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 6 

Abstract: Using geopolymer concrete (GC) is a technically feasible decarbonization strategy in the 7 

cement and concrete industry shown by numerous papers. A key factor determining its commercial 8 

application is whether its cost is competitive. However, related study is scarce. In this paper, we 9 

present the first analysis of GC’s CO2 avoidance cost, the cost incurred to reduce one metric ton of 10 

CO2 emissions. The results show that out of the 486 GC mixtures analyzed, only seven yield 11 

negative CO2 avoidance costs, while 379 are even more expensive than capturing CO2 from cement 12 

plants, which is another technically feasible decarbonization strategy and has been evaluated to have 13 

a CO2 avoidance cost of 55 USD/tCO2 in China's demonstration project. Only a few GC mixtures 14 

with lower CO2 avoidance costs will be considered for use by the industry, and they are associated 15 

with low activator dosage and high compressive strength. To quantify this relationship, we introduce 16 

the activator index (Ai), which refers to the activator dosage (kg·m−3) required to achieve 1 MPa of 17 

compressive strength. The result shows that Ai values below certain thresholds correspond to lower 18 

CO2 avoidance costs and significant emission reductions of GC. This Ai-based criterion helps 19 

identify the optimal GC mixture that effectively reduces CO2 emissions at the lowest possible cost, 20 

thereby promoting its commercial application. 21 
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 23 

1. Introduction 24 

Approximately 8% of global CO2 emissions and 13% of China's CO2 emissions are attributed to 25 

Portland cement, a primary binder in concrete [1,2]. With such extensive CO2 emissions, replacing 26 

cement with lower-carbon binders (alternative binders) to produce concrete has attracted great 27 

interest [1,3-13]. Geopolymer, also known as alkali-activated material, is identified as a promising 28 

alternative binder [6]. It is synthesized by the reaction between an alkali activator and an 29 



aluminosilicate material (the precursor), often utilizing aluminosilicate by-products or wastes like 30 

fly ash. To date, the study on geopolymer concrete (GC)'s microstructure and engineering 31 

performances has become relatively mature [7].  32 

 33 

While extensive studies have shown the technical feasibility of GC, limited studies are available on 34 

its economic feasibility, which limits its commercial application [4,8]. A few studies measured the 35 

cost of GC [14-17]. However, these studies have limitations: 1) They only focused on a limited 36 

number of mixtures, making the results less representative. Given the wide range of geopolymer 37 

mix designs and precursor sources, it is necessary to use a large number of mixtures to evaluate the 38 

cost and CO2 emissions of GC [18]. 2) They used cement concrete produced using 100% ordinary 39 

Portland cement (OPC) as the reference concrete, which overestimates the carbon emission 40 

advantages of geopolymer and underestimates the cost disadvantage of geopolymer. Blended 41 

cement concrete, incorporating supplementary cementitious materials (SCMs) like fly ash to 42 

partially replace OPC, has become commercialized and standardized [19,20]. Its cost and CO2 43 

emissions are much lower than cement concrete using 100% OPC. It is necessary to use blended 44 

cement concrete as the reference concrete to evaluate the cost and CO2 emissions of GC. 45 

 46 

Even compared to cement concrete using 100% OPC, the results of McLellan et al. [14], Chan et al. 47 

[15], and Rajini et al. [16] show that GC tends to be more expensive. Currently, the damages to 48 

society caused by CO2 emissions are borne neither by buyers nor sellers of concrete products. Hence, 49 

the industry has little motivation to use GC to replace cement concrete solely for lower CO2 50 

emissions if the cost of GC is higher than cement concrete. Recognizing this market problem, many 51 

governments are contemplating the implementation of carbon pricing policies [21]. Nonetheless, 52 

GC needs to exhibit a lower CO2 avoidance cost than other decarbonization technologies or carbon 53 

pricing to be prioritized in practical applications [22]. CO2 avoidance cost, denoting the cost 54 

incurred to reduce one metric ton (t) of CO2, is a critical metric for such evaluations. 55 

 56 

Both replacing cement with geopolymer and capturing CO2 from cement plants have the potential 57 

to significantly reduce CO2 emissions [8], rendering them competitors. The CO2 avoidance cost of 58 

capturing CO2 from cement plants has been extensively studied [22-26]. Notably, the carbon capture 59 



demonstration project of the Baimashan cement plant in Conch Cement Company, China, shows a 60 

CO2 avoidance cost of 55 USD/tCO2 (380 CNY/tCO2) [27]. However, there is a lack of study on 61 

evaluating GC’s CO2 avoidance cost. Given that the technology with a lower CO2 avoidance cost 62 

holds precedence for practical application, it is vital to evaluate GC’s CO2 avoidance cost and then 63 

compare it with capturing CO2 from cement plants to identify the cost-optimal technology.  64 

 65 

This study presents a calculation method for the CO2 avoidance cost of GC. Based on the method 66 

and 486 fly ash geopolymer concrete (FAGC) mixtures, this study quantifies the CO2 avoidance 67 

cost of FAGC in the context of locally-available materials in China and compares it with capturing 68 

CO2 from cement plants (55 USD/tCO2). Using locally-available materials to produce geopolymer 69 

is vital because long transport distances lead to high costs and CO2 emissions [6]. Northwest China, 70 

with its abundant fly ash resources as the geopolymer precursor [28,29], along with rich NaCl 71 

resources [30] and a well-established chlor-alkali industry [31] for producing the activator NaOH, 72 

ensures material availability for large-scale geopolymer application. This study also identifies the 73 

critical features of geopolymer mixtures with a lower CO2 avoidance cost. This study provides 74 

valuable new insights into the application potential of geopolymer as a sustainable alternative binder 75 

and helps identify cost-optimal decarbonization technology in the cement and concrete industry.     76 

 77 

2. Methods 78 

Section 2.1 describes the calculation method of the CO2 avoidance cost of GC. It involves comparing 79 

the costs and CO2 emissions of GC and a reference cement concrete (CC). Section 2.2 describes the 80 

calculation method of costs and CO2 emissions of FAGC and CC. Two key issues include the 81 

estimation of energy use for heat-curing with different heating temperatures and times and CO2 82 

emissions allocation of fly ash based on economic value. Section 2.3 presents the calculation 83 

parameters, including the prices, transport distances, and emission factors of raw materials. Monte 84 

Carlo simulation is used to consider the uncertainty, and the medians of the calculation results are 85 

the representative value. Section 2.4 describes the method of FAGC mixtures collection. Section 2.5 86 

describes the method of FAGC mixture normalization and standardization, which considers the 87 

variations of costs and CO2 emissions with the solid content and moduli of Na2SiO3 solutions. 88 



Section 2.6 describes the calculation method of equivalent CC mixtures. Section 2.7 presents an 89 

illustrative example. 90 

 91 

2.1 CO2 avoidance cost 92 

The CO2 avoidance cost of GC is calculated using Eq. (1). An example is used to illustrate the 93 

concept of CO2 avoidance cost. Suppose a GC mixture is 10 USD/m3 more expensive than CC, but 94 

its CO2 emissions are 100 kgCO2/m
3 lower than CC. It means paying 10 USD to reduce 100 kg of 95 

