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Abstract:

 An optimization system that supports the production of concrete while minimizing carbon dioxide (CO2) emissions or costs is presented that incorporates an evolution algorithm for the materials’ mix design stage, a trigonometric function for the transportation stage, and a stochastic model for the manufacturing stage. A case study demonstrates that applying the optimization system reduced CO2 emissions by 34% compared to the standard concrete production processes typically used. When minimizing the cost of concrete production was prioritized, the cost dropped by 1% compared to the cost of conventional concrete production. These findings confirm that this optimization system helps with the design of the concrete mix and the choice of a material supplier, thus reducing both CO2 emissions and costs.
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1. Introduction


The Korean government plans to reduce its greenhouse gas emissions by 37% by 2030. However, carbon dioxide (CO2) emissions per capita in Korea have actually increased by 113% since 1990, the highest for any of the Organization for Economic Co-operation and Development (OECD) countries.



Because the CO2 emissions created by the Korean construction industry account for 40% of the nation’s total, it is essential to reduce the amount of CO2 generated by construction activities if Korea is to attain its ambitious greenhouse gas reduction goal [1]. Concrete is known to emit particularly high amounts of environmentally damaging waste over its life cycle of production, construction, maintenance and, eventually, demolition. The industry is well aware of this; the amount of CO2 emissions produced is specified in a ready-mixed concrete (RMC) report that is provided whenever concrete is sold commercially in Korea. Although this has led to many studies addressing the quantitative evaluation and reduction of the environmental effects of concrete, little research has considered the development of optimization systems that would enable concrete production companies to reduce the CO2 emissions associated with concrete. This study therefore focused on developing an optimization system, dubbed the concrete life cycle assessment system (CLAS), to recommend options to help minimize CO2 emissions and/or the costs incurred at every stage of the concrete production process.




2. Review of Life Cycle Assessment Programs


A number of software programs have been developed to help those seeking to perform life cycle assessment (LCA) calculations to assess the environmental impact of different construction materials. The TOTAL (Tool for Type labeling and LCA) program was developed by researchers at the Korean Ministry of the Environment to define how product labels must comply with the data format required by the country’s environmental performance declaration system [2].



An additional program, Product Assessment for Sustainable Solutions (PASS), was developed by staff at the Korean Ministry of Knowledge Economy to perform LCA calculations. The energy section of the associated Life Cycle Index database includes fuels such as diesel, gasoline and coal, while the construction-related materials section includes items such as cement, concrete and different types of glass [3]. Another useful tool is the COOL program, which was exclusively designed to help companies create accurate carbon footprint labels and was developed by the Korean Environmental Industry & Technology Institute to assist companies applying for carbon footprint label certification [4].



The effort to identify environmental impacts is international. For example, the Building for Environmental and Economic Sustainability (BEES) program was developed by the National Institute of Standards and Technology in the United States to help designers make informed materials decisions by integrating the environmental impacts and costs for buildings and materials into a single tool. BEES helps architects and engineers select a suitable product for their desired application that balances environmental considerations with economic performance [5]. The ATHENA Impact Estimator was developed by Canadian researchers to facilitate building design by modelling the environmental impact of changing the shape, design, or material makeup of a building, allowing designers to optimize the operating energy effects over the complete building life cycle [6].



In Europe, GaBi software was developed to manage sustainability through LCA and to assess environmental design and energy efficiency. The associated database is managed by the GaBi database manager and the program provides detailed classification of substances and production processes [7]. In the United Kingdom, the building LCA program ENVEST2 was developed by the Building Research Establishment to assess building structures. It not only simplifies the multiple processes of determining life cycle costs and environmental impacts when designing buildings, but also identifies the elements with the greatest influence on a building’s environmental impact and life cycle cost, and shows the effects of selecting different materials [8]. Also in the UK, the program LCA in Sustainable Architecture (LISA) was developed by Newcastle University and BHP Research Laboratories with a convenient interface consisting of a simple input–output form to facilitate its use [9]. Also in Europe, the BECOST building LCA program was developed by the VTT Technical Research Centre of Finland for use in developing carbon emission reduction technologies based on the environmental impact data deduced from the life cycle assessment of buildings, including their design, construction, maintenance, and demolition [10]. Elsewhere, Eco-Quantum is Australia’s leading life cycle assessment program, providing LCA and greenhouse gas and carbon assessment services based on the life cycle data for various products or services. Eco-Quantum is the first building life cycle assessment program to assess environmental effects based on the energy consumption incurred in building structures [11].




