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ABSTRACT: Coal gangue (CG) and fly ash (FA) were utilized to prepare CG-FA aggregate (CFA). The CFA concrete (CFAC)
was produced by replacing natural pumice aggregate (NPA) with CFA. The optimal calcination parameters of CFA were obtained
by orthogonal test with thermal conductivity (TC) as evaluation criterion. The TC, pore structure and micromorphology were tested
to characterize thermal insulation properties. Results showed that the optimal calcination parameters for preparing CFA were a
preheating temperature of 500 °C for 20 min and a calcination temperature of 1000°C for 10 min. The TC for CFAC decreases by
24.31% with 100% CFA. Filling pores with hydration products leads to a transition from macropores (>1 pm) to transition pores
(0.01-0.1 um) and capillary pores (0.1-1 um), which complicates the heat transfer path and delays the heat transfer time.
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RESUMEN: Propiedades de aislamiento térmico del hormigon con piedra pomez: efecto del darido poroso que contiene ganga de
carbon y cenizas volantes. Para la preparacion del arido CG-FA (CFA) se utilizaron GGA de carbon (CG) y cenizas volantes (FA).
El hormigén CFA (CFAC) se produjo sustituyendo el arido de piedra pémez natural (NPA) por CFA. Los parametros optimos de
calcinacion se obtuvieron mediante un ensayo ortogonal con la conductividad térmica como criterio de evaluacion. La conductividad
térmica, la estructura de los poros y la micromorfologia se caracterizaron para evaluar las propiedades de aislamiento térmico. Los
resultados mostraron que los parametros de calcinacion Optimos eran una temperatura de precalentamiento de S00°C durante 20min
y una temperatura de calcinacion de 1000°C durante 10min. La conductividad térmica disminuye un 24.31% con el 100% de CFA.
El llenado de los poros con productos de hidrataciéon conduce a una transicion de macroporos (>1pm) a poros de transicion (0.01-
0.1um) y poros capilares (0.1-1um), lo que complica y retrasa el tiempo de transferencia de calor.

PALABRAS CLAVE: Ganga de carbdn; Cenizas volantes; Hormigén de pumita natural; Conductividad térmica; Estructura de poros.
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1. INTRODUCTION

The global production of concrete is estimated to be approximately 3.3 billion tons annually (1, 2). Aggregate accounts for
more than 70% of concrete (3), which is derived from natural resources. In recent years, with the massive extraction of sand
and gravel, the environment has been damaged which pose high environmental safety risks (4). Many countries have adopted
restrictive policies for the exploitation of natural resources, resulting in a serious shortage of raw materials for concrete (5).

Lightweight aggregates, characterized by their light weight (6), excellent thermal insulation performance (7), and
porous structure (8), have been extensively studied in recent years. Among these, natural pumice aggregate (NPA) is the
most representative example. Natural pumice is formed from molten lava that solidifies with dense vesicles during volca-
nic eruptions (9), which can be served as an excellent porous aggregate after crushing to prepare natural pumice concrete
(NPC). However, the NPAs are non-renewable resources. Moreover, the extraction and transportation processes result in
significant energy consumption and environmental pollution. Clay has been extensively used for manufacturing artificial
lightweight aggregates, due to its abundant SiO, and Al,O, content (10). However, being a non-renewable resource,
over-extraction of clay can result in resource depletion and significant harm to the soil’s ecological environment (11).

Coal constitutes 74% of China’s energy consumption, with the country producing nearly half of the global coal
output (12). Coal gangue (CG), a major industrial solid waste, is produced during the processes of coal mining and
washing (13, 14). It constitutes approximately 10% to 25% of emissions from raw coal (15) and is the most important
source of pollution in mining areas. Fly ash (FA) is the final sediment of the coal burning process (16), with a global
annual production of 8 billion tons (17). Large quantities of CG and FA occupy extensive land resources, and pose nu-
merous environmental problems and significant ecological and safety hazards. Therefore, the selection of appropriate
utilization technologies and processing methods to resourcefully utilize CG and FA is an important part of research.

