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Abstract: According to the 2021 Global Status Report for Buildings and Construction published by the
United Nations Environment Programme, global carbon emissions from the building sector in 2019
were nearly 14 gigatons (Gt), representing 38% of total global carbon emissions, including 10% from
building construction. In the United States, the largest knowledge gap regarding embodied carbon in
buildings exists at the whole-building level. The first step in creating informative policy to reduce
embodied carbon emissions is to map the existing building stock emissions and changes over time
to understand the primary contributing building types and hot spots (states), and then to compare
and analyze mitigation scenarios. To fill this knowledge gap, this study first developed a bottom-up
model to assess the embodied carbon of the US residential building stock by using 64 archetypes to
represent the building stock. Then, the embodied carbon characteristics of the current building stock
were analyzed, revealing that the primary contributor was single-family detached (SD) houses. The
results indicated that the exterior wall was a major contributor, and that small multifamily housing
was the most embodied carbon-intense building type. Two scenarios, the baseline scenario and
progressive scenario, were formed to evaluate the effectiveness of six mitigation strategies. The
progressive scenario with all mitigation strategies (M1-M6) applied produced a total reduction of
33.13 Gt COneq (42%) in the cumulative residential building stock related to carbon emissions during
2022-2050, and a total reduction of 88.34 Gt COsz¢q (80%) during 2022-2100. The results show that
with an embodied carbon emissions reduction in the progressive scenario (42% by 2100), the total
embodied carbon emissions comply with the carbon budget of a 2 °C pathway, but will exceed the
budget for a 1.5 °C pathway.

Keywords: embodied carbon emissions; residential building stock; mitigation strategies; archetypes;
whole-building life cycle

1. Introduction

According to the US Department of Housing and Urban Development’s National
Comprehensive Housing Market Analysis, from 2020 to 2023, the national housing demand
for new units is around 2.65 million units, which aligns with the US National Association
of Home Builders’ forecast of an annual housing increase rate of 3.94% [1,2]. To achieve
the Paris Agreement goals, under the United Nations Framework Convention on Climate
Change, the Marrakech Partnership for Global Climate Action’s Human Settlements Path-
way set a goal that included reduced embodied carbon emissions as follows: “By 2030,
the built environment should halve its emissions, whereby 100 per cent of new buildings
must be net-zero carbon in operation, with widespread energy efficiency retrofit of existing
assets well underway, and embodied carbon must be reduced by at least 40 per cent, with
leading projects achieving at least 50 per cent reductions in embodied carbon.” By 2050, at
the latest, all new and existing assets must be net zero across the whole life cycle, including
operational and embodied emissions [3]. It is imperative to create effective policy and
development strategies to reduce embodied carbon and mitigate the climate emergency.
The first step in making informative policy is to map the existing building stock emissions
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to understand the primary contributing building types and hot spots (state) and then to
compare and analyze the mitigation scenarios.

In the United States, the largest knowledge gap concerning embodied carbon in
buildings exists at the whole-building level, due to a lack of building-level data at the
national level and an absence of methodology. In the past two decades, there has been
increasing global interest in the analysis of characteristics and the related embodied carbon
of large building stocks. However, compared to the large body of studies on the energy
efficiency improvement of building stock [4—6], limited studies have been conducted to
understand the embodied carbon reduction potential at a whole-building stock scale. To the
author’s knowledge, no previous studies have examined the embodied carbon reduction
in US building stock. Two causes contribute to the lack of research on this topic: The
first is the perception of embodied carbon being negligible, which is outdated. Early
literature showed that the ratio of embodied carbon to operational carbon for an average
building was around 1:10, and thus embodied carbon appeared secondary to the main
problem [7]. However, with the improvement in operational energy efficiency, in the past
five years, a large body of studies has shown the increased importance of embodied carbon.
Rock and colleagues studied 238 cases, which revealed an increase in the relative and
absolute embodied carbon emissions of buildings, with the increase mainly related to
the manufacturing and processing of building materials. The percentage of embodied
carbon ranges between 20% and 90% of the life cycle carbon from buildings [8]. Second,
there is a paucity of data on the embodied carbon of the existing building stock due to
the heterogeneous and complex stock of existing buildings at the national scale. Unlike
operational energy, which has sufficient data collected from a variety of building types,
embodied carbon has fewer case studies and collects data from different building types for
comparisons and target setting [9].

