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Table 1 Solid waste substitution scenario

Process description

The carbide slag is first dewatered mechanically (reducing the moisture content to

35%-40%), and then dried in a coal-drying unit until the moisture content is
below 15%. This dried slag then replaces some of the limestone and is co-ground

with the other raw materials prior to clinker burning.

The slag is ball-milled and alkali activators, in the form of Ca(OH). and anhydrous

Na>SOs, are added to enhance reactivity. The pretreated slag then replaces some of

the limestone in the clinker raw meal

Coal gangue is used without pre-treatment, being blended directly into the raw mix

and co-ground with the other materials for clinker production

Dry fly ash is used directly as a raw material in the production of clinker and is

co-ground with the other raw materials

Sludge (~80% moisture) is pre-dried by hot gases from the precalciner

Scenario Waste type Substituted material ~Mass fraction
1 Carbide slag Limestone 52%
2 Manganese slag Limestone 17%
3 Coal gangue Sandstone; coal 9%
4 Fly ash Clay; sandstone 4%
5 Sewage sludge Clay 20%

(860-900 C) to ~35% moisture; the dried sludge is then used as a raw material

for clinker production
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Fig. 1 Multidimensional assessment system boundary
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Table 2 Multidimensional assessment indicator system

First-level indicator

Second-level indicator

ACFP, Change in carbon emissions from raw material production
Comprehensive Carbon Emissions ACFP,, Change in carbon emissions from transportation
ACEP Indicator ACFP, Change in carbon emissions from production
ACFP, Change in carbon emissions from avoided conventional disposal
AFFP Change in fossil resource consumption
ARIS Comprehensive Resource Indicator
ASOP Change in mineral resource consumption
APMFP Change in particulate matter formation
AHOFP Change in photochemical ozone formation — human health
Comprehensive Environmental AEOFP Change in photochemical ozone formation — ecosystems
AEIS Indicator ATAP Change in terrestrial acidification
AHTPc Change in human toxicity(cancer)
AHTPnc Change in human toxicity (non-cancer)
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Table 3 Cement clinker production data for each scenario

Process Unit Baseline Sl S2 S3 S4 S5

Limestone kg/t 1280 512 1040 1210 1220 1214

Sandstone kg/t 71 44 37 21 29
Iron ore kg/t 42 35 34 33
Clay kg/t 56 115 49 137 108
Carbide slag kg/t 769
Other slag kg/t 38 80
Manganese slag  kg/t 230
Ca(OH): kg/t 0.94
Na2SOs4 kg/t 0.63
Coal gangue kg/t 117
Fly ash kg/t 78.9
Sewage sludge  kg/t 330
Bauxite kg/t 34

Transportation tkm/t 159 207 216 130 144 154
Coal kg/t 126 143 120 103 122 131
Electricity ~kW-h/t 408 397 550 395 380 392
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(b) Assessment of second-level carbon emission indicators
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Fig. 2 Assessment results of carbon emission indicators
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Fig. 3 Assessment results of resource indicators
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Table 4 Weight setting for each scenario

No. Scheme ACFP  ARIS  AEIS
1 Equal weights 0.33 0.33 0.33
2 Carbon-resource dual priority 0.45 0.45 0.10
3 Carbon-environmental dual priority 0.45 0.10 0.45
4 Resource—environmental dual priority (.10 0.45 0.45
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Extend Abstract

Introduction The introduction of carbon peaking and carbon neutrality targets has made a green, low-carbon transition the
prevailing trend in the cement manufacturing industry. Solid-waste valorisation, which involves substituting natural minerals and
fossil fuels with suitable solid waste, can effectively reduce emissions from carbonate decomposition and fuel combustion. It is
therefore regarded as a key technological pathway for achieving the carbon reduction goals. The existing studies on single dimensions
such as energy or material saving, or carbon mitigation in clinker production using solid waste are relatively well-developed.
However, valorisation can generate both environmental benefits and drawbacks, there is a clear need for a comprehensive assessment
framework based on multiple indicators that can capture trade-offs across impact categories, rather than drawing conclusions from a
single metric.

