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 A B S T R A C T

Cement production is an energy-intensive process and a major greenhouse gas (GHG) emitter. Carbon capture, 
utilization and storage (CCUS) technologies and fossil fuel substitution have been studied as carbon mitigation 
measures in the cement industry. However, their optimal combination for retrofitting the production of 
Ordinary Portland cement (OPC) has yet to be assessed. We formulate and optimize a superstructure to retrofit 
the OPC production by optimally combining CCUS technologies and fuel switching. Our analysis shows that the 
emerging Pareto-optimal designs heavily depend on the local conditions, notably the availability of biomass and 
carbon storage, electricity prices, and emission factor of the used electricity mix. Economically, carbon capture 
and storage (CCS) is more cost-effective than carbon capture and utilization (CCU) via power-to-methane at 
current costs in Germany. Only if renewable electricity can be accessed at very low cost, CCU becomes an 
attractive option.
1. Introduction

Cement production is an energy-intensive process and, primarily 
due to clinker production, accounts for about 7% of global CO2 emis-
sions (International Energy Agency (IEA), 2018). Specifically, around 1 
tonne of CO2 is released per tonne of grey clinker by the combustion 
of fossil fuels in the pyroprocessing stage and by the calcination of 
limestone to produce clinker (Schorcht et al., 2013). Therefore, various 
carbon mitigation initiatives have been devised (Ishak and Hashim, 
2015; International Energy Agency (IEA), 2018; Hasanbeigi et al., 
2012), e.g., applying carbon capture technologies, using alternative 
fuels, producing alternative binders, and improving energy efficiency.

Carbon capture technologies for cement plants are often categorized 
based on their technology readiness level (TRL). Promising technologies 
are chemical absorption and calcium looping at TRL 7 to 8 and oxyfuel 
combustion and direct separation at TRL 5 to 6 (International Energy 
Agency (IEA), 2020). To date, carbon capture technologies have not 
been deployed on a commercial scale in the cement industry (Bacatelo 
et al., 2023). In fact, there is no large-scale implementation in operating 
clinker production plants, but several pilot projects have applied these 
technologies on a partial scale with a view to industrial scale (Per-
ilii, 2021). For instance, the European Cement Research Academy 
(ECRA) has conducted oxyfuel combustion investigations since 2007 
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and started an industrial oxyfuel carbon capture project at Heidel-
bergCement’s Colleferro plant in Italy and LafargeHolcim’s Retznei 
plant in Austria in 2018 (Plaza et al., 2020). Additionally, the Low 
Emissions Intensity Lime and Cement (LEILAC) project started up a CO2
separation pilot plant (LEILAC1) utilizing direct separation as a carbon 
capture technology, with a capacity of 25 kilotonnes per year. The sub-
sequent phase, LEILAC2, aims to capture approximately four times the 
capacity of LEILAC1 and is projected to be finalized by 2025 (Heidel-
bergCement, 2020). Another initiative, the Cleanker project, initiated 
in 2017, conducts pilot-scale tests at Buzzi Unicem to evaluate the 
applicability of the entrained flow calcium looping technology (Plaza 
et al., 2020). HeidelbergCement’s Norcem in Norway aims to capture 
and store all its process CO2 emissions, around 0.4 Mtonne/year, by 
applying chemical absorption with an amine solvent (Knudsen, 2019). 
Carbon capture implementation is indispensable for decarbonizing ce-
ment clinker production, as about 60 percent of total CO2 emissions 
originate from the calcination of limestone (Toktarova et al., 2020).

Captured CO2 can be transported through pipelines for geological 
storage in onshore or offshore saline aquifers (Smith et al., 2021) or 
used as a feedstock, e.g., for producing chemicals and synthetic fuels 
by power-to-chemicals/fuels processes (International Energy Agency 
(IEA), 2018). For instance, power-to-methane (PtMe) utilizes CO2 and
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Nomenclature

Abbreviations

AEL Alkaline electrolysis
ASU Air separation unit
BAT Best Available Technique
BIO Biological methanation
CAPEX Capital expenditures
CAT Catalytic methanation
CCS Carbon capture and storage
CCU Carbon capture and utilization
CCUS Carbon capture, utilization and storage
CEPCI Chemical engineering plant cost index
CPU Carbon purification unit
GHG Greenhouse gas
GWI Global warming impact
LHV Lower heating value
MEA Monoethanolamine
MILP Mixed integer linear programming
OPC Ordinary Portland cement
OPEX Operational expenditures
PEMEL Proton exchange membrane electrolysis
PtG Power-to-gas
PtH2 Power-to-hydrogen
PtMe Power-to-methane
SNG Synthetic natural gas
SOEL Solid oxide electrolysis
TAC Total annualized cost
TRL Technology readiness level
WACC Weighted average cost of capital
Greek symbols
𝛼 Scale factor
𝛥𝐻 Enthalpy of reaction
𝛥𝑇 Temperature difference
𝜂 Efficiency
𝜈 Stoichiometric ratio
𝜁 Splitter fraction
Latin symbols
 Set of combustors
 Set of calciners
 Set of components
𝑐 Heat capacity
𝐶𝐸 CEPCI value
𝐶𝑅𝐹 Capital recovery factor
𝐶𝑆 Credits
𝐶𝑋 Capital costs
𝐷 Size of component
 Set of electricity-based components
u Set of reactants
𝐸̇ Energy flow
𝐸𝐹 Emission factor
𝐸𝑀 CO2 emissions
 Set of fuels
𝑓 Fraction of theoretical emissions mitigation 

potential from SNG production
2 
u Set of products
𝐺𝑊 𝐼 Global warming impact
 Set of thermal components
𝑖 Interest rate of investment
 Set of species
 Set of splitters
 Set of material sources
𝑀̇ Material flow
 Set of sinks
𝑛 Lifetime of the project
 Set of other componentes
𝑂𝑋 Operating costs
𝑝 Commodity/certificates price
𝑅𝑆𝑁𝐺 Revenues
𝑟𝑆𝑁𝐺 SNG selling price
 Set of sources and sinks
𝑆̇ Energy or material flow from source or to 

sink
𝑇 Maintenance cost factor
 Set of conversion units
 Set of mixers
𝑤 Molecular weight
𝑥 Decision to install component
𝑦 Mass fraction
Subscripts

a Combustor unit
b Calciner unit
bCO2 Biogenic CO2 emitted
bio Biomass
c Component
e Reactant
el Electricity
eq Equivalent
f Fuel
g Product
h Thermal unit
i Energy/material input stream
j Energy/material output stream
k Species
l Splitter
lime Limestone
m Mass source
n Sink
s Commodity
stoCO2 Stored CO2
u Conversion unit
x Mixer

Superscripts

capt Captured
dir Direct
fix Fixed
fos Fossil
in Input
ind Indirect
max Maximum
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min Minimum
nom Nominal
out Output
ref Reference
var Variable

H2 from water electrolysis to produce synthetic natural gas (SNG), a gas 
mixture consisting mainly of methane that can be used for various ap-
plications in the residential sector, power generation or industry (Ghaib 
and Ben-Fares, 2018).

Replacing conventional fossil fuels with low-carbon alternatives 
reduces the CO2 intensity of the thermal energy demand in cement 
production (International Energy Agency (IEA), 2018). Hydrogen from 
water electrolysis is a potential carbon-neutral fuel for industrial pro-
cesses to reduce the dependency on fossil fuels (Juangsa et al., 2022) 
and can provide high-temperature heat, e.g., in copper, iron, and steel 
production (Röben et al., 2021; Karakaya et al., 2018). Hydrogen has 
also been studied as an alternative fuel in cement manufacturing, 
supplementing other fuels like natural gas (Volker Schneider et al., 
2016). In 2019, CEMEX initiated trials with hydrogen at its Alicante 
plant in Spain and later implemented hydrogen technology across all 
its European plants (CEMEX, 2021). It has been estimated that the 
adoption of power-to-hydrogen (PtH2) in the cement industry could 
potentially lower greenhouse gas (GHG) emissions by approximately 
40% (Ishak and Hashim, 2015). Biomass may be considered a carbon-
neutral fuel, as the amount of CO2 released during combustion is 
assumed to be equivalent to the amount captured from the atmosphere 
by the biomass during biomass growth (Abbasi and Abbasi, 2010). The 
most common types of biomass used as fuels in cement production are 
wood waste and other wastes generated by agricultural and forestry 
processes (International Energy Agency (IEA) Bioenergy, 2021). Partic-
ularly, Hossain et al. (2019) have shown that wood derived fuels are 
technically and environmentally suitable for use as a co-fuel in cement 
production. According to International Energy Agency (IEA) (2023), 
seven cement plants, including the Brevik Norcem plant in Norway, 
the Cementa Slite plant in Sweden, and the K6 Lumbres project in 
France, are planning to use biomass feedstocks as bioenergy in the 
clinker production process and retrofit their plants with carbon capture, 
utilization, and storage (CCUS) technologies.

CO2 capture technologies for cement production have been studied 
and compared from a technical point of view, e.g., with regard to 
their retrofit potential, emission reduction, and energy efficiency (Vold-
sund et al., 2019), and economic potential, e.g., avoided cost for CO2
certificates (Gardarsdottir et al., 2019). The combination of carbon cap-
ture and utilization (CCU) technologies, e.g., oxyfuel combustion with 
power-to-gas (PtG) (Faria et al., 2022), as well as the combination with 
carbon capture and storage (CCS), e.g., integrated calcium looping with 
CO2 storage or chemical absorption with CO2 storage (Naranjo et al., 
2011), have also been investigated. Implementing CCUS technologies 
for retrofitting cement plants is therefore deemed technically feasi-
ble (International Energy Agency-Greenhouse Gas R&D Programme 
(IEA-GHG), 2013).

Until now, the optimal integration of the various GHG emission 
reduction technologies has not been assessed. In order to evaluate the 
economic and environmental potential of retrofitting Ordinary Portland 
cement (OPC) production with CCUS technologies and find the best 
combination of technologies, we follow a superstructure optimiza-
tion approach. A superstructure comprises technological alternatives 
in the form of unit operations and interconnections. In superstruc-
ture optimization, a mathematical program is solved to obtain an 
optimal process design. This approach is established since decades in 
chemical engineering, e.g., for utility systems (Papoulias and Gross-
mann, 1983), isothermal reactor-separator-recycle systems (Kokossis 
3 
and Floudas, 1991), complex distillation columns (Grossmann et al., 
2004) and emerging sustainable processes (Grossmann and Guillén-
Gosálbez, 2010). In the field of carbon capture utilization and stor-
age, Lee et al. (2016) identified the cost optimal design of an amine-
based carbon capture process using superstructure optimization. Ueb-
bing et al. (2020) applied superstructure optimization to the design of a 
PtMe process including heat integration. Kenkel et al. (2021) presented 
a superstructure modeling approach applied to a power-to-methanol 
process.

