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CO: avoidance cost of fly ash geopolymer concrete
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Abstract: Using geopolymer concrete (GC) is a technically feasible decarbonization strategy in the
cement and concrete industry shown by numerous papers. A key factor determining its commercial
application is whether its cost is competitive. However, related study is scarce. In this paper, we
present the first analysis of GC’s COz avoidance cost, the cost incurred to reduce one metric ton of
CO; emissions. The results show that out of the 486 GC mixtures analyzed, only seven yield
negative CO2 avoidance costs, while 379 are even more expensive than capturing CO> from cement
plants, which is another technically feasible decarbonization strategy and has been evaluated to have
a CO; avoidance cost of 55 USD/tCO; in China's demonstration project. Only a few GC mixtures
with lower CO> avoidance costs will be considered for use by the industry, and they are associated
with low activator dosage and high compressive strength. To quantify this relationship, we introduce
the activator index (4i), which refers to the activator dosage (kg-m>) required to achieve 1 MPa of
compressive strength. The result shows that 4i values below certain thresholds correspond to lower
CO; avoidance costs and significant emission reductions of GC. This Ai-based criterion helps
identify the optimal GC mixture that effectively reduces CO2 emissions at the lowest possible cost,
thereby promoting its commercial application.

Keywords: geopolymer; alkali-activated material; fly ash; cost; CO2 emissions

1. Introduction

Approximately 8% of global CO> emissions and 13% of China's CO; emissions are attributed to
Portland cement, a primary binder in concrete [1,2]. With such extensive CO> emissions, replacing
cement with lower-carbon binders (alternative binders) to produce concrete has attracted great
interest [1,3-13]. Geopolymer, also known as alkali-activated material, is identified as a promising

alternative binder [6]. It is synthesized by the reaction between an alkali activator and an
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aluminosilicate material (the precursor), often utilizing aluminosilicate by-products or wastes like
fly ash. To date, the study on geopolymer concrete (GC)'s microstructure and engineering

performances has become relatively mature [7].

While extensive studies have shown the technical feasibility of GC, limited studies are available on
its economic feasibility, which limits its commercial application [4,8]. A few studies measured the
cost of GC [14-17]. However, these studies have limitations: 1) They only focused on a limited
number of mixtures, making the results less representative. Given the wide range of geopolymer
mix designs and precursor sources, it is necessary to use a large number of mixtures to evaluate the
cost and CO; emissions of GC [18]. 2) They used cement concrete produced using 100% ordinary
Portland cement (OPC) as the reference concrete, which overestimates the carbon emission
advantages of geopolymer and underestimates the cost disadvantage of geopolymer. Blended
cement concrete, incorporating supplementary cementitious materials (SCMs) like fly ash to
partially replace OPC, has become commercialized and standardized [19,20]. Its cost and CO>
emissions are much lower than cement concrete using 100% OPC. It is necessary to use blended

cement concrete as the reference concrete to evaluate the cost and CO; emissions of GC.

Even compared to cement concrete using 100% OPC, the results of McLellan et al. [14], Chan et al.
[15], and Rajini et al. [16] show that GC tends to be more expensive. Currently, the damages to
society caused by CO> emissions are borne neither by buyers nor sellers of concrete products. Hence,
the industry has little motivation to use GC to replace cement concrete solely for lower CO>
emissions if the cost of GC is higher than cement concrete. Recognizing this market problem, many
governments are contemplating the implementation of carbon pricing policies [21]. Nonetheless,
GC needs to exhibit a lower CO; avoidance cost than other decarbonization technologies or carbon
pricing to be prioritized in practical applications [22]. CO2 avoidance cost, denoting the cost

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

Both replacing cement with geopolymer and capturing CO> from cement plants have the potential
to significantly reduce CO; emissions [8], rendering them competitors. The CO, avoidance cost of

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



60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

demonstration project of the Baimashan cement plant in Conch Cement Company, China, shows a
CO; avoidance cost of 55 USD/tCO> (380 CNY/tCO») [27]. However, there is a lack of study on
evaluating GC’s CO» avoidance cost. Given that the technology with a lower CO; avoidance cost
holds precedence for practical application, it is vital to evaluate GC’s CO; avoidance cost and then

compare it with capturing CO; from cement plants to identify the cost-optimal technology.

This study presents a calculation method for the CO; avoidance cost of GC. Based on the method
and 486 fly ash geopolymer concrete (FAGC) mixtures, this study quantifies the CO> avoidance
cost of FAGC in the context of locally-available materials in China and compares it with capturing
CO; from cement plants (55 USD/tCO,). Using locally-available materials to produce geopolymer
is vital because long transport distances lead to high costs and CO» emissions [6]. Northwest China,
with its abundant fly ash resources as the geopolymer precursor [28,29], along with rich NaCl
resources [30] and a well-established chlor-alkali industry [31] for producing the activator NaOH,
ensures material availability for large-scale geopolymer application. This study also identifies the
critical features of geopolymer mixtures with a lower CO; avoidance cost. This study provides
valuable new insights into the application potential of geopolymer as a sustainable alternative binder

