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Portland cement concrete is the most consumed material in buildings and infrastructure. The applications of Portland cement are not limited to building constructions, Portland cement is also used as a repairing material. The production of Portland cement has noticeable economic and environmental effects. The paper addresses the economic and environmental benefits of using calcined clay as supplementary cementitious material with high partial replacement of Portland cement. The economic benefits include initial and maintenance costs, which are achieved by enhancing the concrete durability. The cost of calcined clay is strongly affected by transportation expenses and the availability of local sources. The environmental benefits include the reduction of the CO2 footprint caused by Portland cement production.
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Introduction
[bookmark: _Hlk145574166]Portland cement production contributed producing more than 5% of the CO2 emissions to the atmosphere [1], [2], [3]. Cement production comes in second place after the power industry in CO2 emissions [4]. The main cause of the CO2 emissions in the cement industry is the reactivation of calcium carbonate to produce calcium oxide [1], [3], [5], [6].
The increasing demand for concrete is strongly noticed along with economic growth, which requires providing infrastructure, utilities, and facilities [2]. In Saudi Arabia, there are 24 fully operating Portland cement plants to accommodate the local demand for Portland cement [7]. 
The reduction of Portland cement can be accomplished by partially replacing the Portland cement with supplementary cementitious materials (SCM) or limestone filler (LF), the SCMs include the use of slag (SG), fly ash (FA), silica fume (SF), metakaolin (MK), natural pozzolan (NP) and calcined clay (CC), it was noticed that the use of SCM and LF improves the ultimate strength [8], [9], [10], [11], [12]. The improvement in the concrete mechanical properties varies between the SCMs due to variations in reactivity and phase formation, which could cause a reduction in early-age strength, such as in slag and fly ash [10], [11], [13]. The early age strength increases in the case of using early-age reactive SCMs due to the reactivity and the early-age phase formation, such as silica fume, metakaolin, and calcined clay [2], [10], [13]. The use of SCMs in general showed an improvement in the concrete durability properties by showing improvements in the electrical resistivity, water penetrability, and sorptivity [13], [14], [15]. 
Calcined clay was introduced as an SCM due to its easy accessibility on a global scale [16], [17], and to the proper chemical composition that provides a reactive aluminosilicate phase that reacts with other phases in cement hydration products to produce chemically stable materials. Calcined clay is produced by heating aluminate-silicate plates to reactivate the material as shown in Fig 1.
The economic growth in Saudi Arabia is accompanied by construction growth [18], which consumes portland cement as a construction material for buildings and infrastructures. Increasing the demand for construction materials is expected to increase the production of Portland cement, which would increase the production of carbon dioxide from cement plants.
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Fig. 1. the rehydration process in producing calcined clay.
Calcined clay as part of LC3 cementitious materials mixtures was studied to reach up to 50% replacement of Portland cement as shown in Table 1. However, the effectiveness of producing calcined clay is strongly dependent on the availability and chemical properties that could produce LC3 that reaches up to type I Portland cement [14]. The chemical composition of the calcined clay and the level of impurities strongly affect the dosage of Portland cement replacement, the impurities include quartz and dolomite that act as a filler to the mixture [14], [19].
Table 1: the expected dosage of cementitious materials in LC3.

	Materials
	Dosage (%)

	Portland cement
	50

	Calcined clay
	30

	Limestone
	15

	Gypsum
	5


Calcined clay as a supplementary cementitious material, particularly in producing LC3, hasn’t been tested sufficiently in Saudi Arabia. Even though, the raw materials are expected to be available locally and within an acceptable chemical and physical condition [20], [21].

Environmental exposure in Saudi Arabia
The Kingdom of Saudi Arabia is located in the far southwestern part of the continent of Asia. The east coastal line is around 610 kilometers long and opens toward the Arabian Gulf. The western coastal line is around 1,100 kilometers opening toward the Red Sea [22]. The topography of the Kingdom is unique due to its large area, which reaches up to 2.000.000 square kilometers. The western region lays the chain mountains of Sarawat, which reaches up to 3.000 meters and the rest of the country is mostly desert [22].

