, energy demands, and
CO2 emissions reduction, which are global and local environmental concerns. Life cycle assessment
(LCA) has been used in many studies to assess the environmental impact of cement production
and investigate ways to improve environmental performance. This study aims to analyse the
environmental impact of Portland cement (CEM I) on the South African cement industry using the
life cycle impact assessment (LCIA), based on the Recipe 2016 v 1.04 midpoint method. The study
was conducted using data modeled after the South African cement plant, considered a cradle-to-gate
system boundary, starting from the extraction of the raw material to the cement production process
that produces cement as the main product. The data were obtained from the Ecoinvent database v3.7.1,
integrated with SimaPro 9.1.1. software, used to assess the impact categories. For simplicity, the study
merged the entire production process into five processes, i.e., raw materials usage, fuel consumption,
clinker production, transportation and electricity. The impact categories of the five production stages
were assessed using the LCA methodology. The impact categories investigated were classified into
three categories: atmospheric, resource depletion and toxicity categories. According to the results,
clinker production and electricity usage stages contribute the most to atmospheric impact (global
warming, which causes climatic change due to high CO2 emissions), followed by raw materials and
fuel consumption, contributing to the toxicity and resource depletion impact category. These stages
contribute more than 76% of CO2 eq. and 93% of CFC-11 eq. In the midpoint method, CO2 is the
most significant pollutant released. Therefore, replacing fossil fuels with alternative fuels can reduce
fossil fuel use and the atmospheric impact of cement kilns.

Keywords: environmental impact; cement; life cycle assessment; recipe; impact assessment

1. Introduction

Cement demand in many developing countries has increased rapidly due to the
continued expansion of the construction industry, driven by fast urbanization. Cement
is among the most used and produced materials in construction globally [1,2]. Despite a
significant increase in cement production, from 3280 Mt to 4290 Mt, between 2010 and 2014,
it has remained relatively stable at approximately 4100 Mt since 2019 [3]. Recently, attention
to environmental protection and interest in environmental issues related to construction
grew rapidly, and environmental considerations have become one of the main criteria for
formulating social and economic policies [4]. The majority of these efforts have centered
on lowering greenhouse gas (GHG) emissions, particularly carbon dioxide (CO2), which
is responsible for absorbing heat from the atmosphere. Global warming and resource
depletion are among the critical concerns of the cement industry. Cement production has
many environmental impacts, varying from high levels of GHG to high resource usage
and high energy consumption, i.e., fossil fuels and electricity. Measuring this impact is a
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critical step towards mitigating them. It is estimated that the cement industry causes about
5% of total anthropogenic CO2 emissions and accounts for 12–15% of global industrial
energy use [5,6]. Many countries (especially developing countries) use coal as a calcination
fuel and emit large GHGs. Globally, the calcination process accounts for 50% of the
total CO2 emissions from cement production, and others come from burning fuel in the
kiln [7–9]. The amount of clinker (the primary ingredient) used in cement production
is directly proportional to the CO2 emissions. For example, between 2014 and 2018, the
clinker to cement ratio increased at an annual rate of 1.6 percent on average, resulting in a
proportional increase in direct CO2 emissions [10].

Cement production involves the extraction of raw materials, such as limestone, sand,
and clay, which contain the four primary constituents needed: lime, alumina, silica, and
iron. The chemical reactions that mix these constituents expose them to high temperatures
and convert the partially molten raw materials into clinker. These materials are crushed
and mixed before firing at 1450 ◦C. Many industries also use selected residues as additives
or partial substitutes for raw materials [11]. The resulting clinker is mixed and grounded
with gypsum and other minerals to form cement, a fine grey powder. Cement kilns use
multiple energy sources to achieve the high temperatures required to produce clinker [12].
The cement production process comprises three main stages: raw material preparation,
clinker combustion (pyro-processing) and cement preparation [13]. Cement production can
be further categorized into four processes, based on the moisture content of the material:
dry, semi-dry, semi-wet, and wet process. The dry process is usually preferred because
it uses less energy than the wet process [13]. Numerous fuels can be used, including
fossil fuels, such as coal, petroleum coke, fuel oil, diesel, natural gas, and alternative fuels,
such as waste or biomass [14]. The cement industry is energy-intensive and has become a
source of environmental concern because of the large amounts of raw materials, the energy
required, and total cement produced. This is primarily because of high carbon dioxide
(CO2) emissions from the use of fossil fuels, as well as the limestone decarbonization to
calcium oxide in the clinker production process [1,15].