Our proposed superstructure optimization model includes com-
monly discussed mid- and high-TRL technologies for (a) carbon capture, 
i.e., chemical absorption, calcium looping, oxyfuel combustion, and 
direct separation, (b) carbon utilization, i.e., alkaline and polymer 
exchange membrane electrolysis, catalytic and biological methana-
tion, (c) heat supply by coal, biomass, natural gas and PtH2, and 
(d) carbon storage. The different technology options are categorized 
and illustrated in Fig.  1. The model is set up as an optimization 
problem that minimizes total annualized costs (TAC) of the energy- 
and emissions-related measures and the global warming impact (GWI) 
in a bi-objective optimization. Furthermore, we perform a sensitivity 
analysis to assess the impact of critical economic parameters on the 
emerging Pareto-optimal designs.

The remainder of this paper is structured as follows: Section 2 
provides a concise overview of OPC production, the technologies under 
consideration for retrofitting OPC production to reduce GHG emissions, 
and the corresponding main assumptions and parameters for modeling. 
Section 3 describes the superstructure model and the solution approach. 
Section 4 introduces different scenarios and analyzes the resulting 
Pareto-optimal designs. Finally, Section 5 offers concluding remarks.

2. Reference plant and retrofit options

This section provides an overview of the reference OPC production 
plant considered in this study (Section 2.1) and a brief discussion of 
the different technology options included in the superstructure (Sec-
tion 2.2), together with the necessary assumptions and parameters. 
Section 2.3 surveys the possible fuels to provide the process heat.

2.1. Ordinary Portland Cement (OPC) production

Similar to other studies, see Voldsund et al. (2019) and
Quevedo Parra and Romano (2023), we base our reference process on 
a Best Available Technique (BAT) plant (Schorcht et al., 2013) with 
a production of 3000 tonnes of clinker per day or approximately 1.14 
Mtonnes of cement per year, as illustrated in Fig.  2, assuming an opera-
tional period of 330 days per year (Gardarsdottir et al., 2019). Although 
more than ten years have passed since (Schorcht et al., 2013) published 
the BAT design, we assume that the design still reflects a reasonable 
reference design of an OPC production based on conventional fuels. 
We consider a dry production process, neglecting the moisture from 
raw materials. The raw material preparation is the first process stage, 
where a crushing unit transforms the quarried limestone, assumed as 
100% CaCO3, into crushed limestone. The crushed limestone is then 
milled with clay to obtain a raw meal. Following the pyroprocessing 
stage, the raw meal enters the preheating step, where the flue gases 
from the rotary kiln are used to preheat the meal. In the subsequent 
calcination step hard coal is used to provide heat for the limestone 
calcination reaction. The clinkerization reaction then takes place in 
the rotary kiln (Schorcht et al., 2013), where the calcium carbonate 
in the limestone is transformed into calcium oxide and carbon dioxide 
and clinker is produced with an established composition (Khurana 
et al., 2002). The hot clinker is discharged into the cooler where it 
is rapidly quenched. In the last step, the cooled clinker is ground 
with additional gypsum to produce cement. Voldsund et al. (2019) 
estimates that only 4% of the steam required in chemical absorption 
technology can be supplied from heat integration of the flue gas from 
the cement plant. Therefore, we neglect the option of heat integration 
in the superstructure. Parameters of the reference production process 
relevant for the superstructure model are shown in Table  1.
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Fig. 1. Technology options for retrofitting OPC production considered in the superstructure optimization approach. Process emissions from oxyfuel combustion have a higher CO2
content compared to emissions from air combustion, where nitrogen is present and in higher proportion than CO2.
Fig. 2. Flowsheet of a reference OPC production (dry process) operating with coal based on a best available technique (BAT) plant (Schorcht et al., 2013).
Table 1
Reference OPC production parameters.
 Component Value Unit Reference  
 Clinker demand 3000 t/day Schorcht et al. (2013)  
 Clinker/cement ratio 0.96 [−] assuming OPC (CEM I)  
 Raw meal/clinker ratio 1.56 [−] assuming limestone is 100% CaCO3 
 Calcination temperature 900 ◦C Deolalkar (2009)  
 Clinkerization temperature 1450 ◦C Deolalkar (2009)  

2.2. Retrofit options

Fig.  3 shows the retrofit technologies potentially installed and their 
integration into the OPC production process via the interconnections 
between unit operations, sources, and sinks. This subsection briefly 
describes the technological options and the relevant assumptions and 
4 
parameters considered, in addition to the description of the sources and 
sinks.

2.2.1. Chemical absorption
Chemical absorption is an end-of-pipe technology and its integra-

tion into a cement plant is relative straightforward since the cement 
manufacturing process is not directly affected (Hills et al., 2016). 
We consider chemical absorption with an aqueous solution of mo-
noethanolamine (MEA) as a solvent, since it is the most mature tech-
nology and has been considered in various benchmark studies of CO2
capture processes (Voldsund et al., 2018b). The MEA absorption pro-
cess we consider is shown in Fig.  4, and is adapted from the process 
flowsheets of Voldsund et al. (2019) and Ding et al. (2023). Here, the 
flue gases are cooled in a direct contact cooler and sent to an absorption 
column. In the absorption column, a solution of MEA (30% w/w) is 
brought in contact with the flue gases to absorb CO . Fresh aqueous 
2
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Fig. 3. Superstructure of retrofitted cement production. The units of the OPC production are represented by gray squares. Electricity flows are represented by orange dashed lines, 
heat flows by red solid lines and material flows by black solid lines. The calciner and kiln configuration are modified regarding the implemented retrofit technologies (white 
squares), e.g., for chemical absorption an existing calciner is used whereas for direct separation a new calciner is required. Oxygen required for oxyfuel combustion can be provided 
by an air separation unit or by water electrolysis. Captured CO2 can be stored or utilized for producing SNG that is sold. We use the abbreviations: air separation unit (ASU), 
alkaline electrolyzer (AEL), polymer exchange membrane electrolyzer (PEMEL), catalytic reactor (CAT), biological reactor (BIO), condenser for methanation (C_MET), calciner 
(CALC), furnace (FURN), compressor for direct separation (COMP_D), carbonator (CARB), direct contact cooler (DCC), absorption column (ABS), liquid-liquid heat exchanger (HEX), 
desorption column (DES), boiler (BLR), compressor train (COMP), thermal reclaiming (TR), condenser for oxyfuel (C_OXY), carbon purification unit (CPU), CO2 storage (STO), flue 
gases (FG), CO2 emissions to atmosphere (ATM). For better readability, the sinks ‘‘ATM’’, ‘‘FG’’ and ‘‘H2O’’ are represented as several sinks, although in the model they constitute 
single sinks.

Computers and Chemical Engineering 201 (2025) 109200 
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Fig. 4. Schematic diagram of chemical absorption process using MEA as solvent to capture CO2 based on Voldsund et al. (2019) and Ding et al. (2023).
Table 2
Chemical absorption parameters.
 Parameter Value Unit Reference  
 MEA solvent requirement 4.677 kgMEA/tCO2 Roussanaly et al. (2017) 
 Steam requirement 3.79 MJ/kgCO2 Roussanaly et al. (2017) 
 Absorber efficiency 90 % Rao et al. (2004)  
 Compression power 0.314 MJ/kgCO2 Roussanaly et al. (2017) 

MEA solution (MEA make-up), a primary variable operating costs of 
MEA absorption technology, is continuously fed into the absorption 
column together with recycled CO2 lean MEA solution (lean MEA) 
to compensate for losses due to evaporation and degradation during 
the absorption process. The remaining gases are released into the 
atmosphere, and the CO2 rich MEA solution (rich MEA) passes through 
a liquid-liquid heat exchanger before being regenerated in a desorption 
column. Subsequently, the rich MEA stream enters the desorber where 
the CO2 is released. The lean MEA stream is retrieved and recycled back 
to the absorber because of its high costs (Yin et al., 2021). After that, 
the released CO2 is sent to a compressor train for further processing. 
An amount of MEA solvent is removed for thermal reclaiming. This sub-
process is not included in our model, similar to Voldsund et al. (2019). 
More details on thermal reclaiming can be found, e.g., in Knudsen et al. 
(2009) and Sexton et al. (2014).

The regeneration step requires the supply of heat, e.g., by low-
pressure steam or hot oil (Zhang et al., 2014). Steam is commonly used 
as a heat source for the regeneration process in chemical absorption 
based CO2 capture in power plants (Xu et al., 2014; Dutcher et al., 
2015; Alie, 2004; Wang et al., 2018). Fire-tube boilers are typically 
used for the production of low-pressure steam using natural gas or 
oil (Smith, 2016). Electric boilers are also suitable for steam generation 
and comprise a high efficiency (95 to 99%) (Zuberi et al., 2022). 
Therefore, we assume that either an electric boiler or a fire-tube 
boiler, using coal, natural gas or hydrogen, can generate the required 
steam. Implementing MEA absorption requires the installation of major 
components, i.e., direct contact cooler (DCC), absorption column (ABS), 
heat exchanger (HEX), desorption column (DES), compressor train 
(COMP) and boiler (BLR), as well as the use of a MEA solution (30% 
w/w). Parameters for modeling MEA absorption are shown in Table  2.

2.2.2. Oxyfuel combustion
In oxyfuel combustion, pure oxygen instead of air is used for com-

bustion, obtaining a high CO2 concentration in the flue gas resulting 
in an easier CO2 separation. Oxyfuel combustion can be applied to 
both new and existing cement kilns (ECRA, 2009). For retrofitting 
cement plants, the main process units can be kept unchanged, i.e., the 
preheating, the calciner, and the rotary kiln, and other units have to 
6 
Table 3
Oxyfuel combustion parameters.
 Parameter Value Unit Reference 
 Flue gas recycling fraction 55 % a  
 CO2 purification unit efficiency 90 % b  
 CO2 purification unit power consumption 122.2 kWh/tCO2

c  
 Air separation unit power consumption 226 kWh/tO2

c  
a International Energy Agency-Greenhouse Gas R&D Programme (IEA-GHG) (2013).
b ECRA (2009).
c Voldsund et al. (2018a).

be modified, i.e., the clinker cooler must be adapted for gas recircula-
tion (Voldsund et al., 2018a). Implementation of oxyfuel combustion 
does not require the use of additional chemicals, feedstocks or heat 
but the installation of an onsite air separation unit with a significant 
electricity demand. We assume that the investment cost resulting from 
the oxyfuel implementation only accounts for the installation of new 
equipment, i.e., costs resulting from equipment modifications are ne-
glected due to a lack of data. Additional components to be installed are 
a condenser (C_OXY) for cooling the flue gas stream, an air separation 
unit (ASU) to supply O2, a mixer for recycling a fraction of the flue 
gas stream, and a carbon purification unit (CPU) for further treatment 
of captured CO2. Parameters for implementing oxyfuel combustion are 
shown in Table  3.

