
 

 

 
 
 
 
 

Advanced Carbon Capture 
for steel industries integrated in CCUS Clusters 
Innovation Action 
 
This project has received funding from the European Union’s Horizon 2020 research and innovation 
programme under the Grant Agreement No 884418. 

 
D4.10 Life cycle assessment of capture technologies 

(Task 4.3.1) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Work Package: 4 
Due date of deliverable: month 24 
Actual submission date: 26/04/2022 
Start date of project: 1st April 2020 Duration: 48 months 
Lead beneficiary for this deliverable: SKU 
Contributors: Thomas Hennequin, Rosalie van Zelm (SKU) 
Reviewer: Jebin James (TNO) 

 
Dissemination level:  PU 
PU Public 
CO Confidential, only for members of the consortium (including Commission Services) 
Cl Classified 



 

 
PU Page 2 Version 1.0 

 
This project has received funding from the European Union’s Horizon 2020 research and innovation 

programme under the Grant Agreement No 884418 
 
 

 
 

Table of Contents 

Executive summary ................................................................................................................................................................................. 3 

1. Version log ............................................................................................................................................................................................ 4 

2. Definition and acronyms ........................................................................................................................................................... 5 

3. Introduction .......................................................................................................................................................................................... 6 

4. Methods .................................................................................................................................................................................................. 8 

4.1. Processes descriptions ............................................................................................................................................................ 8 

4.2. Goal and scope ............................................................................................................................................................................ 8 

4.3. Inventory .......................................................................................................................................................................................... 10 

4.4. Impact assessment and Interpretation ................................................................................................................... 12 

5. Results and discussion ...............................................................................................................................................................13 

5.1. Endpoint impact ...........................................................................................................................................................................13 

5.2. Midpoint impacts ...................................................................................................................................................................... 14 

5.3. CASOH scenario analysis .................................................................................................................................................... 15 

5.4. Main assumptions .................................................................................................................................................................... 15 

6. Conclusions ........................................................................................................................................................................................ 17 

7. References .......................................................................................................................................................................................... 18 

 

 

  



 

 
PU Page 3 Version 1.0 

 
This project has received funding from the European Union’s Horizon 2020 research and innovation 

programme under the Grant Agreement No 884418 
 
 

Executive summary 
This report constitutes deliverable D4.10 of the C4U project: Life cycle assessment of capture 
technologies. It is related to task 4.3.1 where the goal is to quantify the environmental impact 
of an industrial implementation of the C4U carbon capture and sequestration (CCS) 
technologies. As a first step towards that goal, Life Cycle Assessment (LCA) was used to assess 
the impact of the pilot implementations of the DISPLACE and CASOH C4U technologies at the 
technology readiness level (TRL) 7.  

The results were used to identify environmental hotspots at an early stage of the project and 
support the development of the technologies. The model developed here is also a stepping 
stone for future deliverables D4.11 and 4.12. This LCA is preliminary due to the limited data 
available to build the Life Cycle Inventory (LCI) and the fact that pilots studied here are not 
optimized yet. The results and conclusions should be interpreted with care and within the larger 
context of the C4U project. 

It was shown that the electricity consumption, the provision of cooling energy, and the steam 
supply were the main contributors to the environmental impacts of the CASOH and DISPLACE 
pilots. Most of the electricity consumed by the pilots was used for heating various gases at 
different stages. These three items should be focal points for optimization and mitigation when 
upscaling to the industrial TRL. The CASOH emissions can be reduced significantly by removing 
or optimizing the heat removal stages. Further benefits can be achieved by recovering and 
reusing the excess heat and the H2-rich output stream. 

Finally, the work conducted for this deliverable highlighted the importance of establishing a 
robust data exchange protocol in the future. D4.11 will be used to that end and build upon the 
knowledge acquired here to facilitate future communication. D4.11 will also clarify the 
methodology used for upscaling the inventory from the TRL7 presented here to the industrial 
scale. The LCA work will come to completion with D4.12, which will show the true potential of the 
C4U capture technologies. 
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2. Definition and acronyms 
 

Acronyms Definitions 

CASOH Calcium Assisted Steel-mill Off-gas Hydrogen 

CCS Carbon Capture and Sequestration 

CCU Carbon Capture and Utilization 

DISPLACE High temperature sorption-DISPLACEment process using hydrotalcites 
for CO2 sorption and recovery of steam 

