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Abstract

Climate change has been identified as one of the biggest issues plaguing human life at present.
Hence, immense attention is being paid to developing methods that can potentially reduce
carbon dioxide emission. With the help of carbon-negative concrete, manufactured from
alternative binders and cured with waste carbon dioxide, a major part of the manufacturing
industries that emit carbon dioxide can be potentially turned into a carbon sink. In this study,
the waste material streams in Finland, suitable for disposing carbon-dioxide-cured concrete,
were mapped. Mine tailings, blast furnace and steel slags, recycled concrete, biomass, coal
and municipal waste incineration ashes, green liquor dregs, and foundry sands were studied.
It was found that there were sufficient amounts of potential secondary raw materials (about
27 Mt/a) for the preparation of Finnish cement and the production of concrete (requirement:
approximately 1.4 Mt/a and 11.2 Mt/a, respectively). The total carbon dioxide uptake
potential was estimated to be approximately 1.9 Mt/a (vs. emissions from the cement
industry in Finland, 0.84 Mt/a). In addition, the carbon footprints of the conventionally
manufactured concrete block were compared with the carbon footprint produced by a
modeled carbon-dioxide-cured blast furnace slag block. If such novel concrete were used to
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produce all the concrete-based substances, it would bring down the emission of carbon
dioxide from 1.9% to negative 1.3% in Finland.
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Concrete; alternative binder; mineralization; circular economy; carbon footprint

1. Introduction

Climate change is one of the largest problems faced by humanity in our time. The importance of
reducing the emission of greenhouse gas by 2030, especially in the industry and transportation
sectors, is stressed in the IPCC 1.5 °C report [1]. The Finnish government has reacted to this global
concern by setting an ambitious goal. The government programme aims to reach carbon neutrality
in Finland by 2035 [2]. In this paper, COz-cured, carbon-negative concrete is studied as a means of
reducing CO; emissions in the cement and concrete industry in Finland (an example case). The goal
of the study is to find out whether CO,-cured concrete could potentially be used to reduce emissions
in Finland. The research questions are as follows:

- What kind of material streams could be suitable for achieving large-scale CO;-cured concrete

in Finland?

- How big are the volumes in which those material streams are available in Finland?

- What is the CO; uptake potential in the selected material streams?

- How does the carbon footprint of a modeled CO-cured blast furnace slag block compare with

that of a conventional concrete block?

We expect to obtain vital information on the CO, emission reduction potential, sustainability,
and limitations of the carbon-negative concrete concept. Moreover, we aim to gain necessary
insights on the role of major parameters of the carbon-negative concrete concept, such as the raw
material selection process and transportation distance for the carbon footprint of the product.

2. Background
2.1 CO; Emission during Cement and Concrete Production

Global cement production of over 4000 Mt per year accounts for 8% of the global CO; emission
[3]. This is more than three times the CO; emission from global aviation [4]. Most of the emissions
originate from two sources in the cement kiln: about 40% of the emission can be attributed to the
combustion of fuels (about 30% in Finland due to energy efficiency and waste fuels) and about 50%
from the calcination reaction (about 60% in Finland) as presented in Equation 1 as follows:

CaCO; — Ca0 + CO, (1)

where calcium carbonate decomposes into carbon dioxide and calcium oxide, an important
constituent of conventional cement. Approximately 10%, is related to raw material grinding and
transportation [5, 6]. The global average for total CO; emission per ton of cement is approximately
890 kg CO,/t cement [7].
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In Finland, the total production volume of cement in 2016 was 1.34 Mt (or 1.12 Mt as clinker),
the emissions at the cement plants were 0.827 Mt of CO;, (excluding raw material processing and
transportation), and the average CO; emissions per ton of cement (CEM I) was approximately 740
kg CO2/t cement [6]. Quarries of raw-materials are present around Finnsementti (e.g., limestone is
produced in Nordkalk). These constitute the secondary raw materials, resulting in low amounts of
pre-factory emissions. Approximately 1.1 kg/kg of cement and 0.3 kg/kg of other raw materials,
such as fly ash and blast furnace slag, are required for cement production [8]. Approximately 2-5 g
of COy/kg is produced from natural stone according to the different Environmental product
declarations (EPDs) presented in the Finnish construction database for CO, production [9]. Other
raw materials, wastes (fly ash), or byproducts (slags) exert little or no [10] impact on the process.
The process of transportation of raw materials does not exert a significant impact because most of
the main raw material (e.g., limestone) is available nearby, and the specific emission is 39
gC0O,e/tonne-km [11]. Thus, it is estimated that the total share of CO, emission for the raw material
acquisition process is approximately 1.5% (1-2%) of the emission during the production of Finnish
cement. The total emission during the production of cement can be expressed by Equation 2 as
follows:

Total emissions of cement = Emissions of cement plants
/(100% — emissions of raw materials [%])
= 0.839 Mt CO,

(2)

This corresponds to 1.4% of the total greenhouse gas emission (58.8 Mt CO3) in Finland in 2016
[12]. In addition to the emissions from cement, the concrete industry greenhouse gases can also be
emitted from aggregate and additive use. Emissions can also be attributed to the transportation
process and concrete production energy. The most greenhouse gases is emitted from cement used
for the preparation of concrete; however, the share varies from product to product. The annual
steel consumption of the concrete industry in 2016 was 56 700 t/a [13], and the related CO:
emissions were approximately 0.113 Mt/a when the assumed specific CO, emissions of steel were
2.0t COy/t steel [14] (p.7). The total amount of greenhouse gases emitted during the production of
cement and concrete in Finland can be estimated using Equation 3.

Total CO, emissions of concrete and cement industry including reinforcements
Mt
= €0, emissions of cement [7]
/Fraction of cement related emissions from concrete emissions [%]
Mt
+ CO2 emissions of steel used for concrete [7]
= 0.839 Mt C0O,/a/0.85+ 0.113 Mt CO,/a = 1.1001 Mt CO2/a = 1.1 Mt CO,/a
This was approximately 1.9% of the entire CO; emission in Finland. The actual annual emission
from the cement and concrete industry depends on the cement export and import volumes. CO3
emissions from the imported cement (the year 2016 was chosen because there was no export or

import of cement), fluctuations in the construction markets, and changes in manufactured product
types were studied.
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2.2 Carbonation of Concrete

The carbonation of concrete is the process where concrete reacts with carbon dioxide, either via
the natural carbonation process (occurring over years when concrete stays in contact with
atmospheric CO; during use, at the end-of-life phase, and beyond the life cycle) or the accelerated
carbonation process (CO; curing of concrete products).

Carbonation is often considered undesirable because it lowers the pH of concrete, resulting in
the corrosion of steel reinforcements. The safe pH level for the protection of steel reinforcements
is estimated to be higher than 9.5 [15]. However, carbonation also has positive impacts as it
increases the compressive and tensile strength of concrete. Recently, it has been revealed that it
can act as a potential sink for atmospheric carbon [16-18]. The current research on the natural
carbonation of concrete has focused on modeling and optimizing the later stages of the life cycle by
increasing the exposed surface area. The surface area was increased by crushing it. The resulting
aggregate should be exposed to ambient air conditions for many years (or decades) to achieve high
CO; uptake [19-21].

The chemical reaction for carbonation is expressed as follows [22]:

Ca(OH), + C0O, - CaCO3 + H,0 (4)

The theoretical maximum CO; uptake correlates to the amount of CaO in binders. According to
the simplified approach, maximum theoretical CO, uptake can be calculated as follows [22]:

mCOZ) )

Uree = w'Ce” (mCaO

where Ui is the maximum theoretical uptake of CO; in totally carbonated concrete [kg]; w
represents reactive CaO [kg CaO/kg binder]; Cc is the mass of clinker [kg]; mCO; denotes the molar
weight of CO; (44 g/mol); and mCaO denotes the molar weight of CaO (56 g/mol).

