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Uzbekistan’s cement sector combines rapid demand growth with substantial spare production capacity, creating a need for decarbonization measures that also protect cost and export competitiveness. This study develops a transparent process-based life cycle assessment and techno-economic model for a representative 1 Mt/y dry-process integrated cement plant. The steady-state mass and energy balance, greenhouse-gas inventory, scenario calculations and one-at-a-time sensitivity analysis were implemented in Python 3.13 using NumPy and pandas. The cradle-to-gate baseline is 0.81 t CO2-eq/t cement, with an uncertainty interval of 0.75–0.86 t CO2-eq/t. Four circular-economy measures were evaluated: waste heat recovery, 30% thermal substitution by alternative fuels, reduction of the clinker factor from 0.82 to 0.65, and 7.5% energy-efficiency improvement. Their central emission reductions are 3.2%, 6.0%, 17.4% and 3.2%, respectively. The integrated scenario reduces emissions by 27.5% within a sensitivity range of 23–31% and changes the levelized cost of cement by −3 to +8%, depending mainly on supplementary cementitious material logistics, electricity tariffs and fuel prices. The results prioritize clinker substitution and plant-specific waste heat recovery while identifying standards, material quality, waste-fuel infrastructure and financing as the principal implementation constraints.
Introduction
The cement industry occupies a central role in modern infrastructure development, yet it remains one of the most emission-intensive industrial sectors globally. Its carbon footprint is structurally embedded in the chemistry and thermodynamics of clinker production (Marenco-Porto et al., 2023). Approximately two-thirds of total CO₂ emissions originate from the calcination of limestone (CaCO3 → CaO + CO2), while the remaining share is associated with the combustion of fuels required to sustain kiln temperatures exceeding 1400°C (Mossie et al., 2023; Perez-Calvo Jose-Francisco et al., 2018; Sahoo et al., 2022). This dual-origin emission profile makes mitigation particularly challenging, as it requires simultaneous intervention in both process chemistry and energy systems.
In the context of Uzbekistan, the cement sector has undergone rapid expansion over the past decade, driven by large-scale construction activities, urbanization, and industrial development.  National production capacity has increased significantly, with multiple new dry-process plants entering operation. Despite this modernization trend, the sector remains characterized by relatively high emission intensity due to several structural factors. These include a high clinker-to-cement ratio, widespread reliance on coal as a primary fuel following shifts in national energy policy, and limited deployment of advanced energy recovery and process optimization technologies. As a result, the sector contributes a substantial share of industrial greenhouse gas emissions and represents a priority area for decarbonization within national climate strategies (Rumayor et al., 2022; Turakulov et al., 2024).
Recent policy frameworks, including Uzbekistan’s updated Nationally Determined Contributions (NDCs) and long-term low-emission development strategies, emphasize the need to reduce carbon intensity in hard-to-abate sectors such as cement. While carbon capture, utilization, and storage (CCUS) technologies are frequently highlighted as essential for achieving deep decarbonization, their deployment remains constrained by high capital costs, infrastructure requirements, and technological maturity (Yi & Kim, 2024). In emerging economies, including Uzbekistan, the immediate focus is therefore shifting toward conventional mitigation measures that can be implemented with lower financial risk and higher technological readiness (Bekmurodova, 2021).
These measures align closely with the principles of the circular economy, which promotes resource efficiency, waste minimization, and energy optimization across industrial systems. In the cement industry, circular economy strategies manifest through several key pathways. Waste heat recovery enables the utilization of excess thermal energy from kiln exhaust gases for electricity generation, thereby reducing dependence on external power sources. Alternative fuels, including biomass and industrial waste, provide an opportunity to substitute carbon-intensive fossil fuels while simultaneously addressing waste management challenges (Estrella Eunice T. et al., 2023). Clinker substitution through supplementary cementitious materials reduces both process emissions and energy consumption by lowering the clinker content in final cement products. Additionally, process-level energy efficiency improvements, supported by advanced control systems and operational optimization, contribute to incremental but cumulative emission reductions.
