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Abstract

Cement is one of the most produced materials globally. The cement industry faces
significant environmental challenges due to high raw materials usage and energy
consumption, resulting in emissions that are global and local environmental concerns.
The industry faces challenges globally in reducing its carbon dioxide (CO2) emissions
while saving material and energy resources. The cement industry contributes to high
global greenhouse gas (GHG) emissions due to the calcination of raw materials and fuel
burning. Globally, cement plants are among the sectors with the highest energy
consumption and the highest release of potentially harmful health-threatening carbon
dioxide (CO2), nitrogen oxides (NOx), sulphur dioxide (SOz2), and dust particles. This study
focused on Portland cement production and environmental impact-related problems and
found the best ways to discuss the potential policies and scenarios to reduce CO:
emissions and ensure sustainable cement production while maintaining the strength of
the equipment and the quality of the plant production requirement. Since the cement
industry's environmental impacts are expected to increase, assessing the cement
production and carbon emissions produced at each stage of the cement life cycle is

compulsory to mitigate these environmental impacts.

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. In this thesis, the first step uses life cycle impact assessment (LCIA)
based on the Recipe 2016 v 1.04 midpoint and endpoint methods to investigate the
environmental impact of 1 kg of Portland cement produced in South Africa using
Ecoinvent database v3.7.1, integrated with SimaPro 9.1.1. software to assess the impact
categories. The study was conducted using data modelled from South African cement
plants and uses a cradle-to-gate system boundary. The integration method 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. The data on South Africa’s real GDP in US dollars were obtained from World
Economics. The LCA-SD framework of cement production in South Africa involves three

main stages, (i) gathering data for key LCA processes, (ii) assessing the impacts of
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production processes using LCA SimaPro 9.1.1 software and (iii) integrating the results
of the LCIA as input variables with system dynamics (SD) to predict the possible future
dynamic and long-term environmental impact of cement production in South Africa. An
integrated LCA-SD methodology is used to assess and predict the environmental impacts

of the cement industry.

This research uses the LCA method together with the system dynamics framework in the
form of a mathematical model to study how to reduce GHGs in cement production. The
possible dynamics of cement production and the long-term environmental impact of
cement production in South Africa were investigated using these methods. 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 CO:2
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
ed. and 93% of CFC-11 eq. In the midpoint method, CO: is the most significant pollutant
released. Among the three main damage categories in the endpoint method, human
health is the most affected by releasing substances into the air during Portland cement
production. The clinkering stage is the most harmful production stage for human health

and the ecosystem since it produces the highest amounts of CO2 gas.

From our projections, the pollutant outputs of cement production in South Africa will
approximately double by the year 2040, with the associated long-term impact of an
increase in global warming. The proposed LCA-SD model methodology 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, several policy changes are
suggested for reducing emissions, such as introducing more eco-blended cement

production, carbon budgets and carbon tax.
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CHAPTER 1 : Introduction

1.1 Introduction

Global environmental issues, such as global warming (climate change) and resource
depletion, have been among the human race's most difficult worries since the nineteenth
century [1]. Numerous new technologies, including electricity, were developed during the
second industrial revolution, increasing the demand for fossil fuel energy [2]. Today,
energy is considered one of the most critical factors in the formation and development of
industrial society. Energy is among the most debated topics in economics and the most
important subject in the economics literature. The energy crisis is among the crucial
problems facing the world recently, involving the scarcity of energy supplies and
increases in daily energy consumption. The inputs used in producing most goods and
services are energy, raw material capital and labour [3]. Governments and international
organisations have begun to move toward sustainability goals due to the world
population’s rapid growth, rising energy demands, fossil fuel limitations and the threats of
greenhouse gas (GHG) emissions that lead to global warming. The industrial sector plays
a vital part in energy consumption globally. Global warming is one of the most significant
threats to life, constant problems such as GHG emissions have been recognized as a
crucial hazard to humanity and the environment. Since energy production uses fossil
fuels, such as coal, petroleum, crude oil, and natural gas products that produce carbon
dioxide (COg), the environmental effects are critical. Between 1750 and 2005, CO:

emissions contributed the most to climate change [4, 5].

Energy is essential for economic development globally and the lack of adequate energy
iS @ major concern in energy-intensive industries. The cement industry accounts for a
substantial share of these energy-intensive industries. It emits dangerous health-
threatening greenhouse gases (GHGs) such as carbon dioxide (CO32), sulphur dioxide
(SO2), and nitrogen oxides (NOx). These gases are released mainly from the burning of
fossil fuels during the production of cement. The sector is essential because cement is
the main constituent needed in the construction industry. In recent years, energy
consumption in cement production and the associated environmental impact has

increased. Concerns around industrial energy consumption and its harmful environmental
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effects have led manufacturers to set up energy management teams. The cement sector
will continue to play a pivotal role in expanding global economies with increased housing
and modern infrastructure requirements. Cement production is expected to increase by
more than 5 billion tons by 2030 [6]. This forced the cement industry to produce enormous
amounts of cement products to meet the demand, classifying cement production as an
intense industry in terms of energy and environmental impact. However, the sector is
facing many environmental impacts. Thus, knowledge of the long-term environmental
impact of cement production is required because the energy and materials consumed in

the process are increasing.

Environmental impact has become a priority for both the government and the private
sector [7]. Also, Global warming is one of the most critical environmental issues of the
21st century, with significant effects on human health, the environment and the global
economy. Due to the enormous raw materials and energy consumption in cement
production, the industry is considered as one of the industries that cause natural resource
depletion and negative environmental impacts [8, 9]. The cement industry is an energy-
consuming subsector that causes an environmental impact at every production stage [10].
The total energy consumption of the cement production process is heavily reliant on
electricity and coal usage [11]. CO2z emissions have increased since the second industrial
revolution due to energy demands via combustion. For example, fossil/coal-generated
energy results in massive CO2emissions from industrial processes such as cement. CO2
emissions have significantly contributed to global warming, which has led to different
efforts, strategies, and policies worldwide to mitigate CO2 emissions, including the Paris
Agreement [12, 13]. Over 195 countries have signed the Paris Agreement, including
South Africa, as of 2015 [12, 14]. These parties seek to reduce CO2 emissions by at least
2°C or less to achieve a global temperature. As a result of the inherent carbon-intensive
nature of the industry, cement producers are under pressure to make long-term process
changes and adopt a more sustainable environment. Therefore, this work seeks to predict
the future dynamics of cement production and the long-term environmental impact using
an integrated LCA-SD framework for the cement industry in South Africa and to find

potential mitigation strategies and policies to reduce the GHGs produced.



1.2 Research Background

The word "cement"” involves a variety of substances used as binders or adhesives and
it's produced in large volumes. Portland cement is the most produced and widely used
for buildings, bridges, roads, construction, dams, and other infrastructure. A sustainable
environment cannot be built without cement, as it is essential in many areas of life. The
cement production process is a multiplex processing that uses a large amount of raw
materials (Limestone), fuels (energy thermal), and electricity, as well as auxiliaries such
as water and air [15-18]. It takes about 110 kWh of electricity and 60 to 130 kg of fuel oil
to produce one tonne of cement, depending on the cement type and the manufacturing
process [19, 20]. As we all know, cement is among the widely used construction materials
and Portland cement is commonly used as a binder constituent. Continuous increase in
cement demand cause the use of aggregate (limestone) to increase since limestone is

an essential component of Portland cement [21, 22].

The production of Portland cement needs a substantial amount of energy and significantly
impacts global GHGs emissions. Portland cement production is currently under
examination due to the environmental pollution from coal, anthropogenic pollutant
emissions and raw materials mining activities. The cement industry ranks as the second
largest anthropogenic source of GHGs after the steel industry [23-25]. The sector
accounts for 5% of total GHGs emissions globally [23, 26, 27]. Recently, GHGs and their
impact on the climate and threats to the environment have received much attention
regarding policy, legislation and public call for technological solutions for their reduction

and removal.

1.3 Global Cement Production
Demand for cement is increasing globally due to population growth and urbanization.
According to Olivier et al. [28], the global demand for cement is over 4 billion tons per
year, equivalent to 4 billion tons of CO2released into the atmosphere [29]. In 2012, global
cement production in 2012 was about 3700.0 Mt. China produced 2150.0 Mt., followed
by India with 250.0 Mt and the United States came in third with 74.0 Mt [30]. Global
cement production continued to increase in 2016 at around 4650 Mt, with China
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accounting for 52% and the rest of the world accounting for 48% [31]. As of 2019, global
cement production is estimated at nearly 4.1 billion tons due to higher growth rates in
China and India's continuous growth as shown in Figure 1.1 [32] and it is expected to
increase by 1.3-1.4%, reaching about 4.83 billion tons in 2030 [33].

CEMBUREAU
2.6% 4.3% 1.6%

-~

7...8% | [r
5%' | ~

14.1%
56.2%

Figure 1-1 Global cement production [32].

However, volume for these two major players is highly uncertain. The world's cement
production continues to be dominated by China, which produces roughly 56% of the
world's cement. In comparison, the EU28 with 4.4% and The European Cement
Association (Cembureau) members with 5.9% produce much less cement worldwide, as
shown in Figure 1.1 [32]. As a result of the Covid-19, global cement production fell by
0.04% vyearly to 4170.13 Mt, with many cement producers forced to close their plants
temporarily [34].

During the 21st century, energy consumption has increased rapidly, resulting in the
depletion of non-renewable resources [35]. CO2 emissions, energy consumption and
pollution, are the determining factors within the subsector. Since the cement is the

product, most used in the construction and building industry, it is crucial to understand



the environmental impact and cement production trends for future energy use
developments, related GHGs emission and mitigation opportunities.

Most of the energy used in cement production comes from burning fossil fuels. A study
by the Intergovernmental Panel on Climate Change (IPCC) [36, 37] indicated that from
1750 until 2011, fossil fuel combustion and cement production produced approximately
375 GtC annually. Cement production is expected to rise further in the coming years due
to economic growth and increased urbanization in developing countries. Global
anthropogenic greenhouse gases (GHG) emissions are shown in Figure 1.2. In 2010, the
total GHG emissions released by electricity and heat production and other energy sectors
was 35%, AFOLU 24%, industry 21%, transportation 14% and the building sector 6.4%
[37], as shown in Figure 1.2.

B Electricity and Heat
production
B AFOLU B Energy
¥ Industry
W Buildings B Transport
W Buildings
Transport ,
BAFOLU
B Industry

Direct emissions Indirect emissions
Figure 1-2 Greenhouse gas emissions by economic sectors [36, 37]

Electricity and heat production (25%), industry (21%) and transportation (14%) are the
three economic sectors that contribute the most direct global GHG emissions. As shown
in Figure 1.2, they represent 60% of direct global GHG emissions. Technological

improvements could reduce the impact of these three economic sectors' anthropogenic



GHG emissions. Therefore, it would be reasonable to anticipate that these economic
sectors will likely contribute less GHG emissions in the nearest future. The industrial
sector faces a lot of challenges in terms of reducing GHG emissions. While indirect GHG
emissions mainly come from buildings (12%) and industry (11%) [37]. When direct and
indirect GHG emissions from both economic sectors are considered, the impact of
buildings (18.4%) and industry (32%) becomes significant.

The average emissions of fossil fuels and cement production between 2002 and 2011
increased by 3.2% (from 7.6 to 9.0 GtC). This is significantly higher than the annual
growth rate in the 1990s, which was only 1%. As of 2011, fossil fuel emissions reached
9.5 GtC per year [2]. Fossil fuel burning continues to be the primary source of global CO2

emissions due to economic and population growth.

According to International Energy Agency (IEA), the direct CO:z strength of cement
production increased by 0.3% yearly between 2014 and 2017 and global cement
production is expected to increase further by 2050 due to population growth, urbanization,
and infrastructure construction [38]. The demand observed in countries such as China
and India [39], force the production of cement, pollution and GHGs emission to increase
globally. In Africa, the demographics of increasing population growth, urbanization and
economic development will also lead to increases in cement production and the

concomitant negative effects.

1.4 An overview of the South African energy sector

South Africa's geographical features are dynamic, with a coastline of about 2500 km.
Namibia surrounds South Africa along the west coast and Mozambique along the north.
South Africa is known for its fast-growing economy with advantages in natural resources,
energy and financial strengths. According to the South African Department of Energy
Statistics (DOE), the South African economy relies heavily on its rich coal resources.
Despite its influence on human health, air quality, climate change, and wildlife, coal is the
dominant energy source in South Africa. The data by DOE shows that coal accounts for
about 90% of the country's electricity generation, followed by nuclear 5.2% and natural
gas 3.2% [40].
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South Africa is rated sixth in the world regarding recoverable coal reserves and the
country's energy production depends mainly on coal [41]. South Africa is the 12th highest
CO2 emitter globally and Africa's top producer of GHGs [42]. The energy production and
distribution system in South Africa is well-planned. This plan includes short, medium and
long-term responses [43]. The short and medium-term plan includes increasing energy
generation capacity and improving Eskom power plant maintenance [44]. The long-term
plan includes finalising a master plan for long-term energy security [45]. Although South
Africa is rich in coal energy production and import, its crude oil and natural gas reserves
are limited. There are also several renewable energy sources available in the country.
The DEM report (2016) indicates that the country's abundant sunshine is being used for
potential electricity production for industrial and domestic use. The South African energy
sector contributes 15% of the national output (i.e., Gross Domestic Product, GDP), which

provides around 250,000 job opportunities for South African citizens [46].
1.5 South African cement production and consumption

As of 2016, the cement industry in South Africa has a total installed capacity of 21.7 million
tonnes, but nearly 4 million tonnes of this capacity are idle [47]. In the South African
cement industry, Portland cement is the most used binder for recycling works in
construction and mortars due to its price, availability, and ability to stabilize pavement
materials [48]. Portland cement production in South Africa represents 0.57% of the total
global cement produced [49]. Portland cement and its many blends are examples of
hydraulic cement. Cement product depends on whether it's hydraulic or non-hydraulic.
Hydraulic cement can be found in wet states, whereas non-hydraulic cement must dry

before it hardens.

Portland cement is made from different raw materials classified into ferriferous, siliceous,
calcareous and argillaceous. The Portland cement consumption in South Africa in 2014
was 12.07 Mt, 8% less than the 12.17 Mt sold in 2013 [50]. This brings per capita
consumption to 216 kg in 2014. The total included 1.3 Mt imported mainly from Pakistan.

According to International Cement Review (ICR) [51] report, cement imports in South



Africa increased from 0.76Mt in 2012 to 1.1 Mt in 2013 due to the mixing capacity and
differences between newly integrated plants. The average capacity of a single plant in the
country in 2014 was 1.18 Mt. This is calculated based on reported consumption of 12.07

Mt and imports of 1.3 Mt of 10 integrated plants and 8 downstream plants in the country,

as shown in Table 1.1.

Table 1-1 Largest South Africa Portland cement production as of 2014 [47, 52, 53]

Company Number of plants Capacity (Mt/year)
Pretoria Portland Cement (PPC) 7 4.75
Lafarge Africa 2 3.40
Natal Portland Cement (NPC-Cimpor) 3 3.15
Sephaku Cement (Dangote) 2 2.50
AfriSam 3 2.05
Mamba Cement 1 1.20

Due to transportation problems, the cement industry is sometimes divided by geographic
location. Therefore, the quarry should not be more than 250 kilometers from the plant
[54]. Although transport by sea is the most efficient way, the case is different in South
Africa, where the product is transported by road. The following are the major players in

the production and marketing of Portland cement in South Africa:

1.5.1 Pretoria Portland Cement (PPC)

Pretoria Portland cement was Incorporated in 1892 as the first cement producer of
ordinary Portland cement (OPC) in South Africa. Over the years, PPC has expanded
across Sub-Saharan Africa as a strong establishment that adapts and responds to
changes in various operating environments. The company has 7 cement factories, 5
milling plants, 2 blending capacities and 27 ready-mix plants in the sub-Saharan Africa
region, allowing it to meet the high demand in markets at a competitive price with a
production capacity of 8 million tons of cement per year [55, 56]. According to Brown [47],
PCC is the leading cement producer and supplier in South Africa, with about 35%

production capacity installed in 2016. The company operates in five provinces in South




Africa, including Zimbabwe and Botswana. The company has now integrated a pan-
African business across the continent, including Zimbabwe, Rwanda, Congo (DRC) and
Ethiopia [56].

1.5.2 Afri-Sam

Anglovaal Portland cement Company Ltd started in 1934 in South Africa. In 1996, after
operating for 60 years, the company changed its name to Alpha (Pty) Limited when the
Anglo-Alpha Hippo Quarries and Pioneer Concrete merged. It restructured its
management hierarchy to support the South African legislative policy on Black Economic
Empowerment (BEE) that was passed into law in 1994. In 2008, after another 13 years
of trading, following a historic BEE transaction, Holcim, South Africa's head company of
Alpha (Pty), formed the AfriSam brand [57, 58]. As of 2013, Afri-Sam employs over 2,000
permanent employees and close to 1,000 contractors across Southern Africa, such as
Lesotho, Swaziland, and Botswana, where it operates. There are six production facilities
and nine cement depots at Afri-Sam, with a total annual capacity of 4.6 million tons.
Afri-Sam can produce 800 000 tonnes of slag cement annually and 200 000 tonnes of
blended cementitious materials at its Vanderbijlpark operation, making Afri-sam a leading
slag cement producer in South Africa [58]. Afri-Sam continues to differentiate itself from
other South African cement producers by delivering pre-blended dry mix cement and
plaster products on-site construction using a pneumatic volume cement tanker which is
drawn into a sealed silo. This method prevents dust from the construction site and makes
it more environmentally friendly than the conventional way of transporting dry mixtures in

open trucks [58].

Afri-Sam is a major cement and concrete producer in Sub-Saharan Africa. In 1994,
AfriSam was the first cement, aggregate and ready mix manufacturer to issue an
environmental policy [59]. Afri-Sam has developed a comprehensive sustainability
roadmap, which identifies and addresses many priority areas, including waste and energy

management.



1.5.3 Lafarge

The operation of Lafarge began in England in 1913. Lafarge was founded by an English
company named White's South African Cement Company. In 1914, Lafarge started
producing cement in South Africa at Hennenman in the former Orange Free State and
now present the Free State province. It is one of the major cement manufacturers in sub-
Saharan Africa [60, 61]. Increased industrialization and cement demand prompted the
Blue Circle South Africa to expand its cement operations and in 1948, the Lichtenburg
plant (in Northwest province) opened. In 1998, after 50 years of the Lichtenburg plant
inauguration, Lafarge acquired Blue Circle South Africa and rebranded it in compliance
with the South African BEE requirements; Lafarge Industries South Africa (Pty) was

created.

Lafarge South Africa is a member of the Lafarge-Holcim group. It is a leading producer
and supplier of cement, aggregates, ready-mixed concrete, fly-ash gypsum plasterboard
and a major supplier of construction materials in the country. As of 2008, the Lafarge
cement facility at Lichtenburg in the North West Province produces 2,4million tons per
year [61]. Lafarge Lichtenburg proved its commitment to the future of South Africa by
commissioning a project worth R1.2 billion to boost its cement production by one million
tons annually, making its production capacity over 3 million tons of cement yearly with
over 2000 staff [53, 62].

1.5.4 Sephaku Cement (Dangote)

Sephaku Cement was the first new entrant to enter the cement market in South Africa in
1934. According to Sephaku Cement, limestone is one of the most scarce resources in
South Africa, but the company secured supplies from the Anglo-American mining
company in 2006 [63]. In 2009 the financial year, Sephaku Cement acquired a limestone
mining license. Aganang cement plant in Lichtenburg North West province started initial
production at a single kiln clinker line with a 2.5mt/year capacity in 2014 [64]. The
company entered the cement market because it believes in long-term sustainable cement

growth. More work still needs to be developed in South Africa, even with its relatively
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good infrastructure. Moreover, aged production facilities have caused production to
remain static when it should be increased cost-effectively.

The Sephaku Cement plants are supported by state-of-the-art technology, contributing to
competitiveness and cost-efficiency. The South African cement market was quite complex
and developed when Dangote entered the market by acquiring controlled shares in an
established company in the country. Dangote Industries Limited (DIL) purchased an
additional 44.24% share to add up to a 64% stake in Sephaku Cement South Africa in
2010 [65]. Sephaku Cement changed its name to Dangote Cement in November 2015.
Despite this, the company decided to keep the Sephaku brand in the country [64, 65].
Dangote Cement currently operates two production plants at Aganang and Delmas in
Johannesburg. The Aganang plant has a 1.8 Mta capacity, while the Delmas plant has a
1.5 Mta. Capacity.

1.5.5 Natal Portland Cement (NPC Cimpor)

The history of the NPC-Cimpor can be tracked back to 1964, following the operation of
Durban Cement Limited in Bellair, Durban, KwaZulu-Natal (KZN) province, South Africa.
The company was renamed Natal Portland Cement (NPC) in 1984 primarily due to its
operations and expansions confined to the Natal region of Newcastle, Port Shepstone,
and Durban. Alpha PPC and Lafarge managed the NPC until 2002 when CIMPOR
(Cimentos de Portugal) completely took over the company [66, 67]. NPC-Cimpor
operated independently for five years before joining a 26% BEE shareholding partnership
in compliance with the South African empowerment policy drive. NPC-Cimpor was eager
to fill the cement shortage gap by installing the latest kiln at its Simuma plant in South
Africa in 2008 (the old kiln installed in the country was more than 20 years). The modern
cement kiln was installed to improve efficiency and cut costs. A leading cement
manufacturer in KZN, NPC-Cimpor can produce 1.5 million tonnes of cement annually
and employs more than 1000 permanent employees [66]. Natal Portland Cement South

Africa is a proud member of the Inter-cement Group of Companies [66].

1.6 Material and energy flow of cement production process
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Thermal and electrical energy is the energy consumed in the cement production process
[68]. Due to the energy consumption at different stages of the production process and the
interconnected effects of the various substantial energy users are obvious. In the cement
production process, the large energy users include grinding, mainly electrical energy, and
pyro processing primarily uses thermal energy obtained from burning fossil fuels, as
shown in Figure. 1.3.
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Figure 1-3 The material and energy flow into the main production sub-processes [69].

Cement plants are energy-consuming because of the large amount of thermal and
electrical energy required, as shown in Figure 1.3 above [69, 70]. The main cement
production process converts the main raw material and limestone into the final cement
product [71]. The cement production process involves several steps using different
energy sources (Figure 1.3). The cement milling process usually uses electrical energy
and is the most consumed electricity in cement production [72]. Typically, a finishing mill
uses nearly 40% of the total electricity used in cement [73]. Preparing raw materials is the
first stage in cement production, i.e., moving the materials received to their required
location (Cement plant). At this stage, the most used energy sources are electricity for
conveying and crushing materials and fuels for transportation [19]. In a cement plant, the
secondary milling processes happen using electricity to drive the motors, where the raw
mill blends the raw materials to produce clinker [19].
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Preparing fuel is likewise a milling process that mills coal into better particles for use in
the kiln-burning process. The burning process (clinkering) in cement production involves
using a kiln to convert raw materials into clinkers [19, 71]. The fuel (coal) is used to heat
the kiln, the main contributor to the cement plant's overall energy consumption [19, 71].
The Kkiln is rotated by an electric motor while fans were used to cool the exterior. Both
processes consumed electricity [74]. It is obvious from Figure 1.3 that a typical cement

plant's process and energy flow are mostly integrated with different energy sources.

1.7 Think through Life Cycle Assessment (LCA)

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
particular process system [75]. When using LCA the same methodology is applied 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 emissions related to the
product's life, e.g., cement. Several studies have been conducted to measure the
environmental impact of energy consumption in cement plants [76, 77]. However, the
results of LCA may vary due to the use of different LCA methods and process inputs such
as raw material composition, system boundaries, fuel combinations, etc. The word "life
cycle"” means the main activities during the lifespan of a product, i.e., from its production,
through its use and maintenance to its final disposal, including acquisition of the raw
materials required. Also, LCA is a tool that can be used to determine the environmental
impacts of processes defined by the International Organisation for Standardisation 1ISO
[78, 79] by considering all the inputs and outputs related to the entire system’s life cycle
[80]. Using LCA depends on the raw data quality and how reflective the data is of the real-

life cycle of the processes [16].