The CO; uptake (carbonation) capacity for the cement types CEM I/A, CEM II/A, and CEM II/B were
found to be 0.49, 0.41, and 0.36 kg CO./kg cement, respectively. These values also differ largely in
conventional types of cement. The prerequisite was that reactive CaO should constitute 65% and
the clinker fraction should constitute 95%, 80%, or 70% of the total amount [22].

During the process of carbonation, CO; from the atmosphere diffuses into the concrete through
the surface. The carbonation depth is approximately proportional to the square root of time. The
total quantity of CO; taken up during the use phase depends on the concrete application, time of
concrete exposure, concrete porosity, type of cement used, and water/cement ratio.

The carbonation depth coefficient (k) under conditions of varying concrete strength (cylinder),
exposure times, and degree of carbonation (Dc) can be calculated according to the protocol
presented in EN 16757 [22]. CO, uptake (kg/m? of the concrete surface) over the number of years t
can be calculated as follows:

Tﬁ) Uree' €D, ®)

where k is a coefficient, which takes into account concrete strength and conditions [16], outlined in

CO, uptake = k* K" (

EN 16757 (Table BB.1) [22], Kcis the correction factor that takes into account cement containing
additional constituents or concrete with mineral additives, Ui is the maximum theoretical uptake
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in kg CO2/kg cement (0.49 for Portland cement (CEM 1), presented above), C is the cement content
in kg/m?3 of concrete, D. is a coefficient that takes into account the degree of carbonation [16],
present in EN 16757 (Table BB.1) [22].

Using the above equation for a concrete sample with a service life of 100 years, the CO; uptake
could be 2.5 kg/m? (indoor conditions; cement content: 280 kg/m?3) and 1.8 kg/m? (exposed surface
and cement content 400 kg/m?3). The calculation of carbonation depth depends on the exposure
conditions. Hence, a lower-strength concrete can potentially exhibit a higher carbonation depth as
the correction factor under indoor conditions is significantly higher than the correction factor of the
higher-strength concrete under outdoor conditions, which was also exposed to rain (correction
factors for those were accordingly 1.1 and 4.6). The precise theoretical CO, uptake can be calculated
for all types of concrete used in buildings using Equation 6.

At the end of life, when all the prerequisites are as described, improved carbonation can be
achieved using concrete ground into small particles. When laboratory-based experiments were
conducted under conditions of optimal humidity and pressure that is 10—100 times the atmospheric
CO> partial pressure, up to 50-90% of the total CaO was carbonated in medium to high water-
cement ratio concretes. [21] The results from a case study where the Itaipu Dam was studied
revealed that when 12.7 million cubic meters of concrete was used, the structure had absorbed
13,384 tons of CO; during service life of 35 years [23], which was about 0.5% or less of the CO;
emission from the used concrete. However, the results obtained from the carefully conducted on-
site experiments for the process of natural carbonation (especially that obtained at the end of the
life cycle) is still incomprehensive.

2.3 Carbonation of Secondary Raw Material

Alkaline waste material streams usually contain calcium, magnesium, potassium, and sodium
oxides that make them suitable for carbon capture and storage. It has been verified that these waste
materials are capable of binding CO, and the process can be accelerated following various
treatment methods [24-28]. Reactive waste materials need less pre-treatment and less energy-
intensive carbonation conditions in comparison to raw minerals [29]. High variability in waste
volumes and chemical composition is a major obstacle in the field of carbon capture and storage
[27].

It has been estimated that the current global annual CO; uptake potential of alkaline material
streams via carbonation is 1 GtCO;, and it may increase to 2.3-3.3 GtCO; by 2050 and 2.9-5.9 GtCO;
by 2100 [30]. Blast furnace and steel slag, red mud, cement kiln dust, concrete in building products
and demolition waste, ultramafic waste rock and mine tailings, and fuel ashes were studied.

2.4 Alternative Methods to Achieve Reduced CO, Emission in the Concrete Sector

The proposed measures for further lowering the emissions from concrete include the use of
alternative fuels. Levels of emission can also be lowered by decreasing the amount of clinker in
cement (for example, the use of supplementary cementitious materials (SCM)), using novel cement),
or adopting carbon capture and storage (CCS). The processes can result in reduced cement demand
with a better design and longer lifetime [3, 7, 31, 32]. Even though all these measures are significant
for a quick and cost-efficient reduction of emissions, only novel cements and CCS have the potential
to make concrete carbon-neutral [3] (Figure 1). Thus, widespread use of novel clinker-free cement,
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the implementation of CCS to all cement kilns, or a combination of both will be essential to develop
a concrete industry that is striving to become carbon neutral.
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Figure 1 Carbon footprint of conventional concretes of different strengths and a hollow
core slab (HCS) (life cycle stages A1-3).

2.4.1 Novel Cement and SCMs

The replacement of Ordinary Portland Cement (OPC) with novel binders, entirely or in part, with
supplementary cementitious materials, is a complex process. Firstly, the current standard for
cement limits the raw materials used in cement mixtures: 95 wt.% or more must be clinker, blast
furnace slag, silica fume, pozzolana, coal fly ash, burnt shale, or limestone [33]. In Figure 2, the share
of blending components in common Finnish cement is presented [34].
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Share of blended components,
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Figure 2 Mass fractions of blending components used in Finnish cement. For cement,
blending limestone and blast furnace slag are used.

Secondly, the properties of cement, such as strength development, are affected by the
composition of the clinker, the mineral binder additives used, and the fineness of the cement. For
example, the difference between cement CEM |1 42.5 R and CEM II/A 42.5 R lies primarily in their
binder additive content. CEM | does not contain more than 5% of the additives, whereas CEM II/A
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may contain 6-20% of additives. Both types of cement belong to the same strength class, and at the
age of 28 days, the strength must be at least 42.5 MPa.

The alternatives can be used to lower the carbon footprint of concrete. However, when
substituting OPC with high amounts of fly ash or blast furnace slag, the compressive strength
decreases with the increase in the amount of Portland cement replaced [35]. Moreover, all changes
in the materials must be designed and tested carefully to provide safe materials for long-lasting use.
Thus, piloting in low-risk environments is necessary.

2.4.2 Carbon Capture and Storage

Building carbon capture, transportation and storage systems take time, because there are no
suitable geological formations for CCS in Finland [36]. CO; should be transported, for example, by
ship to Norway to a CO; hub [37, 38]. Moreover, the urgency of building CCS capabilities contradicts
short-term business sense as long as it is cheaper to pay for the CO, emission allowance price that
is currently approximately 44 €/t CO, [39] compared to the CCS cost for cement kilns that is
approximately 40-80 €/t CO; [40] (Figure 3). Nevertheless, CCS, alternative energy sources, and
energy efficiency are seen as the most feasible large-scale emission reduction method that will be
employed by the concrete industry in Finland by 2030 [41, 42]

Raw-materials, hollow core slab [wt%]

Fly ash
Cement 29% Pre-stressed steel

14 % | 1%

Crushed stone W .
33% R T

Figure 3 Raw material shares of a representative hollow core slab [43].