3. Development of an Optimization System


3.1. Characteristics of the Optimization System


The CLAS optimization system developed for this study is designed to evaluate the CO2 emissions and costs of concrete from an LCA perspective and suggest methods to reduce both. The system includes a method and database that allows users to evaluate CO2 emissions and costs relatively simply. The first step in the development of the new system was to establish a system boundary for the life cycle CO2 emission and cost evaluations for concrete that would be used in the program (Figure 1). The product stage of concrete (the so-called “cradle to gate” for the product, up to the point at which it leaves the manufacturer’s premises), based on ISO 14044 [12] and ISO 21930 [13], was selected as a convenient system boundary. The product stages for concrete were divided into three stages: raw material, transportation, and manufacturing.


Figure 1. System Boundary for Concrete Life Cycle Assessment (LCA).
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The raw material stage includes the CO2 emissions created during the production of the major components of concrete, namely cement, aggregate, and water, while the transportation stage looks at the CO2 emissions due to the transportation of raw materials to the RMC manufacturing plant and the manufacturing stage considers the CO2 emissions caused by the generation of electricity and the use of fossil fuels in the concrete batch plant. CLAS assesses the CO2 emissions and costs when the optimization technique is applied during the product stages of concrete, and then identifies the specific mix design and/or supplier that will minimize either the CO2 emissions or costs. The methods applied at each stage, as well as the database and input/output items, are shown in Figure 2. A mechanism to cope with fluctuations in the basic unit of CO2 emission (kg-CO2/kg) and the costs of concrete components such as cement and aggregate was incorporated into CLAS; its database structure was designed to allow the basic units of CO2 emission and costs to be easily updated and changed. The updated database is then accessed by the program when calculating the optimal result.


Figure 2. Evaluation Process for the Optimization System.
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3.1.1. Raw Material Stage


CO2 emission from concrete production was calculated as the sum of the quantity of each ingredient used for producing 1 m3 of concrete and the CO2 emission base units. The base units of the CO2 emission for cement, aggregate, and water were based on the Korea LCI (Life Cycle Inventory) database (DB). In addition, blast furnace slag, fly ash, and chemical admixtures which are not database units in Korea, were applied to the overseas LCI database [13,14]. Equation (1) is used for calculating of CO2 emission during the production of the raw material required for manufacturing 1 m3 of concrete. Table 1 lists the CO2 emission reference of each ingredient.


CO2 M = ∑(M(i) × CO2 emission factor M)

(i = 1: cement, 2: aggregate, 3: admixture, 4: water)



(1)






Cost M = ∑(M(i) × Unit price M)

(i = 1: cement, 2: aggregate, 3: admixture, 4: water)



(2)






Table 1. LCI (Life Cycle Inventory) database (DB) of raw materials.


	Material
	Unit
	Reference Basis





	Ordinary Portland Cement
	kg
	National LCI Database (Korea)



	Coarse aggregate
	kg
	National LCI Database (Korea)



	Fine aggregate
	kg
	National LCI Database (Korea)



	Blast furnace slag powder
	kg
	Overseas LCI DB (ecoinvent)



	Fly ash
	kg
	Overseas LCI DB (ecoinvent)



	Water
	kg
	National LCI Database (Korea)



	Chemical admixture compound
	kg
	Overseas LCI DB (ecoinvent)









CO2 M is the CO2 emission at the raw material stage for the production of 1 m3 concrete (kg-CO2/m3); CO2 emission factor M is the CO2 emission factor for each material (kg-CO2/kg); Cost M is the cost at the raw material stage for the production of 1m3 concrete ($/m3); Unit price M is the cost for each material ($/kg); and M(i) is the amount of material used of concrete (kg/m3).




3.1.2. Transportation Stage


For assessing the CO2 emission due to transportation, the total quantity used and the load for each component were measured for calculating the vehicle number required for transportation. The calculated number of vehicles, distance, and fuel efficiency of each vehicle were used for assessing the CO2 emissions. In this study, a truck’s speed and traffic weren’t considered. Equation (3) gives the quantity of CO2 emission equation for the transportation stage. Table 2 lists the CO2 emission reference of each transportation method.


CO2 T = ∑[(M(i)/Lt) × (d/e) × CO2 emission factor T]

(i = 1: cement, 2: coarse aggregate, 3: fine aggregate, 4: admixture)



(3)






Cost T = ∑[(M(i)/Lt) × (d/e) × Unit price T]

(i = 1: cement, 2: coarse aggregate, 3: fine aggregate, 4: admixture)



(4)






Table 2. LCI DB of transportation method.