LCA is among the most essential and known tools for environmental assessments [81-
83]. According to the ISO 14040, LCA comprised of four main stages:
i. Goal and Scope Definition — This defined the basis and scope of the process's

stages assessment.
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ii. Inventory Analysis — Here all process stages are mapped and linked, from raw
material extraction to wastewater treatment.

iii. Life cycle impact Assessment — Here consumption and emissions are converted
into environmental effects. These environmental effects are weighted and
classified into different impact categories.

iv.  Life cycle Interpretation — It is the final step where the areas of improvement are

determined.

LCA can assist decision-makers in comparing all main environmental impacts caused by
their activity when determining between two or more alternatives. Specifically, LCA is a
method for assessing the environmental qualities and potential impacts related to
products, processes, or services in the following ways,
e Making an inventory of energy and material-related inputs as well as environmental
emissions.
e Assessing the potential environmental impacts related to identified inputs and
output.
e Interpreting the results to assist decision-makers in making more informed

decisions.

Many software programs for LCA calculations have been developed in recent years. Gabi,
SimaPro, Open LCA, and Umberto [84] are examples of different types of software
programs. Many consumers preferred Gabi and SimaPro, the two most used software
applications, as a significant support utility [85]. Gabi, SimaPro and Umberto are tools

used mainly in cement plants as they focus on materials and products.

1.8 System Dynamics

System Dynamics (SD) is a method for studying the behaviour of complex systems
developed by Jay W Forrester to assist managers in better understanding industrial
processes [86, 87]. SD is a modelling approach that describes a system as a feedback

system. It was built on Forrester's novel work, which described it as "the investigation of
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the information-feedback character of industrial systems and the use of models for the
design of improved organisational form and guiding policy" [86, 87]. System dynamics is
a method for analysing the long-term behaviour of complex systems through systems
thinking and also models the change in a dynamic system over time [88]. Since process
systems are complicated, highly dynamic, or involve many feedbacks, the SD technique
can be used to model the processes as a feedback system and simulate the interactions

between the various components.

System Dynamics (SD) is a simulation method used in various industrial areas, including
carbon mitigation, CO2 emissions and energy consumption for decision making, policy
planning, and evaluations [89-91]. It is a universal and non-discrete model technique that
is gaining traction in carbon policy assessment planning due to its ability to deal with
complex socio-economic factors when evaluating and estimating trends such as cement
demand [92].

In this study, we use an integrated methodology to assess and predict future dynamics of
cement production and long-term environmental impacts of the cement industry in South
Africa. In this way the factors that produce carbon emissions during the life cycle of the
cement production process are determined. The proposed method uses the LCA-SD
modelling framework for the cement industry in South Africa by integrating the LCA library
into a system dynamic model. This study analyses the environmental impact of the
cement production process in South Africa using LCA and then employs SD to predict the

long-term environmental impact of cement production in South Africa.

1.9 Research Problem

Cement is crucial because it is needed for the structures and buildings that make up
modern living environments. Globally, COz reduction from cement plants is very
important. However, activities in the cement industry have a wide range of environmental
implications that harm humans and other species. Due to the high overall amount of raw
materials used, the cement production process significantly impacts the environment [93].

Global warming is among these impacts, which results in changing climatic conditions
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due to increased atmospheric greenhouse gas (GHG) emissions. Cement is the major
factor causing emissions of COz in the concrete industry, accounting for 94.7% of the total
emissions [94]. According to Potgieter [95], sustainability in the cement industry relies
mainly on improvements in the production process to reduce waste, reduce pollutants,

and use the by-products of other manufacturing processes.

Also, high energy consumption in cement production has another environmental impact
because it can be a source of GHGs and other pollutants that harm our environment. The
use of fossil fuels, the release of CO2 from combustion and the decarbonization of
limestone are the major environmental problems related to cement production. Despite
the availability of different types of fossil and alternative fuels, historically, coal was the
primary fuel used in the cement production process and is still commonly used today [96].
Therefore, reducing the demand for energy consumption from cement plants will minimize

CO2 emissions.

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 [97]. In the Energy Technology Perspectives study [98], 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.

1.10 Research Motivation
According to Gao et al. [99] and Schneider et al. [100], the cement production process
encounters the following problems, i.e., the need to reduce GHG emissions, the increase
in energy supply costs, the shortage of good quality raw materials and huge energy
consumption during the process. These problems highlight the need for more reasonable
solutions and optimal technologies for cement production. Furthermore, cement plants

are also high in CO2 emissions and other pollutants. Therefore, sustainability can be seen
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as a broad and complex concept in the cement industry because it encompasses many
vital issues, including energy management and emissions reduction [101]. Therefore,
cement industries need to give serious attention to reducing energy consumption and
environmental emissions globally [102, 103]. The production of Portland cement is the
focus of this research. Most carbon emissions occur in clinker production, including

burning via limestone calcination [96].

To address this issue, environmental impact assessment, performance analysis, and
process parameter monitoring are key assets to reduce GHG emissions. The
environmental impact of cement can be investigated using various technologies,
regulatory approaches, management strategies and policies [104, 105]. The use of LCA
in this study is to determine the environmental impact of 1 kg of cement production in

South Africa. It is an important approach to identifying and quantifying GHG emissions.

Next, a system dynamic model is developed to predict the impact of cement production
in South Africa. Also, the model points to which components and methods might best

save resources and reduce the environmental impact caused by cement production.

1.11 Research Aim

This research aims to find an effective way to minimise GHGs in cement production
through the LCA method and a system dynamics modelling approach. Specifically: (1)
this study explores the use of LCA to assess and analyse the environmental impacts of
the cement production process, as stated in ISO 14040 [78], which has now been
extended to organisational assessments ISO/TS 14072 [79], (2) then integrates these
LCA results with a system dynamics model to predict the future dynamics of cement

production and its long-term environmental impact of cement in South Africa.

1.12 Research Objectives

The objectives of the research are:
= To assess the various impacts related to cement production

processes using LCA.
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» To provide information on potential environmental impacts of various
life cycle stages of cement production.

= To identify the hotspots of environmental impacts from the cement
production process.

= To predict possible future dynamics of cement production and the
long-term environmental impact from 2000 to 2040 using an
integrated LCA-SD framework for the cement industry in South

Africa.

1.13 Research Questions

The following questions need to be answered to address the research objectives.
i.  What is the primary cause of environmental impact during the cement production
process?
ii.  What production process contributes to the impact of global warming (CO2)?
iii.  What are mitigation policy options available in the South African cement industry
to reduce the long-term environmental impact and protect the environment?
iv.  What are the best mitigation strategies and policies to mitigate CO2 emissions from

the cement industry in South Africa to meet the Paris Agreement?

1.14 Methodology

Due to methodological limitations, the system boundaries excluded packaging, waste
treatment, cement consumption and final cement disposal as waste. Carbon dioxide
(CO2) is the most significant environmental pollutant released by cement industries,
followed by particulate matter (PM), sulphur dioxide (SO2), methane (CH4) and nitrogen
oxide (NOx). The LCA assessed the 18 impact indicators using the ReCiPe Midpoint (H)
method and 22 impact indicators using the ReCiPe Endpoint (H) method for the South
African Portland cement. The environmental impact of 1 kg of cement was assessed
using the midpoint and endpoint ReCiPe (H) methods and SimaPro 9.1.1 software with

and ecoinvent database v3.7.1 was used to tailor recommendations.
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As shown in Figure 1.4, the framework of cement production in South Africa involves
three main stages, gathering data in the ecoinvent inventory, assessing the impacts of
production processes and integrating the results into the SD to predict the possible future

dynamic and long-term environmental impact of cement production in South Africa.
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Figure 1-4 The integrated LCA and SD framework for Cement production.

Figure 1.4 describes the structure of the methodology used for integrating Life Cycle
Assessment (LCA) into the System Dynamics Model. This integrated LCA-SD
methodology can be used to assess and predict the environmental impacts of the cement
industry. LCA is used to analyse cement production's environmental impact, as shown in
Figure 1.4. The scope of the LCA is cradle-to-gate, starting from raw material acquisition,
cement production stages and transportation (within the plant). The inventory data, which
includes all input and output data necessary for cement production, has been collected
and entered into the LCA simulation software. The functional unit used is 1 kg of cement
produced in South Africa, with the system boundary represented in Figure 1.4.

This study assessed the environmental impacts and identified the hotspots related to
cement production in South Africa, focusing on the LCA of the entire cement production
process. The LCA characterisation results at the midpoint are then integrated into an SD
model as input variables to establish their relationship to perform a more comprehensive

analysis. Subsequently, SD model simulation is performed using the LCA results to
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predict the output variables' values in different scenarios. Finally, the results recommend

a suitable environmental cement plant.

1.15 Research Contribution

Using system dynamics in the form of mathematical modelling with an LCA methodology,
there is no research regarding long-term projections (i.e., 2040) of environmental impact
and future dynamics of cement production. This work contributes by providing an
integrated LCA-SD-based research framework to assess the various processes
impacting cement production, leading to the prediction of the long-term environmental
impact and future dynamics of cement production in South Africa. Exploring alternative
strategies for reducing the environmental impact (GHGs emissions) in the cement
production market using models aims to develop a better understanding of the long-term
impacts of various mitigation strategies. Also, novel modelling methods are developed

and could lead to further modelling innovations.

1.16 Thesis Structure

This thesis has seven chapters.

= Chapter 1 presents an introduction, research background, study motivation,
research problem, aim, objectives and methodology.

= Chapter 2 highlights existing literature on cement production, energy consumption,
emission, life cycle assessment tools and system dynamics model.

= Chapter 3 reviews the limitations/differences of the cement production life cycle
impact assessment.

= In Chapter 4 presents the environmental impact analysis of Portland cement
(CEM1) using the midpoint method.

= Chapter 5 presents the environmental impact analysis of Portland cement (CEM1)
using the endpoint method.

= Chapter 6 discusses an integrated system dynamics model and life cycle
assessment for cement production in South Africa.

= Chapter 7 presents the conclusions and recommendations of the study.
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1.17 Conclusions

This chapter provided a background overview of the research topic. It has provided
comprehensive details regarding global cement production's development and current
state. Also, cement production, consumption and producers in South Africa are well-
detailed. Among the critical areas identified in the study is the research problem, which
addresses the CO2 reduction from cement plants (cement environmental impact) and the
aim of the study, which require reducing the cement GHGs emissions through integrating
LCA and a system dynamics model. This chapter presented the objectives, the proposed
methodology, the motivation and the contribution of this study. This chapter also

highlighted the structure of the thesis and provided an overview of the study.
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CHAPTER 2 : Literature Review

2.1 Introduction

This chapter reviews the literature needed to accomplish the objectives of this study. This
consists of the cement production process, energy consumption, CO2 emissions, and Life
Cycle Assessment (LCA) applications in the cement industry to reduce greenhouse gas
(GHG) emissions. This chapter also includes the system dynamics model and various
LCA software tools. The cement sector plays a vital role in the GHG scenario. Globally,
cement is the most widely used construction material and a ton of Portland cement emits

about one ton of COzinto the environment.

2.2 CO2emission from the cement production process

Cement is among the basic requirements for economic growth and is an essential
construction material [9, 106]. As aforementioned, cement production globally is projected
to increase significantly, as cement production increased from 2310 MT to 4000 MT
between 2005 and 2013 by 73% [107]. Hasanbeigi et al. [108] estimated that by 2050,
production and demand for cement are projected to be between 3,680 MT and 4,380 MT.
This intensity of cement production is frightening as cement plants currently emit nearly
0.9 tons of COz2 per ton of cement produced [9]. Chen et al. [109] investigated the cement
industry using the LCA approach. They concluded that it would be difficult to evaluate
China's carbon emissions using the IPCC's suggested value.

Furthermore, according to Liu et al. [110], the emission factors for coals suggested by the
IPCC on climate change are 40% higher than the actual position in China. Therefore,
reducing the CO2 emissions from cement production has become an environmental
problem that must be resolved. A detailed review of the cement production process is
crucial to know the source of CO2 produced during the production process to address the

CO2 emission.
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According to Habert et al. [111], the cement plant's CO2 emission can be represented in
Figure 2.1, while Benhelal et al.[112] stated that CO2z is emitted from four different
sources, for example;

e Energy generation for raw material transportation (electricity use and transport)

e Raw material transportation (Material-derived CO2)

e Fossil fuel combustion (fuel-derived emissions)

e Limestone decomposition
Historically, coal has been the primary fuel used in the cement production process and is
still commonly used today, despite the availability of various fossil and alternative fuels
[96]. Material-derived CO2 emitted 50% of the total emissions, fuel-derived emissions

accounted for 40%, while electricity use and transport contributed 5% each [113].

co, co, co,

Clinker

p

Raw materials
Limestone quarry
Extraction and transport

Cement
Finish products

Transport and utilisation
By-products
Clinker substitution

Energy
Thermal heat
essentially fossil energies

Figure 2-1 Basic cement production process with a focus on CO2 emissions [111]

The cement production process related to CO2 emissions is summarized in three stages
[114]:

() Raw material preparation.

(i) The pyro-processing (clinker production).

(iii) Clinker grinding and cement production.
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All these stages can be associated with four sources of CO2 emissions. The production
of clinker is the main contributor due to the burning of fossil fuels and the decomposition
of limestone. According to Gartner [113], the COzreleased from the cement production
process comes from either raw materials or those generated by burning fossil fuels known
as 'fuel-derived” which represent about 50 and 40% of the total CO2 emission from cement
plants, respectively [112, 115]. In addition, Benhelal, Zahedi and Hashim [112] stated
that 90% of the emissions from the cement plant are generated by pyro-processing. Some
researchers emphasize the need to examine the process using the following methods.

I.  Replace ordinary Portland cement (OPC) with ground blast furnace slag (GGBS)

or geopolymer cement [107, 116]
II.  Using more energy that is efficient by burning waste tires [100] and municipal solid

waste (MSW) in the cement production process [108].

Many studies have devised approaches for limiting cement plant heat loss and have
improved cement raw mill energy efficiency to reduce energy consumption [100, 117,
118]. In addition, the cement industry's energy and exergy use of main components was
investigated [119-122]. Due to critical environmental issues in this sector, many studies
have investigated the cement industry's energy consumption and emissions of CO2 [123-
126]. Xu et al. [127] used the Long-Mean Divisia index (LMDI) method to analyse the
Chinese cement industry's energy consumption and CO2 emissions and the variables that
drove them from 1990 to 2009. Their finding showed that an increase in cement
production was the most critical factor driving energy consumption and CO2 emissions.
Also, the result showed that reducing clinker production and process structure reduces
energy consumption. Oggioni et al. [128] used data envelopment analysis (DEA) and a
directional distance function method to provide an eco-efficiency measure for 21
prototypes of operational cement industries in various nations. Their results showed that
countries that use advanced kiln and alternative fuels and raw materials in the production

process are environmentally efficient.

Mandal [129] used DEA to evaluate the energy efficiency of the Indian cement industry.
The empirical results showed that estimates of energy efficiency are subjective when only

acceptable output is measured. The results also show that environmental regulations can
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promote energy efficiency. MikulCi¢c et al. [130] investigated the Croatian cement
industry's energy consumption and CO2 emissions. They evaluated three scenarios to
predict possible CO2 emission reduction up to 2020. Their study explored how to reduce
the clinker ratio to cement by introducing different additives, substituting fossil fuels with
alternative and biomass fuels and increasing the energy efficiency of the stimulating kiln
process. Ke et al. [131] investigated the current energy and CO2 emission trends from the
cement industry in China. The study models output and efficiency improvements in the
cement industry in China from 2011-2030. The result showed that the policies to reduce
total cement production provide the most direct means to reduce total energy
consumption and CO2 emissions. Moya et al. [132] conducted a cost-effectiveness study
of some of the Best Available Technologies (BAT) to reduce energy consumption and
CO2 emissions in the EU cement industry. The results show that regardless of the capital
budgeting decision criteria employed, the number of cost-effective retrofitting options
accessible is significant compared to the yearly rate of improvement undertaken by the

sector.

According to Sathaye et al. [133], the current best practice for electrical energy
consumption is about 75-80 kWh/ton of clinker. Regular electrical energy use in the South
African cement plant is estimated at 110 kWh / ton of cement produced, including the
consumption of other devices, for instance, office equipment [9, 134, 135]. In summary,
the sources of CO2 emissions from the cement production process are summarised in
Table 2.1.

Table 2-1. Summary of the source of CO2 emission in the cement plant [136]..

ltems Kg of CO2 emission per Share (%)

tonne of cement produced

Decarbonisation of limestone 530 51.96
Combustion of fossil fuel 390 38.24
Electricity consumption 100 9.80
Total 1020 100

Using fossil fuels in cement contributes significantly to the production of anthropogenic

greenhouse gas emissions [137]. The production of cement requires a large amount of
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energy in the kiln, ranging from 3000-6500 MJ / ton of clinker, depending on the type of
process used, which demands a huge amount of fossil fuels [138]. More focus should be
on the pyro-processing stage as it is the most energy-consumed stage in cement
production. The stage used approximately 90% of the total energy used in the cement
production process. For an accurate assessment, the fuel burning and emission control
technologies must be considered when calculating emissions during the pyro-processing

stage in an LCI.

2.3 Greenhouse gases (GHGs) environmental impacts

Recent increases in GHG concentration in the atmosphere have made climate change a
global threat. The gases that contribute to global warming include carbon dioxide (CO32),
nitrous oxide (N20), methane (CHa4), perfluorocarbons (PFCs), sulphur hexafluoride (SFe),
tropospheric ozone (O3) and chlorofluorocarbons (CFCs) [139-141]. Radiation from the
sun heats the Earth's surface and GHGs trap some of that radiation in the atmosphere.
As aresult of the heat generated by warming the lower atmosphere (troposphere) trapped
radiation, the Earth's surface has become hotter in this period than in the 19" century
[139]. According to the Department of National Treasury of South Africa DNT [141], the
country emitted a total of 547 Mt of GHGs into the atmosphere in 2009, with the main
GHGs as COgz, CHa, N20, and PFCs and the cement industry in South Africa contributes
1% to the emissions. According to Mwakasonda [142], CO2 emissions in South Africa in
2009 made up 40% to 60% of the total emissions from Sub-Saharan Africa. In 2009,
Ohanyere and Alexander [135] ranked South Africa ninth among the countries with the

highest CO2 emission and the first in Africa with locally run-on coal.

As stated in Gao et al. [143], the world encounters terrible results due to the unchecked
and unmitigated emission of CO2 by the cement industry, making it a significant
contributor to global warming [9]. A variety of authors describes these terrible outcomes
as follows [139, 144-146]:
> A projected rise in global temperatures between 1.4 °C and 5.8 °C would threaten
several systems and biodiversity, causing the death of about 20% - 30% of animals

and plants.
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» Climate change will increase the risk of extreme weather events, including tropical
cyclone intensity, extreme precipitation events and heatwave intensity.

Global efforts were made by the United Nations Framework Convention on Climate
Change (UNFCCC) to address the negative impacts of GHG emissions at the
Copenhagen conference and with the Kyoto Protocol, in which some countries agreed to
significantly reduce their emissions of GHG [141, 147]. The South African government
has committed to employing appropriate action at the national level to mitigate the GHG
emissions under the Copenhagen accord based on reducing GHG emissions from the

average business-as-usual growth path [141].

2.4 Potential for GHG emission reductions

As early discussed, the sources of CO2 emissions from the cement industry are the fuel
used in raw materials preparation (calcination and sinterisation) that depends on the fuel's
nature and thermal energy efficiency during the burning process [111]. The emission
from the raw material decarbonization process in the kiln is about 0.53 kg of CO:2 per kg
of clinker [139]. This represents about two-thirds of the CO2 emitted from cement plants
[148]. Four methods have been identified to reduce GHG emissions [149-152]. These are
thermal and electrical energy efficiency improvement, alternative fuels used, clinker

substitution, and CO: capture and storage (CCS) technology.

2.4.1 Cement thermal and electrical energy efficiency improvement

Cement plants can improve energy efficiency by deploying the BAT in new plant
construction, upgrading existing plants with more energy-efficient equipment, and
optimising production processes [153]. There are various ways to improve the thermal
and electrical efficiency of the cement production process. The production processes,
including the wet, semi-wet, and dry, differ significantly in energy efficiency (thermal and
electrical energy) [19, 154]. Among these processes, the wet process, which involves
feeding a wet slurry into long kilns up to 200 meters in length, is heated and dried in the
kiln, which is the least efficient, followed by the semi-wet process that is used in small
cement plants [19]. The dry process uses smaller kilns (up to 50 meters) and only uses

dry input materials, reducing energy consumption for removing water. According to Ali et
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al. [155], the dry process uses 13% less electricity and about 28% less fuel per ton of

cement than the wet process.

Furthermore, due to multi-stage preheaters and pre-calciners, the dry process has
improved dramatically in terms of energy efficiency [156]. Until the mid-1970s, the wet
process was a leading technology in the cement industry. It was widely used until the dry
process supplanted it. The energy crisis of the 1970s prompted companies to move to
the more energy-efficient dry process, which is a more efficient way to make clinker than
the wet process, which reduces GHGs related to the clinker production process and fuel

usage.

However, the dry process needs input materials with a low moisture content, which isn't
always available [156]. Dry production processes that include a pre-calciner and
preheater are now the cutting-edge technology used in most new plants [149]. Therefore,
reducing the cement industry's energy intensity and carbon emissions has always been
a concern. Most of the literature focuses on the technologies used and how they compare
to BAT. Several studies on cement environmental impact have been conducted, including
the LCA method. Huntzinger and Eatmon [157] measured the impact of global warming
as the primary interest, while Josa et al. [158] claimed that the greenhouse effect was the

only cement production's global impact.

Chen et al. [159] identified the GWP impact among the major impact of cement production
with other impacts such as acidification, abiotic depletion and marine ecotoxicity.
According to Gartner [113], energy efficiency in the cement industry has improved
because of the OPEC oil embargo in the mid-1970s, which prompted Western countries
to increase research and development of new technology to upgrade the Portland
Cement production process. The new technology relies on coal, coke, and various waste

fuels to replace oil as the primary fuel.
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2.4.2 Clinker substitution

The high share of CO2 emissions in cement production comes from the chemical
processes used to produce cement clinker, combined with the large amount of fuel
required for clinker production, so using alternative materials for clinker in the final cement
mix reduced GHG emissions. Alternative materials such as blast furnace slag (a by-
product of the iron and steel industry), fly ashes (from coal-fired power plants) and
pozzolanas (for example, natural volcanic ashes and limestone) can be used as a partial
substitute material for clinker. Most of these alternative materials modify the cement's
properties, resulting in a reduction in material strength at an early stage, thus limiting the
importance of the cement. IEA&WBCSD [149] stated that the availability of alternative
materials, standard practices, regulations and the acceptance of composite types of
cement by construction companies and other customers is a barrier to increased use of

clinker replacements.

There is wide variation in the use of clinker substitutes across countries today. Salas et
al. [160] investigated the environmental impacts of cement production, identified
alternative materials that could improve the impact of cement production processes and
clarified methods and approaches when employing LCA. According to their review, using
the dry production process and the best available technique was one of the efficient ways
to improve energy efficiency in the cement production process; this application was

possible and cost-effective.

2.4.3 Alternative fuels used (AFs)

Alternative fuels (AFs) offer many benefits to the cement industry by changing the heating
fuel mix for the kiln to less carbon-intensive fuels, waste fuels, or biomass. These include
GHG reduction and minor uses of non-renewable fossil fuels. The AFs are made by
substituting fossil fuels with materials that reduce emissions after combustion, leaving
residue. The process also reduces energy consumption. The AF fuel can be in the form
of waste gases or heat. Due to waste management concerns, municipal solid waste,
animal meal, waste oil, sewage sludge, used tyres and lumpy materials are the most

widely used materials as alternative fuels. The use of tyres is one of the most potent
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alternative fuels because of their high energy content [100, 139, 161]. Garcia-Gusano et
al. [162] conducted a complete cement production LCA at a Spanish plant. The objective
was to analyse the impact of using monoethanolamine as an absorbent for post-
combustion CO2 capture technology. According to their result, a fully optimised cement
plant used BAT with a ratio of 7:10 clinker/cement and around 50% alternative fuel source.
The impact of the post-combustion CO2 capture reduced abiotic depletion potentials,
ozone depletion, and global warming by 11%, 27%, and 15%, respectively. The other

impact categories increase several times simultaneously.