Long international transportation of CO; could be avoided following the process of mineralization,
an alternative to geological storage. During the process of mineralization, crushed rock, like
serpentinite, or industrial waste streams, like steelmaking slags and ashes, react with CO; of the flue
gases. Minerals such as carbonates are formed [44, 45]. Although serpentinite is available in Finland
in enough quantities for CCS, mineralization in serpentinite for CO; storage requires high energy
costs for the regeneration of used chemicals [45, 46]. The European legal framework for CCS and
ETS currently only includes geological storage [47], and thus, mineralization does not yet bring the
same cost savings from the reduced amount of emission allowance needed. However, a legal case
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on CO; captured from a lime kiln and transported to precipitated CaCOs production [48] shows that
CO> captured from a cement kiln and used for concrete production might be an even faster way of
reducing emission allowance. In any case, compensation and emission removal markets can already
bring additional revenue.

2.4.3 Carbon-Negative Concrete Production

Carbon-negative concrete manufactured using alternative binders and cured with waste CO; has
been proposed as one solution to mitigate the climate impact of concrete [3, 31, 49]. It can be
viewed as a combination of novel cement and CCS: permanent carbon capture via mineralization
with financial benefits from the manufactured product. The product performance is a limitation. If
these demands can be addressed, the concept appears to promote all aspects of sustainability with
lower environmental impact. The economic value can be increased by utilizing waste, and new job
opportunities can be created. The diagram in Figure 4 illustrates the main features of the carbon-
negative concrete concepts.

ALTERNATIVE EXAMPLE PARAMETER RANGES:
BINDERS t=1..72h,

(E.G. ASHES, RH 50 ... 100%

SLAGS) \ T=25...100°C

p(CO,) = 0.1 ... 100 bar
AGGREGATES
-

=)
p = = '
WATER E - 1
(+ ADDITIVES) PRECAST

CO, CURED
MIXING SHAPE- 2
FORMING CO, CURING CONCRETE

Figure 4 Schematic representation of a precast CO,-cured concrete product.

The main difference lies in the curing phase, where the fresh concrete is placed in a CO;-rich
atmosphere. Carbon-containing minerals, mainly carbonates, are formed. The material is hardened
following various reactions (other than the hydration reaction). The process is similar to that
observed during the hardening of conventional concrete [44]. In addition, the raw mix may or may
not contain Ordinary Portland cement. Both ready-mix and precast concrete can find their
applications [50-52]. In recent years, several interesting precast concrete applications in the
presence of alternative cementitious materials, like steelmaking slags or coal fly ash, have emerged
that claim to generate carbon-negative footprints [52-54]. This is possible if the binder material has
a very low carbon footprint, significant amounts of waste CO, are bound, the processing is not very
carbon-intensive, and the transportation distances are reasonable. However, it has been recently
cautioned that not all CO; utilization methods adopted by the concrete manufacturing industry
necessarily result in climate benefits. A life-cycle assessment approach is required to determine the
benefits [55]. Previous research has focused on the CO, uptake in specific materials and the
mechanical properties of concrete samples manufactured from those materials. The roles of
temperature, pressure, humidity, and duration of the curing process have also been studied [28, 56-
58]. Also, the durability and resistance to seawater conditions [59] and the effect of activator
chemicals [60] have been of interest.
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3. Methodology

Our research methodology is illustrated in the flowchart presented in Figure 5.

Scientific literature review

3.1 Selection of

materials
Company and patent analysis
Estimation of material stream volumes [t/a] Comparison with concrete
3.2 Volumes and based on statistics and company reports production volumes

compositions of

selected materials Chemical compositions of materials: literature &
laboratory analysis of material examples

3.3 CO, uptake

potential in selected Theoretical CO, uptake potential of selected Comparison with CO, emissions
material streams material streams [t CO,/a] of concrete production
3.4 Carbon footprint Life-cycle analysis: carbon footprint comparison Comparison between CO, uptake
of a CO, cured between conventional and CO, cured concrete and avoided CO, emissions

concrete product

Figure 5 Research methodology flowchart. Each section is covered in more detail in the
illustrated subchapters.

The alternative raw materials were selected, and their volumes were estimated based on the
literature reports. The total volume was compared with the volume of concrete production to check
if secondary raw material availability is a limiting factor. The CO, uptake potentials were estimated
using Steinour’s and Huntzinger’s formulae. In some cases, specific literature values were used. The
total CO; uptake potential was compared with the emission volume of the cement industry to see
if the CO, uptake potential is a limiting factor for emission reductions. It was also checked if the
transportation of CO; abroad for CCS could be avoided. The carbon footprints of CO,-cured concrete
prepared using alternative binders and conventional concrete were compared and the difference
between the CO; uptake and CO; emission reductions was highlighted. Finally, the impact of CO;
emission was studied under conditions of widespread implementation scenarios.

3.1 Selection of Materials

We required first to pre-select the materials that might have the maximum potential for CO,-
cured concrete applications. In a review on CO,-cured concrete [44], the studied materials included
blast furnace and steel slags, cement kiln dust, waste cement, fossil fuel combustion ashes and
municipal solid waste incineration ashes as well as serpentinite. In general, materials with high
proportions of non-carbonate calcium and magnesium have shown the potential to bind significant
amounts of COz. For the Finnish case, the utilization of biomass combustion ashes and pulp mill
wastes constituted the vital segments of wastes and these were also analyzed. In other countries,
the size of each industry sector and the local geology (e.g., the availability of volcanic ashes or
magnesium-containing minerals) play essential roles for material selection.

The materials that are already used in blended cement, like blast furnace slag and coal fly ash,
are common to the industry and are included in the current cement standard SFS-EN 197-1 [33].
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The use of these materials offer easier market penetration. A few companies have developed pilot-
scale processes using waste or byproduct streams employing the concept of CO;-cured concrete
concepts [52, 54, 61]. The limited availability of these raw materials is a drawback of the process.
The materials can be used for other carbon-footprint-lowering processes, such as the production of
blended cement. The upcoming ban on coal combustion in Finland by 2029 [62] is going to further
limit the availability of coal fly ash in Finland. Other materials may not be easily available in today’s
market, but their utilization is favorable for other reasons. The availability of the materials in large
volumes can help the ambitions of the Finnish government toward achieving a circular economy.

3.2 Volumes and Compositions of Selected Materials

We sourced our data on waste materials by studying the statistics of wastes produced in Finland.
We also studied the scientific literature, environmental permits, and annual and environmental
reports published by selected major companies. A comprehensive view of the material volumes was
gained by compiling field of industry report data and the individual material stream data. The
chemical compositions of the explored materials were gathered from the literature except for
biomass ashes and green liquor dregs, whose elemental compositions were determined in a
commercial analysis laboratory using samples that were taken from a Finnish pulp mill.

We wanted to compare the waste material stream volumes, available in tons per year, with the
volumes of the produced ready-mix and precast concrete in the same units. The annual production
statistics available from the concrete industry are compiled on an m?-basis for concrete elements-
walls and slabs. For the ready-mix concrete and blocks, the information is compiled on the m3-basis
(Table 1) [13].

Table 1 Production of concrete products [13].

Unit Production amount
Concrete elements m? 873 000
Concrete panel shells m? 275 000
Partition walls from concrete m? 814 000
Concrete slabs (incl. also Hollow core 5
slabs) m 3357000
Ready-mix concrete m3 2 627 000
Concrete blocks m3 92 000

The ready-mix concrete production in Finland (in tons) was then estimated using Equation 7.
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t
Ready — mix concrete production in Finland [E]

t
= Cement used for ready — mix concrete [E] (7)

/Estimated average cement content [wt%]
/Fraction of production covered by the statistic [wt%]
= 934000t/a/0.14/0.90 = 7412000t /a = 7.4 Mt/a

To determine the amount of precast concrete, Equation 8 was used.

t
Precast concrete production in Finland [E]

t
= Cement used for precast concrete [a] (8)

/Estimated average cement content[wt%]
/Fraction of production covered by the statistic [wt%]
= 479000t/a/0.14/0.90 = 3802000t/a =~ 3.8 Mt/a.