2.2.3. Calcium looping
In a cement plant, calcium looping technology can be implemented 

as an end-of-pipe configuration, i.e., an additional calciner is required 
for CO2 capture, or as an integrated configuration that utilizes the 
existing calciner for CO2 capture that however operates in oxyfuel 
combustion (Voldsund et al., 2019). Since an integrated configuration 
avoids the installation of a new calciner, the investment costs are 
expected to be lower compared to the end-of-pipe configuration. There-
fore, we consider the integrated calcium looping configuration shown 
in Fig.  5, similar to Rodríguez and Abanades (2012) and Voldsund et al. 
(2019). Here, the raw meal enters the oxy-fired calciner, producing CaO 
and CO2. The CO2 from limestone calcination and the flue gas from fuel 
combustion from the calciner are purified for downstream applications 
such as carbon utilization or carbon storage. Subsequently, a fraction of 
CaO is sent to the rotary kiln for clinker production, and the remaining 
CaO reacts in the carbonator with the CO2 from fuel combustion in the 
flue gas stream from the rotary kiln. The produced calcium carbonate, 
CaCO3, is then fed back to the calciner in a loop, while the separated 
gases N2, O2 and H2O are released into the atmosphere.

Implementing an integrated calcium looping configuration requires 
the installation of a carbonator (CARB) and additional units to operate 
the calciner in oxyfuel combustion mode, i.e., an air separation unit 
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Fig. 5. Integrated calcium looping configuration for an operating cement plant based 
on Rodríguez and Abanades (2012) and Voldsund et al. (2019).

(ASU) and a mixer, and units to further treat the flue gases, i.e., a con-
denser (C_OXY), and a carbon purification unit (CPU). Similar to Vold-
sund et al. (2019), we assume a fixed CO2 capture efficiency of 82% 
for the carbonator. The carbonator is formulated as an input–output 
model based on the fixed CO2 capture efficiency, without modeling the 
reaction kinetics. In addition, we consider the parameters for oxyfuel 
combustion presented in Table  3.

2.2.4. Direct separation
Direct separation refers to separating the calcination and combus-

tion reactions that occur in the calciner to capture CO2 emissions from 
the limestone calcination. This technology uses indirect heating to cal-
cine the limestone and obtain a pure CO2 stream that is transported by a 
compressor for further use or storage (HeidelbergCement, 2020). There-
fore, the calciner is the only unit that must be replaced for retrofitting a 
cement plant with direct separation, and no additional indirect costs are 
foreseen. However, the total degree of CO2 capture is only around 60% 
due to the remaining emissions from fuel combustion (Driver et al., 
2022). Thus, to achieve a higher degree of capture, we assume that 
the remaining emissions can be captured by a post-combustion carbon 
capture technology, i.e., chemical absorption (air combustion), or by 
a carbon purification unit (oxyfuel combustion). Alternatively, H2 can 
be used to eliminate CO2 emissions from combustion (Driver et al., 
2022). Due to a lack of data on the investment cost of the indirect 
heating calciner, we model the direct separation as a combination of 
a fluidized bed reactor (CALC) and a furnace (FURN). The mass and 
energy flows for the calciner are calculated based on the mass and 
energy balance equations applied in the conventional calciner model. 
In addition, a compressor (COMP_D) is implemented to pressurize CO2
from limestone calcination for transport.

2.2.5. Water electrolysis
Oxygen and hydrogen are produced from water and electricity in 

electrolysis. Three cell technologies have been developed for water 
electrolysis: alkaline (AEL), proton exchange membrane (PEMEL), and 
solid oxide (SOEL) (Holladay et al., 2009). AEL is the most mature and 
commonly used technology (Götz et al., 2016). PEMEL is considered 
an alternative technology for PtG projects due to its better capability 
for intermittent operation (Kopp et al., 2017). SOEL is still in develop-
ment and requires higher temperatures and capital costs than AEL and 
PEMEL (Götz et al., 2016). Therefore, we consider AEL and PEMEL as 
two possible options in our superstructure. To determine the costs of 
installing an AEL or PEMEL system, we consider reference investment 
costs on 2018 of 1180 and 1640 EUR/kWel, respectively (van Leeuwen 
and Zauner, 2018). The operational expenditures (OPEX) are assumed 
as 4% of the capital expenditures (CAPEX) for both types of systems, 
and an average efficiency, based on the lower heating value (LHV), of 
67% for AEL and 64% for PEMEL (Buttler and Spliethoff, 2018).
7 
2.2.6. CO2 methanation
SNG is produced by combining captured CO2 with H2 from water 

electrolysis in a methanization step by catalytic or biological methana-
tion (van Leeuwen and Zauner, 2018). Both technologies are considered 
promising. As of the 38 active methanization projects in 2019, half 
consider biological and half consider catalytic methanization (Thema 
et al., 2019). Thus, we include both technologies in our superstructure, 
both with an efficiency of 77.9% (van Leeuwen and Zauner, 2018). 
Pragmatically and following previous PtG studies (Chauvy et al., 2020; 
Delmelle and Heel, 2020), we assume that the SNG produced is purely 
CH4 and has the properties of natural gas. We choose an average 
investment cost of 400 EUR/kWSNG for catalytic methanation (CAT) 
and 550 EUR/kWSNG for biological methanation (BIO), and the fixed 
OPEX are 10% of CAPEX for CAT and 5% for BIO (van Leeuwen and 
Zauner, 2018).

2.2.7. CO2 storage
The application of CO2 storage in cement industry has been globally 

studied in different projects (International Energy Agency-Greenhouse 
Gas R&D Programme (IEA-GHG), 2013). To decarbonize carbon-
intensive industries, such as cement production, a CCS project between 
Germany and Norway is under development. Equinor and Wintershall 
Dea have announced a partnership to establish a large-scale value chain 
for CCS in the North Sea. The two companies intend to commission 
a 900-km open access pipeline by 2032, connecting a CO2 collection 
hub in northern Germany to storage sites in Norway with an estimated 
annually capacity of 20 to 40 million tonnes of CO2 (Wintershall 
Dea, 2022). The economic and environmental impact assessment of 
CO2 storage strongly depends on the location and type of storage, 
e.g., geological or oceanic, the type of transport, e.g., pipeline or 
ship (Metz et al., 2005), and the transportation distance. We assume 
geological carbon storage, STO in Fig.  3, in the North Sea with an 
annual average capacity of 30 million tonnes of CO2 and a pipeline 
transportation distance of 900 km based on the project of Wintershall 
Dea (2022). The cost and environmental effect of CO2 storage are 
calculated in Section 1 of the supporting materials.

2.2.8. Sources and sinks
To evaluate the operational expenditures of retrofitting we account 

for the prices of electricity, fuels, and solvent, and, in case of sinks, 
a possible financial compensation or selling price. The sources in our 
superstructure that are relevant for calculating the operational expen-
ditures are natural gas, coal, biomass, electricity, and MEA solvent. 
Natural gas and coal are considered to be purchased at large scale 
industrial consumer prices. For biomass, the quality of wood chips is 
secondary for large furnaces (>1 MW) (Kuptz and Hartmann, 2014) 
as using high-quality wood chips with low water content for a large-
scale furnace would add unnecessary cost (Kuptz and Hartmann, 2014). 
According to information on the market price of wood chips in Ger-
many (C.A.R.M.E.N.e.V., 2023), we consider wood chips with a water 
content of 35%. For the electricity supply we consider an average 
German day-ahead price plus an average grid fee (Bundesnetzagen-
tur|SMARD.de, 2023; Bundesnetzagentur and Bundeskartellamt, 2023). 
Furthermore, the emissions to the atmosphere, the SNG by-product, and 
the cement main product constitute sinks in our model. For the cement 
sink, we fix a demand of 130 t/h, reflecting the production capacity 
of the reference process described in Section 2.1. For the process CO2
emissions, from limestone calcination and fossil fuel combustion, we 
consider the need to purchase CO2 certificates. For the SNG selling cost, 
the values reported in the literature vary from 0.05 EUR/kWh to 0.58 
EUR/kWh (Vega Puga et al., 2022) and depend on the cost estimation 
method used and the assumptions considered for the production pro-
cess, e.g., hydrogen production technology. In our study, we assume 
the market price of natural gas as the SNG selling price to obtain a 
conservative estimate of possible revenues from SNG production.
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In the environmental impact assessment, we account for both direct 
emissions (CO2 from the process) and indirect emissions (from the com-
modities). Specifically, we consider the upstream emission factors for 
the fuels, for the electricity, and for the solvent in chemical absorption. 
For electricity, we consider the emission factor based on the source 
of electricity generation. For biomass, we account for the upstream 
emissions from collecting, harvesting, chipping, and transportation of 
wood chips reported by Yang et al. (2022) but not the direct emis-
sions from combustion. Moreover, the capture and storage of CO2
from biomass combustion can lead to negative emissions. With respect 
to sinks, we consider direct CO2 emissions arising from the process, 
i.e., limestone calcination and combustion, that are not captured. We 
also account for indirect emissions due to CO2 storage from transport 
and injection (Koornneef et al., 2008). Finally, we assume that the 
sold SNG leads to avoided indirect GHG emissions, as it would replace 
natural gas. To assess the avoided GHG emissions, we consider the 
emissions from the German natural gas mix (Bundesnetzagentur and 
Bundeskartellamt, 2022). All economic and environmental calculations 
and parameter values can be found in Section 2 and in Tab. 1 of the 
supporting materials.

2.3. Process heat generation

Thermal energy is required in cement production to reach temper-
atures above 1400 ◦C in the rotary kiln to produce clinker (Fierro 
et al., 2020). Traditionally, coal and petcoke have been the main fuels 
in European cement production (Schorcht et al., 2013). According to 
the Global Cement and Concrete Association, in 2021, 80% of the fuel 
used for cement production globally consisted of fossil fuels, with the 
remaining fuel mix being comprised of biomass waste and alternative 
fuels such as industrial and non-industrial wastes (GCCA, 2021). Natu-
ral gas, biomass, and hydrogen have also been studied to reduce direct 
carbon emissions (El-Emam and Gabriel, 2021; Juangsa et al., 2022; 
Nhuchhen et al., 2021; Ozturk and Dincer, 2022; Walker et al., 2009). 
For instance, the US cement industry has used a mix of coal, petcoke, 
and natural gas (Smith, 2003).

