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 A B S T R A C T

Recycled belite cement clinker (RC-BCC) can partially replace conventional Portland cement to produce low-
carbon concrete. We determine the optimal design of a low-carbon concrete production plant and analyze 
its demand response potential through process scheduling under time-varying electricity prices. To this end, 
we formulate and optimize an integrated design and scheduling model, combining different technologies for 
rotary kiln heating, carbon capture and utilization (CCU), and fuel switching. Compared to concrete production 
from 100% Portland cement, the global warming impact (GWI) is reduced by 27−65% at a 50% RC-BCC 
replacement level, depending on the kiln heating technology, fuel type, and carbon intensity of the electricity 
mix, highlighting the strong mitigation potential of material substitution and CCU. Across the investigated 
temporal aggregations of electricity price time series data, flexible operation reduces electricity costs by 
2.2−2.8% for the electrically-heated rotary kiln and by 13.4−18.2% for the oxyfuel-fired rotary kiln with 
biomass. The corresponding load shifting amounts to 3.7−5.3% and 25.0−30.6%, respectively. However, the 
total annualized cost (TAC) remains similar to the non-flexible process due to the additional capital investment 
requirements. The results show that RC-BCC is a promising technology for greenhouse gas (GHG) reduction 
and material circularity in cement production.
1. Introduction

Concrete is the most widely consumed man-made material glob-
ally (Griffiths et al., 2023). Concrete is made from a mix of cement, 
water, and fine and coarse aggregates. Cement is the key binder ma-
terial in concrete and represents approximately 10%–15% of the total 
concrete mass (Griffiths et al., 2023). Among different cement types, 
Portland cement has been the most widely used (Barbhuiya et al., 
2024). However, the production of its main component Portland ce-
ment clinker (PCC) significantly contributes to CO2 emissions, with 
more than 60% attributed to limestone calcination (Schorcht et al., 
2013).

Efforts to decarbonize cement production have increasingly focused 
on material and process innovations, including the use of alternative 
binders or raw materials, the use of alternative fuels, carbon capture, 
utilization, and storage (CCUS) technologies and process electrifica-
tion (Marmier, 2023; Griffiths et al., 2023). On the material side, 
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substituting PCC for concrete production can be a helpful measure to 
reduce CO2 emissions (Ishak and Hashim, 2015). Belite-rich clinkers 
are an alternative with a belite content between 40%–90% (Inter-
national Energy Agency (IEA), 2018). These clinkers are produced 
at lower temperatures, approximately 1250 to 1350◦C (Sabbah and 
Zhutovsky, 2022; Tan et al., 2020), and as low as 1000◦C in recent 
innovations (Hunsinger et al., 2014), compared to 1450◦C for PCC. 
This reduction in temperature decreases both energy demand and fossil 
fuel-related emissions (Gartner and Sui, 2018; International Energy 
Agency (IEA), 2018). Furthermore, integrating secondary or recycled 
raw materials, such as cellular concrete waste (Schoon et al., 2013) or 
post-demolition autoclaved aerated concrete (pd-AAC) powder (Steins 
et al., 2022), not only reduces CO2 emissions, but also reduces the 
consumption of virgin materials and avoids landfill disposal.

Replacing traditional fuels such as hard coal or petcoke with low-
carbon alternatives, and implementing carbon capture technologies can 
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significantly reduce direct CO2 emissions. Fuels like natural gas and 
hydrogen have demonstrated their applicability in the cement industry, 
showing the potential to decrease emissions related to process heat 
supply (Juangsa et al., 2022; El-Emam and Gabriel, 2021; Nhuchhen 
et al., 2021). Carbon capture, utilization, and storage (CCUS) tech-
nologies have been studied for their implementation in conventional 
cement production (Hills et al., 2016; Plaza et al., 2020; Voldsund et al., 
2019; Gardarsdottir et al., 2019; ECRA, 2009; International Energy 
Agency (IEA), 2018; Juangsa et al., 2022). These technologies address 
emissions from both limestone calcination and fossil fuel combustion. 
Captured CO2 can be used as feedstock in mineral carbonation to 
enhance sustainability and contribute to circular economy (Barbhuiya 
et al., 2024). Mineral carbonation offers permanent CO2 storage by 
converting emissions into stable solid mineralized carbonates (Baena-
Moreno et al., 2019; Barbhuiya et al., 2024; Bremen et al., 2022). In 
addition, mineral carbonation products have been proposed as supple-
mentary cementitious materials in blended cements, enabling reduc-
tions in the carbon footprint of cement production while maintaining 
economic competitiveness (Bremen et al., 2022).

Process electrification in cement and concrete production, such as 
the electrification of heat supply (Quevedo Parra and Romano, 2023) 
or calciner electrification (Varnier et al., 2025; Quevedo Parra and 
Romano, 2023), is considered a relevant decarbonization strategy, pro-
vided that electricity is produced from renewable energy sources (RES). 
However, the increasing penetration of RES into electricity grids leads 
to stronger fluctuations in electricity generation, resulting in stronger 
electricity price fluctuations. In this context, demand response (DR) is 
a promising approach for industrial processes to adjust their electricity 
consumption in response to time-varying electricity prices. The benefits 
and limitations of DR in industrial processes have been widely dis-
cussed in the literature (see, e.g., Paulus and Borggrefe (2011), Zhang 
and Grossmann (2016), Mitsos et al. (2018), Schäfer et al. (2020) and 
Siddiquee et al. (2021)). In addition, the economic potential of DR, 
particularly in terms of electricity cost savings, has been evaluated in 
several energy-intensive sectors, including copper (Röben et al., 2022; 
Germscheid et al., 2023), cement (Golmohamadi, 2022; Mossie et al., 
2025), iron and steel (Castro et al., 2013), and pulp and paper (Helin 
et al., 2017).

Following these process and material innovations, a novel recycled 
belite cement clinker (RC-BCC) has been recently developed. This belite 
clinker is produced using construction wastes, e.g., pd-AAC or concrete 
waste fines, as a secondary raw material, aiming to reduce CO2 emis-
sions and energy consumption, while mitigating the impact of natural 
resource exploitation (Stemmermann et al., 2022, 2024). RC-BCC is 
produced at a lower kiln temperature (approx. 1000◦C), compared to 
PCC, and the rotary kiln can be powered either with fossil fuels or elec-
tricity. The RC-BCC technology is at a technology readiness level (TRL) 
between 4 and 5, i.e., in the stage of basic validation (Stemmermann 
et al., 2024), with a pilot plant facility operating at Karlsruhe Institute 
of Technology (KIT) to test and optimize the process, and gather data 
for future scaling.

Despite the potential of RC-BCC and related innovations, practical 
implementation of this technology presents challenges. In contrast to 
PCC production, which typically relies on homogeneous and well-
characterized natural raw materials, the quality and homogeneity of 
RC-BCC may vary when secondary raw materials (SRMs) with variable 
composition are used (Stemmermann et al., 2024). Furthermore, as of 
today, RC-BCC can only partially substitute Portland cement in con-
crete applications. For instance, Stemmermann et al. (2022) reported 
substitution levels of up to 50% at the laboratory scale and 25% at the 
industrial scale in autoclaved aerated concrete (AAC) production. In 
practice, substitution ratios are often defined by the client specifications 
and compliance with technical standards.

In summary, RC-BCC is a promising technology that is able to (i) 
reduce process CO2 emissions, (ii) partially substitute Portland cement 
in concrete production, (iii) utilize recycled materials, and (iv) enable 
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process electrification. However, the optimal design and operation 
of RC-BCC production systems, particularly under variable electricity 
prices and raw material compositions have yet to be investigated.

In this study, we formulate an optimization framework for the 
simultaneous design and operation of a low-carbon concrete produc-
tion plant based on RC-BCC. The model follows a superstructure-
based approach, similar to our previous work on Ordinary Portland 
cement production (Ojeda-Paredes et al., 2025), and includes various 
alternative technologies for kiln heating (electric or oxyfuel), heat 
supply (market-sourced or on-site produced hydrogen, biomass, natural 
gas), carbon capture via oxyfuel combustion, and mineral carbonation 
(gaseous or aqueous). The optimization model considers both design 
decisions (e.g., technology selection and sizing) and time-dependent 
operational decisions (e.g., mass flows, operation modes), enabling the 
system to adapt to time-varying electricity prices and raw material 
inputs. The model is implemented in our open-source energy system 
optimization framework COMANDO (Langiu et al., 2021) and formu-
lated and solved as a bi-objective mixed-integer linear program (MILP) 
to identify trade-offs between total annualized cost and global warming 
impact.

The remainder of this article is organized as follows: Section 2 
describes the process technologies considered in the superstructure, 
and the relevant assumptions and parameters. Section 3 presents the 
mathematical formulation and solution strategy. Section 4 presents 
the results and discusses the trade-offs. Finally, Section 5 provides 
concluding remarks.

2. System description

This section provides a detailed description of the technologies, 
assumptions, and parameters considered in the superstructure for the 
production of RC-BCC based concrete. The superstructure (see Fig.  1) 
includes five main process blocks: (i) recycled belite cement clinker 
production (Section 2.1) and the heating technologies for the rotary 
kiln (Section 2.2), (ii) carbon capture (Section 2.3), (iii) carbon capture 
and utilization (Section 2.4), (iv) concrete production (Section 2.5), and 
(v) energy supply (Section 2.6). Storage units, commodity prices and 
CO2 certificates costs, and emission factors are discussed in Sections 
2.7, 2.8 and 2.9, respectively.

2.1. Recycled belite cement clinker production

The production of recycled belite cement clinker (RC-BCC) involves 
a series of unit operations, and various raw materials and energy 
sources. The production process and assumptions presented here are 
based on the experimental and modeling work by Stemmermann et al. 
(2022, 2024).

The first task is the pre-treatment of waste concrete, which is 
crushed to obtain coarse and fine fractions. The coarse fraction (par-
ticles > 4 mm) may be stored or used as feedstock for producing 
carbonate aggregates via mineral carbonation. The fine fraction (par-
ticles < 4 mm), which is rich in SiO2 and CaO, is utilized for RC-BCC 
production. Due to their typical moisture content of around 15%, the 
fines are dried prior to milling. The dried recycled concrete fines (rCF) 
are milled with limestone in a ball mill. Limestone is added to increase 
the calcium oxide (CaO) content and to achieve a CaO:SiO2 molar 
ratio of 2 in the raw meal, a requirement for belite cement clinker 
types (Stemmermann et al., 2022). The limestone addition is deter-
mined based on the target CaO content, assuming complete calcination 
of CaCO3. The resulting raw meal is preheated up to 300◦C and fed into 
the kiln where the calcination and clinkerization reactions take place. 
Potentially, recovered heat from the rotary kiln is used for preheating. 
To avoid undesired carbonation of the raw meal during drying in 
the preheater, we consider heat recovery via an indirect gas–gas heat 
exchanger, in which hot kiln off-gases transfer heat to an air stream 
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Fig. 1. Superstructure of low-carbon concrete production. The unit operations are represented by white rectangles. The storage units are represented by vertical cylinders. Electricity flows are represented by 
orange lines, heat flows by red lines and mass flows by black lines. Sources are represented by green rounded rectangles and sinks by blue rhombuses. Unfilled rounded rectangles and rhombuses denote auxiliary 
streams (air and water) included for process representation. We use the abbreviations: crusher (CRUSH), dryer (DRY), raw mill (RM-MILL), preheater (PRE), oxyfuel-fired rotary kiln (OXY-KILN), electrically-
heated rotary kiln (E-KILN), clinker cooler (COOL-1), heat exchanger (HEX), clinker mill (CLK-MILL), air separation unit (ASU), alkaline electrolyzer (AEL), polymer exchange membrane electrolyzer (PEMEL), 
H2 compressor (H2-COMP), O2 compressor (O2-COMP), condenser for oxyfuel (C-OXY), carbon purification unit (CPU), splitter (SPL), mixer (MIX), CO2 compressor (CO2-COMP), aqueous mineral carbonator 
(AQ-CARB), filtration and drying section (AQ-SEP), electric boiler (EL-BOIL), reactor for gas–solid mineral carbonation (GAS-CARB), batching and mixing section (BATCH-MIX), recycled concrete fines storage 
(rCF-STO), recycled aggregates storage (rA-STO), raw meal storage (RM-STO), aggregates storage (AGG-STO), clinker storage (CLK-STO), ground recycled belite cement clinker storage (rRC-BCC-STO), hydrogen 
storage (H2-STO), oxygen storage (O2-STO), carbon dioxide storage (CO2-STO), recycled belite cement clinker (RC-BCC), ground recycled belite cement clinker (gRC-BCC) and CO2 emissions to atmosphere (ATM)
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Table 1
RC-BCC production parameters.
 Process parameters Value Unit 
 Waste concrete moisture 15 %  
 Limestone moisture 2 %  
 Preheating temperature 300 ◦C  
 Rotary kiln temperature 1000 ◦C  

Table 2
Power consumption in RC-BCC production.
 Unit Value Unit Reference  
 Crusher 2.17 kWh/tconc-waste a  
 Dryer 627.7 kWh/twater Based on latent heat for water evaporation 
 Raw mill 19 kWh/traw-meal Representative value, based onb  
 Electric kiln 538.1 kWh/tbelite-clinker c  
 RC-BCC mill 36.5 kWh/tRC-BCC Representative value, based ond  
a Deolalkar (2009).
b Atmaca and Atmaca (2016) and Meng et al. (2021).
c Stemmermann et al. (2024).
d Bhatnagar and Popuri (2024) and Genç (2016).

supplied at ambient temperature and used for preheating. The avail-
ability of recovered heat depends on the specific heating technology of 
the rotary kiln. In the case of the oxyfuel-fired rotary kiln, the amount 
of flue gas is generally sufficient to preheat the raw meal. In contrast, 
for the electrically-heated rotary kiln, the availability of recoverable 
waste heat is limited due to the absence of combustion and associated 
high-temperature flue gas streams. In this configuration, only CO2 from 
limestone calcination is released, resulting in comparatively small gas 
flows. Nevertheless, part of the thermal energy can still be recovered 
from the hot clinker via the clinker cooler (through heated cooling air). 
Overall, the heat recovery potential remains lower than in the oxyfuel-
fired rotary kiln configuration. For this reason, we assume electric 
preheating since direct electric heating systems are already established 
in the industry and suitable for moderate temperatures (Fraunhofer ISI, 
2024). During calcination, CO2 is released from the decomposition of 
limestone, while in clinkerization, belite phases are formed. To promote 
belite clinker formation at reduced temperatures (1000◦C), a CO2-rich 
atmosphere in the kiln is required (Stemmermann et al., 2022). The 
lower temperature compared to conventional clinker production (both 
belite and Portland) simplifies the integration of alternative heating 
technologies, such as electric heating and oxyfuel combustion, which 
are detailed in Section 2.2. Afterwards, the belite clinker is cooled and 
then ground in a ball mill to achieve the required cement fineness, 
resulting in the final RC-BCC product.