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

2. Methods

Section 2.1 describes the calculation method of the CO2 avoidance cost of GC. It involves comparing
the costs and CO» emissions of GC and a reference cement concrete (CC). Section 2.2 describes the
calculation method of costs and CO; emissions of FAGC and CC. Two key issues include the
estimation of energy use for heat-curing with different heating temperatures and times and CO»
emissions allocation of fly ash based on economic value. Section 2.3 presents the calculation
parameters, including the prices, transport distances, and emission factors of raw materials. Monte
Carlo simulation is used to consider the uncertainty, and the medians of the calculation results are
the representative value. Section 2.4 describes the method of FAGC mixtures collection. Section 2.5
describes the method of FAGC mixture normalization and standardization, which considers the

variations of costs and CO; emissions with the solid content and moduli of Na;S103 solutions.
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Section 2.6 describes the calculation method of equivalent CC mixtures. Section 2.7 presents an

illustrative example.

2.1 CO: avoidance cost

The CO> avoidance cost of GC is calculated using Eq. (1). An example is used to illustrate the
concept of CO; avoidance cost. Suppose a GC mixture is 10 USD/m? more expensive than CC, but
its CO, emissions are 100 kgCO2/m? lower than CC. It means paying 10 USD to reduce 100 kg of
CO: emissions. Therefore, the CO> avoidance cost Cgo, is 100 USD/tCO2. As a benchmark,
capturing CO» from cement plants has been evaluated to have a CO» avoidance cost of 55 USD/tCO»
in China's demonstration project [27]. C¢o, > 0 means that additional costs need to pay to reduce
carbon emissions. C¢o,< 0 means that using this technology can reduce costs while reducing CO:
emissions.

Cco, = (Costge — Costec) /(Ecc — Ege) X 1000, Ege < Ecc (1)
where

Cco, is the COz avoidance cost of GC, USD/tCO> (1 USD = 6.9 CNY in 2022);

CC is set as the cement concrete with the same binder volume and compressive strength as GC,
which references Habert and Ouellet-Plamondon [32] and Shobeiri et al. [18]; Cement concrete in
this study uses 30% SCMs (Supplementary Cementitious Materials) and 70% OPC (ordinary
Portland cement) as the binder. Fly ash is used as the SCMs in this study. This blended cement
concrete has been widely well-studied, commercialized, and standardized [32-36]. Its cost and CO
emissions are much lower than cement concrete produced using 100% OPC, and it is used as the
reference concrete in the work of Habert and Ouellet-Plamondon [30]. Some studies use cement
concrete produced using 100% OPC as the reference concrete [18,37], which overestimates the
carbon emission advantages of geopolymer and underestimates the cost disadvantage of geopolymer.
Costcc and Costgc are the costs of CC and GC, USD/m°.

Ecc and Eg. are the CO; emissions of CC and GC, kgCO»/m’;

2.2 Costs and CO: emissions of CC and FAGC
The calculation method references Van den Heede and De Belie [38], Turner and Collins [37], Yang
et al. [39], Salas et al. [40], Habert and Ouellet-Plamondon [32], and Shobeiri et al. [18], as shown
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in Egs. (2-5). The costs and CO> emissions of concrete are mainly from the production and

transportation of concrete raw materials. Besides, the costs and CO> emissions from the energy use

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

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

Ecc = Eyatproa + Ematrrans = Xi=1 EFy X My + X EFTy X My X D; (2)
Costce = CoStyatproa + COStyatrrans = Xi=1 UP X My + Xi= UPT; X M; X D; 3)
Eracc = Ematrroa + Ematrrans + Ecuring

= Yie1 EF; X M; + Y121 EFT; X My X D; + EFgng X ENgcyring 4)
Costpage = CoStyatproa T COStyarrrans + COSteuring

= Xi=1 UP; X My + X2 UPT; X M; X Dy + UPgpg X Engcuring (5)
where

Ematproa> Emattrans> and Ecyring are the COz emissions from the raw material production, raw

material transportation, and heat-curing, kg/m?;

Costyatproas COStyatrrans, and CoSteyring are the costs from the raw material production, raw

material transportation, and heat-curing, USD/m?;

EF; is the CO; emission factor of the ith raw material in concrete, kgCO2/kg;

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

(e.g., superplasticizer) and water;

FAGC involves coarse and fine aggregates, fly ash, NaOH, Na>SiO3 and water; The water-reducing

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

[6];

M; is the mass dosage of the ith raw material in concrete, kg/m?;

EFT; is the CO> emission factor of transportation of the ith raw material, kgCO»/(kg-km);

D; is the transportation distance of the ith raw material, km;

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

UPT; is the unit price of transportation of the ith raw material, USD/(kg-km);

EFg,g4 1s the CO2 emission factor of the energy used (e.g., electricity), kgCO/kWh;

Engcuring 1s the energy use of heat-curing, kWh;

UPgpg is the unit price of the energy used (e.g., electricity), USD/kWh.
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A key issue is estimating the energy use of curing Engcyring at different curing temperatures and
times. Salas et al. [40] and Shobeiri et al. [18] stated that the energy is required to heat the concrete
to the curing temperature and to compensate for the heat loss, so Eq. (6) is developed to estimate
Engcuring- The ambient temperature is assumed as 25°C.

