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ESTIMATE OF GLOBAL MATERIALS CONSUMPTION AND CORRESPONDING CO2 EMISSIONS
A summary of values used for Figure 1 in the main article is given in Supplementary Table 1
below. As described in the Methods section of the main article, details around assumptions
and calculations for generating the values in Supplementary Figure 1 are given in the
subsequent sub-sections.



Supplementary Table 1: Summary of values for current worldwide production and emissions of cement-based materials, brick, glass, asphalt
concrete, steel, aluminium, plastics, wood, plasterboard and mineral wool.

Material Annual Annual Sources Density | Sources | Proportion Sources Annual Fossil Sources Estimated
production | production (kg/m3) used in amount CO2 emissions intensity
(Mt) (Mm3) construction used in emissions (kg CO2/kg)
(%) construction| (all uses)
(Mt) (Mt)
Cement- 26,681 12,239 1 2,180 own 100% own calculation| 26,681 2,909 24 0.11
based calculation
materials
brick 2,180 1178 5 1,850 6 100% own calculation 2,180 510 5 0.23
glass 150 61 7 2,450 6 39% 7 59 98 8 0.65
asphalt 2,244 966 9 2,323 10 100% own calculation 2,244 115 1 0.05
concrete
castiron 1,860 248 12 7,500 6 55% 3 1,023 3,741 1415 2.01
and low
alloy steel
aluminium 63 23 16 2,700 6 24% e 15 1,000 18 15.8
plastics 414 385 19 1,076 own 20.4% 19 84 2,200 20 5.31
calculation
wood 3,092 4,235 2 730 6 10.9% | own calculation 337 773 22 0.25
plasterboard 87 135 23 640 24 100% | own calculation 87 21 25 0.24
mineral wool 19 190 26 100 2 100% own calculation 19 29 25,28 1.53




Cement-based materials
There are three broad categories of cement-based materials:

1. Concrete (reinforced and non-reinforced)

2. Mortars mixed on site, with sub-categories of mortars to hold bricks, blocks or stones
together in masonry, and coatings variously referred to as renders or plasters (however,
plaster is also used for gypsum-based coatings)

3. “Concrete products” produced in factories such as blocks, pavers and tiles.

The mass of cement production worldwide was reported by United States Geological Survey
(USGS) to be 4.1 Gt in the year 2019 !. Because the production of concrete, mortar and
concrete products is highly decentralised (unlike cement production), there is no official
estimate for the annual production of all cement-based materials. Therefore, to estimate all
cement-based materials production, approximate global market share and cement contents
were used. For market share, the breakdown between these categories varies significantly:
values from Brazil 2° (40% concrete, 40% mortar, and 20% concrete products) were taken as
representative of the world average, given the position of Brazil as an emerging economy.
We note that individual regions will differ in values, but for the global assessment, the values
reported in Brazil were used.

For concrete the cement content lies in the range 250 to 400 kg/m?3 for the strength classes
which make up the majority of global concrete use 3°. For mortars, paste contents are
generally higher as a consequence of the maximum aggregate size being smaller and need to
apply the mortars by hand on-site, but some of the cement may be replaced by filler, 150-500
kg/m?3 is a reasonable range 3!. The cement content for concrete products varies from these
other two categories due to differences tied to prefabrication processes and different
performance requirements. Here, a cement content range of 250-500 kg/m?3 32 is considered.
The market share-weighted average of the midpoint values of cement content for each sub-
category gives a global estimate of 335 kg/m? (Supplementary Table 2). Using this average
cement content and the global cement production of 4.1 Gt, we estimate that in 2019,
approximately 12.2 Mm?3 of cement-based materials were produced.

The physical density of cement-based materials also varies between concretes, mortars and
cement-based products. Concretes and cement-based products typically have a higher range
of density (2200-2600 kg/m3 33) compared to mortars (1700-2000 kg/m?3 3!). The market
share-weighted average of the midpoint values of physical density for each sub-category is
2180 kg/m? (Supplementary Table 2). Using this average density we estimate the annual
production mass of cement-based materials to be 26.7 Gt in 2019. The reinforcing steel used
in most reinforced concrete is not considered in these calculations in order to avoid double-
counting, as the production and use of steel is considered separately at the sectoral level in
Supplementary Table 1.

Supplementary Table 2: Summary of market share, cement content and physical density for
cement-based materials, and global averages for cement-based materials.

3
Category Market share % Cement co;;_t;zznt (ke/m’) Density (kg/m?3) 313
Concrete 40% 250-400 2200-2600
Site mixed mortars 40% 150-500 1700-2000
Concrete products 20% 250-500 2200-2600