As no industrial RC-BCC plant currently exists, the material and 
energy balances used in this work are derived from laboratory tests 
and theoretical estimates, which are summarized in Tables  1 and
2. For the grinding steps, we use representative power-consumption 
values based on literature data and industrial practice (see Table  2). 
In particular, for raw meal grinding, Meng et al. (2021) report typical 
ranges of 12−22 kWh/t for roller-press final grinding, 13−17 kWh/t 
for external-circulation vertical mills, and 20−24 kWh/t for middle-
unloading drying tube mills. Likewise, Atmaca and Atmaca (2016) 
report 25.52 kWh/t farine for an industrial raw mill. The value of 19 
kWh/t adopted in Table  2 therefore lies within the reported industrial 
range and is used as a representative value for raw meal grinding in this 
study. For RC-BCC grinding, no direct measurements for belite clinker 
grinding are available in the open literature. Therefore, we adopt a 
value of 36.5 kWh/t as a representative value based on reported values 
for ball-mill cement clinker grinding. For example, Genç (2016) reports 
34.2 kWh/t for a conventional multi-compartment closed-circuit ball-
mill system, while Bhatnagar and Popuri (2024) report 36−37 kWh/t 
for closed-circuit ball-mill grinding of white cement.

In contrast to PCC, which is typically manufactured at large-scale fa-
cilities located near limestone quarries to reduce raw material transport 
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costs (Marsh et al., 2022; Kendall et al., 2010), the viability of RC-BCC 
production depends on the local availability of secondary materials, 
i.e., waste concrete from demolition. Since regions with high volumes 
of demolition material are limited to metropolitan areas and availabil-
ity may vary over the year, decentralized RC-BCC plants may offer 
logistical and environmental advantages by minimizing long-distance 
transport of secondary materials. Recent industry trends show that 
cement producers are increasingly integrating concrete recycling into 
their value chains, supporting the practical relevance of decentralized 
RC-BCC concepts (CemNet, 2025).

In this work, we assume a decentralized plant with a nominal 
capacity of 50 kt/a, operating 300 days annually. This capacity is based 
on our own order-of-magnitude estimate of the amount of demolition-
derived concrete that could be supplied within urban regions.

2.2. Heating technologies for rotary kiln

Innovative heating technologies have been investigated to reduce 
CO2 emissions from industrial kilns and furnaces, including oxyfuel 
combustion and electric heating (Pisciotta et al., 2022). In particular, 
for recycled belite cement clinker (RC-BCC) production, Stemmermann 
et al. (2024) assessed two heating technologies for the rotary kiln: oxy-
fuel combustion, and electric heating. Accordingly, in the present work 
we focus on oxyfuel-fired and electrically-heated rotary kilns, as they 
represent innovative low-carbon configurations that either eliminate 
combustion-related emissions (electrically-heated rotary kiln) or enable 
efficient CO2 capture via a concentrated flue gas stream (oxyfuel-fired 
rotary kiln).

2.2.1. Electric rotary kiln
Electrification in the cement industry aims to replace fossil fuels in 

high-temperature processes in order to reduce direct CO2 emissions. 
Calcination and clinkerization typically require process temperatures 
up to 900◦C and 1450◦C, respectively (Madeddu et al., 2020; Varnier 
et al., 2025). A range of electric heating technologies has been inves-
tigated for such applications, including plasma, induction, resistance, 
and microwave heating (Varnier et al., 2025; Lechtenböhmer et al., 
2016; Material Economics, 2019).

Technologies such as plasma or microwave heating, which are 
capable of reaching extremely high temperatures, are more suited for 
full clinkerization processes targeting alite formation. However, for the 
production of belite-rich clinker at moderate temperatures (1000◦C), 
resistance heating is more suitable. Resistance-based electric calciners 
have been demonstrated at pilot scale and are considered techni-
cally feasible for cement applications (Tokheim et al., 2019; LEILAC2 
Project, 2023; Tsupari et al., 2022; CLIMIT Programme, 2020). No-
tably, the Low Emissions Intensity Lime and Cement (LEILAC) project 
developed a technology in which the raw meal is calcined by heat 
indirectly transferred from the hot reactor wall, supplied by electricity 
or alternative fuels (LEILAC2 Project, 2023). Resistance-heated rotary 
kilns are subject to scalability constraints due to the decreasing surface-
to-volume ratio at larger sizes, which may limit heat transfer from 
externally mounted heating elements. Various technical solutions, in-
cluding the integration of additional internal heating elements, have 
been proposed to mitigate these limitations (Li et al., 2014).

In the present study, we consider an electrically-heated rotary kiln 
where both calcination and clinkerization occur at 1000◦C, in line with 
RC-BCC production requirements. The kiln is assumed to use indirect 
resistance heating, where the electric heating elements are placed 
around the kiln shell and heat is transferred through the steel wall to 
the raw material, as illustrated in Pisciotta et al. (2022). Hence, CO2
emissions arise solely from limestone calcination, generating a high-
CO2 stream that is suitable for subsequent carbon utilization processes, 
e.g., mineral carbonation. A thermal efficiency of 60% is assumed to 
account for conductive losses through the kiln shell and insulation 
layers (Stemmermann et al., 2024).



A.Y. Ojeda-Paredes et al. Computers and Chemical Engineering 213 (2026) 109750 
2.2.2. Oxyfuel-fired rotary kiln
Oxyfuel combustion involves burning fuel with nearly pure oxygen 

instead of air (Pisciotta et al., 2022). When carbon-based fuels are 
used, the resulting flue gas consists mainly of CO2 and H2O, which 
can be separated more easily than in conventional air combustion 
systems (Ditaranto and Bakken, 2019).

Integrating oxyfuel combustion in the cement industry has been 
widely investigated for both retrofitting and new plant designs (Faria 
et al., 2022; International Energy Agency-Greenhouse Gas R&D Pro-
gramme (IEA-GHG), 2013; Plaza et al., 2020; Rodríguez et al., 2012; 
ECRA, 2009). In this study, we consider an oxyfuel-fired rotary kiln 
operating at 1000◦C, identical to the electrically-heated rotary kiln 
configuration, to enable the production of RC-BCC. Moreover, we as-
sume that the oxyfuel-fired rotary kiln is compatible with various fuels, 
including natural gas, hydrogen, and biomass. As in Stemmermann 
et al. (2024), we assume a thermal efficiency of 50% for the oxyfuel-
fired rotary kiln. Further details regarding oxygen supply, flue gas 
handling, and CO2 purification are provided in Section 2.3.

2.3. Carbon capture: Oxyfuel combustion

Oxyfuel combustion is one of the most promising carbon capture 
technologies in the cement industry (Faria et al., 2022). Oxygen is 
typically supplied by an air separation unit (ASU). In addition, it can 
also be supplied as a by-product from water electrolysis.

The flue gas stream is highly concentrated in CO2 due to the 
absence of nitrogen. After combustion, the hot flue gas is cooled by 
heat exchange in a condenser unit (C-OXY). The resulting stream is 
then split: a fixed fraction of 55%, selected as a representative value 
within the range reported for retrofit oxyfuel systems (International 
Energy Agency-Greenhouse Gas R&D Programme (IEA-GHG), 2013), is 
recycled to dilute the oxygen feed and maintain a stable flame temper-
ature (Buhre et al., 2005; Voldsund et al., 2018), while the remaining 
45% is directed to a carbon purification unit (CPU) for removal of 
residual oxygen and other minor impurities. The electricity require-
ments for the ASU and CPU are taken as 226 kWh per tonne of O2 and 
122.2 kWh per tonne of CO2, respectively, based on data from Voldsund 
et al. (2018). These electricity demands are included in the plant-wide 
electricity balance. Similarly to our prior work (Ojeda-Paredes et al., 
2025), only the capital expenditures for the ASU, condenser (C_OXY), 
and CPU units are considered in the economic assessment. Additionally, 
we assume a CO2 capture rate of 90%. The remaining 10% of CO2
emissions are released to the atmosphere, incurring CO2 certificate 
costs (see Section 2.8) and contributing to the total direct emissions 
of the system (see Section 2.9).

2.4. Carbon capture and utilization: Mineral carbonation

Captured CO2 can be used in carbon capture and utilization (CCU) 
technologies. In particular, mineral carbonation (MC) is considered a 
suitable technology for applications in the construction industry (Zajac 
et al., 2021; Sanna et al., 2014). In this technology, captured CO2 reacts 
with alkaline or alkaline-earth oxides, such as magnesium oxide (MgO) 
and calcium oxide (CaO), to produce stable carbonates (Miller, 2011; 
Vanderzee and Zeman, 2018). Depending on the reaction mechanism, 
MC processes can be classified into two main categories: indirect and 
direct carbonation (Cuéllar-Franca and Azapagic, 2015).

Indirect MC involves multi-step processes, including metal extrac-
tion, metal hydration and subsequent carbonation (Cuéllar-Franca and 
Azapagic, 2015). Although capable of producing high-purity carbon-
ates, indirect MC typically requires additional chemical inputs and 
complex process units, leading to high capital and operational costs (Za-
jac et al., 2022). In contrast, direct MC is performed as a single-step 
process, where CO2 interacts directly with the mineral feedstock, allow-
ing for simultaneous extraction and carbonate precipitation (Cuéllar-
Franca and Azapagic, 2015). Direct MC can be implemented either in 
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a gas–solid or aqueous-solid carbonation. In gas–solid systems, CO2
is contacted with metal oxide feedstock in a reactor at elevated tem-
perature to enhance reaction kinetics (Thonemann et al., 2022; Song 
et al., 2019). In aqueous systems, CO2 is bubbled into a suspension 
of mineral-rich solid feedstock. The dissolution of CO2 lowers the 
pH, which promotes the release of metal ions from the solid phase. 
These ions subsequently react with carbonate species in solution, lead-
ing to precipitation of stable carbonates (Chakraborty and Jo, 2018; 
Thonemann et al., 2022). Although aqueous systems typically achieve 
high reaction efficiency, they require additional energy for downstream 
separation and drying of the produced carbonates. The technology 
readiness level (TRL) of mineral carbonation ranges from 3 to 7, 
i.e., from laboratory research to pilot plant (Pedraza et al., 2021), de-
pending on the mineral carbonation mechanism utilized. For example, 
the direct aqueous mineral carbonation process developed by Mineral 
Carbonation International (MCi) has reached TRL 7 (Back et al., 2022). 
Industrial efforts to develop mineral carbonation technologies for the 
production of supplementary cementitious materials are also emerging 
(e.g., Co–Reactive (2024)).

In the present study, we consider mineral carbonation for three 
key purposes: (i) to utilize the concentrated CO2 captured from RC-
BCC production, (ii) to valorize the coarse fraction of waste concrete, 
and (iii) to produce carbonated aggregates that can be stored or used 
in concrete production. Hence, we include both direct aqueous and 
gas–solid mineral carbonation configurations as process options in the 
superstructure. The recycled aggregates (rA) are assumed to contain 
6.5% CaO. For gas–solid carbonation, a fluidized bed reactor (GAS-
CARB) is used and supplied with thermal energy from an electric boiler 
(EL-BOIL). For the aqueous carbonation route, a stirred tank reactor 
(AQ-CARB) followed by a separation and drying stage (AQ-SEP) is 
considered. Electricity consumption for the aqueous route is assumed 
as 5 kWh per tonne of CO2 in the reactor and 350 kWh per tonne 
of carbonated product for post-treatment (Sanna et al., 2012; Iizuka 
et al., 2004). At the system level, we assume that sufficient amounts 
of waste concrete, in particular recycled aggregates, are locally avail-
able and technically suitable (e.g., with respect to water content and 
particle size) for the considered mineral carbonation routes, such that 
mineral carbonation is constrained by the CO2 production rate from 
clinker production. Under this assumption, all captured CO2 can be 
utilized at the plant level, provided adequate waste availability. This 
represents a favorable but location-dependent configuration, in which 
the availability of suitable waste concrete exceeds the amount required 
to mineralize the CO2 captured from RC-BCC production. In practical 
applications, this assumption would require a site-specific assessment 
of waste concrete availability and logistics.

2.5. Concrete production

Concrete production involves the basic processes of batching and 
mixing. During batching, raw materials are proportioned to achieve 
the desired end-product characteristics (Griffiths et al., 2023). Next, 
the materials are blended to produce ready mix concrete, i.e., concrete 
that is mixed at a central plant prior to delivery. Mixing can occur at 
the concrete plant, in the transport truck, or can happen partially in 
the truck and partially at the plant (Kermeli et al., 2011). Different 
types of concrete can be formulated by adjusting the proportions of 
cement, aggregates, and water, depending on specific performance 
requirements such as compressive strength, durability, and thermal 
resistance (Griffiths et al., 2023).