Engcuring = ENguear + Engross = M X ¢ X (T — 25°C) + P x t,T > 25°C (6)
where

Engpeqr 1s the energy required to heat the concrete to the curing temperature;

Eng;,ss 1s the energy required to compensate for the heat loss;

M is the mass of FAGC, kg;

c 1s the specific heat capacity of FAGC which is assumed to be 700 (J/kg°C) according to Shobeiri
etal. [18];

T is the curing temperature, °C;

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

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

Based onthe heat transfer theory, P is proportional to the difference between the curing
temperature T and the ambient temperature of 25°C [40]. P at T = 25°C is 0. P at T = 80°C
is assumed to be 600 W for 1 m? concrete according to Shobeiri et al. [18]. Therefore, Eq. (7) is
developed to calculate P atdifferent T. This assumption can approximate the real situation. Nisbet
et al. [41] give an actual curing energy of 62 MJ/m? for concrete curing at 54 °C for 24 h, while the
curing energy is estimated as 76.85 MJ/m? using Egs. (6) and (7), close to 62 MJ/m°.

P = (T — 25°C)/(80°C — 25°C) x 600W (7)

Another key issue is determining the CO emission factor of fly ash EFgy4s,. The current
consensus is that fly ash is considered an industrial by-product of coal electricity rather than a waste,
so the CO emissions from coal electricity should be allocated to fly ash based on the economic

value, as shown in Eq. (8) [42]. Therefore, Eq. (9) is developed to calculate EFgy45p.

Epiyash _ Mp1yAsh XUPF1yAsh (8)
ECoalElectricity MFlyAsh X UPFlyAsh+ 1kWhx UPElectricity

Erlyash EFcoaiElectricity XUPFiyash (9)

EFpiyasn = =
sh
4 Mpiyash  MEIlyAshXUPF1yasn+1kWhXUPEectricity
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where

Mgy ash 18 the mass of fly ash produced during 1 kWh of coal electricity, 0.125kg; In 2019, China's
coal electricity generation was 5.22x10'> kWh [43], and the fly ash production was 6.55x10!! kg
[29], which means that about 0.125 kg of fly ash is produced during 1 kWh of coal electricity;
EFcoaigtectricity 18 the CO2 emission factor of coal electricity, 0.838 kgCO2/kWh [43];

UPriyasn 1s the unit price of fly ash, USD/kg;

UPgiectricity 1 the unit price of electricity, USD/kWh.

2.3 Calculation parameters and Monte Carlo simulation

The calculation parameters are listed in Table 1. Considering the uncertainty of the prices, transport
distances, and emission factors of raw materials, we do not calculate a definite CO, avoidance cost,
but rather calculate the probability distribution of the CO, avoidance cost using Monte Carlo
simulation. Monte Carlo simulation is a common method for the uncertainty analysis of life cycle
assessment [44,45]. As shown in Fig. 1, the Monte Carlo simulation in this study involves the
following steps:

1) determining the variation ranges of uncertain parameters, such as raw material prices and
transport distances, and assuming these parameters follow the uniform distribution, i.e., equal
probability that they will take on any number within their respective ranges;

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

3) calculating the CO, avoidance cost based on the obtained random samples;

4) repeating steps 2 and 3 50000 times to obtain 50000 samples of the CO; avoidance cost, and then
obtain the frequency distribution of the CO> avoidance cost, which approximates the probability
distribution. The median CO avoidance cost Cco, 509 18 the representative value of the CO»
avoidance cost used for the analysis. Cco, 500, lower than a specific value means a more than 50%
probability of the CO» avoidance cost being lower than the specific value. C¢o, 509 < 55 USD/tCO,

means there is a more than 50% probability that C¢o, is lower than 55 USD/tCOs..
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Table 1 Calculation parameters

Parameters Values Sources
Raw materials details

Type of cement P-O42.5

Type of NaxSiO3 solution 8.55% of Na;0 and 26.87% of Si0O:

Unit prices

NaOH 350~450 USD/t [46]
NazS10s3 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]
NaySi0s3 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]
NaySi0s3 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 (kgCO»/(kg-km)) 1.37-10* [51]
Curing details

Energy Electricity

Unit price 0.08087 USD/kWh (0.55 CNY/kWh) [24]
Emission factor (kgCO2/kWh) 0.55 [24]
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Step 1: Determine parameter distribution

NaOH price Na,SiO; solution price Admixture transport distance
- (USD/t) - (USD/t) - (km)
2 3 25 25
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® D = 2 s 2
25 23 232
& . AT . [ >
350 450 14493 217.39 50 300
Step 2: Sample randomly ™
I 4 I By K,
. > > I >
NaOH price =4, Na,SiO; solution price =B, Admixture Repeat

transport distance = K >50000

@ times

Step 3: Calculate CO, avoidance cost

CO, avoidance cost
= fINaOH price, Na,SiO; solution price, ..., Admixture transport distance)

b

-

Frequency
distribution

CO, avoidance cost

Fig. 1 Monte Carlo simulation

Notes:

1) The prices presented in Chinese Yuan (CNY) are converted into US Dollar (USD) at the 2022
rate (1 USD = 6.9 CNY).

