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Abstract: Cement is one of the most produced materials globally. Population growth and urbanization
cause an increased demand for the cement needed for expanding infrastructures. As a result of
this circumstance, the cement industry must find the optimum compromise between increasing
cement production and reducing the negative environmental impact of that production. Since cement
production uses a lot of energy, resources and raw materials, it is essential to assess its environmental
impact and determine methods for the sector to move forward in sustainable ways. This paper
uses an integrated life cycle assessment (LCA) and a system dynamics (SDs) model to predict the
long-term environmental impact and future dynamics of cement production in South Africa. The
first step used the LCA midpoint method to investigate the environmental impact of 1 kg of Portland
cement produced in South Africa. In the cement production process, carbon dioxide (CO2), nitrogen
oxides (NOx), sulphur dioxide (SO2), methane (CH4) and particulate matter (PM) were the major
gases emitted. Therefore, the LCA concentrated on the impact of these pollutants on global warming
potential (GWP), ozone formation, human health, fine particulate matter formation and terrestrial
acidification. The system dynamics model is used to predict the dynamics of cement production
in South Africa. The LCA translates its results into input variables into a system dynamics model
to predict the long-term environmental impact of cement production in South Africa. From our
projections, the pollutant outputs of cement production in South Africa will each approximately
double by the year 2040 with the associated long-term impact of an increase in global warming. These
results are an important guide for South Africa’s future cement production and environmental impact
because it is essential that regulations for cement production are maintained to achieve long-term
environmental impact goals. The proposed LCA–SD model methodology used here enables us to
predict the future dynamics of cement production and its long-term environmental impact, which is
the primary research objective. Using these results, a number of policy changes are suggested for
reducing emissions, such as introducing more eco-blended cement productions, carbon budgets and
carbon tax.

Keywords: system dynamics; environmental impact; cement production; global warming; South Africa

1. Introduction

In recent decades, as industries have grown, energy consumption and the emissions of
various pollutants have increased, negatively affecting human health and the environment.
This situation has caused substantial global environmental dangers to human health,
including climate change, toxic wastes, toxic gas emissions and environmental degradation.
Cement production, for example, emits a significant amount of carbon dioxide (CO2)
that is environmentally harmful. The cement production process is a multiplex process
that uses a considerable amount of raw materials (limestone), fuels (thermal energy) and
electricity, as well as auxiliaries such as water and air [1–4]. A tonne of cement requires
110 kWh of electricity and 60 to 130 kg of fuel oil, depending on the cement type and
the manufacturing process. It is important to note that CO2 is the primary greenhouse
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gas (GHG) contributing to global climate change and is one of the largest environmental
challenges in South Africa [5]. Globally, cement production accounts for 7% of the total
industrial energy use, making it the world’s third largest energy user [6]. The World
Business Council for Sustainable Development (WBCSD) predicts that by 2050 cement
production will increase by 12–23%.

However, since the cement production process depends on many factors, reducing its
emissions is not that simple. Nearly half of the GHG emissions from cement production are
from material consumption, 40% from fuel combustion, 5% from electricity and 5% from
transportation [7,8]. The cement production of GHGs depends on factors including the
fuel used, the emission control system, the technology used, a plant’s geographic location
and the source of electricity [8]. Raw material emission takes place through the limestone
chemical composition that releases CO2 during the thermal process to convert the com-
pound into lime (CaO), the main component of cement. Our need for cement products,
their environmental impact and their energy requirements make it essential to search for
ways to reduce their emissions. The cement industry contributes roughly 5% of GHG
emissions globally due to its reliance on fossil fuels and raw material calcination. In this
context, many efforts are being made to protect the environment and improve its energy
efficiency through alternative fuels or renewable resources. Therefore, understanding ce-
ment production and consumption trends is critical to understanding future developments
in energy use, GHG emissions and potential mitigation strategies. This paper discusses the
options for sustainable cement production and the environmental impact based on policies
and scenarios.

South Africa’s cement industry has seen tremendous growth in recent years due to
its rapid economic growth and urbanization. Cement production in South Africa has
increased from 9.794 Mt in 2000 to 14.622 Mt in 2017, an increase of 49.3% [9]. South
Africa’s exported cement is worth USD 95.7 million in 2020, making it the world’s 35th
largest cement exporter and the 111th most exported product in South Africa [10]. South
Africa imported USD 57.9 million’s worth in the same year, making it the world’s 49th
largest cement importer and the 222nd most imported product in South Africa [10]. South
Africa is a growing nation and the third largest economy in Africa after Nigeria and Egypt.
Historically, low energy prices have attracted and supported energy-intensive industries in
South Africa, which played an essential role in its economic success. As a result, the cement
industry emits significant levels of GHGs yearly. In South Africa, all cement plants use a
dry process [11] and only produce ordinary Portland cement (OPC) and blended cement
products. The different types of cement used are CEM I, CEM II and CEM III, depending
on the clinker content within the accepted range of chemical composition, as shown
in Table 1 [9].

Table 1. The percentage of different types of cement used in production, as well as their components.

Product Additives Clinker Ratio

CEM I Gypsum >95%

CEM II
Gypsum + pozzolanic components

such as blast furnace slag, micro silica,
fly ash and ground limestone

Group A Group B

80–94% 65–79%

CEM III Gypsum + Slag Group A Group B
35–64% 20–34%

Since 1994, six major competitors have dominated the South African cement industry:
PPC Cement, Natal Portland Cement (NPC), AfriSam, Sephaku, Lafarge-Holcim and
Mamba Cement (Association of Cement Materials Producers). Until 2006, when Sephaku
entered the market, these four companies were the major cement suppliers in South Africa,
followed by Mamba Cement, a Chinese cement producer that arrived in 2016. Pretoria
Portland Cement Limited has a leading market share (22%), followed by NPC (15%),
Sephaku (12%), Afrisam and Lafarge (9% each) and Mamba (5%), while imports have
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a share of approximately 5%. The remaining 23% of the market is held by third-party
blenders [12,13]. The cement production process emits about 0.97 tons of CO2 for every
ton of clinker produced. This distribution is mainly due to calcination (0.54 ton), coal and
fossil fuels (0.34 ton) and electricity generation (0.09 ton) [14]. Approximately 0.9 tons
of clinker is used to produce one ton of cement. As a result, each ton of cement emits
0.873 tons of CO2 emissions [15–19]. In 2019, global cement production exceeded four
billion tons due to higher continuous production growth rates in China and India [17],
equivalent to four billion tons of CO2 released into the atmosphere [20]. A large amount
of the energy used in cement production comes from burning fossil fuels. In addition, the
cement sector is responsible for 0.9 tons of CO2-equivalent emissions released into the
atmosphere by producing one ton of Portland cement, which represents 5–10% of the total
anthropogenic CO2 emissions emitted globally [21–32]. Likewise, the need for cement in
the construction industry, the demand observed in countries such as China and India [33]
and the the demographic profile of Africa, composed of population growth, demand for
urbanization and economic development, force the production of cement, pollution and
GHGs emissions to increase globally.

However, the cement industry faces different environmental impacts that harm hu-
mans and other species. Global warming is one of the impacts caused by climate change due
to increased GHG emissions into the atmosphere. Another environmental impact related to
the cement industry is high energy consumption at some stage in the production process,
producing GHGs and other pollutants and increasing the cost of production. Additionally,
cement production is the second largest anthropogenic contributor of GHGs [8,34,35], ac-
counting for about 5% of total GHGs on Earth after steel production, which contributes
between 4% and 7% [8,36,37]. There are many challenges in the cement industry due to
environmental and sustainability problems. Cement production remains popular among
investors and profitable, but its energy-intensive and unfavourable environmental na-
ture are not considered. Additionally, cement production significantly contributes to air
pollution [38,39]. The cement industry’s greenhouse gas (GHG) emissions have been in-
vestigated and assessed [23,40,41]. The irregular disposal of cement industry wastes is
dangerous and causes environmental pollution. According to reports, CO2, sulphur dioxide
(SO2), nitrogen oxides (NOx) and dust/particulate matter (PM) are the primary sources of
air emissions from cement production [42,43]. The pollutants emitted by it have caused
dangerous atmospheric environmental impacts. Thus, this industrial sector must improve
its energy consumption to save energy and reduce its environmental impact. Replacing
coal in cement kilns with various waste or waste-derived fuels [44–46] by 5% or 10% would
result in a gross GHG emissions reduction of between 2.33 MtCO2e and 4.67 MtCO2e
across the sector [47]. The carbon footprint of the industry, as well as its carbon tax liability,
would be further reduced depending on the alternative fuel used. Additionally, cement
is a highly resource-demanding industry concerning raw materials. Cement production
is expected to rise further in the coming years due to the economic growth and increased
urbanization in developing countries. Therefore, reducing cement’s environmental impact
is necessary without compromising cement production. Substituting fossil fuels with al-
ternative fuel sources such as municipal waste or tyres can reduce the emissions related
to fuel use [48]. Switching from coal to another fuel source in cement kilns will reduce
cement’s direct carbon footprint and prevent landfill emissions. The cement industry needs
a comprehensive mitigation policy to reduce its long-term environmental impact in the
sector. Carbon Capture and Storage (CCS) is still far from commercial, but there are already
possible alternatives to the conventional materials and processes used to produce cement,
including clinker replacements, fuel switching and energy efficiency.

