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[bookmark: _Ref187861251]Table S 1 Overview of review articles (2017–2024) on the use of MSWI bottom ash as a supplementary cementitious material.
	[bookmark: _Hlk160460720]Year
	References
	Contributions
	Focus

	2017
	(Verbinnen et al., 2017)
	Covered case studies on the use of MSWI bottom ash as a cement replacement, with a focus on treatment methods to address chemical challenges limiting its effectiveness as an SCM.
	Treatment techniques

	2018
	(Aneeta M Joseph et al., 2018)
	Reviewed the application of MSWI bottom ash in Belgium as an SCM, with an emphasis on its compositional properties and methods for enhancing quality.
	Compositions
Treatment techniques

	2019
	(Silva et al., 2019)
	Gathered findings on the leaching behavior of mixtures using MSWI bottom ash as SCM, and reviewed methods to reduce hazardous component leaching.
	Treatment techniques
Performances of bottom ash-blended cementitious materials
(leaching behavior)

	2020
	(Cho et al., 2020)
	Provided a summary of the compositional characteristics of MSWI bottom ash, as well as the fresh and mechanical properties of cementitious materials containing MSWI bottom ash.
Note: This review covers only a limited selection of publications.
	Compositions
Performances of bottom ash-blended cementitious materials 
(fresh and mechanical properties)

	2021
	(Kumar & Singh, 2021)
	Outlined treatments for enhancing the quality of MSWI bottom ash, focusing on reducing heavy metal leaching and improving strength and alkali-silica reaction (ASR) resistance of bottom ash-blended cementitious materials.
	Treatment techniques

	2022
	(Devahi et al., 2022)
	Summarized chemical and mineralogical composition data of MSWI bottom ash. 
Note: This review covers only a limited selection of publications.
	Compositions

	
	(Lu et al., 2017)
	Compiled chemical composition data of MSWI bottom ash and introduced specific pre-treatment methods applied to bottom ash for improving the strength of blended cementitious materials.
	Compositions
Treatment techniques

	
	(D. Chen et al., 2022)
	Focused on the chemical composition of MSWI bottom ash, underscoring the need for pre-treatment.
	Compositions

	2023
	(Snellings et al., 2023)
	Provided an overview of treatment methods for MSWI bottom ash, including dry milling (followed by sieving) and wet curing of dry milled ashes (at elevated temperature or in an alkaline solution).
	Treatment techniques

	
	(B. Chen et al., 2023)
	Conducted analysis on the compositional variety of MSWI bottom ash produced in different countries and discussed reactivity and pre-treatment techniques of MSWI bottom ash.
	Compositions
Reactivity
Treatment techniques





[bookmark: _Ref187861336]Table S 2 Summary of studies on the use of MSWI bottom ash as a supplementary cementitious material, including material characteristics, processing methods, mix designs, curing conditions, specimen sizes, and compressive strength.
	[bookmark: _Hlk160450112]Origin
	Particle size of collected MSWI bottom ash (μm) and industrial-scale treatment
	Laboratory-scale treatments and remaining metallic aluminum (Al) content (wt.%)
	
	SiO2
	CaO
	Al2O3
	
	Binder
	Water to binder ratio
	Mix ratio
	Curing conditions
	Dimensions of tested specimen (mm)
	Compressive strength at maximum ash dosage (MPa)
	References

	
	
	
	
	wt.% from XRF
	
	MSWI bottom ash (Max. wt.%)
	Other binders
	
	
	
	
	
	

	Belgium
	< 250
(as - received: fresh 0 -2 mm, 2 - 6 mm, 6 - 15 mm)

	Ball milled + water treated+ dried (105 °C)

	
	32.1 - 56.6
	14.47 - 22.70
	7.77-10.4
	
	25
	Portland cement (CEM I
52.5 N)
	0.5
	1:3 (M)
	N
	40 × 40 × 160 
	28d: decreased compared with reference mortar
	(Aneeta Mary Joseph et al., 2020)

	Belgium
	< 142
D50 = 10
(as - received: 2 - 6 mm)
	Ball milled + sieved
Metallic Al: 0.19 
	