	Transportation Equipment
	Unit
	Reference Basis





	Truck
	km
	National LCI Database (Korea)



	Train
	km
	National LCI Database (Korea)









CO2 T is the CO2 emission at the transportation stage for the production of 1 m3 concrete (kg-CO2/m3); CO2 emission factor T is the CO2 emission factor of the energy resource (kg-CO2/kg); Cost T is the cost at the transportation stage for the production of 1m3 concrete ($/m3); Unit price T is the cost of the energy resource (oil) ($/L); M(i) is the amount of material used of concrete (kg/m3); Lt is the transportation load (tons), d is the transportation distance (km); and e is the fuel efficiency (km/L).




3.1.3. Manufacturing Stage


The CO2 emitted from concrete manufacturing can be calculated using the amount of energy consumed by the manufacturing equipment for producing 1 m3 of concrete and converting that to CO2. For following this approach, the concrete manufacturing process must be divided and the consumed energy must be calculated. The concrete manufacturing process can be divided into the following five stages: loading; storage; transportation; measurement for mixing; and mixing. The equipment required and the data related to the power and fossil fuel energy consumed in each stage are examined; then, by analyzing the ratio between the capacity of each piece of equipment and the total amount of electricity used, the energy consumed for manufacturing 1 m3 of concrete can be calculated. Equation (5) is used for calculating the quantity of CO2 emitted during the manufacturing process, and Table 3 lists the CO2 emission reference of energy source.


CO2 F = ∑[(E(i)/R) × CO2 emission factor F]

(i = 1: electricity usage, 2: oil usage, 3: water usage)



(5)






Cost F = ∑[(E(i)/R) × Unit price F]

(i = 1: electricity usage, 2: oil usage, 3: water usage)



(6)







Table 3. LCI DB of energy source.



	
Division

	
Reference basis






	
Energy

	
Electric

	
National LCI Database (Korea)




	
Diesel

	
National LCI Database (Korea)










CO2 F is the CO2 emission at the manufacturing stage for production of 1 m3 concrete (kg-CO2/m3); CO2 emission factor F is the CO2 emission factor (kg-CO2/kwh, L, kg)] of an energy resource; Cost F is the cost at the manufacturing stage for production of 1 m3 concrete (kg-CO2/m3); Unit price F is the cost of an energy resource ($/kwh, L, kg), R denotes the annual RMC production (m3/year)]; and E(i) denotes the annual energy usage (unit/year).





3.2. Application of Optimization Techniques


3.2.1. Evolution Algorithm for the Materials Stage


The evolution algorithm applied in this stage generates a probable variable from the first parent group. The initial variable is set to be close to the preset objective value in order to generate the next-generation group [14,15]. The variable most suited to the objective can then be obtained through a mutation and reproduction process [16]. The parent group’s selection is critical, because the reactions of concrete mix designs depend on the amount of each raw material. However, the evolution algorithm can reduce the error in the next-generation group because it selects the parent group nearest to the target to derive the mix design [17,18,19,20,21,22].



	(1)

	
Mix Design by Applying the Evolution Algorithm







To minimize CO2 emissions, the maximum possible amount of admixture (granulated blast furnace slag/fly ash (GGBS/FA)) is included in the mix design. This means that the mix design can be derived by using the evolution algorithm and inputting the strength, mix ratio (%), and admixture type without the need for basic information, such as the water/binder ratio, slump, air content, coarse aggregate size, or specific gravity. We can also establish an objective function by analyzing the amounts of the materials involved and their costs for the mix, the admixture types and CO2 emissions, and the admixture mix ratios and CO2 emissions [23].



	(2)

	
Process of Mix Design Deduction







Figure 3 shows the process of deriving the concrete mix design using the evolution algorithm. After information regarding the concrete strength, admixture types, and mix ratio has been entered, it is immediately transferred to the established database of mix designs, where mix designs that are consistent with the input data (for example, strength, admixture type, and mix ratio) are identified and established as the initial group. These processes are performed to generate the initial group needed to apply the evolution algorithm [17].


Figure 3. Process Used to Derive the Mix Design Based on the Evolution Algorithm.
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A test of fit is performed on the mix designs that constitute the generated initial group. This test is performed to establish the maximum and minimum range of CO2 emissions, costs, and mix amounts of materials by analyzing the CO2 emissions and the cost of each mixture design. A test fit is also conducted to evaluate the fit of the mix designs derived from the initial mix design group and any recombination options.



	(3)

	
Analysis for the Mix Design Selection Process







Among the initial mix design groups, those mix designs that satisfy the fit test are selected to generate a new group of mix designs according to the approach proposed by Kim et al. [17].