Market share

weighted average n/a 335 2180

Embodied CO, emissions for cement (excluding electricity) in 2019 were reported by IEA*® to
be 0.58 kg CO, / kg cement. Electricity demand was reported as 102 kWh per metric ton of
cement in 2019 3. Using the global emissions per kWh of electricity reported by the IEA
(approximately 470 g COz.q / kWh), we estimate emissions from electricity demand for
cement production (~0.048 kg COz.eq/ kg of cement, and we use this value to estimate CO>
emissions for cement production). Other constituents in cement-based materials (inc.
aggregates, water, admixtures) contribute additional embodied carbon; however, given the
compositional diversity of cement-based materials between and within sub-categories, the
relative magnitude of these contributions will vary. For concrete and concrete-based
products, an approximate contribution of 88.5% of CO. emissions from cement, with
remaining emissions coming from other constituents was used, based on 34 Noting that
emissions were calculated based on cement production and other constituents contribute an
additional >10% of emissions, this additional contribution to the CO, emissions for cement-
based materials production was included, and we estimate the approximate CO; emissions
from “cement-based materials” as being 2.91 Gt. Dividing global CO, emissions by the global
production mass of cement-based materials estimated above (26.7 Gt/year) gives an
emissions factor of 0.11 kg.CO./kg.cement-based material. The estimated total
anthropogenic CO; emissions was 45 * 5.5 Gt.CO2 in 2019 3°; the above estimate therefore
indicates that cement-based materials are responsible for approximately 5.8-7.4% of global
anthropogenic CO, emissions. When discussing resource flows to construction, we assume all
cement-based materials are used in construction applications.

Concrete can remove some CO; from the atmosphere and sequester it as calcium carbonate.
The amount of CO; sequestered from the atmosphere is affected by several parameters,
including exposure (e.g., CO; concentrations, relative humidity, pore saturation), mixture
characteristics (e.g., amount of CH, ratio of Ca/Si in CSH, porosity), as well as exposed surface
area and the duration of exposure 363, It has been proposed that a substantial fraction of the
CO; emitted during calcination can effectively be reabsorbed by recarbonation 363749, Yet the
time difference between the rapid emissions from calcination followed by the decadal
process of CO, uptake during carbonation means their net effect on cumulative radiative
forcing is not a simple summation of the quantity of emissions and the quantity of uptake 3°.
While this is an important area of investigation, re-carbonation is outside the scope of this
work and not included in our estimates.

Brick

The annual mass production was estimated by Olsson et al. > to be 2.18 Gt/year in 2020. To
calculate the annual volume production of brick, we estimate the density as being 1850 kg/m?3
(based on ®), which then gives an annual production volume of 1.18 Mm?3/year. An estimate
of the CO2 emissions, without electricity demands, are reported by Olsson et al. >,
approximately 0.51 COzq.): equivalent to an estimated global average emissions factor of
0.23 kg.CO2/kg.brick °>. We noted that reported values of brick production are notably sparse.
There is also a substantial range between emissions associated with efficiency of various kilns
and associated with different energy resources. Reports indicate that substantial fractions of
global production still rely on outdated kiln technologies > and high-emitting energy
resources, such as coal #*. However, due to poor data quality, we note that the values used



for brick in this report are highly uncertain. As with cement-based materials, we assume all
brick production is for use in construction.

Glass

Recent data for global glass production were not readily reported. Therefore, in this work, we
use an annual production mass estimate of 150 Mt/year in 2014 from Westbroek et al. 7. To
calculate volume, the density of glass is estimated as 2450 kg/m?3 (based on ®), giving annual
volume production as 61 M m3/year. In this work, 0.65 kg.CO»/kg.glass was used as an
emissions factor, summing contributions for direct fuel emissions (0.45 kg.CO2/kg.glass) and
process emissions from thermal decomposition of limestone and soda ash (0.2
kg.CO2/kg.glass) as reported by the IEA in 2007 8. Multiplying by the global production of glass,
we estimate annual global CO, emissions of 97.5 Mt in 2019. Herein, we estimate that
approximately 39% of glass is used in construction applications ’.

Asphalt Concrete

To calculate asphalt concrete production, we assume the mass fraction of asphalt pavement
is 5% bitumen and 95% aggregates. Recent bitumen statistics were not available, so a value
of 112 Mt of bitumen produced in 2016 as reported by the United Nations Statistics Division
% was used. Including the mass fraction from aggregate, this resulted in 2244 Mt of asphalt
concrete. Density was assumed to be 2322.9 kg/m?3 1°, giving an estimated annual production
volume of 966 Mm?3.

CO; emissions from asphalt concrete production were based on a report from the United
States, prepared by the National Asphalt Pavement Association, which reported the emissions
factor for asphalt concrete in 2019 to be between 50.2 to 52.1 kg.CO>/tonne of asphalt
concrete 1. Herein, we take the average of these values. Applying this emissions factor to
estimated annual global production mass leads to an estimate of 115.4 Mt of CO; emissions
in 2019. We assume all asphalt concrete production is for use in construction.

Steel

The mass of steel produced in 2019, as reported by the USGS, was approximately 1860 Mt 2,
Using an average density of 7500 kg/m?3 (based on ®), we estimated the annual volume of steel
production as 248 Mm3. An estimate of the CO, emissions are reported by the IEA 4, again
without electricity demands, to be approximately 1.42 kg CO, / kg steel in 2020. We assume
production technologies in 2019 and 2020 to be similar enough to apply the same emissions
factor for 2019. Using global steel production values above, this emissions factor can be used
to calculate the CO, emissions from steel as being 2.64 Gt. In addition to these direct
emissions, there are numerous sources of Scope 2 emissions tied to the production of steel.
Based on a report by the IEA 15, it can be estimated that the use of off-gases, along with other
energy resources leads to another 1.1 Gt of CO, emissions. Together, we estimate that global
CO; emissions from steel production were approximately 3.74 Gt in 2019. Dividing by steel
production in that year (1.86 Gt), we estimate an average emissions factor for steel
production as being 2.01 kg.CO/kg.steel. We note that there are numerous steel alloys, and
emissions factors for different regions, furnace types, and alloys will vary notably from this
estimated average. For calculations of material flows to construction, we estimate that 55%
of steel is used in construction applications (Figure 1 of Cullen et al. *3).