	43.9
	18.4
	10.2
	
	25
	Portland cement (CEM I
52.5R)
	0.48 (OPC concrete)
0.46 (BA blended concrete)
(superplasticizer)
	C
	20 ± 2 °C, 95 ± 5 % RH
	150 × 150 × 150 
	2d and 7d: close to reference concrete
28d and 91d: higher than reference concrete
	(Alderete et al., 2021)

	Canada
	Average: 9.3
	Milled
Metallic Al: 0.06
	
	28.64
	22.91
	14.18
	
	20
	Portland cement
	Paste (pressurized compact molding): 0.15
Concrete (dry cast): 0.35
	P
C
	100% RH
	Cylindrical paste: 15 (diameter) × 30 (height)
Concrete: 100 × 76 × 31
	Paste: 76.5190d
(88.3 % of reference OPC)
Concrete: 32.0290d
(18.4 % higher than reference OPC concrete)
	(Zhang et al., 2021)

	China (Mainland)
	< 45
	Ball milled
	
	59.59
	7.58
	18.61
	
	50
	Portland cement (PII 52.5)
	N
	M
	20 ± 1 °C, > 95 % RH
	40 × 40 × 160
	10.13d, 29.228d
(decreased 54.7 % and 44.5 % compared with OPC mortar)
	(Li et al., 2012)

	China (Mainland)
	< 150
Average: 30
	Ball milled, Alkali treated + water washed
Metallic Al: 0
	
	25.89
	32.47
	6.47
	
	20
	Portland cement
	0.484
(superplasticizer)
	1:2.75 (M)
	Lime water immersion
	50 × 50 × 50 
	90d: close to reference mortar
	(Liu et al., 2018)

	China (Mainland)
	< 154
Average: around 10
	Milled
	
	53.8
	14.30
	8.7
	
	50
	Portland cement
Class 42.5
	N
	P
	20 ± 2 °C, > 90 ± 5 % RH
	40 × 40 × 160 
	28d: dramatic decrease compared with reference paste
	(Yang, Ji, et al., 2018)

	China (Mainland)
	< 180
	Ball milled
	
	48.41
	14.78
	11.99
	
	30
	Portland cement Class 42.5
	0.5
	1:3 (M)
0.5:1.86:3.78 (C)
	20 ± 2 °C, > 95 % RH
	40 × 40 × 160
	24.428d
(decreased compared with reference mortar)
	(Cheng et al., 2019)

	China (Mainland)
	D50 = 10-40
(as-received: 5 - 10 mm)
	Ball milled
	
	51.18
	15.47
	7.6
	
	20
	Portland cement
	0.484
	1:2.75 (M)
	Ambient (23 °C)
	40 × 40 × 40
	28d: decreased 10 - 20 % compared with OPC mortar
90d: close to OPC mortar
	(Pei Tang et al., 2020)

	China (Mainland)
	D50 = 10
	Ball milled
	
	53.76
	14.25
	8.73
	
	30
	Portland cement
Class 42.5
	0.5
	1:3 (M)
	20 ± 2 °C, saturated lime water
	40 × 40 × 160
	28d: around 40
	(Yang, Tian, et al., 2018)

	China (Mainland) 
	D50 = 26.4 - 83.6
	Milling
(CaCO3 was milled together with MSWI bottom ash at a mass ratio ranging of 0, 0.1, 0.2, and 0.3))
	
	52.99
	19.93
	10.51
	
	29
	Portland cement 
Class 42.5
	0.3
	P
	20 ± 2 °C, 98 % RH
	40 × 40 × 160
	28d: 29.05 - 55.84
(Paste samples were dried for 24h at ambient temperature before testing)
	(Gong et al., 2022)

	[bookmark: _Hlk73739875]Italy
	[bookmark: _Hlk68343700]D50 = 3
	Microsphere milled (wet ground, solid/water ratio of 1:1)
	
	53.41
	13.25
	10.29
	
	30
	Portland cement (CEM I 52.5 R)
	0.5
(superplasticizer)
	C
	95 % RH
	100 × 100 × 100
	64.528d
(1.6 % higher than OPC concrete)
90d and 180d: higher than OPC concrete
	(Bertolini et al., 2004)

	Italy
	D50 = 3.5
	wet ground (solid content in the slurry: 44 %)
	