Life cycle assessment (LCA) is an environmental methodology that has been widely
utilized around the world to assess the environmental and economic impacts of a process
system [49]. LCA uses the same method across all products and during all stages, including
production, energy consumption, transportation, maintenance and disposal or recycling at
the end life of a product. The entire LCA considers the impacts of energy consumption and
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emissions related to the product’s life, e.g., cement. Environmental impact has become a
priority for both the government and the private sector [50]. Additionally, global warm-
ing is one of the most critical environmental issues of the 21st century, with significant
effects on human health, the environment and the global economy. Several studies have
been conducted to measure the environmental impact of energy consumption in cement
plants [51,52]. However, the results of the LCA may vary due to different methodologies
and processes of input such as raw material composition, system boundaries, fuel combina-
tion, etc. Several studies have been conducted on mitigating the cement industry’s GHG
emissions using the LCA method [53,54]. While exploring various policy options for future
cement production, it is crucial to consider their environmental implications.

The system dynamics (SDs) method can be used to examine policy option effects
and related cement dynamics in the cement industry. This dynamic simulation method
feeds information governing system connections through interactive feedback loops. The
SDs method is typically used for large and complex systems when the emphasis is on
relationships between modelling and the study of the different variables in the system
rather than on a single transaction [55]. Forrester developed the SDs model in the mid-
20th century based on the feedback control theory to explain the time-variant behaviour of
systems [56–59]. It was also designed to determine how policies, structure, decision-making
and time delays are linked with others and how they influence the growth and stability of a
particular system [60]. The SDs method assists qualitative and quantitative problem-solving
methods, allowing for the use of written and numerical data in conjunction with mental
models to better understand the underlying structure and the feedback links responsible for
system behaviour. Combining the data available at various levels of detail helps uncover
different aspects of the system that may be appropriate to various stakeholders. A system
dynamics model is used to help policymakers with CO2 reduction. The SDs method
can also provide time-step simulations to show significant changes in GHG emission
trends. The LCA and SDs models can be integrated either by the LCA into SDs or by SDs
into LCA method. Combining LCA and SDs methods to analyse the cement production
process may provide researchers with a better understanding of the long-term trends of
environmental impacts, thereby identifying potential solutions for the development of
cement sustainability.

Various policy options should be examined when determining the future need for
cement production, considering their environmental impacts. Therefore, this study com-
bines the LCA method with a system dynamics framework in the form of a mathematical
model to predict future of cement production and the long-term environmental impact of
the South African cement industry. This provided a suitable platform for predicting South
Africa’s cement production and environmental impact trends from 2000 to 2040 based on
the integration method. The study results will provide suggestions for improving cement
sustainability by integrating the SDs and LCA methods.

The cement industry will have to implement all the major mitigation plans to reduce
long-term environmental impacts. Various supplementary cementitious materials (SCMs)
are available to reduce Portland cement’s carbon emission and produce low-carbon substi-
tute eco-blended cement. The SCMs for clinker substitutes such as industrial by-products
and waste, i.e., fly ash from the coal industry and slags from the steel industry, are among
the most used clinker alternatives [61–63]. These by-products can be used for the produc-
tion of eco-blended cement. Using eco-blend cement is estimated to reduce production
costs by 2–8% for fly ash and slag-based blends and 15–25% for clay cement [64]. If clay
cement is adopted in the cement industry, a profit of between 8% and 10% is expected by
2025 [64]. Turner and Collins [65] estimate that eco-blends can reduce GHG emissions from
13% to 22%, whereas Ishak and Hashim [66] estimate a 6% to 50% reduction.

South Africa has significant potential to produce eco-blended cement locally using
coal and steel as high-level clinker replacements due to its robust coal and steel industries.
A total of 40 million tonnes of ash are produced in South Africa each year [67]. Eskom,
the South African electricity company, generates 35 million tonnes of ash (10% bottom
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ash and 90% fly ash), while Sasol, the South African gas distribution company, produces
roughly eight million tonnes of gasification ash annually. Approximately 5% of the fly ash
generated in South Africa is utilized effectively, while the remainder is dumped in landfills
and ash dams, leading to toxic substances contaminating soils and groundwater [67]. In
the short term, clinker content reduction in Portland cement represents more than 50% of
the mitigation potential for the cement industry, according to the MPA [68].

Reducing the clinker content in cement production by 66% could mitigate 0.75 MtCO2e
per year, with a marginal cost of R122/tCO2e reduction in 2020 [68]. However, the South
African waste management act controls how industrial wastes are disposed of and the law
does not encourage the use of by-products or waste for economic purposes, including the
production of eco-blended cement. It is required by government to demonstrate that some
of these wastes are categorized as by-products. Therefore, an amendment to the regulations
is needed to support the use of eco-blended cement. New policies will also be required
regarding the quality of industrial by-products (fly ash and slag) since their characteristics
differ based on the power plants and even the basins where coal is mined [67].

2. Literature Review
2.1. Cement Life Cycle Assessment

LCA is an important method to determine the environmental impacts of cement
production as well as to develop and select possible technologies for its production.
The environmental impacts of the cement industry are extensively studied using the
LCA [21,53,54,69–71], and such studies are crucial to understanding this industry and
finding policies to reduce its impact.

Recently, LCA studies were conducted to determine the environmental impact and the
best available technology (BAT) to reduce the impacts of cement production [1]. The life cy-
cles of different types of cement production have been studied [51,52]. Valderrama et al. [1]
used a cradle-to-gate LCA method to study the environmental impacts of just-upgraded
production lines for possible improvements within the cement plant. Chen et al. [72] used
the LCA method to assess the environmental impact of the French cement industry. Li
et al. [73] used BATs to investigate China’s LCA analysis and compared it with the Japanese
cement industry, as Japan is considered a suitable example of improving environmental
performance. Thwe et al. [74] assessed the environmental impact of ordinary Portland
cement production in Naypyitaw, Myanmar, using the LCA method. Morsali [75] examined
the impact of the cement production process on ecosystem quality, resource depletion and
human health using LCA methodology and SimaPro v7.1 software, Amersfoort, Nether-
lands, PRé Consultants. Tun et al. [71] applied the LCA method to assess the environmental
impact of Myanmar’s cement industry, using the LCA software Recipe 2016 v1.1 (Zürich
Switzerland) to identify the hotspots of the environmental impacts.

2.2. System Dynamics Model

The system dynamics model is primarily used to explain a complex system’s social
and corporate behaviour over time. The SDs method is one of the most powerful meth-
ods for simulating the behaviour of such interactive systems. Research on the system
dynamics method is currently being conducted at many scales, particularly in the industrial
sector [76–78]. Recently, some researchers have attempted to use the SDs model to analyse
the drivers and potential for reducing urban carbon emissions [79,80] and industrial car-
bon emissions [81,82]. At the same time, the complete nature of the SDs method and its
insistence on causality have led to several applications to study the impact of the imple-
mentation of policies and projects related to the reduction in GHGs in various fields, such
as the energy sector [77,79,83–85], the transport sector [86–89], the cement sector [90,91]
and the steel sector [92,93].

Feng et al. [79] developed an integrated system dynamics model based on the STELLA
program framework to model Beijing’s energy consumption and CO2 emission trends
from 2005 to 2030. Fong et al. [94] used an SDs model to predict the future trends of CO2
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emissions in Malaysia based on various policies in the Iskandar Development Region and
provided information for urban planning. Their work presents the projections of future CO2
emission trends for the IDR with many options for urban policies. Vargas and Halog [95]
investigated the advantages of employing fly ash as an alternate clinker material in cement
manufacturing using an SDs method. They simulated five different life cycle situations of
cement with a fly ash share of 20% and 35% to assess the net CO2 reductions. Ansari and
Seifi [90] used a system dynamics model to examine the impact of energy price subsidy
reform on energy consumption and CO2 emissions in the Iranian cement sector. Anand
et al. [91] used an SDs model to estimate CO2 emissions in the Indian cement sector.

Jokar and Mokhtar [96] developed a system dynamics model of the Iranian cement
industry using the Vensim PLE software v7.3.5 Harvard MA, USA, Ventana Systems, Inc.
to study the impact of clinker replacement, alternative fuels usage and waste heat recovery
on achieving sustainability between 2015 and 2034. Tang et al. [97] used the SDs model
to simulate long-term cement production, energy consumption, possible energy demand
and CO2 emission of the cement industry in the Chongqing region, China, by integrating
regional differences. Song and Chen [76] developed a simulation model using system
dynamics to determine the future emission trends of the cement industry in China. Pan
et al. [78] used the SDs model to analyse the Chinese refining industry, emphasizing on
energy security to determine the appropriate capacity extent of refining to cope with
supply risks.