M(i) DB min. mix volume < M(i) mix volume < M(i) DB max. mix volume

(i = mixing materials)










M(i) DB min. ratio < M(i) admixture mix ratio < M(i) DB max. ratio










M(i) CO2 emission < M(i) DB min. CO2 emission










M(i) DB min. cost < M(i) cost < M(i) DB max. cost

(i = compressive strength)











Intersection and combination processes are also performed on the mix designs to derive the new mix design, which is again analyzed using a fit test. These processes are performed repeatedly until the fit criteria are satisfied.



As shown in Figure 4, when the mix types are classified into plain, GGBS mixtures, fly ash mixtures, and GGBS/fly ash mixtures in mix designs with a strength of 24 MPa, the minimum CO2 emissions identified using this procedure are 319 [kg/m3], 295 [kg/m3], 271 [kg/m3], and 254 [kg/m3], and the maximum CO2 emissions are 348 [kg/m3], 317 [kg/m3], 307 [kg/m3], and 282 [kg/m3], respectively. These results therefore establish the maximum and minimum ranges of CO2 emissions based on the mix ratios of the admixtures for a given strength of concrete. This allows the quantity of CO2 emissions to be analyzed for each of the admixtures based on the designs for nominal strengths of 18, 21, and 24 MPa. The mix designs with strengths of 21 and 24 MPa, in which both fly ash and granulated blast-furnace slag are mixed, result in the lowest CO2 emissions for this example. CO2 emissions are reduced by approximately 29% and 26%, respectively, relative to those of the plain mix design that did not include any admixture [17].


Figure 4. Carbon dioxide (CO2) Emission Analysis of Concrete by Type of Admixture.
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As shown in Figure 5, the CO2 emissions of the 18 MPa strength concrete vary between 251 [kg/m3] and 310 [kg/m3] when the mix ratio of the admixtures is increased from 10% to 30%. This analysis demonstrates that it is indeed possible to determine the maximum and minimum range of the CO2 emissions for specific mix ratios of the admixtures for a given concrete strength. The CO2 emissions decrease as the mix ratios of admixtures such as fly ash and granulated blast-furnace slag increase. Kim et al. [17] analyzed 18, 21, and 24 MPa strength concretes and demonstrated that the concrete mix designs with admixtures of 30% showed CO2 emission that were reduced by 27%, 29%, and 32%, respectively, compared to those with admixtures of 10%.


Figure 5. Analysis of the CO2 Emissions for Various Admixture Mix Ratio.
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Looking at the admixture mixing ratios identified in the study by Kim et al. [17], the amount of coarse aggregate ranged from a minimum of 865 kg/m3 to a maximum of 997 kg/m3; the amount of fine aggregate ranged from 781 kg/m3 to 982 kg/m3; the amount of cement was between a minimum of 158 kg/m3 and a maximum of 389 kg/m3; and the amount of water was between 105 kg/m3 and 185 kg/m3, as shown in Figure 6. Based on these results, the maximum and minimum mix amounts of cement, aggregate, and water for each mix ratio were established.


Figure 6. Analysis of Admixture Mix Ratio and Other Materials.
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The cost analysis performed for the mix design process utilizes information from Korea’s price database to determine the product cost [24]. As shown in Figure 7, the cost of concrete with a strength of 24 MPa ranged between US$59.20 and 70.60/m3 , and that of concrete with a strength of 30 MPa ranged between US$63.20 and 73.70/m3. As a result of this analysis, the maximum and minimum costs as a function of concrete strength were established.


Figure 7. Cost Analysis Based on the Compressive Strength of Concrete.
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The largest contributing factor to the cost per m3 of concrete in the example given here was the mix proportion of cement and aggregate. Not surprisingly, the analysis also showed that the cost increased with strength because the mix ratio for the most expensive cement (in US$/kg) increased with strength. Adjusting the amount of the coarse aggregate and fine aggregate mixed in to the less expensive cement had less effect on the overall concrete cost.




3.2.2. Trigonometric Function Method for the Transportation Stage


This step determines which supplier to select to minimize CO2 emissions and costs when the raw materials for the concrete are transported to a ready mix concrete (RMC) production plant. Looking at the production of each of the possible raw material plants, the optimum supplier is identified by analyzing the CO2 emissions, the unit cost of production and the distance to the concrete production plant. As shown in Figure 8, the distance between the plants can be measured by finding the interval angle (°) between the two points using latitude and longitude coordinates. This can then be multiplied by the radius of the spherical surface, with the surface of the Earth being assumed to be spherical and the distance calculated using the equation below [25,26,27,28]:


R = Tcos(sin(X) × sin(X′) + cos(X) × cos(X′) × cos(M))










D = R × Ed








where R is the angle between two points (°); X is the latitudinal value of the initial point in radians (°); X′ is the latitudinal value of the terminal point in radians (°); M is the difference between the longitudinal values of the initial point and the terminal point in radians (°); T is the radius of the earth, D is the distance between the two points to be measured (km); and Ed is the radius of the earth (km).