Likewise, we consider a variety of fuels, i.e., hard coal, biomass, 
natural gas, and hydrogen in our superstructure. According to Gram-
melis et al. (2016), hard coal has a mass carbon content between 86 
and 98%, and natural gas is predominantly methane. Hence, we model 
natural gas as pure methane and hard coal as pure carbon, see Tab. 6 
of the supporting materials. With respect to biomass, we consider wood 
biomass from forestry and sawmill by-products, specifically wood chips, 
as they have been used for medium and large-scale biomass heat plant 
projects (BASIS, 2015) and in co-firing in a full-scale OPC production 
facility (Schindler et al., 2012). To model the combustion of wood 
chips, we assume that biomass can be abstracted as CH1.44O0.66 (Nuss-
baumer, 2003), see Tab. 6 of the supporting materials. Furthermore, 
we assume that the H2 that is produced by PtH2 can be used on site as 
a fuel for heat generation. We assume that the heat supply efficiency is 
100% for all fuels. The lower heating values of the fuels can be found 
in the supporting materials in Section 4 and Tab. 7.

Due to the limited data available on kiln and calciner burner mod-
ifications required for the use of alternative fuels, we neglect the cost 
of retrofitting measures applied to these units. Similar to our previous 
study on hydrogen use in copper production (Röben et al., 2021), we 
assume that burners have to be replaced periodically and that such an 
occasion can be used to switch to an alternative burner technology.

3. Problem formulation

We formulate a superstructure model on the basis of linear mass 
and energy balances, nonlinear cost correlations, and further linear 
constraints. The model is implemented in our open-source energy sys-
tem optimization framework COMANDO (Langiu et al., 2021). The 
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nonlinear cost correlations are approximated as piece-wise linear func-
tions by the automatic linearization in COMANDO which relies on 
the convex-combination method (Vielma et al., 2010). We have tried 
different numbers of linearization points and found that 10 points yield 
decent results. In preliminary testing, we solved the MINLP formulation 
using BARON 24.5.8 and we found that the MILP reformulation yields 
similar results compared to the MINLP solutions. Therefore, we opted 
for the MILP formulation to improve computational efficiency. The 
resulting mixed-integer linear program (MILP) has an economic and 
an environmental objective, i.e., the total annualized cost (TAC) of 
the energy- and emissions-related retrofitting measures and the global 
warming impact, respectively. We use the augmented epsilon constraint 
method (Mavrotas, 2009) to obtain Pareto-optimal plant designs with 
respect to TAC and GWI. The Pareto front is obtained by first in-
dependently minimizing the TAC and the GWI. The minimum-TAC 
and the minimum-GWI solutions define the end points of the Pareto 
front as well as the GWI range. Further Pareto-optimal designs are 
then computed by repeatedly minimizing the TAC with successively 
tightened constraints on the GWI. Specifically, six equidistant points in 
the GWI range are considered. The problem size of the superstructure 
MILP is 6641 equations, 6280 continuous variables and 11280 discrete 
variables. All MILPs are solved using Gurobi 9.5.1 (Gurobi Optimiza-
tion, LLC, 2020) with a relative optimality tolerance of 1% on a desktop 
PC with an Intel i7-8700 processor and 32 GB RAM, running Windows 
10 Enterprise LTSC.

3.1. Balance and constitutive equations

We model the cement production and retrofit technology units as 
input–output models, based on steady-state mass and energy balances. 
The set of components  is defined as  =  ∪  ∪ ∪ ∪  ∪ ∪ ∪
, with the set of mixers (), splitters (), conversion units ( ), com-
bustors (), calciners (), thermal components (), electricity-based 
components (), and other components ().

Each component may have multiple mass and energy inputs and 
outputs. For a component 𝑐, the steady-state energy balance is repre-
sented by 
∑

𝑖
𝐸̇𝑖𝑛
𝑐,𝑖 =

∑

𝑗
𝐸̇𝑜𝑢𝑡
𝑐,𝑗 , (1)

where 𝐸̇𝑖𝑛
𝑐,𝑖 and 𝐸̇𝑜𝑢𝑡

𝑐,𝑗  denote the entering and leaving energy flows, 
respectively, and 𝑖 and 𝑗 denote indices for enumerating the different 
flows. An output energy flow 𝐸̇𝑜𝑢𝑡

𝑐,𝑗  may be related to an incoming energy 
flow 𝐸̇𝑖𝑛

𝑐,𝑖 by 

𝐸̇𝑜𝑢𝑡
𝑐,𝑗 = 𝜂𝑐,𝑖→𝑗 ⋅ 𝐸̇

𝑖𝑛
𝑐,𝑖, (2)

using 𝜂𝑐,𝑖→𝑗 as a known efficiency of conversion.
𝑆̇𝑒𝑙 denotes the electrical power demand of the process. It is deter-

mined by summing up the electrical power demands of the electricity-
based components, i.e., 
𝑆̇𝑒𝑙 =

∑

𝑐 ∈ 
𝐸̇𝑖𝑛
𝑐,𝑒𝑙 (3)

as the superstructure does not contain technologies for electricity pro-
duction. The index 𝑒𝑙 indicates that the energy flow 𝐸̇𝑖𝑛

𝑐,𝑒𝑙 is an electric 
power demand.

We introduce a set  for the material sources (i.e., natural gas, coal, 
biomass, and MEA solvent) and a set   for the material sinks (i.e., SNG, 
cement, flue gases, water, biogenic CO2 emissions, non-biogenic CO2
emissions, stored biogenic CO2 emissions, and stored non-biogenic CO2
emissions). Then, the steady-state mass balance for a component 𝑐 can 
be written as 
∑

𝑚∈
𝑆̇𝑚,𝑐 +

∑

𝑖
𝑀̇ 𝑖𝑛

𝑐,𝑖 =
∑

𝑗
𝑀̇𝑜𝑢𝑡

𝑐,𝑗 ,+
∑

𝑛∈
𝑆̇𝑛,𝑐 , (4)

distinguishing multiple input (𝑀̇ 𝑖𝑛
𝑐,𝑖) and output (𝑀̇𝑜𝑢𝑡

𝑐,𝑗 ) mass flows that 
originate from or leave to other components, respectively, as well as 
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mass flows that originate from sources (𝑆̇𝑚,𝑐) and mass flows that leave 
to sinks (𝑆̇𝑛,𝑐).

Mass flows may consist of multiple species. For instance, the mass 
flow 𝑀̇𝑐,𝑗,𝑘 of a species 𝑘 from the set of species  can be calculated 
by 
𝑀̇𝑐,𝑗,𝑘 = 𝑀̇𝑐,𝑗 ⋅ 𝑦𝑐,𝑗,𝑘, (5)

where 𝑦𝑐,𝑗,𝑘 is the mass fraction.
For oxyfuel combustion, it is necessary to recirculate a certain 

amount of flue gas to maintain an appropriate flame temperature. The 
recycling loop includes a mixer and a splitter. A mixer 𝑥 from the set 
of mixers  is modeled as 
𝑀̇𝑜𝑢𝑡

𝑥 =
∑

𝑖
𝑀̇ 𝑖𝑛

𝑥,𝑖, (6)

and a splitter 𝑙 from the set of splitters  is described by the mass 
balance 
∑

𝑗
𝑀̇𝑜𝑢𝑡

𝑙,𝑗 = 𝑀̇ 𝑖𝑛
𝑙 (7)

and the relations 
𝑀̇𝑜𝑢𝑡

𝑙,𝑗 = 𝜁𝑙,𝑗 ⋅ 𝑀̇
𝑖𝑛
𝑙 (8)

using the known split fractions 𝜁𝑙,𝑗 that must add up to one.
Components where a chemical reaction occurs, i.e., fuel combustion, 

limestone calcination, water electrolysis, methanation, or carbonation, 
are modeled as a conversion unit 𝑢 ∈  . For a conversion unit 𝑢, an 
entering or leaving mass flow may contain either a reactant 𝑒 ∈ 𝑢
or a product 𝑔 ∈ 𝑢, with 𝑢 and 𝑢 representing the set of reactants 
and products for the conversion unit 𝑢, respectively. We can assume 
complete reactions, i.e., full conversion of reactants; thus the mass flow 
of a generated product 𝑔 in stream 𝑗 is calculated as 

𝑀̇𝑜𝑢𝑡
𝑢,𝑗,𝑔 = 𝐸̇𝑜𝑢𝑡

𝑢,ℎ𝑒𝑎𝑡 ⋅ 𝜈𝑒,𝑔,𝑢 ⋅
( 𝑤𝑔

𝛥𝐻𝑢

)

, (9)

where 𝜈𝑒,𝑔,𝑢 is the stoichiometric ratio between the reactant 𝑒 and the 
product 𝑔, 𝑤𝑔 is the molecular weight of the product, 𝛥𝐻𝑢 is the heat 
of reaction, and 𝐸̇𝑜𝑢𝑡

𝑢,ℎ𝑒𝑎𝑡 is the heat produced by the amount of reaction 
taking place in the conversion unit 𝑢.

The set of thermal components  includes the condensers for SNG 
purification and CO2 treatment from oxyfuel combustion and the heat 
exchanger for MEA absorption. For a heat exhanger ℎ, the energy 
balance is derived based on the sensible heat as (Chen et al., 2022) 
𝑀̇ 𝑖𝑛∕𝑜𝑢𝑡

ℎ,ℎ𝑜𝑡 ⋅ 𝑐ℎ,ℎ𝑜𝑡 ⋅ 𝛥𝑇ℎ,ℎ𝑜𝑡 = 𝑀̇ 𝑖𝑛∕𝑜𝑢𝑡
ℎ,𝑐𝑜𝑙𝑑 ⋅ 𝑐ℎ,𝑐𝑜𝑙𝑑 ⋅ 𝛥𝑇ℎ,𝑐𝑜𝑙𝑑 , (10)

where 𝛥𝑇ℎ,ℎ𝑜𝑡 and 𝛥𝑇ℎ,𝑐𝑜𝑙𝑑 represent the arithmetic temperature differ-
ences of the hot and cold side, respectively. The mass in- and outflows 
on any given side are identical, i.e., 𝑀̇ 𝑖𝑛∕𝑜𝑢𝑡

ℎ,ℎ𝑜𝑡 = 𝑀̇ 𝑖𝑛
ℎ,ℎ𝑜𝑡 = 𝑀̇𝑜𝑢𝑡

ℎ,ℎ𝑜𝑡 and 
𝑀̇ 𝑖𝑛∕𝑜𝑢𝑡

ℎ,𝑐𝑜𝑙𝑑 = 𝑀̇ 𝑖𝑛
ℎ,𝑐𝑜𝑙𝑑 = 𝑀̇𝑜𝑢𝑡

ℎ,𝑐𝑜𝑙𝑑 . Arithmetic mean temperatures on the 
respective hot and cold sides are used to compute the heat capacities 
𝑐ℎ,ℎ𝑜𝑡 and 𝑐ℎ,𝑐𝑜𝑙𝑑 .