2.3. Integration of LCA and SDs

There are now studies integrating the LCA and SDs models in the literature [98].
These models consider the two main stages of LCA, i.e., life cycle inventory (LCI) and life
cycle impact assessment (LCIA), and focus on introducing the idea of prediction within
the methodology [99]. Some recent studies propose incorporating the following factors
into the LCI stage. Onat et al. [100] proposed changes in technical structure due to the
behaviour of actors and economic costs; Jin and Sutherland [101] proposed incorporating
internal dynamics of the system, including feedback; Menten et al. [102] and Stasinopoulos
et al. [98] suggested integrating changes in the dynamics of the system due to market
changes in another sector. Regarding the LCIA stage, LCA models based on the SDs
method can predict the total impact value due to changes [95]. Additionally, they can
predict how environmental impacts will change over time [103]. Recent research has
integrated the SDs and LCA methods into various fields, including transportation [100],
manufacturing [104–107], construction [108,109], agriculture [110,111] and waste recycling
activities [112,113].

Laurenti et al. [105] discussed the advantages of combining LCA, the group model-
building (GMB) method and a causal-loop diagram (CLD) in a literature review. They
emphasized the importance of this modelling method when it comes to scenario analysis.
Onat et al. [100] developed an integrated and dynamic life cycle sustainability assessment
(LCSA) model for sustainable transportation to analyse the environmental, economic, life
cycle cost and social life cycle impact of alternative vehicles in the US.

Thomas et al. [108] simulated dynamic electricity and natural gas demand using En-
ergy Plus and a system dynamic model. They investigated the interactions and feedback
between various contributing factors (such as material selection, maintenance and replace-
ment) and a building’s overall energy requirements. The results of the proposed framework
suggest that it can be used to determine the optimal period for replacing major building
materials, thereby providing options for reducing a building’s energy consumption and
environmental impact throughout its life cycle. Bixler et al. [109] used a dynamic LCA
model to analyse seven different green infrastructure performances for a 30-year life span.
Yao et al. [113] used an integrated LCA and the SDs model to analyse different factors
related to mobile phone waste and recycling.
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3. Materials and Methods
3.1. Life Cycle Assessment and System Dynamics Methods

LCA datasets are available in complex databases such as Ecoinvent, the European life
cycle database (ELCD) and Thinkstep to link businesses and government agencies. The
inventory stage is typically the most complex in the LCA stages because gathering the
required data is often tricky due to confidentiality and unavailable information in some
industries. The LCA can be evaluated in such situations by considering the analogous
processes and assuming a combined dataset using a parameterized model developed in a
software application such as SimaPro 9.1.1. Amersfoort, Netherlands, PRé Consultants. Ad-
ditionally, a hybrid LCA model calculates the interactions between multiple variables and
provides a complete understanding of the system. This research considers the integration
of LCA and the system dynamics method.

Figure 1 describes the structure of the proposed methodology for integrating life
cycle assessment (LCA) into the system dynamics model in this study. In this work, LCA
will be used to analyse cement production’s environmental impact, as shown in Figure 1.
The LCA results are then integrated into an SDs model as input variables to establish
their relationship and to perform a more comprehensive analysis. Subsequently, SDs
model simulation is performed using the results of the LCA [114] to predict the long-term
environmental impact of cement production. Finally, the results recommend a suitable
environmental cement plant.
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3.2. LCA of the Cement Production Process

The LCA method assesses the environmental impact of a process, product or service
throughout its life cycle. The International Organization for Standardization (ISO) has
formulated rules for environmental management to establish the principles and guidelines
for the LCA methodology [115,116], with ISO/TS 14071 and 14072 [117,118] as the latest
version. The LCA method has now been extended to organizational assessments ISO/TS
14071 and ISO/TS 14072 [117], increasing the applications for the approach and increasing
its ability to reach high-level decision- and policymakers. Based on ISO standards [115–118],
the LCA study contains four stages: goal and scope definition, inventory analysis, impact
assessment and interpretation, as shown in Figure 1. The integrated life cycle assessment
and system dynamics LCA–SDs framework of cement production in South Africa involves
three main stages: (i) gathering data for key LCA processes, (ii) assessing the impacts of
production processes using LCA SimaPro 9.1.1 software Amersfoort, Netherlands, PRé



Atmosphere 2022, 13, 1788 8 of 25

Consultants and (iii) integrating the results of the LCIA as input variables with SDs to
predict the possible future dynamic and long-term environmental impact of cement produc-
tion in South Africa. An integrated LCA–SDs methodology is used to assess and predict the
environmental impacts of the cement industry. Additionally, a hybrid LCA–SD model cal-
culates the interactions between multiple variables and provides a complete understanding
of the system.

3.2.1. System Boundary, Goal and Scope Definition

This study used a cradle-to-gate method and the LCA results were obtained using
SimaPro 9.1.1 software with the Ecoinvent database v3.7.1. The system boundary of the
cement production process determines the unit processes to be integrated or omitted. The
various life cycle stages, unit processes and flows are necessary when defining the system’s
boundary, including raw materials, fuel, clinkering and transportation. The environmental
impact from packaging, cement use and a cement product’s end-of-life were omitted due to
methodological issues. A total of 1 kg of Portland cement was used as a functional unit. The
functional unit primarily provides references related to inputs and outputs. Furthermore,
the functional unit is an essential factor of any study because it clearly describes the
measurement used in the system. The boundaries of LCA-based cement production merged
into five, including raw material usage, transportation, electricity usage, fuels usage and
clinkering stage, simplifying the entire cement production process and making it more
appropriate to predict the long-term environmental impact of cement production.

3.2.2. Life Cycle Inventory

LCI includes the data collection and calculation procedures used to measure the re-
lated inputs and outputs of the product system. Inventory analyses record all the needed
resources for and all emissions by the particular system under investigation and relate
them to a clear functional unit as stated in ISO/TS 14072/14071 [117,118]. An LCA inven-
tory analysis quantifies the inputs and outputs (products and emissions to air, water and
land) from all processing stages through the system boundary. This is an inventory of
input/output data related to the system under study. It designs a process wherein all pro-
cess stages are mapped and linked from raw material extraction to wastewater treatment.
The data collection for each unit process considers inputs (energy, raw materials, auxil-
iary equipment), emissions (to air, water and soil) and products, co-products and waste.
This study considers data based on the South African cement production processes. The
inventory dataset used for the background system is taken from Ecoinvent, a recognized
database company [119–121].

3.2.3. Life Cycle Impact Assessment

LCIA is a tool designed to assess the environmental impacts corresponding to envi-
ronmental resources as part of an LCI. Several environmental issues are covered by this
assessment, including energy, climate change, water pollution, etc., providing a compre-
hensive analysis of the impact of the product [117,118]. LCIA presents more information to
assess the LCI results of a product system to better understand its environmental impli-
cation. Based on the data from an LCI, an impact assessment of a product or process can
be executed to calculate environmental effects across the selected system boundaries and
impact categories.

In this study, LCIA was conducted using the Recipe 2016 v. 1.04 midpoint method.
At this stage, the consumption and emissions are converted into environmental effects.
Additionally, the inventory data are categorized into different impact categories and anal-
ysed. The impact assessment is divided into classification, characterization, normalization
and valuation as recommended by the Society of Environmental Toxicology and Chem-
istry (SETAC) [122]. Classification classifies collected data from the inventory into several
impact categories. Characterization aggregates inventory data within impact categories
using equivalency factors [122]. Primarily, it is a measuring stage that looks at the relative
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contributions of the various inputs and outputs by category. Characterization factors are
measurable analyses of a substance’s potential impact per unit emission that are substance-
specific. They identify each impact category to which a substance or process might con-
tribute [123]. The LCIA normalization stage refers to a procedure for comparing impacts
across impact categories and protected areas to prioritize product alternatives or resolve
trade-offs [124]. A valuation can be solved in a qualitative or quantitative manner. For
qualitative valuations, expert panels may be used. Examples of quantitative valuation
methods include comparing environmental loading or impact profiles [122,125]. In the
ISO report, the impacts are measured and grouped into human health, ecological health
and resource depletion to describe its effects adequately as analysed in a product [125].
The LCIA stage is a multi-step procedure that categorizes all inventory into different
impact categories.

3.3. System Dynamics

System dynamics is a computer-aided method to analyse and solve complex problems,
focusing on policy analysis and design. The SDs method is used for various applications,
but there is no standard way to model it. According to Ford and Sterman [126], in an SDs
model, the normal procedure can be summarized in four steps:

I. Identify Problem:

This includes exploring the problem under investigation and clearly explaining the
objectives. Moreover, it is necessary to identify the key variables to demonstrate problem
behaviour and the simulation possibilities.

II. Conceptualization of the System:

Identifying and establishing the causal relationships between the key variables and
how the problem arose. The two ways to illustrate the interaction of the variable are
the causal-loop diagram (CLD) and the stock-flow diagram (SFD). The CLD develops an
early mental model centred on the analyst’s impression of the problem’s behaviour. It
is possible to identify the direction of a relationship between two variables by using a
positive (+) or negative (−) sign. SFD is then used to convert the qualitative model into
qualitative analysis.

III. Validation of the Model:

In validation, the objective is to compare whether the model’s simulation and actual
behaviour reflect the system’s historical behaviour.

IV. Evaluation of Possible Policy:

Following verification of the model’s structure and behaviour, the analyst will plan
the appropriate policies to improve and intervene in the reality.