CO2 emissions. Therefore, the CO2 avoidance cost 𝐶CO2
  is 100 USD/tCO2. As a benchmark, 96 

capturing CO2 from cement plants has been evaluated to have a CO2 avoidance cost of 55 USD/tCO2 97 

in China's demonstration project [27]. 𝐶𝐶𝑂2  > 0 means that additional costs need to pay to reduce 98 

carbon emissions. 𝐶𝐶𝑂2
< 0 means that using this technology can reduce costs while reducing CO2 99 

emissions. 100 

𝐶CO2
= (𝐶𝑜𝑠𝑡𝐺𝐶 − 𝐶𝑜𝑠𝑡𝐶𝐶) (𝐸𝐶𝐶 − 𝐸𝐺𝐶)⁄ × 1000, 𝐸𝐺𝐶 < 𝐸𝐶𝐶                           (1) 101 

where  102 

𝐶CO2
 is the CO2 avoidance cost of GC, USD/tCO2 (1 USD = 6.9 CNY in 2022);  103 

CC is set as the cement concrete with the same binder volume and compressive strength as GC, 104 

which references Habert and Ouellet-Plamondon [32] and Shobeiri et al. [18]; Cement concrete in 105 

this study uses 30% SCMs (Supplementary Cementitious Materials) and 70% OPC (ordinary 106 

Portland cement) as the binder. Fly ash is used as the SCMs in this study. This blended cement 107 

concrete has been widely well-studied, commercialized, and standardized [32-36]. Its cost and CO2 108 

emissions are much lower than cement concrete produced using 100% OPC, and it is used as the 109 

reference concrete in the work of Habert and Ouellet-Plamondon [30]. Some studies use cement 110 

concrete produced using 100% OPC as the reference concrete [18,37], which overestimates the 111 

carbon emission advantages of geopolymer and underestimates the cost disadvantage of geopolymer.  112 

𝐶𝑜𝑠𝑡𝐶𝐶 and 𝐶𝑜𝑠𝑡𝐺𝐶  are the costs of CC and GC, USD/m3. 113 

𝐸𝐶𝐶 and 𝐸𝐺𝐶  are the CO2 emissions of CC and GC, kgCO2/m
3;  114 

 115 

2.2 Costs and CO2 emissions of CC and FAGC 116 

The calculation method references Van den Heede and De Belie [38], Turner and Collins [37], Yang 117 

et al. [39], Salas et al. [40], Habert and Ouellet-Plamondon [32], and Shobeiri et al. [18], as shown 118 



in Eqs. (2-5). The costs and CO2 emissions of concrete are mainly from the production and 119 

transportation of concrete raw materials. Besides, the costs and CO2 emissions from the energy use 120 

of heat curing are considered for FAGC. FAGC usually requires heat curing (e.g., 80℃ for 24 hours) 121 

to obtain a desired degree of geopolymerisation and therefore compressive strength. 122 

𝐸𝐶𝐶 = 𝐸𝑀𝑎𝑡𝑃𝑟𝑜𝑑 + 𝐸𝑀𝑎𝑡𝑇𝑟𝑎𝑛𝑠 = ∑ 𝐸𝐹𝑖 × 𝑀𝑖
𝑛
𝑖=1 + ∑ 𝐸𝐹𝑇𝑖 × 𝑀𝑖 × 𝐷𝑖

𝑛
𝑖=1                      (2) 123 

𝐶𝑜𝑠𝑡𝐶𝐶 = 𝐶𝑜𝑠𝑡𝑀𝑎𝑡𝑃𝑟𝑜𝑑 + 𝐶𝑜𝑠𝑡𝑀𝑎𝑡𝑇𝑟𝑎𝑛𝑠 = ∑ 𝑈𝑃𝑖 × 𝑀𝑖
𝑛
𝑖=1 + ∑ 𝑈𝑃𝑇𝑖 × 𝑀𝑖 × 𝐷𝑖 

𝑛
𝑖=1             (3) 124 

𝐸𝐹𝐴𝐺𝐶 = 𝐸𝑀𝑎𝑡𝑃𝑟𝑜𝑑 + 𝐸𝑀𝑎𝑡𝑇𝑟𝑎𝑛𝑠 + 𝐸𝐶𝑢𝑟𝑖𝑛𝑔  125 

= ∑ 𝐸𝐹𝑖 × 𝑀𝑖
𝑛
𝑖=1 + ∑ 𝐸𝐹𝑇𝑖 × 𝑀𝑖 × 𝐷𝑖

𝑛
𝑖=1 + 𝐸𝐹𝐸𝑛𝑔 × 𝐸𝑛𝑔𝐶𝑢𝑟𝑖𝑛𝑔                           (4) 126 

𝐶𝑜𝑠𝑡𝐹𝐴𝐺𝐶 = 𝐶𝑜𝑠𝑡𝑀𝑎𝑡𝑃𝑟𝑜𝑑 + 𝐶𝑜𝑠𝑡𝑀𝑎𝑡𝑇𝑟𝑎𝑛𝑠 + 𝐶𝑜𝑠𝑡𝐶𝑢𝑟𝑖𝑛𝑔  127 

= ∑ 𝑈𝑃𝑖 × 𝑀𝑖
𝑛
𝑖=1 + ∑ 𝑈𝑃𝑇𝑖 × 𝑀𝑖 × 𝐷𝑖

𝑛
𝑖=1 + 𝑈𝑃𝐸𝑛𝑔 × 𝐸𝑛𝑔𝐶𝑢𝑟𝑖𝑛𝑔                           (5) 128 

where  129 

𝐸𝑀𝑎𝑡𝑃𝑟𝑜𝑑, 𝐸𝑀𝑎𝑡𝑇𝑟𝑎𝑛𝑠, and 𝐸𝐶𝑢𝑟𝑖𝑛𝑔 are the CO2 emissions from the raw material production, raw 130 

material transportation, and heat-curing, kg/m3;  131 

𝐶𝑜𝑠𝑡𝑀𝑎𝑡𝑃𝑟𝑜𝑑, 𝐶𝑜𝑠𝑡𝑀𝑎𝑡𝑇𝑟𝑎𝑛𝑠, and 𝐶𝑜𝑠𝑡𝐶𝑢𝑟𝑖𝑛𝑔 are the costs from the raw material production, raw 132 

material transportation, and heat-curing, USD/m3;  133 

𝐸𝐹𝑖  is the CO2 emission factor of the ith raw material in concrete, kgCO2/kg;  134 

CC involves coarse and fine aggregates, Portland cement, SCMs (fly ash in this study), admixture 135 

(e.g., superplasticizer) and water; 136 

FAGC involves coarse and fine aggregates, fly ash, NaOH, Na2SiO3 and water; The water-reducing 137 

admixture is not involved because the geopolymer system lacks effective water-reducing admixture 138 

[6]; 139 

𝑀𝑖 is the mass dosage of the ith raw material in concrete, kg/m3; 140 

𝐸𝐹𝑇𝑖 is the CO2 emission factor of transportation of the ith raw material, kgCO2/(kg·km); 141 

𝐷𝑖  is the transportation distance of the ith raw material, km; 142 

𝑈𝑃𝑖 is the unit price of the ith raw material in concrete, USD/kg; 143 

𝑈𝑃𝑇𝑖  is the unit price of transportation of the ith raw material, USD/(kg·km); 144 