	61.9
	15.9
	6.4
	
	30
	Portland cement 
	0.43
(superplasticizer)
	C
	20 °C, moist curing
	100 × 100 × 100
	87180d
(around 20 % higher than OPC concrete)
	(Carsana et al., 2016)

	Then Netherlands
	< 63
(as - received: < 2 mm)
	Ball milled + thermally treated (550 °C, 750 °C)
Metallic Al: < 0.2
	
	35.98
	19.34
	9
	
	30
	Portland cement (CEM I 52.5 R)
	0.7
	1:3 (M)
	Water immersion
	40 × 40 × 160
	5128d
(15 % reduction compared to reference mortar)
	(P Tang et al., 2016)

	The Netherlands
	D50 = 39
(as - received material: < 3 mm)
	Milled
	
	50.7
	12.9
	9
	
	5
	Portland cement (CEM I 52.5 R and CEM I 42.5 N)
	0.5
	1:3 (M)
	N
	40 × 40 × 160
	28d: decreased 7-11 % compared with reference mortar
	(Loginova et al., 2021)

	The Netherlands
	D50 = 24
	Dry grinding + sieving+ water treatment (room temperature, 14 days, water to bottom ash ratio 0.4). The water treatment is included in the sample preparation process
	
	52.91
	13.44
	10.18
	
	25
	Portland cement (CEM I 52.5 R)
	0.4
	P
	20  C, 99% RH
	20 × 20 × 20
	90d: decreased 15 % compared with plain cement paste
	(B. Chen & Ye, 2024)

	The Netherlands
	< 63 (after treatment)
	Ball milling+ sieving (metallic Al content: 0.13 wt.%) 
	
	39.28
	22.39
	10.48
	
	30
	Portland cement (CEM I 52.5 N)
	0.5
	1:3 (M)
	20 ± 1 °C, 95 % RH
	40 × 40 × 160
	28d: decreased by 35.6% with 30% treated MSWI bottom ash.
	(Sun et al., 2024)

	Portugal
	Average: 39
	N
	
	51.84
	22.99
	4.1
	
	40
	Portland cement (CEM I 42.5 R) and coal fly ash
	0.72
(water reducer)
	C
	20 ± 2 °C, 50 ± 5 % RH
	150 × 150 × 150 
	Decreased compared with reference concrete
	(Simões et al., 2021)

	[bookmark: _Hlk74835261]Slovenia
	< 90
(as - received: 1 to 200 mm)
	Ball milled
	
	24
	39
	14.8
	
	40
	Portland cement (CEM I 42.5 R)
	0.5
	1:3 (M)
	22 ± 2  C, 100% RH
	40 × 40 × 160
	28d: decreased compared with OPC mortar
	(Jurič et al., 2006)

	Taiwan
	< 75
	Thermal treated (1400 °C, vitrification) + Ball milled
	
	25.6
	26.1
	6.33
	
	40
	Portland cement (type I)
	0.38
	P
	25 °C, > 98 % RH
	Rectangular
	217d, 3828d, 5090d
(decreased 42 %, 19 %, and 10 %, respectively, compared with OPC)
	(Lin & Lin, 2006)

	Taiwan
	< 75
	Thermal treated (1400 °C, vitrification) + Ball milled
	
	25.6
	26.1
	6.3
	
	40
	Portland cement (type I)
	0.38
	P
	25 °C, > 98 % RH
	50 × 50 × 50
	From 1d till 90d: 10 to 42 % decline compared with OPC
	(Lin et al., 2008)

	Taiwan
	D90 < 21
(as - received 5 - 10 mm)
	Water washed + acid washed + thermally treated (1100 °C) + ball milled
	
	38.14 (raw)
86.46 (treated)
	43.27 (raw)
6.14 (treated)
	0.19
	
	15 vol.% (volume percentage)
	15 vol.% rice husk ash (treated at 550, 700, 900 °C) +
70 vol. % Portland cement (type I)
	0.21
(superplasticizer)
	P
	25  ± 2 °C, water
	50 × 50 × 50
	28d: 35.92-42.11
(decreased by 25.6 % to 12.8 %)
	(Lo et al., 2020)

	Thailand
	< 45
D50 = 5.15
	Ball milled
	
	15.8
	38.1
	0.9
	
	40
	Portland cement
	0.484
(superplasticizer)
	1:2.75 (M)
	Saturated limewater
	50 × 50 × 50
	29.37d
35.728d
	(Wongsa et al., 2017)