Methods A multidimensional assessment framework was developed based on standard product carbon footprint and life-cycle
assessment models. This framework could comprise three primary indicators, i.e., carbon, resources and environment and twelve
secondary indicators, enabling the structured and transparent evaluation of benefits as well as potential burden shifting. A consistent
system boundary was defined to cover the entire clinker production value chain, including solid waste inputs, raw material production,
waste pre-treatment, transportation, clinker production and credits for avoiding conventional disposal methods (landfilling or
incineration). Within this boundary, five substitution scenarios involving the use of solid waste were constructed and benchmarked
against a mineral-only baseline, i.e., carbide slag (S1), manganese slag (S2), coal gangue (S3), fly ash (S4) and sewage sludge (S5).
We then systematically quantified the potential benefits and burdens of solid waste utilisation in terms of carbon emissions, resource
consumption and environmental impacts. This could provide a decision-relevant evidence to support the cement industry’s transition
to a low-carbon economy.

Results and discussion In terms of carbon emissions, all scenarios achieve net reductions, albeit with significant variation in
magnitude. Scenario 1 demonstrates the most significant mitigation, reducing emissions by 35.2%, compared to the baseline, resulting
in a total reduction of 351.3 kg COzeq. By contrast, Scenario 2 involves pre-treatment requiring additional Ca(OH)2 and anhydrous
Na2SOs, which increases raw-material production emissions by 9.8 kg CO-eq relative to the baseline. Scenario 5 results in an increase
of 4% in fuel-combustion emissions due to the high moisture content of the waste, leading to the weakest overall mitigation with a net
reduction of only 38.9 kg CO.eq. Overall, these results indicate that although carbon benefits are generally achievable across different
types of waste, their magnitude depends on waste composition and the intensity of the pre-treatment. In terms of resources, overall
consumption decreases across all scenarios, but there is a trade-off between “material savin” and “energy saving”. Scenario 1 achieves
the greatest overall saving of resources, with a reduction of 19.4% relative to the baseline. This is primarily due to its high substitution
rate and avoidance of waste landfilling. However, its energy-intensive pre-treatment increases fossil resource consumption by 27.2%,
offsetting the net energy benefit. Scenario 3 exhibits the most pronounced energy-saving effect, reducing fossil resource consumption
by 18.9% via substituting approximately 20% of coal with coal gangue. However, although the substitution rate in Scenario 5 is 20%,
a need to add bauxite to satisfy mineralogical requirements offset some of its material-saving potential. These findings highlight that
the outcomes of resource use depend on substitution ratios and on the additional inputs required to meet clinker quality constraints. In
terms of the environmental impact, the avoided disposal process has a significant effect on the results. When this process is included
in the assessment, Scenario 1 demonstrates the most significant reduction in overall environmental impact at 84.7%, compared to the
baseline. This is primarily due to the prevention of heavy metal emissions (i.e., Cd, Se and As) linked to landfill. Scenario 2 shows a
similar pattern, but improvements in human toxicity indicators are limited because mercury (Hg) emissions associated with producing
anhydrous sodium sulphate (i.e., anhydrous Na2SO4) offset part of the benefits. If avoided disposal is excluded, Scenario 3 exhibits
the optimum overall environmental performance. In the comprehensive evaluation, Scenario 1 consistently ranks first under equal
weighting and across all three dual-priority schemes, establishing itself as a core pathway with optimal overall benefits. Scenario 3 is
suitable as a priority enhancement option under both “carbon emissions—resource priority” and “resource—environment priority”
orientations. Scenario 2 can serve as an alternative under the objective of “carbon emissions—environment priority”.

Conclusions The five solid waste valorisation scenarios for clinker production had different advantages and constraints with regard
to carbon mitigation, material conservation and environmental improvement. Scenario 1 delivered the optimum overall performance,
but its high energy demand and associated pollutant emissions during pre-treatment could be limiting factors. Scenario 2 achieved
considerable carbon reduction and environmental benefits, but it was limited by heavy metal emissions and energy consumption
during pre-treatment. Scenario 3 could be characterised as “low risk, steady benefit”, offering significant savings in fossil energy
without apparent adverse environmental impact. Scenario 4 yielded the modest gains across the board without any negative effects,
making it suitable for routine implementation. Scenario 5 showed the greatest advantage in terms of photochemical smog control, but
it had the weakest overall performance. To advance the valorisation of solid waste in the cement sector, we could recommend
optimising the pre-treatment of high-substitution waste (i.e., carbide and manganese slag) to reduce energy use and air pollutant
emissions arising from energy-intensive steps. Large-scale substitution could be encouraged for wastes with a substantial valorisation
potential (such as carbide and manganese slag) to further enhance integrated environmental benefits.

Keywords solid-waste alternative raw materials; low-carbon cement clinker; multidimensional assessment; life-cycle