In the case of a condenser ℎ, a gaseous mixture containing water 
is cooled down. While the water condenses, the remaining components 
stay gaseous and form the residual gases. The energy balance considers 
the enthalpy in- and outflows as well as the removed heat: 
𝐸̇𝑖𝑛
(gaseous mixture) = 𝐸̇𝑜𝑢𝑡

(residual gases) + 𝐸̇𝑜𝑢𝑡
(liquid water) + 𝐸̇𝑜𝑢𝑡

ℎ𝑒𝑎𝑡 (11)

The enthalpy flows 𝐸̇𝑖𝑛
(gaseous mixture), 𝐸̇𝑜𝑢𝑡

(residual gases), and 𝐸̇𝑜𝑢𝑡
(liquid water) are 

calculated based on the respective mass flow, heat capacity, tempera-
ture, and aggregate state, so that Eq. (11) can be used to compute the 
removed heat 𝐸̇𝑜𝑢𝑡

ℎ𝑒𝑎𝑡.
The nominal size of a component 𝑐 is denoted by 𝐷𝑛𝑜𝑚

𝑐 . It is re-
stricted by a minimum and maximum size, 𝐷𝑚𝑖𝑛

𝑐  and 𝐷𝑚𝑎𝑥
𝑐 , respectively, 

and can be expressed in terms of mass or energy, e.g., mass for a 
mixer and energy for a furnace. Taking into account a binary decision 
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variable 𝑥𝑐 indicating whether the component 𝑐 is installed or not, 𝐷𝑛𝑜𝑚
𝑐

is constrained by 

𝑥𝑐𝐷
𝑚𝑖𝑛
𝑐 ≤ 𝐷𝑛𝑜𝑚

𝑐 ≤ 𝑥𝑐𝐷
𝑚𝑎𝑥
𝑐 . (12)

The bounds are chosen based on literature values. In case no data is 
available, we pragmatically assume that 𝐷𝑚𝑖𝑛

𝑐  is zero, and that there is 
no maximum size limit, i.e., a significantly large upper bound is given 
to the optimizer to avoid constraining the optimal solution. Tab. 2 of 
the supporting materials shows the chosen lower and upper bounds.

3.2. Economic model

The economic objective is the total annualized cost (TAC) of the 
retrofit. The TAC includes the energy-related and emission-related in-
vestment and operating costs, as well as the profits. The objective is 
defined as 

𝑇𝐴𝐶 =
∑

𝑐 ∈
(𝐶𝑋𝑐 ⋅𝐶𝑅𝐹 +𝑂𝑋𝑓𝑖𝑥

𝑐 )+

(

∑

𝑠∈
𝑂𝑋𝑣𝑎𝑟

𝑠 + 𝑂𝑋𝑣𝑎𝑟
𝐶𝑂2

− 𝑅𝑆𝑁𝐺

)

⋅7920.

(13)

Here 𝐶𝑋𝑐 is the capital expenditure for component 𝑐, 𝐶𝑅𝐹  is the capital 
recovery factor that transforms the investment cost into an annual cost, 
𝑂𝑋𝑓𝑖𝑥

𝑐  represents the fixed operating expenditures, i.e., the mainte-
nance cost, 𝑂𝑋𝑣𝑎𝑟

𝑠  quantifies the variable operational expenditures from 
a commodity 𝑠 of the set of commodities  =  ∪ {𝑆̇𝑒𝑙}, 𝑂𝑋𝑣𝑎𝑟

𝐶𝑂2
accounts for the expenditures from the payment of CO2 certificates, 
and 𝑅𝑆𝑁𝐺 constitutes the revenues from the SNG product. The variable 
operational costs and profits are calculated considering an operational 
period of 7920 h, i.e., 330 days.

The CAPEX 𝐶𝑋𝑐 from the installation of a component 𝑐 are calcu-
lated based on economies of scale and expressed as a power law of 
capacity (Smith, 2016) as 

𝐶𝑋𝑐 = 𝑥𝑐 ⋅ 𝐶𝑋𝑟𝑒𝑓
𝑐 ⋅

(

𝐷𝑛𝑜𝑚
𝑐

𝐷𝑟𝑒𝑓
𝑐

)𝛼

⋅
(

𝐶𝐸2022

𝐶𝐸𝑟𝑒𝑓

)

, (14)

where the reference cost 𝐶𝑋𝑟𝑒𝑓
𝑐 , the reference size 𝐷𝑟𝑒𝑓

𝑐 , and the scale 
factor 𝛼 are taken from literature (Smith, 2016; Biegler et al., 1997) and 
can be found in Tab. 2 of the supporting materials. In addition, we use 
the Chemical Engineering Plant Cost Index (CEPCI) parameter 𝐶𝐸2022, 
published in February 2022 (Ma et al., 2023), and 𝐶𝐸𝑟𝑒𝑓  to update 
the investment cost to the scenario year 2022, and currency exchange 
factors to convert the costs reported in USD to EUR. CEPCI parameters 
and currency exchange factors can be found in Tab. 4 and Tab. 5 of 
the supporting materials, respectively. 𝐶𝑅𝐹  is calculated as (Lazou and 
Papatsoris, 2000) 

𝐶𝑅𝐹 =
(1 + 𝑖)𝑛 ⋅ 𝑖
(1 + 𝑖)𝑛 − 1

, (15)

where 𝑛 and 𝑖 represent the project lifetime and the discount rate, 
respectively. The lifetime of cement kilns typically ranges from 30 
to 50 years (Voldsund et al., 2019). Similar to other PtG and CCUS 
studies (Gorre et al., 2020; Global CCS Institute, 2021), we consider a 
project lifetime of 20 years. We assume a discount rate of 4.9% based 
on the weighted average cost of capital (WACC) for energy projects in 
2020/21 (KPMG, 2021).

The fixed OPEX 𝑂𝑋𝑓𝑖𝑥
𝑐  are defined as 

𝑂𝑋𝑓𝑖𝑥
𝑐 = 𝑇 𝑓𝑖𝑥

𝑐 ⋅ 𝐶𝑋𝑐 ∀𝑐 ∈ , (16)

where the maintenance cost 𝑇 𝑓𝑖𝑥
𝑐  constitutes a fraction of the in-

vestment cost 𝐶𝑋𝑐 . The variable OPEX 𝑂𝑋𝑣𝑎𝑟
𝑠  of a commodity 𝑠 are 

calculated based on the consumption by 

𝑂𝑋𝑣𝑎𝑟 = 𝑝 ⋅ 𝑆̇ ∀𝑠 ∈  , (17)
𝑠 𝑠 𝑠
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where 𝑝𝑠 is the price of the commodity 𝑠 and 𝑆̇𝑠 is the quantity 
consumed. The operational expenditures for CO2 emissions, 𝑂𝑋𝑣𝑎𝑟

𝐶𝑂2
, are 

calculated by 
𝑂𝑋𝑣𝑎𝑟

𝐶𝑂2
= 𝑝𝐶𝑂2

⋅ 𝑆̇𝐶𝑂2
, (18)

where 𝑝𝐶𝑂2
 is the price for CO2 emissions certificates and 𝑆̇𝐶𝑂2

∈ 
is the amount of non-biogenic CO2 emissions sent to the atmosphere. 
Revenues can be generated by selling the SNG product at a market price 
𝑟𝑆𝑁𝐺, i.e., 
𝑅𝑆𝑁𝐺 = 𝑟𝑆𝑁𝐺 ⋅ 𝑆̇𝑆𝑁𝐺 , (19)

with 𝑆̇𝑆𝑁𝐺 ∈  .

3.3. Environmental model

The environmental objective is the global warming impact (GWI) 
defined as

𝐺𝑊 𝐼 =

(

𝐺𝑊 𝐼𝑑𝑖𝑟 +
∑

𝑠∈
𝐺𝑊 𝐼 𝑖𝑛𝑑𝑠 + 𝐺𝑊 𝐼 𝑖𝑛𝑑𝑠𝑡𝑜𝐶𝑂2

+ 𝐺𝑊 𝐼𝑆𝑁𝐺

− 𝐺𝑊 𝐼 𝑖𝑛𝑑𝑆𝑁𝐺 − 𝐶𝑆𝑏𝑖𝑜

)

⋅ 7920. (20)

Here, 𝐺𝑊 𝐼𝑑𝑖𝑟 accounts for the GWI due to all non-biogenic direct 
CO2 emissions that are released to the atmosphere (i.e., fossil-based 
CO2 that is emitted rather than captured). These include process emis-
sions from fossil fuel combustion and limestone calcination. 𝐺𝑊 𝐼 𝑖𝑛𝑑𝑠
quantifies the indirect impact from the use of commodities, 𝐺𝑊 𝐼 𝑖𝑛𝑑𝑠𝑡𝑜𝐶𝑂2accounts for the indirect impact associated with the transport, injec-
tion, and storage of CO2. The term 𝐺𝑊 𝐼𝑆𝑁𝐺 represents the emissions 
attributed to the SNG produced from captured CO2 from fossil sources. 
𝐺𝑊 𝐼 𝑖𝑛𝑑𝑆𝑁𝐺 accounts for the indirect emissions of conventional natural 
gas production that are avoided by substituting conventional natural 
gas with SNG. Similar to other studies that consider the storage of 
biogenic CO2, see, e.g., Yang et al. (2022) and Domingos et al. (2023), 
we introduce credits for the stored biogenic CO2, i.e., 𝐶𝑆𝑏𝑖𝑜.