2) P-O 42.5 cement, classified using the Chinese standard GB 175-2007 [54] and almost equal to
CEM II/A 42.5N cement in the European standard EN 197-1 [55], is considered in this study. P-O
means ordinary Portland cement that contains 80%-95% of clinker and 5%-20% of other materials
such as slag or fly ash by mass; The number 42.5 means the strength class.

3) Different Na;SiO3 solutions with different solid content and moduli are used in the literature. L-
330-37 NazSiOs solution with Na;O content >8.2% and SiO> content >26%, classified using the

Chinese standard GB/T 4209-2022 [56], is common in the China market, so it is considered the
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standard Na,Si03 solution in this study. Based on our survey of four Na,SiO3 solutions in the market,
the average Na>O and SiO; content are 8.55% and 26.87%. The costs and CO emissions of other
types of NaxSiO3 solutions can be obtained by adding or deducting NaOH or water in the standard
Na;Si0; solution. Please refer to Section 2.5 for the conversion details.

4) Based on our survey, only in Northwest China can the fly ash price be as low as 1.449~4.348
USD/t (10~30 CNY/t) due to the high production and low utilization of fly ash. In Southeastern
China, the fly ash price exceeds 21.7 USD/t (150 CNY/t), and almost all fly ash is used to produce
cement and concrete.

5) The CO; emission factor of NaOH varies with the electricity sources and production technologies
[50].

6) The transportation distances of NaOH, Na>Si0O3 solution, fly ash, cement and admixture are set
at 50~300 km considering these raw materials are locally available [52]. The transportation distance
of aggregate is fixed at 50 km. Setting the aggregate transportation distance to any distance does not
affect the final result because the aggregate content in FAGC and CC is set to be equal in the
calculation.

7) The CO; emission factor of coal electricity in China is 0.838 kgCO2/kWh, which is used to
calculate the CO2 emission factor of fly ash, while 0.55 kgCO2/kWh is the average CO2 emission
factor of electricity covering coal electricity, hydropower, etc. It is used to calculate the CO»

emission from electricity use.

2.4 FAGC mixtures collection

A total of 486 FAGC mixtures from 75 previously published studies are collected [57-131]. The
details of each mixture include the mass of each component, heat-curing temperature, heat-curing
time, total curing time, mass fraction and density of NaOH solution, Na,O content, SiO, content
and density of Na>Si0; solution, compressive strength and tested specimen type. They all meet the
following criteria:

1) Only fly ash is used as a precursor, only NaOH and Na»SiO3 are used alone or in combination as
activators, and only natural aggregates are used.

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

reported completely.
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3) The mass fraction or molar concentration of NaOH solution and the solid content and modulus
of Na>Si03 solution are reported.

4) The 28th-day compressive strength or the early compressive strength after heat-curing and the
type of specimen for the compressive strength test are reported.

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

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

2.5 FAGC mixture normalization and standardization

2.5.1 FAGC mixture normalization

The collected FAGC mixtures require normalization to 1 m>. First, for each mixture, the original
volume Vjpiginq: is calculated based on the mass of each component and the air content of 3%, as

shown in Eq. (10).

Voriginat = (2f=1 Mi originai/ pi)/ (1 — Air content) (10)
where

M; originar 1s the mass of the ith raw material, kg;

p; is the density of the ith raw material, kg/m?; The density of aggregate, fly ash and water are
assumed to be 2600 kg/m?, 2000 kg/m? and 1000 kg/m?*; The density of NaOH solution and Na,SiO3
solution are determined by the solid content;

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

Then, the normalized mass of the ith raw material M; ;,0rmaiizea 1S calculated as shown in Eq. (11).

— 3
Mi,normalized - Mi,original/Voriginal X 1m (11)

2.5.2 Equivalent alkali-activated solution using standard Na2SiO3 solution

Na>Si03 solutions with various solid content and moduli are used in the literature. The costs and
CO» emissions of these Na>SiO3 solutions also vary. A standard Na,SiO3 solution with a Na,O
content of 8.55% and SiO> content of 26.87% is considered in this study. We can use the standard
NaxSiOs; solution to obtain an equivalent alkali-activated solution with the same Na,O, SiO> and

H>O content as the alkali-activated solution used in the literature by adding or deducting NaOH and
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water. The equivalent alkali-activated solution is used to calculate the cost and CO> emissions from

materials production.

For each mixture, the Na;O, SiO2 and H2O content in the alkali-activated solution can be obtained

by Egs. (12-14).