LCA Life Cycle Assessment 

LCI Life Cycle Inventory 

LCIA Life Cycle Impact Assessment 

LHV Lower Heating Value 

pLCA Prospective Life Cycle Assessment 

TRL Technology Readiness Level 
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3. Introduction 
The iron and steel industry is a key economic and social driver, providing essential 
commodities in a variety of areas. However, 1.83 tons of CO2 are emitted on average per ton of 
steel produced in 2018, resulting in about 8% of the global anthropogenic emissions [1]. Given 
the urgency of mitigating these emissions, a portfolio of viable CO2 capture technologies must 
be developed and tested to a high Technology Readiness Level (TRL) to identify the most cost-
effective and energy-efficient integration solutions. The C4U project, a multidisciplinary 
initiative, addresses all the major elements for successful CO2 capture integration in the iron 
and steel sector. It aims to elevate two emerging CO2 capture technologies, DISPLACE and 
CASOH, with the potential to eliminate up to 94% of the CO2 sources in a steel plant. 

This report constitutes deliverable D4.10 of the C4U project: Life cycle assessment of capture 
technologies. It is related to task 4.3.1 where the goal is to quantify the environmental impact 
of an industrial implementation of the C4U carbon capture and sequestration (CCS) 
technologies. As a first step towards that goal, Life Cycle Assessment (LCA) was used to assess 
the impact of the pilot implementations of the DISPLACE and CASOH C4U technologies at TRL 7 
(see Figure 1). The results were used to identify environmental hotspots at an early stage of the 
project and support the development of the technologies. The model developed here is also a 
stepping stone for future deliverables D4.11 and 4.12.  

 
Figure 1 – TRL related to scale and mechanisms, adapted from van der Hulst et al. (2020)[2]. 

LCA is a methodology used by researchers, companies, and decision-makers to holistically 
assess the environmental impacts of a product or service throughout its lifetime. It is a well-
established and widely used framework, extensively standardized through ISO14040 and 14044 
[3], [4]. In practice, it consists of an iterative process comprised of four main steps: 1) the goal 
and scope definition, which sets the aim and limitations of the study, 2) the Life Cycle Inventory 
(LCI) construction listing all unit flows and processes needed throughout the system’s life cycle, 
3) the life cycle impact assessment where the LCI is converted into impacts in different 
categories, and 4) interpretation of the results.  

LCA has been used to study the potential environmental benefits of CCS as well as Carbon 
Capture and Utilization (CCU) technologies [5]–[9]. It was shown that implementing CCS and 
CCU technological solution leads to the mitigation of the climate change impact of the system 
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studied. The effectiveness of that mitigation depends on the type of technology studied and 
the way it was implemented. While a reduction of climate change impact was observed, it 
comes at the price of a burden-shift. Indeed, increases in other impact categories were 
observed, specifically for impact on acidification and human toxicity [5], [7]. 

The goal of this activity was to use the LCA framework to quantify the environmental impacts 
of the DISPLACE and CASOH pilots. The use of one ton of blast-furnace gas (BFG) was chosen 
as a functional unit. A contribution analysis was conducted to identify the hotspots of the 
CASOH and DISPLACE pilots. It should be noted that this LCA is preliminary due to the limited 
data available to build the LCI and the fact that pilots studied here are not yet optimized. 
Results and conclusions should be interpreted with care and within the larger context of the 
C4U project and the future deliverables D4.11 and D4.12.  
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4. Methods 
4.1. Processes descriptions 

CASOH and DISPLACE are emerging carbon capture technologies that involve high-
temperature gas-solid separation processes and use steel mill off-gases as input. Both 
processes are illustrated in Figure 2.   

 
Figure 2 – Schematic representation of the DISPLACE and CASOH processes. 

CASOH stands for Calcium Assisted Steel mill Off-gas Hydrogen production and transforms 
BFG into an H2-rich gas separated from CO2. High-temperature heat is also produced as a by-
product. The process consists of three main stages: (1) the water-gas shift reaction enhanced 
by carbonation of calcium oxide and catalyzed by Cu-based particles, (2) the oxidation of the 
Cu-based catalyst, and (3) the regeneration of the calcium oxide sorbent. At the pilot stage, 
intermediate heat removal stages are also required. 

DISPLACE is a high-temperature sorption displacement process that recovers CO2 from the flue 
of a steel mill’s oxy-fuel burner. In an oxy-fuel burner, BFG is combusted with oxygen to provide 
heat for the reheating process. CO2 is then separated from the resulting flue gas with 
adsorption using hydrotalcite. Finally, the CO2 is displaced from the hydrotalcite with counter-
current regeneration. Steam is recycled between the displacement and adsorption stages.  