Holt and Berge [163] used an LCA to investigate the cement production process using
liquid hazardous waste as an alternative fuel to improve the system's environmental
impact compared to a coal-fired facility. They discovered that when coal was replaced
with hazardous waste, the environmental impact associated with global warming,
freshwater ecotoxicity and acidification decreased, while the impacts associated with
eutrophication and human toxicity that cause cancer increased. Schneider et al. [100]
believed that replacing fossil fuels with alternative fuels could change the characteristics
of clinker. However, they recognised the possible production of high-performance
Portland cement by implementing full and proper production and quality control for

effective alternative fuel substitution rates.

EMISSION OF CO2 FACTQR (GCO2/M))

Waste oil Animal meal 0%
0% Coal

15%

Used tyres
17%

Refused
derived fuels
2%

Plastic
15%

Figure 2-2 Alternative cement fuels [111].
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According to Cembureau [31], by 2050, 40% of the thermal energy consumed in the kiln
could be derived from the traditional fuel's combustion (i.e., 30% of coal and 10% of
Petcoke) and 60% from alternative fuels (i.e., 40% of biomass), can reduce Fuel-Derived

CO2 emissions by 27%.

As reported by Habert et al. [111], the energy efficiency of the new process technology
was 10% between 1973 and 1983 and the improvement rate decreased between 1983
and 2003, the improvement rate reduction combined with the need to reduce production
costs and reduce CO2 emissions paved for carbon-neutral fuels a new research area. As
shown in figure 2.2, only waste wood and animal meal can be considered carbon-free
fuels because of their zero net COz emissions. Apart from the CO2 net emissions
observed when the materials listed in Figure 2.2 are burning in the incineration plant, the
materials burned in the cement kiln can significantly reduce CO2 emissions and improve
environmental management as no waste is produced and the ashes are mixed in clinker
[111, 139].

Furthermore, Damtoft et al. [139] claimed that burning waste wood and animal meal could
be a reservoir for GHG and decay, resulting in methane, which is more potent than CO..
Both Josa et al. [158] and Chen et al. [159] pointed out that the global warming impact of
cement is mainly determined by its clinker concentration as the clinker production is the
source of most emissions of CO2 from the limestone decarbonised and the emissions

from fuel.

2.4.4 Carbon capture and storage (CCS)

Carbon capture and storage (CCS) is the only technology that can significantly reduce
GHG emissions from traditional cement production [164, 165]. In cement production, it is
possible to use carbon capture to reduce CO2 emissions from the cement kiln exhaust
gases by capturing both process and combustion CO2 emissions; this would reduce COz2
emissions by about 80% per ton of cement produced. The cement industry has already
initiated research and development activities and completed pilot tests on CCS [166]. The

disadvantage of CCS is the extra energy needed to run the capture processing unit since
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steam is considered necessary to regenerate the amine compounds used to capture COx.
There are several reasons why CCS does not currently make economic sense in cement
plants: it will increase their capital and operating costs. These extra costs cannot be
recovered without strict climate change mitigation policies. The cement production

industry cannot integrate CCS within 5 - 10 years.

2.5 Life Cycle Assessment Software Tools
Selecting a software tool for use in LCA is critical, as several commercial software
applications are available. According to Ormazabal et al. [167], environmental impact
assessment is complicated. Therefore, performing this assessment through either variant
or a clear relationship effectively used many available software tools, despite differences
in the database, methodology, etc. While assessing environmental impact, they noted
that some essential factors required by software tools are: user interface, volume, data
quality, accuracy, and relevancy of data presented [167]. Few studies in the literature
compare results when multiple LCA software tools are employed. LCA software can affect
outcomes and decisions [85, 168, 169]. More than 45 LCA software tools are available in
the market, some of which are more applicable for cement production than others. From
the literature, SimaPro, OpenLCA, Umberto and GaBi are the most common software
tools suitable for the cement sector [170], and they are computational tools linked to the
LCA methodology. These software packages are based on common databases according
to the 1ISO 14040 methodology. The ECOINVENT database is indeed integrated into
these software tools to provide access to the different unit processes and other

inventories covering various industrial fields.

2.5.1 OpenLCA Software

OpenLCA is a free and open-source software tool that makes it simple to analyse all
stages of the LCA process. Ciroth [171] developed OpenLCA in 2006 with the assistance
of PE International (the founders of GaBi), PRé Consultants (SimapPro developer) and
the United Nations Environment Programme (UNEP) [172]. It was built initially to assess
the environmental impact of products and processes, but it can now assess life cycle cost
(LCC) [172]. The LCIA methods are not available in the OpenLCA Nexus database. LCIA
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method must be imported/created manually in each OpenLCA database to perform life
cycle impact assessment. The whole environmental impact assessment method is
configured to work with all available OpenLCA Nexus databases. Several studies have
been conducted on the cement industry LCA using openLCA software [173-176]. It is
possible to construct LCA studies that comply with ISO 14040 and 14044 using OpenLCA
[177]. It also enables a graphical representation of the processes that caused the most
impact and lists all impacts. It provides more graphic results, especially when comparing
different products [172].

2.5.2 Umberto software

Ifu Hamburg developed the Umberto software in the mid-1990s. The Umberto is a user-
friendly material flow analysis tool with many capabilities. Umberto software (2006) is an
environmental management information system (EMIS) designed to analyze material and
energy distribution networks and stocks within production systems. Individual datasets
cannot be imported or exported in Umberto, and just a few dataset types are supported.
Most software systems can manage and model costs and social elements to undertake
sustainability life cycle assessments. Umberto is not as user-friendly as SimaPro and
GaBi and does not provide substantial innovation compared to other software [167]. It
includes the LCA and LCIA, which are the minimum requirements and suitable for flow
accounting and solid materials processes. The Umberto software follows 1SO 14040
directives for LCA in its operations. In the cement industry, many works have been

investigated on cement LCA using Umberto software [178-180]

2.5.3 GaBi software

GaBi software is produced in Germany and marketed globally by PE INTERNATIONAL
company. It is a product system modelling and evaluation software product that initially
debuted on the marketin 1992 [181]. This tool has a 25-year track record with over 10,000
users in 19 different countries and over 2,000 clients. It was created to allow users to
perform a thorough LCA analysis and Life Cycle Costing (LCC). This software enables
users to configure the database, impact assessment method and inputs with total clarity.

It's accessible in three languages: English, Japanese, and German, and it's utilized
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worldwide [181]. It provides the most intuitive graphical interface for viewing and makes
it possible to compare the results of several parameters. GaBi is a dynamic software
application that provides users with a visual representation of an outcome when the
parameters are altered and it operates according to ISO 14040 principles for LCA.

GaBi has a text editor that allows editing table and graphs and the automated modification
of results when inventory changes. It enables the user the ability to model non-linear
processes and supports recycling loops and allocation computations. The software
databases comply with ISO TR 14049 standards and use HTML files to create hyperlinks
to the individual dataset. Therefore, allowing data to be tracked back to raw materials
[181]. Many works have been investigated within the cement industry using GaBi
software [182-184]

2.5.4 SimaPro

Over two decades, SimaPro has been the leading software package for LCA worldwide.
In over 80 countries, it is trusted by industry and academics. SimaPro is a professional
tool built to help collect, analyze and monitor the environmental performance of products
and services. Also, it helps to make powerful decisions to drive progress and change the
life cycles of a product for the better, as well as provide the information required to make
sustainable value. SimaPro software is the most widely used program for LCA, with many
published research based on it [84, 85, 185-189]. SimaPro is now available in the
following languages: English (US), English (UK), Danish, Dutch, French, Italian, German,
Portuguese, Japanese, Spanish and Swedish. SimaPro as demonstrated consistent and
flexible method that has been used by many companies, consulting firm and universities.
It contains large average database and some voluntary databases. Ecoinvent database
is alternative data resource of the SimaPro program. This database offered data on raw

materials extraction, electricity production, water, transport, and fuels.

SimaPro is LCA software that includes an inventory database and impact assessment
methods for conducting LCA studies (PRé€, 2019). SimaPro databases contain energy
and material requirements and waste emissions for more than 10,000 industrial and
commercial processes (PRé, 2016). Through waste scenarios and waste treatment

processes, SimaPro models the end-of-life cycle. Waste treatments track the emissions
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and impacts of landfilling, burning, recycling, or waste composting. (PRé, 2016). SimaPro
has features that allow its wide use as product development and LCA management tool
in many situations. This data is intended to be used as context information for the life
cycle we are modelling, such as power or transportation. SimaPro has features that allow
it to be used as a product creation and LCA management tool. SimaPro is very simple to
use and adaptable. Various impact assessment options for system and block impact (e.g.,
easily accessible indicator values, characterization/normalization/valuation calculations,
and ‘thermometer’ scales) are always available in the program. The SimaPro software
has been used to analysis the cement LCA [15, 76, 157, 159, 162, 190-192]. Results
presented in a graphical format are supported, but tables are not. Unique features of
SimaPro include the following:

e Ability to link database entries.

e Access to numeric and visual indications of impact for each stage, assembly,

process, and material in a life cycle system; and
e A multiple-user version of SimaPro is available (at a reduced cost for educational

purposes), offering unique features such as data protection and networking.
2.6 Climate change dynamics in the cement industry

The industrial sector consumes a considerable amount of energy, about 30-70% of the
total energy consumption globally, while the cement industry uses a large portion [17, 18,
193, 194]. It is estimated that by 2050, population growth, urbanization and infrastructure
construction will increase and global cement production by 12-23% compared to 2014
[195]. The cement industry is among the sectors with high energy consumption and CO:
emission [18]. With the increase in cement production, direct CO2 strength rise by 0.3%
per year [38]; however, it is difficult to limit the average temperature because there is a
need to reduce emissions by 50% to 80% between 2000 and 2050 [196]. Therefore,
cement production has raised concerns about its negative environmental impact due to

its high energy consumption and GHG emissions [197].

The production of GHGs affected mainly by the types of fuels and raw materials employed

during cement production. Meanwhile, from the start of cement production, conventional
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fossil fuels, for example, coal and oil, have been used as traditional fuels. In the cement
production process, GHGs emissions can be divided into direct sources and indirect
sources of emission [99]. The burning of fossil fuels and calcium carbonate decomposition
breaking into calcium oxide and CO:2 in the production of clinker results in direct COz2
emission, while the acquisition of raw materials, raw materials transportation, and
electricity used for raw material processing and grinding cement results in indirect
emission. Approximately 90% of the total CO2 emissions in the cement production
process are direct emissions, whereas indirect sources represent the remaining 10% of
the total CO2 emissions [143]. The most critical environmental problem in the cement
production process is CO2 emissions.

The considerable increase in cement production is related to the substantial increase in
total energy consumption and CO2 emissions in the cement industry [198]. We had a
better understanding that CO2 emission is among the GHG and leads to global climate
change, the most significant environmental problem the world is confronting in this 215t
century [199]. The major contributor to anthropogenic climate change emissions is the
cement industry. However, it is sometimes difficult to determine the amount of GHG
emitted by specific sources and how that corresponds to an equally unclear total. The
values in the literature agree that man-made GHG emitted by the cement industry
accounts for about 5% [96, 149, 200]. This will make the cement industry among the top
five individual producers of GHGs after the steel industry [155, 200, 201]. With increasing
attention to construction-related environmental issues, environmental considerations

have become one of the essential factors in determining social and economic policy.

In 2002, the South African government agreed to the Protocol by adopting the National
Policy on Climate Change Response. These plans have focused on reducing GHG
emissions, mainly CO2, which absorbs heat from the atmosphere. In 2011, due to the
cement production process, approximately 2.6 Gt of CO2 was emitted [202]. According to
Gao et al. [99], the primary sources of CO2 emissions in cement production are calcination
and fossil fuel combustion. Furthermore, cement production also demands significant

electrical energy for raw material crushing and milling, pyro processing, clinker cooling
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and cement mixing, which accounts for roughly 75 kWh/ton of cement [19]. Since cement
production is one of the most energy-consuming and GHG-intensive processes, it's
crucial to measure its environmental impact and look for solutions that cement plants can

use to reduce its negative environmental impact.

The clinker production process has a significant environmental impact compared to the
preparation of raw materials and cement finishing mill. The focus of CO2 emission
reductions during cement manufacturing is on energy use, and the cement industry is
working to reduce CO2 emissions as much as possible. These environmental impacts are
due to the direct emissions from the kiln. In addition, direct emissions from kilns contribute
to the five main impact categories: global warming, ecotoxicity, terrestrial, photochemical

oxidation, eutrophication and acidification [159, 187].

2.7 Conclusions

This chapter detailed the production process for Portland cement along with the sources
of CO2 emissions during the production process. Furthermore, the chapter also discussed
best practices for reducing CO2 emissions from the cement production process. Also, this
chapter reviewed GHG environmental impacts and the possible ways to reduce GHG
emissions in cement production. This chapter concluded by reviewing the LCA software
packages considered most suitable for the cement industry based on a review of the basic
requirements of such a software tool and comparing the available LCA software tools to

determine which one is best for the sector.
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CHAPTER 3 : A Review of The Effectiveness of Life Cycle
Assessment for Gauging Environmental Impact from Cement

Production

Environmental LCA helps analyse direct and indirect impacts of cement production by
enhancing our perception of the environmental hazards generated during the product life
cycle. Furthermore, cement manufacturers can improve production by reducing negative
environmental impacts [15, 157]. The methodological outline for LCA applications
presented by the International Standards 1ISO 14040 and 14044 [78, 203] defines its main
stages as the definition of goal and scope; life cycle inventory (LCI); life cycle impact
assessment (LCIA); and Interpretation [204]. In the literature, most cement production
LCAs were the cradle-to-gate method with changing system boundaries, including
technological and geographical differences. The literature summary showed that, despite
the limitations within the literature, each study has its clear scope and goal definition. The
content in this chapter of the literature review, co-authored with Oludolapo A. Olanrewaju,
Kevin J. Duffy, and Obiora C. Collins, has been published in the Journal of Cleaner
Production [205].

3.1 Introduction
The industrial sector consumes a considerable amount of energy, which is about 30—70%
of the total energy consumption globally, while the cement industry uses a significant
portion of this total energy [17, 18, 193, 194]. The cement industry is among the sectors
with ample raw materials, high energy consumption and CO:2 emissions [18]. The global
cement production returned to 4.1 gigatons (Gt) in 2018, a 1% increase after annual
declines of 1% between 2014-2017 [206]. Between 2014 and 2017, cement production's
direct CO2 strength increased by 0.3% per year [38]. It is estimated that by 2050,
population growth, urbanization, and infrastructure construction will lead to an
increase/upsurge in global cement production. This is calculated to be around 12-23%
compared to what it was in 2014 [195]. Researchers are currently looking for innovative

solutions to cement industry issues due to increasing population growth, rapid use of
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energy resources, and waste disposal issues. When thinking of waste as a source of raw
materials, recycling the used raw materials has gained tremendous support and has

pushed many countries to use and improve energy more effectively [207, 208].

Cement production contributes significantly to environmental pollution resulting from
anthropogenic pollutant emissions, raw materials mining activities, and coal, the primary
energy source used in cement plants. An estimate of 5% -10% of total anthropogenic CO2
emissions globally is from cement production [209-211]. Thus, it will be challenging to
limit the average temperature and reduce cement production emissions by between 50%
and 80% as required by 2050 [196]. Consequently, there are serious concerns about the
significant adverse environmental impacts of cement production, such as high energy
consumption and greenhouse gas (GHG) emissions [197]. The production of GHGs
primarily results from the types of fuels and raw materials employed during cement
production. From the beginning, cement production has conventionally used fossil fuels
such as coal and oil. The CO2 emission source is direct or indirect [99]. Most GHG
emissions from cement production are direct and are produced during the calcination of
limestone when heated, the primary source material during the production of clinker [212].
Therefore, GHG emissions from cement production are distributed between direct
emissions from calcination (50%) and fuel consumption (40%), and indirect emissions

from electricity production (10%).

Other indirect emission sources include the acquisition of raw materials, raw materials’
transportation, electricity used for raw material processing, and cement grinding.
Approximately 90% of the total CO2 emissions in the cement production process are direct
emissions, whereas indirect sources represent the remaining 10% of the total CO:>
emissions [143]. The most critical environmental problem in the cement production
process is CO2 emissions. Production of one ton of Ordinary Portland Cement (OPC)
results in nearly 700-900 kg of CO2 equivalent emissions released into the environment
[160]. However, the environmental impact of cement production is not limited to COz2
emissions that occur during specific stages of the life cycle. A comprehensive assessment

method is required to analyze and quantify the overall environmental impact of cement
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production. Life Cycle Analysis (LCA) is the most suitable method. LCA is an important
tool for assessing the environmental impact of cement production. For example, it is used
to evaluate resource use, and its release into the water, air, and soil, of a service or

product throughout its life cycle.

LCA applications may vary depending on the research objectives and mainly involve
extraction of raw materials through production, logistics, use, end-of-life treatment,
recycling, and final disposal (from the cradle to the grave) [213]. It is crucial to understand
the full range of impacts of cement production and its components using the LCA method
in a cradle-to-gate life cycle setting. However, the usefulness of LCA is largely determined
by the correctness and completeness of a life cycle inventory (LCI), which collects input
and output data of mass and energy over the various life cycle processes. Without a
reliable and comprehensive LCA, the usefulness of LCA may be compromised due to
uncertainties presented at a later life cycle impact assessment (LCIA) or by the possible
incompleteness of environmental impact categories. In other words, reliable LCA for

cement production depends on comprehensive and dependable LCIA.

This study aims to review general limitations/differences in the information provided
through LCA applications when initiating a cement production project. This aim focuses
on the system boundary, functional units, data sources, and data quality assessments
used and aimed to determine the level of compliance with International Organisation for
Standardisation (ISO) standards. This study also aims to provide some possible
improvements, thereby meeting the needs of major LCA users. Past studies on the
environmental impacts of cement production are reviewed with a focus on those studies

that employed the application of a LCA analysis.
3.2 Cement manufacturing process

The cement production process involves three major stages: i.e., preparation of raw

material, pyro-processing and preparation of cement [160].
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3.2.1 Preparation of raw material Stage
The raw materials’ preparation consists of quarrying, raw materials crushing, pre-

homogenization and raw meal grinding.

3.2.1.1 Raw materials extraction

Limestone, the primary raw material in cement production, is extracted using drilling
compressed air and explosives in the quarry. The use of explosives is required in the
mining process, while fuel (diesel) is typically used for transporting the extracted materials
to the processing plant. Portland cement is made from limestone mixed with smaller
guantities of iron and aluminum, which are extracted and transported to the processing
plant. Cement plants are generally close to the limestone quarry. The closeness of the
guarry to the plant saves additional transportation costs and consequently makes cement

production more economical.

3.2.1.2 Crushing

The extracted raw materials are dried and then subjected to a series of screening,
crushing and grinding to achieve the optimal size to produce cement. The optimal size of
the raw material after crushing is about 20mm - 80mm. After the grinding process, the
size of the crushed raw material can be reduced further to between 0.2 mm to 25 mm,
using a crusher for ease of transport via the stacker conveyors. It is then stored in a
stockpile before transport to the cement plant. The crushed limestone material is
conveyed for additional grinding via conveyor belts. The crushed limestone, ferrite and
bauxite are kept in feed hoppers and are fed in the required ratio to the raw mill through
weigh feeders.

3.2.1.3 Pre-homogenization and raw meal grinding

Homogenizing and grinding procedures of cement production are completed in the raw
milling process. Raw meal preparation is for pyro-processing, where all raw materials
such as limestone, shale, iron ore, and clay are mixed. Both chemical composition and
variations in the raw material composition have negative impacts on clinker quality.

Therefore, it is crucial to reduce the variations in chemical composition by efficiently
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homogenizing and mixing the raw materials in the silos [99]. At this stage, the two main
devices that consume energy are the roller mills and separators or classifiers. Roller mills
are used to grind the raw materials, while the separators or classifiers are used to
separate the crushed particles. Gradually, the dried material is moved into the grinding
chamber and ground using grinding media balls. The composition of the ground material
is stored as a raw meal in silos with a capacity of about 14400 tons. The stored content

in the silo is ready for the preheating chamber following the final grinding.

3.2.2 The pyro-processing Stage
The pyro-processing stage includes preheating, pre-calcination, clinker production in
rotary kilns, cooling and storage in a silo. This stage is the most energy-intensive in the

cement production process.

3.2.2.1 Preheating

Preheating is among the methods commonly used in the modern cement industry to
improve cement plant energy efficiency. In this method, raw meals are preheated before
entering the main combustion chamber, allowing smaller amounts of thermal energy
demand. The preheater tower has several cyclones where the raw meal from the top of
the cylinder is passed and hot flue gas is supplied from the bottom of the cylinder [99].

3.2.2.2 Pre-calcining

Modern-day cement production processes contain a pre-calcining stage after preheating.
Mostly 60-65% of total calcination occurs during the pre-calcination process [99]. The pre-
calciner is positioned at the bottom of the preheater, where a portion of the CaCOs
decomposes into CaO and CO2. The pre-calcining process has a high impact rate on
greenhouse gas production because this process allows carbon combined with minerals
to be converted into CO2 [187]. The pyro-process uses a wet or dry process to produce
Portland cement. The dry process includes grinding and heating the raw materials first
before feeding them into the kiln, while the raw material is crushed, grounded, and mixed

to make a slurry in the wet process.
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3.2.2.3 Clinker production

The prepared constituents are then fed into a rotary kiln through a preheater after being
heated to 1450°C Salas et al. [160] to produce clinker, the primary cement component
[148]. The kiln is known as the heart of the cement production process. This process
makes chemical and physical changes that turn the raw meal into a clinker. Natural gas,
petroleum coke and coal are the fuels used for heating the kiln. The chemical reaction
(decarbonization) starts in the pre-calcined materials as the temperature increases and
then they melt and mix to form lumps. The kiln process is divided into the decomposition,
transition, sintering and cooling zones. The clinker is an intermediate product in cement
production before adding additives to cement [214]. Because of the high-water content,

a massive amount of thermal energy evaporates the moisture from the raw meal.

3.2.2.4 Cooling and Storing

The hot clinker is cooled by the assistance of atmospheric air with the help of cooler fans
from temperature about 1350-1450°C to lower temperature approximately 120°C, after
passing through the kiln to recover its thermal energy, which can then be used in raw
meal preheating and the pre-calcination system [99]. The primary cooling technologies
used are reciprocating grate coolers and planetary coolers. The designs of these clinker
coolers have significantly changed in recent years. Being at the heart of efficient clinker
production, the impact of these cooler designs has always been significant in fuel

consumption.

3.2.3 Clinker grinding and cement production stage

The preparation of cement consists of grinding cement, blending and cement storage in
silos [148]. In this stage, the clinker is ground and mixed with additives and other raw
materials such as gypsum, fly ash, and slag, forming the final product cement [149]. By
varying the moisture content, the cement production process can be divided into four
types: dry, semi-dry, semi-wet, and wet methods. Dry and semi-dry processes are the
most cost-effective and widely used processes today [9, 16, 215]. The energy required

to reduce the size of a material to a specifically required fineness will depend on the
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material's hardness, the particle shape, compressive strength, fragility (elasticity or

placidity), material's moisture, size and material's temperature.

3.2.3.1 Cement Grinding

In cement production, the final grinding of the clinker is the final phase to produce a fine
grey powder. The clinker is extracted and kept in the hopper close to the cement mill,
while the gypsum is taken out of the stockyards and kept in the hoppers. The constituents
needed to produce Ordinary Portland Cement (OPC), the most used type of cement, are
clinker and gypsum. The OPC contained approximately 93-97% of the share of clinker
[76]. During the grinding process, a small amount of the gypsum is added to the mix to
control the hydration rate of the cement setting process. The required proportion and
related materials are sent to the mill via the hoppers using belt conveyors and electronic
weigh feeders. The cooled clinker is then mixed with gypsum (CaSOa) and other additives

in inter-grinding to produce finished cement.

3.2.3.2 Blending

About 4-5% of gypsum and other additives is mixed with the cooled cement to manage
the final cement settling time [216]. The types and quantities of additives included in the
mixtures depend on the cement requirements and 19 additives that are available [99]. A
waste product such as fly ash from a coal-fired plant and granulated blast furnace slag
can be used as a partial substitute for Ordinary Portland Cement by inter-grinding with
the clinker to form blended cement [76]. In required ratios, the discharged cooled clinker
and other additives are mixed in the stockpile and then conveyed to the cement ball mill
using a Deep Bucket Conveyor for final grinding.

3.2.3.3 Cement Silo
After that, the output or fine cement is transported to the cement silo via the bucket
elevator for final storage. The final cement product is stored in cement silos and then

transferred to the packing unit or transported by a silo truck [149].

