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Table S1. Geographic location for the material (cement, gravel, sand, etc.) collected and used to prepare different concrete mixtures
	Material 
	Location
	Latitude
	Longitude

	Sand
	El Salheya
	30.539748847336515
	31.67697478085796

	Aggregate
	El Galala
	29.656071045759248 
	32.22831975362354

	Cement
	El Katameya
	29.920872225860865
	31.537071674024432

	Superplasticizer
	El Oubour
	30.189009697863852 
	31.4531490575549
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Table S2. Description of midpoint indicators used in life cycle assessment (LCA) for determining the environmental impacts of implementing the different concrete mixtures (i) ordinary Portland cement (OPC) mixture and sludge disposal, representing 100% of OPC in concrete while transporting sludge to landfills (ii) raw sludge (RS) mixture, evaluating concrete with 5% RS as a partial cement replacement + 95% OPC, and (iii) thermally activated alum sludge (TAAS) mixture, denoting concrete with 15% TAAS as a partial cement replacement + 85% OPC
	Indicator
	Definition
	Reference

	Carcinogens
	Carcinogens are affected by the hazardous substances produced through raw mill process of cement production. Carcinogens are estimated in kg C₂H₃Cl eq.
	(Rosyid et al., 2020)

	Non-carcinogens
	Non-carcinogens are caused by substances emitted during fuel consumption and raw material, not causing cancer. Non-carcinogens are estimated in kg C₂H₃Cl eq.
	(Ige et al., 2022)

	Respiratory inorganics
	Respiratory inorganics caused by the emissions of particulate matter (PM) and its precursors (e.g., NOx, SOx, and NH3) emitted during cement production (i.e., extraction, transportation, and crushing). Respiratory inorganics are estimated in kg PM2.5 eq.
	(Acharya & Patro, 2023)

	Ionizing radiation
	The destruction in ionizing radiation is caused by damaging in cellular that may not survive or be modified to become cancerous. Ionizing radiation is estimated in Bq C-14 eq.
	(Little, 2003)

	Ozone layer depletion
	Destructing the ozone layer is caused by anthropogenic emissions of recalcitrant chemicals containing chlorine and/or bromine atoms associated with the fossil fuels usage in cement production. Ozone layer depletion is estimated in kg CFC-11 eq.
	(Çankaya & Pekey, 2019)

	Respiratory organics
	Respiratory organics provide a health risk to humans due to the emission of precursors and particulate matter. Respiratory organics are estimated in kg C₂H4 eq.
	(Acharya & Patro, 2023)

	Aquatic eco-toxicity
	Aquatic ecotoxicity is caused by fuel use and air emissions from the clinkering process. In addition, the electricity and consumables required to operate the cement plant affect aquatic ecotoxicity. Aquatic eco-toxicity is estimated in kg Triethylene Glycol (TEG) water.
	(Hong & Li, 2011)

	Terrestrial eco-toxicity
	Destructing in terrestrial ecotoxicity caused by substances (e.g., aluminum) in soil, the main component of sludge. Terrestrial ecotoxicity is estimated in kg TEG soil.
	(Hong & Li, 2011)

	Terrestrial acid/nutria
	The increase in terrestrial acid/nutria is caused by airborne inorganic material deposition and the emission of NH3, SO2, and NOx. Terrestrial acid/nutria is estimated in kg SO₂ eq.
	(Mirkarimi et al., 2021)

	Land occupation
	The damage in land occupation is caused by dumping sludge into landfills, further deteriorating the topsoil. Land occupation is estimated in m2 org·arable.
	(Taelman et al., 2016)

	Aquatic acidification
	The primary cause of aquatic acidification is CO2, further reducing the pH levels of the ocean. It can be estimated in kg SO₂ eq.
	(van Zelm et al., 2015)

	Aquatic eutrophication
	Aquatic eutrophication is a major problem with water quality, leading to the increase in algae growth. Aquatic eutrophication is estimated in kg PO₄ P-lim
	(Payen & Ledgard, 2017)

	Global warming
	The amount of CO2 generated in the concrete manufacturing processes, including the production and transportation of cement and supplementary cementitious materials. Global warming is estimated in kg CO2 eq.
	(Rashid et al., 2020)