4.2. Goal and scope  

The goal of this activity was to assess the environmental impacts of the CASOH and DISPLACE 
current pilots. The functional unit is using 1 ton of BFG, which is used to express all inputs, 
outputs, and results. This functional unit was chosen so that the different uses of the BFG could 
be easily compared and modelled following the counterfactual approach [9], [10]. Here, a 
counterfactual is the activity in the “conventional” economy that is replaced for a given use of 
BFG. 

Three alternatives were modelled: (1) the BFG is used in the CASOH pilot leading to CO2 flaring 
where there is no counterfactual, (2) the BFG is used in an oxy-fuel burner, and the resulting 
flue gas is used in the DISPLACE pilot leading to CO2 flaring where the counterfactual is natural-
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gas-based heat production, and (3) the BFG is combusted in a power plant to produce 
electricity where the counterfactual is the average European electricity mix. The different uses 
are illustrated in Figure 3. 

 
Figure 3 – Alternative uses of the BFG considered and their counterfactuals. 

The system boundaries for the uses of BFG considered here start at the acquisition of the BFG. 
The impacts related to the construction, operation, and dismantling of the steel mill that lead 
to the BFG by-product are not modelled. We assumed that the operating conditions of the steel 
mill are not affected by the uses of the BFG considered here. The system boundaries and the 
main inventory inputs for the uses of the BFG are illustrated in Figure 4. It notably shows that 
flaring of all output gases (i.e. H2 and CO2) is excluded as it is not representative of the final 
implementation of the CASOH and DISPLACE technologies and would hinder the interpretation 
of the results. Indeed, at higher TRL, the outputs of the DISPLACE and CASOH units would be used 
or sequestered rather than flared. 
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Figure 4 - System boundaries and main inventory inputs for the CASOH and DISPLACE pilots and the 

power production applications. 

4.3. Inventory 

After discussion with the technology developers, it was agreed that an extensive data 
collection campaign was not recommendable at this stage of the technology development. 
Indeed, the CASOH and DISPLACE in their current development stage are empirical tools used 
to collect data and are neither optimized nor representative of higher TRL implementations. 
Conducting a precise environmental assessment for the full technologies was therefore not 
preferred at this stage. Instead, data was collected from internal deliverables, namely, D1.1-1.3 
and D2.1-2.2. As these sources could not provide a full inventory, data from literature was used 
whenever possible, and assumptions and simplification had to be made otherwise. Moreover, 
the deliverables used to collect data are confidential while the present report is public. 
Therefore, the specifics of the data collected are only available in a confidential appendix. 

For CASOH and DISPLACE, the main components were modelled (e.g. blowers, heater, coolers) 
by focusing on the main material component, which was often some type of steel, and their 
fuel consumption. In most cases, the components modelled used electricity as input and the 
current European average electricity mix was modelled. Water, cooling energy, or natural-gas-
based heat were also used as input. Besides these components, the main utilities were 
modelled including steam, natural gas, and nitrogen. The oxygen input for DISPLACE’s oxy-fuel 
burner was also included according to the scope chosen.  

These flows were related to the functional unit by considering the lifetime of the components, 
their use in a given CASOH or DISPLACE cycle, the required inputs of utilities, and finally, the 
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amount of BFG used in a cycle. Non-conventional operations, such as start-up or shutdown 
stages, were not modelled. A conservative approach was chosen when making assumptions 
leaning towards an overestimation of environmental impacts. For example, when the specific 
electricity consumption of a given component was not known, it was assumed to function at 
full capacity whenever used. 

The heat counterfactual for the DISPLACE application was calculated based on a BFG Lower 
Heating Value (LHV) of 3.5MJ/m3 [11] and a BFG density of 1.25kg/m3 [12], leading to 2.8 GJ of 
heat per ton of BFG. The electricity counterfactual for the power production application was 
calculated based on a heat to electricity conversion efficiency of 32% [9], leading to 0.24 MWh 
of electricity per ton of BFG. The emissions related to that production of electricity were 
calculated based on the BFG composition reported by the DISPLACE campaign and assuming 
complete oxidation, leading to emissions of 0.56 tons of CO2 per ton of BFG used. 

For all the inputs considered in this study, background data (e.g. on electricity production) from 
the ecoinvent database V3.8 was used [13], compiled in the Simapro software V9.3, and 
analyzed and plotted using R [14]. 
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4.4. Impact assessment and Interpretation 
The environmental impacts were calculated using the ReCiPe 2016 life cycle impact 
assessment method [15]. Footprints in seventeen midpoint impact categories and 3 areas of 
protection were assessed and interpreted as indicated in Figure 5. With this comprehensive 
approach, burden shifts between different impacts on the environment can be quantified, 
which is critical for CCS technologies [5], [7]. 