Figure 8. Process of Measuring the Distance Between Latitude and Longitude Coordinates.
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As indicated in Table 4, the location information must be collected for the various plants producing cement, aggregate, and admixtures and transformed into latitude and longitude coordinates. These can then be used to create a database to determine the transportation distance. Within Korea, this location information was collected for 100 cement production plants, 390 aggregate production plants, 15 fly ash production companies, five granulated blast-furnace slag production plants, and 15 chemical admixture production plants. The means of transportation for each component material of concrete was limited to either rail or truck, which were classified into cement freight trains and trucks with capacities of 1, 2.5, 3.5, 5, 8, 15, 18, and 25.5 tons, allowing the number of transportation vehicles for each material to be calculated on the basis of the total quantity (kg) of each component material of the concrete and the capacity (in tons) of the various transport options. The number of transportation vehicles was used to evaluate CO2 emissions and costs by applying the transportation distance, basic unit of CO2 emissions, and fuel cost [29,30,31,32]. Figure 9 depicts the optimal support algorithm for concrete.


Figure 9. Optimal Support Algorithm for Concrete.
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Table 4. Example Database of Contractor Information for Each Material.



	
Material

	
Company Address

	
Latitude-Longitude

	
CO2 Emission Basic Unit (kg-CO2/ton)

	
COST ($/ton)




	
X Coordinate

	
Y Coordinate






	
C

	
Samcheok, Gangwon

	
129.1768

	
37.4286

	
760

	
120




	
G

	
Gwangmyeong, Gyeonggi

	
126.8846

	
37.4236

	
0.005

	
8.2




	
S

	
Jung-gu, Incheon

	
126.5082

	
37.4844

	
0.005

	
7.6




	
B/C

	
Jung-gu, Incheon

	
126.6145

	
37.4410

	
0.8

	
117




	
F/A

	
Taean, Chungcheong

	
126.1664

	
36.9226

	
0.0196

	
48




	
GGBS

	
Dong-gu, Incheon

	
126.6231

	
37.4905

	
0.0265

	
54




	
AE

	
Asan, Chungcheong

	
127.0678

	
36.9301

	
0.22

	
880




	
R/G

	
Goyang, Gyeonggi

	
126.8133

	
37.6896

	
0.004

	
2.9




	
W

	
running water








C: cement; G: Coarse Aggregate; S: Fine Aggregate; B/C: Blast Furnace Cement; F/A: Fly ash; GGBS: Granulated Blast Furnace Slag; AD: Admixture; W: Water; R/G: Recycled Aggregate.









3.2.3. Stochastic Model for the Manufacturing Stage


The CO2 emissions and costs incurred during the manufacturing stage are determined using manufacturing equipment selection and stochastic model methods. The process begins by gathering data on the actual processes and the equipment capacity of the RMC plant. The energy consumption of the manufacturing equipment is calculated using data from the daily energy consumption of a batch plant comprising a material storage silo and blending mixer.



To identify the amount of energy used to produce 1 m3 of concrete, an analysis was conducted by classifying the batch plant manufacturing equipment into the various types of equipment used for material loading, storage, and mixing (Table 5). Other equipment, such as dust collectors and boilers, must also be classified appropriately. For this step, as indicated in Table 6, a database was established to guide this process by analyzing the annual consumption of electricity, oil, and water at five major concrete production companies in Korea. The analysis revealed that the amounts of energy used and concrete produced varies with the season; there is a significant difference between the summer (April to October) and winter (November to March) figures.



Table 5. Equipment Survey for Manufacturing Process.



	
Classification

	
Equipment Types






	
Material Loading and Unloading

	
Unloading equipment

	
Horizontal Conveyor Belt

	
Middle Screen

	
Conveyor Belt

	
Shuttle Belt




	
Heavy Equipment

	
Wheel Loader

	
Middle Screen




	
Material Storage

	
Cement Silo

	
Fly ash silo

	
Blast Furnace Slag Silo




	
Material Transportation

	
Aggregate

	
Rotary feeder

	
Conveyor belt

	
Gauge

	
Bucket Elevator




	
Cement

	
Brewer pump

	
Dust collector

	
Rotary Feeder




	
GGBS

	
Brewer Pump

	
Dust Collector

	
Rotary Feeder




	
Fly Ash

	
Brewer Pump

	
Dust Collector

	
Rotary Feeder




	
Others

	
Admixture Pump

	
Water Pump

	
Recycled Water Pump




	
Material Mixing

	
Concrete Mixer




	
Other Equipment

	
Dust Collector

	
Compressor

	
Boiler

	
Cooling Chiller




	
Accessory Equipment

	
Equipment Wash

	
Pump




	
Recycle Water Facility

	
Pump

	
Aggregate Screen

	
Sand Screen

	
Whisk




	
Office

	
Lighting

	
Power Outlet










Table 6. Yearly Energy Consumption and Concrete Production.