2.1   Temperature differential
The high-temperature differential is considered a significant matter affecting the concrete durability and expected service life as a result of the thermal stress generated from the partial thermal expansion of a concrete member [23]. The solar radiation in Saudi Arabia ranges between 7.0 kWh/m2 and 4.5 kWh/m2 [24], which increases the daily temperature differential causing thermal internal stresses.
The salt formation and crystallization in concrete pores are considered a major cause of concrete deterioration as a result of the internal stress caused by salt crystal formation, which strongly affected by the temperature[25], [26].

2.2   Soil composition and availability of corrosive materials
The soil composition in Saudi Arabia has a wide variety of mineralogical properties, which include Torrifluvents, Gypsiorthids, Torripsamments, Haplargids, and other types. The clay with a range of kaolinite content is dominant in the central region of the Kingdom with some fractions in the eastern and western regions[27], as illustrated in Table 2.
Table 2: showing soil composition in Saudi Arabia [27], [28]

[image: ]
The availability of corrosive salts is dominant in the coastal areas located in the east and west parts of Saudi Arabia, which could have a significant effect on concrete durability expectation and life cycle[27], [29], [30].
Sabkha soil is a common coastal soil in the kingdom, that has a high content of corrosive and unstable salts that reacts with concrete reinforcement, hydrated and unreacted phases of cement, such as chlorine and sulfate salts[27], [29], [30], [31].

Calcined clay in Saudi Arabia
The ability to use calcined clay as an SCM depends on two main factors. The first factor is about the suitability of clay, which includes kaolinite content and availability of impurities[14], [17], [20]. The second factor is related to the cost-effectiveness of the process of producing calcined clay, which includes the bulk availability of the material and location[17].

3.1	  Clay suitability
The major reactive material in calcined clay is Alumina (Al2O3), which is available in the form of kaolinite (Al2O3. 2SiO2. 2H2O)[2], [14], [17], [20]. Kaolinite has been commonly used in producing paper, ceramics, and tiles for ages, depending on the purity of the clay (90% and more) [21].
Kaolinite clay has a wide range of applications in various fields mentioned as follows:
· Ceramics: Kaolinite is a fundamental component in ceramic production. It imparts plasticity and contributes to the final properties of ceramics[32].
· Paper Industry: Kaolinite is used as a coating and filler in paper production to improve print quality, opacity, and ink receptivity[33].
· Paint Industry: In the paint industry, kaolin serves as a white pigment, providing opacity and improving paint properties[34].
· Cosmetics and pharmaceuticals: Kaolin is used in cosmetics and skin care products for its gentle exfoliating and oil-absorbing properties[35]. Correspondingly, it is used in pharmaceutical formulations as an excipient and as an adsorbent in antidiarrheal medications[36].
· Agriculture: Kaolinite-based products are used in agriculture for pest and disease control, and for improving soil properties[37].
· Rubber: Kaolin is used as a filler in plastics and rubber to improve mechanical properties[38].
· Environmental Applications: Kaolinite is used in wastewater treatment and as a component in geosynthetic liners for landfills[39], [40].
· Construction and concrete production: In the construction industry, kaolinite is considered supplementary cementitious materials that react with cement and cement and the hydration by-products to improve concrete plastic, mechanical and durability properties[2], [14], [17], [20], [41].

In the case of lower kaolinite content clay, which ranges between 40 and 60 %, it is mostly suitable as an SCM containing enough kaolinite to react with cementitious material and cement hydration products. The remaining contents of the clay, other than kaolinite, act as a filler for the cementitious mixture[14], [17], [20], [21], [42], which limits the use of calcined clay with a purity of less than 90% and more than 40% for construction and concrete production.
The most common use of calcined clay cementitious materials mixtures are produced as Limestone, Calcined Clay, Cement (LC3) [14], [17], [20], [41]. The reduction in carbon dioxide emissions is expected to reach 40% depending on many factors, which include the source of electrical energy and heat, the chemical composition of clay and cement, and the logistic emissions. Fig 2 shows the process of producing calcined clay and limestone mixtures, which is the major part of producing LC3. The ground limestone and calcined clay mixture is known as LC2.
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After the completion of the LC2 production, a blend with Portland cement is made depending on the chemical composition of Portland cement and the calcined clay. This process includes adding gypsum as a source of sulfate to normalize the alumina content, which was elevated due to the high alumina content in calcined clay [14], [17]. Fig 3 simply explains the process.