Cement production is well known for its massive total industrial energy consumption,
approximating 30–40% in many countries [16,17]. Cement production employs a variety
of energy sources, including thermal and electrical energy [18]. The thermal energy used
in cement production accounts for roughly 90% of total specific energy consumption,
with the primary fuel sources alternated between coal, fuel oil, and other notable fuels,
such as biomass and animal wastes, while electricity used the remaining 10% of the total
specific energy consumption [19,20]. The energy required to produce Portland cement
ranged from 3–6 MJ/kg clinker, depending on the raw materials and the type of process
used [16]. Cement plants in South Africa use fossil fuel (Coal) for their process and the
kiln is the main energy-consuming stage in the entire cement production process. In South
Africa, the energy consumption of cement plants varies considerably, in terms of electricity,
as it is affected by the function and size of the plant. This occurs because most plants
operate mainly in cement finishing mills, while others perform the whole process, from raw
materials to cement production. Cement plants in South Africa use several megawatt-hours
per year, with annual limits ranging from 55 to 194 megawatt hours (MWh) [21].

The greenhouse gas (GHG) emissions from energy consumption are the primary cause
of global warming and climate change [22–24]. The energy consumed in the industrial
sector represents about 28.3% of total global energy consumption and, consequently, re-
leases about 38.5% of CO2 [25]. Nearly 33% of global emissions are directly related to
energy consumption [26]. Cement plants are responsible for up to 7% of CO2 emissions
worldwide [15,27]. South Africa ranked seventh in the world on CO2 emissions in 2019 and
first in Africa, which is largely due to the country’s dependence on coal [28]. According
to the Department of Environmental Affairs’ 2014 [29] reports, annual greenhouse gas
emissions from cement production increased by 27% between 2000 and 2010, from 3.3 MT
CO2e to 4.2 MT CO2e. The South African cement industry accounted for 1% of the country’s
GHG emissions [30]. South Africa’s leading electricity service provider, Eskom, generates



Energies 2022, 15, 2708 3 of 16

95% of the country’s electricity used. The country generated 93% of this electricity from
coal-fired plants, while nuclear, hydro and gas turbine plants account for the remaining
7% [31–34]. As a result, lowering the electricity demand in South African cement plants will
help to reduce CO2 emissions. Environmental saving, in terms of reducing carbon dioxide
(CO2) and nitrogen oxides (NOx) emissions and energy costs, is a major global concern [35].
Energy use is directly responsible for 33% of global emissions, with the cement industry
liable for up to 7% of global CO2 emissions [15,27].

Apart from GHG emissions, cement production also emits other atmospheric pol-
lutants, such as nitrogen oxides (NOx), carbon monoxide (CO), particulate matter (PM)
and sulfur dioxide (SO2), among others, mainly due to the use of coal [15,36–38]. Raw
materials’ extraction can also lead to natural resources depletion [39], air pollution [40] and
land degradation [41]. Several studies have assessed cement production’s environmental
impact, with different methodologies, system boundaries, variables, and environmental
impacts (e.g., raw material composition, technology types, and fuels) [42].

Life cycle assessment (LCA) is a method that has been successfully used in many
studies to assess the environmental impact of cement production and investigate ways
to improve environmental performance. The LCA method has now been extended to
organizational assessments ISO/TS 14072 [43], increasing the applications for the approach
and increasing its ability to reach high-level decision- and policy-makers. The LCA method-
ology, recommended by ISO/TS 14072, covers the scope of ISO 14040 (2006) [44] and
ISO 14044 (2006) [45], to all organizational activities standards and includes four stages:
definition of goal and scope, inventory analysis, impact assessment and interpretation of
results [43]. Definition of goal and scope: The first stage defined how to conduct the LCA
research goal and scope and its extension. Inventory analysis: All the relevant data are
researched, collected, and analyzed during the life cycle inventory (LCI) stage. Impact
Assessment: This stage provides more information to help assess the LCI results of a prod-
uct’s system and understand their environmental impact better. Interpretation: This is the
final stage of LCA, where the results of an LCI, LCIA, or both, are summarized, discussed
and interpreted, according to the study’s goals for possible recommendations. In addition
to ISO 14040 (2006) [44] and ISO 14044 (2006) [45], ISO/TS 14072 [43] provides additional
requirements and guidelines for effective application to organizations.