In recent years, CG and FA have been investigated as cost-effective raw materials for aggregate production, showing
significant potential in building material manufacturing. Studies have shown that SiO, and Al O, are the main compo-
nents of CG and FA, which react at high temperatures to constitute skeleton structure of the aggregate (18). Researches
focuse on the properties of aggregates prepared from sintered CG), fly ash FA, and other solid wastes, as well as the
feasibility of using these sintered aggregates in the preparation of lightweight concrete (19, 20).

The effect of calcination temperature (21), pore forming agent content (22) on the water absorption, strength, and pore
structure of sintered aggregate has been studied. Meanwhile, orthogonal tests (23), response surface methodology (24)
were used to analyse the optimum preparation parameters for the preparation of aggregates to obtain sintered aggregates
with excellent properties. High-strength ceramsite aggregate from FA and CaO with a compressive strength (CS) of 12.56
MPa (25). Porous aggregate was prepared using CG as raw material at a calcination temperature of 1100°C, with a cyl-
inder CS of 4.5MPa, a water absorption rate of 12%, and an apparent density of 1800kg/m? (26). Lightweight aggregate
was prepared using CG and sludge as raw materials, adding the clay and foaming agent with a sintering temperature of
1120°C, which has the cylinder CS of 6.1MPa, and the apparent density of 1220kg/m* (27). FA was utilized as the main
raw material with clay added as an additive, sintering at a temperature of 1150°C to produce high-strength aggregate with
a cylinder CS of 37.84MPa (28). The above studies show that aggregates with excellent performance can be prepared
by using CG and FA as primary raw materials. Furthermore, researchers have incorporated aggregates into concrete pro-
duction and discovered that solid waste aggregate concrete offers benefits such as light weight (29), extended service life
(30), and enhanced thermal insulation and fire resistance (31). A literature review (19) indicates that concrete made with
sintered fly ash achieves densities from 1600 and 2000 kg/m? and CS ranging from 22 to 43 MPa. Concrete incorporating
FA aggregate demonstrates promising performance in structural applications. Additionally, numerous studies have ex-
plored the utilization of solid waste to produce lightweight aggregate. These aggregates can be incorporated into concrete
to reduce the self-weight and enhance the thermal insulation properties (32, 33).

The feasibility of utilizing CG and FA to prepare porous insulating aggregates was studied, and the optimal calcination
parameters for the preparation of the aggregates were proposed. Porous aggregates were incorporated into NPC to exam-
ine their impact on its insulation performance, offering theoretical insights for the application of solid waste aggregates in
thermal insulation building materials. Furthermore, we analyzed the environmental impact and costs associated with the
production and use of solid waste aggregate concrete, ensuring its application offers substantial environmental benefits.

2. MATERIALS AND METHODS
2.1. Preparation of CFA
2.1.1. Raw materials

The raw materials for preparing CFA are CG and FA. The chemical compositions and main phase of CG and FA
are shown in Table 1 and Figure 1. The SiO, and Al O, are the main chemical compositions of CG and FA. The main
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crystalline phases of CG are anorthite, kaolinite and quartz. In Figure 2 is illustrated the particle size distribution of CG
and FA. The median particle sizes (D50) were determined to be 17.825 um for CG and 12.057 pum for FA, respectively.

FiGurEe 1. XRD pattern of CG and FA.

F1GURE 2. Particle size distribution of CG (a) and FA (b).

TaBLE 1. Chemical composition (wt%).

Chemical composition

Material — -

Si0, ALO, CaO0 FeO, MgO KO NaO TiO, Others
CG 51.20 4690 020 057 004 009 0.03 071 0.26
FA 48.08 22.69 15.17 445 277 153 201 0.61 2.69

2.1.2. Preparation of CFA

In Figure 3 is shown the process of CFA production. CG was initially crushed and then ground into a powder using a
ball mill. Subsequently, the powder was sieved through a 125 pum screen. The sieved CG and FA were then mixed uni-
formly in a mass ratio of 8:2. They were placed into the granulator for granulation. Water was sprayed to make the raw
materials roll into pellets in the granulator. In the granulation process, the water should be evenly sprayed. Water consti-
tutes approximately 25% of the total mass of raw materials. The raw material pellets, with particle sizes ranging from 9.5
to 16 mm, were sieved and then dried in an oven for 2 hours at 105°C. The raw material pellets were removed and placed
in the high-temperature furnace for calcination according to set temperature. The CFA was taken out immediately after
calcination and cooled at room temperature to produce CFA. This study employs an orthogonal experimental design, a
multifactorial and multilevel research method that efficiently identifies optimal combinations while saving time (34-36).