MNa,0 = MNaoHsotution X NaOH% X 62/80 + Mya,sio,sotution X Naz0% (12)
Msio, = Mya,siossotution X Si02% (13)
My, 0 = MyaoHsotution T MNa,siossotution + Mextrawater — Mna,0 — Msio, (14)
where

Mya,0, Msio,, My,o are the Na;O, SiO2 and H2O content in the alkali-activated solution;
MyaoHsotution 1S the mass of NaOH solution;

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

My a,sio;s0tution 1S the mass of Na,SiOs solution;

Na,0% and Si0,% are the Na,O and SiO> content in Na;SiO3 solution;
Mgytrawater 1S the mass of extra water that some studies add in the alkali-activated solution besides

NaOH and Na»Si0s3 solutions.

Then, the equivalent alkali-activated solution using standard Na;Si0Os solution can be obtained by

Egs. (15-17).

Mg _Na,siossotution = Msio,/0.2687 (15)
Mg _Naonsotia = (Mna,0 — 0.0855 X Mg_na_sio,sotution )/ 62 X 80 (16)
Mg _yater = Mnaousotution T MNa,siossotution — ME-Na,Siossotution — ME—NaoHsolid (17)

where Mg _na,siossotution > ME-NaoHsotia» a0 Mg_yyqter are the standard NaSiOs solution,

NaOH solid and extra water content in the equivalent alkali-activated solution.
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2.5.3 Equivalent compressive strength of standard specimen

Different specimen types are used for the compressive strength test in the literature. For the same
mixture, compressive strength results vary with the specimen types. The 150 mm cubes are
considered the standard specimens in this study. The compressive strength of other specimens is
converted to the equivalent compressive strength of the standard specimen. The conversion factors
are shown in Table 2 [18,123,133]. For example, for C60 concrete, according to Table 2, we can
multiply the 100x200mm cylinder compressive strength by the specific conversion factor 1.129 to
obtain the 150 mm cube compressive strength. Some literature uses 76x152mm cylinders whose

compressive strength is considered equal to that of 100x200mm cylinders [134,135].

Table 2 Conversion factors of compressive strength

Strength (MPa) 100mm cube 100x200mm cylinder 150x300mm cylinder

20~50 1.214 1.25
50~60 1.17 1.205
60~70 0.95 1.129 1.163
70~80 1.11 1.143

>80 1.091 1.124

2.6 Equivalent CC mixture

To provide a meaningful comparison between FAGC and CC, they should have the same
compressive strength and binder paste volume [18,32]. We can use FAGC’s compressive strength
and paste volume and CC'’s strength equation based on the water to binder ratio (w/b) to calculate

the equivalent CC mixture.

First, Eq. (18), an empirical equation proposed by Chinese standard JGJ 55-2011 “Specification for
mix proportion design of ordinary concrete” is used to calculate w/b in the equivalent CC mixture
[33].

w/b =0.53 X f, /(f. + 0.106 X f3,) (18)
where f;, is the binder strength which is assumed to be 36.975 MPa according to JGJ 55-2011 when
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replacing 30% P.O 42.5 cement with fly ash; f. is the target 28-day compressive strength.

Eq. (18) is derived from the classical Bolomy equation, as shown in Eq. (19). The key parameters
are obtained through data fitting by Chinese standard JGJ 55-2011. We validate the equation and
assumptions for key parameters using the data collected from the literature [136-141], as shown in

Fig. 2.

Bolomy equation: f, = K (Wi/b — a) - w/b=K/(f, + Ka) (19)
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=
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=
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w/b = 0.53 x f,/(f + 0.106 X f3)
f» = 36.975 MPa

Compressive strength, f, (MPa)

=

0.4 0.6 0.8
Water to binder ratio, w/b

o
o

Fig. 2 Validation of mix design equation of CC

Then, the cement dosage Mcement—cc» fly ash dosage Mgy asn—cc and water dosage My grer—cc

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

M _ _ .

HCement=CC | TPyAsh-CC 4 FWater—CC 4 Ajr content = Viyqste (20)
Pcement PFlyAsh Pwater

My ash—ce/ (Mcemene—cc + Mriyash—cc) = 0.3 (21)

MWater—CC/(MCement—CC + MFlyAsh—CC) = W/b (22)

Where Pcements PFiyash> Pwater are the density of cement, fly ash and water which are assumed
to be 3000 kg/m?, 2000 kg/m? and 1000 kg/m?;
Air content is assumed to be 1% for CC;

Vyaste» calculated by Eq. (23), is the paste volume of FAGC and CC.
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Mriyasn MpNaoHsolution Mpa,siogsotution MExtrawater
Vpaste = + + + + 3% (23)
PFlyAsh PNaOHsolution PNa,SiOzsolution Pwater

Finally, if My, qrer—cc is less than 200 kg/m?, the superplasticizer needs to be added at 1% of the

binder content (MCement—CC + MFlyAsh—CC)~

2.7 Illustrative example: Mixture 1

Fig. 3 shows the distribution of CO2 emissions and costs of Mixture 1 and the equivalent CC mixture
in 50000 Monte Carlo runs. The representative values are the medians Eragcs00, Eccso00%s
Costrage 0%, and Costec 500, which are 139.55 kgCO2/m?, 279.52 kgCO2/m?, 61.31 USD/m?, and
53.9 USD/m’.
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Fig. 3 Distribution of CO: emissions and costs of Mixture 1 and the equivalent CC mixture in

50000 Monte Carlo runs



366  The CO: emissions reduction R¢o, of FAGC is calculated using Eq. (24). Fig. 4 shows the
367  distribution of CO; emissions reduction of Mixture 1 in 50000 Monte Carlo runs. Compared to
368  equivalent CC, Mixture 1 can reduce carbon emissions by at least 43.15%. Rcg, 509, is 50.06%.