As stated in the most recent UN report (Global Status Report for Buildings and Con-
struction), building stock characteristics at a global scale and national level are mostly
unavailable, making it highly difficult to track changes in emissions [3]. The residential
sector has been referred to as a less defined opportunity, partially because of an insuf-
ficient data set and an unreliable assessment of embodied carbon characteristics of the
existing building stock. To this extent, this study aims to fill the knowledge gap by
(i) assessing the embodied carbon of the existing residential building stock in the United
States, (ii) understanding the embodied carbon intensity per building type and the primary
building assembly’s contribution to embodied carbon, and (iii) evaluating the emission
mitigation strategies for residential buildings along with their reduction potential. A pro-
gressive scenario was established with employed mitigation strategies to be compared to
the baseline scenario.

The first contribution of this work is the development of an assessment process and
framework that represents the US residential building stock for estimating embodied
carbon emissions, and addresses the first limitation encountered in the data sets: the lack
of variety of residential building unit types. No comprehensive embodied carbon data for
any US residential building types have been published, from single-family detached (SD)
houses to large-scale multiple-family apartments. The second contribution of this work
addresses the limitation of assessing embodied carbon at the national level as the building
stock changes over time. In addition to annual construction, existing building retrofits
need to be considered, since renovation activities will increase the embodied carbon. In
the United States, around 160 billion ft? of existing buildings were constructed prior to
1980, meaning those buildings are more than 40 years old and will reach their end of life by
2025 [10]. In the next 5-10 years, the US residential building stock will continue to undergo
multiple activities, including renovation, demolition, and new construction. This study
provides the first-ever estimation of embodied carbon emission reduction potential using a
dynamic building stock.

The paper is organized as follows: Section 2 outlines the existing literature on the
embodied carbon of buildings, and the research gaps and needs are identified. Section 3
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introduces the research materials and methodology, followed by an explanation of the
findings in Section 4. A discussion is provided in Section 5, and conclusions are drawn
in Section 6.

2. Research Needs

Early studies focused on the embodied energy of building materials, such as the
steel and concrete of actual buildings [11], or of building components and assemblies,
such as precast concrete wall panels in Malaysia [12]. Studies on embodied carbon at the
whole-building level have been mainly published as case studies on a single building or
group of buildings globally. For example, a study of a three-story office building in India
found total life cycle carbon emissions to be 450 kgCOzeq/ m? (50 years) [13], which is
much lower than previous studies, with emissions of 1300-1510 kgCOz¢q/ m? in Sweden,
3010 kgCOzeq/m? in Finland [14], 930 kgCOseq/m? in Thailand [15], and 3340 kgCOseq/m?
in Italy [16]. This wide range is also reflected in one of the most comprehensive reviews on
embodied carbon research, formulted by Chastas and colleagues in 2018, which included
95 case projects globally, with 13% of the cases in the United States [17]. The results showed
that normalized embodied carbon emissions of residential buildings varied between
179.3 kgCOxeq/ m? and 1050 kgCO2eq/ m?, with emissions related to the operational phase
ranging from 156 kgCOzeq/ m? to 4049.9 kgCO,./m?. Embodied carbon varies from 9%
to 80% of the whole life cycle carbon emissions. This wide variation is mainly due to
differences in system boundaries [18], life spans, and sources of data used in previous
studies [19]. The expansive range of carbon emissions from buildings is not only influenced
by the geographic differences across countries, but also by building scale and building
construction types, with these differences being reflected within a country.