The performance of CFA is affected by the parameters A (preheating temperature), B (preheating time), C (calcina-
tion temperature) and D (calcination time). The factors and levels of the orthogonal experiment are detailed in Table 2.

TaBLE 2. Factors and levels of orthogonal
experimental.

Factors

Levels - ;
A/°C B/min  C/°C  D/min

1 400 10 1000 10

2 500 20 1100 20
600 30 1200 30

FIGURE 3. Preparation process.
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A and B represent preheating temperature and preheating time, respectively. C and D represent calcination tempera-
ture and calcination time, respectively.

2.2. Preparation of CFAC
2.2.1. Raw materials

The P-O 42.5 ordinary silicate cement was used. In Table 3 and Table 4 are indicated the physical properties and
chemical composition of the cement, respectively. The coarse aggregates used in the test included NPA and the pre-
pared CFA. In Table 5 is shown the main chemical composition of NPA. In Figure 4 is shown the mineralogical com-
position of NPA, primarily comprising albite, calcite, kaolinite, and anorthite. The sand was selected as natural river
sand with a bulk density of 1461 kg/m?, an apparent density of 2550 kg/m3, and a fineness modulus of 2.9. The water
reducing agent has a water reduction rate of 20%. Fresh water was used.

TABLE 3. Physical properties of cement.

Initial ~ Final

setting setting Fine-
time time ness (%)
(min)  (min)

Water require- CS (MPa)
ment of normal

consistency (g) W

125 255 1.92 155 22.8 44.7
FIGURE 4. XRD pattern of cement.
TABLE 4. Chemical composition of cement. TABLE 5. Chemical composition of NPA (wt%).
CaO  SiO, ALO, FeO, MgO NaO Others SiO, ALO, Fe,O, CaO MgO NaO Others
63.33 23.03 S5.11 3.34 2.06 0.70 2.43 45.62 1526 1046 8.37 6.96 5.24 7.63

2.2.2. Mix proportion

The NPC with the strength class of LC30 was prepared according to the Chinese Specification JGJ55-2011 and JGJ51-
2002. On the basis of baseline mix ratio, the rest of the components remained unchanged, and the prepared CFA was utilized
to replace the NPA in NPC. In this study, the prepared CFA and NPC were pre-soaked in water to ensure complete saturation.
After soaking, any excess water was drained from the aggregates prior to concrete preparation. This approach can resolve
water deficiency caused by the water absorption of the aggregates. This step is essential to guarantee the performance and
quality of the concrete. In particular, the volumetric substitution method was used, and substitution rates were 0%, 25%, 50%,
75%, and 100%. In Table 6 is shown the mix ratios of CFAC.

2.3. Characterization methods

The physical properties of CFA, including cylinder compressive strength (CCS), water absorption rate, apparent density
and packing density were determined in accordance with the Chinese Specification GBT17431.2-2010. The CS of CFAC was
tested in compliance with the Chinese Specification GB/T50081-2019. The TC of CFAC was examined using a DRE-III ther-
mal conductivity tester. The pore structure of CFAC was examined using a nuclear magnetic resonance meter (MesoMR-60S
type). A nuclear magnetic resonance meter (MesoMR-60S type) was used to characterize the pore structure of CFAC. A
scanning electron microscope (FEI QUANTA 650 FEG type) was used for the microscopic tests.

TABLE 6. Mix proportions.