369  Rco, = (Ecc — Eracc)/Ecc (24)
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371
372 Fig. 4 Distribution of CO:2 emissions reduction of Mixture 1 in 50000 Monte Carlo runs

373
374  Fig. 5 shows the distribution of CO; avoidance cost C¢o, of Mixture 1 in 50000 Monte Carlo runs.

375  There is only a small probability of C¢o,<0. Cco, 500 18 52.91 USD/tCO, which is lower than the

376  cost of capturing CO; from cement plants (55 USD/tCOs,).
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378 Fig. 5 Distribution of CO:2 avoidance cost of Mixture 1 in 50000 Monte Carlo runs
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Eracc,s0%> Eccsoms COStragesomns COStecsoms Reo,soms and Ceo, 509 Of the 486 mixtures are

used as the representative values in the following analysis.

3. Results and discussion

3.1 Costs and CO2 emissions of FAGC and equivalent CC

Fig. 6 compares the costs and CO» emissions of FAGC and equivalent CC. The results are presented
as a function of compressive strength. Similar results on CO> emissions have been shown by
Shobeiri et al. [18], so the costs are the focus of this work. Although FAGC is lower in CO>
emissions than CC in most cases, FAGC is more expensive than CC. We noticed that in some cases,
the cost of FAGC can be close to or even lower than CC. Identifying the features of low-cost FAGC

is worth studying.
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Fig. 6 Costs and CO: emissions of FAGC and equivalent CC (Each data point is the median

of the Monte Carlo results)

The cost and CO2 emissions of CC increase with the compressive strength. However, the
relationship is not observed in FAGC. For CC, the cost and CO> emissions mainly depend on the
cement dosage, and the high strength needs a high cement dosage, so the high strength is associated
with the high cost and CO; emissions [142]. For FAGC, the cost and CO» emissions mainly depend

on the activator (Na;O and SiO: in the alkali-activated solution) dosage, as shown in Fig. 7. However,
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a high activator dosage is not associated with high strength. For a given fly ash, a high activator
dosage usually leads to high strength [123,143]. However, fly ash is only a by-product rather than a
well-designed industrial product like cement. The fly ash from different sources varies considerably
in physicochemical characteristics [144-146]. To achieve sufficient strength, some fly ash only
requires a small amount of alkali activator, while others require a large amount of alkali activator.
Fly ash suitable for alkali activation is often considered to have the following characteristics: high
amorphous content, suitable amorphous Si/Al ratio, and high specific surface area [144-146]. A
direct and easy method to evaluate fly ash is trial, i.e., creating some experimental groups by varying

the activator dosage and then testing the compressive strength [123].
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Fig. 7 Relationships between costs and CO:2 emissions of FAGC and activator dosage

3.2 CO: avoidance cost of FAGC and activator index

Two benchmarks to evaluate the cost of FAGC are CC and capturing CO> from cement plants,
respectively. FAGC with a lower cost than CC is recommended use, but it is still acceptable that the
cost of FAGC is higher than CC but lower than capturing CO> from cement plants. C¢o, 509 <0
means a more than 50% probability of the cost of FAGC being lower than CC. C¢o, 509 < 55
USD/tCO; means a more than 50% probability of the cost of FAGC being lower than capturing CO>
from cement plants. Only 107 of 486 FAGC mixtures are more economical than capturing CO> from

cement plants, 7 of which have negative CO: avoidance costs.
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The cost and CO» emissions of CC increase with the compressive strength. However, those of FAGC
are independent of compressive strength. They increase with the activator dosage. Therefore, the
low CO; avoidance cost C¢o, of FAGC, a result of low cost and COz emissions of FAGC and high
cost and CO> emissions of equivalent CC, is associated with low activator dosage and high
compressive strength. To quantify the relationship, this study proposes the activator index (4i), the
activator dosage (kg-m>) necessary to deliver 1 MPa of compressive strength. The Cco,,50%

decreases with the decrease in A4i, as shown in Fig. 8a.

The cost index (Ci), calculated using Eq. (25), is proposed to better present the relationship between
Cco, and Ai. The number 100 is introduced to compensate for the negative value of Ccp, so that
logarithmic operations can be performed. Ci <0 equals to Ccp,s509 < 0. Ci <1 equals to

Cco,,50% < 55 USD/tCO». Fig. 8b shows the linear relationship between Ci and 4i, but R2<0.9

shows the correlation is not strong enough.