Aluminium

The mass of aluminium produced in 2019, as reported by the USGS, was approximately 63.2
Mt 6. We estimate the density as being 2700 kg/m3 (based on ©), and use this value to
calculate the annual production volume of aluminium to be 23 Mm3. An estimate of the CO»
emissions reported by the IEA 18, again without electricity demands, is 270 Mt in 2022. We
note, the IEA indicates that these CO, emissions could be up to 1 Gt when Scope 2 emissions
are included. Therefore, we use the 1 Gt of CO; emissions in our calculations to maintain a
consistent scope of assessment. Dividing global production emissions by annual production
mass gives an emissions factor of 15.8 kg.CO,/ kg.aluminium. When examining different
resource flows, we assume 24% of aluminium is used in construction applications 7.

Plastics

Global plastics mass production was reported by PlasticsEurope to be 368 Mt in 2019 *°,
However, the data reported from this year did not contain recycled mass, which we estimate
using the approximation reported by Geyer et al. #2, With this additional factor to account for
recycled plastic mass, we estimate 414 Mt of plastics were produced in 2019.

The physical density of plastics varies between, and within, sub-categories of plastics. We
calculated a global market share weighted average, using the midpoint physical density value,
for the following plastic types which data was available for both market share ° and physical
density ©: Polyethylene terephthalate, Polyethylene (low density (LD) and linear low density
(LLD)), Polyethylene (high density (HD) and medium density (MD)), Polypropylene,
Polystyrene, Polyvinylchloride, and Polyurethane. Combined, these plastic types together
represent 76% of global production mass. The global market share weighted average physical
density is 1076 kg/m3. However, this is likely a higher-than-accurate cumulative density for
plastics due to their regular application in foams and similar low-density products, for which
market share value information is less easily accessible.

Global CO; emissions from plastics production in 2020 were estimated to be 2.2 Gt.CO; %°.
Dividing by the global plastics mass production in 2019 gives an estimated 5.31
kg.CO,/kg.plastic as an average over all plastic types. In Europe, approximately 20.4% of
plastics produced were used in building and construction in 2019 '° and when estimating mass
flows to construction, we apply this fraction globally.

Wood

The annual production volume of wood produced in 2019, as reported by the United Nations
FAOSTAT database for "Roundwood" 21, was 4,235 million m3. The restriction for roundwood
was used, as this generally classifies wood for use in products rather than fuels. Physical
density was assumed to be 730 kg/m? (a midpoint value of the range reported in ©), which was
then used to calculate annual production mass of 3.09 Gt/year.

Carbon accounting applied to biogenic carbon, and particularly carbon from forest products
used in construction applications, can be a difficult task; this results in a range of modelling
outputs driven by incompatible modelling assumptions, regional variations in forest
management strategies, land use changes, and different temporal envelopes, among others
43,4466,67 \When addressing the embodied carbon from manufacturing-related GHG emissions
(i.e., only energy-derived emissions from material processing and not CO; taken in during
photosynthesis, biomass decomposition in the forest, or land-use changes), it is typically seen
that these emissions commonly fall in the range of between 150-300 kg CO,/t of timber for



softwood to close to 400-500 kg CO,/t of engineered wood products such as CLT 4°%. In this
study, we use 250 kg.CO> /t of timber in construction as a representative global value; this is
a weighted average for CLT calculated by the Institution of Structural Engineers (IStructE),
based on the A1-A3 emissions reported by 11 EPDs in the European region 22, Applying this
value gives an annual emissions for timber of 773 Mt.CO,/year. However, we note that the
disposal, sequestration and potential recovery of timber at the end of life of the building can
lead to widely varying outcomes, with the IStructE, for example, suggesting close to -1500 kg
CO,/t of timber for sequestration, and 1600 kg/CO- for the disposal #¢. Further, the dynamic
factors associated with timing of CO, removal from the atmosphere, the period during which
it remains in biomass, and the rate at which it is released (if at all), can further affect how
models report net-emissions #’.

The average worldwide share of harvested roundwood used in harvested wood products (as
opposed to fuels) is estimated to be 48% 3. Within harvested wood products, the average
worldwide share used in construction is estimated to be 22.7% “¢. Combining these two
values, the average worldwide share of harvested roundwood used in construction products
is estimated to be 10.9%.