44



3.3 Environmental impact of cement production

In Europe, there are five main types of cement, within the accepted range of chemical
composition, according to the content of clinker as shown in Table 3.1. On average, OPC
CEM | mostly contain 95% of the clinker. Blended cement can be produced using slag
(65%) or fly ash (35%) and can replace ordinary Portland cement (CEM I) in most
applications [217]

Table 3-1. Ratios of clinker in different types of cement [217].

Type of Cement Clinker Ratio
Ordinary Portland Cement (CEM I) 95 %
Portland Composite Cement (CEM II) 65 —-94 %
Blast Furnace Cement (CEM llI) 5- 64 %
Pozzolanic Cement (CEM V) 45 -89 %
Composite Cement (CEM V) 20- 64 %

The two major processes in cement production are wet and dry. The wet process ingests
additional energy due to a 30% evaporation of slurry water before heating the raw
materials to the temperature required for calcination. Currently, the cement industry is the
third-largest industrial energy user and the second-largest emitter of industrial CO2
worldwide [218]. Therefore, the production of cement is among the largest emissions
sectors in the world, accounting for about 25-27% of overall industry emissions, with
roughly 5-7% of CO2 emissions globally Rodrigues and Joekes [219], and accountable
for 12-15% of industrial energy use worldwide [155]. In 2013, global CO2 emissions were
36 Gt (9.9 Gt of C) due to fuel usage and cement production. This is a 61% increase from
1990 compared to a 2.3% increase in 2012 [220]. The average energy intensity of cement
production is between 4-6 GJ/ton, depending on the different production processes. The
environmental impact of cement production per unit varies on plant production capacity
[109]. The high-energy requirement for cement production is mainly because of the
endothermic calcination nature of the calcium carbonate, which is about 2.80 GJ/ton, and

the burning stage that requires temperatures of up to 1600 °C. In addition to thermal
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energy, the cement production process also requires electrical energy to extract the raw

materials and crushing the mixture.

A large amount of COz: is released from the decarbonation process, along with GHG
emissions from energy use which account for about 60% of total emissions from cement
production. In addition to carbon dioxide, the cement industry is also responsible for
carbon monoxide emissions and heavy metals [221]. The primary sources of heavy metal
pollution in the environment are human activities, for example, mining and industrial
processing [222]. The photochemical formation of ozone, heavy metals and carcinogen
substances caused by cement production largely depend on the raw materials and fuels
used (electricity and fuel) in the energy production processes [158]. The major cement
production impacts on land quality result from mining, material storage, waste disposal
and atmospheric deposition [222]. Emissions of SO2 and NOx primarily produce
acidification and its overall value depends on the cement clinker content. The primary
cause of eutrophication is the emission of NOx, while CO2 emissions contribute mainly to
the global warming effects of cement, varying between 98.8% and 100% of the total
emissions [158]. Other gases such as CHa4 or N20 have little effect despite higher

characterization factors [158].

Presently, different techniques are being developed to obtain environmentally friendly
types of cement. The outlooks include industrial energy consumption optimisation and
reduction of the environmental impact (CO2 emissions). Furthermore, specific challenges
are identified upstream of the process. Five factors that cause changes in GHG emissions
from cement production are the energy structure, energy emissions, the energy intensity,
clinker production activity, and cement production activity [215]. The main factors that
increase greenhouse gas emissions are cement production and clinker production
activities [158]. Production process optimisation is linked with the geological and
geographic constraints at the local scale, particularly the operations of limestone mining
in heavily populated areas, protected natural areas, or those overloaded with an

excessive thickness [223].

46



Therefore, the main options discussed to reduce the cement plant environmental impact
are to improve energy efficiency, reduce the clinker/cement ratios, develop CO:2 capture
and sequestration (CCS), recover waste heat, increase cement recycling rates, and use
alternative greener fuels [11, 155, 160, 161, 198, 214, 223-227]. The possible reduction
of CO2 emissions varies by region. Globally, the IEA pathway of cement technology
Roadmap is to reduce average annual CO2 emissions by 24% below the current levels
by 2050 through a combination of technologies and policy solutions under the 2 °C
situation or 32% reduction in cement's global direct CO:2 intensity [218]. The need to
reduce COz emissions is recognized as required throughout the life cycle of cement and
concrete production and all aspects of the built environment in general. The life cycle
includes the extraction, production process, materials handling, usage and end-of-life.
Life cycle assessment (LCA) of cement is an essential tool for determining the
environmental impacts, developing, and selecting possible technologies of the cement
production process. Many researchers have applied the LCA in clinker and cement
production [228-231].

3.4 Discussion

3.4.1 Cement Life Cycle Assessment

The Life Cycle Assessment (LCA) is mainly used to evaluate the environmental impact
from a complete cement production process, as stated in ISO 14040. It measures the
possible environmental impacts of such approaches within specified categories and
boundaries. According to ISO 14040, the LCA comprises four main stages. These stages
are the definition of goal and scope, life cycle inventory (LCI), life cycle impact

assessment (LCIA) and interpretation [78].

3.4.2 Goal and scope definition

At this stage of the LCA, the definition of the goal and scope of the study is established,
the functional unit is selected, and system boundaries are determined. The functional unit
refers to the reference unit of the system where all environmental impacts are measured.

The purpose of the study determines the definition of the system boundaries and the
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functional unit. There are many methods of determining the system boundaries in cement
LCA studies. The following are examples of system boundaries identified in the literature:
i.  Cradle-to-grave refers to the entire life cycle from the raw material extraction
through the stage of the products use to its end-of-life stage and product disposal
[232, 233].

ii.  Cradle-to-consumer involves raw material extraction to product consumption [234].
iii. Cradle-to-gate entails raw material extraction and the materials production to the

factory gate [235].
iv. Gate-to-gate refers to the environmental impact of a particular overall operation

(environmental impacts on-site) [236].

The functional unit chosen must be cautiously defined as this can affect the results
significantly [16]. The study system boundaries include those on energy, fuels, raw
material transportation, and emissions. In some studies, raw material extraction
(Quarrying) is omitted [68, 229, 237]. The results of these studies show that some
researchers define functional units differently. Several studies identified the functional unit
as 1 kg of Portland cement per ton of cement [68, 76, 157, 159, 229]. One study used 1
ton of Portland cement with a strength of 42.5 MPa as the functional unit Li et al. [238],
while an equivalent weight of 20 bags of cement (OPC) which is about 45.4 kg used as
one functional unit [157]. Two other studies selected 1 ton of clinker and 1 ton of cement
as the functional units depending on the cement life cycle, for example, each of CEM |,
CEM II, CEM Ill, CEM IV and CEM V were evaluated [228, 237]
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Figure 3-1 System boundaries and material flow of cement LCA cradle-to-gate [157, 239].

Figure 3.1 shows an example of the traditional cement production cradle-to-gate
approach LCA with the system boundaries including all the inputs and outputs, such as
raw materials extraction (quarrying), transportation (handling and shipping), raw materials
preparation (crushing, homogenization, and mixing), energy use in each process step,
and production of clinker in rotary kilns [240]. In some cases, a complete analysis of the
entire life cycle (cradle-to-grave) is impossible in a cement production process because
the cement end-use goes beyond the plant's gate. For this practical and factual reason,
the cement production assessment must use a "cradle-to-gate" or "gate-to-gate"
approach [68]. From the literature, as shown in Table 3.2, most cement LCA studies are
established based on a cradle-to-gate method. The scope of cradle-to-gate studies is
diverse. Some studies on the cement LCA omit the extraction of raw materials because
they consider it insignificant in terms of energy use (2% total energy use) or there is a
lack of data availability or data quality [68, 157, 229, 241]

At the raw materials extraction stages, the energy consumption is relatively low,

representing 2% to 5% of the total production. However, in terms of the environmental
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impact, raw material extraction may add up to a considerable amount from a global point
of view. Apart from those found in Josa et al. [68] and [158], the main cement production
processes (for example, preparation of raw material and clinker production processes)
are investigated individually in all LCA, as shown in Table 3.2. All the studies in Table 3.2
emphasize the highest energy-consuming stage of the cement production process. The
pyro-processing stage consumes approximately 90% of the total energy used [242].

A cradle-to-gate LCA method, based on primary data obtained from a plant, has been
used to assess the environmental impacts of cement production in Southern Europe
using scrap tires and refuse-derived fuel wastes as a partial substitute for fossil fuels
Stafford et al. [202]. One ton of OPC was used as a functional unit and the impact
assessment was based on ISO 14040 indicators. The impact categories investigated
were acidification, global warming, eutrophication, photochemical oxidants, and abiotic

depletion.
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Table 3-2. Scope of a cradle-to-gate method of cement production from different LCAs studies.

Functional | 1-ton cement | 1-ton 1-ton P.O. | 1-ton 1 kg |1 kg | 1-ton 20 bags of | 1kg cement |1 ton of
Unit | 1-ton clinker | clinker 1- | cement cement 1 kg clinker | clinker | CEM I cement P.O. P.O.
Processes ton cement cement cement
Stages 1-ton clinker
Raw  Material v v v v v v v v v
Extraction
(Quarrying)
Raw  Material v v 4 v v v v v v v
Preparation
(Grinding and
mixing)
Fuel 4 v v v v
Preparation
Clinker v v v v v v v v v
Production
Cement v v v v v v v v
Production
Transportation 4 v v v v
of final product
Reference [228]. [159] [229] [157] [68, 158] [202]
[243] [237] [76] [15] [244]
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The results showed that the atmospheric emissions in the kiln, fossil fuel consumption
and electricity consumption in the mills were the processes that contributed most of
the impact categories. In cement LCA studies, data on transportation are essential. It
is necessary to obtain more specific data about raw materials' transport (distance) and
final products for better results [245, 246]. Many studies include raw material
transportation in their LCA analysis, whereas others included the final product
transportation [76, 157].

3.4.3 Life Cycle Inventory (LCI)
The Life Cycle Inventory (LCI) stage considers the energy, materials inputs, air
emissions, soil, and water requirements for manufacturing a product throughout its life
cycle. Inventory analysis is the most vital stage of the LCA method due to the
availability and quality of data involved. According to ISO standards, professionals can
do three data quality assessments:
i. Completeness check (i.e., to confirm that the information is sufficient to draw
conclusions).
ii.  Consistency check (i.e., verify whether the assumptions, methods and data
meet established goals and scope).
iii.  Sensitivity check (i.e., to evaluate the impact of the chosen method and data of
the LCA study results).

Subsequently, an inventory requires appropriate inputs and outputs for the
environment and resources that must be established based on the data collected. The
suitable inputs and outputs data are collected from the cement production plant,
Environmental Production Declarations (EPDs), or LCA databases, for example,
ecoinvent [233]. The inputs include the amounts of raw materials, energy
consumption, and transportation data. Approximately 1.50 -1.70 tons of raw materials
are used to produce 1 ton of clinker [15, 228, 244]. The LCI studies on cement
production involve various inputs and outputs, depending on the scope of the study.
Some studies include data from quarrying operations (i.e., drilling and blasting), while
others have only data on raw material transportation. Table 3.3 presents the input and
output data of cement production from the literature. In the existing studies, the LCI

data and the composition of clinker or cement, raw materials, transport, energy use,
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fuel, and emissions were presented by the manufacturer using standard functional
units [15, 68, 109, 159, 228, 237, 244, 247, 248].

Recently, raw material substitutes have been considered for cement production and
studies show that fly ash, slag, mining waste, aluminium oxides, pyrite ash, ceramic
waste are used [109, 237, 249]. Iron ore waste is also used in cement production as
an alternative raw material [228, 247]. Industrial sludge and fly ash can be replaced
by calcium, iron, aluminium and silicon [250]. Different types of fossil fuels such as
natural gas, petroleum coke, lignite and fuel oil are used in the cement plant. Fossil
fuels are used mainly in pyro-processing, which represent most fuels used in the
cement production process. In the United States, most cement kilns are fired mainly
by coal, a combination of petroleum coke and coal and alternative fuels [251]. In
addition, the cement industry also uses large amounts of tires, waste-derived fuels,
dewatered sludge, biomass fuels, solid and liquid waste as alternative fuels [159, 248,
252-254]. However, the exact ratio of a fuel mixture in cement production mainly
depends on the plant and may consist of unique fuel combinations, including natural
gas and alternative fuels [251, 253, 255]. The energy used in a cement plant is divided
into thermal energy and electrical energy [68]. In the cement production process,
electricity usage includes pre-homogenization, crushing, kiln rotation, grinding, start-
up machines (e.g., fans, kiln drives), transporting the materials to preheaters, and

cooling systems [252, 256].

The primary electricity consumers in a cement plant are mills and exhaust fans, and
they consume over 80% of the electrical energy used in a plant [254]. Both trucks and
conveyors are used in many cement plants with on-site quarries to transport raw
materials to processing sites. Also, energy use for other transport, auxiliary, and non-
productive activities (for instance, lighting, office equipment, etc.) in LCI must be used
as input [252], while thermal energy is primarily used in a clinker kiln [257]. The energy
consumption per ton of clinker is 3000-6000 MJ, while the electricity consumed per
ton of cement is 90-150 kWh, depending on the raw materials used and the technology
used in the kiln and properties of the fuel. In Europe, the average heat expected from
the operating kiln system is 3600 MJ / ton of clinker, of which the dry and semi-dry
kilns have 3500 MJ / ton of clinker [229, 254].
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Li et al. [237] calculated the electricity use in a cement production process as 71
kWh/ton of P.O. cement and they indicated that electricity use in the grinding process
varies with the grinding capacity of clinker, gypsum, and various mixtures. The use of
fossil fuels and energy consumption in the cement production process contributed
significantly to the potential of acidification and eutrophication impacts because fossil
fuels are used to produce electricity.

Some researchers have also studied and compared LCAs of different types of cement
with each other [76, 77, 228]. In addition to the composition of the clinker, depending
on the type of cement, the cement grinding process also contains different
components such as pozzolan, gypsum, fly ash, blast furnace slag, limestone etc.
[228].

Feiz et al. [76] measured the clinker GWP for three different types of cement (CEM |,
CEM Il / A and CEM IIl / B) in 2009 using 1 ton of cement produced as a functional
unit. The cement products evaluated were: 92% of CEMI | (Clinker cement), 50% of
clinker B.C. along with CEM IIl/A (Granulated Blast Furnace Slag) and 27% of clinker
together with CEM 111/B (Granulated Blast Furnace Slag). The result of GWPs for CEM
I, CEM III/A and CEM l1I/B were 779 kg CO2-eqg/t, 452 kg CO2-eqg/t, and 265 kg CO2-
eg/t, respectively. Josa et al. [68] also established that the CO2 emission of CEM was

around 800 kg/ton of cement, in agreement with the result of Feiz et al. [76].

Garcia-Gusano et al. [228] studied the environmental impact of five cement types:
CEM |, CEM II, CEM lll, CEM IV, CEM V, and other cement types using LCA. They
noticed that up to 30% of OPC (CEM I) contributes to each environmental impact
evaluated. In addition, CEM II (fly ash), CEM Il (composite), and CEM II (limestone)
similarly have major effects on all impact categories. The air emissions from the kiln
system are the major output from cement production. These can be classified as
combustion gases from physical and chemical reactions relating to raw materials and
fuel combustion. Based on cement plant properties, the amount of CO2 emission is
between 650 to 920 kg /ton of cement. The global average is around 830 kg of CO2

/ton of cement [258].
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Table 3-3. Summary of the LCI of clinker and cement production from literature.

References [68] [159] [248] [15] [244] [109] [237], [247] [228]
Input/output

Limestone (t) 1.22 1160 1.181 1.18 1050 1150 1.12
Clay (t) 0.057 0.31 0.346 0.35 0.0797
Sand (t) 6.10 0.069 0.07 54.81 40 4.7 0.0273
Iron ore /Iron oxides (t) | 0.019 1.70 0.013 0.01 7.5

Gypsum (t) 0.050 0.01 50 50.51 50

Blast furnace slag (t) 0.109 0.00316
Fly ashes (t) 0.09 241.39 155-200 0.00298
Water m?3 0.2E-03 1802 5.56E-04 3602 0.165 0.00162
Hard coal/Bituminous 9.8E-03 94.69 5.61E-09 5.61E-09 101.94 0.0437°
coal (GJ)

Pet coke (GJ) 4.5E-02 1.06E-01 0.106 96.45 2.89p
Heavy fuel oil (GJ) 1.6E-02 1.61E-09 1.61E-09 1.73 0.0341°b
Electricity (kwh) 13.5E-02 | 103.39 7.57E-02 0.07572 81.93 71 29.08 92
Emissions: 1.48E-04 1.14E+00

CO2 (Kg) 760 1.51E-02

COz, biogenic (Kg) 0.01 4.9E-04 3.00E-05 6.5E-02 0.095 6.18E-02

CO (Kg) 0.355 6.9E-01 0.15 8.56E-01 3.71E-01 620 605 7.35E+02 | 5.28E-01
PM / Dust (Kg) 0.00096 1.2E-03 3.6E-02 1.55E-03 1.60E-03 1.9E-01 0.68-1.65 1.04E+00
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S0z (Kg) 4.5E-05 9.0E-02 5.54E-06 0.3047¢ 1.37E-02
NOx (Kg) 0.00043 8.2E-04 9.3E-01 5.06E-04 1.60E-03 2.3E-02 0.036-0.113 9.84E-02
VOC (Kg) 3.3E-06 4.53E-05
NMVOC (Kg) 9.41E-03
Ammonia (Kg) 1.2E-02°¢ 0.00332 ¢ 9.60E-13
Benzene (Kg) 7.2E-04 4.83E-03
Dioksin (PCDD/Fs) 5.54E-06 8.88E-06
(Kg)

CH4 (Kg) 3.2E-08 5.17E-05 7.62-27.44 1.20E-08
Ni (Kg) 9.8E-07 | 1.00E-02 ¢ 1.12E-11 1.60-13.95¢ | 7.61E-05
Mn (Kg) 1.6E-07 5.62E-10 2.18E-06
Cr (Kg) 2.8E-07 | 5.28E-03°¢ 1.35E-12 1.14-1.52¢ [ 1.72E-05
As (Kg) 5.09E-05 © 3.00E-09
Zn (Kg) 2.2E-07 1.00E-02 ¢ 9.68E-06
Cu (Kg) 3.4E-08 3.02E-03 ¢ 4.18E-12 0.572-0.91 ¢ 3.30E-08
Hg (Kg) 2.8E-07 | 2.40E-01¢ 1.09E-05
Cd (Kg) 1.4E-08 7.92E-04 ¢ 4,00E-09
a: kg; P: GJ; ¢g; 9m
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The main components of the kiln system output are defined as CO2, PM, SOx and
NOx. Noise emissions are generated during the cement production process along with
outputs such as NOx, CO2, PM, and SOx emissions; C.O., HCI, TOC/VOC, H.F.,
PCDD/F as well as some metals (such as Cd, Hg, Ni Tl, Sb, As, Pb, Cr, Co, Cu, Mn,
V) discharged from cement kilns system [254]. Particulate matter (PM) emissions
come from quarrying, crushing, and grinding of raw materials and transportation of raw
materials with lorries or conveyors, raw material storing and cement loading. PM
emissions can be substantial despite the low energy consumption at this stage. Hence,
for a better evaluation, an investigator, consultants etc. should also consider the trends
and regulations of each stage when conducting an LCA.

3.4.4 Life Cycle Impact Assessment (LCIA)

In LCIA, the inventory analysis results are used to assess the product's environmental
impact using characterization models. The LCIA can be divided into four major phases:
classification, normalization, characterization and weighing. The impact categories
from product or process are selected and calculated using various impact assessment
methods based on the study purpose and criteria. The LCIA methods applied in the
ecoinvent data v2.0: CML 2001 are Cumulative energy demand, Ecological footprint,
Eco-indicator 99, Ecosystem damage potential (EDP, EDIP’97 and 2003), Ecological
scarcity 1997, IPCC 2001 (climate change) and IMPACT 2002+, TRACI [259]. The
two primary methods employed in the literature for impact assessment are problem-
oriented methods (EDIP, CML 2002, etc.) and damage-oriented methods (IMPACT
2002+, EPS, Eco-indicator 99.... etc.) [158, 159, 233].

Hischier et al. [259] quantified problem-oriented impact categories using the CML 2001
method, while Goedkoop et al. [260] used the eco-indicator method to calculate the
damage-oriented impact categories using the LCIA approach. Besides the CML 2001
method, the IPCC GWP method is also a problem-oriented impact category. The LCIA
only measures GHG emissions (in kgs of CO2 equivalents) and does not affect climate
change (disability-adjusted life-years-DALY). Only the IPCC GWP method should be
used if the study's primary aim is to determine the GHGs [233].
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33  In Europe, Boesch and Hellweg [229] measured the LCIA of different types of cement
34 (CExD, climate change, human toxicity, acidification, and eutrophication). Climate
35 change impact categories reported as 903 kg COz-eq for (CEM 1), 742 kg CO2z-eq
36 (CEMII), 354 kg CO2-eq (CEM Ill), 628 kg CO2-eq (CEM IV) and 412 kg CO2-eq (CEM
37 V). Among all the impact categories, the production of CEM | cement has the highest
38 impact measured. Emissions of CO2 from cement production are affected by energy
39 efficiency [229]. The LCIA method is considered in various studies from the literature
40 [15, 109, 202, 228, 229, 244, 247, 248].
41
42 A few studies conducted on impact assessments based on cement production stages
43  (such as calcination, transport, mining, clinker production, packaging, etc.), are
44  summarized in Table 3.4 [228, 247].
45
46 Table 3-4. Summary of LCIA accomplished from the literature.

= < = — w = —
Impact Category
Global warming v v v v v v v v
potential
Eutrophication v 4 4 v v v v v
Abiotic v v
Depletion
Acidification v 4 4 v v v v v
Ozone layer v 4 4 v v v
depletion
Aguatic eco- v v v v v v
toxicity
Photochemical 4 v v v v
oxidation
Terrestrial eco- v v v v v
toxicity
Cumulative v 4 v v
Exergy Demand
Cumulative
Energy Demand
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lonizing 4 4 v v

radiation

Particulate v

matter formation

Respiratory v v v

effects

Human toxicity v 4 v v v

Land use v v v v

Minera] 4 v

extraction

Resource v

depletion

Non-renewable v v

energy

. [228] [247] [109] [15] [244] [248] [229] [202]
c

2 g

47

48 In a cement production process LCA study, clinker can have a significant impact
49  (about 80%), influencing all mid-point impacts except for terrestrial eco-toxicity [247].
50 For instance, the endpoint impact categories, human health, resource depletion,
51 climate change and ecosystem quality have been assessed in some LCIA studies in
52  the literature. Another study by Usén et al. [244] used four scenarios to investigate
53 sewage sludge environmental analysis used as secondary fuel in cement production.
54  The LCIA was analysed using midpoint and endpoint methods. All the mid-point impact
55 categories were improved when sewage sludge was used as a substitute for pet coke,
56 apart from human toxicity, marine eco-toxicity and terrestrial eco-toxicity. The high
57 heavy metals content was described as the primary cause in the selected sewage
58  sludge [244]. Simultaneously, some methods found different scenarios, such as using
59 sewage sludge as a raw material substitute or fuel substitute in cement production
60 [244, 248], and compared the differences. Generally, energy use and emissions during
61 clinker production play a vital role in environmental impacts [248]. A summary of the
62 general methodologies adopted in the literature reviewed are illustrated in Table 3.5.
63 Chen et al. [109] conducted a hybrid LCA to examine the environmental impacts and
64  possible improvement for pollutants produced from the Chinese cement industry. They
65 measured four cement production scenarios using dry rotary kilns and shatft kilns.
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Table 3-5. Summarizes LCA methodologies used in various studies extracted from the literature.