Specimens  Ceramsite (kg) NPA (kg) Cement (kg) Water (kg) Fly ash (kg) Sand (kg) Water reducer (kg) 28d CS (MPa)

LC30-0 0 562 352 144 80 739 3.024 35.8
LC30-25 160 421 352 144 80 739 3.024 329
LC30-50 320 281 352 144 80 739 3.024 293
LC30-75 480 140 352 144 80 739 3.024 28

LC30-100 639 0 352 144 80 739 3.024 274
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3. RESULTS AND DISCUSSION
3.1. Characterization of CFA
3.1.1. Analysis of orthogonal test results

The calcination procedure of CFA was determined based on orthogonal tests with TC as the evaluation criterion. The
orthogonal test results are shown in Table 7. It is observed that the TC of CFA ranges from 0.1559 to 0.2408 W/(m-K). The
TC of CFA ranges 0.1559 to 0.2408 W/(m-K). In Table 8 is shown the range analysis of TC. Kn (n=1,2,3) represents
the average TC of CFA under varying factor contents. The R value, which is defined as the difference between Kmax
and Kmin for each factor, is employed to evaluate the influence degree of each factor exerts on the thermal conductivity
(TC) of CFA (37, 38). The R value from the largest to the smallest are calcination temperature, preheating temperature,
preheating time, and calcination time, indicating that the calcination temperature has the greatest effect on CFA’s TC.
With the TC used as the evaluation criterion, the optimal calcination parameters were determined to be preheating time
of 20 minutes, preheating temperature of 500 °C, calcination time of 10 minutes, and calcination temperature of 1000
°C.

3.1.2. Physical properties of CFA

CFA was prepared using the optimal calcination parameters. In Table 9 is shown the physical properties of the pre-
pared CFA and NPA. The CFA exhibits a TC of 0.1416 W/(m-K) and a CCS of 2.5 MPa. In comparison, the TC and
CCS of NPA are 0.2424 W/(m-K) and 1.18 MPa, respectively. Therefore, compared with NPA, the CFA prepared in this
study increases the CCS by 52.8% and reduces the TC by 41.6%. The thermal insulation performance and mechanical
properties of CFA are superior to NPA. Therefore, CFA can be used to replace NPA in concrete preparation.

TABLE 7. L9(34) orthogonal experimental design and properties

of CFA.

No Factors Results

APC_ B/min CPC  D/min TC (W/(mK)) TaBLE 8. Range analysis calculation of orthogonal test.
1 400 10 1000 10 0.1703
2400 20 1200 20 0.2046 [ ARC B/min cre D/min
3 400 30 1100 30 0.1909 K, 0.189 0.208 0.172 0.191
4 500 10 1200 30 0.2207 K, 0.179 0.184 0.195 0.198
5 500 20 1100 10 0.1604 K, 0221 0.196 0.222 0.200
6 500 30 1000 20 0.1559 R 0.042 0.024 0.050 0.009
7 600 10 1100 20 0.2331 k represents the mean value; R represents the range.
8 600 20 1000 30 0.1884
9 600 30 1200 10 0.2408

TABLE 9. Physical properties of CFA and NPA.

Types of aggregates Apparent density (Kg/m®) Packing density (Kg/m*) Water absorption rate (%) CCS (MPa) TC (W/(m-K))
CFA 1745 858.76 243 2.5 0.1416
NPA 1690 810 9.04 1.18 0.2424

3.2. Characterization of CFAC
3.2.1. Compressive strength and thermal conductivity

In Figure 5 is shown the effect of CFA content on the TC and the CS of CFAC. The CS of NPC decreases with the
substitution rate of CFA increases. Previous studies (39, 40) have established that the replacement of natural aggregates
with artificial aggregates reduces concrete strength directly proportional to the quantity of artificial aggregates used.
The findings of this study are consistent with these results. Due to the minor enamel layer produced on the surface
during sintering (11), CFA has a smoother surface than NPA. Consequently, the bond between CFA and the cement
paste is weaker than that of NPA, resulting in diminished mechanical performance of CFAC. However, CCS of CFA
surpasses that of NPA, suggesting that the incorporation of CFA does not significantly reduce the strength of NPC.
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Fi1Gure 5. The effect of CFA’s replacement rate on the FIGURE 6. The effect of replacement rate of CFA
compressive strength and thermal conductivity. on porosity.