The concrete industry association of Finland estimates that their statistic covers about 90% of
the concrete industry in Finland [13]. These amounts are only illustrative and to be used for
reference only, as they are based on a rough estimation of the average cement content in concrete.
In reality, concrete belonging to different strength classes contains different amounts of cement.

3.3 CO: Uptake Potential in Selected Material Streams

The specific CO; uptake potential values for different material streams were estimated using
Steinour’s formula (Equation 9) [63] and Huntzinger’s formula (Equation 10) [64]. The values for
recycled concrete and mine tailings were sourced from the literature.

CO, uptake[%] = 0.785(Ca0 — 0.7505) + 1.09Na,0 + 0.93K,0 (9)

CO, uptake[%]
= 0.785(Ca0 — 0.56Ca(C0O)s — 0.7505)
+1.091Mg0O + 0.71Na,0 + 0.468K,0 (10)

The CO;, uptake potential for the selected waste and byproduct streams was determined by
multiplying the volumes with the specific CO, uptake potentials (Equation 11).

. €O,
CO, uptake potential [t T]
t
= Volume of material produced [a] (11)

co
* specific theoretical CO, uptake potential [g fmaterial]

The CO; uptake potentials were compared with the annual emissions from the cement industry
in Finland (approximately 0.839 Mt CO;; Chapter 2.1). This provides a simple and reasonable
comparison when the aim is to reduce and/or reuse the CO; emissions from the cement industry.
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3.4 Carbon Footprint of a CO>-Cured Concrete Product

The life cycle assessment (LCA) method is used for assessing the carbon footprint of concrete
products. The carbon footprint is defined as the sum of the greenhouse gas emissions and
greenhouse gas removals in a product system and is expressed as CO, equivalents (CO.e) based on
an LCA under the conditions of a single impact category climate change [65].

The carbon footprint of the product is calculated and presented according to different stages in
the life cycle: product stage (A1-3), construction (A4 and A5), use (B1-7), and end-of-life stage (C1-
4) (Figure 6).

BUILDING LIFE CYCLE
stage stage stage
4 4 4 4

Benefits and
loads beyond

water use B7

i |
i |
e system
! the syst
, 4 |
Raw material A1, Transport A4, Use B1, Demolition C1, Recycling |
Transport A2, Construction A5 Maintenance B2, Transport C2, | Reuse
Production A3 Repair B3, Waste processing | Recovery |
Replacement B4, C3, potential |
Refurbishment B5, Disposal C4. |
Operational I |
energy use B6, I
Operational |
i |

Figure 6 Stages of the life cycle for construction [66].

In this study, we have only assessed the product stage. We have studied Al (raw materials), A2
(transportation), and A3 (manufacturing) (EN 15804 + A1) stages because the research is focused
on material development, and the full life cycle of data is missing.

The main ingredients required for the preparation of conventional concrete are cement, coarse
and fine aggregates (such as sand, gravel, and crushed stone), additives (e.g., for air entrainment or
plasticizing), and water. For reducing the use of cement, which significantly influences CO, emissions,
concrete mix is blended (with silica, ground blast furnace slag, or coal combustion fly ash). The
reduction in emission is based on the LCA process, where the emission due to material production
is allocated to the main product and the waste user gets the waste without allocated emissions from
the main product manufacturing. When waste material reaches the end-of-waste state (EoW), it
can be categorized as a product. Impact allocations between the main and waste product should be
used for the studies. However, according to EN 15804, EoW is reached when the material that is
commonly used fulfills the technical requirements and legislation. Its use will not lead to adverse
environmental or human health impacts andthere is significant market demand.

In our assessment, most side streams, with the exceptions of blast furnace slag and purified CO,,
are without allocated emissions and are considered as wastes. If they are considered as byproducts,
a small share of emissions can be potentially allocated to them. However, the main product gets the
main share. Blast furnace steel slag is a byproduct of the steelmaking industry, and thus, allocation
is done (slag 42 kg COy/t vs. steel 2100 kg CO/t). The examples of the raw material shares of a
conventional concrete hollow core slab are shown in Figure 3.
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Each type of concrete is designed for specific use and must meet specific material requirements
(such as compressive strength). The material requirements affect the concrete composition (i.e.,
the share of cement), which affects the carbon footprint of the product. Example compositions of
concretes of different strength classes C16/20, C12/15, and C8/10, based on an earlier study [67],

are presented in Table 2 to illustrate these interdependencies.

Table 2 Concrete mix design and carbon footprint of concrete for OPC strength classes
C16/20, C12/15, and C8/10 based on an earlier study [67] and a modeled mix for the
preparation of CO;-cured concrete using blast furnace slags.

Unit impact and data

CO»-cured
Unit C16/20 C12/15 C8/10 2CUreE ource, 8C0se/kg
concrete i
(Life cycle stage A1-3)
210
Plus-cement kg/m3 300 260 702 [68]
8 (13wt%) (11wt%) (9
wt%)
Crushed stone 3
kg/m 1100 1100 1110 - 13.9 [69]
8/16 mm
Sand 0/8 mm kg/m3 740 790 860 - 2.4 [69]
Water kg/m3 140 130 120 140 0.276 [69]
Blast f I
ast TUrnace S1ag 1 o/ms - ; - 2140 42 [10]
(granulated)
Case A: Pure CO;
kg/m3 - - - 300 76 *
(100 wt%) g/m
Case B:
compressed flue kg/m?3 - - - 300x2.5 18.1 **
gas CO; (40 wt%)
Case C: Flue gas as 0 (assumption: flue gas
kg/m3 - - - 300 x 2.5
such CO; (40 wt%) g/m as such)
0.109 kg/kWh (average
Finnish Electricity kWh/m? 20 20 20 200 8/kWh (averag

Finnish electricity) ***

* Calculated according to the Linde-engineering process and specific energy demand of 2.5 GJ/t

CO; regenerated [70]. It is assumed that the energy type for CO, capture is electricity and the

CO; emission recorded is the average Finnish electricity.

** Calculated value, flue gas (40 wt.% CO,) compressed to 1 bar of CO, pressure; compression
electricity: 171.6 kJ/kg flue gas.
*** Delivered electricity calculated using VTT’s Sustainability tool (SULCA) [71] and Finnish
average Electricity production data, based on the energy data for the year 2018 [72].
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In addition, Table 2 also presents a hypothetical blast furnace slag block mix design for CO, curing.
This case is calculated for different sources of CO2: purified CO, (Case A), CO; from compressed flue
gas (Case B), and CO; from flue gas (Case C).

The carbon footprint of the class C16/20 concrete is 43% higher than that of class C8/10. A
comparative assessment between conventional and CO;-cured concretes was carried out. The
concretes in the strength class C16/20 were chosen for comparison because based on experiments
published in a patent, this strength class is also achievable with CO,-cured alternative binder
concrete [73]. In addition, the carbon footprints of a few conventional concrete products were
calculated to gain a better understanding of the range of carbon footprints of the current concrete
products.

In this study, we compared a conventional concrete block with a modeled CO,-cured blast
furnace slag block. The blast furnace slags were sourced from the Raahe Steel mill, and the blocks
were produced following a similar process as piloted in Belgium [74]. The process can be followed
to bind 0.30 tons of CO; per every m? of concrete block produced. The method causes 0.08 tons of
CO2/m3 of product (energy demand: 200 kWh/m3 product). In our assessment, we use the stated
energy demand and the average emission intensity of electricity production in Finland (0.109 kg
CO2/kWh; delivered electricity in 2018, calculated using SULCA [71] based on [72]).