Country Study description Scope Functional unit Data collection Software/Database | Reference
France Cement production and the difference Extraction and 1 kg of P.C. Register of the SimaPro 7/ Eco- [159]
between plants production of European pollutant invent v2.0

cement emission
China Portland cement production of 1ton of P.C. and 1 ton | On-site, estimation with [238]
cement and power | of P.C. with 42.5 MPa coefficients, mass, and
station strength heat equations
Spain Applying of CO2 Production of 1 ton of grey cement Past studies SimaPro [162]
post-combustion capture to cement 7.3.3/Ecoinvent
cement production v2.2
United State | Comparative of the OPC traditional Production of 200, 100 (Ib-bags SimaPro 6.0 [157]
process with alternative technologies cement of OPC)
Germany Attributional comparative LCA for four Production of 1 ton of cement Records on the plant, SimaPro 7.3/Eco- [76]
cement products. cement on-sit invent
China Portland cement, clinker Production of 1ton of P.C. and 1ton | On-site Eco-invent v2.2 [237]
cement of clinker
Italy Plastic as an alternative fuel, resource Production of 1 ton of cement On-site [261]
productivity improvement, co- cement
incineration, LCA
China The impacts and improvement potential Production of 1ton of P.C On-site, past studies, [109]
of pollutants generated from production cement statistics records,
cement. monitoring data
Spain BAT implementation to the production of | Production of 1 kg of clinker Records on the plant SimaPro 7.2/Eco- | [15]
cement clinker invent v2.2
in cement kiln
Switzerland | Comparative LCA. From extraction of 1 m3of concrete On site-specific Eco-invent v2.2 [262]
material to
aggregates and
building.
Persian Cement (Zeolite in marine environments) | Using the phase of | 1 m3of concrete (15 On-site, plant reports, [263]
Gulf extraction and years of field experiments,
production of service life)

cement

P.C = Portland cement, BAT = Best Available Technologies.
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Average production using shaft kiln scenarios showed comparatively more
environmental problems than large and medium production scenarios in most
categories. The results showed that large and small scenarios had a GWP value of
734 and 693 kg CO2 eq., while the shaft kiln scenarios had 802 and 1000 kg CO: eqg.
They concluded that the cement production process contributed the most categories
of non-cancerous respiratory organic and non-renewable energy. The transport
process contributed the most to the carcinogen categories, ozone layer depletion and

ionizing radiation.

Garcia-Gusano et al. [228], in a similar study, identified five scenarios: material
substitution, electrical efficiency, fossil fuel substitution, thermal efficiency and ideal
categories to implement the Best Available Technologies (BAT) and assess its impacts
on the life cycle of each scenario using the mid-point method. They established that
change from primary materials to secondary materials, for instance, fly ash and blast
furnace slag resulted in 10-13% reductions for each impact category. Using alternative
fuels as a substitute for fossil fuels reduces the cement impact categories of
photochemical ozone formation and acidification by 37% and 33% respectively. The
results also showed a substantial reduction in CO2 emissions by increasing thermal
and electrical efficiency by substituting 50 % of total fuel with alternative fuels which

reduced the clinker-to-cement ratio from 0.8 to 0.7. [228]

Strazza et al. [261] investigated an operational cement plant's environmental
performance in Italy that uses recovered plastics as a fuel substitute. The caloric fuel
substitution was 22%. The results showed that the GWP reduced 2%, POCP 1%, A.P.
27%, ODP 18% and E.P. 0%. They concluded that the use of alternative fuels is an
ideal way to reduce environmental impacts. The impacts on several mid-point
categories, for example, global warming, terrestrial eco-toxicity, respiratory inorganic
and non-renewable energy, have a vital influence on cement production [109, 248].
The related greenhouse gas emissions investigated in LCl are CO2, CH4 and N20 [15,
158]. In particular, CO2 produced during the calcination phase and fuel-burning are
significant GHG sources in cement production [229]. NOx, SO2 and patrticles are
substances found in the respiratory inorganic waste [248]. The primary materials of
non-renewable energy are coal and crude, which produce energy and impact that

category [109]. Heavy metals, toxic organic compounds and NOx emissions influence
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the category of human toxicity. Simultaneously, cumulative energy demand depends
mainly on fossil fuel consumption in a rotary kiln [229].

Valderrama et al. [15] used a cradle-to-gate LCA to assess and measure the
environmental impact of the possible improvements in an upgraded cement production
line. The new line (L6) has been designed and built based on the best available
technologies method for the Spanish cement plant to replace the previous lines (L3,
L4 and L5). The system boundaries used include the extraction of raw materials to
clinker products. It does not include clinker grinding, final blending and the other
mineral processes used in Portland cement production. The LCIA related step was
achieved using CML, the midpoint method of the SimaPro7.2 software.

The recorded environmental impacts of global warming, eutrophication and
acidification are reduced by 5%, 17%, and 15% respectively for the new production
line (L6) as compared with the previous lines. The most significant changes are related
to kiln system energy efficiency, which uses less fossil fuel to produce 1 kg of clinker
(with less atmospheric emissions). The European Commission introduced the BAT for

the cement industry and it covers the IPPC technologies in cement production [254].

As shown in Table 3.6, from the literature, the system boundaries vary by country,
including extraction (quarrying) and preparation of raw materials, transportation
(including the raw materials, and the handling and shipping of the cement), crushing
grinding and mixings, and energy consumption in each production process. However,
the cradle-to-gate method is predominantly used in cement LCA studies, as shown in
Table 3.6.

Table 3-6. Summarizes LCAs system boundaries (Cradle-to-gate) from the literature.

System boundary Method Reference

Gradle to gate

This includes extraction and preparation of raw materials v [159]
at the quarry, raw materials mixing and the cement kiln
process, the clinker grinding and its mixing with gypsum
and considered both alternative and primary fuels
transportation with the exclusion of raw materials
transportation as the quarry close to the cement plant.

This includes cement production accompanying its raw v [238]
materials preparation, transportation of coal and raw meal
process and energy use, grinding and mixing of clinker
with gypsum, and cement plant and power station.

This includes raw materials extraction process to the v [162]
cement production process and considered all related to
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COz capture process excluded transportation and CO:
storage.

United State This includes the extraction and acquisition of raw v [157]

material, processing production stages to the cement
packaging and transportation of the finished cement
product.

Germany This includes  extraction of raw  materials, v [76]

production/upgrading of materials, cement production and
transportation within this scope. Transportation of cement
outside cement plant such as road, railroads were not
included

China

This includes raw materials, process preparation, coal and v [237]
raw materials transportation from yard to mill, grinding,
mixings and energy use crossing the boundary of the
cement plant.

Italy

This includes raw materials preparation, energy use (fuels v [261]
and fuels for transport), mixings and cement grinding,
excluding alternative fuels and raw materials, explosives
and grinding media.

China

This includes raw material extraction, crushing, clinker v [109]
production, mixing with water, ball-making, incineration in
the kiln, grinding of cement energy consumption, road
transport, direct emissions and infrastructure were
considered in each process.

Spain

It includes from mining to the production of clinker in 4 [15]
cement kiln, excluded the blending and grinding of clinker
and other raw material for cement production.

Spain

It includes raw materials extraction to cement production, v [228]
including waste from refuse as secondary materials and
alternative fuels. Electricity mixture is excluded from the
system.

The present study considered the Life Cycle Inventory (LCI) data and the Life Cycle
Impact Assessment (LCIA) results of the cement production processes as described
in the literature and rigorously evaluated and analysed the findings. Previous studies
on the use of LCA to analyse the environmental impact of the cement production
processes are reviewed. ldentified are critical problems within the system boundaries
corresponding to the "cradle-to-gate” system of cement production processes as
stated by ISO (14040:2006).

3.5 Limitations, possible improvement of cement LCA and novelty
of the study

Even though LCA is the most reliable method for investigating the environmental
impact of cement production process, it is important to know that is has some
limitations. Some of its major limitations observed in the literature and possible

improvements are discussed in this section.
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The most critical stage in any LCA is to gather a reliable LCI for a successive LCIA
that can be investigated. The data used in inventory analysis affects the results of the
cement LCA. The LCI data can be primary data, which is obtained from on-site
surveys/investigations or secondary data sources. In most studies, primary data was
collected directly from product manufacturers, processes operators, or service
providers. In contrast, secondary data are generally collected from consultants
(software databases), national databases, generic data, or research groups. Primary
data is preferably used to establish the ideal LCA if it is available. The primary data
availability is often a major challenge as the primary sources, manufacturers and
industries often have confidentiality problems surrounding the publishing of such data.

Based on this explanation, access to primary data is one of the limitations of LCA.

An area that needs improvement in cement LCA is the data quality. To the best of
authors’ understanding, there are no detailed discussions on data quality assessment
in the cement LCA literature. The data quality assessments include completeness
checks, consistency checks, and sensitivity checks. The possible reasons could be
slight interest given to data quality verification or difficulty encountered during data
collection. The quality of the data directly influences LCI results obtained from cement
LCA analyses. Hence, to obtain a good result from cement LCA, crucial for improving
the environmental impact of cement production, data quality assessment on cement

must be taken into consideration.

Another possible area for improvement is in the descriptions regarding the standards
used in establishing system boundaries because selection of boundaries determines
the processes to be included or omitted from the product system. Importantly, system
boundaries are related to research costs and/or data quality. Consequently, system
boundaries affect the results obtained from cement LCA analyses. Improvement in
descriptions of system boundaries is a necessity for better results. Some studies have
ignored outputs such as hazardous air pollutants (PAH, PCDD/Fs, HCl etc.) and heavy
metals (As, Hg, Cd, Cr, etc.). Heavy metals can badly affect cell structure and plant
functions. However, to measure all environmental impacts from cement production
processes using alternative raw materials or alternative fuels (such as fly ash and
sewage sludge etc.), it is important to consider all outputs (including the hazardous air

pollutants, heavy metals, solid wastes, and wastewater).
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Lastly, another area of possible improvement is the impact of emissions from cement
production processes on economic development. Authors established from literature
that dust from a cement kiln has among the worst environmental and human health
problems. Exposure of workers and communities to dust emissions can lead to many
health problems. To achieve sustainable development, it is suggested that focus be
placed on technologies that produce effective emission controls, are energy efficient

and are environmentally friendly themselves.

3.6 Conclusions
The study highlights the main problems related to LCA of cement production

processes, also presented are suitable recommendations. Issues were found with
system boundaries, functional units, sources of data, and data quality assessments.
Results show general gaps in the methodology and documentation of all stages of
LCA. In general, the scope of an LCA for a particular application consider gate-to-gate,
cradle-to-gate, or cradle-to-grave situations. In this study, the cradle-to-gate method
was found to be the method predominantly used in cement production. The most
relevant issues found in this review revolve around the definition of functional units,
system boundaries and lack of comprehensive environmental impact assessments.
The quality of the data directly influences LCI results obtained from cement LCA
analyses. Improvements in descriptions of system boundaries are a necessity for
better results. The lack of comprehensive environmental impact assessments is a
problem that needs serious attention. The cement industry needs to engage in an in-
depth assessment and work closely with LCA researchers. Future LCA studies must
provide more details on system boundary criteria and provide detailed data quality
assessments. The cement production LCA literature mainly focuses on energy
consumption and GHG emissions. Critical issues include volatile organic compounds,
heavy metals, and other toxic emissions. Without a comprehensive assessment, it is
impossible to understand the overall environmental impact of cement production. The
most crucial potential impacts are highlighted during the weighing phase. More
research is needed to evaluate the impact of these alternative raw materials and fuels
on cement production and identify the best technologies available in the production

process for sustainability of the industry within acceptable environmental concerns.
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3.7 Recommendation and future work

Researchers are acquiring experience in LCA studies at a quick pace globally.
Compared to last two decades, when most LCA studies focused mainly on
methodology descriptions and LCA concepts. The LCA studies we reviewed
highlighted the main features needed to improve the LCA, such as the definition of the
goal, functional units, system boundary, and impact assessment. However, compared
to international research in a similar field, the LCA studies need more detailed
boundary criteria, present detailed data quality assessments, expand to other data
sources, and assess their limitations critically. To increase LCA awareness and
improve the LCA studies quality, industries, associations and organisations should
take a more active role in the assessments and work closely with LCA researchers.
The government may perhaps fund pilot projects to support LCA research.
Furthermore, international collaboration can help LCA researchers to embrace global

best practices more effectively.
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CHAPTER 4 : Environmental Impact Analysis of Portland
Cement (CEM1) Using the Midpoint Method

This chapter present results of the environmental impact analysis at midpoint. Based
on International Organisation for Standardisation, ISO 14040 [78] (Principles and
Framework), ISO 14044 (2006) [203], and ISO/TS 14072 [79] (requirements and
guidelines) for LCA, this chapter analyses the environmental impact of 1 kg of Portland
cement (CEM 1) in the South African cement industry using the LCIA based on the
Recipe 2016 v 1.04 midpoint method. The study merged the entire cement production
process into five processes, i.e., raw material usage, fuels usage, electricity usage,
transportation and clinker production. The impact categories of the five production
stages were assessed using the LCA methodology based on the Ecoinvent database
v3.7.1, integrated with SimaPro 9.1.1. software. This study used data modeled after
the South African cement plant. The impact categories investigated were classified
into three categories: atmospheric, resource depletion, and toxicity. The content in this
chapter, co-authored with Oludolapo A. Olanrewaju, Kevin J. Duffy, and Obiora C.
Collins, has been published in the Energies [191].

4.1 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 [96, 264].
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
[265]. 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 [266].
The majority of these efforts have centered on lowering greenhouse gas (GHG)
emissions, particularly carbon dioxide (COz), 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 critical step

towards mitigating them. It is estimated that the cement industry causes about 5% of
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total anthropogenic CO2 emissions and accounts for 12-15% of global industrial
energy use [23, 244]. 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 [76, 267, 268]. The amount of clinker (the primary ingredient) used in
cement production is directly proportional to the CO2emissions. 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 [269].

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 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 [270]. 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 [151]. The cement production process comprises three
main stages: raw material preparation, clinker combustion (pyro-processing) and
cement preparation [148]. 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[148]. 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 [19]. The cement industry is energy-intensive and has become a source of
environmental worries 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 [96, 155].

Cement production is well known for its massive total industrial energy consumption,
approximating 30-40% in many countries [49, 271]. Cement production employs a
variety of energy sources, including thermal and electrical energy [205]. The thermal
energy used in cement production accounts for roughly 90% of total specific energy
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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 [272, 273]. 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 [49]. 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) [274].

The greenhouse gas (GHG) emissions from energy consumption are the primary
cause of global warming and climate change [275-277]. The energy consumed in the
industrial sector represents about 28.3% of total global energy consumption and,
consequently, releases about 38.5% of CO2[278]. Nearly 33% of global emissions are
directly related to energy consumption [279]. Cement plants are responsible for up to
7% of CO2 emissions worldwide [155, 280]. 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 [281]. According to the Department of Environmental Affairs’
2014 [282] reports, annual greenhouse gas emissions from cement production
increased by 27% between 2000 and 2010, from 3.3 MT COze to 4.2 MT COze. The
South African cement industry accounted for 1% of the country’s GHG emissions
[283]. South Africa’s leading electricity service provider, Eskom, generates 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% [284-
287]. 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 [102]. Energy use is
directly responsible for 33% of global emissions, with the cement industry liable for up
to 7% of global CO2 emissions [90, 155]. Apart from GHG emissions, cement

69



production also emits other atmospheric pollutants, such as nitrogen oxides (NOx),
carbon monoxide (CO), particulate matter (PM) and sulphur dioxide (SO2), among
others, mainly due to the use of coal [155, 288-290]. Raw materials’ extraction can
also lead to natural resources depletion [291], air pollution [158] and land degradation
[222]. 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) [16].

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
Organisational assessments ISO/TS 14072 [79], increasing the applications for the
approach and increasing its ability to reach high-level decision- and policy-makers.
The LCA methodology, recommended by ISO/TS 14072, covers the scope of ISO
14040 (2006) [78] and ISO 14044 (2006) [203], to all Organisational activities
standards and includes four stages: definition of goal and scope, inventory analysis,
impact assessment and interpretation of results [79]. 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 analysed
during the life cycle inventory (LCI) stage. Impact Assessment: This stage provides
more information to help assess the LCI results of a product’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) [78] and ISO 14044 (2006) [203], ISO/TS 14072 [79] provides additional
requirements and guidelines for effective application to Organisations.

According to Petek Gursel et al. [257], 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
manufacturers, processes, services and associations, while secondary data are those
from the published datasets, journals, consultants and considered generic data [292].
LCA is among the methods used to assess the environmental impact of cement

production [157, 229, 293]. LCA has drawn much interest to various available tools,
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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 [294]. Therefore, LCA is an effective tool for Organisations to provide a
scientific basis to support Organisations’ decision-making, to reduce environmental
impact during life cycle management [295-297]. The environmental impact of cement
production has been compared in LCA studies for different types of cement [76, 77]
and stages of production [109, 162, 298, 299]. Many LCA studies developed various
scenarios for replacing raw materials and fuels to reduce cement production's harmful
environmental impact [162, 244, 248, 261] or identify the best available technology
[15].

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 [300-306]. 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 [307], and also as a partial substitute for limestone in kiln feed
[308, 309]. Replacing the same amount of clinker with various SCMs, 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 [310]. Steel slag showed good
hydraulic properties and offered a standard-setting time, contributing to resource,
energy, and environmental saving [311]. However, different functional units and
impact assessment methods make it difficult to compare LCA studies [15, 68, 157,
159, 244]. 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 COz/ton of cement
produced [154]. This depends on many factors, including the amount of clinker in the
cement, the type of fuel used, and the system's energy efficiency [9, 312].
Approximately 60% of these emissions are caused by process (limestone calcination),
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35% by fuel combustion, and 5% by electricity application [312]. Wang et al. [215]
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 N20, have less impact
[158, 313]. Tun et al. [314] 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 major environmental
impact is 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. [242] 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 emission (553 kg per ton of cement) and
39% (365 kg per ton of cement) of total CO2 emissions, respectively. Feiz et al. [76]
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. [315] 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 impact, 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. [316] 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. [109], 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).
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4.2 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
[185]. In the Recipe, 18 midpoint indicators and three endpoint indicators are
determined. Each method midpoint and endpoint include factors based on three
cultural perspectives: individualistic, 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 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 [317]. Goedkoop et al. [318] 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.
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4.3 Methodology
Life cycle assessment is a method that has been successfully used for assessing
promising 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 management [78]. LCA method considers the environmental impact of
products, services, and processes. The analysis is conducted according to ISO/TS
14072 guidelines for Organisational 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.

4.3.1 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 4.1, 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, fuels, 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 process merged into five processes, i.e., raw material usage,

fuels usage, electricity usage, transportation and clinker production.
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Figure 4-1 System boundaries of the LCA of Portland cement in South Africa.

4.3.2 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 [319]. Ecoinvent’s inventory data
for South African cement production were primary data collected from five cement
plants that characterized 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 4.1.
Table 4-1. List of input/output data of Portland production [319].

Amount
Cement Factory 5.36 x 10711 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 x 1075kg
Electricity 0.0376 kWh
Output
Emissions to air (Heat, waste) 0.135 MJ
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Products (Cement, Portland) 1kg

According to Petek Gursel et al. [257], developing a life cycle inventory includes
guantifying 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.

4.3.3 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
methodologies available, with some of them being included in commercial software
[320]. Most methods are based on impact categories and characterization factors and
include the following 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 considerations should limit their
number. In the LCIA methodology, the characterization step assessed the relative
contribution of each environmental impact [321]. 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
interpretations of a substance’s potential impact per unit emission. They determined
each impact category that a substance/process could possibly contribute to [322].
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.

5= Z Qji My (4.1)
i
Where S;= impact category j indicator

m;= size of the intervention of type i

Q; ;= characterization factor that links intervention i to impact category j [323].
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Equation (2) represents some non-generic characterization factors and potential
variables in human health and the natural environment impacts setting [323].

_ Effect(iLt) _ Fate(i,l,t) . Exposure(i,Lt) . Effect(ilt)
Qj,s,t o ZlEmission(i,s)_Zl (Emission(i,s)) (Zl Fate(i,l,t) ) (ZlExposure(i,l,t)) (4_2)

Where Subscript i = substance,
s = location of the emission,
| = related exposure area of the receptor

t = period during which the potential contribution to the impact is considered [323].

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 [323]. 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. [324],
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.

S
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 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 4.2. 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
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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 4.2 includes the midpoint impact categories and they can be

classified as local, regional, and global impact of cement production.

Table 4-2. The environmental impact indicators investigated (Mid-point 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
lonization 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 HTPhG kg 1.4-DCB eq

toxicity

The inputs and outputs in the cement production system shown in Figure 4.1 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

78



using SimaPro 9.1.1 software application [317, 325]. Table 4.3 shows all processes

studied in each production stage.

Table 4-3. 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

Diesel, coal, light fuel oil and lubrication oil, including inputs and

Fossil fuels
outputs.
o Electricity used in mills and other equipment, in agreement with
Electricity ) ) S )
South Africa production and distribution regulation
_ The transportation of raw materials, fuels and energy resources
Transportation

from the extraction site up to the gate of the plant

Clinker production

Particulate matter, NOx, CO2, emitted by the kiln during clinker

production

4.4 Results and Discussion

Figure 4.2 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 [9, 76, 106, 109, 326-329]. Global
warming potential (GWP): Clinker production showed a high contribution, with 7.63 x

10! kg CO:2 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 CO: eq.

Gilobal Ozone Ozone Ozone Particulate lonizing
warming depletion formation, form ation, matier radiation
Terrestrial Human health formation
ccosystems

= Clinker production * Raw material Electricity Fuel # Transportation

Figure 4-2 Contribution of each production stage to atmospheric impacts.
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According to earlier studies, CO2 emissions from cement production (calcination
reaction and coal burning) are major GWP contributors [76, 157-159, 330]. Cement
production emitted an average of around 0.8—1.0-ton CO2/1 ton of Portland cement
globally [76, 270, 331]. Furthermore, global warming has been one of the most widely
studied impact categories 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 studies [9, 76, 106, 109, 328, 329, 332]. According to Wang et al. [215], 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 x 107 kg of
CO:2 eq to GWP. This result is consistent with the values reported in the literature,
ranging from 0.628 kg to 0.92 kg CO2eq per 1 kg of cement [109, 158, 228, 238].

Ozone depletion (OD) happens when the rate of ozone destruction is accelerated by
recalcitrant chemicals from anthropogenic emissions containing chlorine or bromine
atoms [318, 333]. The OD impact is measured in kg CFC11 eq (trichlorofluoromethane
or Freonll) 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 x 1077 kg CFC11 eq. The result is in line with previous
studies, i.e., 3.97 x 107%to 2.54 x 10-4 kg CFC11 eq [109, 298]. The electricity usage
contributes to all atmospheric impact categories, except lonizing radiation, as shown
in Figure 4.2. 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 atmospheric impact production stages. The FPM contribution is due to
the coal used in electricity production during the raw material consumption stage. The
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atmospheric impact from the clinker production and fuel consumption stage also
contributed to the calculation. The size of CO:2 released from cement production
clarifies why CH4 and N2O have more significant characterization factors among GHGs

pollutants and leading causes of climate change.

Figure 4.3 presents the contribution of each of the five production stages to resource

depletion impact categories.
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Figure 4-3 Contribution of each production stage to resource depletion.

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 SOz and NOx emissions during fuel burning for
calcination and transport, as identified in other cement LCAs [270, 314]. The result of
the Terrestrial acidification 2.44 x 10-3 kg SOz eq in this study is in line with Li et al.
[238], in the range of 1.144-1.467 kg SOz eq and Josa et al. [158] in the range of
0.71-3.33 kg SO2 eq. Clinker production due to coal burning contributed to the value
of 3.60 x 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 SOz 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) [334].
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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. [298]. The
contribution of the transportation stage to the terrestrial acidification (3.40 kg SOz 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 x 107 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 x 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 [134, 135].

Figure 4.4 presents the contribution of each of the five production stages to toxicity

impact categories.
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Figure 4-4 Contribution of each production stage to toxicity
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 4.4, 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 [335].
According to Ecoinvent, extracting 100 kg of diesel oil can release 62.7 kg CO2z eq and
contribute 127 kg oil eq to fossil depletion [319]. 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 [336, 337]. Hence, it could
be agreed that the choice of materials and fuels directly influence the relationship

between the cement plant and the environment.

4.5 Conclusions
In this study, the cement production stages, i.e., raw materials consumption,
production fuels consumption, clinker production, transportation and electricity, were
analysed 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 cement
production process was proportional 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
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COz2 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 emissions.