TC is a significant parameter to measure concrete’s thermal insulation property. The TC decreases as the CFA sub-
stitution rate increases, as shown in Figure 5. The TC of CFAC is 0.85 to 1.13 W/(m-K), significantly lower than that
of ordinary concrete (1.65 W/(m-K)) (41). The TC of CFAC decreases by 24.31% when the substitution rate increases
from 0% to 100%. The TC for NPA and CFA is 0.2424 and 0.1416 W/(m-K), indicating that the thermal performance of
CFA is better than that of NPA. Therefore, substituting NPA with CFA enhances the thermal performance of concrete.

3.2.2. Pore structure

In Figure 6 is shown the influence of CFA replacement rate on the porosity of CFAC. As the CFA replacement rate
increases, the porosity of the CFAC increases. The porosity of CFAC increased by 24% when the substitution rate of
CFA increased from 0% to 100%. The porosity of CFA and NPA were measured to be 34.29% and 27.94%. Therefore,
replacing NPA with CFA can increase the number of internal pores in CFAC. Additionally, during the preparation of
CFA, the surface of calcined CFA becomes covered with numerous crystalline phases, forming a smooth enamel layer
(42), while the surface of NPA has a rough porous structure (shown in Figure 7). Consequently, the bond strength
between CFA and cement paste in concrete is weaker compared to NPA, leading to the formation of pores in the inter-
facial transition zone due to insufficient bonding (43). The TC of CFAC is closely linked to its porosity, with higher
porosity corresponding to lower TC (44). In Figure 8 is presented a correlation analysis between the porosity and TC
of CFAC, revealing a negative correlation with a coefficient of 0.91. The increase of porosity leads to the improvement
of insulation performance of concrete, which is consistent with Dai’s (45) and Hao’s (46) findings.

FIGURE 7. Apparent appearance. (a) NPA; (b) CFA. FiGure 8. Correlation between porosity and thermal

In Figure 9(a) is shown the pore size distribution of CFAC under different CFA replacement rates which is shown a
“four-peak” structure. Moreover, the pore size of CFAC is distributed in the interval of 0.002-200 um. The proportion
in volume of “peak 1 and “peak 2” gradually increases with the increase in CFA substitution rate, whereas the volume
ratio of “peak 3” and “peak 4” gradually decreases. In addition, the corresponding pore size of “peak 2” decreases from
0.2 pm to 0.08 um with the increase in substitution rate.
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The pores of CFAC are categorized into four classes: gel pores (<0.01 pum), transition pores (0.01-0.1 um), capillary
pores (0.1-1 um), and large pores (>1 um) (47). As shown in Figure 9(b), the percentage of large pores decreases from
41.19% to 6.52%, the percentage of capillary pores increases from 13.13% to 24.9%, and the percentage of transition
pores increases from 24.88% to 45.82% when the CFA substitution rate increases from 0% to 100%. The finding in-
dicates that the large pores are shifted to transition and capillary pores. According to the pore size distribution curves
of CFA and NPA in Figure 9(c), CFA exhibits a “bimodal” structure, with pore sizes primarily concentrated between 1
um and 10 um, while NPA shows a “multimodal” structure and the pore size is concentrated in 30 pm-350 pum, which
also proves that CFA can refine the pore structure of NPC, which is consistent with the findings of Wang et al. (44).
The restricted movement of gas molecules within the pore structure reduces convective heat transfer, ultimately de-
creasing the TC of CFAC (48). Additionally, cement paste can penetrate the interior of CFA through the surface pores,
decreasing the pore diameter and increasing the number of pores. This results in an increase in the surface area of the
pore walls during heat transfer, thus lengthening the heat conduction distance and delaying heat transfer (49), which
enhances the thermal insulation properties of CFAC.

3.3. Analysis of CFAC’s insulation mechanism

FIGURE 9. Pore structure. (a) Pore size distribution of CFAC; (b) Pore size volume fraction; (c) Pore size
distribution of CFA and NPA.