Table 1 lists the studies that focused on the life cycle carbon emissions of US buildings,
with the earliest study being in 1998. Among the studies, five cases concentrated on SDs,
and only three were whole-building life cycle studies. The embodied carbon emission
intensities of the three studies were 42, 89, and 92 kgCOseq/ m? /yr, respectively, and
the studied life spans were 50 and 65 years. However, there are significant limitations
affecting the reliability of the results, mainly due to the life cycle inventory data used
in the studies. The database used for the three studies are European focused, including
ecoinvent and DEAM. To the author’s knowledge, no life cycle carbon studies on other US
residential building types exist, including single-family attached houses (townhouses) and
multifamily houses. A recently published study on a multistory mixed-use apartment and
office building in Oregon only includes life stage A [20]. This extreme lack of studies on the
whole-building life cycle embodied carbon (LCEC) of residential buildings reflects an urgent
research gap that impacts the effectiveness of US policy on embodied carbon reduction.

An explanation of the life cycle stages (A,B,C and D) of the embodied carbon scope
is included in Section 3.1. There are six commonly used pieces of software for embodied
carbon assessment: Athena, Gabi, Tally, SimaPro, BEES, EC3, and OneClickLCA. In a
previously published paper by the author, detailed information about each program was
provided [30]. In general, Athena and Tally provide whole-building assessments and are
mostly used by building designers and professional consultants [31].
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Table 1. Previous studies of embodied carbon emissions of US buildings.
Ref. EC EC ECEI Building . Area Life = Method/Database
# Author  Year  Stfe  scope  Boundary (kgCOng/m?y) Type "™ (m2)  span Tool
Blanchard Whole DEAM database
[21] and Reppe 1998 MI A-C building 92 SD Wood 220.5 50 (French)
Excel sheet/
[22]  Keoleianetal. 2000  MI Ac  Whole 89 SD Wood 228 50 use mass and
building stud emissions factor
of materials
AZ, Fl, Wood vs
[23]  Marceauetal. 2002 WA, A-D STR only 23.5-110 SD ’ 203 100 Unknown
concrete
IL, DC
Whole .
[24] Scheuer etal. 2003 MI A-C s 185 ED Concrete 7300 100 SimaPro
building
, . Whole Carnegie
[14] Junnila etal. 2006 IL A-C building 530 Off Concrete  Unknown 50 Mellon tool
Exterior Compare
[25] Kahhatetal. 2009 AZ A-C wall SD wall 200 50 Athena
system
. Whole Carnegie Mellon
[26] Bilec et al. 2010 PA A-C building 116 Off Steel 17280 50 tool/EIO-LCA
[27] Thiel et al. 2013 PA A-C 390 Off Concrete 22672 50 Unknown
. Wood
Mosteiro- Whole IMPACT 2002+
[28] Romero et al. 2014 NJ AC building 42 SD and 255 65 Method/Ecoinvent22
concrete
A1-B5 Whole Concrete Excel
[29] Meneghel-li 2018 IL . g 580 Lib 2410 60 sheet/University
excl. A5 building and steel
of Bath data
MEP
[30] Rodriguezetal. 2020 WA  AL-A3  and  SO72MMED) o NA 18574532 50 EPD
interior 45-135 (IN)

SD: single-family detached house; Off: office; ED: educational building; Lib: library.

3. Materials and Methodology

A bottom-up modeling approach is used in this study to create a calculation model
that assesses the US residential building stock’s embodied carbon. There are many ways
to develop a bottom-up building stock model, with the most common being an archetype
approach, where an average building is modeled to represent a segment of the building
stock [26], and then a single embodied carbon model is developed for that archetype. This
type of approach and model development is well suited to typology studies and building
sector-wide studies, since it can link a high-resolution detailed assessment at an individual
building level, scale it up, and apply the archetype data to a segment of the building stock.
This approach is widely used to model building stock energy consumption [31].

In this study, a three-step approach is used to assess the embodied carbon of the
residential building stock in the United States. The first step is to segment the building
stock, and the second step is to develop the archetypes representing variations in the
segment. The embodied carbon of each archetype is calculated using a life cycle assessment
tool (Athena Impact Estimator for Buildings). In the third step, the archetype embodied
carbon is then merged with a segment model developed for this study, which is used to
assess the embodied carbon for the whole-building stock. Details of each step are discussed
in the following sections.