Ci = logy55((Cco, + 100)/100) (25)
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Fig. 8 Relationship between CO:2 avoidance cost of FAGC and activator index (A4i)

A corrected activator index Ai, calculated using Eq. (26), is proposed. We noticed that the paste
volume also affects the CO> avoidance cost Cp, besides the activator dosage and compressive
strength. The high paste volume for FAGC means more fly ash, while for CC, it means more cement.

Cement is much more cost- and emission-intensive than fly ash, so FAGC with a higher paste
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volume is easier to acquire a low Ccp,. Meanwhile, a concrete mixture with a paste volume of 35%
is recommended, which is well considered to perform well in workability, strength and durability

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

0.35m?3

volume correction factor o = .
Vpaste

Ai = a Activator dosage/f, (26)

Fig. 8c shows the strong linear correlation between Ci and Ai. According to the fitted linear equation,
Ai <1.09 kg'm>/MPa and 4i < 0.625 kg-m>/MPa correspond to the CO, avoidance cost of FAGC
lower than 55 USD/tCO; and 0. The 4i value can be used to evaluate the economic feasibility of a
FAGC mixture. The CO; avoidance cost decreases as the Ai value decreases. The critical Ai value
is 1.09 kg'm 3/MPa. This 4i-based criterion can be extended to geopolymer concrete using other
precursors, as NaOH and Na>Si10; are mainly used as activators. However, it can be foreseen that
the critical 4i value for geopolymer concrete using other precursors is smaller than 1.09, as the

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

Ai <1.09 kg'-m3/MPa and 4i < 0.625 kg-m>/MPa also correspond to 51.83% and 59.85% emission
reductions of FAGC compared with blended cement concrete, as shown in Fig. 9. Note that blended

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

[32].
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Fig. 9 Relationship between CO: emission reduction of FAGC and activator index (A4i)
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3.3 Relationship between activator dosage and compressive strength

In our previous study [123], we proposed a mix design equation of FAGC, Eq. (27), which describes
the relationship between activator dosage and compressive strength and is in accordance with the
data in many studies [123,127,128,143,149-151], as shown in Fig. 10. In many studies, the activator
dosage is characterized by Na>O dosage (the mass ratio of Na,O in the alkali-activated solution to
fly ash) and activator modulus (the mass ratio of SiO> to NayO in the alkali-activated solution). As
shown in Fig. 10, the compressive strength of FAGC increases with the Na,O dosage but then
decreases when the Na,O dosage exceeds a threshold f (around 15%) [149-157]. Note that fly ash
is only a by-product rather than a well-designed industrial product like cement. The fly ash from
different sources varies considerably in physicochemical characteristics. Therefore, f varies with
each fly ash. Similarly, the compressive strength of FAGC increases with the activator modulus but
then decreases beyond a threshold o (around 1.0) [149-156]. And « varies with each fly ash. Overall,
within the appropriate range (Na;O dosage < f and activator modulus < a), the strength increases
with the activator (NaxO+Si0;) dosage. Also, the strength decreases with the water content.
Drawing on the concept of water/cement ratio in CC, we proposed Eq. (27) [123]. Note that the

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

fo=—a—H20 4 27)

Mna,0tMsio,

Pre-experiments before mix design, creating some experimental groups by varying the Na,O dosage,
activator modulus, and water content, and then testing the respective compressive strength, can
indicate the upper limit of Na,O dosage and activator modulus f and a, and the coefficients @ and b
in Eq. (27). After determining the water content for target workability, the activator (Na2O+SiO2)
dosage can be determined by Eq. (27). Then, according to the upper limit of the activator modulus,
the Na2O dosage and SiO2 dosage can be determined. Finally, according to the upper limit of Na>O

dosage, fly ash dosage can be determined.
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499 3.4 Application of activator index to aid mix design

500  Only GC mixtures with lower CO; avoidance costs will be considered for use by the industry. This
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paper provides a standard for the swift identification of such GC mixtures. Based on the activator
index (4i), geopolymer mixtures can be classified into two categories: the economically acceptable
(4i<1.09), having a lower CO, avoidance cost than capturing CO; from cement plants, and the

economically unacceptable (4i>1.09) with a higher CO; avoidance cost.

This approach can assist in mix design for achieving the desired strength with high emissions
reduction and low cost. Illustratively, two types of fly ash, denoted as Fly ash A (from Luan et al.
[123]) and Fly ash B (from Junaid et al. [143]), are considered. Egs. (28) and (29) represent mix
design equations for Fly ash A and Fly ash B, respectively. Upon fixing the water content at 110
kg/m® to achieve the target slump, Egs. (28) and (29) transform into Egs. (30) and (31). And Egs.
(30) and (31) are plotted in Fig. 11. The line of A4i=1.09 divides Fig. 11 into two regions:
economically acceptable (blue region) and economically unacceptable (red region). Only GC
mixtures using Fly ash A with strengths exceeding 36 MPa fall within the blue region, signifying
lower CO» avoidance costs and, consequently, a recommendation for use. Conversely, all GC
mixtures using Fly ash B have Ai values higher than 1.09, indicating higher CO; avoidance costs
than capturing CO> from cement plants. Thus, their usage is not recommended, despite achieving

adequate strength.