	US
	< 90
(as - received: < 50 mm)
	Ball milled
Metallic Al: 0.03 %
	
	N
	N
	
	
	30
	Portland cement (type I)
	> 0.5
	P
	21 ± 1 °C, 
70 ± 3 % RH
	Cylinder: 
100 (diameter) × 50 (height)
	15.128d
(decreased 46.6 % compared with OPC)
	(Kim et al., 2016)



N: no information
D50: Mean particle size, RH: Relative humidity, P: Paste, M: Mortar (cement: sand), C: Concrete (cement: sand: aggregate), d: day



[bookmark: _Ref187861483]Table S 3 Compressive strength and calculated Ash Impact Strength Index (AISI) for cement samples with and without MSWI bottom ash.
	References
	28-day Compressive strength of reference sample (MPa)
	28-day Compressive strength of sample prepared using MSWI bottom ash as supplementary cementitious material (MPa)
	28-day Ash Impact Strength Index (AISI)*
	90-day Compressive strength of reference sample (MPa)
	90-day Compressive strength of sample prepared using MSWI bottom ash as supplementary cementitious material (MPa)
	90-day Ash Impact Strength Index (AISI)*

	(Aneeta Mary Joseph et al., 2020)
	64
	40
	0.63
	-
	-
	-

	
	64
	43
	0.67
	69
	49.4
	0.72

	
	64
	31
	0.48
	-
	-
	-

	
	64
	41
	0.64
	-
	-
	-

	
	64
	52.5
	0.82
	-
	-
	-

	
	64
	43
	0.67
	69
	61
	0.88

	(Alderete et al., 2021)
	52
	40
	0.77
	58
	48
	0.83

	(Zhang et al., 2021)
	23
	28
	1.22
	27
	32
	1.19

	
	65
	62
	0.95
	89
	77
	0.87

	(Li et al., 2012)
	53
	46
	0.87
	-
	-
	-

	
	53
	43
	0.81
	-
	-
	-

	
	53
	39
	0.74
	-
	-
	-

	
	53
	29
	0.55
	-
	-
	-

	(Liu et al., 2018)
	46
	35
	0.76
	53
	52.8
	1.00

	(Yang, Ji, et al., 2018)
	64
	46
	0.72
	-
	-
	-

	
	64
	35
	0.55
	-
	-
	-

	
	64
	28
	0.44
	-
	-
	-

	
	64
	21
	0.33
	-
	-
	-

	
	64
	17
	0.27
	-
	-
	-

	(Cheng et al., 2019)
	40
	35
	0.88
	-
	-
	-

	
	32
	28
	0.88
	-
	-
	-

	
	43
	37
	0.86
	-
	-
	-

	
	32
	25.5
	0.80
	-
	-
	-

	
	43
	34
	0.79
	-
	-
	-

	
	32
	25
	0.78
	-
	-
	-

	
	40
	31
	0.78
	-
	-
	-

	
	43
	32.5
	0.76
	-
	-
	-

	
	32
	23
	0.72
	-
	-
	-

	
	40
	28
	0.70
	-
	-
	-

	
	43
	28
	0.65
	-
	-
	-

	
	32
	20
	0.63
	-
	-
	-

	
	40
	24.5
	0.61
	-
	-
	-

	
	43
	26
	0.60
	-
	-
	-

	
	40
	23.5
	0.59
	-
	-
	-

	
	57
	32
	0.56
	-
	-
	-

	
	57
	28
	0.49
	-
	-
	-

	
	57
	27
	0.47
	-
	-
	-

	
	57
	24
	0.42
	-
	-
	-

	
	57
	35
	0.61
	-
	-
	-

	(Pei Tang et al., 2020)
	-
	-
	0.87
	-
	-
	1.00

	
	-
	-
	0.78
	-
	-
	0.94

	(Yang, Tian, et al., 2018)
	63
	64.5
	1.02
	75
	85
	1.13

	(Bertolini et al., 2004)
	65
	70
	1.08
	71
	-
	-

	(Carsana et al., 2016)
	65
	68
	1.05
	71
	84
	1.18

	
	65
	62
	0.95
	71
	-
	-

	
	61
	42
	0.69
	-
	-
	-

	(P Tang et al., 2016)