In Figure 10 is shown the SEM images of NPC and CFAC with a 50% CFA replacement rate. The internal pore and crystal
structures of NPC and CFAC can be observed. The pore structure of CFA is more complex than that of NPA, and there are
pores of different sizes and uneven distribution in CFA, which are formed by gases released during the oxidation reaction
during sintering (43). In Figure 11 is shown the XRD pattern and EDS diagram of CFA in region 1. The main constituent
elements of the crystals are Ca, Si, Al and O. Therefore, main crystal composition of CFA is anorthite (CaALSi,O,). It is found
that anorthite can not only form the skeletal structure of the CFA, but it is also a good thermal insulation material (50), which
has a contributing effect on improving the thermal insulation performance of NPC. Additionally, fibrous hydrated calcium sil-
icate (C-S-H) crystals were found in the internal pores of CFA. The reason is that the CFA has the property of “water absorp-
tion”, and CFA absorbs the water in the cement paste during the concrete curing process. When there is a moisture difference
between CFA and cement paste, the cement paste enters the internal pores of CFA, resulting in the formation of C-S-H in the
pores of CFA. C-S-H partially fills the pores, which is highly resistant to the process of heat penetration by air (51-53), which
explains the improvement in thermal insulation performance of CFA compared to NPC.

Ficure 10. SEM images. (a) NPC; (b) CFAC.
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FiGure 11. XRD pattern (a) and EDS diagram (b) of CFA in region 1. FI1GURE 12. Thermal insulation mechanism diagram
based on multi-scale.

A schematic diagram of the thermal insulation mechanism of CFAC is shown in Figure 12. Macroscopically, the heat
transfer mode of CFAC includes two paths: (1) heat conduction through the cement paste (Path I) and (2) heat conduction
through the cement paste and CFA (Path II). The SEM results show that the distribution of CFA pores inside the concrete
is more than that in the cement paste. Moreover, the size of CFA pores is larger than that of the cement paste. Thus, the
heat transmission through Path II significantly affects the enhancement of concrete’s thermal insulation performance.
Given the porous structure of CFA, the heat conduction in the aggregate is mainly between the gas and the solid phase.
The conduction velocity of heat in the gas phase is lower than that in the solid (54). Thus, CFA has a good thermal insu-
lation effect. The microscopic observation of CFA’s pore structure indicates that the pore structure in CFA is divided into
two categories (Z1 and Z2 in Figure 12). Z1 indicates that the heat is conducted in the ordinary pores, and the conduction
time is T1. Z2 indicates the pore structure filled by C-S-H. The heat conduction path in Z2 becomes complicated, leading
to the prolongation of heat transfer time (T2 > T1) (55). Thus, the thermal insulation performance of NPC is enhanced.

4. THERMAL CONDUCTIVITY CALCULATION MODEL
4.1. Modeling of thermal conductivity prediction

Multiscale analysis is an important tool for studying nonhomogeneous materials. CFAC is a typical composite ma-
terial. This study used the multiscale division of cementitious materials by Constantinides (56) and divided concrete
into four scales, as shown in Figure 13. The scales are as follows:

(1) Scale I'is a 10*-107* m scale, which mainly consists of nanoscale particles. It is considered a C-S-H gel, origi-
nating from the hydration of C,S and C,S in cement-based composites.

(2) Scale I is a 10°~10~* m scale, which is considered a cement paste. It contains C-S-H gel, large-scale C-H crys-
tals, unhydrated cement clinker particles, and other material phases.

(3) Scale I1I is a 107°~1072m scale, which is a mortar. It consists of cement paste and fine aggregate.

(4) Scale IV is a 102-107! scale, which is concrete. It consists of a mortar matrix and coarse aggregate.

FiGuRrE 13. A four-scale model. FiGurE 14. Comparison of predicted and
experimental values.

The TC of CFAC was predicted using the Maxwell model, shown in Equation 1. The Maxwell model operates under
the assumption that the dispersed phases do not interact with one another and are uniformly dispersed in the matrix (57).
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K — kil‘l‘ N kf — km
L 3y | i
'k 2k, | T

where K represents the TC of the composite, N represents the count of dispersed phases, v, represents the volume
fraction of the ith phase, k; represents the TC of the ith phase, and &, represents the TC of the continuous phase.