Plasterboard

The annual global production of gypsum plasterboard in 2019 was reported to be 10,836
Mm?/year, by area %3. To convert this into annual production volume, a representative
thickness of 12.5 mm was assumed, which is a midpoint value of the common thicknesses
sold 24, This gives an annual production volume of 135 Mm3. To convert annual production
volume to annual production mass, a representative density of 640 kg/m?3 was assumed -
again, a midpoint value from common products 2. Multiplying annual production volume by
density gives an annual production mass of 87 Mt/year. An embodied carbon value of 0.238
kg.CO2(eq.) /kg Was used, derived from the average of numerous EPDs reported in the ICE 4.0
Database 2°. Multiplying this value by the annual production mass gives the embodied
carbon for annual plasterboard production of 21 Mt.CO2(eq)/year. The proportion of
plasterboard used in construction was assumed to be 100%.

Mineral wool

Amongst types of insulation materials, mineral wool is the only material for which we deem
there is sufficient data available to make a reasonable estimate of annual production
guantities and emissions. The annual global production of mineral wool by mass in 2019 was
reported to be 19 Mt/year 26. To convert this into annual production volume, a
representative density of 100 kg/m3 was used — this is a midpoint value for the common
range of mineral wool densities (25 — 200 kg/m?3) ’. Dividing annual production mass by
density gives an annual production volume of 190 Mm?3/year. An embodied carbon value of
1.53 kg.COz(eq.) /kg was used, derived from the average of numerous EPDs reported in the
ICE 4.0 Database 2>; this also matches well with the midpoint of the range established from
EPD data in another study 28. Multiplying this value by the annual production mass gives the
embodied carbon for annual mineral wool production of 29 Mt.CO2(eq.)/year. The proportion
of mineral wool used in construction was assumed to be 100%.



TOP-DOWN ESTIMATION APPROACH
As described in the Methods section, certain outlier countries were excluded from the
dataset. These included island nations and petro-states with atypical economic characteristics
(see Supplementary Table 3). Oil-exporting countries (Kuwait, Oman, Saudi Arabia, UAE and
Qatar) were outliers, due to their large transient populations, atypical consumption patterns

and the large contribution of hydrocarbons to their GDP (>40%) +°.

Supplementary Table 3: Countries excluded for the purpose of calculating a master curve.
The difficulty of computing the GDP of Ireland is well-documented 7°.

Country Qatar Kuwait UAE Saudi Arabia Oman
Reason Petro-state Petro-state Petro-state Petro-state Petro-state
Country Bahrain Singapore Bhutan Ireland Cyprus
Reason Petro-state City-state Petro-state Uncertain GDP |Tax haven

The master curves for cement (Supplementary Figure 1) and steel (Supplementary Figure 2)
are shown below, with selected individual countries labelled. The master curves for both

cement and steel are plotted together in Supplementary Figure 3.
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Supplementary Figure 1: Cement consumption per capita of the countries not excluded from
the dataset for the purpose of calculating the master curve. Countries which at any point
represented more than 2% of the global consumption are highlighted. The vertical lines mark
the world’s GDP/cap in 2020 and expected in 2050.

T 1
50000 100000




2019 2050,

1200
|

South Korea

1000

800
1
™

= ‘
2 China 1| 2006
o u"Mj
[ =)
£ 37
3 J an
n Y967 V

o J ! Hfaly * Germany

=R hoe7 it "4

196 USA

o France

S

o~

—_"_’___?_ql\?ndia
2004 _—
e 1967
r T T T T T 1
1000 2000 5000 10000 20000 50000 100000

GDP/cap [constant 2023 $ PPP]
Supplementary Figure 2: Steel consumption per capita of the countries not excluded for the
purpose of calculating the master curve. Countries which at any point represented more than
2% of the global consumption are highlighted. The vertical lines mark the world’s GDP/cap in
2020 and expected in 2050.
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BOTTOM-UP ESTIMATION APPROACH

A database (Supplementary Table 4) was created to estimate the global material intensity
(kg/m? floor area) in the current buildings stock as a weighted average of the different
typologies (single unit, mid-rise and high-rise buildings), functions (commercial, industrial and
residential) as well as primary material (concrete, steel or timber buildings).

Supplementary Table 4: Range of material intensity values for different materials in
buildings.

Material Intensity (kg/m32)
Material References
Min | Max | Avg |(St.Dev
50 51 52 53 54 55 56 57 58 59 60 61 62
Concrete | 650 | 1657 | 988 305 | 908 | 650 1657|931 | 827 | 829 863 | 705 {1200| 908 {1390
Bricks 160 493 315 131 160 296 | 493 | 234 | - - 392
- 100. (44.0

Timber 27 205 97 60 80 | 180 | 205 789\ 27 | 7 6 103 | 56
Steel 52 80 67 13 60 B 52 | 80 75

A global average was estimated for the split between concrete use in buildings and
infrastructure, based on previous literature (Supplementary Table 5). Whilst there have
been some data published around global material stocks in infrastructure 3, there are not
yet any comprehensive datasets for global flows of construction materials into
infrastructure. Future developments in this field could be used to update and improve the
approach used in this study.

The estimated proportion of material use in buildings, out of total use in construction, are
given for each material in Supplementary Table 6.

Supplementary Table 5: Distribution of cement and concrete between buildings and
infrastructure for various world regions.