As we evaluate the need for cement production in the future, it is crucial to consider
its environmental impact when determining what policy options to implement. Using a
system dynamics framework, we can examine the cement industry’s environmental impact
policy and CO2 emission dynamics. This dynamic simulation method uses interactive
feedback loops to feed information governing the interactions in a system. As a result, the
cement industry may expect intense pressure to cut the environmental impact profile as
countries seek ways to meet the climate mitigation targets set out in the Paris Agreement.
According to the Paris Agreement, countries must reduce GHG emissions and avoid global
temperatures increasing by more than 2 ◦C above preindustrial temperatures [127]. In
the Energy Technology Perspectives study [128], the International Energy Agency (IEA)
examined the mitigation possibilities for the global cement industry and calculated those
emissions required to be reduced to 1.7 Gt to fulfil the 2 ◦C targets. We used SDs to explain
the variables contributing to the cement environmental impact, such as cement production,
population growth, GDP, cement import and export, cement demand, etc.

This work aims to use SDs to predict the future dynamics of the cement production
process in South Africa and find effective ways to reduce its GHG emissions. The produc-
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tion stages considered here were used to generate the measurement data for the cement
production process. The cement production environmental impacts were projected, and
related policies were proposed to design an appropriate model.

3.4. System Dynamics Model Development

System dynamics is a simulation method that has been successfully used in modelling
various industrial areas, including carbon mitigation, CO2 emissions and energy consump-
tion for decision-making, policy planning and evaluations [90,91,129]. By considering
the major factors that influence cement production in South Africa, the model below is
developed to study and predict the future dynamics of cement production in South Africa.

Assuming a correlation between South Africa’s real gross domestic product (G) and
cement production (C), we use the following model to fit the data (Figure 2).

dC
dt

= cc(αG),

dG
dt

= βG
(

1 − G
MaxG

)
,

where dX
dt symbolizes the rate of change of a variable X with respect to time. In this equation,

increasing cement production (C) is correlated to gross domestic product (G) by a parameter
α. G is modelled logistically as in Duffy et al. [130], who assume that G increases annually
over the period but cannot exceed a certain maximum (MaxG). The data for C in South
Africa shows a cyclical nonlinearity pattern which is introduced using the function taken
from Herdicho et al. [131]:

cc =
(

1.0 + p0 × cos
(

pi ∗ t
12

+ q0
))

.
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The analysis of this model is used to predict future dynamics of cement production and
environmental impact in the cement industry. The meaning of all variables and parameters
are given in Tables 2 and 3 below.

Table 2. The variables.

Variables Meaning Units

C(t) Quantity of cement produced in South Africa per year (t) Kg
G(t) Real gross domestic product of South Africa per year US dollars
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Table 3. The parameters.

Parameters Meaning Units

α Parameter linking GDP and CP (US dollars per Year)−1

β Annual growth of G(t) Year−1

MaxG Maximum value of G(t) kg
p0, q0 Fitting parameters Dimensionless

The parameters α, β, MaxG and p0, q0 represent linking GDP and CP, the annual
growth of G(t), the maximum value of G(t) and fitting parameters to dC and dG, respectively.
Long-term projections describe cement production as a function of economic activity per
year. To develop such relationships, we collected cement production and trade data from
2007–2017.

LCA does not predict the future, but system dynamics is a scenario prediction method.
Therefore, these scenario predictions help in policy-making decisions and planning. The
integrated LCA–SD model presented here enables us to form a picture of the cement’s
environmental impacts going forward and how to avoid these possible impacts by policies
and recommendations. When determining the need for cement production in the next few
years, various policy decisions should be considered, keeping the environmental impact
in mind and thus exploring alternative strategies for reducing the environmental impact
(GHG emissions). It also provides a possible methodology that can be used in the future for
developing a better understanding of the long-term impacts of various mitigation strategies.

3.5. Data Source

The study includes data collected between 2000 and 2017 on cement production and
real GDP. Data on cement production were obtained from the South African Greenhouse
Gas Inventory Report of 2017 [9]. The data on South Africa’s real GDP in US dollars were
obtained from World Economics [132] and characterization results (impact indicators) at
the midpoint of our previous study [114]. It is assumed that cement production is to some
extent influenced by real gross domestic product (real GDP).

4. Results and Discussion

There is no doubt that population growth, demand for urbanization and economic
development in the country impact cement production. In this study, we use a simple
model to relate these factors, fitting the model’s parameters using cement production
and environmental impact data. It assumes that cement production and environmental
impact data depend on real GDP. The production of 1 kg of Portland cement prediction
using the model simulations are used to predict the impact categories, i.e., the long-term
environmental impact of cement production in South Africa by multiplying the total
quantity of emissions into the atmosphere at any given time by the quantity of cement
produced in South Africa.

4.1. Integrating LCA with System Dynamics

The results of the LCA, which address the cement production environmental impact
at the midpoint, are combined with the system dynamics in this step. The most sustainable
cement production plant in South Africa can then be identified by utilising the LCA–SD
model to predict the long-term environmental impact of cement.

4.2. Model Development

Regarding industrial development, South Africa is among the largest sub-Saharan
African countries. South Africa is experiencing rapid population growth due to its industrial
potential as an economy-developing country. The increase in CO2 concentration levels in
the atmosphere and the dangers related to global warming have led to increased studies to
reduce the environmental impact of the cement industry. The International Energy Agency
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(IEA) estimates that cement plants worldwide will release 2.34 billion tons of CO2 into the
atmosphere by 2050 [133].

4.3. Overview of Cement Production, Real Gross Domestic Product from South Africa from 2000 to
2017

Figure 2 illustrates the dynamics of cement production in South Africa from 2000 to
2017. The points in Figure 2 represent the actual data and indicate that cement production
and Real GDP in South Africa over the period were both nonlinear. Cement productions
were 49.3% (4.828 × 109 kg) higher than (9.80 × 109 kg) in 2000, after an increase of 51.7% in
cement production from 2000 to 2009 (1.486 × 1010 kg). The increase in that period was not
steady and was attributed to economic growth but declined by 16.8% (1.2358 × 1010 kg) in
2012. The most notable growth rate was reported between 2005 and 2009, when it increased
by 10% over the previous year. The evident decline in cement production between 2009
and 2012 can be attributable to two facts, i.e., (1) the electricity crisis in South Africa and
(2) the global recession during that period.

According to the South African National Statistics Agency, the country’s economy
went into recession in 2009, and the GDP declined by 1.8%. The higher interest rates, price
increases and the implementation of the National Credit Act in 2010 caused the cement
demand in the residential market and construction industry to decrease. Between 2013
and 2017, cement production increased again by 1.569 × 109 kg (12%) due to new produc-
ers, such as Sephaku (Dangote cement) and Mamba Cement, a Chinese cement entering
the industry.

Since the mid-2000s, the cement market in South Africa has become highly competitive
due to the high cost of electricity and a downward trend in cement demand following
the post-recession [134]. In South Africa, cement exportation increased dramatically from
6.849 × 106 kg to 2.52486 × 108 kg between 2000 and 2017 [135,136]. Cement export from
the country was estimated at 2.52486 × 108 kg in 2017 and Botswana, Eswatini, Lesotho,
Mozambique, and the Dominican Republic are the top destinations for South African
cement exports [135]. Cement imports in South Africa remained relatively stable between
2000 and 2005. There was a dramatic increase in cement importation (1.16868 × 108 kg) in
2006 and 2007 due to the World Cup infrastructure preparations, significant investment
in low-cost residential housing and the Gautrain construction. At the same time, in 2017,
South Africa imported 1.8771 × 107 kg of cement from Pakistan, United Arab Emirates,
Egypt, Turkey, Tunisia, Saudi Arabia, and China [136].

Real gross domestic product (real GDP) is an inflation-adjusted measure of all goods
and services produced by an economy over a particular period (expressed in base-year
prices). It is also known as constant price GDP, constant dollar GDP or inflation-corrected
GDP. Real GDP makes it easier to compare GDP between years because it compares the
quantity and value of goods and services. According to World Economics figures [132],
South Africa’s real GDP was valued at USD 430 billion in 2019 and dropped to USD
400 billion at the end of 2020 due to the COVID-19 global pandemic.

4.4. Model Fitting for Cement Production and Real GDP in the South African Cement Industry
from 2000 to 2017

The model fitting toolbox contains proper model selection measures, which makes
it possible to identify the most suitable model version based on the data. Accordingly,
model fitting is a type of model calibration that provides a pre-established framework
for further investigation and model validation. In addition, model fitting consists of
parameter estimation or identifying the parameters that best explain an existing dataset.
The model fitting also provides statistical tests for parameters of variations between groups
or situations, facilitating statistically sound evaluations [137]. The model fitting provides
information about parameter estimates in terms of errors. The results of a well-fitted model
are more accurate. The parameter estimates were derived by fitting the model using the
South African cement production data (Department of Environment) [9] and the World
Economics Real Gross Domestic Product data for South Africa [132] from 2000 to 2017. The
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model was used to fit the cement production and real GDP in USD from 2000 to 2017. The
lines in Figure 2 represent fits to that data using the SDs model. The model captures the
overall trend in cement production and GDP and is a good fit. The model is simple but
captures the dynamics.