In both cases, we assumed that the concrete blocks are produced in Raahe, Finland. The cement
factory is located in Parainen. Industrially separated, purified, and compressed CO; is produced at
the Kilpilahti oil refinery in Porvoo [75]. Waste CO; was available at the flue gas of the on-site lime
kiln at the Raahe steel mill [76]. However, the CO, concentration of the lime kiln flue gas is assumed
to be approximately 40 wt.% ([77]; first combustion with no re-circulation). Thus, 2.5 times the CO,-
containing gas is needed for the completion of the process in comparison to 99.8% of pure CO, [78]
from Porvoo. The flue gas could be used as such or dried and compressed. The assumed
transportation distances of raw materials are presented in Table 3.

Table 3 Estimated raw material transportation distances.

Case C:
Case B:
Case A: Non-
Reference Compressed
CO2-cured compressed
case: flue gas (40
. blast furnace flue gas (40
Conventional wt% CO>) cured
slag  (99.8% wt% CO;) cured
concrete blast furnace
CO2) blast furnace
slag
slag
Plus-cement 597 km - - -
Crushed stone 8/16 mm 50 km - - -
Sand 0/8 mm 50 km - - -
G lated blast f
ranulate ast furnace 1km 1km 1km 1km
slag
Additive 100 km - - -
99.8% CO; - 581 km - -
Flue gas (40 wt% CO2) - - 1 km 1 km
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It is more appropriate to use bottled and purified CO; during the piloting stage of a process. In
large-scale production, the availability of on-site high-concentration CO, waste gas is assumed to
bring major benefits. The aspect of CO; source, as well as the following major parameters and their
influence on the production of carbon footprint, are explored using a sensitivity analysis method:

® the emission intensity of the CO; used

® transportation distance of the used binder material

® the emission intensity of the used electricity

® CO; uptake ability of the material

The transportation distance changes if the concrete block production was planned at a site far
from the Raahe steel mill. The emission intensity of electricity could change in Finland over time. It
can also change if the concrete producer had a specific electricity purchase agreement or own
power production. The CO; uptake could change based on the additives used, process conditions,
and the use of different raw materials.

4. Results and Discussion

We have studied the CO; emission reduction potential of CO,-cured alternative binder concrete
using the case of Finland as an example. Our research questions were as follows:
- What kind of material streams could be suitable for large-scale, CO;-cured concrete
applications in Finland? (Chapter 4.1)
- How big are the volumes in which those material streams are available in Finland? (Chapter
4.1)
- What is the CO; uptake potential in the selected material streams? (Chapter 4.2)
- How does the carbon footprint of a modeled CO;-cured blast furnace slag block compare with
that of a conventional concrete block? (Chapter 4.3)
Based on the obtained results, we discuss the role of the CO,-cured alternative binder concrete
in emission reductions in Finland (Chapter 4.4).

4.1 Volumes of Material Streams Potentially Suitable for CO>-Cured Concrete

Based on the results presented in the literature, patent, and company analysis reports, we chose
different types of ashes, green liquor dregs, blast furnace, and steel slags, crushed concrete, mine
tailings, and foundry sands for further analysis. The total volume of these material streams was
approximately 27 Mt/a. The maximum volume was attributed to the mine tailings, an unutilized
waste material stream (volume: 23 Mt in the year 2017 in Finland) [79]. Blast furnace and
steelmaking slags, with a combined annual production volume of approximately 1.8 Mt, also
contribute significantly to the material stream. Recycled concrete with an annual production of 1
Mt can also be used to substitute virgin raw materials and different kinds of ashes produced during
the process of energy production and waste incineration. They have a combined volume of 1.2 Mt/a.
The combined volume of potential waste streams for CO;-cured concrete applications is higher than
the volume of the binder used (479000 t/a) during the process of precast concrete production
(Figure 7).
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Figure 7 Volumes of selected wastes and byproduct streams produced annually in
Finland.

Mine tailings are a group of materials with different mineralogical and chemical compositions.
These are primarily stored in the form of slurry in impounding basins [80]. Inert tailings are typically
used as construction materials at mining sites. They are also used for road construction. They can
also be used as backfill and dam support materials [81]. Even if the inert tailings could not function
as a binder in CO; cured concrete, the ease in availability is important for constructing a circular
economy-based concrete production. These could be used as a substitute for virgin aggregates. A
part of the mine tailings can react and act as binders (such as serpentinite containing mine tailings).
These are found in Finland, for example at the site of the Hitura mine in the region of Northern
Ostrobothnia. These can also be found at the Outokumpu mine in the region of North Karelia [82].
We estimated that the amount of binder-suitable mine tailings was approximately 10% or 2.3 Mt/a.
In addition to mine tailings in operating and closed mines, such minerals are found in large amounts
in the virgin rock of Finland. The storage capacity is in the range of 2000-3000 Mt CO; [83]. It will be
a great benefit to have such a reserve if the CO, emission allowance price rises high enough to drive
the extra-production for the sake of CO; capture.

Blast furnace slags and steel slags are mainly classified as byproducts and have a utilization
degree of up to 90-100%. According to the Environmental report of Finnsementti [6], 95000 tons of
blast furnace slag was used for producing cement in Finland (2017) together with other waste
materials, such as coal fly ash, nickel slag, and rolled sludge. Slag products can also replace virgin
materials in road construction or be used as fertilizers. However, if less than 100 000 tons of the 1
800 000 tons is currently used for producing cement, it might be worthwhile to re-evaluate the use
of those raw materials.
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Crushed concrete wastes, especially fines, are difficult to utilize currently. Yet they are produced
in large amounts, in close collaboration with the industry producing new concrete. This can also
lower the transportation costs when the distances are less. In Finland, crushed concrete is currently
utilized for secondary earth construction applications. Refining processes have become more
common, and products with higher quality are produced. There is also a growing interest in using
crushed concrete as recycled aggregates in the production of concrete. Finely crushed concrete can
absorb CO, from the atmosphere if good contact is allowed with ambient air for decades. Similar to
laboratory experiments, when finely crushed recycled concrete is used as a raw material for the
production of CO,-cured concrete, accelerated carbonation proceeds in a matter of hours. The
carbonation potential is utilized in full without the limitations of the sub-optimal conditions (passive
open-air carbonation). The speed of the process is a significant benefit considering the urgency of
the deep greenhouse gas emission cuts.

Ashes constitute a thermally-activated material stream, but traces from harmful substances and
variation in the composition may bring challenges. For ashes produced during biomass combustion,
the sulfuric compounds may cause expansion and cracking in steel-reinforced concrete structures
[84]. CO; curing may change this, however, allowing the materials to expand more rapidly under
aggressive conditions. The maximal volume can potentially be reached prior to full-strength
development. The current utilization degree of ashes in Finland is estimated to be 70-80%.
Nevertheless, in most cases, ashes have a low or negative value. Coal fly ashes, with an acceptable
quality level, are utilized in cement production or as binder materials in concrete applications and
fillers in asphalt. Biomass ashes that fulfill the criteria of national fertilizer legislation can be used as
fertilizer products in the fields of agriculture or forestry. These above-mentioned utilization options
cover only about 25% of the total ash amount, and roughly 50% is used in earth construction. The
final 25% is landfilled. The volume of coal ashes is decreasing rapidly and will be zero in ten years.
The amount of biomass ashes is expected to increase. Increasing energy utilization of waste has
increased the amount of waste derived from ashes. However, it is difficult to predict how the circular
economy and targets set for material recycling will affect the ash amounts in the future.