According to Petek Gursel, et al. [46], the critical stage in any LCA is the collection
of reliable LCI, which can be used to conduct LCIA. The data constituting the LCI can be
either primary or secondary data. The primary data are the on-site data collected from man-
ufacturers, processes, services and associations, while secondary data are those from the
published datasets, journals, consultants and considered generic data [47]. LCA is among
the methods used to assess the environmental impact of cement production [48–50]. LCA
has drawn much interest to various available tools, regarding environmental assessment
and human health impact. Its scope is the main advantage of LCA. It means LCA can
present a comprehensive picture of the impact caused by the product’s entire life cycle, from
the extraction of raw materials to final disposal [51]. Therefore, LCA is an effective tool for
organizations to provide a scientific basis to support organizations’ decision-making, to
reduce environmental impact during life cycle management [52–54]. The environmental
impact of cement production has been compared in LCA studies for different types of
cement [8,55] and stages of production [56–59]. Many LCA studies developed various
scenarios for replacing raw materials and fuels to reduce cement production’s harmful
environmental impact [5,56,60,61] or identify the best available technology [62]. Further,
the reduction in cement proportion in concrete and the addition of different cementitious
materials, such as pumice, zeolite, fly ash, metakaolin, and nanomaterials, has shown
strong improvements in fresh properties, mechanical strength, and durability of concrete
productions [63–69]. Steel slag can be used as supplementary cementitious material (SCM)
to produce blended cement. Steel slag could be used as a partial substitute for cement
(10%), without affecting the compressive strength [70], and also as a partial substitute for
limestone in kiln feed [71,72]. Replacing the same amount of clinker with various SCMs,
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such as steel slag in cement production, has already proven to be one of the most effective
methods of reducing GHG emissions from cement production [73]. Steel slag showed
good hydraulic properties and offered a standard-setting time, contributing to resource,
energy, and environmental saving [74]. However, different functional units and impact
assessment methods make it difficult to compare LCA studies [5,48,62,75,76]. This study
aims to analyse the environmental impact of a cement plant in South Africa that produces
Portland cement (CEM1), using life cycle assessment (LCA). The impact categories were
classified into three categories: atmospheric, resource depletion, and toxicity categories to
achieve this aim.

On average, the cement industry discharges about 500–950 kg of CO2/ton of cement
produced [77]. This depends on many factors, including the amount of clinker in the cement,
the type of fuel used, and the system’s energy efficiency [78,79]. Approximately 60% of
these emissions are caused by the process (limestone calcination), 35% by fuel combustion,
and 5% by electricity application [79]. Wang, et al. [80] discovered five significant factors
affecting GHG emissions from cement production, namely: energy emission factor, energy
structure, energy intensity, cement production and clinker production. Cement and clinker
production activities account for most of the increased GHG emissions. The cement industry
contributes the most to global warming, with CO2 emissions ranging from 98% to 100%.
Despite higher characterization factors, other GHGs, for example, CH4 and N2O, have
less impact [40,81]. Tun, et al. [82] used the LCA method to evaluate the environmental
impact of Myanmar’s cement industry, using the Recipe 2016 method to identify the
major contributors’ environmental impacts. They discovered that the major environmental
impacts are climate change, ecosystem damage, photochemical oxidant formation, fine
particulate matter formation, terrestrial acidification, and fossil resource scarcity. These
impacts are caused primarily by CO2, SO2, NOx and PM2.5 emissions during the clinker
production stage and the use of fossil resources. Marceau, et al. [83] performed an LCI
for Portland cement produced in the United States. They found that limestone calcination
and fuel burning in the clinker production stage contributed about 60% of the total CO2
emissions (553 kg per ton of cement) and 39% (365 kg per ton of cement) of total CO2
emissions, respectively. Feiz, et al. [8] compared the Global Warming Potential (GWP) of
three cement products with different clinker contents and found that the product with
the least clinker had the lowest value. Thwe, et al. [84] used the LCA approach to assess
the environmental impact of OPC production in Naypyitaw, Myanmar. They developed
various alternative fuel scenarios for thermal energy consumption. Their study found that
current cement production practices cause different environmental impacts, including GHG
emissions, eutrophication and acidification, particulate matter formation, photochemical
oxidant formation, fossil depletion, etc. These are due to the calcination (clinker production)
stage. Rosyid, et al. [85] found that the kiln process activities were primarily responsible
for global warming and acidification impact at an Indonesian cement plant. According
to Chen, et al. [59], the cement industry has three significant environmental impacts:
(1) global warming, (2) respiratory inorganics, which are related to direct emissions from
coal and limestone consumption, and (3) non-renewable energy, which is related to energy
consumption (i.e., electricity and coal).