Cement material flows Concrete material flows
Country Source
Concrete Mortar Buildings Infrastructure
- - 60.0% 40.0% Iran 64
35.0% 65.0% - - Brazil 65
73.0% 27.0% 65.0% 35.0% Global 40
58.0% 42.0% - - China 66
77% 23% . . United 7
Kingdom
80% 20% 50.0% 42.3% Japan &8
73% 27% 53.0% 47.0% Global &9
66.0% 34.0% 57.0% 43.0% Global average values
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Supplementary Table 6: Fraction of material use in buildings out of total use in construction
(i.e. buildings and infrastructure). *The value here is for concrete, rather than all cement-
based materials, as the Deetman et al. projections are for concrete.

Material Fraction of use in buildings out of total use in construction
Concrete* 38%
Bricks 100%
Timber 100%
Steel 60%

The material demand from buildings only was calculated using average material intensity
values (Supplementary Table 7).

Supplementary Table 7: Range of material demand in buildings only in 2019 and 2050 for
cement-based materials, bricks, timber and steel.

2019 2050
Material Min. ‘ Avg. ‘ Max. Min. ‘ Avg ‘ Max.
Material demand in buildings (Mt/year)
Cement-based materials 5.38 8.17 13.70 7.27 11.05 18.53
Bricks 1.32 2.61 4.08 1.79 3.52 5.51
Timber 0.22 0.80 1.70 0.30 1.09 2.29
Steel 0.43 0.55 0.66 0.58 0.75 0.89

Additional projected demand for cement-based materials and steel from infrastructure (as
explained in the Methods section of the main article) was then added to estimate
construction demand in 2050 (Supplementary Table 8). These estimates for total material
consumption of the cement-based materials, steel, and timber using the bottom-up approach
were presented for 2019 and 2050 in Figure 3A in the main article.

Supplementary Table 8: Range of material demand in total construction in 2019 and 2050
for cement-based materials, bricks, timber and steel.

2019 2050
Material Min. ‘ Median ‘ Max. Min. ‘ Median ‘ Max.
Material inflows in construction (Mt/year)
Cement-based materials 14.29 21.72 36.43 19.33 29.37 49.27
Bricks 1.32 2.61 4.08 1.79 3.52 5.51
Timber 0.22 0.80 1.70 0.30 1.09 2.29
Steel 0.71 0.92 1.10 0.97 1.24 1.49

The estimated cumulative cement-based materials demand for 2019-2025 for each region is
given in Supplementary Table 9; 2019 GDP/capita values for individual countries were the
same used for the top-down analysis as described earlier, and used to generate a population-
weighted average GDP/capita value for each of the 26 regions.
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Supplementary Table 9: For the twenty six world regions defined in the IMAGE platform,
GDP/capita values and projected cumulative cement-based materials demand from 2019-

2050.
. GDP/capita (2019, region weighted Cement-based materials
IMAGE region feap (averagef;, : total demand 2019-2050 (Gt)
Canada $48,741.43 7.9
USA $61,547.55 47.3
Mexico $20,159.42 16.8
Central America $10,595.66 9.7
Brazil $14,600.88 18.1
Rest of South America $15,433.22 30.0
Northern Africa $10,721.72 18.2
Western Africa $3,058.02 40.9
Eastern Africa $2,484.57 18.1
South Africa $12,583.07 7.5
Western Europe $48,085.73 56.2
Central Europe $30,523.25 13.4
Turkey $28,271.44 11.4
Ukraine region $13,989.83 4.5
Central Asia $11,927.92 5.6
Russia region $25,774.02 16.5
Middle East $19,366.42 31.3
India $6,619.19 110.2
Korea region $42,399.98 7.8
China region $17,038.50 221.0
Southeastern Asia $12,485.36 33.7
Indonesia region $11,552.88 18.3
Japan $42,021.15 14.6
Oceania $48,138.42 6.1
Rest of South Asia $4,719.44 30.0
Rest of Southern
Africa $3,636.63 10.8

COMPARISON OF THE POTENTIAL OF MITIGATION APPROACHES TO LOWER CO:

EMISSIONS FROM CONSTRUCTION MATERIALS
The carbon mitigation values for different strategies, as presented in Figure 4 in the main
article, were obtained via applying the cumulative reduction factors for the different
strategies (Supplementary Table 10) to the ‘top-down’ extrapolated material demand using
the master curve (Supplementary Figure 3). Upper bounds and lower bounds for CO;
emissions of global cement and steel production in 2050 were estimated, assuming the most
unfavourable penetration (or calculation method) and the most favourable, respectively.

The three sections of Supplementary Table 10 follow the same format. Rows “Fe factor” and
“Cem factor” state the proportional reductions in emissions for each material, for each
individual intervention (not cumulative). Rows “Steel”, “Cement”, and “Timber” state the net
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emissions for each material (Gt.CO,/year), considering the cumulative effect of strategies in
each column. Rows “Substitution”, “Efficiency”, and “Process” state the cumulative emissions
savings (Gt.CO/year) from each category of strategy, across both cement and steel.
“Substitution” strategies are: timber substitution, new SCMs, and CEM recycling. “Efficiency”
strategies are: better design, better concrete. “Process” strategies are: EAF/DRI.

Estimating mitigation potential to 2050 requires judgements about the materials or emissions
reductions achievable for a given unit of structure or material. Given the subjective nature of
such assumptions, it is important to describe the rationale and evidence base behind these
judgments when estimating emission mitigation potential °. In each following sub-section, a
detailed description is given of how the mitigation potential for each strategy, and the upper
and lower bounds, were estimated.