In this study, we focus on the production of concrete type C25/30, 
i.e., 28-day compressive strength between 25 and 30 MPa, since it is 
one of the most commonly produced concrete grades in Germany, based 
on data from 2023 (Statista, 2024). We consider the mass composition 
for this type of concrete as 12.4% cement, 82.42% aggregates (fine 
and coarse), and 5.18% water, according to Bundesministerium für 
Wohnen, Stadtentwicklung und Bauwesen (2024). Based on previous 
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studies (Stemmermann et al., 2022, 2024), we consider that RC-BCC 
can partially substitute Portland cement, with a maximum replacement 
ratio of 50% by weight. Due to the maximum production capacity of 
RC-BCC of 50 kt per year (for an operational period of 300 days), we es-
timate a concrete production throughput of approximately 115 tonnes 
per hour, equivalent to around 50 m3/h. The concrete production 
unit (BATCH-MIX) is modeled as a central batching plant, where raw 
materials are prepared and mixed on site prior to delivery. Electricity 
consumption, primarily associated with mixing, is assumed to be 1.6 
kWh per tonne of concrete, based on values reported in Kermeli et al. 
(2011).

2.6. Energy system

Fossil fuels have been the primary energy source in cement pro-
duction to provide the high temperatures required in rotary kilns. 
Currently, alternative fuels such as natural gas, hydrogen and biomass 
have gained interest in this sector due to their potential to reduce 
combustion-related CO2 emissions. These options have been studied 
and tested at industrial scale (Juangsa et al., 2022; El-Emam and 
Gabriel, 2021; Nhuchhen et al., 2021; Ozturk and Dincer, 2022; Walker 
et al., 2009; Smith, 2003).

In this study, we consider natural gas, biomass, and hydrogen as 
potential fuels to supply heat to the oxyfuel-fired rotary kiln. Hydrogen 
may be either purchased or produced on site via water electrolysis. 
For electrolytic hydrogen production, we include two commercially 
relevant electrolyzer technologies: alkaline electrolyzer (AEL) and pro-
ton exchange membrane electrolyzer (PEMEL), similar to our prior 
work (Ojeda-Paredes et al., 2025). The average efficiency of both 
systems, based on the lower heating value (LHV), is assumed to be 
67% for AEL and 64% for PEMEL (Buttler and Spliethoff, 2018). The 
capital expenditure (CAPEX) for each electrolyzer is estimated at 1180 
EUR/kWel for AEL and 1640 EUR/kWel for PEMEL, with fixed operating 
costs set at 4% of the investment costs (van Leeuwen and Zauner, 
2018).

To model the combustion reactions, we assume natural gas as pure 
methane (CH4) (Grammelis et al., 2016) and biomass as wood chips 
with a chemical composition of CH1.44O0.66 (Nussbaumer, 2003). The 
corresponding lower heating values and stoichiometric combustion 
equations are detailed in the supporting materials.

2.7. Storage units

To provide operational flexibility, we consider storage units for both 
solid and gaseous streams. Solid storage units are included for the fine 
and coarse fractions of waste concrete, the raw meal after milling, 
the clinker after cooling, the ground recycled belite cement clinker 
(gRC-BCC), and the carbonated aggregates from mineral carbonation. 
In addition, hydrogen produced via electrolysis, oxygen from the air 
separation unit or as by-product of electrolysis, and CO2 from oxy-
fuel combustion or limestone calcination are assumed to be stored in 
pressurized tanks.

Specifically, for H2 storage, a pressure of 200 bar is assumed, 
requiring the installation of a two-stage compression unit (H2-COMP) 
to raise the pressure from 30 to 200 bar, following Chardonnet et al. 
(2017). Gaseous O2 can be stored in buffer tanks at 30 bar (Assunção 
et al., 2025). Therefore, we consider a pressurized storage tank and 
a three-stage compression system (see Section 3 of supporting ma-
terials) to increase the pressure from 1.8 bar (gaseous O2 produced 
from ASU (Global CCS Institute, 2018)) to 30 bar. CO2 is typically 
stored as a liquid in medium pressure tanks. Based on commercial 
specifications (Chart Industries, 2021), we consider a storage pressure 
of 25 bar. The inlet pressure of the CO2 compressor varies depending 
on its source, i.e., CO2 from limestone calcination from the electrically-
heated rotary kiln is at atmospheric pressure (1.01 bar), whereas CO2
from the oxyfuel-fired rotary kiln is at 16.5 bar due to the upstream 
carbon purification unit (Jackson and Brodal, 2019). The electricity 
demand for each compressor, and the investment costs for compressors 
and storage units are reported in the supporting materials.
6 
2.8. Commodities prices and CO2 certificate price

The commodities used in the system for which we calculate the 
operational costs include electricity, limestone, biomass, hydrogen, 
natural gas, Portland cement, and fine and coarse aggregates. For 
electricity, we consider day-ahead prices from the German electricity 
market for the year 2024 (Bundesnetzagentur|SMARD.de, 2024), im-
plemented as time-varying parameters in the model. The prices of lime-
stone and aggregates (fine and coarse) are calculated by dividing the 
total sales value by the production volume in 2024 (Information und 
Technik Nordrhein-Westfalen (IT.NRW), 2024). For Portland cement, 
we consider the average price reported in Germany for 2024 (OneStone 
Consulting, 2024). Regarding fuels, the natural gas price is based on 
average prices for large-scale industrial consumers in 2024 (Bundesnet-
zagentur and Bundeskartellamt, 2024). Green hydrogen is modeled 
as an externally supplied commodity with an assumed purchase cost. 
Biomass price, based on wood chips with 35% moisture content, is 
obtained from the German biomass market (C.A.R.M.E.N. e.V., 2024).

When the oxyfuel-fired rotary kiln is operated, 10% of the generated 
CO2 is not captured, based on the assumed capture efficiency of 90%. 
For this fraction, we consider the payment of CO2 certificates, i.e., the 
average European Union Allowances (EUA) price in 2024 (EEX, 2024).

The economic parameters, including reference prices and assump-
tions, are summarized in Section 1 and Tab. 1 of the supporting 
materials.

2.9. Direct and indirect emissions

To evaluate the global warming impact of the system, we account 
for both direct and indirect CO2 emissions.

Direct CO2 emissions arise from the calcination of limestone in 
the kiln and from the combustion of fossil fuels, i.e., we only ac-
count for emissions from natural gas, as biomass may be considered 
a carbon-neutral fuel (Abbasi and Abbasi, 2010).

Indirect emissions are associated with the upstream production and 
transport of commodities. For electricity, we consider the emission 
factor of the German electricity mix in 2024, which reflects a fossil fuel 
share of 41% (Icha and Lauf, 2025). For externally supplied green hy-
drogen, we assume that it is produced via electrolysis using renewable 
electricity, and we use the upstream emission factor for wind-powered 
hydrogen production reported in Bhandari et al. (2014) and Spath and 
Mann (2004). For biomass and natural gas, we account for upstream 
emissions related to production and transportation. For aggregates, 
we apply emission factors for manufactured sand (fine aggregates) 
and crushed stone (coarse aggregates), both taken from Zhu et al. 
(2023). For limestone, we consider the value from Bolte et al. (2019) 
that considers the transportation and grinding to produce limestone 
for use in cement production. For Portland cement, we consider the 
global warming impact of Portland cement produced in Germany with 
a clinker content of 90% (Verein Deutscher Zementwerke e.V. (VDZ), 
2022). All environmental parameter values are provided in Section 1 
and Tab.2 of the supporting materials.

3. Model and problem formulation

In the following, we formulate a model for the optimal design 
and operation of the low-carbon concrete production process and its 
energy supply system. Similar to our previous work (Ojeda-Paredes 
et al., 2025), our model is based on mass and energy balances, con-
version models (e.g., stoichiometry), constitutive equations, nonlinear 
cost correlations and additional linear constraints representing design 
and operational limits. However, unlike in the previous work, we 
consider a discrete-time representation (Floudas and Lin, 2004) and 
assume a quasi-stationary system behavior, meaning that the system 
immediately reaches new steady-state conditions after an operational 
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change (Voll et al., 2013). The model is implemented in our open-
source framework for energy systems optimization COMANDO (Langiu 
et al., 2021). We use COMANDO because it allows component-oriented 
modeling, superstructure-based optimization and the formulation of 
two-stage stochastic optimization problems, which are well suited to 
the integrated design and operation problem addressed in this work. 
Using the built-in automatic linearization, which relies on the convex-
combination method (Vielma et al., 2010), a mixed-integer linear pro-
gram (MILP) is obtained. The resulting MILP is a bi-objective problem 
that considers both economic and environmental objectives, i.e., total 
annualized costs (TAC) and global warming impact (GWI), respec-
tively. The size of the linearized superstructure MILP depends on the 
number of representative days considered in the temporal aggrega-
tion. For the representative-day configurations considered in this work, 
i.e., 4 to 20 clusters, the MILP size ranges from 49,407 to 290,280 
constraints, 33,324 to 186,160 continuous variables, and 34,306 to 
159,124 discrete variables. The resulting MILPs are solved using Gurobi 
9.5.1 (Gurobi Optimization, LLC, 2020) with a relative optimality 
tolerance of 0.1% on a desktop PC with an Intel i7-8700 processor and 
32 GB RAM, running Windows 10 Enterprise LTSC.

3.1. Clustering of electricity price data and time discretization

We consider German day-ahead electricity prices for 2024 at hourly 
resolution (8784 h, 366 days). To reduce the size of the optimization 
problem while preserving variability in daily price profiles, we adopt 
a typical-day representation widely used in energy systems optimiza-
tion (Thiran et al., 2023).

Daily profiles (24 consecutive hourly values) are clustered with 𝑘-
means (MacQueen, 1967) using the scikit-learn package in Python (Pe-
dregosa et al., 2011). To assess the effect of the temporal aggregation, 
we solve the quasi-stationary model for different numbers of represen-
tative days, denoted by 𝐾, with 𝐾 ∈ {4, 6, 8, 10, 12, 14, 16, 18, 20}. For a 
given value of 𝐾, the set of clusters is defined as  = {1,… , 𝐾}. Each 
cluster 𝑘 ∈  is characterized by a centroid (average 24-hour price 
pattern) and a weight 𝜔𝑘 which is proportional to the number of days 
in the full year represented by that cluster.

For illustration, Fig.  2 shows the representative daily electricity 
price profiles obtained for 𝐾 = 6, together with their correspond-
ing weights expressed as probabilities of occurrence. This example 
illustrates how the clustering approach represents common daily price 
profiles with moderate intra-day variations, while also capturing rare 
profiles with pronounced price peaks. In this case, the dominant cluster 
(Cluster 1, 𝑝1 = 34.7%) shows moderate prices between 80 and 150 
EUR/MWh, whereas Cluster 6 captures extreme price volatility, with 
prices ranging from 100 to 950 EUR/MWh within a single day.

Cement plants typically operate for about 300 to 310 days per year, 
due to annual shutdowns for major maintenance and repairs (Noche 
and Elhasia, 2013). Accordingly, for each considered value of 𝐾, we 
rescale the cluster weights from the full leap year (366 days in 2024) 
to 300 operating days by enforcing 
∑

𝑘∈
𝜔𝑘 = 300, (1)

i.e., the individual weights 𝜔𝑘 are rescaled as 

𝜔𝑘 = 𝜔(366)
𝑘 ⋅

300
366

∀𝑘 ∈ . (2)

Finally, for each value of 𝐾, we define the model time set as 

 =  ×, (3)

where  = {1,… , 𝐾} is the set of representative days and  =
{1,… , 24} is the set of hourly periods within a day. In the following 
formulation,  and   refer to the cluster set and time set associated 
with the respective value of 𝐾.
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3.2. Balance and constitutive equations

Similar to our previous superstructure approach (Ojeda-Paredes 
et al., 2025), we represent the process and energy system units as unit 
operations, which are referred to as components in the mathematical 
formulation. We define the set of components  containing the set of 
mixers (), splitters (), conversion units ( ), electricity-based units 
(), thermal units (), and storage units (). Since storage units are 
modeled separately through the state-of-charge equations introduced 
in Section 3.4, the stationary mass balance is written only for the 
non-storage components. Accordingly, we further define the set of non-
storage components 𝑛𝑠, which contains mixers, splitters, conversion 
units, electricity-based units, and thermal units. All time-dependent 
variables are indexed by the cluster–hour pair (𝑘, ℎ) ∈   introduced in 
Section 3.1. The stationary energy balance for a non-storage component 
𝑐 at time step (𝑘, ℎ) is expressed as 
∑

𝑖∈𝐸,𝑖𝑛
𝑐

𝐸̇𝑖𝑛
𝑐,𝑖,𝑘,ℎ =

∑

𝑗∈𝐸,𝑜𝑢𝑡
𝑐

𝐸̇𝑜𝑢𝑡
𝑐,𝑗,𝑘,ℎ ∀𝑐 ∈ 𝑛𝑠, (𝑘, ℎ) ∈  (4)

where 𝐸̇𝑖𝑛
𝑐,𝑖,𝑘,ℎ and 𝐸̇𝑜𝑢𝑡

𝑐,𝑗,𝑘,ℎ denote the incoming and outgoing energy 
flows, respectively. For each component 𝑐, the incoming and outgoing 
flows are determined by the connectivity of the superstructure shown in 
Fig.  1. Accordingly, we define the sets 𝐸,𝑖𝑛

𝑐  and 𝐸,𝑜𝑢𝑡
𝑐  for the incoming 

and outgoing energy flows of component 𝑐, respectively. An output 
energy flow 𝐸̇𝑜𝑢𝑡

𝑐,𝑗,𝑘,ℎ can be determined using the efficiency of conversion 
𝜂𝑐,𝑖→𝑗 and the incoming energy flow 𝐸̇𝑖𝑛

𝑐,𝑖,𝑘,ℎ as follows: 

𝐸̇𝑜𝑢𝑡
𝑐,𝑗,𝑘,ℎ = 𝜂𝑐,𝑖→𝑗 ⋅ 𝐸̇

𝑖𝑛
𝑐,𝑖,𝑘,ℎ (5)

The electrical power demand 𝑆̇𝑒𝑙,𝑘,ℎ is given by 

𝑆̇𝑒𝑙,𝑘,ℎ =
∑

𝑐 ∈ 
𝐸̇𝑖𝑛,𝑒𝑙
𝑐,𝑘,ℎ, (6)

where 𝐸̇𝑖𝑛,𝑒𝑙
𝑐,𝑘,ℎ represents the electrical (el) power demand of a compo-

nent 𝑐 from the set  of electricity-based components.
The stationary mass balance for a non-storage component 𝑐 at time 

step (𝑘, ℎ) is formulated as
∑

𝑚∈
𝑆̇𝑚,𝑐,𝑘,ℎ +

∑

𝑖∈𝑀,𝑖𝑛
𝑐

𝑀̇ 𝑖𝑛
𝑐,𝑖,𝑘,ℎ =

∑

𝑗∈𝑀,𝑜𝑢𝑡
𝑐

𝑀̇𝑜𝑢𝑡
𝑐,𝑗,𝑘,ℎ +

∑

𝑛∈
𝑆̇𝑛,𝑐,𝑘,ℎ

∀𝑐 ∈ 𝑛𝑠, (𝑘, ℎ) ∈  . (7)

Here, the input mass flows originating from other components 𝑀̇ 𝑖𝑛
𝑐,𝑖,𝑘,ℎ

and from sources 𝑆̇𝑚,𝑐,𝑘,ℎ are equal to the output mass flows leaving 
to other components 𝑀̇𝑜𝑢𝑡

𝑐,𝑗,𝑘,ℎ and to sinks 𝑆̇𝑛,𝑐,𝑘,ℎ. For each compo-
nent 𝑐, the incoming and outgoing mass flows are determined by the 
connectivity of the superstructure shown in Fig.  1. Accordingly, we 
define the sets 𝑀,𝑖𝑛

𝑐  and 𝑀,𝑜𝑢𝑡
𝑐  for the incoming and outgoing mass 

flows of component 𝑐, respectively. The set  contains the material 
sources (i.e., concrete waste, limestone, hydrogen, natural gas, biomass, 
Portland cement, fine aggregates and coarse aggregates), and the set 
  contains all the sinks (i.e., concrete, flue gases, water, biogenic CO2
emissions, and non-biogenic CO2 emissions).