2. A Recipe

A Recipe is a method for LCIA. It was developed due to collaboration between PRé
Sustainability, RIVM, Radboud University Nijmegen, and Leiden University, in 2008 [86].
In the Recipe, 18 midpoint indicators and three endpoint indicators are determined. Each
method midpoint and endpoint include factors based on three cultural perspectives: indi-
vidualistic, hierarchist and egalitarian perspectives. These perspectives signify a series of
choices about issues, such as time or the expectation that proper management or future
technology development can prevent future damage. The individualistic perspective relates
to the short-term concern, impact types that are certain, and technological optimism about
human adaptation. The hierarchist perspective relates to the scientific consensus model
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about the time frame and impact mechanisms credibility. The egalitarian perspective relates
to the long-term precautionary perspective, as it considers the long-term time frame and all
impact pathways for which data are available. The main objective of the Recipe method is
to reduce life cycle inventory results into a limited number of indicator scores. The scores
for these indicators indicate the relative severity of the environmental impact category.
The Recipe 2016 improves on Recipe 2008, CML 2000 and Eco-indicator 99. The method
is regularly updated to integrate new data and research. Radboud University is now in
charge of the most recent update. The Dutch National Institute for Public Health and the
Environment (RIVM), Radboud University Nijmegen, PRé and Norwegian University of
Science and Technology collaborated to develop Recipe 2016 [87]. Goedkoop et al. [88]
developed ReCiPe2008, an LCIA method that includes harmonized category indicators
and characterization factors at the midpoint and endpoint levels. Therefore, this study
aims to analyse the environmental impact of the production of Portland cement (CEM I) in
the South African cement industry, using the LCIA with the Recipe 2016 v 1.04 midpoint
method, according to atmospheric, resource depletion and toxicity categories. The LCA
methodology was used to estimate the 18 midpoint impact categories, except for water
consumption and land use, due to minor impact. This method allows for the identification
of environmental hotspots in the production process and compares them with similar
production scenarios, assessed using LCA. All cement plants in South Africa are produced
via a dry process.

3. Methodology

Life cycle assessment is a method that has been successfully used for assessing promis-
ing environmental impact and resource usage throughout the lifetime of a product, from
the acquisition of raw material to the production stage and use phases to waste manage-
ment [44]. LCA method considers the environmental impact of products, services, and
processes. The analysis is conducted according to ISO/TS 14072 guidelines for organi-
zational life cycle assessment. An LCA study must include four stages: goal and scope
definition, inventory analysis, impact assessment, and interpretation, with all guidelines
followed. Therefore, this section discusses the LCA method of cement production stages
and explains how the impact assessment was conducted based on the above stages.

3.1. Goal and Scope Definition

The intended goal of this study is to investigate environmental impact based on data
availability from a cement production unit. Regarding the system boundary, standard LCA
is a cradle-to-grave method. In recent times, cradle-to-gate, gate-to-gate, gate-to-cradle are
possible in some cases, even cradle-to-cradle methods. Most studies on the environmental
impact of cement use the cradle-to-gate method. As shown in Figure 1, a cradle-to-gate
analysis was considered in this study. Cradle-to-gate, includes the acquisition of raw
material, transportation (within the plant) and production stages.

In this study, the system boundary was limited to raw material consumption, fu-
els, electricity use, transportation, production of Portland cement, the final product and
emissions from the process. The boundary excluded the packaging unit, waste treatment,
cement consumption, final cement disposal as waste due to the methodological issues.
Furthermore, 1 kg of cement produced in South Africa was used as the functional unit
to compare the results. To simplify the production process, the entire production pro-
cess merged into five processes, i.e., raw material usage, fuels usage, electricity usage,
transportation and clinker production.
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Figure 1. System boundaries of the LCA of Portland cement in South Africa.

3.2. Life Cycle Inventory

The inventory was developed using average South African cement production data
between the 2017–2019 operations. The inventory data for the system background were
obtained from the Ecoinvent database v3.7.1 [89]. Ecoinvent’s inventory data for South
African cement production were primary data collected from five cement plants that charac-
terized 90% of the country’s cement industry’s market share. The inventory input/output
data for 1 kg of the South African Portland cement are included in Table 1.