Fly ash A: f, = —39.422 x ——H20 | 14593 (28)
Na,01tMsio,

Fly ashB: f, = —27.277 x —#2° 1 97168 (29)
Na,01tMsio,

Flyash A: f, = —39.422 x —— = 4+ 145.93 (30)
Na,01tMsio,

FlyashB: f. = —27.277 X —— 1 92.168 (31)
Na,01tMsio,
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Fig. 11 Activator index (A4i)-aided mix design

4. Conclusions

This study presents the first analysis of the CO> avoidance cost of geopolymer concrete (GC) to
show its economic feasibility. The CO, avoidance cost refers to the cost incurred to reduce one
metric ton (t) of CO; emissions. For GC, it can be determined by comparing its cost and CO>
emissions with those of blended cement (30% SCMs and 70% OPC) concrete. A total of 486 FAGC
mixtures are analyzed in the context of locally-available materials in China. Monte Carlo simulation

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

Given that both capturing CO: from cement plants and replacing cement with geopolymer are viable
methods for significantly reducing CO; emissions, this study compares the CO; avoidance cost of
GC with that of capturing CO; from cement plants to identify the most cost-effective
decarbonization technology. The results show that 107 of 486 FAGC mixtures are more cost-
effective than capturing CO: from cement plants, which has been evaluated to have a CO2 avoidance
cost of 55 USD/tCOz in China's demonstration project. Additionally, seven of these mixtures yield
negative CO> avoidance costs. Capturing CO> has always been criticized for being too expensive.
These findings suggest that geopolymers may be more expensive than capturing CO2, highlighting

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

The results also show that the low CO; avoidance cost of FAGC is associated with low activator
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dosage and high compressive strength. To quantify this relationship, this study proposes the
activator index (A4i), the activator dosage (kg-m™>) necessary to achieve 1 MPa of compressive
strength. The result shows a strong correlation between CO» avoidance cost and Ai. Specifically, 4i
< 1.09 kg-m>/MPa and 4i < 0.625 kg-m>/MPa correspond to the CO avoidance cost of FAGC
lower than 55 USD/tCO; and 0. These two Ai values also correspond to 51.83% and 59.85%
emission reductions of FAGC compared with blended cement concrete. This Ai-based criterion can
be extended to geopolymer concrete using other precursors, as NaOH and Na,SiO3 are the primary
activators. It helps identify optimal geopolymer concrete that effectively reduces CO> emissions at

the lowest possible cost, thereby promoting its commercial application.

5. Future research

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

- The corrosion behavior of steel bars in FAGC remains uncertain, limiting the application of FAGC
in reinforced concrete. A comprehensive study on the corrosion behavior of steel bars in FAGC is
imperative. Exploring the combination of FAGC and fiber-reinforced polymer (FRP) bars could
offer another solution. In addition, not all concrete is used for reinforced concrete. For other forms
of concrete, the excellent chemical and fire resistance of FAGC is beneficial.

- FAGC develops its strength slowly at ambient temperatures and requires slightly elevated
temperatures to accelerate its strength development. While this restricts in-situ construction, the
application of FAGC in precast components remains viable. Also, the literature suggests that
introducing a small amount of calcium by adding slag or cement to FAGC can accelerate the strength

development of FAGC at ambient temperatures.

The significant challenge comes from non-technical fields. This paper raises the cost issue of FAGC.
Limited cost-effective FAGC mixtures are viable for industrial use. Future research lines include,
but are not limited to:

- Developing activators with lower CO; emissions and cost than sodium hydroxide or sodium
silicate, but with similarly desirable strength development. A potentially feasible idea is using

Portland cement to partially replace sodium hydroxide or sodium silicate as the activator. Many
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studies reported that adding a small amount of Portland cement can greatly increase the strength of
FAGC, especially when cured at ambient temperature [77,94,95,158,159]. Also, a fact is that the
emission factor and unit price of Portland cement are lower than sodium hydroxide or sodium
silicate, although the CO; emissions of CC is higher than GC. Using cement to partially replace
sodium hydroxide or sodium silicate has the potential to lower CO, emissions and cost while
maintaining strength. An in-depth exploration of the performances, mechanisms, CO2 emissions,
and costs associated with the hybrid binder of geopolymer and Portland cement is warranted.

- Developing appropriate water-reducing admixtures for GC to curtail water demand, subsequently
reducing activator content and effectively mitigating CO> emissions and costs. For CC, adding
water-reducing admixtures reduces water demand while maintaining the required flowability. The
resulting decrease in concrete porosity reduces the cement content required to achieve the target
strength, effectively reducing CO> emissions and cost [160]. Unfortunately, the current water-
reducing admixtures for CC are not suitable for GC [6].

- Investigating additional sustainability factors for GC beyond CO> emissions. For example, the
production of CC worldwide contributes approximately 7.8% of NOx, 4.8% of SOx, 5.2% of PM 10,
and 6.4% of PM2.5 [161]. However, there is a lack of study on such air pollutant emissions of GC.
Air pollutant emissions cause health damage. Future studies should evaluate the air pollutant

emissions of GC.
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