	Non-renewable energy
	Non-renewable energy impact can increase due to the usage of fossil fuel, heat energy, and electricity consumption. It is measured in MJ primary.
	(Çankaya & Pekey, 2019)

	Mineral extraction
	Mineral extraction can cause resources depletion and soil erosion. It can be expressed in MJ surplus.
	(Yellishetty et al., 2012)






Table S3. Description of endpoint indicators used in LCA for determining the environmental impacts of implementing the different concrete mixtures (i) ordinary Portland cement (OPC) mixture and sludge disposal, representing 100% of OPC in concrete while transporting sludge to landfills (ii) raw sludge (RS) mixture, evaluating concrete with 5% RS as a partial cement replacement + 95% OPC, and (iii) thermally activated alum sludge (TAAS) mixture, denoting concrete with 15% TAAS as a partial cement replacement + 85% OPC
	Indicator
	Definition
	Reference

	Human health
	Human health category reflects the environmental impact on human health through different indicators (e.g., respiratory inorganics, carcinogens, and noncarcinogens). Its characteristics include the production of photochemical oxidants and air pollution. Human health is estimated in Disability-adjusted life years (DALY).
	(Ismaeel, 2018; Shi et al., 2022)

	Climate Change
	Climate change is expressed by global warming. It can be calculated by the amount of CO2 produced during cement manufacturing. Climate change is estimated in kg CO2 eq.
	(Vieira et al., 2016; Rashid et al., 2020)

	Ecosystem quality
	Ecosystem quality is the degree to which a particular area has been impacted by environmental load, in terms of land occupation and terrestrial ecotoxicity. Ecosystem quality can be estimated in PDF·m2·yr, with PDF as the potentially disappeared fraction of species
	(Van den Heede & De Belie, 2012)

	Resource
	Resource damage is evaluated by the economic loss resulting from the increase in marginal cost due to resource extraction. Resource is estimated in MJ.
	(Dong & Ng, 2014)




Table S4. Midpoint environmental impacts of OPC mixture and sludge landfilling (scenario_1), RS mixture (scenario_2), and TAAS mixture (scenario_3) with the reduction percentage compared to scenario_1
	Impact category
	Unit
	Scenario_1
	Scenario_2
	Scenario_3

	
	
	
	Value
	Reduction (%)
	Value
	Reduction (%)

	Carcinogens
	kg C₂H₃Cl eq
	414
	95.8
	76.86
	215
	48.07

	Non-carcinogens
	kg C₂H₃Cl eq
	395
	92.5
	76.58
	206
	47.85

	Respiratory inorganics
	kg PM2.5 eq
	15.2
	3.75
	75.33
	8.01
	47.30

	Ionizing radiation
	Bq C-14 eq
	230000
	55600
	75.83
	121000
	47.39

	Ozone layer depletion
	kg CFC-11 eq
	0.00105
	0.000362
	65.52
	0.00059
	43.81

	Respiratory organics
	kg C₂H₄ eq 
	5.23
	1.43
	72.66
	2.81
	46.27

	Aquatic eco-toxicity
	kg TEG water
	934000
	294000
	68.52
	512000
	45.18

	Terrestrial eco-toxicity
	kg TEG soil
	313000
	76700
	75.50
	164000
	47.60

	Terrestrial acid/nutria
	kg SO₂ eq
	287
	73.6
	74.36
	152
	47.04

	Land occupation
	m2 org.arable
	5890
	1360
	76.91
	3070
	47.88

	Aquatic acidification
	kg SO₂ eq
	54.5
	13.9
	74.50
	28.8
	47.16

	Aquatic eutrophication
	kg PO₄ P-lim
	0.31
	0.0742
	76.06
	0.162
	47.74

	Global warming
	kg CO₂ eq
	17000
	4160
	75.53
	8930
	47.47

	Non-renewable energy
	MJ primary
	168000
	42200
	74.88
	88700
	47.20

	Mineral extraction
	MJ surplus
	2320
	537
	76.85
	1210
	47.84




Table S5. Endpoint environmental impacts of OPC mixture and sludge landfilling (scenario_1), RS mixture (scenario_2), and TAAS mixture (scenario_3) with the reduction percentage compared to scenario_1
	Damage category
	Unit
	Scenario_1
	Scenario_2
	Scenario_3