In oxyfuel combustion, part of the kiln exhaust is returned to the 
burner in order to moderate flame temperature. In the superstructure 
this loop is represented by a splitter–mixer pair. For a mixer 𝑥 ∈  , the 
outflow 𝑀̇𝑜𝑢𝑡

𝑥,𝑘,ℎ can be calculated by summing up the inflow streams 
𝑀̇ 𝑖𝑛

𝑥,𝑖,𝑘,ℎ, i.e., 

𝑀̇𝑜𝑢𝑡
𝑥,𝑘,ℎ =

∑

𝑖∈𝑀,𝑖𝑛
𝑥

𝑀̇ 𝑖𝑛
𝑥,𝑖,𝑘,ℎ. (8)

For a splitter 𝑙 ∈ , 
∑

𝑀,𝑜𝑢𝑡

𝑀̇𝑜𝑢𝑡
𝑙,𝑗,𝑘,ℎ = 𝑀̇ 𝑖𝑛

𝑙,𝑘,ℎ, (9)

𝑗∈𝑙
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Fig. 2. Illustrative electricity price profiles of representative days for 𝐾 = 6. 
and the outflow 𝑀̇𝑜𝑢𝑡
𝑙,𝑗,𝑘,ℎ is calculated based on the known split fractions 

𝜁𝑙,𝑗 by 

𝑀̇𝑜𝑢𝑡
𝑙,𝑗,𝑘,ℎ = 𝜁𝑙,𝑗 ⋅ 𝑀̇

𝑖𝑛
𝑙,𝑘,ℎ ∀𝑗 ∈ 𝑀,𝑜𝑢𝑡

𝑙 . (10)

A conversion unit represents a unit operation in which a chemical 
reaction takes place. The set of conversion units   consists of the 
rotary kiln, the carbonator, and the AEL and PEMEL electrolyzers. A 
conversion unit 𝑢 is modeled as 

𝑀̇𝑜𝑢𝑡
𝑢,𝑗,𝑘,ℎ,𝑔 = 𝑀̇ 𝑖𝑛

𝑢,𝑖,𝑘,ℎ,𝑒 ⋅
(𝑤𝑔

𝑤𝑒

)

⋅
( 𝜈𝑢,𝑔
𝜈𝑢,𝑒

)

. (11)

In a conversion unit 𝑢, a product 𝑔 from the set of products 𝑢 is 
generated from the conversion of a reactant 𝑒 from the set of reactants 
𝑢. The terms 𝜈𝑢,𝑔 and 𝜈𝑢,𝑒 represent the stoichiometric coefficients of 
the product and the reactant, respectively. The molecular weights of 
the product and the reactant are denoted as 𝑤𝑔 and 𝑤𝑒, respectively.

Additionally, the energy input or output (𝐸̇𝑖𝑛∕𝑜𝑢𝑡
𝑢,ℎ𝑒𝑎𝑡,𝑘,ℎ) due to endother-

mic or exothermic reactions, respectively, is calculated as 

𝐸̇𝑖𝑛∕𝑜𝑢𝑡
𝑢,ℎ𝑒𝑎𝑡,𝑘,ℎ =

(

𝑀̇ 𝑖𝑛
𝑢,𝑖,𝑘,ℎ,𝑒

𝑤𝑒

)

⋅ 𝛥𝐻𝑢, (12)

where 𝛥𝐻𝑢 is the heat of reaction taking place in the conversion unit 
𝑢.

The set of thermal units  includes the components in which 
heat is transferred without involving chemical reactions, such as the 
condenser in oxyfuel combustion, the gas–gas heat exchanger for heat 
recovery, and the preheater and cooler in belite cement production. In a 
condenser 𝑞, a gaseous mixture is cooled to condense water vapor. The 
remaining gases (oxygen and carbon dioxide) are sent to the carbon 
purification unit. The stationary energy balance of the condenser is 
based on the sensible heat of the fluid streams and the heat removed, 
and is given by

𝐸̇𝑖𝑛
𝑞,𝑘,ℎ(gaseous mixture) = 𝐸̇𝑜𝑢𝑡

𝑞,𝑘,ℎ(residual gases) + 𝐸̇𝑜𝑢𝑡
𝑞,𝑘,ℎ(liquid water) + 𝐸̇𝑜𝑢𝑡

𝑞,ℎ𝑒𝑎𝑡,𝑘,ℎ,

(13)

where 𝐸̇𝑖𝑛
𝑞,𝑘,ℎ(gaseous mixture), 𝐸̇𝑜𝑢𝑡

𝑞,𝑘,ℎ(residual gases), and 𝐸̇𝑜𝑢𝑡
𝑞,𝑘,ℎ(liquid water) rep-

resent the enthalpies of the respective streams. These are computed 
from their mass flow rates, specific heat capacities, temperatures, and 
aggregate states. The term 𝐸̇𝑜𝑢𝑡

𝑞,ℎ𝑒𝑎𝑡,𝑘,ℎ represents the heat removed during 
the condensation process.
8 
For a heat exchanger 𝑞, heat is recovered from the hot gas stream 
(CO2-rich gas stream in the oxyfuel-fired rotary kiln, or pure CO2 in the 
electrically-heated rotary kiln) and transferred to an air stream used for 
preheating. The energy balance is formulated based on the sensible heat 
as 

𝑀̇ 𝑖𝑛∕𝑜𝑢𝑡
𝑞,𝑘,ℎ,ℎ𝑜𝑡 ⋅ 𝑐𝑞,ℎ𝑜𝑡 ⋅ 𝛥𝑇𝑞,ℎ𝑜𝑡 = 𝑀̇ 𝑖𝑛∕𝑜𝑢𝑡

𝑞,𝑘,ℎ,𝑐𝑜𝑙𝑑 ⋅ 𝑐𝑞,𝑐𝑜𝑙𝑑 ⋅ 𝛥𝑇𝑞,𝑐𝑜𝑙𝑑 , (14)

where 𝑀̇ 𝑖𝑛∕𝑜𝑢𝑡
𝑞,𝑘,ℎ,ℎ𝑜𝑡 = 𝑀̇ 𝑖𝑛

𝑞,𝑘,ℎ,ℎ𝑜𝑡 = 𝑀̇𝑜𝑢𝑡
𝑞,𝑘,ℎ,ℎ𝑜𝑡 and 𝑀̇

𝑖𝑛∕𝑜𝑢𝑡
𝑞,𝑘,ℎ,𝑐𝑜𝑙𝑑 = 𝑀̇ 𝑖𝑛

𝑞,𝑘,ℎ,𝑐𝑜𝑙𝑑 =
𝑀̇𝑜𝑢𝑡

𝑞,𝑘,ℎ,𝑐𝑜𝑙𝑑 denote the mass flow rates of the hot and cold streams, 
respectively, which are conserved across the exchanger. The specific 
heat capacities 𝑐𝑞,ℎ𝑜𝑡 and 𝑐𝑞,𝑐𝑜𝑙𝑑 are evaluated at the arithmetic mean 
of the corresponding inlet and outlet temperatures of each stream. The 
temperature differences 𝛥𝑇𝑞,ℎ𝑜𝑡 and 𝛥𝑇𝑞,𝑐𝑜𝑙𝑑 represent the inlet–outlet 
temperature changes on the hot and cold sides, respectively.

In the case of the preheater and the cooler, heat is transferred 
between a gas and a solid stream. Assuming no heat losses to the 
environment, the energy balance is written as 

𝐸̇𝑖𝑛
𝑞,𝑘,ℎ(solids) + 𝐸̇𝑖𝑛

𝑞,𝑘,ℎ(gas) = 𝐸̇𝑜𝑢𝑡
𝑞,𝑘,ℎ(solids) + 𝐸̇𝑜𝑢𝑡

𝑞,𝑘,ℎ(gas). (15)

Here, each energy term 𝐸̇ corresponds to the enthalpy flow of the 
respective stream, calculated using its mass flow, heat capacity, and 
temperature. In the preheater, the solid and gas streams correspond to 
raw meal and air, respectively. In the cooler, they correspond to belite 
clinker and air.

3.3. Material composition constraints

To capture the effect of variable material composition for recycled 
belite cement clinker (RC-BCC) and concrete production, we impose 
composition bounds as

0.40𝑚rm ≤ 𝑚rCF ≤ 0.50𝑚rm, (16)

0.50𝑚rm ≤ 𝑚lime ≤ 0.60𝑚rm, (17)

0.50𝑚cem ≤ 𝑚PC ≤ 1.00𝑚cem, (18)

0.00𝑚cem ≤ 𝑚RC−BCC ≤ 0.50𝑚cem. (19)

Here, 𝑚rm is the raw meal for RC-BCC production, consisting of a mass 
of limestone 𝑚lime and recycled concrete fines (rCF) 𝑚rCF, while 𝑚cem is 
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the cement blend used for concrete production, composed of Portland 
cement (PC) 𝑚PC and RC-BCC 𝑚RC−BCC. The totals are calculated by
𝑚rm = 𝑚rCF + 𝑚lime, (20)

𝑚cem = 𝑚PC + 𝑚RC−BCC, (21)

which are added as equality constraints. The composition is optimized 
in the steady-state design (cf. Section 3.2). In the subsequent quasi-
stationary integrated design and scheduling model, the fractions from 
the steady-state design are treated as fixed parameters, such that the 
hourly flows are calculated by
𝑀̇ 𝑖𝑛

batch−mix,PC,𝑘,ℎ = 𝜙PC ⋅ 𝑀̇ 𝑖𝑛
batch−mix,cem,𝑘,ℎ, (22)

𝑀̇ 𝑖𝑛
batch−mix,RC−BCC,𝑘,ℎ = 𝜙RC−BCC ⋅ 𝑀̇ 𝑖𝑛

batch−mix,cem,𝑘,ℎ, (23)

𝑀̇ 𝑖𝑛
rm−mill,rCF,𝑘,ℎ = 𝜙rCF ⋅ 𝑀̇ 𝑖𝑛

rm−mill,rm,𝑘,ℎ, (24)

𝑀̇ 𝑖𝑛
rm−mill,lime,𝑘,ℎ = 𝜙lime ⋅ 𝑀̇ 𝑖𝑛

rm−mill,rm,𝑘,ℎ, (25)

where 𝜙PC, 𝜙RC−BCC, 𝜙rCF and 𝜙lime are the design fractions, which are 
applied consistently across all cluster–hour pairs (𝑘, ℎ) ∈  , i.e., we do 
not assume that the composition would be time-varying.

3.4. Design and operational constraints

We include a binary decision variable 𝑥𝑐 that indicates whether the 
component 𝑐 is installed. The nominal size 𝐷𝑛𝑜𝑚

𝑐  of each component 
𝑐 ∈  is constrained by 
𝑥𝑐𝐷

𝑚𝑖𝑛
𝑐 ≤ 𝐷𝑛𝑜𝑚

𝑐 ≤ 𝑥𝑐𝐷
𝑚𝑎𝑥
𝑐 , (26)

where 𝐷𝑚𝑖𝑛
𝑐  and 𝐷𝑚𝑎𝑥

𝑐  are the minimum and maximum size, respec-
tively. Note that the nominal size can be expressed in terms of mass 
or energy, depending on the component type and the investment cost 
correlation. For storage units 𝑤 ∈  , the nominal size represents the 
installed storage capacity and corresponds to the maximum storage 
level.