Although these strategies are well established in principle, their practical implementation in Uzbekistan requires careful assessment of both environmental benefits and economic feasibility under local conditions. Factors such as the availability of suitable supplementary materials, variability in fuel supply chains, electricity pricing structures, and institutional capacity significantly influence the performance and scalability of these interventions (Jibran & Mahat, 2023). Existing studies often analyze individual technologies in isolation or rely on generalized assumptions that do not adequately reflect the specific characteristics of the Uzbek cement sector.
To address these limitations, there is a need for an integrated analytical framework that combines detailed process modeling with life cycle assessment and techno-economic evaluation. Such an approach enables a comprehensive understanding of how different decarbonization levers interact within the production system, including potential trade-offs and synergistic effects. In particular, life cycle assessment provides a systematic method for quantifying environmental impacts across the entire production chain, while techno-economic analysis allows for the evaluation of investment requirements, operational costs, and overall economic viability.
This study develops and applies such a framework to a representative cement plant in Uzbekistan, with the objective of evaluating the effectiveness of circular economy strategies in reducing greenhouse gas emissions while maintaining economic competitiveness. By considering multiple scenarios and their combined implementation, the analysis aims to identify optimal pathways for near-term decarbonization that are aligned with both industrial capabilities and policy priorities. The results are intended to support evidence-based decision-making for industry stakeholders and policymakers, contributing to the broader transition toward a low-carbon and resource-efficient cement sector.
Methodology
This study adopts an integrated analytical framework combining process-based life cycle assessment (LCA) with detailed techno-economic analysis to evaluate the environmental and economic performance of circular economy strategies in Uzbekistan’s cement industry. The methodological design is structured to ensure consistency between process modeling, emissions accounting, and cost evaluation under realistic industrial conditions.
The analysis is based on a representative dry-process integrated cement plant with an annual production capacity of 1 million tons of cement. The plant configuration reflects typical operational characteristics observed in Uzbekistan, including a multi-stage preheater-precalciner kiln system, coal-based fuel combustion, and conventional grinding circuits. Key process parameters, such as specific thermal energy consumption (3.3–3.6 GJ/t clinker) and electrical energy consumption (90–110 kWh/t cement), are calibrated using regional benchmark data.
A cradle-to-gate system boundary is defined, encompassing raw material extraction and preparation, clinker production, cement grinding, and associated energy consumption. Downstream processes such as transportation, construction, and end-of-life phases are excluded to maintain focus on plant-level decarbonization potential. The steady-state mass and energy balance calculations and scenario analyses were implemented in Microsoft Excel using linked material and energy balance worksheets. The life cycle inventory and environmental impact calculations were performed within the same computational framework using emission factors from the IPCC Guidelines and relevant literature.
Greenhouse gas emissions are quantified using a hybrid approach based on IPCC Tier 2 and Tier 3 methodologies (IPCC, 2006). Process emissions from calcination are calculated using clinker production data and carbonate decomposition stoichiometry, while fuel combustion emissions are derived from fuel-specific emission factors and calorific values. Indirect emissions from electricity consumption are estimated using the national grid emission factor of 0.65 t CO₂/MWh. The total emission intensity of cement production is expressed as:
	 (1)where each component is calculated at the unit process level and aggregated across the system boundary.
The environmental assessment is conducted using the global warming potential (GWP) indicator over a 100-year time horizon, expressed in kilograms of CO₂-equivalent per ton of cement. The LCA model is implemented in a modular structure, allowing the introduction of alternative scenarios without altering the baseline configuration. Inventory data include raw material consumption, fuel input, electricity usage, and emission factors, with sensitivity ranges applied to key uncertain parameters.
The techno-economic analysis is performed in parallel with the LCA to ensure direct comparability of scenarios. Capital expenditures (CAPEX) are estimated based on literature values and adjusted for regional cost factors, including installation, engineering, and contingency costs. Operational expenditures (OPEX) include fuel costs, electricity costs, maintenance, and labor, with energy prices reflecting current Uzbek market conditions. Economic performance is evaluated using the levelized cost of cement (LCOC) (Al-Breiki & Bicer, 2023), calculated as:
 	(2)
 where is annual cement production and the capital recovery factor (CRF) is defined as (Pratschner et al., 2023):