	
	
	
	Value
	Reduction (%)
	Value
	Reduction (%)

	Resources
	MJ primary
	171000
	42700
	75.03
	89900
	47.43

	Climate Change
	kg CO2 eq
	17000
	4160
	75.53
	8930
	47.47

	Ecosystem quality
	PDF·m2·yr
	9240
	2180
	76.41
	4830
	47.73

	Human health
	DALY
	0.013
	0.00317
	75.62
	0.00682
	47.54






Table S6. Questionnaire sheet for finding the correlation between the application of sludge and biochar in concrete manufacturing and the filfillment of SDG#1 “End poverty”, SDG#7 “Access to sustainable energy”, SDG#11 “Sustainable cities”, and SDG#17 “Partnership for sustainable development”. The responses are analyzed to determine the sustainable development goals (SDGs) target indicator matrix
	Expert Profile
	Field / Question
	Response / Rating
	Notes/Comment

	
	Full Name (optional)
	…….
	…….

	
	Highest Academic Degree
	☐ BSc ☐ MSc ☐ PhD ☐ Other: _____
	…….

	
	Field of Expertise
	…….
	…….

	
	Years of Experience
	☐ <5 ☐ 5–10 ☐ 10–15 ☐ >15
	…….

	
	Current Affiliation
	…….
	…….

	SDG#1 “End poverty”
	Proportion of the cement workers living below the international poverty line
Response:..................................................................................

	
	Proportion of solid waste collectors covered by social protection systems
Response:..................................................................................

	
	Proportion of sludge managers living in households with access to basic services
Response:..................................................................................

	
	Proportion of total government spending on education, and health services for cement lab technician
Response:..................................................................................

	SDG#7 “Access to sustainable energy”
	Renewable energy share in the total final energy consumption in cement industry
Response:..................................................................................

	
	Energy intensity and effeciency for sludge dewatering
Response:..................................................................................

	
	Improving infrastructure for saving energy in concrete producing facilities
Response:..................................................................................

	
	Upgrade technology for enhancing energy effeciency in sludge pyrolysis
Response:..................................................................................

	SDG#11 “Sustainable cities”
	Proportion of urban population living near sludge dewatering units
Response:..................................................................................

	
	Proportion of population that has convenient access to public transport influenced by sludge transfer using trucks
Response:..................................................................................

	
	Does concrete manufacturing systems affect the cultural and natural heritage of the city
Response:..................................................................................

	
	Does concrete manufacturing systems affect the air quality parameters (e.g., PM2.5 and PM10) of the city
Response:..................................................................................

	
	Average share of the built-up area of cities that is open space for public use before and after the construction of cement industries
Response:..................................................................................

	
	Number of cities that adopt and implement disaster risk reduction strategies from sludge disposal into landfills
Response:..................................................................................

	SDG#17 “Partnership for sustainable development”
	International support to developing countries for enhancing concrete infrastructure
Response:..................................................................................

	
	Additional financial resources mobilized for developing countries from multiple sources to implement sludge management systems
Response:..................................................................................

	
	Debt service as a proportion of export of cement
Response:..................................................................................

	
	Describe development cooperation related to biochar production
Response:..................................................................................

	
	Transfer of environmentally sound technologies for concrete production to developing countries
Response:..................................................................................

	
	Increasing the ability of a company to produce concrete more efficiently, sustainably, and effectively (capacity building in concrete production)
Response:..................................................................................

	
	Does concrete production has significant macroeconomic impacts, acting as a major driver of economic activity and employment, especially within the construction industry
Response:..................................................................................