To enable flexible operation of non-storage components, we intro-
duce the variable 𝐷𝑜𝑝𝑒

𝑐,𝑘,ℎ to represent their operating level. It is bounded 
by 
𝑦𝑐,𝑘,ℎ𝐷

𝑛𝑜𝑚
𝑐 𝑝𝑚𝑖𝑛𝑐 ≤ 𝐷𝑜𝑝𝑒

𝑐,𝑘,ℎ ≤ 𝑦𝑐,𝑘,ℎ𝐷
𝑛𝑜𝑚
𝑐 ∀𝑐 ∈ 𝑛𝑠, (𝑘, ℎ) ∈  (27)

where 𝑦𝑐,𝑘,ℎ is the binary decision to operate the non-storage com-
ponent 𝑐 and 𝑝𝑚𝑖𝑛𝑐  is the minimal part-load factor. Depending on the 
component model, 𝐷𝑜𝑝𝑒

𝑐,𝑘,ℎ may correspond to a production rate or to 
an operating load. For example, for the rotary kiln, 𝐷𝑜𝑝𝑒

𝑐,𝑘,ℎ represents 
the production rate, whereas for the CO2 compressor it represents the 
operating load. Note that Eq. (27) contains a bi-linear term that is 
reformulated based on (Glover, 1975) as
𝑧𝑐,𝑘,ℎ ≥ 𝑦𝑐,𝑘,ℎ𝐷

𝑚𝑖𝑛
𝑐 ∀𝑐 ∈ 𝑛𝑠, (𝑘, ℎ) ∈  , (28)

𝑧𝑐,𝑘,ℎ ≤ 𝑦𝑐,𝑘,ℎ𝐷
𝑚𝑎𝑥
𝑐 ∀𝑐 ∈ 𝑛𝑠, (𝑘, ℎ) ∈  , (29)

𝑧𝑐,𝑘,ℎ ≥ 𝐷𝑛𝑜𝑚
𝑐 −𝐷𝑚𝑎𝑥

𝑐 (1 − 𝑦𝑐,𝑘,ℎ) ∀𝑐 ∈ 𝑛𝑠, (𝑘, ℎ) ∈  , (30)

𝑧𝑐,𝑘,ℎ ≤ 𝐷𝑛𝑜𝑚
𝑐 −𝐷𝑚𝑖𝑛

𝑐 (1 − 𝑦𝑐,𝑘,ℎ) ∀𝑐 ∈ 𝑛𝑠, (𝑘, ℎ) ∈  , (31)

where 𝑧𝑐,𝑘,ℎ acts as an auxiliary variable for the product of the binary 
𝑦𝑐,𝑘,ℎ and the continuous variable 𝐷𝑛𝑜𝑚

𝑐 .
Finally, Eq. (27) is reformulated and expressed as 

𝑧𝑐,𝑘,ℎ𝑝
𝑚𝑖𝑛
𝑐 ≤ 𝐷𝑜𝑝𝑒

𝑐,𝑘,ℎ ≤ 𝑧𝑐,𝑘,ℎ ∀𝑐 ∈ 𝑛𝑠, (𝑘, ℎ) ∈  . (32)

The operation rate 𝐷𝑜𝑝𝑒
𝑐,𝑘,ℎ of a non-storage component 𝑐 ∈ 𝑛𝑠 is 

linked to the output mass or energy flow by
𝐷𝑜𝑝𝑒

𝑐,𝑘,ℎ = 𝑀̇𝑜𝑢𝑡
𝑐,𝑗,𝑘,ℎ or (33)

𝐷𝑜𝑝𝑒
𝑐,𝑘,ℎ = 𝐸̇𝑜𝑢𝑡

𝑐,𝑗,𝑘,ℎ , respectively. (34)

We allow the storage of various products and intermediates. Specifi-
cally, the set  includes storages for concrete waste (fines and coarse), 
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raw meal, hydrogen, oxygen, carbon dioxide, aggregates, belite binder, 
and belite cement. All storage variables are indexed by the cluster–hour 
pair (𝑘, ℎ) ∈  . The state of charge (SOC) of each storage unit 𝑤 is 
calculated, similarly to (Röben et al., 2021), as 

𝑆𝑂𝐶𝑤,𝑘,ℎ = 𝑆𝑂𝐶𝑤,𝑘,ℎ−1+(𝑀̇ 𝑖𝑛
𝑤,𝑘,ℎ−𝑀̇

𝑜𝑢𝑡
𝑤,𝑘,ℎ)𝛥𝑡 ∀𝑤 ∈  , 𝑘 ∈ , ℎ = 1,… , 24,

(35)

where 𝑆𝑂𝐶𝑤,𝑘,ℎ represents the state of charge that is based on the state 
of charge 𝑆𝑂𝐶𝑤,𝑘,ℎ−1 from the previous time step, 𝑀̇ 𝑖𝑛

𝑤,𝑘,ℎ and 𝑀̇𝑜𝑢𝑡
𝑤,𝑘,ℎ

denote the input and output material flows to and from the storage, 
respectively, and 𝛥𝑡 = 1 h.

Additionally, we consider the following cyclical storage constraints:
𝑆𝑂𝐶𝑤,𝑘,24 = 𝑆𝑂𝐶𝑤,𝑘,0 ∀𝑤 ∈  , 𝑘 ∈ , (36)

𝑆𝑂𝐶𝑤,𝑘+1,0 = 𝑆𝑂𝐶𝑤,𝑘,0 ∀𝑤 ∈  , 𝑘 = 1,… , 𝐾 − 1. (37)

Here, Eqs.  (36) and (37) are introduced so that the final state 
of charge is identical to the initial state of charge within each typ-
ical day and that all typical days share the same initial SOC. Thus, 
the storage model captures short-term intra-day buffering within each 
representative day.

3.5. Objectives

The economic and environmental objectives of the optimization 
problem are the total annualized costs (TAC) and the global warming 
impact (GWI), respectively. The TAC is computed as 

𝑇𝐴𝐶 =
∑

𝑐 ∈
(𝐶𝑋𝑐 ⋅𝐶𝑅𝐹+𝑂𝑋𝑓𝑖𝑥

𝑐 )+
∑

𝑘∈
𝜔𝑘

∑

ℎ∈

(

∑

𝑠∈
𝑂𝑋𝑣𝑎𝑟

𝑠,𝑘,ℎ+𝑂𝑋𝑣𝑎𝑟
CO2 ,𝑘,ℎ

)

𝛥𝑡,

(38)

where 𝜔𝑘 are the cluster weights, 𝐶𝑋𝑐 represents the capital expen-
diture (CAPEX) for component 𝑐 annualized by the capital recovery 
factor 𝐶𝑅𝐹 . The term 𝑂𝑋𝑓𝑖𝑥

𝑐  accounts for fixed operating expendi-
tures, i.e., maintenance costs. Variable operating expenditures include 
𝑂𝑋𝑣𝑎𝑟

𝑠,𝑘,ℎ, associated with the consumption of commodity 𝑠 ∈ , and 
𝑂𝑋𝑣𝑎𝑟

CO2 ,𝑘,ℎ
 from the payment of CO2 certificates. The set of commodities 

 includes material sources 𝑚 ∈  and electricity 𝑆̇𝑒𝑙,𝑘,ℎ taken from the 
grid.

The capital expenditure 𝐶𝑋𝑐 for each component 𝑐 is estimated by 
a power-law correlation based on nominal capacity (Smith, 2016) as 

𝐶𝑋𝑐 = 𝑥𝑐 ⋅ 𝐶𝑋𝑟𝑒𝑓
𝑐 ⋅

(

𝐷𝑛𝑜𝑚
𝑐

𝐷𝑟𝑒𝑓
𝑐

)𝛼

⋅
(

𝐶𝐸𝑃𝐶𝐼2024

𝐶𝐸𝑃𝐶𝐼𝑟𝑒𝑓

)

∀𝑐 ∈ , (39)

where 𝛼 is the scale factor, and 𝐶𝑋𝑟𝑒𝑓
𝑐  and 𝐷𝑟𝑒𝑓

𝑐  denote the reference 
cost and nominal capacity, respectively. CAPEX 𝐶𝑋𝑐 values are updated 
to the base year 2024 using the Chemical Engineering Plant Cost Index 
(CEPCI), with 𝐶𝐸𝑃𝐶𝐼2024 and 𝐶𝐸𝑃𝐶𝐼𝑟𝑒𝑓  denoting to CEPCI values for 
the scenario year and reference year, respectively. Parameter values 
and index data can be found in the supporting materials. The capital 
recovery factor 𝐶𝑅𝐹  converts the initial investment into an annualized 
cost, based on a project lifetime 𝛾 and a discount rate 𝜎 (see supporting 
materials), as follows 

𝐶𝑅𝐹 =
(1 + 𝜎)𝛾 ⋅ 𝜎
(1 + 𝜎)𝛾 − 1

. (40)

The fixed annual operating expenditure 𝑂𝑋𝑓𝑖𝑥
𝑐  is estimated as a fraction 

𝑇 𝑓𝑖𝑥
𝑐  of the investment cost 𝐶𝑋𝑐 by 

𝑂𝑋𝑓𝑖𝑥
𝑐 = 𝑇 𝑓𝑖𝑥

𝑐 ⋅ 𝐶𝑋𝑐 ∀𝑐 ∈ . (41)

The variable operating expenditures arise from (i) the consump-
tion of commodities 𝑂𝑋𝑣𝑎𝑟

𝑠,𝑘,ℎ and (ii) the payment of CO2 certificates 
𝑂𝑋𝑣𝑎𝑟

CO2 ,𝑘,ℎ
. These costs are calculated as

𝑂𝑋𝑣𝑎𝑟 = 𝑝 ⋅ 𝑆̇ ∀𝑠 ∈  , ∀(𝑘, ℎ) ∈  , (42)
𝑠,𝑘,ℎ 𝑠,𝑘,ℎ 𝑠,𝑘,ℎ
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𝑂𝑋𝑣𝑎𝑟
CO2 ,𝑘,ℎ

= 𝑝CO2 ,𝑘,ℎ ⋅ 𝑆̇CO2 ,𝑘,ℎ ∀(𝑘, ℎ) ∈  , (43)

with 𝑆̇𝑠,𝑘,ℎ the consumption rate of commodity 𝑠 and 𝑆̇CO2 ,𝑘,ℎ ∈ 
the amount of fossil CO2 emitted to the atmosphere, both at (𝑘, ℎ) and 
for 𝛥𝑡 = 1 h. In our setup, only electricity prices can be time-varying, 
therefore,

𝑝𝑠,𝑘,ℎ =

{

𝑝𝑒𝑙,𝑘,ℎ for 𝑠 = 𝑒𝑙 (electricity, hourly from cluster centroids),
𝑝𝑠 for 𝑠 ≠ 𝑒𝑙 (constant in a scenario).

The annual GWI is defined as 

𝐺𝑊 𝐼 =
∑

𝑘∈
𝜔𝑘

∑

ℎ∈

(

𝐺𝑊 𝐼𝑑𝑖𝑟𝑘,ℎ +
∑

𝑠∈
𝐺𝑊 𝐼 𝑖𝑛𝑑𝑠,𝑘,ℎ − 𝐶𝑆𝑏𝑖𝑜,𝑘,ℎ

)

⋅ 𝛥𝑡. (44)

Here, 𝐺𝑊 𝐼𝑑𝑖𝑟𝑘,ℎ represents the direct non-biogenic CO2 emissions to the 
atmosphere at (𝑘, ℎ), 𝐺𝑊 𝐼 𝑖𝑛𝑑𝑠,𝑘,ℎ denotes the indirect impact associated 
with the use of commodity 𝑠, and 𝐶𝑆𝑏𝑖𝑜,𝑘,ℎ represents the carbon credits 
attributed to the permanent storage of biogenic CO2. Again, 𝛥𝑡 = 1 h.

Note that the climate mitigation potential of carbon capture and 
utilization (CCU) systems depends significantly on the lifetime of the 
resulting products (Schlögl et al., 2018). Mineral carbonation enables 
long-term CO2 storage by transforming CO2 into stable solids (Metz 
et al., 2005). Baena-Moreno et al. (2019) emphasize that these car-
bonated solids, e.g., CaCO3, can securely store CO2 over extended 
periods without leakage risks. Thus, we assume that the captured 
CO2, regardless of its fossil or biogenic origin, is converted into stable 
carbonates, thereby ensuring that the CO2 remains isolated from the 
atmosphere in the long term.

As described in Section 2, two types of rotary kiln technologies are 
considered: (i) an oxyfuel-fired kiln and (ii) an electrically-heated kiln. 
In the latter case, CO2 emissions originate solely from limestone calci-
nation (process emissions), and we assume that 100% of this CO2 can 
be captured and mineralized into carbonates. In contrast, the oxyfuel-
fired kiln generates fossil CO2 from both natural gas combustion and 
limestone calcination. A fraction of this CO2 is released to the atmo-
sphere due to the CO2 capture rate of 90% of the carbon purification 
unit (ECRA, 2009). Therefore, the direct GWI term is calculated as

𝐺𝑊 𝐼𝑑𝑖𝑟𝑘,ℎ = 𝐸𝐹𝑁𝐺 ⋅ 𝑀̇ 𝑖𝑛
𝑜𝑥𝑦−𝑘𝑖𝑙𝑛,𝑁𝐺,𝑘,ℎ + 𝐸𝐹𝑙𝑖𝑚𝑒 ⋅ 𝑀̇

𝑖𝑛
𝑜𝑥𝑦−𝑘𝑖𝑙𝑛,𝑙𝑖𝑚𝑒,𝑘,ℎ

− CO𝑓𝑜𝑠,𝑢𝑡𝑖𝑙
2,𝑘,ℎ ∀(𝑘, ℎ) ∈  , (45)

where 𝐸𝐹𝑁𝐺 and 𝐸𝐹𝑙𝑖𝑚𝑒 are the emission factors for natural gas com-
bustion and limestone calcination, respectively. 𝑀̇ 𝑖𝑛

𝑜𝑥𝑦−𝑘𝑖𝑙𝑛,𝑁𝐺,𝑘,ℎ and 
𝑀̇ 𝑖𝑛

𝑜𝑥𝑦−𝑘𝑖𝑙𝑛,𝑙𝑖𝑚𝑒,𝑘,ℎ are the natural gas and limestone mass inflows to the 
oxyfuel-fired rotary kiln, respectively. COfos,util2,𝑘,ℎ  is the amount of fossil 
CO2 permanently stored via mineral carbonation.

The indirect GWI is calculated as 

𝐺𝑊 𝐼 𝑖𝑛𝑑𝑠,𝑘,ℎ = 𝐸𝐹 𝑖𝑛𝑑
𝑠 ⋅ 𝑆̇𝑠,𝑘,ℎ ∀𝑠 ∈  , (𝑘, ℎ) ∈  , (46)

where 𝐸𝐹 𝑖𝑛𝑑
𝑠  is the upstream emission factor, and 𝑆̇𝑠,𝑘,ℎ is the commod-

ity consumption rate. Direct and indirect emission factors can be found 
in the supporting materials.