Supplementary Table 10: Base, upper bound (i.e. pessimistic) and lower bound (i.e.
optimistic) value factors used to construct Figure 4 in the main article, which shows the
potential for decarbonisation of the cement and steel sectors accumulated across a range of
interventions (as listed in the columns, accumulating from left to right).

Parameter | Initial Sulfs:?tbuet:on Better design New SCMs | Better concrete | EAF/DRI CEM recycling
Fe factor 0.018 0.125 0 0 0.65 0
Cem factor 0.036 0.125 0.3 0.4-0.3-0.15 0| 0.025-0.1-0.15
Steel 0.79 0.78 0.68 0.68 0.68 0.24 0.24
Base Cement 1 0.96 0.84 0.59 0.41 0.41 0.37
values Timber 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Substitution 0 0.05 0.05 0.31 0.31 0.31 0.33
Efficiency 0 0.00 0.22 0.22 0.39 0.39 0.39
Process 0 0.00 0.00 0.00 0.00 0.44 0.46
Fe factor 0.0288 0.075 0 0 0.425 0
Cem factor 0.0576 0.075 0.15 0 0.025
Steel 0.79 0.77 0.71 0.71 0.71 0.41 0.41
boL:mirof Cement 1 0.94 0.87 0.74 0.63 0.63 0.61
emissions Timber 0.06 0.10 0.08 0.08 0.08 0.08 0.08
Substitution 0 0.04 0.04 0.18 0.18 0.18 0.18
Efficiency 0 0.00 0.13 0.13 0.24 0.24 0.24
Process 0 0.00 0.00 0.00 0.00 0.30 0.31
Fe factor 0.0288 0.25 0 0 0.9 0
Cem factor 0.036 0.25 0.4 0.4 0 0.15
Steel 0.79 0.77 0.58 0.58 0.58 0.06 0.06
b;{j’r‘:‘(’fsrof Cement 1 0.96 0.72 0.43 0.26 0.26 0.22
emissions Timber | -0.08 -0.09 -0.07 -0.07 -0.07 -0.07 -0.07
Substitution 0 0.07 0.07 0.36 0.36 0.36 0.38
Efficiency 0 0.00 0.43 0.43 0.61 0.61 0.61
Process 0 0.00 0.00 0.00 0.00 0.52 0.54

Substitution of concrete with timber and other bio-based materials

Wood is a popular choice as a structural and non-structural construction material in many
regions. Wood has acquired a high appeal in recent years due to its biogenic nature, where
forests are accounted for as CO; sinks. However, the harvesting of wood-based products is

15



far from being a carbon neutral process, with overall associated emissions of 2.7 to 3.2 Gt
COx(eq.) per year considering the supply level of 2010 *3. Moreover, wood is only available in
certain regions and in very limited amounts compared to concrete, and the amount of land
available for additional forests is limited and geographically mismatched with the projections
of construction material consumption up to 2050 7. The academic literature contains very
different estimates for what quantities of bio-based material harvesting are possible:
proposed upper limits for the proportion of urban buildings that could be built using bio-
based materials have ranged from 90% 72 to 36% 1. These differences largely arise from
assumptions around harvesting practices and the extent to which afforestation takes place in
the future; however it is worth noting that deforestation currently exceeds reforestation. The
broader point underlying the differences between estimated values is that the potential
future supply of structural bio-based materials is subject to numerous uncertainties that are
largely beyond the control of the construction materials sector. Hence, bio-based materials
represent a high-risk option to replace concrete at scale, which is ultimately not plausible
within the critical timescale to 2050 73. Furthermore, bio-based materials are unsuitable for
use in the majority of infrastructure applications give examples tunnels, dams, etc), for which
they cannot replace concrete.

The overall contribution of increasing wood utilisation in construction to reduce the
environmental impact of the sector is still debated. A recent study reports that although the
substitution of steel and concrete with wood could save 0.8 to 0.9 Gt COy(eq.) per year in steel
and concrete emissions, these would be offset by wood harvesting increasing CO, emissions
by about 0.7 to 0.9 Gt CO2(eq,) per year 4* associated with a projected increase in wood demand
of about 1.8% per year 4. Overall, the capacity for growth of the wood share in construction
is limited. More importantly, a large proportion (50-100% depending on the modelled
scenario in Peng et al. #3) of the environmental benefits of concrete substitution by wood is
offset by the associated increase in emissions of the harvesting sector.