The direct GWI is quantified by 
𝐺𝑊 𝐼𝑑𝑖𝑟 =

∑

𝑎∈

∑

𝑓 ∈
𝐸𝑀𝑓,𝑎 +

∑

𝑏∈
𝐸𝑀𝑙𝑖𝑚𝑒,𝑏 − 𝐶𝑂𝑐𝑎𝑝𝑡

2 , (21)

where CO𝑐𝑎𝑝𝑡
2  denotes the captured CO2 emissions for subsequent uti-

lization or storage. 𝐸𝑀𝑓,𝑎 represents the CO2 emissions related to the 
combustion of fuel 𝑓 from the set  of fossil fuels, i.e., natural gas and 
coal, arising from a combustor 𝑎 from the set of combustors . 𝐸𝑀𝑙𝑖𝑚𝑒,𝑏
denotes the limestone calcination emissions from calciner 𝑏 from the set 
of calciners . These are calculated as
𝐸𝑀𝑓,𝑎 = 𝐸𝐹𝑓 ⋅ 𝑀̇ 𝑖𝑛

𝑎,𝑓 , (22)

𝐸𝑀𝑙𝑖𝑚𝑒,𝑏 = 𝐸𝐹𝑙𝑖𝑚𝑒 ⋅ 𝑀̇
𝑖𝑛
𝑏,𝑙𝑖𝑚𝑒, (23)

with 𝐸𝐹𝑓  and 𝐸𝐹𝑙𝑖𝑚𝑒 representing the CO2 emission factors that can be 
found in Tab. 1 of the supporting materials. 𝑀̇ 𝑖𝑛

𝑎,𝑓  represents the fuel 
consumption of the combustor 𝑎 and 𝑀̇ 𝑖𝑛

𝑏,𝑙𝑖𝑚𝑒 is the limestone mass flow 
entering calciner 𝑏.

The indirect GWI from the use of commodities is calculated as 
𝐺𝑊 𝐼 𝑖𝑛𝑑𝑠 = 𝐸𝐹 𝑖𝑛𝑑

𝑠 ⋅ 𝑆̇𝑠, (24)

where 𝐸𝐹 𝑖𝑛𝑑
𝑠  is the emission factor from a commodity 𝑠 and 𝑆̇𝑠 is the 

consumed amount. Upstream emission factors from commodities can 
be found in Tab. 1 of the supporting materials.

Indirect emissions arising from the storage of CO2 are calculated as 

𝐺𝑊 𝐼 𝑖𝑛𝑑𝑠𝑡𝑜𝐶𝑂2
= 𝐸𝐹 𝑖𝑛𝑑

𝑠𝑡𝑜 ⋅ 𝑆̇𝑠𝑡𝑜𝐶𝑂2
, (25)

where 𝐸𝐹 𝑖𝑛𝑑
𝑠𝑡𝑜  is the emission factor of CO2 storage, see Section 1 of the 

supporting materials, and 𝑆̇𝑠𝑡𝑜𝐶𝑂2
 represents the stored non-biogenic or 

biogenic CO .
2
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In accordance with the methodology suggested in Abanades et al. 
(2017), we assume that, if the CO2 used in the synthesis of SNG 
originates from fossil sources, the maximum theoretical emissions miti-
gation potential is 50%. The emissions attributed to the SNG produced 
from fossil carbon thus is calculated as 

𝐺𝑊 𝐼𝑆𝑁𝐺 = (1 − 𝑓𝑆𝑁𝐺) ⋅ 𝐸𝐹𝑆𝑁𝐺 ⋅ 𝑆̇𝑓𝑜𝑠
𝑆𝑁𝐺 , with 𝑓𝑆𝑁𝐺 = 0.5, (26)

where 𝐸𝐹𝑆𝑁𝐺 is the emission factor for SNG combustion, see Tab. 1 
of the supporting materials, and 𝑆̇𝑓𝑜𝑠

𝑆𝑁𝐺 is the amount of SNG produced 
from fossil carbon sources and sold to the market.

The avoided indirect emissions of natural gas production are com-
puted as 

𝐺𝑊 𝐼 𝑖𝑛𝑑𝑆𝑁𝐺 = 𝐸𝐹 𝑖𝑛𝑑
𝑆𝑁𝐺 ⋅ 𝑆̇𝑆𝑁𝐺 , (27)

where 𝐸𝐹 𝑖𝑛𝑑
𝑆𝑁𝐺 is the emission factor from imported natural gas pro-

duction used in Germany, see Section 2 and Tab. 1 of the supporting 
materials, as we assume that the produced SNG, i.e., 𝑆̇𝑆𝑁𝐺, replaces 
natural gas in the market.

Finally, credits from storage of biogenic CO2 are calculated as 

𝐶𝑆𝑏𝑖𝑜 = 𝑆̇𝑏𝐶𝑂2
, (28)

where 𝑆̇𝑏𝐶𝑂2
 is the stored biogenic carbon dioxide.

4. Results and discussion

We now present the optimal designs for retrofitted OPC production 
plants by focusing on the trade-offs between the energy- and emission-
related TAC (see Eq.  (14)) and the GWI (see Eq.  (20)). In addition, 
we analyze the influence of selected model parameters on the obtained 
optimal designs as part of a sensitivity study.

4.1. Scenario description

We distinguish eight scenarios based on the availability of sufficient 
amounts of biomass, the availability of CO2 storage, and the assumed 
emission factor of the electricity mix (see Table  4). The later is a critical 
parameter due to the power intensity of various technologies in the su-
perstructure. From a technological perspective, using biomass as a fuel 
is a viable option to reduce CO2 emissions (Ige et al., 2024), although 
uncertainties remain about its availability as a bioenergy source (Jering 
et al., 2013). Likewise, utilization of CO2 storage (STO in Fig.  3) can 
significantly reduce CO2 emissions of cement production (Barbhuiya 
et al., 2024; Anderson and Newell, 2004). However, CO2 storage is sub-
ject to uncertainties related to economics, transportation, and available 
storage volumes (Purr et al., 2023).

For scenarios 1–4 (Table  4), we consider a high electricity GWI 
based on the German electricity mix in 2022, where coal accounted for 
33% of electricity generation, resulting in an annual emission factor 
of 434 g CO2eq/kWh (Icha and Lauf, 2022). In contrast, scenarios 5–8 
consider a low emission factor based on Norway’s electricity mix in 
2020, where 92% of electricity generation was from renewable sources, 
leading to an annual emission factor of only 10 g CO2eq/kWh (Inter-
national Energy Agency (IEA), 2022). In the scenarios with biomass, 
we assume wood chips with a cost of 101.76 EUR/t (C.A.R.M.E.N.e.V., 
2023) as the source of bioenergy. In scenarios without biomass, we 
restrict the fuel set in the superstructure to coal, natural gas, and 
hydrogen. For scenarios that include CO2 storage, the storage cost is 
set to 35.56 EUR/t CO2, based on our own calculations that assume an 
average storage capacity of 30 Mt CO2/y and a pipeline distance of 900 
km based on the initiative of Wintershall Dea (2022). The detailed CO2
cost calculations can be found in Section 1 of the supporting materials.
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Table 4
Scenarios differ with respect to availability of CO2 storage and biomass and the emission factor of the electricity mix.
 Scenario (Sc) CO2 storage availability Biomass availability Emission factor of electricity mix 
 1 × × 434 g CO2eq/kWh  
 2 × ✓ 434 g CO2eq/kWh  
 3 ✓ × 434 g CO2eq/kWh  
 4 ✓ ✓ 434 g CO2eq/kWh  
 5 × × 10 g CO2eq/kWh  
 6 × ✓ 10 g CO2eq/kWh  
 7 ✓ × 10 g CO2eq/kWh  
 8 ✓ ✓ 10 g CO2eq/kWh  
Fig. 6. Pareto-fronts for the high-GWI scenarios. The technologies installed and the fuels selected are depicted for selected Pareto-optimal designs. For the Pareto-optimal designs 
for which no process configuration is depicted, the design remains the same as in the preceding design on the respective curve (read from left to right), with the only difference 
being the amount of CO2 that is captured.
4.2. Optimal designs for high-GWI electricity mix

Fig.  6 shows the Pareto fronts for the scenarios with a high emission 
factor of the electricity mix (scenarios 1–4). The interpolated lines 
between the optimal designs are added to guide the eye of the reader. 
The markers show the Pareto-optimal designs. Pareto optimality means 
that a further improvement in one objective cannot be achieved with-
out worsening with respect to the other objective (Luc, 2008). Thus, 
the Pareto front represents the trade-off between the economic and 
the environmental objective. For each Pareto front, except the one 
for Scenario 2, six different Pareto-optimal designs are computed. In 
Scenario 2, the Pareto front is composed of a single point, indicating 
that there exists no trade-off between the two objectives. The partly 
linear appearance of the Pareto curves can be explained by the fact 
that the respective designs only differ regarding the fuel mix and the 
amount of captured CO .
2

11 
Unavailability of biomass as an energy source (Scenarios 1 and 3) 
leads to the selection of hard coal or natural gas as fuels. For Scenario 
1, the GWI can only be reduced by replacing parts or all of the hard coal 
with natural gas. Therefore, the optimal design of Scenario 1 considers 
the process units of the reference plant only (Section 2.1) and opts for 
the payment of CO2 certificates.

In Scenario 2 (biomass is available but carbon storage is not) the op-
timal design uses biomass as a cheaper and environmentally friendlier 
fuel than coal and natural gas. Specifically, replacing hard coal (first 
Pareto point in Scenario 1) with biomass (Scenario 2) reduces both 
the GWI and the TAC by more than 30%. Note that the CO2 emitted 
from biomass combustion is part of the biogenic carbon cycle and thus 
exempt from the payment of CO2 certificates.

Our finding of biomass being both economically and environmen-
tally preferred agrees with Beguedou et al. (2023), who highlight the 
use of biomass in the cement industry to reduce both the GWI and the 
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energy expenditures. In Europe, biomass has partially replaced fossil 
fuels for heat supply in the cement industry (Favier et al., 2018). From 
a technical perspective, high substitution rates are possible, potentially 
reaching 100% replacement with waste and biomass fuels (Marmier, 
2023), provided there is sufficient access to and continuous availability 
of biomass (CEMBUREAU The European Cement Association, 2020; Luo 
et al., 2024).

Scenarios 3 and 4 demonstrate that the implementation of CO2
storage, direct separation, and MEA absorption technologies can sig-
nificantly reduce the GWI, even to negative values. In Scenario 3, the 
cost-optimal solution, i.e., the left Pareto point, shows a 86.7% decrease 
in GWI compared to the cost-optimal design of Scenario 1, i.e., the 
BAT plant (see Fig.  2), mainly due to the implementation of CO2
storage. The BAT plant represents the non-decarbonized system, i.e., no 
renewable or low carbon fuel and no carbon capture technologies are 
selected. Furthermore, as we consider the average price in 2023 for CO2
emission certificates of 83.53 EUR/t CO2 (EEX, 2023), the optimizer 
prefers CO2 storage, with a calculated cost of 35.56 EUR/t CO2, over 
paying for certificates. This preference results in a 22% reduction in the 
TAC compared to the BAT plant. Scenario 4 also shows the potential 
of achieving negative emissions by combining CO2 storage and use of 
biomass as a fuel. Specifically, the most negative GWI, i.e., −0.26 t 
CO2eq/t cement (indicated by the right most design of Scenario 4 in 
Fig.  6), is achieved by fully capturing the CO2 emissions from limestone 
calcination by direct separation technology. Additionally, 90% of the 
biomass combustion emissions are captured using MEA absorption 
technology and then stored.