Finally, carbon credits 𝐶𝑆𝑏𝑖𝑜,𝑘,ℎ are calculated based on the amount 
of stored biogenic carbon dioxide 𝑆̇𝑏𝐶𝑂2 ,𝑘,ℎ, as 

𝐶𝑆𝑏𝑖𝑜,𝑘,ℎ = 𝑆̇𝑏𝐶𝑂2 ,𝑘,ℎ ∀(𝑘, ℎ) ∈  . (47)

4. Results and discussion

In the following, we first analyze the optimal design of the concrete 
production process under steady-state operation (Sections 4.2 and 4.3) 
for different scenarios. Then, we perform integrated design and opera-
tion of a flexible plant, and assess the potential total annualized costs 
savings and shifted electricity demand (Section 4.4).
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4.1. Scenario definition

In our previous work (Ojeda-Paredes et al., 2025), we showed that 
optimal designs for reducing carbon emissions in Ordinary Portland 
cement production strongly depend on local conditions. In the present 
study, we adopt a similar perspective and define scenarios based on two 
crucial parameters, namely (i) the availability of biomass and (ii) the 
emission factor of the utilized electricity mix. Biomass is represented by 
wood chips with a cost of 95.06 EUR/t (C.A.R.M.E.N. e.V., 2024) and 
an upstream emission factor of 23.6 kg CO2eq/t (Yang et al., 2022). In 
the biomass availability scenario, biomass is assumed to be a feasible 
local fuel option for the plant. This represents a case in which the 
required wood chips can be sourced locally without prohibitive costs 
or major sustainability constraints, in line with reported restrictions 
for biomass use in cement manufacturing, including pre-treatment re-
quirements, local resource availability, transport costs, and sustainable 
sourcing (International Energy Agency (IEA) Bioenergy, 2021). In con-
trast, the biomass unavailability scenario reflects conditions in which 
these requirements are not met, including competing biomass uses such 
as food/feed, materials, and other energy applications (International 
Energy Agency (IEA) Bioenergy, 2008; Mignogna et al., 2024). When 
biomass is unavailable, the fuel set is restricted to natural gas and 
hydrogen, the latter being either market-sourced or produced on-site. 
For the electricity mix, we consider two greenhouse-gas intensities: (i) 
a high-GWI case based on Germany in 2024 (363 g CO2eq/kWh Icha 
and Lauf, 2025), and (ii) a low-GWI case corresponding to Norway 
in 2022 (10 g CO2eq/kWh International Energy Agency (IEA), 2022). 
These parameters result in four scenarios, namely high-GWI with and 
without biomass and low-GWI with and without biomass.

4.2. Optimal design for the steady-state operation: High-GWI electricity mix

Fig.  3 shows the Pareto fronts for the high-GWI scenarios, consid-
ering both availability and unavailability of biomass. Each marker on 
the front represents a Pareto-optimal design defined by its cement com-
position (ratio of Portland cement and recycled belite cement clinker, 
RC-BCC), raw meal composition, and kiln energy source. Interpolated 
lines between the optimal designs are added to guide the eye of the 
reader. In bi-objective optimization, Pareto optimality implies that no 
objective can be improved without worsening the other. In total, five 
Pareto-optimal designs are computed for each scenario with respect to 
the two objective functions, i.e., the total annualized cost (TAC) and 
the global warming impact (GWI).

The nonlinear shape of the Pareto fronts reflects the fact that the 
trade-offs between cost and emissions are technology and material 
dependent. In both scenarios (biomass availability and no biomass 
availability), the cost-optimal design corresponds to the reference con-
figuration, i.e., concrete is produced exclusively with Portland cement 
and no additional units for RC-BCC production or CO2 capture are 
installed (Reference in Fig.  3). Optimal GWI reductions can be achieved 
via three process configurations: (i) the electric rotary kiln with in-
creasing RC-BCC substitution (second Pareto solution from the left), 
(ii) the oxyfuel-fired rotary kiln using non-biogenic fuels and with 
increasing use of RC-BCC in the concrete production (third to fifth 
Pareto solutions from the left in the unavailability of biomass case), and 
(iii) the oxyfuel-fired rotary kiln using natural gas or biomass as fuels 
and with increasing use of RC-BCC in the concrete production (third to 
fifth Pareto solutions from the left in the availability of biomass case), 
as shown in Fig.  3.

When RC-BCC is produced, CO2 from fuel combustion (natural 
gas or biomass) and limestone calcination is captured and utilized to 
produce carbonated aggregates. For the Pareto-optimal designs that 
reduce GWI, the optimizer selects the aqueous mineral carbonation 
over the dry gas–solid route. This selection is determined mainly by (i) 
the energy requirements and (ii) the capital costs of the auxiliary equip-
ment. The aqueous route requires energy for solid–liquid separation 
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Fig. 3. Pareto fronts for high-GWI scenarios considering both availability (blue triangles) and unavailability (red squares) of biomass. For each Pareto-optimal 
design, circular and bar plots are displayed. The circles indicate the share of Portland cement (light blue) and recycled belite cement clinker (RC-BCC, beige) 
within the cement fraction of concrete, with the RC-BCC percentage shown at the center. The vertical bars denote the selected kiln energy source, i.e., electricity 
(yellow), biomass (dark green), natural gas (orange), or purchased hydrogen (light green), with values indicating the respective share of each energy source 

supplying the kiln.
and for drying the carbonated aggregates (assumed electric heating, see 
Fig.  1), whereas the dry route requires heat to raise the temperature in 
the carbonation reactor (assumed to be supplied by an external electric 
boiler, see Fig.  1), which increases CAPEX. However, we emphasize that 
this result is sensitive to the cost and energy parameters considered for 
both routes, and different conditions (e.g., availability of waste heat) 
could make the dry route more competitive.

In the electrically-heated rotary kiln configuration, a 50% RC-BCC 
replacement lowers GWI by 27.1% relative to the reference, while 
TAC increases only slightly from 26.1 to 26.3 EUR/t concrete. The 
oxyfuel-fired rotary kiln configuration enables the deepest decarboniza-
tion potential. If biomass is available, it is both economically and 
environmentally preferred over hydrogen or natural gas. The largest 
GWI reduction (49.2%) is achieved by using biomass in the oxyfuel-
fired rotary kiln, due to credits from converting biogenic CO2 into 
stable solids (long-term CO2 storage), at a TAC of 29.2 EUR/t con-
crete. If biomass is not available, market-sourced hydrogen becomes 
the preferred fuel, leading to a 37% GWI reduction relative to the 
reference, but at a higher cost of 31.5 EUR/t concrete. Hence, a 
combination of carbon-neutral fuels (biomass and green hydrogen) 
and high RC-BCC substitution rates is crucial to achieve strong GWI 
reductions.

Across all Pareto-optimal designs, except for the reference, the 
recycled concrete fines (rCF) share remains at the upper bound of 50%, 
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with the remaining 50% corresponding to limestone. This outcome 
results from the modeling assumptions, i.e., rCF is obtained from waste 
concrete and considered as cost and emission free, whereas limestone 
must be purchased and therefore involves both cost and GWI. Hence, 
the optimizer consistently selects the maximum rCF share. This is in 
contrast to the cement composition (Portland cement and RC-BCC), 
where intermediate substitution levels are obtained along the Pareto 
front.

Interestingly, at the third Pareto solution (first oxyfuel-fired rotary 
kiln design), the optimizer selects a higher share of Portland cement 
compared to the lowest-GWI electrically-heated rotary kiln solution. 
This raises upstream emissions, but the effect is partly offset by avoided 
emissions from electric heating. Consequently, GWI remains compara-
ble to the electrically-heated rotary kiln case, despite a significantly 
higher TAC. At the fifth Pareto solution, increasing RC-BCC substitution 
again reduces GWI. Fuel choice then becomes decisive, natural gas 
leads to persistent fossil emissions, hydrogen reduces them at higher 
cost, while biomass provides the lowest-GWI designs that are also 
cheaper.

Although electric heating has been proposed as a decarbonization 
strategy for cement kilns (Pisciotta et al., 2022), its potential is strongly 
constrained by the carbon intensity of the electricity mix. Here, un-
der the high-GWI electricity mix, indirect emissions largely offset the 
potential benefits of electrification.
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Fig. 4. Pareto fronts for low-GWI scenarios considering both availability (blue triangles) and unavailability (red squares) of biomass. For each Pareto-optimal 
design, circular and bar plots are displayed. The circles indicate the share of Portland cement (light blue) and recycled belite cement clinker (RC-BCC, beige) 
within the cement fraction of concrete, with the RC-BCC percentage shown at the center. The vertical bars denote the selected kiln energy source, i.e., electricity 
(yellow) and biomass (dark green), with values indicating the respective share of each energy source supplying the kiln (100% in both cases).
4.3. Optimal design for the steady-state operation: Low-GWI electricity mix

At a carbon intensity of 10 g CO2eq/kWh, the Pareto fronts shrink 
considerably compared to the high-GWI case (see Fig.  4). Although 
we considered five equidistant GWI values when we executed the 
augmented 𝜖−constrained method (Mavrotas, 2009), only four Pareto-
optimal designs remain for the scenario with biomass availability and 
two for the scenario without biomass. Accordingly, only two process 
configurations are optimal for reducing GWI, namely (i) the electric 
rotary kiln and (ii) the oxyfuel-fired rotary kiln with biomass. For 
the oxyfuel-fired rotary kiln configuration, natural gas is excluded by 
the optimizer due to its high fossil emissions, while hydrogen is not 
selected because electrification is more cost effective for reducing GWI. 
Compared to the high-GWI case, this shows that a more decarbonized 
electricity mix leads to different optimal solutions, both in terms of 
process configurations and fuel choices.

When biomass is not available, switching from the reference design 
(100% Portland cement) to the electrically-heated rotary kiln with 
50% RC-BCC substitution raises TAC by only 0.9% (from 26.1 to 26.3 
EUR/t concrete), while reducing GWI by 46.5%. This value is 29.9% 
lower than the corresponding design in the high-GWI case (cf. Fig. 
3), illustrating the strong competitiveness of electrification under a 
low-carbon electricity mix.

The oxyfuel-fired rotary kiln with biomass achieves the lowest GWI, 
37.1 kg CO2eq/t concrete. Compared to the minimum-GWI design with 
biomass in the high-electricity-GWI case, this corresponds to a 32% 
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lower value, since electricity-driven units such as the air separation and 
carbon purification benefit directly from the cleaner mix. This reflects 
that a low-GWI electricity mix improves the environmental perfor-
mance of both the electrically-heated rotary kiln and the oxyfuel-fired 
rotary kiln with biomass.

Since the carbon intensity of the electricity mix in many countries is 
expected to decrease due to the rise of renewables (International Energy 
Agency (IEA), 2021), the Pareto-optimal designs under the low-GWI 
case are considered more representative of future conditions. Therefore, 
their electricity consumption and cost structures are analyzed in detail 
in the following subsections.

4.3.1. Electricity consumption of Pareto-optimal designs
Fig.  5 shows the electricity demand of the electricity-driven process 

units across the Pareto-optimal designs under a low-GWI electricity 
mix. For the minimum-TAC design (1), electricity demand is limited 
to the concrete production section, with 0.18 MW in both scenarios 
(biomass availability and non-availability).

At the minimum-GWI design without biomass availability (2), the 
total electricity demand amounts to 6.9 MW, equivalent to 60 kWh/t 
concrete. The electrically-heated rotary kiln is the largest contribu-
tor (3.8 MW, 56% of the total), followed by the aqueous separation 
section (filtration and drying, 1.5 MW). Raw material pretreatment 
(crushing, drying, and milling) and clinker milling together account 
for 0.98 MW. In contrast, with biomass availability the total electricity 
demand, i.e., 5.7 MW (49.3 kWh/t concrete), is lower than that in 
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the electrically-heated rotary kiln configuration, for a minimal-GWI 
(4), while the distribution across units changes markedly. The aqueous 
separation section dominates (3.3 MW, 57.7% of the total), whereas the 
air separation and carbon purification units together add 1.1 MW. As 
detailed in Section 2.1, we assume electric preheating provided that the 
electric rotary kiln is selected by the optimizer, leading to an additional 
electricity consumption of 0.4 MW attributed to the preheating stage 
(2).

Overall, the lowest-GWI designs in both scenarios (biomass avail-
ability and non-availability) correspond to the highest electricity con-
sumption. However, their electricity demand distribution differ sub-
stantially. When biomass is not available, electricity is mainly con-
sumed by the kiln and the aqueous separation, whereas with biomass, 
electricity consumption is distributed across several units, including 
aqueous separation, air separation, and carbon purification.

4.3.2. Cost breakdown of Pareto-optimal designs
Fig.  6 shows the cost distribution of the total annualized cost (TAC) 

for the Pareto-optimal designs under a low-GWI electricity mix (cf. Fig. 
4), including the contributions of operational expenditures (OPEX) and 
capital expenditures (CAPEX).

Overall, OPEX dominate across all designs, regardless of biomass 
availability, kiln configuration, or the degree of Portland cement re-
placement by RC-BCC. At the minimum-TAC design, OPEX arise almost 
entirely from concrete constituents (25.9 EUR/t concrete, 99.5% of 
OPEX), with electricity contributing less than 1%. Besides, CAPEX 
are negligible (0.3% of TAC), as concrete production involves only 
batching and mixing operations. When Portland cement is partially 
replaced by 50% RC-BCC, electricity costs increase significantly, to 
4.7 EUR/t (second Pareto-solution) or to 3.9 EUR/t (fourth Pareto-
solution), depending on the kiln configuration. This increase reflects 
the electricity-intensive production of RC-BCC, which involves the kiln 
(electric), CO2 capture, and aqueous carbonation. Furthermore, in the 
oxyfuel-fired rotary kiln configuration (fourth Pareto solution), the 
production of RC-BCC decreases aggregate costs by 1.1 EUR/t concrete 
due to the on-site production of carbonated aggregates.

