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Executive summa ry

This report constitutes deliverable D4.11 of the C*U project: method to address technology
scaling. It is related to task 4.3.1 where the goal is to quantify the environmental impact of an
industrial implementation of the C*U carbon capture and sequestration (CCS) technologies.
Process data representative of high TRL implementations needs to be modelled to do so. D4.11
aims to develop a methodology that allows for building such an inventory and in turn to
conduct a prospective life cycle assessment.

The framework developed by van der Hulst [1] was chosen as the starting point to develop the
methodology used to model the high TRL life cycle inventory (LCI) and conduct the prospective
life cycle assessment (LCA). Two main steps are suggested: TRL definition and process scaling,
where process changes, size scaling, and process synergies are identified and modelled. Expert
input will be used as much as possible to obtain a robust and realistic inventory. Scenario
analysis should be used, notably to model the impact of future electricity mixes. Additional
methodological inputs from the literature will be used to supplement the van der Hulst
framework such as TRLs definitions [29] and learning curves [24] developed specifically for
CCU. The theoretical framework is presented in section 4 of this report.

To gather that expert input, regular meetings with C*U’'s WP3 have been and will continue to be
organized. The most important elements needed to build a CASOH or DISPLACE prospective LCI
are (1) an understanding of the general overlay of the high TRL integration, (2) the electricity
and heat consumption, (3) the utilities flows, and (4) the main materials used for the
production of the equipment. It was found that all these key elements can be obtained from
WP3's models. The collaborative effort and the main findings are presented in section 0 of this
report.
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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

CCUS Carbon Capture Utilization and Storage

DISPLACE High temperature sorption-DISPLACEment process using hydrotalcites

for CO» sorption and recovery of steam

IAM Integrated Assessments Model
LCA Life Cycle Assessment
LCI Life Cycle Inventory
LCIA Life Cycle Impact Assessment
LHV Lower Heating Value
pPLCA 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 CO, are emitted on average per ton of
steel produced in 2018, resulting in about 8% of the global anthropogenic emissions [2]. Given
the urgency of mitigating these emissions, a portfolio of viable CO, 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 C*U project, a multidisciplinary
initiative, addresses all the major elements for successful CO, capture integration in the iron
and steel sector. It aims to elevate two emerging CO, capture technologies, DISPLACE and
CASOH, with the potential to eliminate up to 94% of the CO, emissions in a steel plant.

This report constitutes deliverable D4.11 of the C*U project: method to address technology
scaling. It is related to task 4.3.1 where the goal is to quantify the environmental impact of an
industrial implementation of the C*U carbon capture and storage (CCS) technologies. The first
step towards that goal was already conducted in D4.10, which presented the Life Cycle
Assessments (LCAs) of the pilot implementations of the DISPLACE and CASOH C“U technologies
at TRL 7. Process data representative of high TRL implementations needs to be modelled for the
next step. D4.11 aims to develop a methodology that allows for building such an inventory.

LCA is a methodology used by researchers, companies, and decision-makers to holistically
assess a product's or service's environmental impacts 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 solutions leads to the mitigation of the climate change impact of the
system studied. The effectiveness of that mitigation depends on the type of technology studied
and how it was implemented. While a reduction of climate change impact was observed, it
comes at the price of a burden-shift. That is, increases in other impact categories, specifically
for impact on acidification and human toxicity [6], [9].

Prospective LCA, also called ex-ante LCA, is based on the well-defined LCA methodology. It
allows an emerging technology to be modelled at a future, more-developed phase while it is
still in early development [10] (see Figure 2). Environmental hotspots in the production process
can be found early in the process design planning phase. Moreover, alternative techniques or
products can be evaluated to propose a design with lower environmental impact [11]. Several
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authors have proposed a framework for performing prospective LCA [1], [12]-[14]. Case studies
showed that the environmental impact is reduced when emerging technologies are scaled
from laboratory to industrial scale [15]-[17].

This activity aimed to develop a methodology to address technology scaling. To quantify the
impact of high TRL implementation of CASOH and DISPLACE, corresponding high TRL LCls of the
two technologies need to be modelled. The methodology developed relies on two main
elements: (1) the theoretical background and frameworks developed in the pLCA field (see
section 4) and (2) a collaboration with members of the consortium who work towards a high
TRL model from the techno-economic perspective (see section 0).
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4.Theoretical background
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 1.