Green liquor dregs (GLD) are currently landfilled. The utilization options are being intensively
researched. GLD contains nutrients that could be utilized as or in fertilizer products. According to
its role in removing non-process elements from the chemical recovery process of a pulp mill, it also
contains metals that can be harmful to the environment. It has also been proposed that the mineral
content of GLD could be used in construction products. Further research should be conducted to
verify the potential of GLD in this application. The composition of GLD differs from one pulp mill to
another, and sometimes it also contains a remarkable amount of lime mud that is used as a pre-
coat in the washing and dewatering processes. These quality variations may cause challenges in
utilization. The elevated concentrations of calcium and magnesium in GLD could promote CO;
binding.

Waste foundry sands have usually been landfilled, but the tightening of the legislation has forced
the producers to search for utilization options. Foundry sands can be used in certain earth
construction applications by a notification procedure if the requirements of the Government Decree
on the Recovery of certain wastes in Earth Construction (843/2017) [85] are fulfilled. Most of the
waste foundry sands exceed the leaching limit values of the decree, and an environmental permit
is needed for their utilization in earth construction applications. The utilization of foundry sands as
aggregates in concrete production, raw material in mineral wool production, bed sand in energy
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production by fluidized bed boilers, and structuring material in composting have also been
researched [86].

4.2 Compositions and Specific CO, Uptake Potentials of Selected Materials

The materials used in this study and the sources of their constituents (Table 4) are described as

follows:

1. Blast furnace slag is formed when iron ore or iron pellets, coke, and flux (limestone or
dolomite) are melted together in a blast furnace [87].

2. Electricarcfurnace slagis a byproduct of the steelmaking process in electric arc furnaces [88].

3. Basic oxygen furnace slag is a byproduct of the steelmaking process in a wholly integrated
steel mill [88].

4. Bark fly ash 1 is separated from the flue gases of the bark-fuelled boiler (the composition of
a fly ash sample from a bark-fuelled 104 MW bubbling fluidized bed boiler was determined
in a commercial analysis laboratory using the X-ray fluorescence technique).

5. Bark fly ash 2 (50% of the analyzed calcium content of bark fly ash 1 was assumed to exist as
carbonate (CaCOs) and 50% as oxide (Ca0)).

6. Green liquor dregs originate from the chemical recovery cycle of the kraft wood pulp
production process, where sodium hydroxide and sodium sulfide are effectively regenerated
from black liquor (Composition of a green liquor dreg sample was determined in a
commercial analysis laboratory by the ICP-OES technique (waste characterization EN 13656)).

7. Recycled concrete (CO2 uptake potential from literature (Fang et al., 2017 [89]; maximum
value)).

8. Coal fly ash, bituminous [90].

9. Municipal solid waste incineration (MSWI) bottom ash [91]; Mixture of MSWI fly ash and air

pollution control residues (APC) [92].

10. Foundry sand is silica sand that has been used in foundry casting processes [93].

11. Mine tailings (CO; uptake potential from the literature [94]).

The material stream compositions and specific CO, uptake potential values calculated using
Steinour’s and Huntzinger’s formulae are presented in Table 4.
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Table 4 Composition and specific CO; uptake potential of selected materials.

Steinour Huntzinger Literature
Cao CaCo MgO Na,0 K20 SO
3 & 2 2 } [t CO2/t material] [t CO,/t material] [t CO2/t material]
Blast f
SI:gS urnace a3 o 786  0.62 061 254 0.33 0.41
EAF slag 47.52 0 7.35 0.06 0.02 2.28 0.36 0.44
BOF slag 394 0 9.69 0.25 0.05 0.12 0.31 0.42
Bark fly ash 1 17.35 0 2.37 2.88 5.72 8.21 0.18 0.16
Bark fly ash 2 8.68 8.68 2.37 2.88 5.72 8.21 0.11 0.06
Green liquor
1.63 40.79 15.90 2.67 0.17 7.79 0.08 0.01
dregs
Recycled
0.04

concrete
Coal fly ash

. . 3.92 0 1.75 0.87 2.77 3.34 0.05 0.05
(bituminous)
MSWI:
Bottom ash 16.3 0 2.6 6.0 1.10 7.49 0.16 0.16
Fly ash + APC 36.27 2.04 0.30 0.29
Foundry sand 0.14 0 0.3 0.19 0.25 0.09 0.01 0.01
Mine tailings ?
Serpentinite 0.40
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The estimated specific CO, uptake potential of steel and blast furnace slags, municipal waste
incineration ashes, biomass fly ashes, bituminous coal fly ashes, and green liquor dregs were
approximately 30-45, 15-30, 5-20, about 5, and 1-10 g CO,/g binder, respectively. The ?’ for mine
tailings indicates that the mineral composition and CO; uptake potential vary greatly between
different tailings. Some tailings, such as those obtained in the Hitura mine containing serpentinite,
are known to be effective [82].

The total annual CO, uptake potential of the selected Finnish waste and byproduct streams was
estimated (Figure 8). It was assumed that 10 wt.% of mine tailings and all other selected material
streams were available for CO; binding.

2200 000 R o
600 # Mine tailings
2 000 000 i Blast furnace & Steel slags
600 = Municipal waste incineration ashes
1800 000 20000 # Biomass ashes
40000 & Recycled concrete
1600 000 55 000 ® Coal combustion ashes
60000 : Foundry sands
1400 000 H Green liquor dregs
% 1200 000 777000
S
*+ 1000000

839000
800 000
920000
600 000

400 000

200 000

e
e

0
Uptake potential in material streams Emissions of cement production

Figure 8 Annual CO; uptake potential in selected waste and byproduct streams. The total
CO; uptake potential is large enough to bind the CO; emissions of all cement production
in Finland.

This estimated total annual CO; uptake potential was 1.9 Mt, which was 2.3 times the annual
emission from the cement production in Finland. If a significant part of this CO, uptake potential
was available for binding the CO; produced by the current cement industry, there would be no need
for CCS abroad. The highest annual CO, uptake potential is exhibited by mine tailings (0.92 Mt),
followed by blast furnace and steel slags (0.78 Mt), municipal waste incineration ashes (0.06 Mt),
and biomass ashes (0.055 Mt). Other material streams exert a less significant effect on the annual
uptake potential of CO,.

There can be large quality variations within waste and byproduct material streams that may
hinder their utilization in concrete products. For example, there is a lot of variation in ash
compositions resulting from different fuels, combustion technology, process parameters, flue gas
cleaning system, and possible additives that are used for controlling fouling and corrosion. The CO;
uptake potential of recycled concrete aggregates is highly dependent on the cement content, the
particle size of aggregates, and CO; uptake of the previous lifetime. Waste materials can also include
harmful elements or substances (e.g., heavy metals or salts) that may limit their use in concrete
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applications. These possible health, safety, and environmental effects have not been accounted for
in this study. Another limiting factor is not all the concrete products (CO,-cured alternative binder)
can be applied at an industrial level. For instance, by controlling the CO; uptake to a certain level by
tuning the curing time and CO> pressure, the pH level could be retained at a safe level of 9.5 or
higher [15] to protect steel reinforcements. Thus, these can be used for the preparation of various
precast concrete products.

Although a huge CO; uptake potential is exhibited by wastes and byproducts, the same materials
can also be used as cheap raw materials for other uses. For example, the most important elements
that affect the CO; binding capacity of material are Ca, Mg, and K, the same elements that are also
essential for preparing fertilizer products. Moreover, ashes and slags are used as alternatives for
natural gravel and sand in different construction and civil engineering applications. The maximum
added value will dictate the uses in the future.