[image: ]

Fig. 2. The process of producing calcined clay and limestone mixture.
[image: ]

Fig. 3. The final process of producing LC3.


3.2	  Cost-effectiveness of clay
The cost-effectiveness of using calcined clay as a supplementary cementitious material in concrete or producing LC3 depends on various factors, including the local availability and cost of calcined clay, performance benefits, specific project requirements, and environmental exposure. Here are some considerations:
1. Raw material cost and availability: The cost of calcined clay as a raw material can vary depending on availability and logistic causes. In Saudi Arabia, the availability of suitable clay is reasonable, including an acceptable Alumina content, and is within acceptable limits of impurities which makes it suitable for concrete and construction uses[20], [28].
2. Performance improvements: it was shown that using calcined clay as SCM in producing LC3 improves the plastic, mechanical, and durability properties of concrete, which leads to long-term cost savings by reducing maintenance and repair expenses[14], [17], [20].
3. Logistics: The availability of calcined clay in reachable locations would reduce transportation costs, making using calcined clay more cost-effective[28].
4. Substitution rate of SCM: The fraction of calcined clay used in concrete mixtures influences the total cost of producing concrete since the production of calcined clay doesn’t cost as much as Portland cement[14]. Therefore, increasing the substitution rate reduces the overall cost.
5. Energy and emission savings: The partial replacement of calcined clay with portland cement in concrete mixtures has environmental benefits as a result of reducing CO2 emissions associated with portland cement production [3], as well as a reduction in the energy consumed in producing Portland cement[14], [17].

Therefore, conducting a cost-benefit analysis for each project is significant to determine the cost-effectiveness of using calcined clay as a partial replacement for Portland cement in concrete mixtures and producing LC3, since each project has a different environment, location, exposure, specifications, and logistics conditions. As shown in Table 3, the variables that could affect the cost-effectiveness of producing LC3 instead of OPC are not limited to economics, the environmental impact may overcome all other factors.
The cost-benefit analysis focuses on three major factors:
· Cost saving: as the process of producing calcined clay requires less energy compared to Portland cement.
· Infrastructure: the availability of infrastructure or the investment in processing infrastructure for clay calcination, which is profitable depending on the location and quantity of suitable clay for concrete uses.
· Incentives: as sustainability is a focal point in the Saudi Arabian Vision 2030, carbon dioxide footprint drop due to reducing portland cement content in concrete mixtures is expected to have a sustainability-added value for construction industries and products.

Table 3: Comparison between OPC and LC3.
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Conclusion and recommendations
In conclusion, utilizing calcined clay as a partial replacement for Portland cement has proven to be an effective and sustainable strategy in the construction industry under specific conditions. The following points were concluded:
· The practice of utilizing LC3 doesn't reduce the negative environmental impact by mitigating the carbon dioxide footprint caused by cement production emissions but also helps enhance the overall performance of concrete and durability to resist aggressive environmental exposure.
· Calcined clay offers cost benefits and conserves valuable natural resources.
· The cost-effectiveness of producing LC3 is not fully dependent on the economic aspects, the environmental impact, and the equivalent CO2 production, which includes net CO2 has an effect depending on the regulations.
· It is recommended to address the locations, quantities, and quality of clay in quarries to support researchers and investors in evaluating the cost-effectiveness of producing LC3.
· The value of produced CO2 should be included in the cost-effectiveness study.
As research and real-world applications continue to validate its efficacy, the adoption of calcined clay as a supplementary cementitious material is a promising avenue for achieving more sustainable and resilient construction practices.
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