A notable EU-level study on upscaling demonstrated that significantly enhancing the use of
wood in construction could lead to an average annual reduction of 10 Mt COzq.) per year,
relative to a business-as-usual scenario 7°. This contrasts with the estimated carbon savings
of reducing clinker factor in cement and optimising concrete formulation, with a potential to
reduce emissions between 600-to-800 Mt of COx(eq,) per year %77, a 60-to-80 fold increase
over wood substitution benefits. Only an extreme (and likely unrealistic) scenario of wood
production upscaling in EU to 1 m3 wood per capita (currently 0.15 m3/capita) could result in

substitution benefits in the order of low carbon concrete technologies, around 600 Mt CO3(eq.)
78,79

The well-established projection of Hildebrandt et al. 7% of a 1.8% annual increase of sawnwood
production to 2030 defines a market level substitution impact of 88.7 Mt COz(eq,) if 50% of the
additional stock is used to replace concrete, steel and masonry in Europe 7°. This value
considers the amount of waste and byproducts that are generated in the manufacture of
sawnwood elements. However, it neglects the geographical mismatch between regions
where a sustainable increase in wood production is possible compared to those where the
actual surge in construction materials demand is. This value is in general agreement with CO;
saving projections associated with an increase in wood utilisation in construction in Europe
7578 with estimated values around 10 Mt COx(eq,) per year of reduction.
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The timber emissions in the base scenario have been set as 250 kg CO,/t. timber (as described
earlier in the Supplementary Methods). For the least favourable scenario, timber emissions
have been set at 400 kg.CO, / t. timber: this corresponds to the highest value for A1-A3
emissions for CLT from 11 EPDs evaluated by IStructE 22. The most favourable estimate uses
a value of -200 kg.CO; / t. timber: this value has been derived using the methodology from &9,
and results from assuming that the trees for timber used in construction have been replanted
and grow taking up CO,. In that work, Dunant & Allwood assumed that 55% of the tree mass
ends up as timber, likely a favourable estimate (see &) but used the emissions of CLT for the
CO; associated with production. As 2050 is less than 30 years in the future, and therefore less
than the age at which e.g. Douglas Fir would be harvested, we believe this calculation is a
generous estimate of the potential for carbon uptake of timber. Indeed, research on the
global impacts of timber harvesting indicate that the emissions from the breakdown of waste
biomass generated during harvesting are significant 3. The range of timber production to
2050 we used was taken from the extrema of the FAO scenarios published in 82,

Building structural design

Dunant et al. observed that using software-aided optimisation of structural frames reduced
the embodied carbon of structures 8. This task is harder in the case of individual housing
where the materials are much stronger than they need to be and the form of construction is
itself wasteful in terms of useful habitable surface per amount of material used. For example,
Drewniok et al. found that in the UK bungalows have 40-50% more embodied carbon per
square metre than low rise residential construction .

It is debatable to what extent more efficient design can be applied in developing countries,
taking into account the large part of construction (even up to 80-90%) which takes part in the
informal sector in these countries. Given the very high relative cost of construction materials
in these countries, it should not be assumed that the use of materials in these countries is as
inefficient as in more developed countries where concrete especially is extremely cheap. For
example, an average worker’s daily wage could buy approximately twenty 50 kg bags of
cement in Germany, but not a single bag in the Democratic Republic of Congo #°.

Reuse of concrete structural elements in new structures is another circular economy strategy
which has the potential to displace production of primary concrete 8. However, the feasibility
of concrete reuse at present is mostly limited to pre-fabricated concrete elements 8. As a
result, the supply of concrete elements from end-of-life buildings is a major limiting factor for
reuse; a study on Sweden, which has a mature building stock, found that even in recent years
the inflows of pre-fabricated concrete elements were at least an order of magnitude greater
than out flows 2. In China, which has a less mature building stock, pre-fabricated buildings
account for only 20% of new construction area °; even in the most restrictive scenario for
new construction, authors estimated that only 3.8% of reinforced concrete could be reused
in 2050.

Even within the limited available outflows, reuse of concrete elements is currently restricted
by challenges around disassembly and validation; suitable testing procedures to guarantee
structural performance are still in development °°. Whilst the number of concrete reuse case
studies is growing °%, the proportion of concrete reuse at the global concrete is negligible.
Design-for-disassembly approaches can facilitate the reuse of concrete in future °?; however,
even if such approaches were adopted universally immediately, the benefits of reuse could
only be realised at the end of structures’ service life, which should be 250 years.
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Due to the previous reasons stated, current evidence suggests that the carbon mitigation
potential of concrete reuse will be highly limited over 2025-2050. For the study on Sweden
previously cited, the potential emissions savings from reuse of all eligible elements were
calculated to have a maximum saving of 1% of lifecycle emissions 8. Thus, whilst concrete
element reuse may be a valuable strategy to encourage over the longer term or in parts of
the world where urban environments will rapidly be restructured, we do not include reuse
within the group of strategies that we deem are technically feasible and readily
implementable today at a global scale.

More efficient concrete production and extending the use of supplementary cementitious
materials

Regarding the efficiency of concrete production, the baseline value for the cement content in
concrete was set at 350 kg/m3. As described in the main article, reducing even to a
conservative cement content of 280 kg/m3? (within EN-206 standard limits), the carbon
footprint can be reduced about 20%. Regarding the use of supplementary cementitious
materials, the baseline value for clinker substitution was set at 29%, which is the 2018
reported worldwide average value °3. Based on recent developments using ternary cement
blends including calcined clay and limestone, an average substitution level of 40% by 2030
and above 50% by 2050 was considered likely. Whilst these two strategies are physically
distinct (the first acting on the concrete, second acting on the cement), they are widely
deployed together.