𝐸𝐹𝐸𝑛𝑔  is the CO2 emission factor of the energy used (e.g., electricity), kgCO2/kWh; 145 

𝐸𝑛𝑔𝐶𝑢𝑟𝑖𝑛𝑔 is the energy use of heat-curing, kWh; 146 

𝑈𝑃𝐸𝑛𝑔  is the unit price of the energy used (e.g., electricity), USD/kWh. 147 

 148 



A key issue is estimating the energy use of curing 𝐸𝑛𝑔𝐶𝑢𝑟𝑖𝑛𝑔 at different curing temperatures and 149 

times. Salas et al. [40] and Shobeiri et al. [18] stated that the energy is required to heat the concrete 150 

to the curing temperature and to compensate for the heat loss, so Eq. (6) is developed to estimate 151 

𝐸𝑛𝑔𝐶𝑢𝑟𝑖𝑛𝑔. The ambient temperature is assumed as 25℃. 152 

𝐸𝑛𝑔𝐶𝑢𝑟𝑖𝑛𝑔 = 𝐸𝑛𝑔𝐻𝑒𝑎𝑡 + 𝐸𝑛𝑔𝐿𝑜𝑠𝑠 = 𝑀 × 𝑐 × (𝑇 − 25℃) + 𝑃 × 𝑡, 𝑇 > 25℃               (6)  153 

where  154 

𝐸𝑛𝑔𝐻𝑒𝑎𝑡 is the energy required to heat the concrete to the curing temperature; 155 

𝐸𝑛𝑔𝐿𝑜𝑠𝑠  is the energy required to compensate for the heat loss; 156 

𝑀 is the mass of FAGC, kg; 157 

𝑐 is the specific heat capacity of FAGC which is assumed to be 700 (J/kg℃) according to Shobeiri 158 

et al. [18]; 159 

𝑇 is the curing temperature, ℃; 160 

𝑃 is the heating power to compensate for heat loss and keep the temperature constant, kW; 161 

𝑡 is the heat-curing time, hour (h). 162 

 163 

Based on the heat transfer theory, 𝑃  is proportional to the difference between the curing 164 

temperature 𝑇 and the ambient temperature of 25℃ [40]. 𝑃 at 𝑇 = 25℃ is 0. 𝑃 at 𝑇 = 80℃ 165 

is assumed to be 600 W for 1 m3 concrete according to Shobeiri et al. [18]. Therefore, Eq. (7) is 166 

developed to calculate 𝑃 at different 𝑇. This assumption can approximate the real situation. Nisbet 167 

et al. [41] give an actual curing energy of 62 MJ/m3 for concrete curing at 54 °C for 24 h, while the 168 

curing energy is estimated as 76.85 MJ/m3 using Eqs. (6) and (7), close to 62 MJ/m3. 169 

𝑃 = (𝑇 − 25℃) (80℃ − 25℃) × 600W⁄                                            (7)  170 

 171 

Another key issue is determining the CO2 emission factor of fly ash 𝐸𝐹𝐹𝑙𝑦𝐴𝑠ℎ . The current 172 

consensus is that fly ash is considered an industrial by-product of coal electricity rather than a waste, 173 

so the CO2 emissions from coal electricity should be allocated to fly ash based on the economic 174 

value, as shown in Eq. (8) [42]. Therefore, Eq. (9) is developed to calculate 𝐸𝐹𝐹𝑙𝑦𝐴𝑠ℎ. 175 

𝐸𝐹𝑙𝑦𝐴𝑠ℎ

𝐸𝐶𝑜𝑎𝑙𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦
=

𝑚𝐹𝑙𝑦𝐴𝑠ℎ×𝑈𝑃𝐹𝑙𝑦𝐴𝑠ℎ

𝑚𝐹𝑙𝑦𝐴𝑠ℎ×𝑈𝑃𝐹𝑙𝑦𝐴𝑠ℎ+1𝑘𝑊ℎ×𝑈𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦
                                    (8) 176 

𝐸𝐹𝐹𝑙𝑦𝐴𝑠ℎ =
𝐸𝐹𝑙𝑦𝐴𝑠ℎ

𝑚𝐹𝑙𝑦𝐴𝑠ℎ
=

𝐸𝐹𝐶𝑜𝑎𝑙𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦×𝑈𝑃𝐹𝑙𝑦𝐴𝑠ℎ

𝑚𝐹𝑙𝑦𝐴𝑠ℎ×𝑈𝑃𝐹𝑙𝑦𝐴𝑠ℎ+1𝑘𝑊ℎ×𝑈𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦
                               (9) 177 



where 178 

𝑚𝐹𝑙𝑦𝐴𝑠ℎ  is the mass of fly ash produced during 1 kWh of coal electricity, 0.125kg; In 2019, China's 179 

coal electricity generation was 5.22×1012 kWh [43], and the fly ash production was 6.55×1011 kg 180 

[29], which means that about 0.125 kg of fly ash is produced during 1 kWh of coal electricity; 181 

𝐸𝐹𝐶𝑜𝑎𝑙𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 is the CO2 emission factor of coal electricity, 0.838 kgCO2/kWh [43]; 182 

𝑈𝑃𝐹𝑙𝑦𝐴𝑠ℎ  is the unit price of fly ash, USD/kg; 183 

𝑈𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  is the unit price of electricity, USD/kWh. 184 

 185 

2.3 Calculation parameters and Monte Carlo simulation 186 

The calculation parameters are listed in Table 1. Considering the uncertainty of the prices, transport 187 

distances, and emission factors of raw materials, we do not calculate a definite CO2 avoidance cost, 188 

but rather calculate the probability distribution of the CO2 avoidance cost using Monte Carlo 189 

simulation. Monte Carlo simulation is a common method for the uncertainty analysis of life cycle 190 

assessment [44,45]. As shown in Fig. 1, the Monte Carlo simulation in this study involves the 191 

following steps:  192 

1) determining the variation ranges of uncertain parameters, such as raw material prices and 193 

transport distances, and assuming these parameters follow the uniform distribution, i.e., equal 194 

probability that they will take on any number within their respective ranges; 195 

2) randomly sampling once from the probability distribution of each parameter;  196 

3) calculating the CO2 avoidance cost based on the obtained random samples;  197 

4) repeating steps 2 and 3 50000 times to obtain 50000 samples of the CO2 avoidance cost, and then 198 

obtain the frequency distribution of the CO2 avoidance cost, which approximates the probability 199 

distribution. The median CO2 avoidance cost CCO2,50%  is the representative value of the CO2 200 

avoidance cost used for the analysis. CCO2,50% lower than a specific value means a more than 50% 201 

probability of the CO2 avoidance cost being lower than the specific value. 𝐶𝐶𝑂2,50% < 55 𝑈𝑆𝐷/𝑡𝐶𝑂2 202 

means there is a more than 50% probability that 𝐶𝐶𝑂2
 is lower than 55 USD/tCO2. 203 