Storing CO2 (Scenarios 3 and 4) and replacing coal with a less 
carbon-intensive (natural gas in Scenarios 1 and 4) or carbon-neutral 
(biomass in Scenarios 2 and 4) fuel are the optimal options to reduce 
the overall emissions. CO2 utilization, i.e., SNG production, is inferior 
and thus not part of the optimal designs. This can be explained by 
the fact that the hydrogen required for SNG production is gener-
ated via electrolysis (AEL or PEMEL), which would become highly 
carbon-intensive with the assumed high electricity emission factor.

4.3. Optimal designs for Norway electricity mix

The Pareto fronts for scenarios 5–8, which consider an electricity 
GWI of only 10 g CO2eq/kWh, are shown in Fig.  7. The Pareto curve in 
Scenario 5 has a partly linear appearance. The respective designs only 
differ with respect to the amount of captured CO2, but do not comprise 
different capture technologies. The almost linear nature of the Pareto 
curve for Scenario 6 can be attributed to (i) changes in the amount 
of captured CO2 and (ii) MEA and oxyfuel technologies causing very 
similar cost and GWI.

Considering the low emission intensity of the electricity mix, the 
low-GWI designs of scenarios 5 and 6 include CCU technologies to 
take advantage of the emission mitigation potential of CCU systems. 
In scenarios where CO2 storage is unavailable (Scenarios 5 and 6), 
the CCU technologies are crucial for reducing the GWI. They however 
come at very high costs. Oxyfuel combustion and SNG production 
from partial capture of limestone calcination emissions achieve GWI 
reductions of 40.6% and 19.8%, corresponding to the fourth and third 
Pareto solutions from the left in Scenarios 5 and 6, respectively. In 
Scenarios 5 and 7 (no biomass), hard coal is preferred as a fuel in the 
minimum-TAC design, while hydrogen produced via AEL is preferred 
in the minimum-GWI design.

Implementing CO2 storage achieves very low GWI values of 0.02 
and −0.3 t CO2eq/t cement in Scenarios 7 and 8, at comparatively low 
TAC of 172 and 67 EUR/t cement, respectively. If carbon storage is 
not available, the highest GWI reduction, to 0.26 t CO2eq/t cement, is 
achieved by a combination of CCU technologies and hydrogen as a fuel, 
however at extreme costs of 680 EUR/t cement (Scenario 5) and 555 
EUR/t cement (Scenario 6).
12 
It can be noted that in the low-electricity-GWI scenarios, a wider 
variety of technologies is implemented and that GWI and TAC vary 
more significantly than in the high-electricity-GWI scenarios. With the 
low-GWI electricity mix being considered more representative for the 
future, we analyze in detail the optimal capacities, CO2 emissions, and 
cost structures of the low-electricity-GWI scenarios.

4.3.1. Capacities of the Pareto-optimal designs
Fig.  8 shows the optimal capacities of the selected technologies for 

retrofitting the OPC production process across the low-electricity-GWI 
scenarios 5 to 8.

The cost-optimal design for Scenario 5 is the BAT plant, while for 
Scenario 6 only coal is replaced by biomass, thus no retrofit technology 
capacities are included. In contrast, for the mininum-TAC designs in 
Scenarios 7 and 8, direct separation (Scenarios 7 and 8), MEA absorp-
tion (Scenario 7), and CO2 storage (Scenarios 7 and 8) are needed. 
Note that the CCS capacity is 33% higher in Scenario 7, compared to 
Scenario 8, as the latter scenario considers biomass as fuel and thus 
only requires storage of CO2 emissions from limestone calcination.

For the GWI-optimal designs in Scenarios 5 and 6, PtMe and PtH2
technologies are implemented, as CO2 emissions from limestone calci-
nation can be captured and utilized to produce SNG. As expected, the 
AEL unit is by far the largest consumer of electricity, reaching capaci-
ties of 0.52 GW (Scenario 5) and 0.43 GW (Scenario 6), surpassing the 
electricity consumption of other units, such as compressors.

In scenarios implementing CCS technologies, electricity demand 
reaches 0.1 GW and 0.055 GW in Scenarios 7 and 8, respectively. 
In Scenario 7, the AEL unit accounts for approximately 93% of the 
total electricity consumption, whereas in Scenario 8, the main electrical 
units are the electric boiler and the compressors. We observe that the 
capacities of carbon capture and carbon storage technologies increase 
along the Pareto fronts from minimum TAC to minimum GWI, leading 
to gradual reductions in emissions in all scenarios, except for Scenario 
7. In Scenario 7, the GWI decrease is achieved by replacing carbon-
intensive fuels with cleaner options like hydrogen, which decreases CO2
emissions and thus allows for smaller capture and storage equipment. 
For instance, CCS capacity drops from about 97.88 to 65.8 t CO2/h, 
from the minimum-TAC design to the minimum-GWI design. Con-
versely, a gradual increase in the use of CO2 storage can be observed 
for Scenario 8, where a peak of 108 t CO2/h (sixth Pareto-optimal 
design) is reached by capturing emissions from biomass combustion 
and limestone calcination. These trends highlight the distinct strategies 
needed to achieve GWI reductions and the increased CO2 storage 
demands if biomass shall be used as fuel.

4.3.2. CO2 emissions structure of the pareto-optimal designs
Fig.  9 shows the distribution of CO2 emissions for the Pareto-

optimal designs of scenarios 5–8. Direct emissions contributing to the 
GWI arise from fossil fuel combustion or limestone calcination, whereas 
indirect emissions are associated with fuel use, CO2 storage, MEA 
solvent use, and electricity use.

Retrofitting OPC production with CCU or CCS technologies results 
in indirect emissions, which however are considerably lower than 
the direct emissions from limestone calcination and fuel combustion. 
Although the overall indirect emissions are quite low, a large part of 
them arise from the use of electricity. Unsurprisingly, CO2 emitted to 
the atmosphere reaches its highest value if CO2 storage and biomass 
are not available.

If CO2 storage is available, CO2 emissions from limestone calcina-
tion to the atmosphere are avoided, with the only remaining direct CO2
emissions stemming from the combustion of fossil fuels (Scenario 7) or 
biomass (Scenario 8). If biogenic CO2 is stored, negative emissions and 
thus credits can be attained. The maximum possible amount of biogenic 
CO2 captured, however, is 334 kt CO2, with the remaining 37 kt CO2
being emitted to the atmosphere, due to the assumed capture rate of 
90% for the carbon capture technologies. In scenarios where biomass 
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Fig. 7. Pareto-fronts for low-GWI scenarios. The technologies installed and the fuels selected are depicted for selected Pareto-optimal designs. For the Pareto-optimal designs for 
which no process configuration is depicted, the design remains the same as in the preceding design on the curve (read from left to right), with the only difference being the 
amount of CO2 that is captured.
storage is not available, a carbon-negative design is not feasible. If CCU 
technologies are implemented, direct emissions from fossil sources are 
reduced, however, indirect emissions from electricity use remain and 
the avoided indirect emissions of natural gas production, from SNG 
sales, are not sufficient to offset them.

4.3.3. Costs structure of the Pareto-optimal designs
The analysis of the TAC components in Fig.  7 shows how the distri-

bution of costs vary based on the system configuration and the scenario 
parameters, i.e., the availability and unavailability of biomass and CO2
storage. The breakdown of the TAC includes the energy-related and 
emission-related OPEX and CAPEX.

The TAC of the Pareto-optimal designs are dominated by OPEX, 
irrespective of whether carbon storage or utilization technologies are 
implemented (see Fig.  10). Most of the operating costs arise from fuel 
purchase and CO2 storage, if CCS is implemented, while electricity 
costs dominate if optimal designs rely on CCU technologies. Capturing 
CO2 by chemical absorption results in the purchase of MEA solvent; 
however, solvent costs are very low, less than 2 EUR/t cement.

In general, CAPEX are very low for designs that consider CO2
storage. They strongly rise, if CCU technologies are implemented, due 
to the high costs for AEL and PtMe technologies. For instance, in 
case of the minimal-GWI design in Scenario 5, the AEL unit and the 
methanation reactor are the major drivers of CAPEX, with 71.9% and 
21.8%, respectively. Still, CAPEX remain well below 20% of TAC in all 
optimal designs and in all scenarios.

In the power-intensive designs, electricity costs dominate all other 
costs. High electricity costs are mainly due to the hydrogen production 
13 
via AEL and the average electricity price of 128 EUR/MWh considered 
in the analysis. Thus, for minimal-GWI designs, except in Scenario 8, 
nearly all operational costs arise from electricity and account for more 
than 80% of TAC.

The revenue that can be obtained from the sale of SNG is generally 
insufficient to offset the electricity costs. For instance, in Scenarios 5 
and 6, 198.29 EUR/t cement of SNG revenue is obtained, with 765.28 
EUR/t cement of expenses arising from electricity purchases. Thus, only 
a heavy price premium that would make SNG more than three times as 
expensive as natural gas could offset the electricity costs.

4.4. Sensitivity analysis: Impact of electricity cost, CO2 storage cost and 
biomass availability

The cost breakdown largely attributes the TAC to the operating 
costs, whereby the electricity costs for the CCU technologies stand out. 
However, electricity prices vary considerably depending on factors such 
as geography (Vereinigung der Bayerischen Wirtschaft (vbw), 2023) or 
the share of renewables in the generation mix (Kolb et al., 2020; Cevik 
and Ninomiya, 2023).

The sensitivity analysis by Gardarsdottir et al. (2019) shows that 
higher electricity prices lead to higher CO2 avoidance costs for electric-
ity intensive carbon capture technologies (such as oxyfuel combustion). 
On the other hand, Kenkel et al. (2021) show that lower electricity 
prices result in lower overall net production costs for carbon utilization 
technologies. Based on the electricity prices ranges provided in Gar-
darsdottir et al. (2019) and Kenkel et al. (2021), we study how lower 
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Fig. 8. Capacities of technologies in the Pareto-optimal designs for scenarios 5–8. The left y-axis represents the capacity in GW (electricity or heat), while the right y-axis indicates 
the capacity in tonnes per hour (t/h), e.g., tonnes of CO2. With regard to minimum TAC in Scenarios 5 and 6, the BAT plant design is optimal, which does not contain any 
retrofit technologies. Process units are color-coded based on the employed technology: yellow (MEA absorption), light blue (oxyfuel combustion), gray (direct separation), light 
green (PtMe), blue (PtH2), and orange (CO2 storage).
electricity prices, i.e., 60 EUR/MWh and 20 EUR/MWh, affect the 
obtained Pareto-optimal designs.