DISPLACE CASOH
DISPLACEMENT CASOH
BFG CO +H,0 - CO,+H Ha/N,
HTsob_CO, + H,0 fsed 2 2+ H, Bhic/
Re-heating . HTao, H,0 + CO, m) co. = ( Ca0,+CO,~ CaCO,, )=

processes Py CO.-rich @ Cuy,, does not react % N,
‘ " Q * £

Recycle H,0
b HT. H,0 + CO. <: Cug, + % O;— CuO,,
£ "COLIN,/O/H,0 _.‘.::_;a; o 10 )= CaCO0s,, does not react
0, BFG S =" 0/N,

ADSORPTION * REGENERATION OXIDATION r
Fuel (BFG, NG) Air

CuO,, + COM; — Cuy,, + COJH,0

CaCO,,, — CaOy, + CO,

Figure 1 — Schematic representation of the DISPLACE and CASOH processes.

CASOH stands for Calcium Assisted Steel mill Off-gas Hydrogen production and transforms
BFG into an H.-rich gas separated from CO.. 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 the 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 CO, 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. CO; is then separated from the resulting flue gas with
adsorption using hydrotalcite. Finally, the CO; is displaced from the hydrotalcite with counter-
current regeneration. Steam is recycled between the displacement and adsorption stages.

4.2. pLCA

Technological advancements are important to fulfil the demand for goods and services and
economic growth. They can also contribute to minimizing environmental impacts and should
be developed so that they contribute minimally to environmental impact. Assessments of their
environmental impacts may be used to determine their potential and to help direct their
development. Analyses that support early design changes are especially valuable as they can
ultimately lead to significant environmental impact mitigation [11], [18], [19]. Life cycle
assessment (LCA) is used to look retroactively at the impact of products, services, and
technologies, including CCUS [5]-[9], [20], [21]. Prospective LCAs (pLCAs) are conducted to
study the environmental impacts of emerging technologies [12], [15]-[17], [20], [22].
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pPLCA, sometimes referred to as ex-ante LCA, is based on the well-defined LCA methodology.
Here, we follow the definition put forward by van der Hulst [1]: “an LCA is prospective when the
(emerging) technology studied is in an early phase of development (e.g., small-scale
production), but the technology is modelled at a future, more-developed phase (e.g., large-
scale production)”. pLCA allows us to find environmental hotspots in the production process at
an early phase of the industrial design planning. Moreover, alternative techniques or products
can be evaluated to propose a design with lower environmental impact [11], [15]. Various case
studies showed that the environmental impact is reduced when emerging technologies are
scaled from laboratory to industrial scale [15]-[17]. pLCA has been applied to CCUS solutions
as well [12], [20], [22].

LCA practitioners still face several challenges in conducting prospective studies. The design of
emerging technologies is easier to change at low TRL, but it also is inherently uncertain.
Consequently, an environmental impact assessment at that stage has high transformative
power but is limited by that uncertainty [10], [23]. Moreover, the lack of primary data needed to
conduct LCAs at low TRL is a widely recognized issue [11], [23]-[25]. This leads to difficulties
establishing valuable case studies that can demonstrate the applicability of the developed
frameworks [1], [26]. To mitigate those uncertainties, several authors have proposed a
framework for performing prospective LCA [1], [12]-[14].

4.3. Framework used in C%U

For the work to be conducted in CU, the framework developed by van der Hulst [1] will be used
as a starting point. It is divided into three phases (see Figure 2):

1. Phase I: The current TRL of the technology is determined in order to identify the steps
needed to reach a mature implementation. This belongs in the goal and scope step of
a traditional LCA.

2. Phase ll: The steps needed to reach the industrial TRL are modelled. Three types of steps
are identified: (1) process changes, such as a change in equipment or materials used,
(2) size scaling, which is mostly capacity scaling; and (3) process synergies, which is
mainly minimization of waste streams. Those three items will be modelled in the life
cycle inventory (LCI).

3. Phase llI: Industrial learning and external developments are modelled. The former
consists of the improvements in production observed after a technology enters the
market, which can result from learning-by-doing, production line synergies, and
production scaling. The latter are future external developments that can influence the
technologies’ production, such as a change in the electricity mix.
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Figure 2 — TRL related to scale and mechanisms, adapted from van der Hulst et al. (2020)[1].

During Phase |, van der Hulst et al. advises to use the descriptions of TRL put forward by
Gavankar et al. and Moni et al. [1], [11], [27]. Beyond those references, we will also use the
definition proposed by the European Commission [28] and the various adaptations presented
in the literature that are relevant for C*U, e.g. for CCU [29] or the chemical industry [30].