Table 1. List of input/output data of Portland production [89].

Amount

Cement Factory 5.36 × 10−11 unit

Input

Clinker 0.902 kg

Gypsum, mineral 0.0475 kg

Limestone 0.05 kg

Ethylene glycol 0.00019 kg

Steel, low-alloyed 5.25 × 10−5 kg

Electricity 0.0376 kWh

Output

Emissions to air (Heat, waste) 0.135 MJ

Products (Cement, Portland) 1 kg

According to Petek Gursel, et al. [46], developing a life cycle inventory includes quan-
tifying and gathering all inputs, outputs, energy consumption and waste generation related
data to make a functional unit of the product within the system boundary investigated.
The data include all raw materials and energy used in the production process. The figures
are computed based on original data on South African cement production.
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3.3. Life Cycle Impact Assessment

The LCIA process combines the inputs and outputs quantified in an Inventory Analysis
to estimate their potential environmental impact. There are a variety of LCIA method-
ologies available, with some of them being included in commercial software [90]. Most
methods are based on impact categories and characterization factors and include the follow-
ing steps: classification, normalization, characterization and valuation. In classification, the
environmental impact measured in the inventory is grouped into a limited set of recognized
environmental impact categories considering the scientific information available about the
processes. The study’s goal guides selecting correct impact categories and practical con-
siderations should limit their number. In the LCIA methodology, the characterization step
assessed the relative contribution of each environmental impact [91]. The characterization is
done by multiplying each substance’s amount by its characterization factor and adding all
of the figures together. Characterization factors are substance-specific, measurable interpre-
tations of a substance’s potential impact per unit emission. They determined each impact
category that a substance/process could possibly contribute to [92]. Equation (1) represents
generic factors while Equation (2) represents non-generic factors; the former factor is usually
the outputs of characterization models and is accessible in the literature as a database.

Sj = ∑
i

Qj,imi (1)

where

Sj = impact category j indicator
mi = size of the intervention of type i
Qj,i = characterization factor that links intervention i to impact category j [93].

Equation (2) represents some non-generic characterization factors potential variables
in the human health and the natural environment impacts setting [93].

Qj,s,t = ∑l
E f f ect(i, l, t)
Emission(i, s)

= ∑l

(
Fate(i, l, t)

Emission(i, s)

)
·∑l

Exposure(i, l, t)
Fate(i, l, t)

·
(

∑l
E f f ect(i, l, t)

Exposure(i, l, t)

)
(2)

where

subscript i = substance,
s = location of the emission,
l = related exposure area of the receptor
t = period during which the potential contribution to the impact is considered [93].

The normalization stage of the LCIA method refers to a process used to compare
impacts across impact categories and protected areas to prioritize product alternatives or
resolve trade-offs between them [93]. This stage also discovers an impact category that has
little or no impact on the overall environmental impact, reducing the number of factors
that must be evaluated. According to Finnveden, et al. [94], normalization has two goals:
placing LCIA indicator results in a broader context and adjusting the results to have common
dimensions. A reference value is used to divide the sum of each category indicator result.

Nk = Sk/Rk (3)

where

k = impact category
N = normalized indicator
S = category indicator from the characterization phase
R = reference value.

The reference system is generally selected by considering the result of the overall
indicator for a specific country or region for a particular year. In an LCA study, the results
of the normalization can allow input grouping or weighting impact categories or directly
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judge the relative importance of different impact categories. This study carried out the
impact assessment using the Recipe 2016 v 1.04 midpoint method consisting of 18 midpoint
impact categories as shown in Table 1. The method is known as Recipe because it offers a
“recipe” for calculating impact category indicators. Furthermore, this method combines two
well-known techniques, resulting in a unified and consistent impact assessment structure.
For simplicity, the impact categories investigated were grouped into atmospheric, resource
depletion, and toxicity categories. These impact categories are affected by the substances
listed in the inventory. Table 2 includes the midpoint impact categories and they can be
classified as local, regional, and global impact of cement production.

Table 2. The environmental impact indicators investigated (midpoint impacts categories).