4.5. Future Prediction of Cement Production in South Africa

Throughout this simulation, the SDs model was developed on the assumption that
there are no significant changes in government policy and decision-making for the cement
industry regarding factors such as population, GDP growth and urbanization. These factors
play a significant role in cement production in South Africa. This study analysed data from
2000 to 2040 in two steps using historical data [9]. First, the parameters were calibrated and
double-checked so that the simulation matched the real-world situation from 2000 to 2017.

Second, based on the simulation, this work predicted the future of cement production
in the South African cement industry from 2018 to 2040 (Figure 3). The total cement
production will increase from 9.80 × 109 kg in 2000 to 2.93 × 1010 kg in 2040, with a 4.86 %
annual growth rate. From the model prediction in Figure 3, cement production is nonlinear
but gradually increases between 2018 and 2040. According to our projection, the overall
cement production will reach 2.93 × 1010 kg by 2040, about 1.93 times higher than the
production level in 2018.
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A possible explanation for the long-term prediction for cement production staying
positive (increase) in the coming decades in South Africa could be due to the popula-
tion growth, economic growth, urbanization and the emergence of a middle class in the
country. Thus, the increasing demand for cement will continue until 2040 due to the
need for housing and related infrastructure, resulting in an upward cement production
trend. This agrees with some literature and reports on the prediction results of cement
production [25,90,95,133,138]. If the current cement production rate is maintained and the
current mitigation measures are used, a significant amount of CO2 is expected. Although
cement consumption is closely correlated with cement production and the number of new
installed capabilities, it is primarily a result of the future increase in the environmental
impact. The future cement production will cause cement exportation to increase while
cement importation decreases. As cement production increases, energy consumption and
CO2 emissions are also expected to increase significantly in the next few years. The cement
industry in South Africa needs to improve its energy and emissions efficiency to maintain
its current growth rate. The main improvements include more energy-efficient cooling,
milling, conveying, grinding, improved cement kilns and blending technologies that use
significant electricity.
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4.6. Major Environmental Impact Categories of Portland Cement

Carbon dioxide (CO2), nitrogen oxides (NOx), sulphur dioxide (SO2), methane (CH4)
and particulate matter (PM) are the major environmental pollutants emitted from cement
plants. The LCA concentrated on the impact assessments of global warming potential
(GWP), ozone formation (human health), fine particulate matter formation and terrestrial
acidification based on the released pollutants.

4.6.1. Analysis of Midpoint Approach of Five Production Stages

The five production processes, namely (1) clinkering (calcinations and fuel-burning);
(2) raw material usage; (3) fuel usage; (4) transportation and (5) electricity usage, were
assessed according to atmospheric impact, resource depletion and toxicity and inter-
preted to determine their environmental impact. Based on the recipe (H) midpoint
method, this study presents the total values for each environmental impact category at the
midpoint indicators.

4.6.2. Long-Term Environmental Impact of Cement Production in South Africa

From Table 4, it was discovered that the production of 1 kg of Portland cement releases
9.93 × 10−1 kg of CO2 into the atmosphere, which causes global warming. Therefore, the
total quantity of CO2 emissions emitted into the atmosphere at any given time due to
cement production in South Africa can be determined by multiplying 9.93 × 10−1 by the
total quantity of cement produced in South Africa. A similar analysis can be conducted
for other impact categories. The results of these analyses are presented in Figures 4–7. As
cement production increases, the impact categories increase; model simulations show that
these increases are nonlinear with increasing growth levels.

Table 4. The characterization midpoint method based on 1 kg Portland cement.

Impact Category Unit Portland Cement Production

1 Global warming kg CO2 eq 9.93 × 10−1

2 Stratospheric ozone depletion kg CFC11 eq 1.94 × 10−7

3 Ionizing radiation kBq Co-60 eq 9.97 × 10−3

4 Ozone formation, human health kg NOx eq 2.10 × 10−3

5 Fine particulate matter formation kg PM2.5 eq 7.93 × 10−4

6 Ozone formation, terrestrial ecosystems kg NOx eq 2.12 × 10−3

7 Terrestrial acidification kg SO2 eq 2.44 × 10−3

8 Freshwater eutrophication kg P eq 3.16 × 10−4

9 Marine eutrophication kg N eq 1.93 × 10−5

10 Terrestrial ecotoxicity kg 1,4-DB eq 1.04
11 Freshwater ecotoxicity kg 1,4-DB eq 1.58 × 10−2

12 Marine ecotoxicity kg 1,4-DB eq 2.14 × 10−2

13 Human carcinogenic toxicity kg 1,4-DB eq 2.44 × 10−2

14 Human non-carcinogenic toxicity kg 1,4-DB eq 4.97 × 10−1

15 Land use m2a crop eq 7.83 × 10−3

16 Mineral resource scarcity kg Cu eq 2.16 × 10−3

17 Fossil resource scarcity kg oil eq 1.39 × 10−1

18 Water consumption m3 1.36 × 10−3
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Figure 5. Plot showing a possible long-term environmental impact of cement production in South
Africa. Freshwater ecotoxicity measured in kg 1,4-DB eq, marine ecotoxicity measured in kg 1,4-DB
eq and human carcinogenic toxicity measured in kg 1,4-DB eq.
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Figure 6. Plot showing a possible long-term environmental impact of cement production in South
Africa. Ozone formation, human health measured in kg NOx eq, ozone formation, terrestrial ecosys-
tems measured in kg NOx eq, terrestrial acidification measured in kg SO2 eq and mineral resource
scarcity measured in kg Cu eq.
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Figure 7. Plot showing a possible long-term environmental impact of cement production in South
Africa. Fine particulate matter formation measured in kg PM2.5 eq, freshwater eutrophication
measured in kg P eq, marine eutrophication measured in kg N eq and stratospheric ozone depletion
measured in kg CFC11 eq.

Due to the increase in cement production, the environmental impact of the South
African cement industry is expected to increase in the coming decades. CO2 emissions from
the clinkering stage (clinker production), an intermediate step in the cement production
process, account for the majority of global warming caused by cement production. The
cement industry contributes about 1% of the total GHG emissions in South Africa.

In terms of environmental impacts, global warming potential (GWP) is measured
in kg CO2eq. The global warming impact from cement production will increase from
9.73 × 109 kg CO2 eq in 2000 to 2.91 × 1010 kg CO2 eq in 2040, as shown in Figure 4.
The GWP is nonlinear, as shown in Figure 4, and will slightly increase by 0.75% between
2009 and 2012, then show a consistent increase from 2013 to 2029. The result shows that
by the year 2029, the GWP will correspond to emissions of 2.96 × 1010 kg CO2 eq for
cement produced in South Africa. The dynamic of the GWP is also increasing until 2040.
Subsequently, the result shows a slow increase of 0.2% between 2030 and 2035, moving to
2.91 × 1010 kg CO2 eq in 2040 in South Africa, the highest value. The increase is from the
rise in cement production due to population and economic growth during this period. The
terrestrial ecotoxicity (TE) measured in kg 1,4-DB eq has an impact of constant increase
from 1.02 × 1010 kg 1,4-DB eq in 2000 to 3.05 × 1010 kg 1,4-DB eq in 2040, a clear upward
trend with a 240% increase during the prediction phase by 2040 and similar to the global
warming impact. In 2030, the TE will increase by 3.11 × 1010 kg 1,4-DB eq due to the annual
growth rate of cement production. CO2 and CH4 (methane) gases are strongly related to the
global warming impact from the cement kiln (calcination reaction and coal-burning process)
due to the increase in coal’s different chemical compositions and other fuel consumptions
in the kiln.

The impact of fossil resource scarcity and human non-carcinogenic toxicity on the envi-
ronment will be of 4.07 × 109 kg 1,4-DB eq and 1.46 × 1010 kg oil eq, respectively, in South
Africa by 2040. According to the environmental results, electricity production significantly
contributes to the fossil resource scarcity impact category. The depletion of fossil resources
will lead to scarcity. However, more regulation of the growth in overall energy use is
still necessary to achieve a long-term reduction goal on cement’s environmental impact.
Direct emissions from the cement kiln mainly cause global warming and acidification. SO2
and NOx are related to terrestrial acidification impact and the cement’s clinker content
determines their total value. The primary source of SO2 is coal-based sulphur oxidation in
the pre-calciner kiln process. The clinkering stage was the terrestrial acidification hotspot
point; the potential impact will increase from 2.39 × 107 kg SO2 eq in 2000 to 7.15 × 107 kg
SO2 eq in 2040.
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Acidification is a state in which the environment’s acidity degree (pH) is less than
7. The environment’s acidity level is caused by some chemical substances absorbed into
the water or soil. The ozone formation, human health and terrestrial ecosystems impact
category showed a constant increase of 5.8% and 5.9 %, respectively, during the prediction
period. It clearly shows that by 2040, total human health and terrestrial ecosystem impact
will have increased by 239% and 243%, respectively. The value of these impacts is due to
fuel and raw materials for energy production (electricity and fuel refining).