Table S7. Sustainable development goals (SDGs) target indicator matrix, showing correlation with endpoint environmental impacts
	SDG
	Human health
	Ecosystem quality
	Climate change
	Resources

	SDG 1
	0.142857143
	0.14
	0
	0.14285714

	SDG 3
	0.153846154
	0
	0
	0

	SDG 6
	0.25
	0.375
	0
	0.125

	SDG 7
	0
	0.2
	0
	0.2

	SDG 8
	0
	0.0833333
	0
	0

	SDG 9
	0.125
	0
	0
	0.375

	SDG 11
	0
	0.1
	0.1
	0.1

	SDG 12
	0.181818182
	0.0909091
	0.0909091
	0.09090909

	SDG 13
	0.2
	0
	0.4
	0

	SDG 15
	0
	0.0833333
	0
	0

	SDG 17
	0.052631579
	0.0526316
	0.0526316
	0.05263158




								Equation S1
where, N is the normalized value, and a, b, and c are the real indicator value for each alternative, enabling values to be compared on a common scale



Table S8. Normalized matrix for the endpoint LCA indicators, regarding OPC mixture and sludge landfilling (scenario_1), RS mixture (scenario_2), and TAAS mixture (scenario_3) with the reduction percentage compared to scenario_1
	Endpoint environmental impacts
	Scenario_1
	Scenario_2
	Scenario_3

	Human health
	0.1344
	0.7889
	0.5459

	Ecosystem quality
	0.1325
	0.7953
	0.5466

	Climate change
	0.1348
	0.7883
	0.5455

	Resources
	0.1357
	0.7842
	0.5456



Table S9. Sustainable development goals (SDGs)-alternative matrix, regarding OPC mixture and sludge landfilling (scenario_1), RS mixture (scenario_2), and TAAS mixture (scenario_3) with the reduction percentage compared to scenario_1
	SDG
	Scenario_1
	Scenario_2
	Scenario_3
	Dimension of sustainability

	SDG 1
	0.058
	0.338
	0.234
	Social

	SDG 3
	0.021
	0.121
	0.083985
	Social

	SDG 6
	0.100
	0.594
	0.409635
	Environment

	SDG 7
	0.054
	0.316
	0.218435
	Environment

	SDG 8
	0.011
	0.066
	0.045546
	Economic 

	SDG 9
	0.068
	0.393
	0.272847
	Economic 

	SDG 11
	0.040
	0.237
	0.163768
	Environment

	SDG 12
	0.061
	0.359
	0.248135
	Economic 

	SDG 13
	0.081
	0.473
	0.327382
	Environment

	SDG 15
	0.011
	0.066
	0.045546
	Environment

	SDG 17
	0.028
	0.166
	0.114925
	Social
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Figure S1. Methodological framework of linking life cycle assessment (LCA) indicators with sustainable developments goal (SDG) scores for best selection of sludge-based concrete scenarios

Sensitivity analysis for life cycle assessment (LCA)/sustainable development goals (SDGs) reliability
Sensitivity analysis was performed to evaluate the stability of scenarios' contribution to the pillars of sustainability. A total number of 30 simulations, i.e., ten for each scenario, were generated to determine the sensitivity of the proposed sustainable development goal (SDG) outputs toward varying the life cycle assessment (LCA) indicators. Fig. S1 shows the score on each sustainability pillar estimated by excluding one to two endpoint indicators followed by recalculating the contribution of each scenario to the sustainability pillars. The ranges of standard deviations were 0.2 – 0.8, 1.2 – 4.7, and 0.8 – 3.3 for scenarios 1, 2, and 3, respectively. Having a scenario's standard deviation below five was the main criterion used to maintain reliable sensitivity results, as previously reported (Heiba et al., 2023). These standard deviation values demonstrated the stability of the scenarios' contributions to the three sustainability pillars based on the chosen endpoint indicators. In addition, there is no change in the final decision, revealing that the RS mix scenario enjoyed the highest overall sustainability score. These observations demonstrate that RS concrete production could maintain a better sustainable industrial sector compared with concrete manufacturing by either ordinary Portland cement (OPC) or thermally activated alum sludge (TAAS). This finding was also supported by the results from LCA, where RS concrete had the least environmental impact (midpoint and endpoint categories). Accordingly, it’s suggested that the SDG framework could also be used to evaluate the implementation of RS in concrete production, giving a comparable assessment approach to the LCA technique.
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[bookmark: _Hlk192759389]Figure S2. Sensitivity analysis results showing the effect of removing one to two indicators on the proposed life cycle assessment (LCA)/sustainable development goal (SDG) model response
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