For the scenario with biomass, substituting Portland cement with 
RC-BCC leads to CAPEX values between 4.3 and 7.2 EUR/t concrete 
(second and fourth Pareto-solutions respectively), as a result of the 
installation of technologies for RC-BCC and aggregate production. The 
rotary kiln accounts for approximately 68.2% and 31% of the CAPEX 
in the electrically-heated and oxyfuel-fired kiln configurations, respec-
tively. In the latter case, additional units are required, such as the air 
separation unit and carbon purification unit, which together account 
for about 43.9% of the investment cost.

Additionally, replacing Portland cement with RC-BCC reshapes the 
cost structure, i.e., the economic burden is shifted from conventional 
materials to electricity and capital-intensive technologies. As a result, 
costs associated with Portland cement and aggregates decrease, while 
electricity expenditures and capital investment increase. Furthermore, 
for the oxyfuel-fired rotary kiln configuration, additional costs arise 
from biomass purchase and CO2 certificates, further contributing to the 
total annualized cost (TAC). The payment for CO2 certificates arises 
from the uncaptured fraction of CO2 from limestone calcination, due 
to the assumed 90% capture rate in the carbon purification unit.

4.3.3. Impact of increasing RC-BCC substitution above 50%
The Pareto fronts in Figs.  3 and 4 show that increasing the sub-

stitution levels of RC-BCC significantly decreases the GWI. Based on 
reported substitution levels at laboratory scale (Stemmermann et al., 
2022), we assume a maximum substitution of 50%. Here, we compute 
optimal designs with fixed substitution levels ranging from 60 to 100% 
of RC-BCC, see Fig.  7, assuming that higher substitution ratios might 
be feasible depending on client specifications and technical standards 
for concrete production.
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Higher replacement rates of RC-BCC would further decrease the 
GWI, leading to very low values in the electrically-heated rotary kiln 
configuration (7.5 kg CO2eq/t concrete at 100% substitution) and neg-
ative values in the oxyfuel-fired rotary kiln configuration (−32.5 kg 
CO2eq/tconcrete at 100%). In the oxyfuel-fired rotary kiln configuration, 
negative GWI values are already achieved at 80% substitution (−4.7 kg 
CO2eq/t concrete).

Higher substitution levels of RC-BCC can also be economically 
preferable. This outcome can be partly explained by the fact that most 
of the TAC arises from OPEX (cf. Fig.  6); in particular, mainly the TAC 
can be attributed to the purchase of concrete constituents (aggregates 
and Portland cement), which decrease with the on-site production of 
RC-BCC and aggregates. In contrast, for the electrically-heated rotary 
kiln, substitution levels of 60% and more would be more cost-effective 
than the reference configuration (100% Portland cement). However, 
the electrically-heated rotary kiln configuration is very sensitive to 
electricity prices. For instance, at 100% RC-BCC, electricity accounts 
for 51% of OPEX and 37.4% of TAC. Hence, electricity prices above the 
price considered in this analysis (78.51 EUR/MWh for 2024 Bundesnet-
zagentur|SMARD.de, 2024) could offset the apparent TAC reduction 
relative to the 100% Portland cement reference.

4.4. Integrated design and operation

In the following, we assess the benefits of integrating design and op-
eration. Specifically, we quantify the potential cost savings considering 
varying electricity prices and evaluate the demand response potential 
of low-carbon concrete production. Further, we analyze the optimal 
capacities of selected technologies and storage units. To account for 
the effect of temporal aggregation, the quasi-stationary model is solved 
for different numbers of clusters, i.e., 𝐾 = 4, 6, 8, 10, 12, 14, 16, 18, and 
20. Accordingly, the results in this section are reported as ranges over 
the investigated values of 𝐾.

As a basis, we use the GWI-optimal designs for steady-state opera-
tion from the low-GWI scenarios with and without biomass availability 
(Section 4.3). We fix the kiln configuration (electrically-heated rotary 
kiln and oxyfuel-fired rotary kiln with biomass) and the material com-
position (50% RC-BCC and 50% recycled concrete fines), and then 
minimize TAC. Compared to the corresponding steady-state reference 
designs, the discrete-time quasi-stationary formulation enables time-
dependent operation under varying electricity prices, thereby capturing 
load shifting behavior that cannot be represented in a steady-state 
formulation.

Table  3 reports the resulting TAC reductions, annual electricity 
savings, load shifting, and wall time, where the latter refers to the 
wall-clock time elapsed during solution of the problem by the Gurobi 
solver. Flexible operation, i.e., the ability of the process to operate 
under different operating conditions (Swaney and Grossmann, 1985; 
Luo et al., 2022), leads to negligible TAC reductions compared to the 
steady-state reference. The TAC reduction ranges from 0.04% to 0.46% 
for the electrically-heated rotary kiln-based process and from 0.09% 
to 0.33% for the oxyfuel-fired rotary kiln-based process with biomass. 
In contrast, the effect on the electricity costs is more pronounced. 
Annual electricity costs decrease by 2.2−2.8% (84−108 kEUR) for the 
electrically-heated rotary kiln and by 13.4−18.2% (428−582 kEUR) for 
the oxyfuel-fired rotary kiln. The limited TAC reductions are due to the 
additional requirements of the flexible operation, i.e., the installation 
of storage units, auxiliary units (e.g., CO2 compressor), as well as the 
oversizing of certain process units (e.g., the mills). These investments 
lead to higher annualized CAPEX compared to the steady-state refer-
ence, ranging from approximately 54−99 kEUR (+1.5−+2.8%) for the 
electrically-heated rotary kiln and 398−502 kEUR (+6.7−+8.4%) for 
the oxyfuel-fired rotary kiln.
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Fig. 5. Electricity demand of process units across Pareto-optimal designs considering a low-GWI electricity mix. Results are shown for scenarios with biomass 
availability (hatched bars) and without biomass availability (plain bars).
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Fig. 6. TAC breakdown for Pareto-optimal designs in Fig.  4: The stacked first bars show operational costs, including expenses for electricity, CO2 certificates, 
fuels (biomass), aggregates (fine and coarse), Portland cement and limestone. The second stacked bars show the share of operational expenditures (OPEX) and 
capital expenditures (CAPEX).
Fig. 7. Pareto fronts for low-GWI scenarios considering both availability (blue triangles) and unavailability (red squares) of biomass. Optimal solutions under 
fixed substitution levels of RC-BCC (60%–100%) are represented by purple squares (availability of biomass) and light blue triangles (unavailability of biomass).
Previous studies on demand side management in cement plants 
report electricity costs savings ranging from 4% to 14% (Summer-
bell et al., 2017; Mossie et al., 2025; Rojas-Innocenti et al., 2024). 
The electricity cost savings obtained for the oxyfuel-fired rotary kiln, 
15 
13.4–18.2%, are therefore within or slightly above the range reported 
in the literature, depending on the temporal aggregation. Savings from 
the electrically-heated rotary kiln case are comparatively lower, as 
fewer flexible units are activated in the optimal design. Specifically, 
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Table 3
TAC reduction, annual electricity savings, load shifting, and wall time for 𝐾 = 4, 6, 8, 10, 12, 14, 16, 18, and 20 
representative-day clusters for (a) the electrically-heated rotary kiln-based process and (b) the oxyfuel-fired rotary kiln-
based process with biomass.
 (a) Electric kiln
 Clusters TAC reductions (%) Electricity savings (%) Load shifting (%) Wall time (s) 
 4 0.46 2.79 3.7 47  
 6 0.08 2.16 4.2 55  
 8 0.11 2.64 4.5 178  
 10 0.08 2.62 4.7 543  
 12 0.14 2.52 4.2 978  
 14 0.08 2.28 4.3 1421  
 16 0.04 2.77 5.3 1777  
 18 0.09 2.34 4.4 2149  
 20 0.09 2.37 4.5 3677  
 (b) Oxyfuel kiln
 Clusters TAC reductions (%) Electricity savings (%) Load shifting (%) Wall time (s) 
 4 0.31 13.82 26.2 161  
 6 0.12 13.37 25.0 195  
 8 0.18 14.39 25.7 522  
 10 0.11 16.12 28.9 1339  
 12 0.09 17.23 30.5 1973  
 14 0.22 17.25 30.6 2736  
 16 0.12 16.70 29.3 3626  
 18 0.28 17.76 30.4 4391  
 20 0.33 18.17 30.3 6436  
only units in the cement production line, i.e., crusher, dryer, raw 
mill, and clinker mill, contribute to flexibility. This can be attributed 
to two main factors. First, we assume day-ahead electricity prices, 
whereas other studies consider different market frameworks, such as 
spot prices (Summerbell et al., 2017) or time-of-use tariffs (Mossie 
et al., 2025), which can exhibit higher or lower price variability, re-
spectively. As shown by Rojas-Innocenti et al. (2024), demand response 
potential is highly sensitive to market-specific conditions and seasonal 
fluctuations. Second, our model integrates design and operation, and 
accounts for total annualized costs (TAC), which limits the oversizing of 
electricity-driven units and the sizing of storage units. In contrast, most 
studies focus solely on operational scheduling under a fixed process 
design, and typically report electricity cost savings without consider-
ing capital investments. Our results thus highlight the importance of 
accounting for investment costs required to enable flexibility. Including 
additional electricity markets, such as intraday or reserve capacity mar-
kets, might lead to further savings and enhance the demand response 
potential. Moreover, higher price volatility on the day-ahead market 
could increase the economic benefit of flexibility.

Fig.  8 illustrates the operational response of the two process con-
figurations for one representative day. The example corresponds to 
𝐾 = 6, cluster 1, which has a probability of occurrence of 34.7% 
(cf. Fig.  2). The figure shows how electricity consumption is shifted 
to hours with lower electricity prices. In both process configurations, 
the rotary kiln operates continuously, as we assume no flexibility in 
that unit operation. The continuous operation restricts the electricity-
driven upstream and downstream units that are directly coupled to 
the kiln, such as the preheater (PRE) in the electrically-heated rotary 
kiln case and the carbon purification unit (CPU) in the oxyfuel-fired 
rotary kiln configuration, which remain at steady load. Thus, demand 
response within the RC-BCC production line is mainly attributed to 
the raw meal pretreatment (crushing, drying and milling) and clinker 
milling sections. Notably, the operating schedules of the drying, raw 
milling, and clinker milling tasks are similar in both kiln configura-
tions, typically operating at full capacity during periods with more 
favorable electricity prices. In contrast, the crusher operation profile is 
different for the two process configurations. In the oxyfuel-fired rotary 
kiln-based process, the crusher operation is limited by dependencies 
with the aqueous mineral carbonation section (AQ-CARB and AQ-SEP), 
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resulting in periods of lower electricity consumption or shutdown when 
the carbonation process is not operating. The finding that milling 
operations are the primary contributors to demand response in cement 
plants aligns with previous studies (Estelmann et al., 2018; Mossie 
et al., 2025).

Overall, both kiln configurations allow demand response, although 
the oxyfuel-fired rotary kiln process offers greater operational flexibility 
than the electrically-heated rotary kiln process. In the oxyfuel-fired 
rotary kiln process, the aqueous mineral carbonation task (i.e., carbona-
tion and drying) decreases its electricity demand or is shut down during 
hours of high electricity prices, whereas such load shifting is not eco-
nomically viable in the electrically-heated rotary kiln process. This can 
be partly explained by the fact that enabling flexibility in the aqueous 
separation process requires additional units such as a CO2 storage tank 
and compressor, which increase CAPEX which cannot be fully offset by 
electricity savings in the electrically-heated rotary kiln configuration. 
Moreover, CO2 from limestone calcination in the electrically-heated 
rotary kiln is released at atmospheric pressure (1.01 bar), and com-
pressing it to the storage pressure (25 bar) implies a higher electricity 
demand compared to the oxyfuel-fired rotary kiln case, where CO2 is 
already available at 16.5 bar from the carbon purification unit (CPU). 
Detailed calculations of the electricity demand for CO2 compression 
can be found in Section 3 and Tab. 6 of the supporting materials. The 
annual shifted electricity demand ranges from 3.7% to 5.3% (1.8 GWh 
to 2.6 GWh), for the electrically-heated rotary kiln process and from 
25.0% to 30.6% (10.3 GWh to 12.6 GWh) for the oxyfuel-fired rotary 
kiln process, relative to their respective annual electricity consumption 
(see Table  3). This significant difference demonstrates that flexibility 
in concrete production can also be achieved from carbon capture and 
utilization (CCU) units. Specifically, the aqueous mineral carbonation 
section (AQ-CARB and AQ-SEP) shifts approximately 35−45% of its 
electricity consumption across the tested temporal aggregations of 
electricity price data.

As load shifting is achieved by (i) implementing intermediate stor-
age units and (ii) oversizing of selected process units, Fig.  9 compares 
the optimal installed capacities of flexible unit operations with the 
corresponding steady-state capacities. The figure reports both the mean 
capacity over the tested values of 𝐾 and the corresponding min−max 
range.
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Fig. 8. Electricity consumption of concrete production considering 50% of RC-BCC for (a) the electrically-heated rotary kiln and the (b) oxyfuel-fired rotary kiln 
with biomass. Shown is an illustrative demand response schedule for 𝐾 = 6, considering the first typical day (cluster 1), which has a probability of occurrence 

of 34.7% (cf. Fig.  2).
Overall, the variation in unit capacities across the tested values 
of 𝐾 is moderate compared with the difference between the steady-
state and flexible designs. This indicates that the optimal sizing of the 
main flexible units is relatively robust with respect to the temporal 
aggregation. In the electrically-heated rotary kiln configuration, the 
largest absolute increase is observed for the dryer, whose capacity 
ranges from 0.66 to 0.88 MW, compared to 0.46 MW in the steady-state 
design. In the oxyfuel-fired rotary kiln, due to the electricity demand 
required for drying the carbonated material, the aqueous separation 
section (AQ-SEP) shows the largest capacity increase, ranging from 5.31 
to 6.27 MW compared to 3.27 MW in the steady-state design. This 
reflects the role of CCU-related units in providing demand response.