Fine particulate matter (PM2.5.) is released during the cement production process,
from the extraction to the packaging and loading process. The FPM will increase from
7.77 × 106 kg PM2.5 eq in 2000 to 2.32 × 107 kg PM2.5 eq in 2040 as shown in Figure 7, due
to the energy consumption (coal and electricity) used in the sector. Similarly, freshwater
eutrophication will increase from 3.09 × 106 kg P eq in 2000 to 9.26 × 106 kg P eq in 2040.
Additionally, NOx emissions are the main contributor to eutrophication. The main cause of
NOX is rotary kilns.

Global warming potential has been the cement industry’s major focus on environ-
mental impact for years. Therefore, the decisions made by the industry now to address
the environmental impact reduction will have effects far beyond 2040. As a result, the
cement industry must respond to this problem by adopting these policies. To begin with,
companies must gradually reduce CO2 emissions by:

Supplementary cementitious materials (SCMs)—switching to cement with lower
clinker content, i.e., using composite cement with fly ash from coal or blast furnace slag;

Increase the use of alternative fuels such as bio-based, low-carbon or waste fuels that
reduce CO2 emissions;

Implementing energy-efficiency improvements, i.e., improving equipment and shut-
ting down inefficient plants.

Substituting cement with SCMs reduces the environmental impact of cement produc-
tion [139,140]. However, it must be taken into consideration that when comparing different
SCMs, the substitution level is not directly related to their environmental impact. Different
system boundaries, such as cradle-to-grave and cradle-to-gate, can significantly change the
relationship between substitution level and environmental impact.

Second, the cement industry must significantly increase its research and development
(R&D) fund at a much greater level than it does currently to reduce its long-term envi-
ronmental impact. Developing highly novel low-CO2 strategies, products and low-CO2
business initiatives must be the main focus of this R&D. Among these initiatives are those
capturing CO2 and sequestering it, co-producing electricity and cement with low CO2 facil-
ities. The use of nanotechnology in the cement industry can make up for the shortcomings
of using SCMs for cement substitutes. Nanotechnology is the application of materials with
dimensions smaller than 100 nanometers. Using nanomaterials, such as nano TiO2, nano
SiO2, nano Fe2O3, nano CaCO3, nano Al2O3, nano Zr2O3 and nano-graphene (CNTs and
CNFs), which are 10,000 times smaller than a cement particle, has the potential to reduce
cement’s environmental impact.

The future cement environmental impact could be decreased if initiatives and tech-
nologies are implemented within the cement sector, albeit the cost of implementation
is expected to be high. The waste heat recovery from cement kilns could be one of the
technologies for future cement plant’s environmental impact reduction. In addition to
cement environmental impact reduction, renewable energy sources such as biomass can
also reduce GHG emissions caused by burning fossil fuels. Limestone calcination and fuel
use in the kiln are the primary sources of fossil CO2 emissions. Using biomass fuel in the
kiln leads to zero biogenic emissions as CO2 is absorbed during biomass growth. Aside
from changing from non-renewable to renewable energy (fuels), changing or lowering
the content of clinker in cement and employing alternative materials will reduce fossil
CO2 emissions. The above suggestions might be challenging to implement and require
advanced technologies, but they can serve as a general framework for future research.
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5. Conclusions

In this study, we used a system dynamics mathematical model with the LCA method-
ology to assess the environmental impacts of the South African cement industry. To the
best of our knowledge, there is no research of this type regarding long-term projections of
environmental impact and future dynamics of cement production (i.e., 2040). While pro-
viding predictions of the possible long-term environmental impacts and future dynamics
of cement production in South Africa, the LCA–SD model is used as proof of concept to
demonstrate its innovative worth.

For this analysis, the LCA characterisation result at the midpoint [114] was integrated
with a system dynamics model to predict the future long-term environmental impacts
of cement production. This study used the SimaPro 9.1.1 LCA software Amersfoort,
Netherlands, PRé Consultants and system dynamics in the form of a mathematical model.
Cement plants are located in or near urban centres in many developed and developing
countries, including South Africa, affecting public health and the environment. With the
increase in cement production, environmental impact is expected to exceed critical levels.
The model predicted the cement production’s environmental impact in South Africa for
492 months between 2000 and 2040. Environmental impact from cement plants affects many
interconnected factors, including the population and GDP growth rates, cement production,
cement exports, cement imports, clinker use and the energy consumed. Cement production
is expected to increase between 2018 and 2040. A system dynamics model was developed
and parameterised using data from 2000 to 2017 and scenarios simulated numerically for a
40-year period, starting in 2000. The predicted cement production is presented in Figure 3.
The amount of cement production will potentially increase from 1.63 × 1010 kg in 2018 to
3.20 × 1010 kg by 2040. The increase in cement production driven mainly by urbanization,
economic activity in South Africa, growth in GDP and industrialization is predicted to
increase environmental impact.

Figures 4–7 show the simulation results showing the potential long-term environmen-
tal impact of cement production in the South African cement plant. The possible long-term
impact of global warming will increase from 9.73 × 109 kg CO2 eq in 2000 to 2.91 × 1010 kg
CO2 eq by 2040, ozone formation, human health will increase from 2.06 × 107 kg NOx eq in
2000 to 6.15 × 107 kg NOx eq by 2040, fine particulate matter formation will increase from
7.77 × 106 kg PM2.5 eq in 2000 to 2.32 × 107 kg PM2.5 eq by 2040 and terrestrial acidification
will increase from 2.39 × 107 kg SO2 eq in 2000 to 7.15 × 107 kg SO2 eq by 2040. Figures 4–7
shows a similar trend. If no new policy is adopted, global warming potential in terms of
CO2 emissions will continue to increase as cement production increases in South Africa
from 9.73 × 109 kg CO2 eq in 2000 to 2.91 × 1010 kg CO2 eq in 2040. The model can be used
to predict and estimate future trends in cement production and long-term environmental
impacts and CO2 emission reductions in the cement industries. All the environmental
impacts shown in Figures 4–7 present an increase in effects by the end of 2040. Cement
production growth is connected to the country’s industrialization, economic activity and
infrastructure development. The life cycle assessment of cement production “from cradle
to gate” processes help to identify the hotspot of the impact category at the midpoint and
predict the long-term environmental impact of cement production in South Africa to meet
the needs for sustainable development. By 2040, the model’s predicted GWP, TA, HCT
and PMF impact categories would increase by three times the current levels. The trend
observed for all impact categories is similar to cement production. Global warming is
caused by CO2 emissions which are one of the major GHG emissions.

As shown in Figure 3, the increasing demand for cement in the future due to infras-
tructure will negatively impact our environment as cement production increases. With
demand for cement in residential, commercial and industrial constructions, the global
warming impact is expected to exceed 3.30 × 1010 kg CO2 eq in 2040. According to the
International Energy Agency (IEA), global cement plants will emit 2.34 billion tons of CO2
by 2050. As a result, policymakers could create effective international policy instruments
that facilitate the rapid and cost-effective adoption of the best available technologies (BATs)
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and innovation. However, cement environmental impact can be mitigated by implementing
environmental laws through the government agency, supporting the cement industry to
use new technology through encouraging policies. In addition to population growth and
economic development, cement production is also affected by GDP level and urbanization.
Hence, cement environmental impact can be mitigated by controlling population growth.

Additionally, these results indicate that the cement industry will need to develop
new technology and cementitious products to achieve more considerable environmental
impact reductions by 30% by 2040, when global cement demand is likely to increase
substantially, and climate policies might tighten as well. If cutting-edge control methods
are utilized, there is the potential to significantly reduce the global warming impact of
South Africa’s cement sector. The partial substitution of supplementary cementitious
materials (SCMs) for Portland cement in finished cement products such as eco-blended
cement should be encouraged to improve production technologies. Other measures include
using low-environmental impact modes of transportation or moving resources/materials,
goods, labour and equipment across shorter distances which can reduce transportation
impact. Changing the electricity mix by converting fossil fuels (primary energy sources)
into renewable energy should be considered at the national level.

Based on our projection, the following mitigation decisions could reduce the long-term
environmental impacts of cement production. We suggested reducing the amount of clinker
used or increasing the use of clinker substitutes as the most promising cement impact
mitigation policy. This can be either low-carbon eco-blended or alternative Portland cement
clinkers. Geopolymer cement is another emerging cement technology. Adopting cutting-
edge technologies such as CCS and alternative types of binders such as geopolymers and
clay cement will help to reduce cement greenhouse gas emissions. However, geopolymer
cement is of less use since it does not reduce emissions as much as extended eco-blends
and there are not enough clay deposits in South Africa to produce clay cement. Overall,
these options provide long-term emission mitigations in cement production but are often
not cost-effective. Clinker replacements, fuel switching and energy efficiency are essential
and require additional investigation. The SCMs for clinker substitutes include industrial
by-products and waste such as fly ash from the coal industry and blast-furnace slags
from the steel industry. These by-products can be used for the production of eco-blended
cement. The blast-furnace slag and fly ash eco-blended cement have the potential to reduce
carbon emissions from cement production, have the same performance as traditional
Portland cement and are also cost-effective. Eco-blended cement products reduce the carbon
footprint of cement production by substituting high levels of clinker with various SCMs.