For the case of C*U, Phase Il will be driven by models of the industrial scale, which will be used
to yield an inventory. Expert input is key to obtaining a robust and realistic high TRL LCI [1], [19]
and will be used whenever possible. As was done in D4.10, assumptions and literature will also
be used to close the gap on any lack of data. Moreover, scenario analyses can explore best-
and worst-case alternatives [12]. Uncertainty analyses can also be used to quantify the
uncertainty inherent to assessment during the early design phase [22]. Both scenario and
uncertainty analyses may be used for C*U, depending on preliminary results.

In the case of C*U, Phase Il will be simplified by modelling external developments with scenario
analysis. We will specifically focus on the future development of the electricity mix. Industrial
learning may also be implemented using the framework proposed by Faber et al. which
describes how learning curves can be adapted to emerging CCU technologies [24]. This
simplification is needed because Phase Il can be challenging to model. Modelling industrial
learning is conditional on the availability of historical environmental data of the technology
developed or a close substitute that can be used as a proxy. These data are typically scarce,
even more so for CCUS, where large-scale implementations are lacking [24]. External
developments are modelled by combining LCA and integrated assessments models (IAMs),
which can be complex if time is limited. That step is sometimes replaced by a scenario analysis
on the foreground system.
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5. Collaboration

To obtain expert input, collaborations are needed with the technology developers. The
collaborative effort between work packages (WPs) 3 and 4 aimed to determine how the
outputs of the techno-economic models developed by WP3 could be used as inputs for a high
TRL pLCA. Specifically, according to the results presented in D4.10, the main components
needed for a high TRL LCI are the electricity and heat consumption, the utilities flows, and the
main materials used to produce the equipment. The general overlay of the industrial
integration is also relevant, specifically any type of process synergy (e.g. re-use of heat).

The collaboration has been fruitful and has already led to several findings. The goal and scope
of the work conducted in D4.10 were largely influenced by the first meeting on the 1% of
December 2021. The functional unit was focused on the use of BFG as opposed to the capture
of CO; to fairly account for the different capture points of CASOH and DISPLACE as well as the
different levels of purity of output streams.

Future process synergies were also identified, those that will occur during the simultaneous use
of CASOH and DISPLACE at the industrial scale. Excess heat from the CASOH system that
currently needs to be removed could be fed into DISPLACE. This interaction will be modelled at
high TRL in WP3 and will be consequently incorporated in the pLCA of DISPLACE and CASOH.
Moreover, the CO, output stream of CASOH is less pure than DISPLACE’s. Therefore, that output
stream could be fed into DISPLACE which would then function as a purification unit. This would
avoid the use of a cryogenic purification unit.

Most importantly, a data exchange protocol was established. According to the D4.10 results,
the most essential elements needed to build a CASOH or DISPLACE LCl are (1) an understanding
of the general overlay of the high TRL integration, (2) the electricity and heat consumption, (3)
the utilities flows, and (4) the main materials used for the production of the equipment. More
information on the process synergies outlined above is also important to model a fair
representation of the high TRL implementation of CASOH and DISPLACE.

WP3 beneficiaries have indicated that all these data can be provided. This is the best case
scenario for a pLCA LCI (see section 4.3), in which the use of expert input is fully maximized. We
argue that this will lead to a representative and robust assessment of the environmental
impacts of the C*U technologies at high TRL. Typically, the exchange of data is an iterative
process in which the inventory is supplemented with additional data and refined at each
iteration. This will be kick-started in the next collaborative meeting, where the D3.2 and D3.3
results of WP3 will be presented.
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6. Conclusions

This report summarized the methodology that will be used to conduct the high TRL LCAs of the
CASOH and DISPLACE pilots. It can be concluded that two main steps will be applied, namely,
the TRL definition and the process scaling where process changes, size scaling, and process
synergies are identified and modelled. Expert input will be used as much as possible to obtain
a robust and realistic inventory. This methodology is based on the framework developed by
van der Hulst [1] that will be adapted to the C*U case notably by using scenario analysis to
model the impact of future electricity mixes. Additional methodological inputs from the
literature will be used to supplement the van der Hulst framework such as TRLs definitions [29]
and learning curves [24] developed specifically for CCU.

To gather that expert input, regular meetings with C*U’s work package 3 beneficiaries have
been and will continue to be organized. The most important elements needed to build a CASOH
or DISPLACE LClI are (1) an understanding of the general overlay of the high TRL integration, (2)
the electricity and heat consumption, (3) the utilities flows, and (4) the main materials used for
the production of the equipment. It was found that all these key elements can be obtained
from WP3's models.
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