Atmospheric

Environmental Indicator Abbreviation Unit

Global warming GWP kg CO2 eq
Ozone depletion ODP kg CFC11 eq

Ozone formation, Terrestrial ecosystem EOFP kg NOx eq
Ozone formation, Human health HOFP kg NOx eq

Particulate matter formation PMFP kg PM2.5 eq
Ionization radiation IRP kBq Co-60 eq

Resource Depletion

Terrestrial acidification TAP kg SO2 eq
Freshwater eutrophication FEP kg P eq

Marine eutrophication MEP kg N eq
Mineral resource scarcity SOP kg Cu eq
Fossil resource scarcity FFP kg oil eq

Toxicity

Human carcinogenic toxicity HTPc kg 1,4-DCB eq
Terrestrial ecotoxicity TETP kg 1,4-DCB eq
Freshwater ecotoxicity FETP kg 1,4-DCB eq

Marine ecotoxicity METP kg 1,4-DCB eq
Human non-carcinogenic toxicity HTPnc kg 1,4-DCB eq

The inputs and outputs in the cement production system shown in Figure 2 are divided
into five production stages: raw materials consumption, production fuels consumption,
clinker production, transportation and electricity. Each stage is linked to the impact categories
studied using the LCA methodology. All calculations were done using SimaPro 9.1.1 software
application [87,95]. Table 3 shows all processes studied in each production stage.
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Table 3. Processes studied in each production stage of Portland cement in South Africa.

Production Unit Processes Considered

Raw materials Limestone and steel. Clinker and ethylene glycol, including the inputs and outputs
Fossil fuels Diesel, coal, light fuel oil and lubrication oil, including inputs and outputs.
Electricity Electricity used in mills and other equipment, in agreement with South Africa production and distribution regulation

Transportation The transportation of raw materials, fuels and energy resources from the extraction site up to the gate of the plant
Clinker production Particulate matter, NOx, CO2, emitted by the kiln during clinker production

4. Results and Discussion

Figure 2 presents the contribution of each of the five production stages to atmospheric
impact categories. Global warming is the most studied impact related to cement production
and is measured in kg CO2 eq [8,59,78,96–100].

Global warming potential (GWP): Clinker production showed a high contribution,
with 7.63 × 10 kg CO2 eq, to those impact in this study due to the high CO2 emissions
associated with clinker production. This means 1 kg of cement produced emitted 1 kg
CO2 eq, whereas other compounds, such as 1 kg of methane is equal to 25 kg of CO2 eq.
According to earlier studies, CO2 emissions from cement production (calcination reaction
and coal burning) are major GWP contributors [8,40,48,76,101]. Cement production emitted
an average of around 0.8–1.0-ton CO2/1 ton of Portland cement globally [8,11,102].

Furthermore, global warming has been one of the most widely studied impact cate-
gories in the broader LCA literature. This study discovered that the clinker production
stage is the primary source of GHG emissions and this is consistent with most stud-
ies [8,59,78,96,99,100,103]. According to Wang et al. [80], the clinker production stage is the
primary source of GHG emissions in the cement industry. In this study, the South African
cement industry contributed 9.93 × 10−1 kg of CO2 eq to GWP. This result is consistent
with the values reported in the literature, ranging from 0.628 kg to 0.92 kg CO2 eq per 1 kg
of cement [40,59,104,105].

Ozone depletion (OD) happens when the rate of ozone destruction is accelerated
by recalcitrant chemicals from anthropogenic emissions containing chlorine or bromine
atoms [88,106]. The OD impact is measured in kg CFC11 eq (trichlorofluoromethane or
Freon11) and contributed to all the stages, except clinker production. The raw materials
consumption and electricity usage were due to limestone extraction and raw material
transportation to the plant. The 1.90 kg CO2 eq value can be explained by the different fuel
mix and the effect of transportation considered. The ozone depletion value from this study
is 1.94 × 10−7 kg CFC11 eq. The result is in line with previous studies, i.e., 3.97 × 10−6 to
2.54 × 10−4 kg CFC11 eq [57,59].

The electricity usage contributes to all atmospheric impact categories, except Ionizing
radiation, as shown in Figure 2. The highest harmful atmospheric impact category of the raw
material consumption stage was ionizing radiation impact, due to the limestone extraction.
Furthermore, emissions from other production stages contributed to atmospheric impacts.

The ozone formation (terrestrial ecosystems and human health) contributed to all the
production stages. It is affected by the atmospheric impact, mainly on clinker production
and electricity usage. The contribution of the obtained clinker, which is considered a raw
material in cement production, cannot be overlooked when it comes to transportation.