	
Company/Season

	
Production (m3/year)

	
Yearly Consumption by Energy Source




	
Electric Power (kwh/year)

	
Diesel (L/year)

	
Kerosene (L/year)

	
Running Water (ton/year)






	
A

	
Summer

	
514,662

	
775,405

	
187,953

	
1056

	
16,203




	
Winter

	
404,297

	
783,534

	
130,132

	
15,526

	
17,195




	
B

	
Summer

	
430,271

	
739,440

	
30,809

	
3726

	
16,203




	
Winter

	
442,059

	
827,395

	
31,827

	
52,774

	
17,195




	
C

	
Summer

	
430,271

	
792,704

	
54,581

	
895

	
34,080




	
Winter

	
442,059

	
946,350

	
53,561

	
10,700

	
26,650




	
D

	
Summer

	
158,792

	
436,505

	
38,179

	
694

	
34,080




	
Winter

	
137,970

	
467,193

	
36,578

	
7457

	
26,650




	
E

	
Summer

	
359,644

	
729,676

	
187,953

	
1837

	
64,189




	
Winter

	
321,316

	
774,282

	
66,068

	
24,703

	
62,016












3.3. Verification of the Optimization Techniques


3.3.1. Mix Design


Actual concrete mix designs were compared and analyzed to assess the reliability of the mix designs derived using the evolution algorithm. The results confirmed that the actual mix design and the mix design derived using the evolution algorithm were indeed similar, as shown in Figure 10, regardless of the concrete strength. The mix design error rates for the cement, water, and aggregate, which determine the physical properties of the concrete, were consistently within 5%. We therefore concluded that this mixture algorithm could be used in the development of the new optimization system, CLAS [33,34,35].


Figure 10. Comparison of mix design for concrete.
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3.3.2. Investigation of the Manufacturing Equipment


To establish an appropriate database, a survey requesting information on aspects such as batch plant facilities, production capacities and operation times was distributed to 51 Korean RMC companies. Based on our analysis of the questionnaire survey responses, 80% (43 of 51) of the companies surveyed were determined to be suitable within the terms of the production process and batch plant facility status proposed in this study.






4. Development of CLAS


CLAS, which assesses CO2 emissions and the costs associated with concrete made using the optimization method, was developed using Visual Basic, as shown in Figure 11. An evaluation of the projected CO2 emissions and costs can be performed on the basis of the information input by the user [36,37,38].


Figure 11. Screenshots of the New Optimization System (Concrete Life Cycle Assessment System (CLAS)). (a) Basic Information Input Sheet; (b) Materials Stage Input Sheet.
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4.1. Basic Information Input Sheet


The basic information input sheet for CLAS asks for the RMC manufacturer, the evaluation date, and the evaluator. The evaluation company can be selected from the database previously established, and the coordinates deduced by directly entering the address for sites that are not yet in the database. The expected production season (summer or winter), volume, and priority (CO2 emissions or cost) must also be entered in turn.




4.2. Raw Materials Stage Input Sheet


In the raw materials stage, the nominal strength, admixture types, and mix ratios (%) of the admixtures are selected. The mix design is derived from the input data, and the evaluator considers the calibration. In terms of calibrating the mix design, cement can be replaced with blast-furnace cement, ground granulated blast-furnace slag, or fly ash; the natural aggregate can be replaced with recycled aggregate [39].




4.3. Transportation Stage Input Sheet


When a means of transportation is selected, the corresponding load capacity and fuel efficiency are automatically assigned. As explained earlier, cement is usually transported by either rail or bulk truck and users will select an option from those offered on a drop-down menu.




4.4. Manufacturing Stage Input Sheet


To calculate the energy consumption, either the equipment selection method or the estimation model method can be selected. When the manufacturing and accessory equipment used in the storage, transportation, and mixing processes are selected as the input values in the equipment selection method, the energy consumption of the evaluation company is automatically computed. For the input values of the estimation model method, the yearly concrete output and the oil, running water, and electrical consumption of the company being evaluated are entered.