 204 

 205 

 206 

 207 



Table 1 Calculation parameters 208 

Parameters Values Sources 

Raw materials details   

Type of cement P·O 42.5  

Type of Na2SiO3 solution 8.55% of Na2O and 26.87% of SiO2  

Unit prices    

NaOH 350~450 USD/t [46]  

Na2SiO3 solution 144.93~217.39 USD/t (1000~1500 CNY/t)  

Fly ash 1.449~4.348 USD/t (10~30 CNY/t) [47] 

Cement 66.667~72.464 USD/t (460~500 CNY/t) [48] 

Aggregate 8.696 USD/t (60 CNY/t) [48] 

Admixture 815.94 USD/t (5630 CNY/t) [49] 

Water 0.435 USD/t (3 CNY/t)  

Emission factors (kgCO2/kg)   

NaOH 1.04~1.59  [50] 

Na2SiO3 solution 0.3755 [32] 

Fly ash varies with the price [42] 

Cement 0.732 [51] 

Aggregate 0.00398 [51] 

Admixture 0.72 [51] 

Water 0.000148 [51] 

Transport distance (km)   

NaOH 50~300 [52] 

Na2SiO3 solution 50~300 [52] 

Fly ash 50~300 [52] 

Cement 50~300 [52] 

Aggregate 50  

Admixture 50~300 [52] 

Water 0  

Transportation details   

Transportation mode Road  

Unit price  0.0696 USD/(t·km) (0.48 CNY/(t·km)) [53] 

Emission factors (kgCO2/(kg·km)) 1.37·10-4 [51] 

Curing details   

Energy  Electricity  

Unit price 0.08087 USD/kWh (0.55 CNY/kWh) [24] 

Emission factor (kgCO2/kWh) 0.55 [24] 

 209 



 210 

Fig. 1 Monte Carlo simulation 211 

 212 

Notes: 213 

1) The prices presented in Chinese Yuan (CNY) are converted into US Dollar (USD) at the 2022 214 

rate (1 USD = 6.9 CNY). 215 

2) P·O 42.5 cement, classified using the Chinese standard GB 175-2007 [54] and almost equal to 216 

CEM II/A 42.5N cement in the European standard EN 197-1 [55], is considered in this study. P·O 217 

means ordinary Portland cement that contains 80%-95% of clinker and 5%-20% of other materials 218 

such as slag or fly ash by mass; The number 42.5 means the strength class. 219 

3) Different Na2SiO3 solutions with different solid content and moduli are used in the literature. L-220 

330-37 Na2SiO3 solution with Na2O content ≥8.2% and SiO2 content ≥26%, classified using the 221 

Chinese standard GB/T 4209-2022 [56], is common in the China market, so it is considered the 222 



standard Na2SiO3 solution in this study. Based on our survey of four Na2SiO3 solutions in the market, 223 

the average Na2O and SiO2 content are 8.55% and 26.87%. The costs and CO2 emissions of other 224 

types of Na2SiO3 solutions can be obtained by adding or deducting NaOH or water in the standard 225 

Na2SiO3 solution. Please refer to Section 2.5 for the conversion details. 226 

4) Based on our survey, only in Northwest China can the fly ash price be as low as 1.449~4.348 227 

USD/t (10~30 CNY/t) due to the high production and low utilization of fly ash. In Southeastern 228 

China, the fly ash price exceeds 21.7 USD/t (150 CNY/t), and almost all fly ash is used to produce 229 

cement and concrete. 230 

5) The CO2 emission factor of NaOH varies with the electricity sources and production technologies 231 

[50].  232 

6) The transportation distances of NaOH, Na2SiO3 solution, fly ash, cement and admixture are set 233 

at 50~300 km considering these raw materials are locally available [52]. The transportation distance 234 

of aggregate is fixed at 50 km. Setting the aggregate transportation distance to any distance does not 235 

affect the final result because the aggregate content in FAGC and CC is set to be equal in the 236 

calculation. 237 

7) The CO2 emission factor of coal electricity in China is 0.838 kgCO2/kWh, which is used to 238 

calculate the CO2 emission factor of fly ash, while 0.55 kgCO2/kWh is the average CO2 emission 239 

factor of electricity covering coal electricity, hydropower, etc. It is used to calculate the CO2 240 

emission from electricity use. 241 

 242 

2.4 FAGC mixtures collection  243 

A total of 486 FAGC mixtures from 75 previously published studies are collected [57-131]. The 244 

details of each mixture include the mass of each component, heat-curing temperature, heat-curing 245 

time, total curing time, mass fraction and density of NaOH solution, Na2O content, SiO2 content 246 

and density of Na2SiO3 solution, compressive strength and tested specimen type. They all meet the 247 

following criteria: 248 

1) Only fly ash is used as a precursor, only NaOH and Na2SiO3 are used alone or in combination as 249 

activators, and only natural aggregates are used.  250 

2) The mass of each component, heat-curing temperature, heat-curing time and total curing time are 251 

reported completely. 252 



3) The mass fraction or molar concentration of NaOH solution and the solid content and modulus 253 

of Na2SiO3 solution are reported. 254 

4) The 28th-day compressive strength or the early compressive strength after heat-curing and the 255 

type of specimen for the compressive strength test are reported.  256 

5) Their compressive strength is at least 20 MPa. Mixtures with compressive strength of lower than 257 

20 MPa are excluded as their application in civil engineering is limited. 258 

 259 

2.5 FAGC mixture normalization and standardization  260 

2.5.1 FAGC mixture normalization 261 

The collected FAGC mixtures require normalization to 1 m3. First, for each mixture, the original 262 

volume 𝑉𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 is calculated based on the mass of each component and the air content of 3%, as 263 

shown in Eq. (10).  264 

𝑉𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 = (∑ 𝑀𝑖,𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝜌𝑖⁄𝑛
𝑖=1 ) (1 − 𝐴𝑖𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡)⁄                                  (10) 265 

where 266 

𝑀𝑖,𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 is the mass of the ith raw material, kg; 267 

𝜌𝑖 is the density of the ith raw material, kg/m3; The density of aggregate, fly ash and water are 268 

assumed to be 2600 kg/m3, 2000 kg/m3 and 1000 kg/m3; The density of NaOH solution and Na2SiO3 269 

solution are determined by the solid content; 270 

𝐴𝑖𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 is assumed to be 3% for FAGC according to Provis et al. [132]. 271 

 272 

Then, the normalized mass of the ith raw material 𝑀𝑖,𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 is calculated as shown in Eq. (11). 273 

𝑀𝑖,𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 = 𝑀𝑖,𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑉𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙⁄ × 1𝑚3                                        (11) 274 

 275 

2.5.2 Equivalent alkali-activated solution using standard Na2SiO3 solution 276 

Na2SiO3 solutions with various solid content and moduli are used in the literature. The costs and 277 

CO2 emissions of these Na2SiO3 solutions also vary. A standard Na2SiO3 solution with a Na2O 278 

content of 8.55% and SiO2 content of 26.87% is considered in this study. We can use the standard 279 

Na2SiO3 solution to obtain an equivalent alkali-activated solution with the same Na2O, SiO2 and 280 