Carbon taxes (carbon pricing): this includes subsidies for emerging technologies, the
removal of fossil fuel subsidies, subsidies for alternative fuels and technology development,
which are proposed policies based on our projection to reduce the long-term environmental
impacts of cement. The carbon budgets and carbon tax policies currently proposed by
the Department of Environmental Affairs (DEAs) [68] and the National Treasury [141,142]
in South Africa are important in reducing cement production’s environmental impact.
By introducing a carbon tax, alternative cement with low carbon emissions will become
more attractive. Cement producers may reduce carbon tax liability by switching to eco-
blended cement replacement clinker with supplementary cementitious materials (SCMs).
Implementing carbon pricing legislation will make alternative fuels and SCMs more widely
used. Using SCMs in eco-blended cement production has already saved 500 Mt of CO2
worldwide. Increasing the use of SCMs to produce eco-blended cement can further reduce
cement production’s environmental impact.

Carbon taxes will induce South African industrial waste producers to invest in waste
management and handling to maintain uniformity and raw material quality. A slag-based
eco-blend cement, for instance, allows for the high substitution of clinker, which reduces
emissions, but South African regulations limit clinker substitution to 35%. In order to
increase the substitution level of clinker to reduce cement’s environmental impact, existing
policies that limit clinker substitution to 35% in South Africa need to be amended. This will
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help the cement industry to benefit from lower cement production costs and environmental
impact reduction.

Overall, this research demonstrates how scenario prediction models linked to LCA
analysis can be used to emphasize the requirements for improved cement production
systems in South Africa to reduce harmful pollutant emissions.
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24. Mikulčić, H.; Klemeš, J.J.; Vujanović, M.; Urbaniec, K.; Duić, N. Reducing greenhouse gasses emissions by fostering the
deployment of alternative raw materials and energy sources in the cleaner cement manufacturing process. J. Clean. Prod. 2016,
136, 119–132. [CrossRef]

25. Hasanbeigi, A.; Price, L.; Lin, E. Emerging energy-efficiency and CO2 emission-reduction technologies for cement and concrete
production: A technical review. Renew. Sustain. Energy Rev. 2012, 16, 6220–6238. [CrossRef]

26. Mahasenan, N.; Smith, S.; Humphreys, K. The Cement Industry and Global Climate Change Current and Potential Future Cement
Industry CO2 Emissions. In Proceedings of the Greenhouse Gas Control Technologies—6th International Conference, Kyoto,
Japan, 1–4 October 2003; pp. 995–1000.

27. David, J.; Flower, M.; Sanjayan, J.G. Green house gas emissions due to concrete manufacture. Int. J. Life Cycle Assess. 2007, 12, 282.
28. Hossain, U.; Poon, C.S.; Lo, I.M.; Cheng, J.C. Comparative LCA on using waste materials in the cement industry: A Hong Kong

case study. Resour. Conserv. Recycl. 2017, 120, 199–208. [CrossRef]
29. Napp, T.; Gambhir, A.; Hills, T.; Florin, N.; Fennell, P. A review of the technologies, economics and policy instruments for

decarbonising energy-intensive manufacturing industries. Renew. Sustain. Energy Rev. 2014, 30, 616–640. [CrossRef]
30. Worrell, E.; Kermeli, K.; Galitsky, C. Energy Efficiency Improvement and Cost Saving Opportunities for Cement Making an ENERGY

STAR®Guide for Energy and Plant Managers; EPA-United States Environmental Protection Agency: Washington, DC, USA, 2013.
31. Hendriks, C.A.; Worrell, E.; De Jager, D.; Blok, K.; Riemer, P. Emission reduction of greenhouse gases from the cement industry.

In Proceedings of the Fourth International Conference on Greenhouse Gas Control Technologies, IEA GHG R&D Programme,
Interlaken, Switzerland, 30 August–2 September 1998; pp. 939–944.

32. Humphreys, K.; Mahasenan, M. Towards a Sustainable Cement Industry. Substudy 8: Climate Change; World Business Council for
Sustainable Development: Conches-Geneva, Switzerland, 2002.

33. Sarker, P. A constitutive model for fly ash-based geopolymer concrete. Archit. Civ. Eng. Environ. 2008, 1, 113–120.
34. Zhang, L.; Mabee, W.E. Comparative study on the life-cycle greenhouse gas emissions of the utilization of potential low carbon

fuels for the cement industry. J. Clean. Prod. 2016, 122, 102–112. [CrossRef]
35. Ishak, S.A.; Hashim, H.; Ting, T.S. Eco innovation strategies for promoting cleaner cement manufacturing. J. Clean. Prod. 2016,

136, 133–149. [CrossRef]
36. Tesema, G.; Worrell, E. Energy efficiency improvement potentials for the cement industry in Ethiopia. Energy 2015, 93, 2042–2052.

[CrossRef]
37. Karstensen, K.; Engelsen, C.; Ng, S.; Saha, P.; Malmedal, M. Cement manufacturing and air quality. Compr. Anal. Chem. 2016, 73,

683–705.
38. Rodrigues, F.; Joekes, I. Cement industry: Sustainability, challenges and perspectives. Environ. Chem. Lett. 2011, 9, 151–166.

[CrossRef]
39. Potgieter, J.H. An Overview of Cement production: How “green” and sustainable is the industry? Environ. Manag. Sustain. Dev.

2012, 1, 14–37. [CrossRef]
40. Barcelo, L.; Kline, J.; Walenta, G.; Gartner, E. Cement and carbon emissions. Mater. Struct. 2013, 47, 1055–1065. [CrossRef]
41. Scrivener, K.L.; John, V.M.; Gartner, E.M. Eco-Efficient Cements: Potential Economically Viable Solutions for a Low-CO2 Cement-Based

Materials Industry; United Nations Environment Program: Nairobi, Kenya, 2016.
42. Brown, D.; Sadiq, R.; Hewage, K. An overview of air emission intensities and environmental performance of grey cement

manufacturing in Canada. Clean Technol. Environ. Policy 2014, 16, 1119–1131. [CrossRef]
43. Liu, J.; Zhang, S.; Wagner, F. Exploring the driving forces of energy consumption and environmental pollution in China’s cement

industry at the provincial level. J. Clean. Prod. 2018, 184, 274–285. [CrossRef]
44. Chinyama, M.P. Alternative fuels in cement manufacturing. Altern. Fuel 2011, 2011, 263–284. Available online: https://www.

intechopen.com/chapters/17593 (accessed on 1 October 2022).

https://www.iea.org/fuels-and-technologies/cement
https://news.climate.columbia.edu/2012/05/09/emissions-from-the-cement-industry
http://doi.org/10.1016/j.jclepro.2015.11.078
http://doi.org/10.1016/j.jclepro.2012.10.049
http://doi.org/10.1016/j.jclepro.2016.04.145
http://doi.org/10.1016/j.rser.2012.07.019
http://doi.org/10.1016/j.resconrec.2016.12.012
http://doi.org/10.1016/j.rser.2013.10.036
http://doi.org/10.1016/j.jclepro.2016.02.019
http://doi.org/10.1016/j.jclepro.2016.06.022
http://doi.org/10.1016/j.energy.2015.10.057
http://doi.org/10.1007/s10311-010-0302-2
http://doi.org/10.5296/emsd.v1i2.1872
http://doi.org/10.1617/s11527-013-0114-5
http://doi.org/10.1007/s10098-014-0714-y
http://doi.org/10.1016/j.jclepro.2018.02.277
https://www.intechopen.com/chapters/17593
https://www.intechopen.com/chapters/17593


Atmosphere 2022, 13, 1788 22 of 25

45. Rahman, A.; Rasul, M.; Khan, M.; Sharma, S. Recent development on the uses of alternative fuels in cement manufacturing
process. Fuel 2015, 145, 84–99. [CrossRef]

46. Georgiopoulou, M.; Lyberatos, G. Life cycle assessment of the use of alternative fuels in cement kilns: A case study. J. Environ.
Manag. 2018, 216, 224–234. [CrossRef]

47. Fund, W.W. Cement sector: Life cycle optimisation service. In Emerging Climate-Smart Business Opportunities; World Wide Fund
for Nature: Johannesburg, South Africa, 2018. Available online: https://wwfafrica.awsassets.panda.org/downloads/wwf_
2018_cement_sector_life_cycle_optimisation_service.pdf?25461/Cement-Sector-Life-Cycle-Optimisation-Service (accessed on
1 October 2022).