Two contribution analyses were conducted to identify environmental hotspots. The first focuses 
on identifying the main sources of environmental impact. The second contribution analysis 
was used to quantify the contribution of midpoint impact categories on the endpoint damage. 
This leads to the identification of the main midpoint impact, which should be mitigated.  This 
report focuses on relative results as the absolute environmental performance of the pilots are 
not representative of the potential of the full scale C4U technologies. 

Finally, a scenario analysis was conducted to better understand the impact of the CASOH pilot 
as it is the largest out of the BFG uses considered. It was shown that the impact of the CASOH 
pilot mostly comes from the heat removal stages. These stages are expected to be more 
efficient at the industrial stage, and the heat can be recovered instead of being lost. Therefore, 
a what-if scenario analysis was conducted where the impact of the CASOH pilot without heat 
removal was assessed.  

 
Figure 5 - Overview of the ReCiPe 2016 method (taken from [15]). 
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5. Results and discussion 
This section summarizes and illustrates the main findings.  A complete collection of endpoint 
and midpoint results is available in the appendix (confidential). 

5.1. Endpoint hotspots 

Figure 6 shows an overview of the environmental hotspots of the three alternative BFG uses 
considered at the endpoint level. The majority of the impact of both pilots comes from 
electricity consumption, followed by cooling, and steam. Electricity contributes 63% and 41% to 
the impact on the biodiversity of the DISPLACE and CASOH pilots, respectively, and to 60% and 
43% for human health. Most of that electricity is consumed to provide heat to the system at 
different stages. The impact of the power plant using BFG are entirely due to the direct CO2 
emissions, leading to an absence of impact on resources. 

Moreover, the DISPLACE pilot performs better than CASOH’s, by a factor of approx. 8 for human 
health and biodiversity and 13 for resources.  This is mainly due to the ability of the DISPLACE 
pilot to process a larger amount of BFG in a shorter time. Indeed, the DISPLACE pilot fulfils the 
functional unit approximately 20 times faster. While CASOH and DISPLACE are not competing, 
as they are to be used simultaneously, this comparison does reveal that the productivity of the 
capture technologies (e.g. mol CO2/kg functional material/hour) is a crucial environmental 
steering point for technology development. 

 
Figure 6 – Endpoint hotspots of the CASOH and DISPLACE pilots and the power plant. “other” represents 

inventory flows that contribute to less than 3% of the final damage for a given BFG use. 

Figure 7 shows the relative contribution of midpoint impacts to endpoint damage for the three 
alternative uses of BFG considered with a cut-off of 5%. The CASOH and DISPLACE pilots show 
similar trends. Global warming contributes most to endpoint damage, i.e. 55% and 50% to 
biodiversity damage for the CASOH and DISPLACE pilots, respectively, and 34% and 32% for 
human health. Particulate matter follows closely for human health, with contributions of 37% 
and 41% for the CASOH and DISPLACE pilots, respectively. Fossil resource scarcity is responsible 
for 98 to 99% of the damage on resources across the three applications. Eight main midpoint 
impact categories that contribute at least by 5% to the endpoint damage were identified (as 
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shown in Figure 7) and should be prioritized when mitigating environmental footprints. The 
source of those midpoint impacts is shown in the section below. 

 
Figure 7 – Relative contribution of midpoint impacts to endpoint damage in absolute terms, for the 

DISPLACE and CASOH pilots and the power plant. “Others” represents midpoint categories that 
contribute to less than 5% of the endpoint damage. 

5.2. Midpoint hotspots 

Figure 8 shows the hotspots in the main midpoint categories previously identified for the three 
BFG uses considered. Once again, electricity, cooling, and steam are the main contributors to 
environmental impacts across midpoint categories. It is worth noting that the different types 
of steels used to build the components of the pilots contribute in total to 21% and 10% of the 
impact on human carcinogenic toxicity for the CASOH and DISPLACE pilots, respectively. The 
net CO2 emissions for the CASOH and DISPLACE pilots and for the power plant are 3.3, 0.39, and 
0.46 tons of CO2 equivalent, respectively. In terms of climate change exclusively, DISPLACE 
already outperforms the power plant at the pilot stage. 

 
Figure 8 –Hotspots for the main midpoint impacts of the CASOH and DISPLACE pilots and the power 
plant. “others” represents the inventory flows that contribute to less than 5% of the total impact for a 

given BFG use. “c.” stands for carcinogenic and “n.c.” for non-carcinogenic. 
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5.3. CASOH scenario analysis 

Figure 9 shows the results on endpoint impacts of the scenario analysis where the heat 
removal stages are excluded from the CASOH operation. It can be seen that the heat removal 
stages needed during the operation of the CASOH pilot are the largest contributors to the 
overall environmental impact of the pilot. They contribute 69%, 69%, and 63% of the impact on 
ecosystems, human health, and resources, respectively. As previously shown, this impact 
mostly comes from the need for electricity used for heating and cooling. 