H2O content as the alkali-activated solution used in the literature by adding or deducting NaOH and 281 



water. The equivalent alkali-activated solution is used to calculate the cost and CO2 emissions from 282 

materials production.   283 

 284 

For each mixture, the Na2O, SiO2 and H2O content in the alkali-activated solution can be obtained 285 

by Eqs. (12-14). 286 

𝑀Na2O = 𝑀NaOH𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 × NaOH% × 62 80⁄ + 𝑀Na2SiO3𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 × Na2O%                (12) 287 

𝑀SiO2
= 𝑀Na2SiO3𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 × SiO2%                                                (13) 288 

𝑀H2O = 𝑀NaOH𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 + 𝑀Na2SiO3𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 + 𝑀𝐸𝑥𝑡𝑟𝑎𝑊𝑎𝑡𝑒𝑟 − 𝑀Na2O − 𝑀SiO2 
               (14) 289 

where 290 

𝑀Na2O, 𝑀SiO2
, 𝑀H2O are the Na2O, SiO2 and H2O content in the alkali-activated solution; 291 

𝑀NaOH𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 is the mass of NaOH solution; 292 

NaOH% is the NaOH content of NaOH solution (e.g., the NaOH content is 39.34% for 14 mol/L 293 

NaOH solution); 294 

𝑀𝑁𝑎2𝑆𝑖𝑂3𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 is the mass of Na2SiO3 solution; 295 

Na2O% and SiO2% are the Na2O and SiO2 content in Na2SiO3 solution; 296 

𝑀𝐸𝑥𝑡𝑟𝑎𝑊𝑎𝑡𝑒𝑟 is the mass of extra water that some studies add in the alkali-activated solution besides 297 

NaOH and Na2SiO3 solutions. 298 

 299 

Then, the equivalent alkali-activated solution using standard Na2SiO3 solution can be obtained by 300 

Eqs. (15-17). 301 

𝑀𝐸−Na2SiO3𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 𝑀SiO2
/0.2687                                               (15) 302 

𝑀𝐸−NaOH𝑠𝑜𝑙𝑖𝑑 = (𝑀Na2O − 0.0855 × 𝑀𝐸−Na2SiO3𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) 62⁄ × 80                       (16) 303 

𝑀𝐸−𝑤𝑎𝑡𝑒𝑟 = 𝑀NaOH𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 + 𝑀Na2SiO3𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 − 𝑀𝐸−Na2SiO3𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 − 𝑀𝐸−NaOH𝑠𝑜𝑙𝑖𝑑         (17) 304 

where 𝑀𝐸−Na2SiO3𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 , 𝑀𝐸−NaOH𝑠𝑜𝑙𝑖𝑑 , and 𝑀𝐸−𝑤𝑎𝑡𝑒𝑟  are the standard Na2SiO3 solution, 305 

NaOH solid and extra water content in the equivalent alkali-activated solution. 306 

 307 



2.5.3 Equivalent compressive strength of standard specimen 308 

Different specimen types are used for the compressive strength test in the literature. For the same 309 

mixture, compressive strength results vary with the specimen types. The 150 mm cubes are 310 

considered the standard specimens in this study. The compressive strength of other specimens is 311 

converted to the equivalent compressive strength of the standard specimen. The conversion factors 312 

are shown in Table 2 [18,123,133]. For example, for C60 concrete, according to Table 2, we can 313 

multiply the 100×200mm cylinder compressive strength by the specific conversion factor 1.129 to 314 

obtain the 150 mm cube compressive strength. Some literature uses 76×152mm cylinders whose 315 

compressive strength is considered equal to that of 100×200mm cylinders [134,135]. 316 

 317 

Table 2 Conversion factors of compressive strength 318 

Strength (MPa) 100mm cube 100×200mm cylinder 150×300mm cylinder 

20~50 

0.95 

1.214 1.25 

50~60 1.17 1.205 

60~70 1.129 1.163 

70~80 1.11 1.143 

>80 1.091 1.124 

 319 

2.6 Equivalent CC mixture 320 

To provide a meaningful comparison between FAGC and CC, they should have the same 321 

compressive strength and binder paste volume [18,32]. We can use FAGC’s compressive strength 322 

and paste volume and CC’s strength equation based on the water to binder ratio (w/b) to calculate 323 

the equivalent CC mixture.  324 

  325 

First, Eq. (18), an empirical equation proposed by Chinese standard JGJ 55-2011 “Specification for 326 

mix proportion design of ordinary concrete” is used to calculate w/b in the equivalent CC mixture 327 

[33]. 328 

𝑤 𝑏⁄ = 0.53 × 𝑓𝑏 (𝑓𝑐 + 0.106 × 𝑓𝑏)⁄                                               (18) 329 

where 𝑓𝑏 is the binder strength which is assumed to be 36.975 MPa according to JGJ 55-2011 when 330 



replacing 30% P.O 42.5 cement with fly ash; 𝑓𝑐 is the target 28-day compressive strength. 331 

 332 

Eq. (18) is derived from the classical Bolomy equation, as shown in Eq. (19). The key parameters 333 

are obtained through data fitting by Chinese standard JGJ 55-2011. We validate the equation and 334 

assumptions for key parameters using the data collected from the literature [136-141], as shown in 335 

Fig. 2. 336 

𝐵𝑜𝑙𝑜𝑚𝑦 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛: 𝑓𝑐 = 𝐾 (
1

𝑤/𝑏
− 𝑎) →  𝑤 𝑏⁄ = 𝐾 (𝑓𝑐 + 𝐾𝑎)⁄                          (19) 337 

 338 

 339 

Fig. 2 Validation of mix design equation of CC 340 

 341 

Then, the cement dosage 𝑀𝐶𝑒𝑚𝑒𝑛𝑡−𝐶𝐶, fly ash dosage 𝑀𝐹𝑙𝑦𝐴𝑠ℎ−𝐶𝐶 and water dosage 𝑀𝑊𝑎𝑡𝑒𝑟−𝐶𝐶 342 

in CC are determined by solving Eqs. (20-22). 343 

𝑀𝐶𝑒𝑚𝑒𝑛𝑡−𝐶𝐶

𝜌𝐶𝑒𝑚𝑒𝑛𝑡
+

𝑀𝐹𝑙𝑦𝐴𝑠ℎ−𝐶𝐶

𝜌𝐹𝑙𝑦𝐴𝑠ℎ
+

𝑀𝑊𝑎𝑡𝑒𝑟−𝐶𝐶

𝜌𝑊𝑎𝑡𝑒𝑟
+ 𝐴𝑖𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 𝑉𝑝𝑎𝑠𝑡𝑒                            (20) 344 

𝑀𝐹𝑙𝑦𝐴𝑠ℎ−𝐶𝐶 (𝑀𝐶𝑒𝑚𝑒𝑛𝑡−𝐶𝐶 + 𝑀𝐹𝑙𝑦𝐴𝑠ℎ−𝐶𝐶) = 0.3⁄                                        (21) 345 

𝑀𝑊𝑎𝑡𝑒𝑟−𝐶𝐶 (𝑀𝐶𝑒𝑚𝑒𝑛𝑡−𝐶𝐶 + 𝑀𝐹𝑙𝑦𝐴𝑠ℎ−𝐶𝐶) =⁄ 𝑤 𝑏⁄                                      (22) 346 

where 𝜌𝐶𝑒𝑚𝑒𝑛𝑡, 𝜌𝐹𝑙𝑦𝑎𝑠ℎ, 𝜌𝑊𝑎𝑡𝑒𝑟 are the density of cement, fly ash and water which are assumed 347 

to be 3000 kg/m3, 2000 kg/m3 and 1000 kg/m3; 348 

𝐴𝑖𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 is assumed to be 1% for CC; 349 