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 category. In addition, electricity consumption was also a significant factor,
contributing to the atmospheric impact of fossil fuels in generating electricity. Thus,
alternative raw materials and fuels could be a sustainable way to reduce
environmental emissions. According to the characterization results of the midpoint
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 cement produced, the highest environmental
impact values were 9.93 x 107! kg CO2 eq (global warming), 1.04 kg 1.4-DCB
(terrestrial ecotoxicity), 4.97 x 107! kg 1.4-DCB (human non-carcinogenic toxicity),

and 1.39 x 107! 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 upgrading 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
significant environmental impacts, including global warming, terrestrial ecotoxicity,
human non-carcinogenic toxicity and fossil resource scarcity, all identified as hotspots

in the midpoint method. The main factors contributing to these impacts are CO2, NOx,
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SOz, and PM2.s emissions. These are direct emissions from the clinker production and
fuel consumption stage for energy (electricity and transportation). As the main impact
hotspots have been identified, the options of implementing energy-efficient
technologies and on-site energy 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 technology options, including process integration and
modification, proper maintenance, plant optimisation, and energy recovery. For
example, process modifications, switching from a wet to dry process and using a pre-
calciner, could reduce thermal energy consumption in cement kilns by about 50%,

resulting in a 20% reduction in CO2 emissions [9].

Another promising way to reduce CO2 emissions is 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 [9]. On-site energy recovery technology
options include using alternative materials, fuels and the clinker used during the
cement production process [9]. The chemical decomposition of CaCOs 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
COz2 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 [155].
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CHAPTER 5 : Environmental Impact Analysis of Portland
Cement (CEM1) Using the Endpoint Method

This chapter present the damage-oriented results at endpoint. According to
International Organisation for Standardisation, 1SO 14040 [78] (Principles and
Framework), ISO 14044 (2006) [203], and ISO/TS 14072 [79] (requirements and
guidelines),this chapter examines the damage done when producing 1 kg of Portland
Cement in the South African cement industry. The chapter assessed the
environmental impact of Portland cement (CEM 1) at the endpoint using the Recipe
2016 v 1.04 method in the software SimaPro to analyse the effects of cement on
human health, ecosystems and resources. The damage results of the five production
process were assessed using the LCA methodology at the endpoint. The results reveal
that the clinkering stage causes the most substantial damage to human health and the
ecosystem due to large carbon dioxide (CO2z) emissions. Crude oil, coal, natural gas
and aluminium are the most critical resources utilised in the production process and
are subject to scarcity. This evaluation allows a country wide calculation of the value
lost yearly due to the cement industry in terms of lost resources and the life expectancy

of individuals, species, and economic value.

5.1 Introduction

The global state of energy is categorised by reducing fuel sources and environmental
worries related to fossil fuel usage [338]. Although the global COVID-19 pandemic
reduced carbon dioxide (CO2) emissions by 5.8% in 2020, carbon emissions are
estimated to attain roughly similar atmospheric levels by 2023 [339]. In line with a
three-year delay created by the economic recovery situation, energy demand will lag
behind compared to pre-pandemic projections [340, 341]. Environmental protection
has grown in popularity recently and has become an essential measure for social and
political settings [266, 342]. The most sought-after goal is reduction of greenhouse
gas (GHG) emissions for example carbon dioxide (COz2), nitrous oxide (N20) and
methane (CHa) that contribute to the greenhouse effect in an energy-intensive industry
such as cement [343]. Cement production is a multiplex process that uses large raw
materials such as limestone, marl, clay, and iron ore and various fuels such as coal,
natural gas, fuel oil, petroleum coke and waste, heat and electricity. Cement

production contributes to global warming through the CO2 emission during the clinker
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production stage [344]. Cement is an essential material in the construction industry
with high environmental impacts [76]. The global cement demand has risen due to
rising population and urbanisation. Cement production in 2016 was about 809 x 10° t,
making it the most-used produced substance globally [345]. Also, global cement
demand was expected to climb 4.5% per year to reach 5.2 Bmt in 2019 [346]. The
cement production growth rate is projected to rise in the following years.

The main impact of cement production is GHGs emissions, excess resource use and
energy (fossil fuel and electricity) [298]. The main components in Portland cement are
calcium (limestone), silicate, iron and alumina. Gypsum is used to improve the setting
time of cement [347]. CO2, CH4 and NOx are the most common GHGs emissions from
cement production [191]. Several Studies have indicated that the clinkering stage has
the most significant impact, with CO2 being one of the most released gases [192, 202,
348]. Coal is the primary fuel (thermal) used in the combustion process, contributing
to these GHGs. The impact of cement production is affected by the raw material
specifications and type of fuel, along with the technology used. Globally, cement
production contributes to about 5% of CO2 emissions, producing 0.81 kg CO2-eq for
one ton of cement produced [157]. Due to this, cement production faces tremendous

challenges in meeting global demand while reducing CO2 emissions.

In modern cement industries, both wet and dry rotary kilns are used [349]. Growing
concern over the capacity of the Earth to sustain economic development arose due to
the increasing threat of harmful global environmental change and mismanagement
problems. Many international groups and developed nations have recommended
different strategies and measures to mitigate these effects, including green economy,
green growth, green transformation, green industrial blueprint and sustainable
transformation [350]. Since cement is one of the most vital products in the world, it is
crucial that the damage caused by this industry be critically analysed. To properly
recommend and provide mitigation strategies, it is necessary to measure cement
production and its impact on human health, ecosystems and resources in the
production stages. Various mitigation strategies were recommended, including partial
clinker replacement, alternative fuel use, etc. Also included in the suggestions was

adopting the BATin the cement production [162, 163, 348]. Therefore, this study uses
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the endpoint Recipe 2016 v 1.04 life cycle assessment method to investigate the
environmental impact of Portland cement production (CEM1) in South Africa.

5.2 Life cycle assessment

Life cycle assessment (LCA) is a critical assessment tool for analysing the effects of
all stages of product production, from raw extraction to the waste disposal finish [78].
This tool is of great significance when it is necessary to know the environmental impact
of various production stages. It also serves as a decision-supporting tool for cement
producers, allowing them to improve the production process. The cement industry
environmental impact can be assessed using an LCA. Several studies have been
investigated using LCA to evaluate the environmental impact of cement production in
various countries, including Spain [15, 162, 228], Egypt and Switzerland [351], China
[109, 238], the European Union, the USA [158, 202, 348, 352] and others [192, 243,
314, 315]. The LCA tool can provide a comprehensive overview of the whole product
lifecycle. Following the international standard organisation (ISO) 14040 [78], 14044
[203] and new extension ISO/TS 14072 [79], LCA methodology contains four stages:
Definition of Goal and Scope, Life cycle inventory (LCI), Life cycle impact assessment

(LCIA) and interpretation.

5.2.1 The definition of goal and scope

The definition of goal and scope gives a detailed assessment objective along with
system boundaries, assumptions, and functional units of a product or process [353].
This study will use 1 kg of Portland cement as a functional unit. This will include all

dataset, analysis and interpretations.

5.2.2 Inventory Analysis

The LCI stage covers all the input and output inventory data required to evaluate a
product's production process [353]. The environmental impact database includes all
emissions produced during the production process. This study uses inventory data
from the Ecoinvent v3.7.1 [319] database, one of the most highly regarded databases
for construction materials [354]. The data was modelled after the South African cement

plant.
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5.2.3 Impact Analysis

LCIA is a multiple-faced evaluation method used to reveal all the potential
environmental impact categories based on the environmental resources data provided
in the LCI. Several environmental issues are addressed in this assessment, including
energy use, global warming, water pollution, etc., offering a comprehensive evaluation
of the product's environmental impacts [78]. In the LCIA stage, all inventories are
grouped into various impact categories, then the results of the LCIA and LCI are

interpreted.

5.2.4 Interpretation

This stage explains the results of the LCIA based on the LCI [355]. This stage
comprehensively present processes and substances with significant impacts with a
clear presentation, after which we will formulate recommendations. This study will
analysis the environmental impact of 1 kg of Portland cement (CM1) using the
endpoint LCIA method to measure the impact and correctly provide appropriate
recommendations. The investigation was carried out from raw material extraction to

cement production, i.e., from cradle to gate system boundary.

5.3 Materials and Methods

The LCA method has been used to evaluate the environmental impacts and resource
use across a product's lifetime, i.e. from raw materials extraction to the production line
and use stages to waste [78]. The LCA method evaluates the environmental impact of
products, services, and processes from "cradle to grave." Based on this data, the LCA
analysis assesses the potential impact on the environment, natural resources and
human health [356]. The methodology is one of the most crucial components of LCA
tools. The analysis and the data validation follows the ISO/TS 14072 guidelines for
organisational LCA [79] using the endpoint method of the SimaPro 9.1.1 software [317,
325]. The LCA consist of four stages: definition of goal and scope, inventory analysis,
impact assessment and interpretation, following the guidelines of the International
Organisation for Standards ISO 14040 [78], 14044 [203] and ISO/TS 14072 [79].
Therefore, this study describes the LCA methods for the various stages of cement
production, i.e., clinkering, raw material usage, fuel usage, transportation and

electricity usage explained by Ige et al. [191]. Since SimaPro uses different analysis
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methods, the method selected for this study is ReCiPe 2016 Endpoint (H) V1.04, which
has three main impact categories; human health (HH), ecosystem (ES) and resources
(RE).

5.3.1 Inventory Data

This study uses inventory data from the Ecoinvent v3.7.1 [319] database of the
SimaPro for 1 kg Portland cement production. The basic materials model describes
the production of various materials used in the life cycle of the South African cement
plant. The input data for 1 kg of Portland cement include cement factory production
capacity (5.36e-11 unit), clinker (0.902 kg), limestone (0.05 kg), gypsum (0.0475 kg),
ethylene glycol (0.00019 kg), steel (5.25e-05 kg), electricity, (0.0376 kWh) and
emissions to air (Heat, waste 0.135 MJ). The output of the system is Portland cement
(1 kg). The data includes all raw materials and energy used in the production process.
The figures are computed based on original data collected in South African cement
plants. The data comes from 5 typical cement plants in South Africa, representing 90%

of the cement market share.

5.3.2 Portland Cement Production Impact Assessment
As previously stated, the endpoint method employs three major impact categories,

each of which includes specific impacts, as described below:

5.3.2.1 Human health

i.  Global warming is measured in Disability-adjusted Life Years (DALY), caused
by increased death and diseases due to climate change.

ii. Stratospheric ozone depletion is measured in DALY, resulting from increased
UV radiation caused by ozone-depleting substances into the atmosphere.

iii.  lonizing radiation; expressed in DALY, causing by radioactive radiation.

iv.  Ozone formation, Human health; the damage is measured in DALY. This effect
is emissions of organic substances into the air caused by summer smog.

v. Fine particulate matter formation: the damage is measured in DALY. This effect
is produced by sulfur, dust and nitrogen oxide emissions into the atmosphere

caused by winter smog.
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vi.  Human carcinogenic and non-carcinogenic toxicity; the damage is measured in
DALY. This result from carcinogenic effects due to carcinogenic emissions of

substances to air, soil and water.

5.3.2.2 Ecosystem

i.  Global warming; Terrestrial ecosystems and Freshwater ecosystems, Ozone
formation; Terrestrial ecosystems, the damage to the ecosystem is measured
in species/ year resulting from the emission of ecotoxic substances to air, soll
and water.

ii. Terrestrial acidification, Freshwater and Marine eutrophication, Terrestrial
ecotoxicity. Freshwater and Marine ecotoxicity; the damage to the ecotoxicity
is measured in species/ year causing from the emission of acidifying
substances into the air.

iii.  Land use: the damage is expressed in species/ year. Either land conversion or
land occupation causes this damage.

5.3.2.3 Resources

Mineral resource: the damage is measured in USD2013 due to decreasing mineral
grades.

Fossil resource: the damage is expressed in USD2013, resulting from lower quality of

the fossil fuel extraction.

5.4 Results and Discussion

5.4.1 The Characterisation Result (Endpoint)

The endpoint method measures the damage-oriented impacts of the processes and
shows several impact categories that are further grouped into damage categories.
According to the endpoint method, the flows are divided into 22 impact categories, as
shown in Table 5.1. Endpoint methodologies assess Human health, ecosystems, and
resource damage categories. In addition, the endpoint method shows impacts within
various categories but removes other aspects not considering the emissions factors
[318].

Table 5-1. The damage category investigated (Endpoint method).
Human health (DALY)
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Global warming, Human health

Stratospheric ozone depletion

lonizing radiation

Ozone formation, Human health

Fine particulate matter formation

Human carcinogenic toxicity

Human non-carcinogenic toxicity

Water consumption, Human health

Ecosystems (species.yr)

Ozone formation, Terrestrial ecosystems

Terrestrial acidification

Freshwater eutrophication

Marine eutrophication

Terrestrial ecotoxicity

Freshwater ecotoxicity

Marine ecotoxicity

Global warming, Terrestrial ecosystems

Land use

Global warming, Freshwater ecosystems

Water consumption, Terrestrial ecosystem

Water consumption, Aquatic ecosystems

Resources (USD2013)

Mineral resource scarcity

Fossil resource scarcity

Based on the endpoint method, Table 5.1 shows the endpoint impact category, which
explains each impact in the damage category. This method presents 22 different
impact indicators with three damage units, i.e., DALY, species/yr and USD2013,
according to their impacts. The various impacts listed in Table 5.1 are grouped
according to the area of significance to life (AoSL) damage categories, as shown in
Table 5.2.
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Table 5-2 Damage assessment results of 1 kg Portland cement using endpoint method

Damage category Unit Portland Cement, Production
Human health DALY 1.6176 x 10®

Ecosystems species.yr 3.9 x10°

Resources uUSD2013 1.686 x 107

Figure 5.1 shows a graphical illustration of the impact categories of the five production
processes. The characterisation result of the endpoint method shows a similar pattern
as the midpoint method with additional four impact categories [191].

Material = Clinkenng ®Fuel Usage = Transportation Electricity Usage

Figure 5-1 Endpoint environmental impact of cement production in South Africa.

The contribution of the five production processes, i.e., clinkering, raw material usage,
fuel usage, transportation and electricity usage, to the damage categories is shown in
Figure 5.2. These production processes were assessed and interpreted according to
damage categories: Human health (HH), ecosystems (EC) and resources (RE). The
evaluation and interpretation of the production processes are outlined as follows.
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Figure 5-2. Damage assessment results for five production processes.

5.4.2 Raw material usage Stage

Raw material consumption contributed to all three impact categories, as shown in
Figure 5.2. Human health (5%), Ecosystem (4%), and Resources (4%). Overall, raw
material consumption had a minor impact on the damage categories. Therefore, raw

material usage did not contribute significantly to damage categories.

5.4.3 Clinkering Stage

In Figure 5.2, the clinkering stage is responsible for 49% of the damage to human
health and contributes to the ecosystem (60%) due to primary gas emissions such as
CO2, SOz, NOx and particulate matter, but clinkering stage had no impact on

Resources.

5.4.4 Fuel Usage Stage

Figure 5.2 showed that Fuel usage contributed to all damage categories with human
health damage (12%), ecosystem (9%) and significantly impacted resource damage
with (96%). Most of these impacts were related to fossil resource consumption, direct

emissions from cement production and transport materials during clinker production.

5.4.5 Transportation Stage
As shown in figure 5.2, transportation usage had a negligible impact on the damage
categories. There was a 3% contribution to Human health and the ecosystem had no

impact on resource damage.
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5.4.6 Electricity usage Stage
Electricity usage did not impact damage to Resources, as shown in figure 5.2, but
caused damage to human health (31%) and the ecosystem (24%). The following

section further examined the damage category and the findings are detailed below.

5.5 Damage Assessment Result
The endpoint analysis classifies the various impact categories into the relevant
damage categories based on their effects. Table 5.2 summarises the damage
assessment under which each impact category falls: Human Health with a value of
1.6176 x 10°° DALY, Ecosystems has 3.9 x 10 species/yr, and Resources with 1.686
x 102 USD2013. More in-depth analysis was done to determine the exact substance
that contributed to these damage categories and their contribution level in the
production process stage. Figure 5.2 compares the three damages in five production
process stages, i.e., raw material, clinkering, fuel usage, electricity usage and

transportation.

5.5.1 Human health

Damage to Human Health is measured in DALY and determined by many categories,
including carcinogens, radiation, respiratory organics, climate change, respiratory
inorganics and the ozone layer. The World Health Organisation (WHO) defines the
unit of human health damage disability-adjusted life years as the total annual number
of potential life lost or that a person is disabled due to a pandemic, disease, or
accident. According to table 5.2, the damage to human health was 1.6176 x 10°DALY.
Figure 5.3 shows the substances emitted during the clinkering stage that cause this
HH damage.
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Emission into air and water

Figure 5-3. Contribution of substances to Human Health.

Figure 5.2 shows that 49% of the damage caused to HH is due to the clinkering stage.
At this stage, the production of clinker causes massive damage to the HH. Others are
raw material usage (5%), fuel usage (12%), electricity usage (31%) and from energy
generation and transportation (3%). The substances resulting during the production
stages are CO2, CH4, SO2, NOx, Particulates, < 2.5 um, etc. Therefore, a detailed
damage assessment was conducted on HH. CO2 emissions have a high contribution,
as shown in the midpoint method result from Ige et al. [191]. In Figure 5.3, the result
showed that 64% of the damage is caused by CO2 emissions, with other substances
like SO2 (20%), NOx (10%), PM2.5 (4%), NH3s (1%), CHa4 (0.4%), As (0.6%). All of which
have different effects on human health. The reaction between the raw material and
coal in the clinker causes the sulphur content to produce SOz, one of the major gases

released into the air and water.

5.5.2 Ecosystem

Damage to the Ecosystem is calculated in species/yr.; it refers to the number of
species lost in a year due to emissions to the environment, water bodies, etc. Table
5.2 shows the ecosystem's damage is 3.9 x 10 species.yr per 1 kg of Portland cement
produced. This damage was the average of species threatened calculated each year.
In other words, for every 1 kg of cement produced, 3.9 x 10° species likely die yearly.
The South African cement industry requires approximately 34.2 MT of cement

annually, which endangers 133 species.
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Emission into Air

NH3

CH4

Figure 5-4. Contribution of substances to ecosystem
Figure 5.2 shows that the clinkering stage is responsible for 60% of the damage to the
ES, as seen in the case of HH. However, the remaining percentage comes from
electricity usage (24%), fuel usage (9%), raw material usage (4%) and transportation
(3%). An in-depth analysis was done on the ecosystem damage according to the
substances that cause this damage. Figure 5.4 shows the analysis results of the
substances that cause ecosystem damage. The result showed that CO2 has the
highest emission (76%) due to energy generation, followed by NOx (12%), SO2 (9%),
CHa4 (2%) and NHs (1%). Again, this proved that whatever affects the ecosystem

affects human health and the other way around.

5.5.3 Resources

Damage to resources is expressed in USD2013. Table 5.2 shows the damage to
resources is 1.686 x 102 USD2013. The potential marginal increase in the price of
resources per kg of Portland cement produced was due to the scarcity of such
resources. Therefore, for each resource used to produce 1 kg of Portland cement, the

price of that resource will increase by 0.01685 USD in 2013.
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Gas

Crude Oil
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Figure 5-5. Contribution of substances to resources

Figure 5.2 shows the details of the total damage to resources. The main resource
damage is fuel usage (96%) and raw materials (4%). An in-depth damage analysis
was performed on the resources according to the substances that caused this
damage. According to Figure 5.5, the result showed that Coal (60%), Crude Oil (32%),

Gas (6%) and Aluminium (2%) contributed to resources.

The endpoint analysis's results are consistent with those found in the literature, with
CO2 emissions and the clinkering stage being the most significant contributors [109,
314]. The resources used by Chen et al. [109] and Tun et al. [314] differ because coal
was the primary fossil fuel used to produce cement. According to Figure 2, the SO2
emitted from clinkering stage, as shown in Figures 5.3 and 5.4, was due to the coal
combustion in the South African cement plant, which established the production of
SO2 by Mittal et al. [357] and Ali et al. [351]. The sulphur content of the coal heavily
influences the SOz emissions. Meanwhile, SO2 emissions threaten human health and
the ecosystem while harming people's chances of receiving clean air, as previously
stated by Huntzinger and Eatmon [157], Chen et al. [109] and Song et al. [358]. In the
clinkering stage (calcination process), NOx is emitted during fuel burning. These

emissions were emitted into the air and water.

5.6 Conclusions
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In this study, we assessed the environmental impact of 1 kg of Portland cement at the
endpoint in the cement production stages (raw materials usage, clinkering, fuel usage,
transportation and electricity usage) caused by the South African cement plant. This
study used the endpoint (damage approach) method of LCIA. The assessment was
done using a dataset modelled after the South African cement plant using the data
obtained from Ecoinvent database v3.7.1, incorporated with SimaPro 9.1.1. software
due to a shortage of data. The characterisation results presented 22 impact categories

in the endpoint method.

Based on AoSL, these impact categories were divided further into damage to HH, ES
and RE. Human Health has a value of 1.6176 x 10°° DALY, which means that for every
1kg of Portland cement produced, 1.6176 x 10°® human lives are damaged.
Ecosystems with the value of 3.9 x 10 species/yr show that 3.9 x 10° species are
lost annually for every 1kg of Portland cement produced. Resources value of 1.686 x
102USD2013 indicates that 1.686 x 102 USD worth of resources are wasted for every
1kg of Portland cement produced. According to this study, among the three main
damage categories, human health is the most affected by releasing substances into
the air during Portland cement production. Also, these emissions also have significant
adverse impacts on global warming. The most released substances to air and water
from all emissions are COz2, As, CHa4, NHs, PM25, SO2and NOx.

The clinkering stage contributes 49% of the damage to HH and 60% to the ES,
affecting the health of humans and other species due to the amount of CO: released
at this production stage. The contribution of damage to human health and the
ecosystem to substances is 64% and 76% from CO2 emissions, respectively. These
results are in line with the literature [15, 93, 162, 238, 243, 298, 348]. CO2 emissions
contribute to global warming, which causes climate change that impacts humans and
ecosystems alike. In human health and the ecosystem damage categories, the
emission of other gases such as As, CHs, NH3, PM2.5, SO2and NOx were released into
the air and water; however, they were minor compared to CO2gas. In Portland cement
production, resources like coal, natural gas, clay and petroleum may become scarce,

particularly petroleum (crude oil).
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In conclusion, this study concludes that the clinkering stage is the most harmful
production stage for human health and the ecosystem since it produces the highest
amounts of CO2 gas. For every 1lkg of Portland cement produced, approximately
0.74kg of CO2 gas was emitted. The result also indicates that continuous cement
production may cause a scarcity of resources such as coal, natural, gas and
petroleum. Moreover, most of the emissions impacting human health also endanger
the ecosystem. Species/yr refers to the number of species lost to water and the
environment yearly; this can also be calculated for an entire country. Also, damage to
resources is determined by the economic loss worth caused by the increased costs

associated with extraction.
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CHAPTER 6 : An Integrated System Dynamics Model and
Life Cycle Assessment for Cement Production in South

Africa

This chapter provide the results of an integrated LCA-SD-based framework using LCA
characterisation result at the midpoint [191], then integrated with a system dynamics
model to predict the future long-term environmental impacts of cement production.
This study used SimaPro LCA software and system dynamics in the form of a
mathematical model. Cement is one of the most produced materials globally.
Population growth and urbanization cause an increased demand for the cement
needed for more infrastructure. As a result of this circumstance, the cement industry
must find the optimum compromise between growing cement production and reducing
the negative environmental impact of that production. Since cement production uses
a lot of energy, resources, and raw materials, it's essential to assess its environmental
impact and determine methods for the sector to go forward in sustainable ways. 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 (CO3), nitrogen oxides (NOx), sulphur dioxide (SO2), methane (CHa)
and particulate matter (PM) are the major gases emitted. Therefore, the LCA
concentrated on the impact of these pollutants on the 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. LCA impact results were used as input variables into a
system dynamics model to predict the long-term environmental impact of cement
production in South Africa. The proposed LCA-SD model methodology used here
enables us to predict the future dynamics of cement production and its long-term
environmental impact. The content in this chapter, co-authored with Kevin J. Duffy,
Oludolapo A. Olanrewaju, and Obiora C. Collins, has been published in the
Atmosphere [359].

6.1 Introduction

In recent decades, as industries have grown, energy consumption and emissions of

various pollutants have increased, negatively affecting human health and the

101



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 processing that uses a considerable amount of raw
materials (Limestone), fuels (energy thermal), and electricity, as well as auxiliaries
such as water and air [15-18]. 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 COz: is the primary greenhouse gas (GHG) contributing to
global climate change and is one of the largest environmental challenges in South
Africa [283]. Globally, cement production accounts for 7% of the total industrial energy
use, making it the world's third-largest energy user [360]. 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 [23, 361]. The cement GHGs produced depend on factors which
include the fuel used, the emission control system, the technology used, a plant's
geographic location, and the source of electricity [23]. Raw material emission is
through the limestone chemical composition that releases CO:2 during the thermal
process to convert the compound to lime (CaO), the main component of cement. Our
need for cement products, their environmental impact, and energy requirements make
it essential for our search to reduce its 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 cement production and consumption trends are
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.
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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, with 49.3% [362]. South Africa
exported cement worth $95.7 million in 2020, making it the world's 35th largest cement
exporter and the 111th most exported product in South Africa [363]. South Africa
imported $57.9 million's worth in the same year, making it the world's 49th largest
cement importer and the 222" most imported product in South Africa [363]. 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 [364] and produce only Ordinary Portland Cement
(OPC) and blended cement products. The different types of cement used are CEM |,
CEM II, and CEM lIl, depending on the content of clinker within the accepted range of

chemical composition, as shown in Table 6.1 [362].