4.4 Carbon Footprint of Conventional and CO;-Cured Alternative Binder Concrete

Concrete is used in different fields, requiring different mix designs. It also results in different
carbon footprints. The raw material compositions used in our analyses for conventional and CO»-
cured concrete are summarized in Table 2 and Figure 3. The carbon footprints of conventional
concrete in strength classes C16/20, C12/15, and C8/10 and for a hollow core slab (HCS) are
presented in Figure 1.

As can be seen, the carbon footprints of conventional concrete varied from 179 to 244 kg/m*
and the main CO; impact is related to cement use. It constituted approximately 82-86% of the total
impact in these products. This highlights the importance of selecting the right concrete based on
material requirements. For example, if class C16/20 concrete is used, where class C8/10 concrete
would suffice, the carbon footprint would already be 36% higher.

Figures 9a and 9b show the carbon footprint assessment results for the ordinary concrete block
(OPC with strength class C16/20) and a COz-cured concrete block (Case A), which is made of blast
furnace slag (Table 2). For the CO,-cured concrete (Case A), purified CO; is acquired from Porvoo
and presumably produced following the Linde process.

In Figure 9a, the CO.e impact is presented for life cycle stages A1-3 (raw-material production,
transport, and concrete production). The results reveal that the CO; curing process (CO, uptake +
COs.caused from the life cycle stage A3) has a carbon-negative impact of -278 kg CO2/m3, while the
impact from raw material production and transportation (A2 and A3) in total is + 122 kg CO2e/m?
(Figure 9a). The net carbon footprint for life cycle stages A1-3 of the studied materials is presented
in Figure 9b.
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Figure 9 a(left) and b(right). Carbon footprint (kg COe/m3) for the concrete
(OPC/C16/20) and the CO,-cured concrete (Case A, made from slag and cured with
purified CO;). The individual carbon footprint for the life cycle stages A1-3 (9a) and net
carbon footprint for the life cycle stages A1-3 (9b).

In total, the carbon footprint of the carbon-cured concrete still remains carbon negative, (-278 +
122 =) - 157 kg CO,e/m?3. The production of CO»-cured blast furnace slag concrete, instead of OPC
production, would lead to CO; savings over the life cycle stage A1-3. When the impacts from OPC
production and impacts from CO,-cured concrete production are avoided, it totals ( - 243 - 157 =) -
400 kg COe per every m? of concrete produced (Figure 9b).

A sensitivity analysis of the carbon footprint of OPC (C 16/20) and CO;-cured concrete (Case A) is
made (the assessment considers life cycle stages A1-3):

® CO; uptake of the CO,-cured concrete is presented in Figure 10 (20 kg ... 300 kg CO2/m3)
(OPC carbonation during the service life is not considered, as this process does not happen during
the concrete production),

[ ) The transportation distance of binder material is presented in Figure 11 (1 km...1500
km),

® Carbon intensity for electricity production is presented in Figure 12 (10 g CO.e/kWh
(wind power) ... 1000 g CO,e/kWh (coal-based electricity)

o Emission intensity for the CO; source used during the CO; curing process is presented
in Figure 13:

O Case A-purified (99.8%) bottled CO, from Porvoo/Linde process and concrete production
in Nordkalk/Raahe,

O Case B-compressed flue gas from Nordkalk Raahe, concrete production in Nordkalk/Raahe
(for ensuring the same CO, amount as that used in Case A, the volume of CO; containing
flue gas was 2.5 times that of the volume presented in Case A),

O Case C-flue gas obtained from Nordkalk/Raahe, concrete production in Nordkalk/Raahe
(for ensuring the same CO,; amount used in Case A, CO; containing flue gas volume was
2.5 times that of the volume used in Case A).
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Figure 10 Sensitivity of carbon footprint to CO, uptake in the material, Case A
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Figure 11 Sensitivity of carbon footprint to transport distance of binder material: 1 km ...
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Figure 12 Sensitivity of carbon footprint to emission intensity of electricity (10 g
CO2/kWh: wind-based electricity production, 109 g CO,/kWh: average Finnish electricity,
1000 g CO./kWh: oil-shale-based electricity production). Note: OPC is the concrete
C16/20 and CO;-cured concrete represents Case A.
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Figure 13 Sensitivity of carbon footprint to CO; footprint of the CO; source (Case A: CO;
source: pure CO; from the Linde process; Case B: CO; source: compressed flue gas from
Nordkalk/Raahe; and Case C: CO; source: flue gas obtained from Nordkalk/Raahe).

The sensitivity assessment for the amount of bound CO; shows that CO> curing could outweigh
carbon footprint emissions from the blast furnace slag concrete production stage (A1-3) when more
than 100 kg of CO; was bound to the concrete.

The transportation distance of cement exerts a much lower impact on the carbon footprint of
concrete compared to that of blast furnace slag because of the lower binder content (13 wt.%
cement vs. 83 wt.% slags). It can also be attributed to the relatively strong influence of the raw
materials compared to that of the blast furnace slag. Even so, the CO; curing case could achieve a
negative carbon footprint ( - 6 kg CO2/m3) with a transportation distance as high as 1500 km.
Figure 12 presents the sensitivity of the carbon footprints vs. the emission intensity of the electricity
used. Conventional concrete production requires electricity (20 kWh/m?3), But more energy is
needed for CO; curing (200 kWh/m3). The energy may be in the form of heat or electricity. While
the specific process is not fully determined, we assume the full energy needed should be in the form
of electricity. The difference in energy use is also seen in the carbon footprint pattern for life cycle
stages Al-3. The carbon footprint result for OPC, between using wind power or coal-fired power, is
not as critical for the process of concrete production as the CO,-cured concrete production process.
The consequent differences are (261-241 =) 20 kg CO2/m3 and (21 - (- 177) =) 198 kg CO2e/m3.

The sensitivity analysis for the CO; source shows that a negative carbon footprint of - 157 kg
CO2e/m?3 is achieved when 300 kg COz is bound to concrete during the production process in Case
A. An even higher benefit of - 187 kg CO,e/m? could be achieved when the source for CO; curing is
flue gas (Case C).

4.5 Role of CO,-Cured Alternative Binder Concrete

The underlying bigger question that we try to answer in this study is “Could COz-cured alternative
binder concrete help in significantly reducing the CO; emissions?” Figure 7 shows that in Finland,
there seem to be enough potential secondary material streams (about 27 Mt/a) that could be
utilized to substitute the entire concrete production of Finland (11.2 Mt/a) with alternative binders
if logistics can be efficiently arranged. In the case of Finland, long transportation distances may
hinder the development of some otherwise potential uses. The current annual concrete production
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in Finland amounts to approximately 11 Mt/a or 4.97 Mm? (assuming an average density of 2250
kg/m3). The emissions (including used steel reinforcements 0.113 Mt CO;) are estimated to be
approximately 1.1 Mt of CO,. The carbon footprint of concrete (excluding reinforcements) could be
lowered from about 200 kg CO2/m3 (179 kg CO2/m3... 244 kg CO2/m?3) to - 170 kg CO2/m3 ( - 157 kg
CO,/m3... - 187 kg CO2/m?3) (saving: 370 kg CO2/m3 of concrete produced).

Two substitution scenarios are considered: (1) substituting all concrete production and (2)
substituting only precast concrete. Note that the emissions from steel reinforcements are not
affected in either scenario. In the first scenario, if all the concrete produced in Finland were
substituted with the presented CO;-cured alternative binder concrete, it would lead to an annual
net reduction that can be estimated from Equation 12 as follows:

. [kg
Net CO, reduction [?]

m3 k
= Concrete production of Finland ljl * Specific emission savings [m_g3]

(12)

= 4970000 m3/a*370 kg CO,/m® = 1838900000 kg CO,/a ~ 1.84 Mt C0,/a,

This corresponds to a 167% reduction in the emissions of the entire concrete industry. In
comparison, CCS and switching to bioenergy in the cement industry was estimated to have a CO;-
emission reduction potential of approximately 1.1 Mt CO,/a [37] (p. 31).