Fine particulate matter (FPM) is measured in kg PM2.5 eq and it contributes to atmo-
spheric impact production stages. The FPM contribution is due to the coal used in electricity
production during the raw material consumption stage. The atmospheric impact from the
clinker production and fuel consumption stage also contributed to the calculation. The size
of CO2 released from cement production clarifies why CH4 and N2O have more significant
characterization factors among GHGs pollutants and leading causes of climate change.

Figure 3 presents the contribution of each of the five production stages to resource
depletion impact categories
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Terrestrial acidification (TA) contributed to all production stages. Electricity usage
is the main contributor due to the mix, dominated by fossil fuel, followed by clinker
production and other resource depletion impacts. TA is a regional environmental impact,
primarily related to the SO2 and NOx emissions during fuel burning for calcination and
transport, as identified in other cement LCAs [11,82]. The result of the Terrestrial acidification
2.44 × 10−3 kg SO2 eq in this study is in line with Li et al. [105], in the range of 1.144–1.467 kg
SO2 eq and Josa et al. [40], in the range of 0.71–3.33 kg SO2 eq. Clinker production due to coal
burning contributed to the value of 3.60 × 10 in the resource depletion category.

Freshwater is measured in phosphorous (kg P eq) and Marine Eutrophication (ME)
is measured in nitrogen (kg N eq) equivalent. They are primary contributors to clinker
production and raw material consumption due to SO2 and fewer NOx emissions. The ME
contribution to the raw material consumption stage is due to ammonia emissions from
explosives, with 2.67 kg N eq. Marine eutrophication is influenced by nitrogen compounds,
produced primarily by the oxidation of molecular nitrogen in combustion air (thermal
NOx) and the nitrogen compounds oxidation in fuel (fuel NOx) [107].

Fossil resource scarcity is measured in oil equivalent (kg oil eq) and contributes mostly
to fuel consumption. However, if fossil fuels control the fuel mix used to generate electricity,
this can affect terrestrial acidification. In addition, mineral and fossil resources scarcity
contribute to raw material consumption and clinker production due to fuel burning and
the explosives used, as identified by Stafford et al. [57].

The contribution of the transportation stage to the terrestrial acidification (3.40 kg
SO2 eq) value was due to the transportation of raw materials and fossil fuels in clinker
production. Fuels used as primary energy sources in cement production, such as crude oil,
natural gas, and coal, contributed to the value of fossil resource scarcity (1.39 × 10−1 kg
oil eq) in cement plants.

The freshwater ecotoxicity and marine ecotoxicity impact categories showed similar
profiles. The main contributors to the toxicity impact are raw material and fuel consumption
due to fossil fuel extraction and raw material extraction, obtained with the values of
4.19 × 10. Fossil consumption contribution is attributed to coal burning. The low toxicity
in transportation was due to energy usage during raw material transportation.

The human carcinogenic toxicity contribution to the fuel consumption stage was
due to the coal burning in the kiln and electricity generation for the process. Human
non-carcinogenic toxicity is also crucial in fuel consumption and raw material. Due to
the efficient use of electricity in South African cement plants, electricity usage makes no
significant contribution to any impact category. The average consumption in the United
States is 142 kWh/ton of cement, while 110 kWh is consumed in South Africa [108,109].
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Figure 4 presents the contribution of each of the five production stages to the toxicity
impact categories.
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Although there are some differences in the methods, it is widely agreed that the
atmospheric category from the kiln is the primary cause of impact in the cement industry.
As shown in Figure 4, these impacts depend on the fuels used, raw materials and installed
technology. The Cement Sustainability Initiative states that replacing fossil fuels in cement
production could reduce atmospheric emissions, if well controlled, and can be an excellent
means of reducing fossil fuel usage [110]. According to Ecoinvent, extracting 100 kg of
diesel oil can release 62.7 kg CO2 eq and contribute 127 kg oil eq to fossil depletion [89].

The heavy use of traditional fuels (coal) in the South African cement kiln can be
replaced with alternative fuels, for example, waste-derived fuels. Using waste-derived
fuels instead of traditional fuel reduces emissions and fossil resources used in the cement
industry, making it a sustainable method for recycling various waste materials [111,112].
Hence, it could be agreed that the choice of materials and fuels directly influence the
relationship between the cement plant and the environment.