Fig.  10 shows the corresponding annualized CAPEX of the flexible 
units and the corresponding units of the steady-state designs. For the 
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electrically-heated rotary kiln configuration, the CAPEX increments of 
individual flexible units remain moderate, with the largest increments 
associated with the raw mill and dryer. Across the tested values of 𝐾, 
the annualized CAPEX increment of the raw mill ranges from 23 to 
46 kEUR, while that of the dryer ranges from 15 to 30 kEUR. For the 
oxyfuel-fired rotary kiln configuration, the largest annualized CAPEX 
increments are associated with the CCU-related units. The annualized 
CAPEX increment of the aqueous mineral carbonator ranges from 168 
to 237 kEUR, while that of the filtration and drying section ranges 
from 106 to 150 kEUR. Thus, although CCU units increase the flexi-
bility potential, they also introduce a significant additional investment 
requirement. As a result, despite significant electricity cost savings, the 
TAC reduction remains small.
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Fig. 9. Optimal capacities of flexible unit operations compared to the corresponding steady-state configuration for 𝐾 = 4, 6, 8, 10, 12, 14, 16, 18, and 20 for (a) the 
electrically-heated rotary kiln-based process and (b) the oxyfuel-fired rotary kiln-based process with biomass. Markers indicate the mean capacities over the tested 
values of 𝐾, and bars indicate the corresponding min−max ranges.
As described previously, the total annualized CAPEX increase ranges 
from 54 to 99 kEUR for the electrically-heated rotary kiln and from 
398 to 502 kEUR for the oxyfuel-fired rotary kiln. In both kiln configu-
rations, these increases are primarily driven by equipment oversizing 
rather than the implementation of storage units or auxiliary equip-
ment. In particular, in the electrically-heated rotary kiln configuration, 
oversizing ranges from 96.8% to 97.3% of the total CAPEX increase. 
In the oxyfuel-fired rotary kiln configuration, it accounts for about 
85.1−86.4%, with the remainder attributed to storage units and the 
CO2 compressor. These results demonstrate that enabling operational 
flexibility through oversizing leads to significant additional investment 
cost, not only for capital intensive CCU units, but also for RC-BCC 
production units, even if their individual CAPEX contributions are mod-
erate. Consequently, oversizing costs can limit the flexibility potential, 
as the trade-off between investment and electricity cost savings varies 
significantly across process units.

Table  4 reports the storage capacities obtained for the different 
numbers of clusters. No clear trend but, depending on the stored ma-
terial, significant variations can be observed. Thus, the optimal storage 
sizes are quite sensitive with respect to the particular representative 
price profiles generated by the clustering, which can be explained by 
the relatively low CAPEX of storage.

All storage units are considered as intermediate buffers, which are 
filled and emptied according to the varying operation of upstream 
and downstream process units. In particular, bulk solid materials such 
as recycled aggregates and carbonated aggregates are assumed to be 
stored in open stockpiles, whereas recycled concrete fines, raw meal, 
clinker, and ground RC-BCC are assumed to require enclosed storage 
(e.g., silos or sheds). Pressurized tanks are considered for the storage 
of O2 and CO2. Larger storage capacities enable decoupling between 
process sections and allow temporary shutdowns during periods of 
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high electricity prices, whereas smaller storage capacities restrict this 
flexibility. The largest storage capacities are obtained for recycled 
aggregates. In the electrically-heated rotary kiln configuration, recycled 
aggregate storage ranges from 50 to 224.5 t, while in the oxyfuel-fired 
rotary kiln configuration it ranges from 225.4 to 557.7 t. In contrast, the 
capacities of clinker and ground RC-BCC storage vary within a narrower 
range, approximately 47.8−65.5 t for both kiln configurations.

Surprisingly, across all tested temporal aggregations, O2 storage 
is not selected by the optimizer to provide flexibility in the oxyfuel-
fired rotary kiln configuration. We attribute this result to the fact 
that storing O2 would lead to additional CAPEX, due to the compres-
sor and the storage tank, and oversizing of the air separation unit 
(ASU). In the steady-state operation, the ASU already represents the 
second most capital-intensive unit after the rotary kiln, accounting for 
approximately 25% of the total CAPEX.

5. Conclusion

We determined the optimal design of a low-carbon concrete produc-
tion plant under varying material composition and capable of adjusting 
its electricity consumption under time-varying electricity prices. The 
plant integrates a novel recycled belite cement clinker (RC-BCC) pro-
cess. To this end, we formulated an integrated design and scheduling 
model that includes both design decisions (e.g., technology selection) 
and operational decisions (e.g., mass flows), and evaluated scenarios 
defined by availability of biomass and the emission factor of the 
electricity mix.

The results demonstrate that replacing Portland cement with RC-
BCC produced via either an electrically-heated or an oxyfuel-fired 
rotary kiln, combined with aqueous mineral carbonation, can signifi-
cantly reduce the global warming impact (GWI). At a substitution level 
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Fig. 10. Annualized capital expenditures (CAPEX) of flexible unit operations compared to the corresponding steady-state configuration for 𝐾 =
4, 6, 8, 10, 12, 14, 16, 18, and 20 for (a) the electrically-heated rotary kiln-based process and (b) the oxyfuel-fired rotary kiln-based process with biomass. Markers 
indicate the mean values over the tested temporal aggregations, and bars indicate the min−max range.
Table 4
Storage capacities (in t) for (a) the electrically-heated rotary kiln-based process and (b) the oxyfuel-fired rotary kiln-based process with biomass, for different 
numbers of clusters.
 (a) Electric kiln
 Storage material Number of clusters
 4 6 8 10 12 14 16 18 20  
 Recycled concrete fines 33.3 27.9 18.8 25.0 46.6 49.5 29.1 48.6 54.5  
 Recycled aggregatesa 114.3 169.7 224.5 184.8 115.7 50 200.3 90.1 63.3  
 Raw meal 80 83.5 86.3 88.8 84.9 87.5 90.4 99.2 94.7  
 Clinker 47.8 50.3 62.4 62.4 62.4 62.4 62.4 65.5 62.4  
 Ground RC-BCC 47.8 50.3 62.4 62.4 62.4 62.4 62.4 65.5 62.4  
 (b) Oxyfuel kiln with biomass
 Storage material Number of clusters
 4 6 8 10 12 14 16 18 20  
 Recycled concrete fines 17.6 27.3 24.7 32.2 28.9 28.8 31.4 27.5 26.5  
 Recycled aggregatesa 225.4 282.1 360.9 458.2 557.7 409.4 439.7 452.0 463.8 
 Raw meal 80.7 83.5 83.5 86.4 84.9 87.5 87.5 103.9 100.6 
 Clinker 47.8 50.3 62.4 62.4 62.4 62.4 62.4 65.5 62.4  
 Ground RC-BCC 47.8 50.3 62.4 62.4 62.4 62.4 62.4 65.5 62.4  
 Carbonated aggregatesa 20.5 17.1 20.5 24.0 27.4 27.4 24.0 31.7 35.6  
 Captured CO2 29.2 23.1 24.7 32.6 37.7 38.6 35.1 40.0 41.2  
a Stored in open stockpiles.
of 50% of RC-BCC, the electrically-heated rotary kiln configuration 
achieves GWI reductions of 27.1% and 46.5% under high- and low-
GWI electricity mixes, respectively. Similarly, the oxyfuel-fired rotary 
kiln with biomass as fuel configuration achieves GWI reductions of 
49.2% (high-GWI electricity mix) and 65.2% (low-GWI electricity mix). 
If higher RC-BCC substitution levels in the concrete formulation are 
technically feasible, very low or even negative GWI values could be 
achieved due to the storage of biogenic CO2 in the carbonated aggre-
gates. These findings highlight the potential of recycled cementitious 
materials as enablers of greenhouse gas (GHG) mitigation and material 
circularity in cement and concrete production. However, achieving 
drastic GWI reductions would require sufficient amounts of biomass 
supply and access to a low-carbon electricity mix.
19 
Electricity cost savings and load shifting potential are obtained by 
flexible operation; however, the overall reduction in total annualized 
cost (TAC) is marginal. For instance, although the oxyfuel-fired rotary 
kiln exhibits moderate electricity cost savings of 13.4−18.2% and shifts 
25.0−30.6% (10.3−12.6 GWh) of its annual electricity demand, the 
resulting reduction in TAC is very low (0.09−0.33%). This reflects 
a trade-off between capital costs and operational costs, i.e., enabling 
flexibility through the implementation of storage units and equipment 
oversizing unlocks electricity savings but increases capital investment. 
Given that these TAC reductions are extremely small, they may be out-
weighed by model uncertainties, suggesting that the economic benefits 
of flexibility may remain limited in practice. Moreover, the achievable 
load shifting potential may be lower due to operational constraints not 
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implemented in this study, such as ramping limits or start-up energy 
requirements.

Despite the limitations, the results point to several research direc-
tions. First, more detailed demand response models, capable of ex-
plicitly representing industrial operational constraints could strengthen 
the assessment of flexibility. Second, considering longer scheduling 
horizons, such as weeks instead of days, could provide greater de-
mand response potential. Finally, integrating additional electricity mar-
kets, such as intraday or reserve capacity markets, may improve the 
economic potential of flexible cement plants.

Overall, the integration of RC-BCC and mineral carbonation rep-
resents a promising pathway for the deep decarbonization of cement 
and concrete production, enabling both substantial GHG reductions and 
enhanced material circularity. While economic benefits remain modest 
under current assumptions, further research on model uncertainty and 
large-scale deployment is essential to assess the industrial applicability 
of RC-BCC-based technologies.

Nomenclature

 Abbreviations
 AAC Autoclaved aerated concrete  
 AEL Alkaline electrolyzer  
 ASU Air separation unit  
 CAPEX Capital expenditures  
 CCU Carbon capture and utilization  
 CCUS Carbon capture, utilization and storage  
 CEPCI Chemical Engineering Plant Cost Index  
 CPU Carbon purification unit  
 DR Demand response  
 GHG Greenhouse gas  
 gRC-BCC Ground recycled belite cement clinker  
 GWI Global warming impact  
 LHV Lower heating value  
 MC Mineral carbonation  
 MILP Mixed integer linear programming  
 OPEX Operating expenditures  
 PC Portland cement  
 PCC Portland cement clinker  
 pd-AAC Post-demolition autoclaved aerated concrete  
 PEMEL Proton exchange membrane electrolyzer  
 rA Recycled aggregates  
 RC-BCC Recycled belite cement clinker  
 rCF Recycled concrete fines  
 SRMs Secondary raw materials  
 TAC Total annualized cost  
 TRL Technology readiness level  
 Greek symbols
 𝛼 Scale factor  
 𝛥𝐻 Enthalpy of reaction  
 𝛥𝑇 Temperature difference  
 𝛥𝑡 Duration of one time step  
 𝜂 Efficiency  
 𝛾 Project lifetime  
 𝜈 Stoichiometric coefficient  
 𝜔 Cluster weight  
 𝜙 Design fraction  
 𝜎 Interest rate of investment  
 𝜁 Splitter fraction  
 Latin symbols
  Set of components  
 𝑛𝑠 Set of non-storage components  
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 𝑐 Heat capacity  
 𝐶𝐸 CEPCI value  
 𝐶𝑅𝐹 Capital recovery factor  
 𝐶𝑆 Carbon credits  
 𝐶𝑋 Capital costs  
 𝐷 Size of component  
  Set of electricity-based units  
 𝑢 Set of reactants  
 𝐸̇ Energy flow  
 𝐸𝐹 Emission factor  
 𝐸,𝑖𝑛

𝑐 Set of incoming energy flows of component 𝑐  
 𝐸,𝑜𝑢𝑡

𝑐 Set of outgoing energy flows of component 𝑐  
 𝑀,𝑖𝑛

𝑐 Set of incoming material flows of component 𝑐  
 𝑀,𝑜𝑢𝑡

𝑐 Set of outgoing material flows of component 𝑐  
 𝑢 Set of products  
 𝐺𝑊 𝐼 Global warming impact  
  Set of hourly periods within a day  
  Set of typical-day clusters  
  Set of splitters  
  Set of material sources  
 𝑀̇ Material flow  
 𝑚𝑐𝑒𝑚 Mass of cement blend  
 𝑚𝑙𝑖𝑚𝑒 Mass of limestone  
 𝑚𝑃𝐶 Mass of Portland cement  
 𝑚𝑟𝐶𝐹 Mass of recycled concrete fines  
 𝑚𝑅𝐶−𝐵𝐶𝐶 Mass of recycled belite cement clinker  
 𝑚𝑟𝑚 Mass of raw meal  
  Set of sinks  
 𝑂𝑋 Operating costs  
 𝑝 Commodity/certificate price  
 𝑝𝑚𝑖𝑛 Minimum part-load factor  
  Set of thermal units  
  Set of commodities  
 𝑆̇ Energy or material flow from source or to sink  
 𝑆𝑂𝐶 State of charge  
  Set of time steps  
 𝑇 Maintenance cost factor  
 𝑇𝐴𝐶 Total annualized cost  
  Set of conversion units  
  Set of storage units  
 𝑤 Molecular weight  
  Set of mixers  
 𝑥 Decision to install a component  
 𝑦 Decision to operate a component  
 Subscripts
 batch-mix Batching and mixing section  
 bCO2 Biogenic CO2  
 bio Biomass  
 c Component  
 cem Cement blend  
 e Reactant  
 el Electric  
 g Product  
 h Hourly period  
 heat Thermal heat  
 i Incoming energy or material flow index  
 j Outgoing energy or material flow index  
 k Typical-day cluster  
 l Splitter  
 lime Limestone  
 m Mass source  
 n Sink  
 NG Natural gas  
 PC Portland cement  
 q Thermal unit  

 RC-BCC Recycled belite cement clinker  
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  rCF Recycled concrete fines  
 rm Raw meal  
 rm-mill Raw mill  
 s Commodity  
 u Conversion unit  
 w Storage unit  
 x Mixer  
 Superscripts
 cem Cement  
 dir Direct  
 fix Fixed  
 fos Fossil  
 in Input  
 ind Indirect  
 lime Limestone  
 max Maximum  
 min Minimum  
 nom Nominal  
 ope Operating  
 out Output  
 PC Portland cement  
 RC-BCC Recycled belite cement clinker  
 rCF Recycled concrete fines  
 ref Reference  
 rm Raw meal  
 util Utilized  
 var Variable
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