Moreover, it is shown that a three-fold decrease in either of the three endpoint impacts can be 
reached by omitting the heat removal stages. This can be achieved by either skipping the 
stage entirely or by optimizing it. Further mitigation is possible if the heat can be recovered and 
reused in other processes at the industrial scale, e.g. in steam production.  

 
Figure 9 – Relative endpoint impacts for the heat removal CASOH pilot scenario analysis.  

5.4. Main assumptions 

The main limitation of this study resides in the lack of quality input data, which lead to a number 
of assumption and simplifications. This was an expected outcome of the agreement reached 
with the technology developers. However, it does mean that the results of this study must be 
interpreted with care. Moreover, it highlights the importance of establishing a robust data 
exchange protocol in the future. D4.11 will be used to establish that protocol to facilitate future 
communication. 

Another discussion point in this study was the setting of the system boundaries. The operation 
of the steel mill was excluded from the system boundaries. This was justified by the assumption 
that said operation is unaffected by the addition of CASOH, DISPLACE, or both technologies. 
However, this assumption holds only as long as solely the BFG that is normally used to produce 
power is redirected to the capture technologies. If more BFG were to be redirected, new 
counterfactuals for the BFG conventionally used in hot stoves and under-firing of the coke 
ovens would have to be included. 
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The flaring of the various gases that occurs during the operation of CASOH and DISPLACE pilots 
was also excluded from the system boundaries. This was chosen because the alternative 
would have defeated the purpose of this environmental assessment, as all the additional 
emissions resulting from the pilots would not be offset by avoiding the direct emissions of the 
power plant. However, the chosen system boundaries are equivalent to a reality where the CO2 

captured by the pilots is sequestered without additional emissions. This may be less true for 
CASOH, where a further step of CO2 purification is needed before sequestration. It also means 
that any potential use of the other output stream of the pilots have not been modelled. For 
example, the impact of CASOH could have been offset by the use of the H2-rich output as a 
fuel. 

Finally, the functional unit chosen here allows for a clear assessment of the alternative uses of 
the BFG. However, it leads to difficulties when attempting to show the cumulative effects of 
implementing CASOH and DISPLACE simultaneously. The functional unit may be reconsidered 
in the future to the production of 1 ton of steel if the appropriate data can be acquired.  
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6. Conclusions  
This report summarized the findings of the LCA study conducted to assess the environmental 
impacts of the CASOH and DISPLACE pilots. A functional unit of 1 ton of BFG used was chosen, 
with system boundaries starting at the acquisition of the BFG and ending before flaring. Three 
alternative uses for the BFG were considered: the two pilots and the combustion of BFG in a 
power plant. The LCI was built using limited data, which lead to a number of assumptions and 
simplifications. Moreover, the primary data was confidential resulting in some restrictions when 
reporting the inventory and some results (included in the confidential appendix). 

Nevertheless, the work was conducted to completion and the main conclusions are 
summarized below. These conclusions should be interpreted carefully and within the context 
of the C4U project as well as the future LCA deliverables D4.11 and D4.12. Moreover, these results 
are only representative of the CASOH and DISPLACE C4U pilots and not of their final industrial 
potential. 

The electricity consumption, the provision of cooling energy, and the steam supply were the 
main contributors to the environmental impacts of the CASOH and DISPLACE pilots. Most of the 
electricity consumed by the pilots was used for heating various gases at different stages. These 
three items should be focal points for optimization and mitigation when upscaling to the 
industrial TRL. 

The net CO2 emissions for the CASOH and DISPLACE pilots and for the power plant are 3.3, 0.39, 
and 0.46 tons of CO2 equivalent per ton of BFG used, respectively. The CASOH pilot’s emissions 
can be reduced by a factor of three by omitting or optimizing the heat removal stages. Further 
benefits can be achieved by recovering and reusing the excess heat and the H2-rich output 
stream. 

Finally, the work conducted for this deliverable highlighted the importance of establishing a 
robust data exchange protocol in the future. D4.11 will be used to that end and build upon the 
knowledge acquired here to facilitate future communication. D4.11 will also clarify the 
methodology used for upscaling the inventory from the TRL7 presented here to the industrial 
scale. The LCA work will come to completion with D4.12, which will show the true potential of the 
C4U capture technologies. 
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