	61
	37
	0.61
	-
	-
	-

	
	61
	51
	0.84
	-
	-
	-

	
	61
	39
	0.64
	-
	-
	-

	
	52
	49
	0.94
	58
	56
	0.97

	(Loginova et al., 2021)
	88
	78
	0.89
	97
	88
	0.91

	(B. Chen & Ye, 2024)
	88
	68
	0.77
	97
	82
	0.85

	
	88
	56
	0.64
	97
	71
	0.73

	
	88
	60
	0.68
	97
	-
	-

	
	88
	46
	0.52
	97
	-
	-

	
	88
	38
	0.43
	97
	-
	-

	(Sun et al., 2024)
	54
	45
	0.83
	-
	-
	-

	
	54
	35
	0.65
	-
	-
	-

	(Jurič et al., 2006)
	40.6
	43.4
	1.07
	-
	-
	-

	
	50
	52
	1.04
	-
	-
	-

	
	50
	52
	1.04
	-
	-
	-

	
	50
	50
	1.00
	-
	-
	-

	
	50
	47
	0.94
	-
	-
	-

	
	50
	47
	0.94
	-
	-
	-

	
	50
	40
	0.80
	-
	-
	-

	(Lin & Lin, 2006)
	50
	47.5
	0.95
	59
	58.5
	0.99

	
	50
	47.5
	0.95
	59
	58
	0.98

	
	50
	40
	0.80
	59
	53
	0.90

	(Wongsa et al., 2017)
	46.9
	47.7
	1.02
	-
	-
	-

	
	46.9
	35.7
	0.76
	-
	-
	-

	(Kim et al., 2016)
	28.3
	26.8
	0.95
	-
	-
	-

	
	28.3
	15.4
	0.54
	-
	-
	-

	
	28.3
	15.1
	0.53
	-
	-
	-


*AISI: Ash Impact Strength Index. This index quantifies the effect of using MSWI bottom ash as SCM on the compressive strength of cement paste, mortar, or concrete. It is calculated as the ratio of the compressive strength of cement samples containing bottom ash to those without bottom ash (the reference). The index is provided for two different curing periods: 28-day and 90-day. 


[bookmark: _Ref187861576]Table S 4 Acceptable metallic aluminum (Al) content in MSWI bottom ash for preparing blended cement pastes, mortars, and concrete, with additional information on the water-to-binder ratio, replacement level, and 28-day Ash Impact Strength Index
	[bookmark: _Hlk179661708]Applications
	
	Paste
	
	Mortar
	
	Concrete

	Acceptable metallic Al content (wt.%) in MSWI bottom ash 
	
	0.02
	0.13
	
	0
	<0.2
	
	0.06
	0.19

	Water to binder (w/b) ratio
	
	0.4
	0.5
	
	0.484
	0.7
	
	0.35
	0.46

	Replacement level of MSWI bottom ash (%)
	
	25
	25
	
	20
	30
	
	20
	25

	28-day Ash Impact Strength Index (AISI)
	
	0.77
	0.65
	
	0.76
	0.84
	
	1.22
	0.77

	Cement type
	
	CEM I 52.5R
	
	Portland cement
	CEM I 52.5R
	
	Portland cement
	CEM I 52.5R

	References
	
	(B. Chen & Ye, 2024)
	(B. Chen et al., 2024)
	
	(Liu et al., 2018)
	(P Tang et al., 2016)
	
	(Zhang et al., 2021)
	(Alderete et al., 2021)




[bookmark: _Ref187861657][bookmark: _Hlk185262606]Table S 5 Summary of upper limit thresholds in regulatory standards used to evaluate the toxicity of MSWI bottom ash-blended cement pastes, mortars, and concrete.
	Regions
	China (Mainland) 
	Taiwan
	USA 
	Singapore 
	The Netherlands 
	Slovenia
	Belgium
	Austria
	Denmark