48. Usón, A.A.; López-Sabirón, A.M.; Ferreira, G.; Sastresa, E.L. Uses of alternative fuels and raw materials in the cement industry as
sustainable waste management options. Renew. Sustain. Energy Rev. 2013, 23, 242–260. [CrossRef]

49. Ristimäki, M.; Säynäjoki, A.; Heinonen, J.; Junnila, S. Combining life cycle costing and life cycle assessment for an analysis of a
new residential district energy system design. Energy 2013, 63, 168–179. [CrossRef]

50. Ma, F.; Sha, A.; Yang, P.; Huang, Y. The Greenhouse Gas Emission from Portland Cement Concrete Pavement Construction in
China. Int. J. Environ. Res. Public Health 2016, 13, 632. [CrossRef]

51. Feiz, R.; Ammenberg, J.; Baas, L.; Eklund, M.; Helgstrand, A.; Marshall, R. Improving the CO2 performance of cement, part I:
Utilizing life-cycle assessment and key performance indicators to assess development within the cement industry. J. Clean. Prod.
2015, 98, 272–281. [CrossRef]

52. Boughrara, S.; Aksas, H.; Louhab, K. Comparative Study of Wet and Dry Process of Cement Manufacturing Using Life Cycle Assessment
Approach; University of Boumerdes: Boumerdes, Algeria, 2014.

53. Ali, A.; Negm, A.; Bady, M.; Ibrahim, M. Effect of Fuel Type on the life cycle of Egyptian cement industry: Environmental
impact assessment approach. In Proceedings of the Asian Conference on Sustainability, Energy & the Environment, Osaka, Japan,
12–15 June 2014; Volume 4.

54. Ali, A.A.M.; Negm, A.M.; Bady, M.F.; Ibrahim, M.G.E.; Suzuki, M. Environmental impact assessment of the Egyptian cement
industry based on a life-cycle assessment approach: A comparative study between Egyptian and Swiss plants. Clean Technol.
Environ. Policy 2016, 18, 1053–1068. [CrossRef]

55. Koelling, P.; Schwandt, M.J. Health systems: A dynamic system-benefits from system dynamics. In Proceedings of the Winter
Simulation Conference, Orlando, FL, USA, 4 December 2005; p. 7.

56. Brown, G.S.; Campbell, D.P. Principles of Servomechanisms: Dynamics and Synthesis of Closed-Loop Control Systems; Wiley: Hoboken,
NJ, USA, 1948.

57. Macmillan, R.H. An Introduction to the Theory of Control in Mechanical Engineering; Cambridge University Press: Cambridge, UK, 2016.
58. Schaefer, R.G. Introduction to Servomechanisms; University of Wyoming: Laramie, WY, USA, 1950.
59. Forrester, J.W. Industrial Dynamics; M.I.T. Press: Cambridge, MA, USA, 1961.
60. Dong, X.; Li, C.; Li, J.; Huang, W.; Wang, J.; Liao, R. Application of a system dynamics approach for assessment of the impact of

regulations on cleaner production in the electroplating industry in China. J. Clean. Prod. 2012, 20, 72–81. [CrossRef]
61. Gartner, E.; Hirao, H. A review of alternative approaches to the reduction of CO2 emissions associated with the manufacture of

the binder phase in concrete. Cem. Concr. Res. 2015, 78, 126–142. [CrossRef]
62. Gartner, E. Industrially interesting approaches to “low-CO2” cements. Cem. Concr. Res. 2004, 34, 1489–1498. [CrossRef]
63. Scrivener, K.L. Options for the future of cement. Indian Concr. J. 2014, 88, 11–21.
64. Díaz, Y.C.; Berriel, S.S.; Heierli, U.; Favier, A.; Machado, I.R.S.; Scrivener, K.L.; Hernández, J.F.M.; Habert, G. Limestone calcined

clay cement as a low-carbon solution to meet expanding cement demand in emerging economies. Dev. Eng. 2017, 2, 82–91.
[CrossRef]

65. Turner, L.K.; Collins, F.G. Carbon dioxide equivalent (CO2-e) emissions: A comparison between geopolymer and OPC cement
concrete. Constr. Build. Mater. 2013, 43, 125–130. [CrossRef]

66. Ishak, S.A.; Hashim, H. Low carbon measures for cement plant–A review. J. Clean. Prod. 2015, 103, 260–274. [CrossRef]
67. Shekhovtsova, J. Using South African Fly Ash as a Component of Alkali-Activated Binder. Ph.D. Thesis, University of Pretoria,

Pretoria, South Africa, 2015.
68. DEA. South Africa’s Greenhouse Gas (GHG) Mitigation Potential Analysis; Department of Environmental Affairs: Pretoria, South

Africa, 2014. Available online: https://www.dffe.gov.za/sites/default/files/docs/appendixA_approachandmethodology.pdf
(accessed on 1 October 2022).

69. Çankaya, S.; Pekey, B. A comparative life cycle assessment for sustainable cement production in Turkey. J. Environ. Manag. 2019,
249, 109362. Available online: https://www.sciencedirect.com/science/article/pii/S0301479719310710?via%3Dihub (accessed
on 16 August 2022). [CrossRef] [PubMed]

70. García-Gusano, D.; Herrera, I.; Garraín, D.; Lechón, Y.; Cabal, H. Life cycle assessment of the Spanish cement industry:
Implementation of environmental-friendly solutions. Clean Technol. Environ. Policy 2015, 17, 59–73. [CrossRef]

71. Tun, T.Z.; Bonnet, S.; Gheewala, S.H. Life cycle assessment of Portland cement production in Myanmar. Int. J. Life Cycle Assess.
2020, 25, 2106–2121. [CrossRef]

72. Chen, C.; Habert, G.; Bouzidi, Y.; Jullien, A. Environmental impact of cement production: Detail of the different processes and
cement plant variability evaluation. J. Clean. Prod. 2010, 18, 478–485. [CrossRef]

http://doi.org/10.1016/j.fuel.2014.12.029
http://doi.org/10.1016/j.jenvman.2017.07.017
https://wwfafrica.awsassets.panda.org/downloads/wwf_2018_cement_sector_life_cycle_optimisation_service.pdf?25461/Cement-Sector-Life-Cycle-Optimisation-Service
https://wwfafrica.awsassets.panda.org/downloads/wwf_2018_cement_sector_life_cycle_optimisation_service.pdf?25461/Cement-Sector-Life-Cycle-Optimisation-Service
http://doi.org/10.1016/j.rser.2013.02.024
http://doi.org/10.1016/j.energy.2013.10.030
http://doi.org/10.3390/ijerph13070632
http://doi.org/10.1016/j.jclepro.2014.01.083
http://doi.org/10.1007/s10098-016-1096-0
http://doi.org/10.1016/j.jclepro.2011.08.014
http://doi.org/10.1016/j.cemconres.2015.04.012
http://doi.org/10.1016/j.cemconres.2004.01.021
http://doi.org/10.1016/j.deveng.2017.06.001
http://doi.org/10.1016/j.conbuildmat.2013.01.023
http://doi.org/10.1016/j.jclepro.2014.11.003
https://www.dffe.gov.za/sites/default/files/docs/appendixA_approachandmethodology.pdf
https://www.sciencedirect.com/science/article/pii/S0301479719310710?via%3Dihub
http://doi.org/10.1016/j.jenvman.2019.109362
http://www.ncbi.nlm.nih.gov/pubmed/31408814
http://doi.org/10.1007/s10098-014-0757-0
http://doi.org/10.1007/s11367-020-01818-5
http://doi.org/10.1016/j.jclepro.2009.12.014


Atmosphere 2022, 13, 1788 23 of 25

73. Li, C.; Cui, S.; Nie, Z.; Gong, X.; Wang, Z.; Itsubo, N. The LCA of Portland cement production in China. Int. J. Life Cycle Assess.
2021, 20, 117–127. [CrossRef]

74. Thwe, E.; Khatiwada, D.; Gasparatos, A. Life cycle assessment of a cement plant in Naypyitaw, Myanmar. Clean. Environ. Syst.
2021, 2, 100007. [CrossRef]

75. Morsali, S. Emissions from portland cement production using life cycle assessment inventory and method. Environ. Energy Econ.
2016, 1, 1–8.

76. Song, D.; Chen, B. A Life Cycle Modeling Framework for Greenhouse Gas Emissions of Cement Industry. Energy Procedia 2014,
61, 2649–2653. [CrossRef]

77. Ansari, N.; Seifi, A. A system dynamics analysis of energy consumption and corrective policies in Iranian iron and steel industry.
Energy 2012, 43, 334–343. [CrossRef]

78. Pan, L.; Liu, P.; Li, Z. A system dynamic analysis of China’s oil supply chain: Over-capacity and energy security issues.
Appl. Energy 2017, 188, 508–520. [CrossRef]

79. Feng, Y.; Chen, S.; Zhang, L. System dynamics modeling for urban energy consumption and CO2 emissions: A case study of
Beijing, China. Ecol. Model. 2013, 252, 44–52. [CrossRef]

80. Gu, S.; Fu, B.; Thriveni, T.; Fujita, T.; Ahn, J.W. Coupled LMDI and system dynamics model for estimating urban CO2 emission
mitigation potential in Shanghai, China. J. Clean. Prod. 2019, 240, 118034. [CrossRef]

81. Onat, N.C.; Egilmez, G.; Tatari, O. Towards greening the U.S. residential building stock: A system dynamics approach. Build.
Environ. 2014, 78, 68–80. [CrossRef]

82. Proaño, L.; Sarmiento, A.T.; Figueredo, M.; Cobo, M. Techno-economic evaluation of indirect carbonation for CO2 emissions
capture in cement industry: A system dynamics approach. J. Clean. Prod. 2020, 263, 121457. [CrossRef]
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