5. Conclusions

In this study, the cement production stages, i.e., raw materials consumption, produc-
tion fuels consumption, clinker production, transportation and electricity, were analyzed
using the life cycle assessment method. The findings show that each process impacted
the environmental categories, according to atmospheric, resource depletion and toxicity
categories. The environmental impact of each process of cement production was propor-
tional to the related inputs and outputs. In terms of the atmospheric impact of cement
production, the kiln affected all impact categories, except ozone depletion and ionizing
radiation. The kiln caused most of the global warming impact. This was expected, as
limestone calcination, the primary source of CO2 emissions, is known to contribute to
global warming. The clinker production stage produces the most significant environmental
emissions due to calcium carbonate decomposition and coal consumption, particularly
GHG emissions. Global warming is affected by GHGs emission.

The study’s findings show that massive raw materials consumption and fossil fuels
are the factors that have the most impact on the resource depletion and toxicity categories.
The production of fossil fuels significantly contributed to the atmospheric impact cate-
gory. In addition, the consumption of electricity was also a significant factor, contributing
to the atmospheric impact from fossil fuels used in generating electricity. Thus, using
alternative raw materials and fuel could be a sustainable way to reduce environmental
emissions. According to the characterization results of the mid-term analysis, the highest
environmental impact of cement production was on global warming, terrestrial ecotoxicity,
human non-carcinogenic toxicity and fossil resource scarcity. For each 1 kg of Portland
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cement produced, the highest environmental impact values were 9.93 × 10−1 kg CO2 eq
(global warming), 1.04 kg 1.4-DCB (terrestrial ecotoxicity), 4.97 × 10−1 kg 1.4-DCB (human
non-carcinogenic toxicity), and 1.39 × 10−1 kg oil eq (fossil resource scarcity).

Apart from the fossil resources’ scarcity, which is linked to the consumption of fossil
resources, other impacts are related to direct emissions from the clinker production stage.
In this situation, measures to improve the South African cement industry’s sustainability
should focus primarily on reducing emissions from the clinker production stage by up-
grading the production process, increasing the ratio of clinker substitutes, such as slag
and fly ash, the use of alternative fuels to reduce coal and fossil fuel use, and improving
energy efficiency. Finally, further research is recommended concerning efficiency measures
to reduce the environmental impact, using energy-efficient technologies in the kilns and
implementing on-site energy recovery technologies.

This study indicated that the South African cement industry is responsible for sig-
nificant environmental impacts, including global warming, terrestrial ecotoxicity, human
non-carcinogenic toxicity and fossil resource scarcity, all identified as hotspots in the mid-
point method. The main factors contributing to these impacts are CO2, NOx, SO2, and
PM2.5 emissions. These are direct emissions from the clinker production and fuel consump-
tion stage for energy (electricity and transportation). As the main impact hotspots have
been identified, the options of implementing energy-efficient technologies and on-site en-
ergy recovery technologies can be considered, including fuel and energy-saving approaches
and alternative fuels and materials. With the energy-efficient technologies option, fossil
resource scarcity can effectively reduce and encourage the utilization of scarce resources
sustainably. There are many ways to implement energy-efficient technologies options,
including process integration and modification, proper maintenance, plant optimization,
and energy recovery. For example, process modifications, switching from a wet to dry
process, using a pre-calciner, could reduce thermal energy consumption in cement kilns by
about 50%, resulting in a 20% reduction in CO2 emissions [78]. Another promising way
to reduce CO2 emissions is through energy recovery from exhaust streams. During the
clinker production stage, there are thermal heat losses in pyro-processing due to the flue
gas and hot air streams. The heat losses can be recaptured to produce electricity using
steam turbines [78]. On-site energy recovery technology options include using alternative
materials, fuels and the clinker used during the cement production process [78]. The chem-
ical decomposition of CaCO3 in the clinker production stage contributes the most to CO2
emissions. It is possible to reduce CO2 emissions during this stage by reducing the amount
of clinker and replacing it with other supplementary cement materials, such as natural
pozzolana (fly ash, slag, etc.). The high process temperature in cement kilns can help burn
waste efficiently. Using waste co-burning or biomass material as a fuel substitute can, thus,
reduce the amount of coal or fossil fuels needed in the clinker production stage (the kiln),
thereby reducing CO2 and other emissions. Furthermore, it provides a sustainable waste
management solution, as it contributes to GHGs reduction and other air pollutants released
by the open burning of waste [15].
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