𝑉𝑝𝑎𝑠𝑡𝑒, calculated by Eq. (23), is the paste volume of FAGC and CC. 350 



𝑉𝑝𝑎𝑠𝑡𝑒 =
𝑀𝐹𝑙𝑦𝐴𝑠ℎ

𝜌𝐹𝑙𝑦𝐴𝑠ℎ
+

𝑀𝑁𝑎𝑂𝐻𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝜌𝑁𝑎𝑂𝐻𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
+

𝑀𝑁𝑎2𝑆𝑖𝑂3𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝜌𝑁𝑎2𝑆𝑖𝑂3𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
+

𝑀𝐸𝑥𝑡𝑟𝑎𝑊𝑎𝑡𝑒𝑟

𝜌𝑊𝑎𝑡𝑒𝑟
+ 3%                     (23) 351 

 352 

Finally, if 𝑀𝑊𝑎𝑡𝑒𝑟−𝐶𝐶 is less than 200 kg/m3, the superplasticizer needs to be added at 1% of the 353 

binder content (𝑀𝐶𝑒𝑚𝑒𝑛𝑡−𝐶𝐶 + 𝑀𝐹𝑙𝑦𝐴𝑠ℎ−𝐶𝐶). 354 

 355 

2.7 Illustrative example: Mixture 1 356 

Fig. 3 shows the distribution of CO2 emissions and costs of Mixture 1 and the equivalent CC mixture 357 

in 50000 Monte Carlo runs. The representative values are the medians 𝐸𝐹𝐴𝐺𝐶,50% , 𝐸𝐶𝐶,50% , 358 

𝐶𝑜𝑠𝑡𝐹𝐴𝐺𝐶,50%, and 𝐶𝑜𝑠𝑡𝐶𝐶,50%, which are 139.55 kgCO2/m
3, 279.52 kgCO2/m

3, 61.31 USD/m3, and 359 

53.9 USD/m3. 360 

 361 

 362 

Fig. 3 Distribution of CO2 emissions and costs of Mixture 1 and the equivalent CC mixture in 363 

50000 Monte Carlo runs 364 

 365 



The CO2 emissions reduction 𝑅𝐶𝑂2
  of FAGC is calculated using Eq. (24). Fig. 4 shows the 366 

distribution of CO2 emissions reduction of Mixture 1 in 50000 Monte Carlo runs. Compared to 367 

equivalent CC, Mixture 1 can reduce carbon emissions by at least 43.15%. 𝑅𝐶𝑂2,50% is 50.06%. 368 

𝑅𝐶𝑂2
= (𝐸𝐶𝐶 − 𝐸𝐹𝐴𝐺𝐶) 𝐸𝐶𝐶⁄                                                      (24) 369 

 370 

 371 

Fig. 4 Distribution of CO2 emissions reduction of Mixture 1 in 50000 Monte Carlo runs 372 

 373 

Fig. 5 shows the distribution of CO2 avoidance cost 𝐶𝐶𝑂2
 of Mixture 1 in 50000 Monte Carlo runs. 374 

There is only a small probability of 𝐶𝐶𝑂2
< 0. 𝐶𝐶𝑂2,50% is 52.91 USD/tCO2, which is lower than the 375 

cost of capturing CO2 from cement plants (55 USD/tCO2). 376 

 377 

Fig. 5 Distribution of CO2 avoidance cost of Mixture 1 in 50000 Monte Carlo runs 378 

 379 



𝐸𝐹𝐴𝐺𝐶,50%, 𝐸𝐶𝐶,50%, 𝐶𝑜𝑠𝑡𝐹𝐴𝐺𝐶,50%, 𝐶𝑜𝑠𝑡𝐶𝐶,50%, 𝑅𝐶𝑂2,50%, and 𝐶𝐶𝑂2,50% of the 486 mixtures are 380 

used as the representative values in the following analysis.  381 

 382 

3. Results and discussion 383 

3.1 Costs and CO2 emissions of FAGC and equivalent CC 384 

Fig. 6 compares the costs and CO2 emissions of FAGC and equivalent CC. The results are presented 385 

as a function of compressive strength. Similar results on CO2 emissions have been shown by 386 

Shobeiri et al. [18], so the costs are the focus of this work. Although FAGC is lower in CO2 387 

emissions than CC in most cases, FAGC is more expensive than CC. We noticed that in some cases, 388 

the cost of FAGC can be close to or even lower than CC. Identifying the features of low-cost FAGC 389 

is worth studying. 390 

 391 

 392 

(a)                                    (b) 393 

Fig. 6 Costs and CO2 emissions of FAGC and equivalent CC (Each data point is the median 394 

of the Monte Carlo results) 395 

 396 

The cost and CO2 emissions of CC increase with the compressive strength. However, the 397 

relationship is not observed in FAGC. For CC, the cost and CO2 emissions mainly depend on the 398 

cement dosage, and the high strength needs a high cement dosage, so the high strength is associated 399 

with the high cost and CO2 emissions [142]. For FAGC, the cost and CO2 emissions mainly depend 400 

on the activator (Na2O and SiO2 in the alkali-activated solution) dosage, as shown in Fig. 7. However, 401 



a high activator dosage is not associated with high strength. For a given fly ash, a high activator 402 

dosage usually leads to high strength [123,143]. However, fly ash is only a by-product rather than a 403 

well-designed industrial product like cement. The fly ash from different sources varies considerably 404 

in physicochemical characteristics [144-146]. To achieve sufficient strength, some fly ash only 405 

requires a small amount of alkali activator, while others require a large amount of alkali activator. 406 

Fly ash suitable for alkali activation is often considered to have the following characteristics: high 407 

amorphous content, suitable amorphous Si/Al ratio, and high specific surface area [144-146]. A 408 

direct and easy method to evaluate fly ash is trial, i.e., creating some experimental groups by varying 409 

the activator dosage and then testing the compressive strength [123]. 410 

 411 

 412 

Fig. 7 Relationships between costs and CO2 emissions of FAGC and activator dosage 413 

 414 

3.2 CO2 avoidance cost of FAGC and activator index  415 

Two benchmarks to evaluate the cost of FAGC are CC and capturing CO2 from cement plants, 416 

respectively. FAGC with a lower cost than CC is recommended use, but it is still acceptable that the 417 

cost of FAGC is higher than CC but lower than capturing CO2 from cement plants. 𝐶𝐶𝑂2,50% < 0 418 

means a more than 50% probability of the cost of FAGC being lower than CC. 𝐶𝐶𝑂2,50%  < 55 419 