Unsurprisingly, the Pareto fronts move from the right to the left 
with decreasing electricity prices (Fig.  11), i.e., for a given GWI, lower 
electricity prices reduce the TAC. For a minimum-GWI design, for 
instance, the TAC decreases by more than 50% and 90% compared 
to the reference value, for electricity prices of 60 and 20 EUR/MWh, 
respectively.
14 
The very low electricity price of 20 EUR/MWh shrinks the Pareto 
fronts and moves them to the lower left corner. The resulting optimal 
designs show very little TAC variation for Scenario 5. Scenario 6 shows 
a single solution, indicating no trade-off between the two objectives. 
Here, CCU technologies are more cost-effective than the payment for 
CO2 certificates. In fact, the cost-optimal solution does no longer ex-
clusively rely on the payment of CO2 certificates. In Scenario 6, only 
CCU technologies are implemented, whereas in Scenario 5, due to the 
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Fig. 9. CO2 emission breakdown of the Pareto-optimal designs for scenarios 5–8. Indirect emissions from fuel production (orange bars) consider coal, natural gas and biomass. 
Emissions from CO2 storage (red bars) include indirect emissions from transport and injection of CO2 into geological storage. Direct CO2 emissions to the atmosphere (gray bars) 
come from limestone calcination and combustion of fossil fuels, i.e., coal and natural gas. Biogenic CO2 to atm represents CO2 emissions from biomass combustion that are not 
stored or utilized. SNG attributed emissions (light blue bars) are calculated as described in Section 3.3. Avoided indirect emissions of natural gas production (blue bars) are obtained 
from the sale of SNG (replacing natural gas on the market). Negative emissions can be achieved from the storage of biogenic CO2 (light green bars).
assumed capture rate of 90%, the remaining emissions from fossil fuel 
combustion are tackled by a combination of paying for CO2 certificates 
and installing CCU technologies. In contrast, for electricity prices of 
60 and 128 EUR/MWh, three types of designs emerge: (i) those that 
solely rely on payment for CO2 certificates, (ii) those that comprise 
a combination of paying for CO2 certificates and implementing CCU 
technologies, and (iii) those that exclusively use CCU technologies.

CO2 storage cost estimates in the literature vary considerably and 
depend on the field characteristics such as type (new or reused wells), 
location (onshore or offshore) or geophysical condition (field depth)
(ZEP, 2011). For instance, the Intergovernmental Panel on Climate 
Change (IPCC) (2014) stated that an uniform cost of $10/t CO2 would 
be a reasonable assumption for CCS deployment scenarios. In con-
trast, Smith et al. (2021) calculate onshore pipeline transport and 
storage costs ranging from 4 to 45 EUR/t CO2, and 30 to 55 EUR/t CO2
for offshore storage and shipping transport. Furthermore, an interactive 
tool from the Clean Air Task Force (CATF) (2023) provides an overview 
of CO2 transport and storage costs in Europe ranging from 15 to 175 
EUR/t CO2. In the light of this considerable uncertainty, we investigate 
the effects of different assumed CO2 storage costs. Specifically, we 
compute the Pareto fronts for Scenarios 7 and 8 (availability of CO2
storage) for three different storage costs: 175 EUR/t CO2, 115 EUR/t 
CO2, and 35 EUR/t CO2 (Fig.  12).

Fig.  12 shows that the use of CO2 storage gives rise to an L-shaped 
Pareto curve in some cases in Scenario 7, i.e., starting from a minimal-
TAC design, the GWI can be reduced drastically with rather small 
increases in the TAC. Thus, even for storage costs as high as 175 
15 
EUR/t CO2, CO2 storage remains the preferred option compared to CCU 
technologies

In Scenario 7, the kink of the L-shaped Pareto curves shows the 
transition from fossil fuels (natural gas) to renewables (hydrogen from 
AEL), resulting in an increase of more than 40% in the TAC from the 
fifth Pareto-optimal design to the minimum-GWI design. In Scenario 8, 
biomass is the preferred fuel, and the minimum GWI is only achieved by 
the total capture of CO2 from both limestone calcination and biogenic 
sources, even in Pareto-optimal designs where storage costs of 115 
and 175 EUR/tCO2 are assumed. Furthermore, as expected, for CO2
storage costs above the assumed CO2 certificate price of 83.53 EUR/t 
CO2, the optimal designs prefer emitting the CO2 instead of storing 
it for achieving the minimum TAC. However, certificates prices are 
expected to increase in the future, e.g., they are predicted to reach 
values between 130 to 160 EUR/t CO2 in 2030 (Pahle et al., 2022) 
and 310 EUR/t CO2 in 2050 (EU Commission, 2011).

Local availability of biomass is an important factor for its use as fuel 
in cement production (International Energy Agency (IEA) Bioenergy, 
2021). Local biomass supply avoids long-distance road transport, which 
can significantly increase transportation costs (Möller and Nielsen, 
2007). To study the sensitivity of the system to limited biomass avail-
ability, we consider scenarios in which only a fraction of the required 
biomass can be supplied. Here, we take as a reference case (100% 
availability) the amount of biomass utilized in Scenarios 6 and 8, 
i.e., 25.6 t/h. We consider reduced availability levels of 60%, 30%, 
and 0% relative to this reference. We evaluate how varying degrees 
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Fig. 10. TAC breakdown. The percentages displayed above the gray CAPEX bars represent the proportion of the CAPEX relative to the TAC. The stacked bars show operational 
costs, which include expenses for electricity, CO2 certificates, fuels, and solvents. Negative values indicate revenues from the sale of SNG.
of biomass supply (from 0% to 100%) influence the Pareto-optimal 
designs.

As discussed in Section 4.2, biomass is preferred over coal, natural 
gas, and hydrogen from both economic and environmental perspec-
tives. We find that, in general, variations in biomass availability pri-
marily affect the optimal fuel mix, while the preference between CCU 
and CCS technologies remains unchanged. That is, CCU and CCS tech-
nologies remain the optimal options in Scenarios 6 and 8, respectively, 
regardless of biomass availability.

Fig.  13 shows that fuels with lower carbon intensity are selected to 
minimize GWI, with a transition from coal to natural gas (Scenarios 
6 and 8) and subsequently from natural gas to hydrogen (Scenario 
6). In Scenario 8, when biomass availability is limited to 30% and 
60%, the combination of coal and biomass is preferred across most 
Pareto-optimal designs, with variations only in the amount of CO2
captured. A fuel mix of natural gas and biomass is selected only in low-
GWI designs, where natural gas combustion leads to lower direct and 
indirect emissions compared to coal. Furthermore, in low-TAC designs 
under partial biomass availability, (30% and 60%), the fuel mix consists 
of coal and biomass, highlighting biomass as a more economically 
option than coal.

5. Conclusion

We determine optimal combinations of options for GHG emission 
mitigation in retrofitting OPC production with regard to economic and 
16 
environmental performance by means of superstructure optimization. 
To this end, we consider eight scenarios that differ with respect to the 
availability of biomass as a fuel, the availability of carbon storage, and 
the emission factor of the electricity mix.

Our results show that the optimal combination of CCUS technologies 
and fuel substitution in retrofitted OPC production strongly depends on 
the local conditions. For the current German electricity mix, the GWI 
can be reduced by 37.6% by replacing fossil fuels with biomass, and by 
98.2% if carbon storage would be available. For a low-emission elec-
tricity mix like the one of Norway, a combination of CCU technologies 
and biomass as fuel reduces the GWI by 68% compared to the BAT 
plant, while the integration of CCS technologies with biomass enables 
negative GWIs, down to a value of −0.3 t CO2eq/t cement. Such low 
GWI values would make the cement industry carbon negative, a finding 
that is in line with other studies (International Energy Agency (IEA) 
Bioenergy, 2021; Cavalett et al., 2022). However, sufficient amounts 
of biomass and a supply of low-carbon electricity will be crucial for 
achieving such ambitious goals.

Our analysis shows that implementing CCS is generally more eco-
nomically and environmentally viable than CCU technologies based on 
power-to-methane technologies. While the TAC for CCS range from 
48 to 172 EUR/t cement, the TAC for CCU reach extreme values 
ranging between 166 and 680 EUR/t cement, assuming an electricity 
price of 128 EUR/MWh. By far, the largest share of the TAC for 
designs considering CCU technologies lies in the electricity costs. Only 
very low electricity prices (20 EUR/MWh) give rise to Pareto-optimal 
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Fig. 11. Pareto fronts for Scenarios 5 and 6 that prompt installation of electricity-intense CCU technologies, assuming three different electricity prices.
Fig. 12. Pareto fronts for Scenarios 7 and 8, assuming three different CO2 storage costs. The Pareto fronts for Scenario 7, except for the CO2 storage cost of 35.56 EUR/t CO2, 
resemble an L-shaped curve.
designs that utilize CCU technologies instead of solely paying for CO2
certificates.

With the economic and environmental impacts of the retrofitted 
OPC production process strongly depending on the plant location, 
the parameters of the superstructure optimization problem should be 
adapted to the local conditions and constraints of a particular plant 
under consideration. Moreover, we have restricted the superstructure 
to mid- and high-TRL technologies, i.e., widely studied technologies. 
17 
To also include emerging (low-TRL) technologies, predictive cost cor-
relations need to be derived. Given the low economic potential of 
the CCU technologies currently included in the superstructure, the 
addition of products other than SNG should be considered. Sick et al. 
(2022) project that by 2050 aggregates, precast concrete, jet fuel, and 
methanol are expected to be the CCU products with the highest revenue 
potential. It should be noted that the deployment of carbon storage 
is not without its challenges. In particular, CO  leakage from CCS 
2
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Fig. 13. Pareto fronts for Scenarios 6 and 8 considering biomass availability levels of 0%, 30%, 60% and 100%.
technologies could represent an issue and lead to additional indirect 
emissions (Vinca et al., 2018). To minimize the risk of CO2 leakage and 
ensure the integrity of storage sites, continuous monitoring, during and 
after injection, is essential (Gholami et al., 2021).

Finally, our analysis shows that CCS technologies are crucial for 
cement plants to achieve net-zero or even negative CO2 emissions 
(if biomass is available). However, emerging CCU technologies other 
than PtMe, notably carbon mineralization, could become economically 
and environmentally viable alternatives (Driver et al., 2024; Bremen 
et al., 2022). Besides the reduction in GHG emissions, there is a need 
in the concrete and cement industry for sustainable material cycles, 
motivating the integration of material flows and transformation units, 
e.g., for mineral carbonation (Zajac et al., 2022), into the superstructure 
approach.
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