In the second scenario, if only precast concrete production was substituted with the presented
CO;-cured alternative binder concrete, the net CO; reduction, based on production volume shares
of ready-mix and precast concrete (7.4 Mt/a and 3.8 Mt/a, respectively), would be approximately
(3.8 Mt/a/(3.8 Mt/a + 7.4 Mt/a)) * 1.84 Mt CO/a = 0.62 Mt COy/a.

The net emissions are calculated for the first scenario according to Equation 13 as follows:

co
Net emissions of CO, — cured concrete [Mt 72]
o , €O,
= Current C0O, emissions of concrete production [Mt T] (13)

. CO,
—Net CO, reduction [Mt T]
= 1.1Mt CO,/a — 1.84 Mt CO,/a = —0.74 Mt CO,/a.

This corresponds to the concrete industry shifting from currently emitting 1.87% of the CO;
emissions in Finland to removinge 1.26% of the emissions in Finland, i.e., a saving of 3.13% of the
entire CO; emissions of the country.

Similarly, in the second scenario, if only precast concrete was substituted, the net emission from
concrete would be 1.1 Mt CO2/a-0.62 Mt COz/a = 0.48 Mt CO>/a, which would still be a significant
reduction in emission. Relative to the total CO, emission in Finland, this correlates to a reduction
from 1.87% to 0.82%.

These considerations bring us to a conclusion that, in the case of the concrete industry in Finland,
CO;-cured alternative binder concrete has the potential to become a breakthrough technology that
can be used to reduce the emission from the industry. This can significantly contribute to the
emission reductions in Finland. These quantitative results cannot be generalized for other countries
as such, but it clearly shows that, at least in some countries where pulp and paper industries, mining
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or steel industries, or a significant number of combustion-based power plants are present, the
potential of CO,-cured alternative binder concrete is worth studying.

CO»-cured alternative binder concrete can address the most difficult process emissions in the
field of cement production. Moreover, valuable carbon-negative products can be obtained. The
transformation of waste to raw materials adds value to the economy. This allows the development
of new business opportunities, jobs, and sustainable growth. The immediate economic drivers
include the avoided landfilling cost of wastes and savings from raw materials, which create a margin
for the transportation costs of secondary raw materials. To optimize logistics and enable widespread
use of secondary raw materials, broad collaboration efforts are needed. Moreover, the economic
feasibility of these concepts will depend on the efficiency of both logistics and processing. For
instance, the selection of the location of the production facility affects both the quality and volume
of available raw materials, both solids and CO,. Good locations would benefit from nearby highly-
concentrated CO; sources (e.g., cement kilns and biogas plants), high-volume, good-quality
secondary raw material sources (power plants, mines, and steel mills), good transport connections
(railroad and shipping lines), and proximity to product delivery sites (cities and large developing
industrial sites).

However, the technology has been proven in pilots only with blast furnace slags, cement kiln dust
and coal fly ashes for other materials and more demanding products, such as bridges, the
technology readiness level is still low. There is great difficulty in using various types of raw materials
in an industry producing vast amounts of bulk products that should be safe and reliable. To speed
up the implementation of this high-potential technology, more experience with new materials is
needed. Rapid development would greatly benefit from specific product demonstrations (e.g.,
blocks, block wall elements, and hollow-core slabs), process development, local secondary raw
material explorations, heavy investment subsidies, a strict CO; budget for buildings, a standard for
alternative binder concretes, and the inclusion of mineralization in the EU ETS legislation or similar
CO; emissions trading schemes outside Europe.

Only 15 years remain to reach the pledged goal of carbon-neutral Finland (by 2035) and only 15
more for the targeted carbon-neutral European Union (by 2050) [95]. This is a short period of time
to implement new technology, and the sooner strategic choices are made by the governments and
major companies, the better it would be. In the meanwhile, immediate actions can help in reducing
the emissions. Improved construction design, longer lifespans of concrete structures, improved
recycling, switching to biofuels, transporting with biogas trucks, buying renewable electricity or
installing own production, energy efficiency, and use of blending cement can help in reducing
emission. Energy transition measures can especially be applied throughout the concrete production
chain.

5. Conclusions

We have assessed the CO; emission reduction potential of COz-cured alternative binder concrete
with respect to the amount of available alternative binders suitable for CO; curing. The respective
amounts of CO2 bound (for the case of Finland) were also studied. In addition, we used a life-cycle
assessment tool to compare the carbon footprint of a conventionally manufactured concrete block
and a modeled CO;-cured blast furnace slag block.

Our primary observations are as follows:
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- Nationwide in Finland, there are enough potential secondary raw materials for CO, curing
(about 27 Mt/a) to replace the current cement production (1.4 Mt/a) or even the entire
concrete production (about 11.2 Mt/a).

- The CO; uptake potential of these streams was estimated to be 1.9 Mt CO,/a (vs. emissions
of cement production in Finland 0.84 Mt) if all available material streams were fully
carbonated.

- The most potential material streams were mine tailings and recycled concrete (large volumes,
but with low reactivity), steelmaking and blast furnace slags (large volumes, piloted
technology, but mostly utilized already), and biomass ashes (exhibiting good CO;, uptake
potential and high reactivity; sulfur content may cause risks).

- CO; curing is most feasible for use in precast concrete products, such as concrete blocks,
pavement stones, and hollow-core slabs, where products can be sealed in an atmosphere of
CO;. The size of the surface area exposed to CO; is large compared to the product volume.
CO; uptake control is needed to retain safe pH levels for steel reinforcements.

- The carbon footprint calculation for LCA stages A1-3, assuming a CO uptake of 300 kg CO2/m?3
concrete, resulted in a negative carbon footprint of - 157 kg CO2e/m3 (with purified CO;) and
—187 kg CO2e/m? (with flue gas) (vs. conventional concrete 243 kg CO2e/m?3). The maximal
emission savings represents the difference in carbon footprints (430 kg CO.e/m3) when
substituting conventional concrete with CO;-cured blast furnace slag concrete (using flue gas
as such).

- If all the concrete produced in Finland could be replaced with CO,-cured alternative binder
concretes, the emission from concrete production would change from 1.9% of the emissions
in Finland to - 1.3% (a net reduction by 3.1%). If only precast concrete is substituted, the
emissions from the concrete industry would be lowered: a remaining emission of 0.8% (of the
national CO; emission; a net reduction by 1.1%) would be observed.

CO;-cured alternative binder concrete can address even the most difficult process emissions of
cement production and result in the generation of valuable carbon-negative products. The present
study has shown that it could advance sustainability in many ways. It can enable better use of
secondary raw materials and significantly reduce CO, emissions. The method can also provide new
business opportunities. The barriers of low technology readiness levels for many locally interesting
materials and unknown long-term properties could be overcome by employing well-tested local raw
material testing methods and financially supported demonstrations in specific products. The
changes in regulation and standardization processes and a more specific and well-communicated
CO; emissions reduction strategy promoted by the governments (especially with regards to CCS)
can help in the process. The quantitative results obtained by studying the cases in Finland are not
representative of other countries because the construction methods, the readiness of the industry
to change, secondary raw material streams, political pressure, and legislation are likely to vary.
Nevertheless, the study shows that at least in countries where pulp and paper industries, mining or
steel industries, or a significant number of combustion-based power plants are present, the
potential of CO,-cured alternative binder concrete is worth studying. Such studies can help in
drastically lowering the emissions of the construction industry.
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