For example, Supplementary Figure 4 shows the CO, emissions reported by the National
Ready Mixed Concrete Association (NRMCA) of the U.S., and the average values currently
observed in the UK. These values are compared with the low-carbon concrete benchmark
established by the First Movers Coalition (FMC, managed by the World Economic Forum) and
values observed for ready-mix concrete formulations incorporating natural pozzolans (73%
clinker content in cement, binder content 240-350 kg/m3) and LC3-based concrete
formulations produced in the laboratory (50% clinker content, binder content 230-300
kg/m3). US mixes are routinely 30% more CO; intensive than European ones, which are in turn
30% more CO; intensive than Chilean ones, themselves again 30% more CO; intensive than
well-optimised LC3 blends. A significant fraction of these improvements is due to the use of
SCMs.
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Supplementary Figure 4: Comparison of CO2eq.) Of current concrete formulations reported by
the NRMCA (US) members °* and UK average > with low-carbon concrete benchmarks by the
First Movers Coalition (FMC) and the Low Carbon Concrete Group (LCCG) of the UK. A
dataset of LC3-based concrete formulations (lab-scale) and natural pozzolan (NP) based
ready-mix concrete formulations from Chile (CL) ’” are also shown as comparison. For the
NRMCA datapoints, the uncertainty bands have been calculated by taking the minimum and
maximum strength in each class, as well as the minimum and maximum CO; reported. The
deep colour band is produced from taking a minimum and a maximum each time, and the
light colour by taking two minima or two maxima. The values used is provided in
Supplementary Table 11.

Supplementary Table 11: Typical, minimum and maximum strength values for difference
concretes, and their corresponding typical, minimum and maximum embodied CO; values.
All data sourced from NRMCA.

Minimum Maximum Typical Minimum Maximum Typical CO2
strength strength strength CcOo; COo; (kg/m?3)
(MPa) (MPa) (MPa) (kg/m?3) (kg/m?3)

0 17.2 8.6 178.72 279.56 223.52
17.2 20.7 18.9 197.09 311.39 247.73
20.7 27.6 23.9 238.71 383.6 302.60
27.6 34.5 30.9 288.1 468.89 367.54
34.5 414 37.8 302.75 493.67 386.60
41.3 55.1 47.7 349.15 574.1 447.71

Steel decarbonisation

Direct CO; emissions (i.e. Scope 1) in the EAF process arises from oxidation of small amounts
of carbon in the steel scrap mix, cathode consumption and the use of small amounts of
quicklime — a reasonable upper value is 40 kg CO(eq,) / t.crude steel %. Electricity use for EAF
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steel production using scrap is approximately 500 kWh/t %6. Scope 2 emissions are highly
dependent on the emissions factor of electricity used. For the <1.5°C scenario, IPCC AR6
projects that global electricity production will reach net-zero sometime between 2044 and
2055 ?7. In a worst case scenario of keeping only within the <2°C scenario, electricity
emissions are still projected to reduce from 2020 levels (461 g.CO,/kWh °8) by at least 75%
in 2050 ¥, corresponding to a maximum of approximately 115 g.CO2/kWh. Using this
conservative value gives Scope 2 emissions of approximately 58 kg.CO; / t.crude steel.
Summing the estimated Scope 1 and Scope 2 emissions described above gives a value of
~100 kg.CO; / t.crude steel (produced using scrap) in 2050, as used in the main article.

Circular use of concrete fines

From end-of-life concrete, both the aggregate and cement paste can be recycled to produce
secondary concrete, with a range of processing routes developed for both material outflow
streams. In this study, we investigate the use of concrete fines as a replacement for raw
meal in clinker production as a decarbonisation strategy (i.e. “Circular use of concrete
fines”). Dunant et al. °° estimated that the available amount of concrete fines by 2050
globally will amount to approximately 60% of clinker consumption. This means that the
reuse of only a quarter of these fines in kilns, using the process currently deployed by
Holcim, could easily abate 10% of the clinker carbon intensity

We do not consider that other routes for use of recycled concrete fit the criteria of being
technically feasible and readily implementable today at a global scale; we describe our
reasons for excluding these other routes in the paragraphs below.

Recycled cement paste can be subjected to an accelerated carbonation treatment, which
makes it suitable for use as an SCM — the subsequent replacement of clinker using the
recycled cement paste SCM hence offers mitigation potential 1°°. However, this strategy has
so far only been demonstrated at the laboratory-scale using synthetic hydrated cement
paste %9, so hence does not fulfil the criteria for being technically feasible and readily
implementable today at a global scale.

Concrete at the end of life is commonly crushed and used as low quality aggregate. The use
of recycled concrete aggregate is effective for reducing volumes of waste production and
reducing raw material extraction. But due to the difficulty of completely removing hydrated
cement paste from the surface of recycled concrete aggregate, more slightly water and
cement is required for use of recycled concrete aggregates in concrete (for equivalent
concrete strength class using natural aggregates); this results in a small increase in
embodied carbon 101, Whilst recycled concrete aggregate can offer modest carbon savings
over natural aggregate in some specific situations, this is highly dependent on transport
distances 1%, As a result, greater use of recycled concrete aggregate is not expected to lead
to any meaningful carbon mitigation at the global scale, and so we have not considered it as
a decarbonisation strategy.
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