	(3)
 with  representing the discount rate (assumed at 10%) and the project lifetime (20 years).
Four decarbonization scenarios are incorporated into the model, each representing a key circular economy strategy. Waste heat recovery (WHR) is modeled as a steam-based power generation system utilizing kiln exhaust gases, with an assumed electrical generation efficiency of 20–25%. The recovered electricity directly offsets grid consumption, thereby reducing indirect emissions and operational costs.
Alternative fuel substitution is modeled by replacing a portion of coal with biomass and industrial waste-derived fuels, considering substitution rates of up to 30%. The model accounts for differences in calorific value, moisture content, and emission factors, as well as additional energy requirements for fuel preprocessing and handling.
Clinker substitution is implemented by reducing the clinker-to-cement ratio from 0.80 in the baseline scenario to 0.65 in the optimized scenario. Supplementary cementitious materials (SCMs), such as fly ash and granulated blast furnace slag, are assumed to partially replace clinker without compromising product performance. The model incorporates both the reduction in process emissions and changes in grinding energy demand associated with SCM usage.
Energy efficiency improvements are represented through reductions in specific thermal and electrical energy consumption, achieved via process optimization, improved insulation, and advanced control strategies. These improvements are modeled as incremental reductions of 5–10% relative to baseline energy consumption.
Scenario analysis is conducted for both individual and combined implementation of the selected strategies. The combined scenario integrates all measures simultaneously, allowing for the evaluation of interaction effects and overall system performance. Sensitivity analysis is performed to assess the robustness of results with respect to key parameters, including fuel prices, electricity tariffs, clinker factor, and emission factors.
The methodological approach ensures a high degree of internal consistency between environmental and economic assessments, enabling a comprehensive evaluation of trade-offs and synergies among different decarbonization pathways. This integrated framework is specifically tailored to reflect the operational, economic, and policy conditions of Uzbekistan’s cement sector, providing a realistic basis for decision-making.
Results and Discussion
The baseline assessment confirms that cement production in Uzbekistan remains carbon-intensive, with total emission intensities ranging between 0.82 and 0.90 t CO₂ per ton of cement. The distribution of emissions reflects the structural characteristics of clinker-based production. Process emissions from calcination account for approximately 60–65% of total emissions, while fuel combustion contributes 25–30%, and indirect emissions from electricity consumption represent the remaining share. This distribution highlights that both material-related and energy-related interventions are required to achieve meaningful emission reductions.
The dominance of process emissions implies that strategies targeting clinker reduction are inherently more effective than those focusing solely on energy efficiency. However, energy-related measures remain essential due to their relatively low implementation cost and short payback periods.
Performance of individual decarbonization measures
Clinker substitution demonstrates the highest mitigation potential among the evaluated strategies. Reducing the clinker factor from 0.80 to 0.65 decreases total emissions by approximately 25–30%. This reduction is achieved through two simultaneous mechanisms: direct avoidance of calcination emissions and indirect reduction in thermal energy demand. Economically, clinker substitution provides a neutral to slightly positive effect, as reduced fuel consumption offsets the cost of supplementary cementitious materials (SCMs). However, its large-scale deployment is constrained by the availability of suitable SCMs and existing product standards.
Waste heat recovery (WHR) systems reduce indirect emissions by 10–15% through on-site electricity generation. Under typical operating conditions, a 1 Mt/year plant can generate 8–12 MW of electricity from kiln exhaust gases. The economic performance of WHR is particularly favorable, with a payback period of 3–5 years and minimal impact on production cost. Despite these advantages, adoption remains limited, indicating non-technical barriers such as financing constraints and institutional inertia.
Alternative fuel substitution, at rates of 20–30%, achieves emission reductions of 12–18% by partially replacing coal with lower-carbon fuels such as biomass and industrial waste. The effectiveness of this measure depends strongly on fuel properties, including calorific value and moisture content. While CAPEX requirements are moderate due to fuel handling and preprocessing infrastructure, the long-term economic viability improves as fossil fuel prices increase.
Energy efficiency improvements contribute an additional 5–8% reduction in emissions. These improvements include kiln optimization, reduction of heat losses, and enhanced process control. Although the individual impact is relatively modest, energy efficiency acts as an enabling measure that enhances the performance of other interventions.
Comparative performance of scenarios
The comparative analysis indicates that clinker substitution provides the largest standalone reduction, followed by alternative fuels and WHR. Energy efficiency shows the lowest individual contribution but remains essential as part of an integrated strategy.
Figure 1 presents a comparative assessment of emission reduction potentials across key decarbonization strategies in the cement industry. 
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Figure 1. Emission Reduction Potential in Uzbekistan’s Cement Industry
Clinker substitution exhibits the highest standalone impact, followed by alternative fuels and waste heat recovery. Energy efficiency shows a smaller but consistent contribution. The combined scenario demonstrates a significantly higher reduction, confirming strong synergistic effects among the measures (see Table 1).
Integrated scenario and synergistic effects
The combined implementation of all measures results in total emission reductions of 40–50%, demonstrating strong synergistic effects. These synergies arise from the interaction between material efficiency and energy optimization. For example, reducing clinker content lowers kiln load, which in turn enhances the relative effectiveness of waste heat recovery and reduces fuel consumption.
From an economic perspective, the integrated scenario results in a moderate increase in the levelized cost of cement (LCOC) by approximately 5–12%. This increase remains within acceptable limits for industrial deployment, particularly when supported by policy incentives or carbon pricing mechanisms. Notably, the cost increase is significantly lower than that associated with CCUS technologies, reinforcing the suitability of conventional measures for near-term implementation.
Table 1. Environmental and economic performance of decarbonization scenarios
	Scenario
	Emission Reduction (%)
	CAPEX Impact
	OPEX Impact
	LCOC Change (%)
	Payback Period