3.1. Definition and System Boundary of Embodied Carbon Study

In this study, the embodied carbon of a building is defined as life cycle embodied
carbon (LCEC), also referred to as cradle-to-grave carbon emissions. It includes embodied
carbon associated with constructing and maintaining a building during all phases of
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production (A1-A3), on-site construction (A4-Ab5), the building in use (B, except utilities in
B6 and B7), and the final demolition and disposal (C1-C4) [32,33]. B6 and B7 are operational
carbon associated with the energy used to keep the building operating. Other types of
embodied carbon definitions and assessments exist in research and practice, which results
in different assessments for the same building. As included in Figure 1, two other common
definitions of embodied carbon are “cradle to gate” (A1-A3) and “cradle to site” (A1-A5).
In addition, there is “gate to gate” (A2—-A3), which refers to the life cycle stages from the
reception of the raw material at the factory entry gate to the completion of the product at
the exit gate [34]. The cradle-to gate analysis often includes a gate-to-gate scope, as well as
other life cycle stages [35].

Building Life Cycle Stage

Al |Raw material extraction
Product [A2 |Transport
A3 |Manufacturing

A4 |Transport

Cradle
to Gate

Cradle to Site

Canstuction A5 |Construction/Installation
Bl |Use g
B2 |Maintenance g
B3 |Repair o
Use B4 |Replacement P
B5 |Refurbishment B
B6 |Operational energy use O

B7 |Operational water use

C1 |Deconstruction
C2 |[Transport

C3 |Waste processing
C4 |Disposal

End of Life

Figure 1. Embodied carbon definition and life cycle stages (adapted from [35]).

LCEC (cradle to grave) consists of three primary categories: initial embodied carbon
(IEC), recurring embodied carbon (REC), and end-of-life embodied carbon (EEC). IEC is
the carbon emitted on-site and off-site for building activities, such as construction, on-site
prefabrication, transportation, and other related activities (such as site preparation). IEC
spans life cycle stages A1-A5. IEC accounts for a significant portion of the total life cycle
carbon and can be reduced by decreasing the building’s area, using fewer energy-intensive
materials, and optimizing other design strategies (e.g., use of lightweight instead of heavy
structure systems) [36]. REC is the carbon emitted during the use stage and is associated
with the repair, replacement, refurbishment, and maintenance of the building. REC spans
life cycle stages B1-B5. EEC is the carbon emitted during the demolition, deconstruction,
transport of deconstructed building assemblies, waste processing, and material disposal.
EEC is a type of embodied carbon that today is mainly neglected in tracking and counting
mechanisms. IEC and EEC occur once over a building’s lifetime, and REC is influenced
and modified by multiple factors (i.e., climatic condition of building site, use condition,
and maintenance frequency).

The LCEC can be calculated using Equation (1) [37]:

LCEC, = IEC, + Y . (REC;) x BT, x L. + EEC,, 1)

where LCEG, is the cradle-to-grave life cycle embodied carbon of a building, IEC}, is the
initial embodied carbon, and REC; is the recurring carbon of a building product or material
(maintenance and repair). BT is the building type factor: certain building types need more
frequent maintenance and repair than others, such as those with swimming pools. L. is the
location (climatic) condition, and EEC,, is the end-of-life embodied carbon.



Climate 2022, 10, 135

6 of 19

82%

3.2. Data and Process

A large building stock is typically heterogeneous, so it is possible to split buildings into
segments according to climatic area, dimension, age, or other categories [38]. The data used
in this study were downloaded from the 2015 Residential Energy Consumption Survey
(RECS) and 2019 American Housing Survey (AHS) [39]. RECS collected data representing
118.2 million housing units in the United States [40]. RECS has information on building
physical characteristics, such as building types (e.g., SDs), foundation types, number of
stories, wall materials, and roof materials. AHS has information on housing floor area and
the number of bedrooms, among others. The data extracted from the two sources were
then used to create the embodied carbon profile for the 64 archetypes.