4.5. Evaluation Results Sheet


The evaluation result stage determines the mix design and supplier by evaluating the CO2 emissions and the cost of the concrete based on the basic information and the evaluation priority selected. The system then calculates the results automatically based on the data provided and the results of the calculation are displayed as both a table and graph.





5. Case Analysis


5.1. Method


Applying CLAS, the amount of concrete (m3) with a nominal strength of 24 MPa that was actually produced by the RMC plant in May (summer season) was evaluated in terms of the CO2 emissions and cost by applying both the input method currently used and the new optimization system. The conventional input method is applied to the actual mix design and transportation distance, energy consumption, while for the optimization system the priority is set as either minimizing the CO2 emissions or minimizing the costs. The methods for the two approaches are compared in Table 7.



Table 7. Evaluation Method.



	
Classification

	
Conventional Input Method

	
Optimization System Method






	
Standard

	
25-24-150, Mixed Materials (Fly ash)




	
Quantity

	
1 m3




	
Materials Stage

	
Actual Mix Design

	
Mix Design using CLAS




	
Transportation Stage

	
Actual Transportation Distance

	
Transportation Distance using CLAS




	
Manufacturing Stage

	
Estimation Model

	
Estimation Model











5.2. Results


As the data in Table 8 show, the CO2 emissions generated at the raw materials stage accounted for approximately 96% of the overall emissions and the cost for this stage was approximately 93% of the overall total. The CO2 emissions and costs incurred in the transportation and manufacturing stages accounted for only an insignificant fraction. The CO2 emissions per m3 were 340.9 kg-CO2/m3 for the conventional input method, significantly more than the 225.8 kg-CO2/m3 obtained when minimizing the CO2 emissions was prioritized using the new optimization system. These results indicate that a potential reduction in CO2 emissions of 34% can be obtained compared to those obtained using the conventional input method for the example shown here.



Table 8. Evaluation Results.



	
Classification

	
Materials

	
Transportation

	
Manufacture

	
TOTAL






	
CO2 emission (kg-CO2/m3)

	
Conventional input method

	
332.4

	
5.7

	
2.8

	
340.9




	
Optimization System Method

	
CO2 Prioritized

	
221.8

	
1.2

	
2.8

	
225.8




	
COST (US$/m3)

	
Conventional input method

	
46.30

	
2.30

	
0.70

	
49.30




	
Optimization System Method

	
COST Prioritized

	
44.20

	
0.60

	
0.70

	
45.50










During concrete production, the cost per m3 was determined to be US$49.30/m3 when using the conventional input method; this value was 1% higher than the value obtained when minimizing the cost was prioritized using the new optimization system (US$45.50/m3).



5.2.1. Materials Stage


The mix design used in both the conventional method and the new optimization system for this case analysis is shown in Table 9. The results in Table 9 indicate clear differences between the two methods for the cement, fine aggregate, and admixtures, but the coarse aggregate, water, and other compounds are very similar. For the raw materials stage, the CO2 emissions are 221.8 kg-CO2/m3 when the priority is to minimize the CO2 emissions for the optimization system calculation. These values are 33% less than those predicted for the conventional input method (332.4 kg-CO2/m3).



Table 9. Mix Designs Applied for Evaluation Method.



	
Classification

	
W/B (%)

	
S/a (%)

	
Unit Mixed Amount (kg/m3)




	
C

	
G

	
S

	
F/A

	
W

	
AE






	
Conventional Input Method

	
48.1

	
47

	
314

	
917

	
902

	
45

	
173

	
2




	
Optimization System Method

	
47.2

	
47.3

	
330

	
924

	
833

	
34

	
172

	
2.6








C = cement; G = coarse aggregate; S = Fine aggregate; F/A = Fly ash; W = water; AE = other additives. W/B = water-binder(cement + fly ash) ratio; S/a = Sand(fine) aggregate ratio.








A further reduction is found for cement production when minimizing the CO2 emissions is prioritized by the optimization system, with the CO2 emissions dropping to 178.2 kg-CO2/m3, well below the 228.2 kg-CO2/m3 obtained by the conventional method at the raw materials stage. This is because the CO2 emissions due to the cement production processes are significantly greater than those for the aggregate and admixtures. When minimizing the cost is prioritized by the optimization system, the cost drops to US$44.20/m3, which is 6% lower than the value obtained with the conventional input method (US$46.30/m3) because more cement, which has a higher unit production cost, is used in the actual mix design. The unit costs for the production of the aggregate and admixtures have only a relatively insignificant effect.