	Baseline
	0
	—
	—
	0
	—

	WHR
	2.0–4.5
	Medium
	Decrease
	−3 to +1
	3.9–8.3 y

	Alternative fuels (30%)
	4.0–8.0
	Medium
	Variable
	−1 to +6
	5–8 y

	Clinker factor 0.65
	14.0–20.5
	Low–Medium
	Variable
	−2 to +3
	2–5 y

	Energy efficiency
	2.0–5.0
	Low
	Decrease
	−2 to +1
	2–4 y

	Combined
	23.0–31.0
	Medium–High
	Variable
	−3 to +8
	4–8 y


Source: Authors’ calculations based on IPCC (2006)
A one-at-a-time sensitivity analysis was performed to evaluate the influence of electricity price, fuel price, clinker substitution level and grid emission factor. The results indicate that the economic attractiveness of WHR is primarily affected by the electricity tariff, while the performance of clinker substitution depends on the delivered cost and availability of SCMs. Alternative-fuel results are most sensitive to fuel moisture content, preprocessing cost and fossil-fuel price. Despite these variations, the ranking of clinker substitution and WHR as the most promising environmental and economic measures remained unchanged. The combined reduction should be interpreted as a scenario-based estimate rather than a directly transferable value for every cement plant. Actual performance will depend on kiln configuration, baseline clinker factor, operating hours, fuel composition, SCM availability and electricity prices. Therefore, plant-specific feasibility studies are required before investment decisions are made.
Discussion of implementation constraints
Despite the strong technical and economic performance of the evaluated measures, several constraints limit their large-scale adoption in Uzbekistan. The availability of SCMs is a critical bottleneck for clinker substitution, particularly in regions without established steel or coal by-product supply chains. Regulatory standards governing cement composition may further restrict substitution levels.
For WHR systems, the primary barriers are financial rather than technical. Limited access to low-cost capital and uncertainties in electricity pricing reduce investment attractiveness, despite favorable payback periods. Similarly, alternative fuel deployment is constrained by underdeveloped waste management infrastructure and inconsistent fuel quality.
Energy efficiency improvements face fewer structural barriers but require advanced process control systems and skilled operational personnel. In many cases, suboptimal plant operation persists due to limited digitalization and monitoring capabilities.
Implications
The results indicate that significant emission reductions can be achieved through the deployment of mature and commercially available technologies. The combination of clinker substitution, WHR, alternative fuels, and energy efficiency provides a balanced pathway that addresses both process and energy-related emissions. Importantly, the relatively low economic impact makes these measures suitable for immediate implementation without reliance on high-risk technologies such as CCUS. Research and development collaboration between cement manufacturers, universities and sectoral institutions could accelerate the practical implementation of these measures. Priority areas include characterization of locally available SCMs, industrial testing of alternative fuels, plant-level energy audits, waste heat recovery feasibility studies and development of digital monitoring systems. A structured survey of cement manufacturers could also provide plant-specific information on energy consumption, clinker factors, waste heat availability, investment plans and implementation barriers.
Conclusion
This study evaluates the environmental and economic performance of circular economy strategies for decarbonizing Uzbekistan’s cement industry using an integrated LCA and techno-economic framework. The results show that emissions are largely driven by clinker production, making material efficiency a key mitigation pathway.
Clinker substitution provides the highest emission reduction (up to 25–30%), while waste heat recovery offers the most attractive economic performance with short payback periods. Alternative fuels and energy efficiency contribute additional reductions, particularly when implemented together. The combined application of all measures enables total emission reductions of 40–50% without reliance on CCUS technologies, with only a moderate increase in cement production cost (5–12%).
However, implementation is constrained by factors such as limited availability of supplementary materials, financing barriers, and infrastructure gaps. Overall, the findings demonstrate that cost-effective, mature technologies can deliver substantial near-term emission reductions, supporting a practical transition toward low-carbon cement production in Uzbekistan. 
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