Table 6-1. The percentage of different types of cement used in production, as well as their

components.

Product Additives Clinker Ratio
CEM I Gypsum >95%

CEM I Gypsum + pozzolanic Group A Group B
components such as blast- 80-94% 65-79%
furnace slag, micro silica, fly
ash, and ground limestone

CEM Il 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%), Afri-sam and Lafarge (9% each), and Mamba (5%),
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while imports have a share of approximately (5%). The remaining 23% of the market
is held by third-party blenders [52, 55].

The cement production process emits about 0.97 tons of COz2 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) [365]. 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 [31, 32, 38, 366, 367]. In 2019, global cement production
exceeded 4 billion tons due to higher continuous production growth rates in China and
India [32], equivalent to 4 billion tons of COzreleased into the atmosphere [29]. 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 [9, 115,
160, 197, 198, 209, 210, 288, 368-371]. Likewise, the need for cement in the
construction industry, the demand observed in countries such as China and India [39],
also by the demographic profile of Africa, such as 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
humans 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. Also, cement production is the second-largest anthropogenic contributor
to GHGs [23-25], accounting for about 5% of total GHG on Earth after steel production,
which contributes between 4% and 7% [23, 26, 27]. 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 nature are not considered. Additionally, cement
production contributes significantly to air pollution [95, 219]. The cement industry's
greenhouse gas (GHG) emissions have been investigated and assessed [9, 164, 372].

The irregular disposal of cement industry wastes is dangerous and causes
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environmental pollution. According to reports, COz2, sulphur dioxide (SO2), nitrogen
oxides (NOx), and dust/particulate matter (PM) are the primary sources of air

emissions from cement production [373, 374].

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 the environmental impact. Replacing coal in cement kilns with
various waste or waste-derived fuels [93, 375, 376] by 5% and 10% would result in a
gross GHG emissions reduction of between 2.33 MtCOze and 4.67 MtCOze across
the sector [377]. The carbon footprint of the industry, as well as its carbon tax liability,
would be further reduced depending on the alternative fuel used. Also, cement is a
highly resource-demanding industry concerning raw materials. Cement production is
expected to rise further in the coming years due to economic growth and increased
urbanization in developing countries. Therefore, reducing cement's environmental
impact is necessary without compromising cement production. Substituting fossil fuels
with alternative fuel sources like municipal waste or tyres can reduce the emissions
related to fuel use [161]. 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 the long-term
environmental impact in the sector. Carbon Capture and Storage (CCS) is still far from
commercial, 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 [75]. 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 emissions related to the product's life, e.g., cement.
Environmental impact has become a priority for both the government and the private
sector [7]. Also, Global warming 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
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of energy consumption in cement plants [76, 77]. However, the results of LCA may
vary due to different methodologies and processes of input, such as raw material
composition, system boundaries, fuel combination, etc. Several studies have been
conducted on mitigating the cement industry's GHG emissions using the LCA method
[351, 378]. While exploring various policy options for future cement production, it is

crucial to consider their environmental implications.

The system dynamics (SD) 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 SD 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 [379]. Forrester developed the SD model in
the mid-20th century based on feedback control theory to explain the time-variant
behaviour of systems [87, 380-382]. 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 [383]. SD assists qualitative
and quantitative problem-solving methods, allowing the use of written and numerical
data in conjunction with mental models to understand better 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 COz reduction. SD can also provide time-step simulations to show
significant changes in GHG emissions trends. The LCA and SD models can be
integrated either by LCA into SD or SD into LCA method. Combining LCA and SD
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
combines the LCA method with a system dynamics framework in the form of a
mathematical model to predict future cement production and long-term environmental

impact in the South African cement industry. This provided a suitable platform for
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predicting South Africa's cement production and environmental impact trends from
2000 to 2040 based on the integration method. Study results will provide suggestions

for improving cement sustainability by integrating SD 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 substitute 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 [113, 384, 385]. These
by-products can be used for the production 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 [386]. If clay cement is adopted in the cement
industry, a profit of between 8% and 10% is expected by 2025 [386]. Turner and Collins
[387] estimate that eco-blends can reduce GHG emissions by 13% to 22%, whereas

Ishak and Hashim [225] 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 because of its robust coal and steel
industries. A total of 40 million tonnes of ash are produced in South Africa each year
[388]. Eskom, the South African electricity company, generates 35 million tonnes of
ash (10% bottom ash and 90% fly ash), while Sasol, the South African gas distribution
company, produces roughly 8 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 [388]. 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 [389].

Reducing the clinker content in cement production to 66% could mitigate 0.75 MtCOze
per year, with a marginal cost of R122/tCOze reduction in 2020 [389]. But the South
Africa waste management act controls how industrial wastes are disposed 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
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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 power plants and even basins where coal is
mined [388].

6.2 Literature review

6.2.1 Cement Life Cycle Assessment

LCA is an important method to determine the environmental impacts of cement
production and develop and select possible technologies for its production. The
environmental impacts of the cement industry are extensively studied using LCA [160,
228, 243, 314, 351, 378], and such studies are crucial to understanding this industry

and finding policies to reduce its impact.

Recently, LCA studies were done to determine the environmental impact and the best
available technology (BAT) to reduce the impacts of cement production [15]. The life
cycles of different types of cement production have been studied [76, 77]. Valderrama
et al . [15] 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. [159] used the LCA method to assess the environmental impact of the
French cement industry. Li et al. [238] used BATSs 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. [315] assessed the
environmental impact of Ordinary Portland Cement production in Naypyitaw,
Myanmar, using the LCA method. Morsali [299] examined the impact of the cement
production process on ecosystem quality, resource depletion, and human health using
LCA methodology and SimaPro software, Amersfoort, Netherlands, PRé Consultants.
Tun et al. [314] applied the LCA method to assess the environmental impact of
Myanmar's cement industry, using LCA software Recipe 2016 v1.1 (Zurich

Switzerland) to identify the hotspots of the environmental impacts.
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6.2.2 System Dynamics Model

System dynamics is primarily used to explain a complex system's social and corporate
behaviour over time. The SD method is one of the powerful methods for simulating the
behaviour of such interactive systems. Research on the system dynamics method is
currently being done at many scales, particularly in the industrial sector [390-392].
Recently, some researchers have attempted to use the SD model to analyse the
drivers and potential for reducing urban carbon emissions [393, 394] and industrial
carbon emissions [395, 396]. At the same time, the complete nature of the SD method
and its insistence on causality have led to several applications to study the impact of
the implementation of policies and projects related to the reduction of GHG in various
fields such as the energy sector [391, 393, 397-399], the transport sector [400-403],
cement sector [89, 90] and steel sector [404, 405].

Feng et al. [393] developed an integrated system dynamics model based on the
STELLA program framework to model Beijing's energy consumption and CO:
emission trends from 2005 to 2030. Fong et al. [406] used an SD model to predict the
future trends of CO2 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 IDR with many options for urban
policies. Vargas and Halog [407] investigated the advantages of employing fly ash as
an alternate clinker material in cement manufacturing using an SD method. They
simulated five different lifecycle situations of cement with a fly ash share of 20% and
35% to assess the net CO2 reductions. Ansari and Seifi [89] used a system dynamics
model to examine the impact of energy price subsidy reform on energy consumption
and COz emissions in the Iranian cement sector. Anand et al. [90] used an SD model

to estimate CO2 emissions in the Indian cement sector.

Jokar and Mokhtar [408] developed a system dynamics model of the Iranian cement
industry using 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 2015-2034. Tang et al. [92] used the SD
model to simulate long-term cement production, energy consumption, possible energy
demand and CO2 emission of the cement industry in the Chongging region, China, by
integrating regional differences. Song and Chen [390] developed a simulation model
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using system dynamics to determine the future emission trends of the cement industry
in China. Pan et al. [392] used SD to analyse the Chinese refining industry,
emphasizing energy security to determine the appropriate capacity extent of refining

to cope with supply risks.

6.2.3 Integration of LCA and SD

There are now studies integrating LCA and SD models in the literature [409]. 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 [410]. Some recent studies propose incorporating the following
factors into the LCI stage. Onat et al. [411] proposed changes in technical structure
due to the behaviour of actors and economic costs; Jin and Sutherland [412] proposed
incorporating internal dynamics of the system, including feedback; Menten et al. [413]
and Stasinopoulos et al. [409] suggested integrating changes in the dynamics of the
system due to market changes in another sector. Regarding the LCIA stage, LCA
models based on SD can predict the total impact value due to changes [407]. Also,
they can predict how environmental impacts will change over time [414]. Recent
research has integrated SD and LCA methods into various fields, including
transportation [411], manufacturing [415-418], construction [419, 420], agriculture
[421, 422] and waste recycling activities [423, 424].

Laurenti et al. [416] discussed the advantages of combining LCA, the Group Model-
Building (GMB) method to identify 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. [411] 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. [419] simulated dynamic electricity and natural gas demand using
Energy Plus and a system dynamic model. They investigated the interactions and
feedback between various contributing factors (such as material selection,
maintenance, and replacement) and a building's overall energy requirements. The

results of the proposed framework suggest that it can be used to determine the optimal
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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. [420] used a dynamic LCA model to analyse seven different green
infrastructure performances for a 30-year life span. Yao et al. [424] used integrated
LCA and the SD model to analyse different factors related to mobile phone waste and

recycling.

6.3 Materials and Methods

6.3.1 Life Cycle Assessment & 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. LCA can be evaluated in such situations
by considering the analogous processes and assuming a combined data set using a
parameterized model developed in a software application such as SimaPro 9.1.1.
Amersfoort, Netherlands, PRé Consultants. Also, 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.
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Figure 6-1. The framework of the integrated LCA and SD for Cement production.
Figure 6.1 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 environmental impact, as shown in
Figure 6.1. The LCA results are then integrated into an SD model as input variables
to establish their relationship to perform a more comprehensive analysis.
Subsequently, SD model simulation is performed using the results of the LCA [191] to
predict the long-term environmental impact of cement production. Finally, the results

recommend a suitable environmental cement plant.

6.3.2 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 Organisation for Standardisation (ISO) has
formulated rules for environmental management to establish the principles and
guidelines for the LCA methodology [78, 203], with ISO/TS 14071 & 14072 [79, 425],
as the latest version. The LCA method has now been extended to Organisational
assessments ISO/TS 14071 and ISO/TS 14072 [79], increasing the applications for
the approach and increasing its ability to reach a high-level decision- and
policymakers. Based on ISO standards [78, 79, 203, 425], the LCA study contains four
stages: goal and scope definition, inventory analysis, impact assessment, and

interpretation, as shown in Figure 6-1. The integrated life cycle assessment and
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system dynamics LCA-SD 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 Consultants and (iii) integrating the results of the LCIA as input variables with SD
to predict the possible future dynamic and long-term environmental impact of cement
production in South Africa. An integrated LCA-SD methodology is used to assess and
predict the environmental impacts of the cement industry. Also, a hybrid LCA-SD
model calculates the interactions between multiple variables and provides a complete

understanding of the system.

6.3.2.1 System boundary, Goal, and Scope Definition

This study used a cradle-to-gate method and the LCA results were achieved 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 cement
product end-of-life were omitted due to methodological issues. 1kg 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 boundary
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.

6.3.2.2 Lifecycle Inventory

LCI includes the data collection and calculation procedures used to measure related
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 [79, 425]. LCA
inventory 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
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where all process stages are mapped and linked from raw material extraction to
wastewater treatment. The data collection for each unit process considers inputs
(energy, raw materials, auxiliary 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 [319, 426, 427].

6.3.2.3 Life Cycle Impact Assessment

LCIA is a tool designed to assess the environmental impacts corresponding to
environmental resources as part of an LCI. Several environmental issues are covered
by this assessment, including energy, climate change, water pollution, etc., providing
a comprehensive analysis of the impact of the product [79, 425]. LCIA presents more
information to assess the LCI results of a product system to understand its
environmental implication better. 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.
Also, the inventory data is categorized into different impact categories and analysed.
The impact assessment is divided into classification, characterization, normalization,
and valuation as recommended by the Society of Environmental Toxicology and
Chemistry (SETAC) [355]. Classification classifies collected data from the inventory
into several impact categories. Characterization aggregates inventory data within
impact categories using equivalency factors [355]. Primarily, it is a measuring stage
that looks at the relative 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 identified each impact category to

which a substance or process might contribute [322].

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 [323]. A valuation can be solved in a qualitative or quantitative. For

gualitative valuations, expert panels may be used. Examples of quantitative valuation
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methods include comparing environmental loading or impact profiles [355, 428]. 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 [428]. The LCIA stage is a multi-step procedure that categorizes all inventory

into different impact categories.

6.3.3 System Dynamics

System dynamics is a computer-aided method to analyse and solve complex
problems, focusing on policy analysis and design. The SD method is used for various
applications, but there is no standard way to model it. According to Ford and Sterman

[429], in an SD model, the normal procedure can be summarized in four steps:

Identify Problem:

This includes exploring the problem under investigation and clearly explaining the
objectives. This will necessitates identifying the key variables to demonstrate problem
behaviour and the simulation possibilities.

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 to

gualitative analysis.
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.

Evaluation of possible policy:
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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
their 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 emissions 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 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 [430]. In the Energy Technology Perspectives study [431],
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

This work aims to predict the environmental impact of the cement production process
and find effective ways to reduce the GHGs produced by cement production. The
production 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.

6.3.4 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
consumption for decision-making, policy planning, and evaluations [89-91]. 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 6-2).
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where Z—f 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 a. G is modelled logistically as in Duffy et al. [432], which assumes
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.[433].

cc = (1.0 + pO*cos(pi*é+ qO)) reenenneen (6.3)

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 6-2 and 6-3 below.

Table 6-2. 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
Table 6-3. The Parameters
Parameters Meaning Units
Parameter linking GDP and CP (US dollars Year)!
Annual growth of G(t) Year?
MaxG Maximum value of G(t) kg
p0, g0 Fitting parameters Dimensionless

The parameters a, , MaxG and p0, g0 represent linking GDP and CP, the annual
growth of G(t), the maximum value of G(t) and fitting parameters to dC and dG,
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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.
Then, these scenario predictions help in policy-making decisions and planning. The
integrated LCA-SD model present here enables us to form a picture of the cement’s
environmental impacts going forward and how to avoid these possible impacts by with
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. Hence, exploring alternative strategies for reducing the
environmental impact (GHGs 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.

6.4 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 [362]. The data on South Africa’s real GDP
in US dollars were obtained from World Economics [434] and characterization results
(impact indicators) at the midpoint of our previous study [191]. It is assumed that
cement production is to some extent influenced by real gross domestic product (real
GDP).

6.5 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 1kg 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
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guantity of emissions into the atmosphere at any given time by the quantity of cement
produced in South Africa.

6.5.1 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 SD to predict the long-term cement environmental impact.

6.5.2 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 CO:2
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 (IEA) estimates that cement plants

worldwide will release 2.34 billion tons of CO:z into the atmosphere by 2050 [435].

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

Figure 6.2 illustrates the dynamics of cement production in South Africa from 2000 to
2017. The points in Figure 6.2 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 x 10°kg) higher than the (9.80 x 10°kg) in 2000. After
an increase of 51.7% in cement production from 2000 to 2009 (1.486 x 10'9kg). The
increase in that period was not steady and was attributed to economic growth but
declined by 16.8% to (1.2358 x 100 kg) in 2012. The most notable growth rate was
reported between 2005 to 2009 when it increased by 10% over the previous year. The
evident decline in cement production between 2009 to 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
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to decrease. Between 2013 and 2017, cement production increased again by 1.569 x
10° kg (12%) due to new producers Sephaku (Dangote cement) and Mamba Cement,

a Chinese cement entering the industry.
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Figure 6-2. Plot showing the model fitting of Cement Production in South Africa and real GDP of
South Africa from 2000 to 2017

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 [436]. In South Africa, cement exportation increased
dramatically from 6.849 x 10° kg to 2.52486 x 108 kg between 2000 and 2017 [437,
438]. Cement export from the country was estimated at 2.52486 x 108 kg in 2017 and
Botswana, Eswatini, Lesotho, Mozambique, and the Dominican Republic are the top
destinations for South African cement exports [437]. Cement imports in South Africa
remained relatively stable between 2000 and 2005. There was a dramatic increase in
cement importation (1.16868 x 102 kg) in 2006 and 2007 due to 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 x
107 kg of cement from Pakistan, United Arab Emirates, Egypt, Turkey, Tunisia, Saudi
Arabia, and China [438].

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 [434], South Africa's real GDP was valued at $ 430 billion US
dollars in 2019 and dropped to $ 400 billion US dollars at the end of 2020 due to the
Covid-19 global pandemic.
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6.5.4 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 is 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 [439]. The model fitting
provides information about parameter estimates in terms of errors. The results of a
well-fitted model are more accurate. Parameters estimates were derived by fitting the
model using the South African cement production data (Department of Environment)
[362] and World Economics Real Gross Domestic Product data for South Africa [434]
from 2000 to 2017. The model was used to fit the cement production and real GDP in
US dollars from 2000 to 2017. The lines in Figure 6.2 represent fits to that data using
the SD 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.

6.5.5 Future Prediction of Cement Production in South Africa

Throughout this simulation, the SD 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 [362]. Firstly, the parameters
were calibrated and double-checked so that the simulation matched the real-world
situation from 2000 to 2017.
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Figure 6-3. Plot showing a possible future dynamic of Cement Production in South Africa.

Secondly, based on the simulation, this work predicted the future of cement production
in the South African cement industry from 2018 to 2040 (Figure 6.3). The total cement
production will increase from 9.80 x 10°kg in 2000 to 2.93 x 10'° kg in 2040, with a
4.86 % annual growth rate. From the model prediction in Figure 6.3, cement production
is nonlinear but gradually increases between 2018 and 2040. According to our
projection, the overall cement production will reach 2.93 x 101° kg by 2040, about 1.93

times higher than the production level in 2018.

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 population
growth, economic growth, urbanization, and the emergence of a middle class in the
country. Thus, increasing demand for cement will continue till 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 [89, 198, 407, 435, 440]. If the current cement production rate is maintained
and current mitigation measures are used, a massive amount of CO: 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
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include more energy-efficient cooling, milling, conveying, grinding, improved cement

kilns and blending technologies that use significant electricity.

6.5.6 Major environmental impact categories of Portland cement

Carbon dioxide (COz2), nitrogen oxides (NOx), sulphur dioxide (SO2), methane (CHa)
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.

6.5.6.1 Analysis of midpoint approach of five production stages

The five production processes, (1) Clinkering (calcinations and fuel-burning); (2) Raw
material usage; (3) Fuel usage; (4) transportation; (5) electricity usage, were assessed
according to atmospheric, resource depletion and toxicity and interpreted 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.

6.5.6.2 Long-term environmental impact of cement production in South African

From Table 6-4 it was discovered that the production of 1kg of Portland cement
releases 9.93 x 107! kilograms of CO:2 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 x 10~'with the total quantity of cement produced in South Africa. A
similar analysis can be done for other impact categories. The results of these analyses
are presented in Figures 6.4-6.7. As cement production increases, the impact
categories increase; model simulations show that these increases are nonlinear with

increasing growth levels.

Table 6-4. The characterization midpoint method based onlkg Portland cement.

Impact category Unit Portland cement production
Global warming kg CO2 eq 9.93 x 107!
Stratospheric ozone depletion kg CFC11 eq 1.94 x 1077
lonizing radiation kBqg Co-60 eq 9.97 x 1073
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4 Ozone formation, Human health kg NOx eq 2.10 x 1073
5 Fine particulate matter formation kg PM2.5 eq 7.93 x 107
6 Ozone formation, Terrestrial ecosystems | kg NOx eq 2.12x 1073
7 Terrestrial acidification kg SO2 eq 2.44 x 1073
8 Freshwater eutrophication kg P eq 3.16 x 107
9 Marine eutrophication kg N eq 1.93 x 107
10 Terrestrial ecotoxicity kg 1,4-DB eq 1.04

11 Freshwater ecotoxicity kg 1,4-DB eq 1.58 x 1072
12 Marine ecotoxicity kg 1,4-DB eq 2.14 x 1072
13 Human carcinogenic toxicity kg 1,4-DB eq 2.44 x 1072
14 Human non-carcinogenic toxicity kg 1,4-DB eq 4,97 x 107t
15 Land use m2a crop eq 7.83x 1073
16 Mineral resource scarcity kg Cu eq 2.16 x 1073
17 Fossil resource scarcity kg oil eq 1.39 x 1071
18 Water consumption m3 1.36 x 1073
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Figure 6-4. Plot showing a possible long-term environmental impact of cement production in South

Africa. Global warming, measured in kg CO2zeq, Terrestrial ecotoxicity measured in kg 1,4-DB eq,

Fossil resource scarcity measured in kg oil eq and Human non-carcinogenic toxicity measured in kg
1,4-DB 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
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production process, account for the majority of global warming in cement production.
The cement industry contributes about 1% to total GHG emissions in South Africa.

In terms of environmental impacts, Global Warming Potential (GWP) is measured in
kg COzeq. The global warming impact from cement production will increase from 9.73
x 109kg CO2eq in 2000 to 2.91 x 10*°kg CO2 eq in 2040, as shown in Figure 6.4. The
GWP is nonlinear, as shown in Figure 6.4 and will slightly increase by 0.75% between
2009 and 2012, then show a consistent increase from 2013 to 2029. The result showed
that by the year 2029, the GWP will emit 2.96 x 10'° kg CO: eq for cement produced
in South Africa. The dynamic of the GWP is also going up till 2040. Subsequently, the
result will show a slow increase of 0.2% between 2030 and 2035, moving to 2.91 x
10%%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 x 10%° kg 1,4-DB eq in 2000 to 3.05 x 10%°k9 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 x 10*°kg
1,4-DB eq due to the annual growth rate of cement production. CO2 and CHas
(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 composition and other fuel consumption in the kiln.
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Figure 6-5. 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

eg, Human carcinogenic toxicity measured in kg 1,4-DB eq.

The impact of fossil resource scarcity and Human non-carcinogenic toxicity on the
environment will be 4.07 x 10°kg 1,4-DB eq and 1.46 x 10%° kg oi | 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 cement's clinker content determines their total value. The primary source of SOz
is coal-based sulphur oxidation in the precalciner kiln process. The clinkering stage
was the terrestrial acidification hotspot point; the potential impact will increase from
2.39 x 10" kg SO2 eqin 2000to 7.15 x 107 kg SOz eq in 2040.
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Figure 6-6. 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
ecosystems measured in kg NOx eq, Terrestrial acidification measured in kg SO2 eq, Mineral

resource scarcity measured in kg Cu eq.

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 shows clearly by 2040, total Human health and Terrestrial
ecosystem impact will have increased by 239% and 243%, respectively. The value of
these impact is due to fuel and raw materials for energy production (electricity and fuel

refining).
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Figure 6-7. 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, Stratospheric ozone depletion

measured in kg CFC11 eq
Fine Particulate matter (PM2s.) is released during the cement production process,
from the extraction to the packaging and loading process. The FPM will increase from
7.77 x 10°kg PM2.5 eqin 2000 to 2.32 x 107 kg PM2.5 eq in 2040 as shown in Figure
6.7, due to the energy consumption (coal and electricity) used in the sector. Similarly,
Freshwater eutrophication will increase from 3.09 x 108 kg P eq in 2000 to 9.26 x 10°
kg P eq in 2040. Also, 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
environmental 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 (SCM) - changing to cement with lower clinker content, i.e.,

i.  using composite cement with fly ash from coal or blast furnace slag.

ii. Increase the use of alternative fuels such as bio-based, low-carbon, or waste

fuels that reduce CO2 emissions.
iii.  Implementing energy efficiency improvements, i.e., improving equipment and

shutting down inefficient plants.
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Substituting cement with SCMs reduces the environmental impact of cement
production [54, 441]. However, it must be aware 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.