3.2.1. Step One: Segment the Building Stock

The building stock was first divided into four segments based on building types
according to the RECS definitions: single-family detached (SD), single-family attached (SA),
multifamily with 2—4 units (MFS), and multifamily with >5 units (MFB). Mobile houses
were excluded in this study. As illustrated in Figure 2a, SD has the largest share, at 82%.
SA, MFS, and MFB account for 6%, 4%, and 8%, respectively. Figure 2b is the climate region
map that was published by the US Department of Energy in 2009.

a

Single-family detached MATNC

u Single-family attached

MIXED-HUMID

» Apartments in buildings
with 2-4 units

Apartments in buildings
with 5 or more units

HOT-DRY / MIXED-DRY

HOT-HUMID

Figure 2. (a) Building type breakdown, and (b) US climate region map [9].

3.2.2. Step Two: Develop the Archetypes

Next, each segment was divided into two subgroups based on the major building
construction types: masonry (S1) and wood (S2) for the primary structure. Then, each
subgroup was further categorized into eight archetypes based on the eight different exte-
rior wall materials: W1—siding (e.g., aluminum, vinyl, or steel), W2—brick, W3—wood,
W4—stucco, W5—concrete or concrete block, W6—shingles, W7—stone, and W8—other
materials. Altogether, 64 archetypes were developed to represent building stock physical
characteristics. This segmentation does not capture every building characteristic significant
to embodied carbon; however, based on the literature and the author’s own assessment
experience, these archetypes and characteristics are highly important to embodied carbon
counting for two reasons [41,42]. First, the chosen parameters (e.g., masonry vs. wood) were
used in many previous studies to specify the embodied carbon profile of buildings [43,44].
Second, those parameters were highly correlated with other important characteristics
(e.g., age of the building).

3.2.3. Step Three: Assess the Embodied Carbon of the Building Segment

Two main software tools were used to complete the LCEC calculations for individual
archetypes: the Autodesk Revit model to extract the material data and the Athena Impact
Estimator for Buildings (IE4B) to assess embodied carbon emissions. IE4B was selected
because it is a widely used tool for whole-building life cycle assessment in North America,
and IE4B reports carbon emission data that are consistent with the latest US EPA TRACI
methodology and comply with the ISO standard for life cycle assessment [45,46]. A process
used by the researcher in a previous study was employed in this project [14]. First, three-
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dimensional virtual models were created in Autodesk Revit for each archetype building
based on the information presented in Table 2. Next, a material schedule was created within
the Revit model and then exported into an Excel format file. The schedule was simplified
to edit out the non-pertinent information and make a clear spreadsheet. The data that were
useful to this study included primary and secondary structure systems (e.g., interior walls,
columns, floors, and foundations) and the building envelope (e.g., external walls and roof).
After the data were brought into the IE4B, the program calculated the LCEC and other
environmental impact categories, such as ozone depletion potential and smog formation
potential. Once the LCEC of an individual archetype was obtained, the data were then
merged with building stock segmentation data. The tool used was MS Excel.

Table 2. Physical characteristics of archetypes.

Single-Family Single-Family Multifamily 24 Multifamily >5 Units

Archetype Detached (SD) Attached (SA) Units (MFS) (MFB)
Construction Type S1 52 S1 S2 S1 52 S1 S2
Floor area (ft?) 2150 2184 2555 2811 2815 2939 15,324 15,452
Height/stories 1 1 2 2 3 3 6 6
Number of bedrooms 3 3 2 2 2 2 2 2
Number of windows 12 12 8 8 8 8 4 4
Total area of windows 96 96 64 64 64 64 32 32

Double-pane glass Double-pane glass Single-pane glass Single-pane glass

Type of window w/wood frame w/metal frame w/metal frame w/metal frame
Basement Y Y Y Y N N N N
Foundation Concrete
Roofing Shingles (composition or asphalt)
Construction type S1 52 S1 S2 S1 52 S1 S2
Adequate insulation Y Y Y Y Y Y Y Y
Wall material W1-W8 W1-Wé6 W1-W5, W7 W1-W8

3.3. Scenario Development

Two scenarios were set up with the same baseline socioeconomic growth rate (popula-
tion growth and built floor area growth) but with different embodied carbon mitigation
intervention strategies. Both scenarios explored the embodied carbon emissions between
2022 and 2050, and between 2022 and 2100. Notably, 2050 was chosen according to the
Paris Agreement, as the global building and construction sector must almost completely de-
carbonize by 2050 (including operational carbon and embodied carbon) [47]. Furthermore,
2100 was used based on the scenario described in IPCC’s overshoot pathway: pathways
limiting median warming to below 1.5 °C in 2100m and with a 50-67% probability of
temporarily overshooting that level earlier, generally imply less than 0.1 °C higher peak
warming than below 1.5 °C pathways [48].