5.2.2. Transportation Stage


The results shown in Table 10 reveal that the quantity of CO2 emissions is 1.2 kg-CO2/m3 when minimizing the CO2 emissions is prioritized by the optimization system. This is 70% less than that obtained with the typical input method (5.7 kg-CO2/m3) because minimizing CO2 emissions assumes the raw material supplier incurring the shortest transportation distance will be selected to minimize fuel consumption when transporting the raw materials to the RMC plants.



Table 10. Location of Raw Material Suppliers.



	
Classification

	
Supplier Plant Selection




	
C

	
G

	
S

	
F/A

	
AE






	
Conventional Input Method

	
D company

	
I company

	
G company

	
T company

	
P company




	
Optimization System Method

	
CO2 Prioritized

	
U company

	
G company

	
G company

	
D company

	
A company




	
Optimization System Method

	
COST Prioritized

	
J company

	
Y company

	
Y company

	
T company

	
P company










When minimizing the cost is prioritized by the optimization system, the cost is US$0.60/m3, 70% below that obtained using the conventional input method (US$2.30/m3). This is because the fuel costs vary according to the transportation distance for the different raw materials suppliers. The supplier that incurs the lowest production unit cost for the raw materials, regardless of the transportation distance, will be selected when minimizing the cost is prioritized.




5.2.3. Manufacture Stage


As indicated in Table 11, both the conventional input method and the new optimization system applied the same estimation model to calculate the cost of the energy and water required for the manufacturing process. In this case, the evaluation is performed using the data (i.e., the annual amount of concrete produced and the energy consumption in terms of the electricity, oil, and water) of the target concrete production company. The results indicate that the CO2 emissions are 2.8 kg-CO2/m3 and the cost US$0.70/m3 for both methods.



Table 11. Energy Output Applied for Evaluation Method.



	
Classification

	
Consumption by Energy Source




	
Electric (kwh/m3)

	
Oil (L/m3)

	
Water (ton/m3)






	
Conventional Input Method

	
3.21

	
1.32

	
0.29




	
Optimization System Method













6. Discussion and limitation


This study aimed to develop an optimum design system (concrete life cycle assessment system: CLAS) which can minimizes CO2 emissions and maximize economic efficiency at the life cycle assessment (LCA) of concrete. The CLAS which assesses the CO2 emissions and economic efficiency of concrete to which optimum design technique is applied is a program that finds the concrete mix design (kg/m3) which satisfies minimum CO2 emissions or costs and selects a raw material supplier.



However, this study has the following limitations:



First, there has been an advancement of studies on the capture and storage of CO2 emitted by the consumption of fossil fuels in cement manufacturing facilities. Among construction materials, cement is a material with high CO2 emissions so that carbon dioxide capture and storage (CCS) are important.



However, this study covers CO2 emissions and costs which occur during the production of concrete.



Regarding the CO2 emissions of cement, therefore, the conventional national life cycle database (LCI DB) and each cement manufacturer’s database were applied. For cement costs as well, Korea price information and each cement manufacturer’s database were applied. It is unknown if the results were derived after reflecting the CCS in the national LCI DB and each cement manufacturer’s database. This study did not separately consider CO2 emissions and costs after the CCS during the production of cement. However, CCS is so important that it would be considered in future studies.



Second, in this study, the Euclidean distance between two latitude and longitude points was applied. Currently, the coordinates-based Euclidean distance would differ from the geodesic distance. Therefore, if correction factors are applied, the information would become more reliable. Since the program in this study is already designed in Visual Basic, it failed to consider this information.




7. Conclusions


The new CLAS optimization system proposed here, developed using Visual Basic, applies an evolution algorithm to calculate the mix of materials, a trigonometric function method for the raw material transportation method and a stochastic model for the manufacturing process. The reliability of the resulting program was improved through a thorough analysis of the various mix designs and supplier options. CLAS assesses the CO2 emissions and costs when the optimization technique is applied during the concrete production stage and identifies the concrete mix design and supplier that will minimize either the CO2 emissions or the cost, depending on the user’s requirements.



A case analysis was performed for a specific RMC plant in Korea. The results indicated that the CO2 emissions and costs per m3 of RMC were 340.9 kg-CO2/m3 and US$49.70/m3, respectively, using the conventional input method currently used in the industry. Applying the new CLAS program, the CO2 emissions could be reduced by 34% to 225.7 kg-CO2/m3 when minimizing the CO2 emissions was prioritized, and the costs dropped by 1% to US$48.80/m3 when minimizing the cost was prioritized. Based on the case analysis, the most significant way to reduce the CO2 emissions and costs associated with the manufacture of ready mix concrete are to select the mix design and raw material supplier based on whether the CO2 emission or cost are to be minimized.
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