USD/tCO2 means a more than 50% probability of the cost of FAGC being lower than capturing CO2 420 

from cement plants. Only 107 of 486 FAGC mixtures are more economical than capturing CO2 from 421 

cement plants, 7 of which have negative CO2 avoidance costs. 422 

 423 



The cost and CO2 emissions of CC increase with the compressive strength. However, those of FAGC 424 

are independent of compressive strength. They increase with the activator dosage. Therefore, the 425 

low CO2 avoidance cost 𝐶𝐶𝑂2
 of FAGC, a result of low cost and CO2 emissions of FAGC and high 426 

cost and CO2 emissions of equivalent CC, is associated with low activator dosage and high 427 

compressive strength. To quantify the relationship, this study proposes the activator index (Ai), the 428 

activator dosage (kg·m−3) necessary to deliver 1 MPa of compressive strength. The 𝐶𝐶𝑂2,50% 429 

decreases with the decrease in Ai, as shown in Fig. 8a.  430 

 431 

The cost index (Ci), calculated using Eq. (25), is proposed to better present the relationship between 432 

𝐶𝐶𝑂2
 and Ai. The number 100 is introduced to compensate for the negative value of 𝐶𝐶𝑂2

 so that 433 

logarithmic operations can be performed. 𝐶𝑖 < 0  equals to 𝐶𝐶𝑂2,50%  < 0. 𝐶𝑖 < 1  equals to 434 

𝐶𝐶𝑂2,50%  < 55 USD/tCO2. Fig. 8b shows the linear relationship between Ci and Ai, but R2<0.9 435 

shows the correlation is not strong enough. 436 

𝐶𝑖 = 𝑙𝑜𝑔1.55((𝐶𝐶𝑂2
+ 100) 100⁄ )                                                (25) 437 

 438 

 439 

Fig. 8 Relationship between CO2 avoidance cost of FAGC and activator index (Ai) 440 

 441 

A corrected activator index Ai, calculated using Eq. (26), is proposed. We noticed that the paste 442 

volume also affects the CO2 avoidance cost 𝐶𝐶𝑂2
 besides the activator dosage and compressive 443 

strength. The high paste volume for FAGC means more fly ash, while for CC, it means more cement. 444 

Cement is much more cost- and emission-intensive than fly ash, so FAGC with a higher paste 445 



volume is easier to acquire a low 𝐶𝐶𝑂2
. Meanwhile, a concrete mixture with a paste volume of 35% 446 

is recommended, which is well considered to perform well in workability, strength and durability 447 

[147,148]. Therefore, the effect of paste volume is eliminated through introducing a dimensionless 448 

volume correction factor α =
0.35 𝑚3

𝑉𝑝𝑎𝑠𝑡𝑒
.   449 

𝐴𝑖 = α 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑜𝑟 𝑑𝑜𝑠𝑎𝑔𝑒 𝑓𝑐⁄                                                      (26) 450 

 451 

Fig. 8c shows the strong linear correlation between Ci and Ai. According to the fitted linear equation, 452 

Ai < 1.09 kg·m−3/MPa and Ai < 0.625 kg·m−3/MPa correspond to the CO2 avoidance cost of FAGC 453 

lower than 55 USD/tCO2 and 0. The Ai value can be used to evaluate the economic feasibility of a 454 

FAGC mixture. The CO2 avoidance cost decreases as the Ai value decreases. The critical Ai value 455 

is 1.09 kg·m−3/MPa. This Ai-based criterion can be extended to geopolymer concrete using other 456 

precursors, as NaOH and Na2SiO3 are mainly used as activators. However, it can be foreseen that 457 

the critical Ai value for geopolymer concrete using other precursors is smaller than 1.09, as the 458 

precursor used in this study, fly ash in northwest China, is much cheaper than other precursors.  459 

 460 

Ai < 1.09 kg·m−3/MPa and Ai < 0.625 kg·m−3/MPa also correspond to 51.83% and 59.85% emission 461 

reductions of FAGC compared with blended cement concrete, as shown in Fig. 9. Note that blended 462 

cement concrete has achieved a 20% emission reduction compared to concrete using 100% OPC 463 

[32]. 464 

 465 

 466 

Fig. 9 Relationship between CO2 emission reduction of FAGC and activator index (Ai) 467 



3.3 Relationship between activator dosage and compressive strength 468 

In our previous study [123], we proposed a mix design equation of FAGC, Eq. (27), which describes 469 

the relationship between activator dosage and compressive strength and is in accordance with the 470 

data in many studies [123,127,128,143,149-151], as shown in Fig. 10. In many studies, the activator 471 

dosage is characterized by Na2O dosage (the mass ratio of Na2O in the alkali-activated solution to 472 

fly ash) and activator modulus (the mass ratio of SiO2 to Na2O in the alkali-activated solution). As 473 

shown in Fig. 10, the compressive strength of FAGC increases with the Na2O dosage but then 474 

decreases when the Na2O dosage exceeds a threshold β (around 15%) [149-157]. Note that fly ash 475 

is only a by-product rather than a well-designed industrial product like cement. The fly ash from 476 

different sources varies considerably in physicochemical characteristics. Therefore, β varies with 477 

each fly ash. Similarly, the compressive strength of FAGC increases with the activator modulus but 478 

then decreases beyond a threshold α (around 1.0) [149-156]. And α varies with each fly ash. Overall, 479 

within the appropriate range (Na2O dosage ≤ β and activator modulus ≤ α), the strength increases 480 

with the activator (Na2O+SiO2) dosage. Also, the strength decreases with the water content. 481 

Drawing on the concept of water/cement ratio in CC, we proposed Eq. (27) [123]. Note that the 482 

coefficients a and b also vary with each fly ash and curing condition.  483 

𝑓𝑐 = −𝑎
𝑀H2O

𝑀Na2O+𝑀SiO2

+ 𝑏                                                         (27) 484 

 485 

Pre-experiments before mix design, creating some experimental groups by varying the Na2O dosage, 486 

activator modulus, and water content, and then testing the respective compressive strength, can 487 

indicate the upper limit of Na2O dosage and activator modulus β and α, and the coefficients a and b 488 

in Eq. (27). After determining the water content for target workability, the activator (Na2O+SiO2) 489 

dosage can be determined by Eq. (27). Then, according to the upper limit of the activator modulus, 490 

the Na2O dosage and SiO2 dosage can be determined. Finally, according to the upper limit of Na2O 491 

dosage, fly ash dosage can be determined. 492 

 493 



 494 

Fig. 10 Relationship between activator dosage and compressive strength (the data from Hardjito & 495 

Rangan [128], Luan et al. [123], Soutsos et al. [149], Al-Azzawi et al. [127], Junaid et al. [143], 496 

Ryu et al. [150], Zhou et al. [151]) 497 

 498 

3.4 Application of activator index to aid mix design 499 

Only GC mixtures with lower CO2 avoidance costs will be considered for use by the industry. This 500 



paper provides a standard for the swift identification of such GC mixtures. Based on the activator 501 

index (Ai), geopolymer mixtures can be classified into two categories: the economically acceptable 502 

(Ai<1.09), having a lower CO2 avoidance cost than capturing CO2 from cement plants, and the 503 

economically unacceptable (Ai≥1.09) with a higher CO2 avoidance cost.  504 

 505 

This approach can assist in mix design for achieving the desired strength with high emissions 506 

reduction and low cost. Illustratively, two types of fly ash, denoted as Fly ash A (from Luan et al. 507 