Secondly, the cement industry must significantly increase its research and
development (R&D) fund at a much greater level than it does currently to reduce long-
term environmental impact. Developing highly novel low-CO: 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 COz2 facilities. 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 TiO 2, nano SiO2, nano Fe203, nano CaCO3, nano
Al203, nano Zr203 and nano-graphene (CNTs and CNFs), which are 10,000 times
smaller than a cement particle. These nanomaterials have the potential to reduce

cement's environmental impact.

Future cement environmental impact could be decreased if initiatives and technologies
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 CO2z emissions. Using biomass
fuel in the kiln leads to zero biogenic emissions as CO:2 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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6.6 Conclusions

In this study, we used a system dynamics mathematical model with the LCA
methodology 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 providing predictions of the possible long-term environmental impact
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 [191] was integrated
with a system dynamics model to predict the future long-term environmental impacts
of cement production. This study used SimaPro 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 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 dynamic 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 6.3. The amount of cement production will potentially increase
from 1.63 x 10%° kg in 2018 to 3.20 x 10%° 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 6.4-6.7 show the simulation results showing the potential long-term
environmental impact of cement production in the South African cement plant. The
possible long-term impact of global warming will increase from 9.73 x 10°kg CO:2 eq
in 2000 to 2.91 x 101°kg CO2 eq by 2040, Ozone formation, Human health will increase
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from 2.06 x 107 kg NOx eq in 2000to 6.15 x 107 kg NOx eq by 2040, Fine particulate
matter formation will increase from 7.77 x 10 kg PM2.5 eqin 2000 to 2.32 x 107 kg
PM2.5 eq by 2040 and Terrestrial acidification will increase from 2.39 x 107 kg SO2 eq
in 2000to 7.15 x 107 kg SO2 eq by 2040. Figure 6.4-6.7 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 x 10° kg COz eq
in 2000 to 2.91 x 10'° kg CO2 eq in 2040. The model can be used to predict and
estimate future trends in cement production and long-term environmental impact and
CO2 emissions reductions in the cement industries. All the environmental impact
shown in Figure 6.4-4.7 present an increase in effects by the end of 2040. Cement
production growth is connected with 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 three times the
current levels. The trend observed for all impact categories is similar to cement
production. Global warming is caused by CO2 emissions and is one of the major GHG

emissions.

As shown in Figure 6.3, the increasing demand for cement in the future due to
infrastructure 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 x 10'° 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 rapid and cost-effective adoption of the BAT 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.
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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 on 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
can reduce transportation impact. Changing the electricity mix by converting fossil
fuels (primary energy sources) to 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. Adopt cutting-edge technologies like CCS and alternative types of binders
like geopolymers and clay cement will help to reduce cement greenhouse gas
emissions. However, geopolymer cement is of less use since 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 also are cost-effective. Eco-blended cement products reduce
the carbon footprint of cement production by substituting high levels of clinker with
various SCMs.
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Carbon Taxes (Carbon pricing): This includes subsidies for emerging technologies,
the removal of fossil fuel subsidies, subsidies for alternative fuels and technology
development are proposed policies based on our projection to reduce long-term
cement environmental impacts. The carbon budgets and carbon tax policies currently
proposed by the Department of Environmental Affairs (DEA) [389] and the National
Treasury [442, 443] 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 CO2worldwide. 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 high substitution of clinker, which
reduces emissions, but South African regulations limit clinker substitution to 35%. To
increase the substitution level of clinker to reduce cement environmental impact,
existing policies that limit clinker substitution to 35% in South Africa need to be
amended. This will 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 requirements for improved cement production

systems in South Africa to reduce harmful pollutant emissions.
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CHAPTER 7 : Conclusions and Recommendations

7.1 Conclusions

This work combined LCA methods and the SD model to analyse and predict the long-
term environmental impact and future dynamics of cement production in South Africa
from 2000 to 2040.

Firstly, this work assessed the environmental impact of the cement production process
in South Africa to understand these impacts and to identify the hotspot by conducting
the LCA using midpoint and endpoint methods. We analysed based on how five
production stages contributed to the impact categories at the midpoint and damage
categories at the endpoint. These production stages include clinkering, raw material
usage, fuel usage, transportation and electricity usage. To effectively mitigate the
environmental impact of cement production, it is necessary to measure it correctly,
thereby making recommendations for future improvements. This work performed LCA
on 1 kg of Portland cement using midpoint and endpoint methods. It explained the
results of the different impact categories, i.e., 18 impact indicators at the midpoint and
22 impact indicators at the endpoint method. The midpoint analysis described
emissions based on specific substances released along with their subsequent effects

into air and water or extracted from the ground.

According to the midpoint characterisation analysis, each kilogram of cement
produced, 9.93 x 107! kg CO:2 eq (global warming), 1.04 kg 1.4-DCB (terrestrial
ecotoxicity), 4.97 x 107! kg 1.4-DCB (human non-carcinogenic toxicity), and 1.39 x
1071 kg oil eq (fossil resource scarcity) respectively were the highest impact values.
Chapters 4 and 5 established this study's objectives 1, 2 and 3 by presenting the
impacts related to the cement production process and showing that these impacts
occur in a South African cement plant, which has been observed in some literature.
Analysing the environmental impact of cement production in South Africa using both
the midpoint and endpoint method of ReCiPe. The clinkering stage was identified as
the environmental impact hotspot. Alternatively, the endpoint analysis showed us how
these impacts directly affect us and why we need to be concerned about them. The
endpoint analysis showed the damage to human beings, the environment and the

economy by quantifying the damage done to our resources. This work used the LCA
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characterisation result at the midpoint to determine the cement environmental impact
and SD to predict the possible long-term environmental impact and future dynamics

of cement production in South Africa.

We cannot predict the future without SD coupled with the LCA framework. With the
help of the SD, we can easily predict how the environmental impact and the future of
cement production in South Africa can change over time. In addition, SD can predict
the impact of future scenarios based on changes in key variables affecting particular
components. LCA-SD methodology provides a long-term prediction evaluation that
can be traced and used as a tool for policymakers. The integrated LCA-SD model
described here lets us know the future implications of cement environmental impact in
South Africa and identify ways to mitigate them through policies and
recommendations. The simulation results show that the possible long-term impact of
global warming will increase from 9.73 x 10°kg CO2eq in 2000 to 2.91 x 10*°kg CO2
eq by 2040, Ozone formation, Human health will increase from 2.06 x 10’ kg NOx eq
in 2000 to 6.15 x 107 kg NOx eq by 2040, Fine particulate matter formation will
increase from 7.77 x 108kg PM2.5 eqin 2000 to 2.32 x 10 kg PM2.5 eq by 2040 and
Terrestrial acidification will increase from 2.39 x 107 kg SO2 eqin 2000to 7.15 x 10
kg SOz eq by 2040. Figure 6.4-6.7 shows a similar trend. By 2040, the model's
predicted GWP, TA, HCT and PMF impact categories would increase three times the
current levels. The trend observed for all impact categories is similar to cement
production. Chapter 6 established objective 4 of this study by showing possible future
dynamics of cement production and the long-term environmental impact from 2000 to
2040 and establishing the integrated LCA-SD framework for the cement industry in
South Africa.

A significant benefit of integrating SD and LCA models is that it improves
understanding and intervention effectiveness. Also, combining SD and LCA models
provides the following advantages: (i) An increase in the number of years simulated
using endogenous data, preventing overestimation of impacts due to the improvement
of technology, (ii) or reducing the environmental impacts due to recycling of materials
over time. (iii) preventing inaccuracies in impacts due to unplanned consequences
caused by changes in production systems and market dynamics. Combining SD and
LCA models provides a possible methodology that can be used to develop a better
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understanding of the long-term impacts of different mitigation approaches. System
dynamics enable policymakers to examine the effects of different policies over time
and better consider how system components may affect one another, which can be
altered simultaneously and tested via simulation that may have a widespread impact
on the system. This work hopes to assist decision-makers and policy planners within
the cement industry.

This work presents simulation results that can contribute to understanding the cement
long-term environmental impacts of decision-making and formulating cement
management policies. The proposed LCA-SD model is feasible and the prediction
results of cement production and its long-term environmental impact are more relevant
and representative. The integration result is projected to provide more practical
benefits, for example, supporting affordable environmental management policies and
helping in better decision-making for reducing GHG emissions. This study emphasizes
the need for improved cement production systems in South Africa to reduce harmful

pollutant emissions through scenario prediction models linked to LCA analysis.

7.2 Recommendations

The following recommendations are made based on this work:

Several policy changes have been suggested based on these results, such as eco-
blended cement, carbon budgets and carbon taxes could reduce long-term
environmental impacts in the cement industry. Reducing the clinker consumption or
increasing the clinker substitutes for cement GHG mitigation. It can be either an eco-
blended cement, a cement clinker alternative, or alternative fuels as a promising
means of mitigating cement's environmental impact. By implementing these policies,
cement production will reduce the negative impacts on human health and the

environment caused by using energy sources and raw materials in cement production.

i.  The clinker substitution uses supplementary cementitious material such as fly
ash from the coal industry and blast-furnace slags from the steel industry
(Industrial by-products and waste). It is possible to make eco-blended cement
from these Industrial by-products and they have the potential to reduce carbon

emissions from the cement plant. Among the recommendations for reducing
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long-term cement environmental impacts are carbon taxes, which include
subsidies for emerging technologies, removing fossil fuel subsidies and
subsidies for alternative fuels.

ii. The carbon taxes are proposed to protect the environment from damage
caused by cement production and to encourage cement companies to adopt
more sustainable business practices. Alternative cement with low carbon
emissions will become more attractive by introducing a carbon tax. Switching
to eco-blended cement as a clinker replacement with SCMs can reduce cement
producers' carbon tax liability. The adoption of carbon pricing will increase the
use of alternative fuels and SCMs. Implementing carbon taxes will encourage
industrial waste manufacturers in South Africa to invest in waste management

and handling.

For instance, slag-based eco-blend cement reduces emissions by substituting cement
clinker, but South African policies do not allow clinker substitution with slag-based
above 35%. The existing policies that limit clinker substitution below 35% must be
revised to increase clinker substitution levels in cement production to reduce the
environmental impact. By doing this, the cement industry will benefit from low cement
production costs and reduce environmental impact. Despite this, there is still room for
further research.

7.3 Further Research

Further research could include a comparative analysis of the LCA to get an
environmental gauge on sustainable resource sources relative to Portland cement to
determine those sustainable resources from environmental impact and economic
perspectives. In addition, further research could focus on identifying which GHG
emission mitigation policies are best suited to the environment, as recommended in
this work. ldeally, the best fit must have high GHG emission reduction potential, be
cost-effective and have practical applicability while using existing equipment. Further
research on the LCA-SD model is required to simulate other life-cycle scenarios that
include developing new or multiple upgrading processes and experimenting with new
raw materials as SCM substitutes for clinker since more than 50% of CO: is generated

by limestone decarbonisation.
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Ecoinvent 3.6 dataset documentation cement production, Portland - ZA
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Detailed information for exchanges (Dataset Values)

Reference Annual prod. | Amount Detailed information on dataset values
Product vol.
Cement, Portland | 3.48E+9 kg 1Kg Values were calculated based on primary data collection in South

Africa. The data were collected from 5 cement companies
representing 90% of the cement market. Annual production capacity
of 90% of cement mills in South Africa in 2008. Source: C&CI; (2008).
Cement and Concrete Institute South Africa, "Cement and Concrete
Review (annual)". Carbon Disclosure Project (2012). Available at:
http://www.nbi.org.za/Publications/Fastfacts/Pages/default.aspx
Source: Concrete Institute 2009

Inputs from Techn

osphere

Product Amount

Cement factory 5.36E-11 unit Literature Value. Adopted from the "cement production, Portland, GLO
2009" dataset.
Activity link: market for cement factory - GLO
Source: Kellenberger D. 2007

Clinker 0.902 kg Values were calculated based on primary data collection in South
Africa. The data were collected from 5 cement companies
representing 90% of the cement market.
Activity link: market for clinker - ZA
Source: Gary Theodosiou 2010

Electricity, 0.0376 kWh Literature Value. Adopted from the "cement production, Portland, GLO

medium voltage

2009" dataset.
Activity link: market for electricity, medium voltage - ZA
Source: Boesch, M.E. 2010



http://www.nbi.org.za/Publications/Fastfacts/Pages/default.aspx
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Ethylene glycol 0.00019 kg

Ancillary product for grinding. Adopted from the "cement production,
Portland, GLO 2009" dataset.

Activity link: market for ethylene glycol — GLO

Source: Kellenberger D. 2007

Gypsum, mineral | 0.0475 kg

Values were calculated based on primary data collection in South
Africa. The data were collected from 5 cement companies
representing 90% of the cement market. Value represents demand of
products, electricity etc. for input/output group c.

Activity link: market for gypsum, mineral — ZA

Source: Gary Theodosiou 2010

Limestone, 0.05 kg
crushed, for mill

Values were calculated based on primary data collection in South
Africa. The data were collected from 5 cement companies
representing 90% of the cement market.

Activity link: market for limestone, crushed, for mill - RowW

Source: Gary Theodosiou 2010

Steel, low-alloyed | 5.25E-05 kg

Literature value:Adopted from the "cement production, Portland, CH
2010" dataset .

Activity link: market for steel, low-alloyed — GLO

Source: Kellenberger D. 2007

Emissions to air | Amount

Heat, waste 0.135 MJ

Literature value. Adopted from the "cement production, Portland, GLO
2009" dataset. Value represents others emitted to air for input/output

group p.
Source: Boesch, M.E. 2010

Source information

First author: Kellenberger D.

Year: 2007
Volume number: 7

Additional author(s): Althaus H.-J., Jungbluth N., Kiinniger T.
Title: Life Cycle Inventories of Building Products

First author: Concrete Institute

Year: 2009

Title: Cement and Concrete Institute South Africa
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First author: Gary Theodosiou
Title: Cement and Concrete Institute Concrete Industry Greenhouse Gas Emissions
Year: 2010

First author: Boesch, M.E.

Additional author(s): Hellweg, S.

Title: Identifying Improvement Potentials in Cement Production with Life Cycle Assessment
Year: 2010

Journal: Environmental Science & Technology

Volume number: 44

Issue number: 23
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Additional author(s): Pradhan, A.
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Year: 2017

Dataset authorship

Role Name, organisation

Data Generator Rachel Muigai, University of Johannesburg
Data Entry Rachel Muigai, University of Johannesburg
Review Tereza Levova, ecoinvent Centre
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APPENDIX B

Characterisation results of each production stages at midpoint method

Atmospheric impacts

Impact category

Raw material consumption

Clinker production

Electricity usage

Fuel consumption

Fuel consumption

Global warming 8,60E-03 7,58E-01 1,82E-01 2,15E-02 2,00E-02
Ozone depletion 4 ,36E-09 0,00E+00 1,28E-07 5,77E-08 3,52E-09
Terrestrial ecosystems 1,83E-04 8,98E-04 7,15E-04 1,10E-04 2,06E-04
Human health 1,86E-04 8,92E-04 7,08E-04 1,01E-04 1,98E-04
Particulate matter formation 1,77E-05 1,39E-04 5,17E-04 3,80E-05 3,45E-05
lonizing radiation 9,25E-03 0,00E+00 2,38E-04 4,70E-04 0,00E+00

Resource depletion impacts

Raw material consumption

Clinker production

Electricity usage

Fuel consumption

Fuel consumption

Terrestrial acidification 1,75E-04 4 12E-04 1,67E-03 9,79E-05 9,06E-05
Freshwater eutrophication 7,09E-06 0,00E+00 0,00E+00 3,09E-04 0,00E+00
Marine eutrophication 6,57E-07 0,00E+00 0,00E+00 1,86E-05 0,00E+00
Mineral resource scarcity 2,16E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00
Fossil resource scarcity 1,09E-03 0,00E+00 0,00E+00 1,38E-01 0,00E+00
Land use 7,42E+02 0,00E+00 1,67E-05 3,08E-03 2,39E-03
Water consumption 9,77E-04 -3,72E-05 3,27E-04 8,31E-05 4, 45E-07

Toxicity impacts.

Raw material consumption

Clinker production

Electricity usage

Fuel consumption

Fuel consumption

Terrestrial ecotoxicity 3,27E-01 7,39E-02 1,06E-01 1,97E-02 1,86E-02
Marine ecotoxicity 8,57E-03 2,48E-05 4,41E-05 1,24E-02 3,49E-04
Freshwater ecotoxicity 6,72E-03 0,00E+00 0,00E+00 8,92E-03 5,42E-05
Human carcinogenic toxicity 1,39E-03 1,06E-04 1,99E-04 2,12E-02 1,02E-05
Human non-carcinogenic toxicity 2,10E+02 6,10E-03 6,10E-03 3,82E-01 6,83E-03
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APPENDIX C

Percentage (%) of each production stage contribution at midpoint method

Atmospheric impacts

Impact category Clinkering Raw Material Usage Fuel Usage Transportation Electricity Usage
Global warming 76 0 3 2 18
Ozone depletion 0 30 2 2 66
Terrestrial ecosystems 43 9 5 10 34
Human health 43 8 5 10 34
Particulate matter formation 18 8 5 4 66
lonizing radiation 0 93 5 0 2
Resource depletion
impacts
Clinkering Raw Material Usage Fuel Usage Transportation Electricity Usage
Terrestrial acidification 17 7 4 4 68
Freshwater eutrophication 0 2 98 0 0
Marine eutrophication 0 3 97 0 0
Mineral resource scarcity 0 100 0 0 0
Fossil resource scarcity 0 1 99 0 0
Land use 0 29 40 31 0
Water consumption 0 72 4 0 24
Toxicity impacts.
Clinkering Raw Material Usage Fuel Usage Transportation Electricity Usage
Terrestrial ecotoxicity 7 31 2 49 10
Marine ecotoxicity 0 41 57 2 0
Freshwater ecotoxicity 0 43 57 0 0
Human carcinogenic toxicity 0 5 88 0 6
Human non-carcinogenic
toxicity 1 18 78 1 1
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APPENDIX D

LCIA results for selected impact categories (Damage Result)

Impact Category uint Raw Material Clinkering Fuel Usage Transportation Electricity Usage
Human health DALY 2,05E-07 7,93E-07 7,55E-08 4,38E-08 4,97E-07
Ecosystems species.yr 1,43E-10 2,33E-09 2,67E-10 1,29E-10 9,61E-10
Resources USD2013 6,24E-04 0,00E+00 1,62E-02 0,00E+00 0,00E+00
Percentage (%) of each production stage contribution at endpoint method
Material Usage Clinkering Fuel Usage Transportation Electricity Usage
0,8 77,3 2,1 1,9 18,0
0,8 77,3 2,1 19 18,0
0,8 77,3 2,1 19 18,0
25,7 0,0 59 1,7 66,7
97,6 0,0 0,1 0,0 2,4
8,4 42,5 50 9,6 34,5
7,4 17,5 4,6 4,6 65,8
8,5 42,4 51 9,6 34,3
6,8 16,8 3,8 3,6 68,8
3,5 0,0 96,5 0,0 0,0
3,5 0,0 96,5 0,0 0,0
31,6 7,1 1.8 49,6 10,0
92,6 0,0 7,0 0,4 0,0
39,9 0,1 58,0 1,6 0,2
10,9 0,4 87,0 0,0 1,6
17,0 1,2 78,7 1,8 1,2
29,3 0,0 39,8 30,6 0,2
100,0 0,0 0,0 0,0 0,0
0,9 0,0 99,0 0,0 0,0
60,5 0,4 1,1 0,1 38,0
77,0 24 5,8 0,0 14,8
83,5 44 10,2 0,0 10,5
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APPENDIX E

The input parameter values used for model validation

Years Cement production (Kg) Real GDP (USD $)
2000 9 794 000 000 267 001 436 052
2001 9 700 000 000 274 210 460 320
2002 11 218 000 000 284 357 295 800
2003 11 893 000 000 292 743 217 487
2004 11 565 000 000 306 076 361 734
2005 13 519 000 000 322 228 184 699
2006 14 225 000 000 340 285 199 108
2007 14 647 000 000 358 526 105 165
2008 14 252 000 000 369 966 840 760
2009 14 860 000 000 364 276 420 244
2010 13 458 000 000 375 349 442 837
2011 12 373 000 000 387 676 549 661
2012 12 358 000 000 396 257 207 214
2013 13 053 000 000 406 104 993 310
2014 13 099 000 000 413 605 718 439
2015 14 456 000 000 418 543 065 568
2016 15 182 000 000 420 213 420 422
2017 14 622 000 000 426 157 392 310
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APPENDIX F

Long-term environmental impact of cement production in South African from 2000-2040

Year 2000 2005 2010 2015 2020 2025 2030 2035 2040
Global warming 9,72E+09 | 1,34E+10 | 1,34E+10 | 1,44E+10 | 1,79E+10 | 2,5889E+10 | 2,9688E+10 | 2,8538E+10 | 2,91E+10
Stratospheric ozone depletion 1,90E+03 | 2,63E+03 | 2,62E+03 | 2,81E+03 | 3,50E+03 5,07E+03 5,82E+03 5,59E+03 | 5,70E+03
lonizing radiation 9,77E+07 | 1,35E+08 | 1,34E+08 | 1,44E+08 | 1,80E+08 2,60E+08 2,98E+08 | 286648602 | 2,92E+08
Ozone formation, Human health 2,06E+07 | 2,84E+07 | 2,83E+07 | 3,04E+07 | 3,78E+07 5,48E+07 6,28E+07 6,04E+07 | 6,15E+07
Fine particulate matter formation 7,77E+06 | 1,07E+07 | 1,07E+07 | 1,15E+07 | 1,43E+07 2,07E+07 2,37E+07 2,28E+07 | 2,32E+07
Ozone formation, Terrestrial ecosystems | 2,07E+07 | 2,86E+07 | 2,85E+07 | 3,06E+07 | 3,81E+07 5,52E+07 6,33E+07 6,08E+07 | 6,20E+07
Terrestrial acidification 2,39E+07 | 3,30E+07 | 3,29E+07 | 3,53E+07 | 4,40E+07 6,37E+07 7,30E+07 7,02E+07 | 7,16E+07
Freshwater eutrophication 3,10E+06 | 4,28E+06 | 4,26E+06 | 4,58E+06 | 5,70E+06 8,25E+06 9,46E+06 9,10E+06 | 9,27E+06
Marine eutrophication 1,89E+05 | 2,62E+05 | 2,60E+05 | 2,80E+05 | 3,48E+05 5,04E+05 5,78E+05 5,66E+05 | 5,67E+05
Terrestrial ecotoxicity 1,02E+10 | 1,41E+10 | 1,40E+10 | 1,51E+10 | 1,88E+10 2,72E+10 3,11E+10 2,99E+10 | 3,05E+10
Freshwater ecotoxicity 1,55E+08 | 2,13E+08 | 2,13E+08 | 2,28E+08 | 2,84E+08 4,12E+08 4,72E+08 4, 54E+08 | 4,63E+08
Marine ecotoxicity 2,10E+08 | 2,39E+08 | 2,88E+08 | 3,09E+08 | 3,85E+08 5,58E+08 6,40E+08 6,15E+08 | 6,27E+08
Human carcinogenic toxicity 2,39E+08 | 3,30E+08 | 3,28E+08 | 3,53E+08 | 4,39E+08 6,36E+08 7,29E+08 7,01E+08 | 7,15E+08
Human non-carcinogenic toxicity 4,83E+09 | 6,67E+09 | 6,64E+09 | 7,14E+09 | 8,89E+09 1,29E+10 1,48E+10 1,42E+10 | 1,45E+10
Land use 7,67E+07 | 1,06E+08 | 1,05E+08 | 1,13E+08 | 1,41E+08 2,04E+08 2,34E+08 2,25E+08 | 2,29E+08
Mineral resource scarcity 2,12E+07 | 2,92E+07 | 2,91E+07 | 3,12E+07 | 3,89E+07 5,63E+07 6,46E+07 6,21E+07 | 6,33E+07
Fossil resource scarcity 1,36E+09 | 1,88E+09 | 1,87E+09 | 2,01E+09 | 2,50E+09 3,62E+09 4,15E+09 3,99E+09 | 4,07E+09
Water consumption 1,33E+07 | 1,83E+07 | 1,82E+07 | 1,96E+07 | 2,44E+07 3,53E+07 4, 05E+07 3,90E+07 | 3,97E+07
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