The baseline scenario assumes a continuous increase in housing stock and related car-
bon emissions without mitigation intervention and serves as a reference for understanding
the reduction potential of mitigation strategies. The baseline socioeconomic scenario is
based on a US Census Bureau report for 2010-2020 [49]. Between 2010 and 2020, the national
population growth was 7.4%, and housing units increased by 6.7%. Washington, D.C. was
the fastest-growing place for housing growth (18%), followed by Utah (17.5%) and North
Dakota (16.7%) [50]. The state- and county-level growth rates were then aggregated by
climate region levels for later calculations of embodied carbon distribution in the building
stock. The same growth rate described in Table 3 is assumed to continue between 2021
and 2100.
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Table 3. Housing growth rate for baseline scenario.
. . Housing Growth 1 s

Climate Region Rate (%) Building Segment Makeup
Cold/Very Cold 7.19 SD (67%), SA (6%), MFS (11%), MFB (16%)
Mixed-Humid 5.55 SD (65%), SA (8%), MFS (7%), MEFB (20%)
Hot-Humid 7.64 SD (56%), SA (8%), MFS (10%), MFB (26%)
Hot-Dry/Mixed-Dry 5.97 SD (70%), SA (5%), MFS (6%), MFB (20%)
Marine 9.60 SD (77%), SA (5%), MFS (5%), MFB (13%)

For building stock change over time, the following references were used for the
baseline scenario. The rate of new construction remains consistent for all states between
2010 and 2020. The existing building renovation rate is the same as the European Union’s
target. It was estimated that the pace of retrofit activities in the United States had to exceed
those undertaken in Europe due to the size of the US building stock. However, in the
baseline scenario, a conservative target retrofit rate based on the 2010 Energy Performance
of Buildings Directive for EU member states was adopted at 3%. For the demolition rate,
the building retirement distribution data were extracted from a study sponsored by the
Department of Energy and used for the assessment. The demolition rates of single-family
and multifamily homes were calculated based on the probability that the retirement of
a housing unit occurs after the housing unit has reached a certain age. The following
numbers and percentages were used to calculate the demolition rate. For a single-family
building, the probability of retirement reaches 50% when the building is over 60 years old,
60% when the building is over 75 years old, 70% when the building is over 85 years old,
and 80% when the building is over 100 years old. For multifamily buildings, the probability
of retirement reaches 50% when the building is over 35 years old, 60% when the building is
over 38 years old, and 80% when the building is over 40 years old [51].

The progressive scenario represents a deep embodied emissions cut through em-
ploying all mitigation strategies (refer to the following section for mitigation strategy
descriptions) with a higher renovation rate to achieve the overall carbon neutral goal. In the
progressive scenario, the new construction growth rate is the same as the baseline scenario,
with a renovation rate of 5%. The demolition rate is 5% less than the baseline scenario in all
archetypes in all locations.

3.4. Estimation of the Mitigation Rate Consistent with Temperature Rise Prediction

To understand the effectiveness of embodied carbon reduction interventions, six
mitigation strategies extracted from previous studies were adopted for this study (refer
to Table 4). The mitigation strategies” effectiveness can be quantified by carbon budget
approaches that relate cumulative emissions to the global mean temperature rise [52]. Those
strategies are in line with the pathway toward 1.5 °C and 2 °C temperature rise targets.