[123]) and Fly ash B (from Junaid et al. [143]), are considered. Eqs. (28) and (29) represent mix 508 

design equations for Fly ash A and Fly ash B, respectively. Upon fixing the water content at 110 509 

kg/m3 to achieve the target slump, Eqs. (28) and (29) transform into Eqs. (30) and (31). And Eqs. 510 

(30) and (31) are plotted in Fig. 11. The line of Ai=1.09 divides Fig. 11 into two regions: 511 

economically acceptable (blue region) and economically unacceptable (red region). Only GC 512 

mixtures using Fly ash A with strengths exceeding 36 MPa fall within the blue region, signifying 513 

lower CO2 avoidance costs and, consequently, a recommendation for use. Conversely, all GC 514 

mixtures using Fly ash B have Ai values higher than 1.09, indicating higher CO2 avoidance costs 515 

than capturing CO2 from cement plants. Thus, their usage is not recommended, despite achieving 516 

adequate strength. 517 

𝐹𝑙𝑦 𝑎𝑠ℎ 𝐴: 𝑓𝑐 = −39.422 ×
𝑀H2O

𝑀Na2O+𝑀SiO2

+ 145.93                                    (28) 518 

𝐹𝑙𝑦 𝑎𝑠ℎ 𝐵: 𝑓𝑐 = −27.277 ×
𝑀H2O

𝑀Na2O+𝑀SiO2

+ 92.168                                    (29) 519 

𝐹𝑙𝑦 𝑎𝑠ℎ 𝐴: 𝑓𝑐 = −39.422 ×
110

𝑀Na2O+𝑀SiO2

+ 145.93                                    (30) 520 

𝐹𝑙𝑦 𝑎𝑠ℎ 𝐵: 𝑓𝑐 = −27.277 ×
110

𝑀Na2O+𝑀SiO2

+ 92.168                                    (31) 521 

 522 



 523 

Fig. 11 Activator index (Ai)-aided mix design 524 

 525 

4. Conclusions 526 

This study presents the first analysis of the CO2 avoidance cost of geopolymer concrete (GC) to 527 

show its economic feasibility. The CO2 avoidance cost refers to the cost incurred to reduce one 528 

metric ton (t) of CO2 emissions. For GC, it can be determined by comparing its cost and CO2 529 

emissions with those of blended cement (30% SCMs and 70% OPC) concrete. A total of 486 FAGC 530 

mixtures are analyzed in the context of locally-available materials in China. Monte Carlo simulation 531 

is used to consider the uncertainty of raw material prices, transport distances, and emission factors. 532 

 533 

Given that both capturing CO2 from cement plants and replacing cement with geopolymer are viable 534 

methods for significantly reducing CO2 emissions, this study compares the CO2 avoidance cost of 535 

GC with that of capturing CO2 from cement plants to identify the most cost-effective 536 

decarbonization technology. The results show that 107 of 486 FAGC mixtures are more cost-537 

effective than capturing CO2 from cement plants, which has been evaluated to have a CO2 avoidance 538 

cost of 55 USD/tCO2 in China's demonstration project. Additionally, seven of these mixtures yield 539 

negative CO2 avoidance costs. Capturing CO2 has always been criticized for being too expensive. 540 

These findings suggest that geopolymers may be more expensive than capturing CO2, highlighting 541 

the importance of cost assessment and research aimed at cost reduction. 542 

 543 

The results also show that the low CO2 avoidance cost of FAGC is associated with low activator 544 



dosage and high compressive strength. To quantify this relationship, this study proposes the 545 

activator index (Ai), the activator dosage (kg·m−3) necessary to achieve 1 MPa of compressive 546 

strength. The result shows a strong correlation between CO2 avoidance cost and Ai. Specifically, Ai 547 

< 1.09 kg·m−3/MPa and Ai < 0.625 kg·m−3/MPa correspond to the CO2 avoidance cost of FAGC 548 

lower than 55 USD/tCO2 and 0. These two Ai values also correspond to 51.83% and 59.85% 549 

emission reductions of FAGC compared with blended cement concrete. This Ai-based criterion can 550 

be extended to geopolymer concrete using other precursors, as NaOH and Na2SiO3 are the primary 551 

activators. It helps identify optimal geopolymer concrete that effectively reduces CO2 emissions at 552 

the lowest possible cost, thereby promoting its commercial application. 553 

 554 

5. Future research 555 

At the technical level, FAGC faces some challenges as follows:  556 

- The corrosion behavior of steel bars in FAGC remains uncertain, limiting the application of FAGC 557 

in reinforced concrete. A comprehensive study on the corrosion behavior of steel bars in FAGC is 558 

imperative. Exploring the combination of FAGC and fiber-reinforced polymer (FRP) bars could 559 

offer another solution. In addition, not all concrete is used for reinforced concrete. For other forms 560 

of concrete, the excellent chemical and fire resistance of FAGC is beneficial. 561 

- FAGC develops its strength slowly at ambient temperatures and requires slightly elevated 562 

temperatures to accelerate its strength development. While this restricts in-situ construction, the 563 

application of FAGC in precast components remains viable. Also, the literature suggests that 564 

introducing a small amount of calcium by adding slag or cement to FAGC can accelerate the strength 565 

development of FAGC at ambient temperatures. 566 

 567 

The significant challenge comes from non-technical fields. This paper raises the cost issue of FAGC. 568 

Limited cost-effective FAGC mixtures are viable for industrial use. Future research lines include, 569 

but are not limited to: 570 

- Developing activators with lower CO2 emissions and cost than sodium hydroxide or sodium 571 

silicate, but with similarly desirable strength development. A potentially feasible idea is using 572 

Portland cement to partially replace sodium hydroxide or sodium silicate as the activator. Many 573 



studies reported that adding a small amount of Portland cement can greatly increase the strength of 574 

FAGC, especially when cured at ambient temperature [77,94,95,158,159]. Also, a fact is that the 575 

emission factor and unit price of Portland cement are lower than sodium hydroxide or sodium 576 

silicate, although the CO2 emissions of CC is higher than GC. Using cement to partially replace 577 

sodium hydroxide or sodium silicate has the potential to lower CO2 emissions and cost while 578 

maintaining strength. An in-depth exploration of the performances, mechanisms, CO2 emissions, 579 

and costs associated with the hybrid binder of geopolymer and Portland cement is warranted. 580 

- Developing appropriate water-reducing admixtures for GC to curtail water demand, subsequently 581 

reducing activator content and effectively mitigating CO2 emissions and costs. For CC, adding 582 

water-reducing admixtures reduces water demand while maintaining the required flowability. The 583 

resulting decrease in concrete porosity reduces the cement content required to achieve the target 584 

strength, effectively reducing CO2 emissions and cost [160]. Unfortunately, the current water-585 

reducing admixtures for CC are not suitable for GC [6].  586 

- Investigating additional sustainability factors for GC beyond CO2 emissions. For example, the 587 

production of CC worldwide contributes approximately 7.8% of NOX, 4.8% of SOX, 5.2% of PM10, 588 

and 6.4% of PM2.5 [161]. However, there is a lack of study on such air pollutant emissions of GC. 589 

Air pollutant emissions cause health damage. Future studies should evaluate the air pollutant 590 

emissions of GC. 591 
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