4.2. Calculation of thermal conductivity

According to the multiscale division of CFAC, the calculation of TC was conducted from Scale I-Scale IV using the
above equations. Scale I-Scale II can be regarded as the hydration process of the cement paste. The TC of C,S, C.S,
C-H and C-S-H as 3.35, 3.45, 1.32 and 0.98 W/(m-K) was calculated (58), by using the molecular dynamics simulation
method. According to the determination of C,A, C AF, AFm, and Aft by Du et al (59), the TC values are 3.74, 3.17,
2.56, and 2.19 W/(m-K). The VCCTL model constructs the cementite structure based on the particle size distribution of
real cement particles and spatial distribution of mineral phases. The model also controls the cement hydration based on
the kinetic principle of chemical reaction, which can simulate the cement hydration process well (60, 61). The volume
fraction for each phase can be obtained by simulating cement paste’s hydration process through VCCTL model (Table
10). The TC of the cement paste can be determined by taking volume fraction and TC into Equation (1).

TaBLE 10. Volume fraction (%).

Pore CS CS CA CAF CSH CH  AFt AFm
19.75 547 414 042 475 4066 1485 671 325

The TC of cement mortar in Scale III is derived from a composite of cement paste and sand. In Scale IV, the TC of
CFAC is obtained by integrating the dispersed and continuous phases, where cement mortar serves as the continuous
phase and CFA and NPA function as the dispersed phases. In Figure 14 is presented the results of CFAC TC obtained
through this method. The predicted TC values are consistently lower than the actual measurements. This discrepancy
arises because the calculations do not account for the thermal resistance at the boundaries between the coarse aggre-
gate and cement mortar, as well as between the cement paste and sand. The error range between the actual values and
predicted values of CFAC spans from 5% to 20%. The Maxwell model can be used to predict the TC of CFAC.

5. CARBON EMISSIONS AND ECONOMIC ANALYSIS
5.1. Carbon emissions

The total carbon emissions per unit volume of concrete is a crucial indicator for assessing environmental impact.
Total CO, are equal to the sum of the CO, produced in the various processes used to produce concrete. The CO, Emis-
sion was calculated according to Equations [2], [3] and [4]:

E =Y W, xG, [2]

Where E, represents the total CO, emissions from the raw material extraction unit, W, represents the mass of the
k-th raw material, kg/t, and G, represents the carbon emission factor for extracting the k-th raw material, kgCO_/kg.

E, =2 W, xS, xG, [3]

Where E, represents the total CO, emissions from the transportation unit, W, denotes the mass of the k-th raw ma-
terial requiring transportation, kg, S, is the distance needed to transport the k-th raw material, km, and G, is the carbon
emission factor for diesel transportation of raw materials, kgCO,(/kg-km).

E, =Y E,xG, [4]

Where E, is the total CO, emissions from the production unit, E, represents the electricity consumption during the
concrete production process, kW-h/t, G, represents the carbon emission factor of electricity, kgCO,/(kW-h).
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5.1.1. E, calculation

Based on the Chinese Specification GB/T 51 3662019 and relevant literature research, the CO, emissions from the
raw material extraction unit were calculated. In Table 11 is shown the production list of CFAC. Therefore, the carbon
emission (G1) of CFAC during its production (treatment) is: 352x0.732+207.8x0.0345+511.2x0.079+3.024x0.00251
+739x0.12+144x0.000148=309.27kg CO,/t.

TaBLE 11. Volume fraction (%).

Classification ~ Resource Use level Emission factor (kg CO,/kg)
CG (kg) 511 0.079000 (62)
FA (kg) 208 0.034500 (63)
?;%‘ggﬁ €O Cement (kg) 352 0.732000 (63)
Sand (kg) 739 0.002510 (64)
Water reducer (kg) 3 0.720000 (63)
Energy con- Water (kg) 144 0.000148 (63)
sumption Electric power (kW-h) 97 0.940200 (63)

5.1.2. E, calculation

Cement, CG, FA, and sand used in the raw materials for CFAC were transported to the factory by 30 diesel vehicles,
covering distances of 95, 38, 100, and 35 km. The carbon emission factor for a 30t diesel vehicle is 0.078 kg CO,/(t-km)
in accordance with the Chinese specification GB/T 51366-2019. Thus, the carbon emission from the transportation unit
is: 352x0.078x95x107 + 511.2x0.078x38x107 + 207.8x0.078x100x107 + 739x0.078x35x107 = 7.76 kg CO./t.