	Standard
	GB5085.3-2007(Ministry of Ecology and Environment of the People’s Republic of China, 2007)
	EPA 2018 b (Ministry of Environment, 2018)
	CFR-261.24 (Federal U.S. Environmental Protection Agency, 2024)
	LEACH.STD (0399) (Singapore National Environment Agency, 1988)
	Soil Quality Decree, 2022 (Ministry of Infrastructure and Water Management, 2022)
	Decree on waste, 2022 (Republic of Slovenia, 2022)
	Vlarema 9, the Belgian Official Gazette (Vlaamse overheid, 2024)
	Recycling-Built Construction Ordinance (Republic of Austria, 2024)
	Statutory Order no. 1672/2016 (Kingdom of Denmark, 2016)

	Scope of application
	Solid waste
	Recycled aggregates
	Solid waste (except manufactured gas plant waste)
	Industrial wastes for landfill disposal
	Building materials
	For all waste, unless otherwise specified by a special regulation for an individual type of waste or an individual waste stream
	[bookmark: _Hlk180354122]Criteria for raw materials intended for use as building materials
	Parameters and limit values for aggregates for unbound as well as for hydraulically or bituminous applications
	Limit values and conditions of application of bottom ash gravel for backfilling and road construction purpose

	[bookmark: _Hlk161560694]Regulatory value
	Maximum Concentration （mg/L)
	Upper limit value 
	Upper limit value 
(mg/kg dry solid)
	Upper limit value 
(mg/kg dry solid)
	Upper limit value 
(mg/kg dry solid), class U-A
	Upper limit value 
(mg/kg dry solid), Category 3

	[bookmark: _Hlk161412443]
	
	Unshaped material
(mg/kg dry solid)
	Monolithic material
(mg/m2)
	In the area without protection regime according to the regulations of the waters
	
	Parameters and limit values for aggregates for unbound as well as for hydraulically or bituminous applications
	

	Antimony (Sb)
	-
	-
	-
	-
	0.32
	8.7
	-
	1
	
	

	Arsenic (As)
	5
	0.4
	5
	5
	0.9
	260
	0.1
	0.8
	
	0.10

	Barium (Ba)
	100
	10
	100
	100
	22
	15000
	20
	20
	
	8.0

	Cadmium (Cd)
	1
	0.8
	1
	1
	0.04
	3.8
	0.025
	0.03
	
	0.080

	Chromium (Cr)
	15
	4
	5
	5
	0.63
	120
	0.5 (total Cr), 0.1 Cr(VI)
	2.6
	0.6
	1.0

	Cobalt (Co)
	-
	-
	-
	-
	0.54
	60
	0.03 
	0.5
	
	

	Copper (Cu)
	100
	12
	-
	100
	0.9
	98
	0.5
	0.8
	1.0
	4.0

	Mercury (Hg)
	-
	0.016
	0.2
	0.2
	0.02
	1.4
	0.005
	0.02
	
	0.002

	Lead (Pb)
	5
	4
	5
	5
	2.3
	400
	0.5
	1.3
	
	0.20

	Molybdenum (Mo)
	-
	-
	-
	-
	1
	144
	0.5
	55
	
	

	Nickel (Ni)
	5
	-
	-
	5
	0.44
	81
	0.4
	0.75
	0.4
	0.14

	Selenium (Se)
	-
	0.8
	1
	1
	0.15
	4.8
	0.6
	2
	
	0.060

	Tin (Sn)
	-
	-
	-
	-
	0.4
	50
	-
	1
	
	

	Vanadium (V)
	-
	-
	-
	-
	1.8
	320
	-
	2.5
	
	

	Zinc (Zn)
	100
	-
	-
	100
	4.5
	800
	2
	2.8
	
	3.0

	Fluoride (F)
	-
	-
	-
	150
	55
	2500
	10
	55
	
	

	Chloride (Cl)
	-
	-
	-
	-
	616
	110000
	800
	1000
	800
	6000

	Sulfate (SO42−)
	-
	-
	-
	-
	2430
	165000
	2500
	2200
	2500
	8000

	Bromide (Br))
	-
	-
	-
	-
	
	670
	-
	20
	
	

	Iron (Fe)
	-
	-
	-
	100
	-
	-
	
	
	
	

	Silver (Ag)
	-
	-
	5
	5
	-
	-
	
	
	
	

	Cyanide (CN)
	-
	-
	-
	10
	-
	-
	
	
	
	

	Manganese (Mn)
	-
	-
	-
	50
	-
	-
	
	
	
	2.0
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