5.1.3. E3 calculation

The consumption of electricity is approximately 97.188 (kW-h)/t. The carbon emission factor of electricity in China
is approximately 0.9402 kg CO,/kW-h, according to the literature. Consequently, 97.188 x 0.9402 = 91.38 kg CO,/t is
the carbon emission from the electricity used in the production of CFAC. The total carbon emission of CFAC is 309.27
+7.76 +91.38 = 408.41 kg CO,/t on the basis of life cycle assessment (LCA).

5.2. Economic analysis

The economic analysis of CFAC was evaluated by the cost of producing per unit volume of concrete, which is shown
in Table 12. The cost of resource consumption is 51.584 USD/m’, the cost of energy consumption is 11.719 USD/m’, total
cost of CFAC production is 63.303 USD/m’.

TABLE 12. Cost indices of raw materials.

Unit cost  Cost

Classification Resource Use level (USD/t) (USD)

CG (kg) 511 5.60 (65) 2.862 TaBLE 13. Cost comparison and carbon emissions of different
te t .

FA (kg) 208 13.00 (65) 2.701 concrete types

Cement CO,Emission Cost

(ke) 352 98.00 (65) 34.496 Source Concrete type (ke CO/kg)  (USD/m’)
Resource : Sand This study CFAC 408 63.3
consumption  >an 739 14.00 (65) 10.346 ‘

(kg) Yu et al Ordinary

Water 390.00 (2017) (66) aggregate 450 75.5

reducer 3 © 5)' 1.179 concrete

(kg) Artificial light-

Water Liu et al. weight 498 827

ke) 144 0.39 (65) 0.056 (2022) (67) aggregate .
Energy con- . concrete
sumption Electric.

power 97 0.12(62) 11.663

(kW-h)
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5.3. Carbon emissions and cost comparison of different concrete types

Compared with ordinary aggregate concrete and artificial lightweight aggregate concrete, the CFAC produced in
this study had lower economic costs and lower carbon emissions, as shown in Table 13.

6. CONCLUSIONS

CG and FA were used to produce porous insulating aggregates. Utilizing solid waste to prepare aggregates is an
essential method for achieving comprehensive utilization of solid waste, effectively addressing the disposal issues of
solid waste while preventing resource waste and environmental damage caused by excessive exploitation of natural
aggregate resources. Concrete, the most commonly used building material, requires enhanced thermal insulation per-
formance to reduce building energy consumption. This study evaluates the impact of incorporating solid waste porous
aggregates into concrete to improve its insulation performance. These aggregates present a low-carbon, eco-friendly
alternative for new building materials with significant application potential. The main conclusions obtained in this
study are as follows:

(1) The optimum sintering procedure for the preparation of coarse aggregate using CG and FA is as follows: pre-

heating phase at 500 °C for 20 min, followed by a calcination phase at 1000 °C for 10 min. The CFA prepared based

on the optimal calcination procedure has a porous structure, CCS of up to 2.5MPa, and the TC of 0.1416 W/(m-K).

(2) The aperture distribution curve of CFAC presents a “four-peak” structure. When the CFA replacement rate in-

creases from 0% to 100%, the proportion of large pores decreases by 84.17%, whereas the proportions of capillary

pores and transition pores increase by 47.27% and 45.7%, respectively. Moreover, the proportion of gel pores does
not change.

(3) The C-S-H fills the CFA’s internal pores, which restricts the movement of gas molecules within the pores and sig-

nificantly reducing the heat penetration capability of air. The conduction path of heat in CFA becomes complicated,

and the heat transfer time is prolonged, thereby improving the thermal insulation performance of NPC.

(4) The Maxwell model can predict the TC of CFAC based on the multiscale approach with a prediction accuracy

of 5%—-20%.

(5) The total carbon emission of the CFAC is 408.41kg CO,/t and the total cost of CFAC production is 63.303 USD/m’.
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