The mitigation effect was calculated according to the carbon budget (the remaining
carbon can be released earlier to achieve carbon neutrality) of the US residential building
sector. To determine a sectoral target consistent with the 1.5 °C and 2 °C carbon budgets,
four steps were taken. First, the global carbon budget was extracted from the IPCC 1.5 °C
special report [56]. This report specifies the remaining carbon budget from 2018 to the time
carbon neutrality can be reached (assumedly 2100) to cap the temperature rise at 1.5 °C and
2 °C. The carbon budget for 1.5 °C is estimated for the 33rd (840 Gt CO,), 50th (580 Gt CO»),
and 67th (420 Gt CO,) percentiles of transient climate response to cumulative emissions
of carbon [14,56]. The carbon budget for 2 °C is estimated for the 33rd (2030 Gt CO,),
50th (1500 Gt CO,), and 67th (1170 Gt CO,) percentiles. Second, the carbon budget for
2018 through 2021 was excluded to obtain the carbon budget from 2022 to 2100. Between
1750 and 2020, the United States contributed 24.5% of total global carbon emissions [57],
and in this study, this percentage is assumed to remain until 2100. Third, the building
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sector’s embodied carbon contribution to global carbon is assumed to continue at the 2021
value (10%), according to the United Nations Environment Programme 2021 report [58].
Residential buildings account for 60% of the total building stock [59]. Therefore, the carbon
budget for the US building sector by 2100 can be calculated using Equation (2) listed below.
Fourth, mitigation rates were calculated under the determined carbon budgets using the
method proposed by Raupach et al. (using Equation (4)). Equation (4) was used to assess
persistent carbon emission growth by representing the future emissions of a country or
region with an analytic capped-emission trajectory that blends an initially linear growth at
a constant rate with an eventual exponential decline at a mitigation rate [60].

Table 4. Mitigation strategies for reducing embodied carbon emissions from the building stock.

Mitigating Strategies Description

The floor area per person is reduced by 20%, thus
reducing the built floor area [53]
M2—Extended life span Up to a 90% lifetime extension by 2050 [12]
Reduce heavyweight materials—steel (19%), metal
(19%), and concrete (10%)—by 2050 [12,54]
10% of building materials are replaced by wood
products by 2050 [12]

Maximum recycling and reuse rates estimated by 2050
(90% steel, 90% metal, 15% concrete) [13,14]
Replaced in situ construction methods with

M6— Prefabrication construction prefabricated components (reduce whole-building

carbon by 15%) [55]

M1—Efficient use of space

M3—Lightweight materials
M4—Use of wood products

M5—Recycle and reuse

A =B x 24.5% x 10% x 60% )

where A represents the carbon budget for the US residential building stock, and B signifies
the global carbon budget.

4. Results and Findings
4.1. Existing Building Stock Descriptive Statistics

As illustrated in Figure 3a, the largest portion (18%) of housing was built before 1950.
More than half (53%) of the buildings were built before 1980, and those buildings are
near the end of their service life (without major renovations or upgrades). Regarding
construction type (Figure 3b), around 68% of buildings were built with a wood frame, and
the ratio is similar among older (<1980s) and newer (>1980s) buildings.
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Figure 3. US residential building stock characteristics: (a) building age, (b) construction type,
(c) housing stock segmentation per climate region, and (d) exterior wall types.
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As shown in Figure 3¢, a large portion (37%) of the residential building stock is in the
cold and very cold climate region (refer to Figure 2b for climate region map). Figure 3d
shows that different climate regions have varied combinations of exterior wall construction
types, regardless of similarities in the primary construction type (masonry and wood).
For example, in the cold and very cold region, most of the exterior wall type is siding,
while in the hot-humid region, brick is the primary wall type. These differences can
potentially be explained by the climatic conditions and traditions of local construction and
material availability.

4.2. Embodied Carbon from the Existing Residential Building Stock

As illustrated in Figure 4a, among the four housing segmentations, SD has the lowest
median-normalized carbon emission value (2,221 kg COz¢q/ m?), and MFS has the highest
value (21,515 kg COzeq/ m?). Within MFS, there is a larger variance of emissions compared
to other residential building types, which indicates that a variety of exterior wall and roofing
materials were used since the primary construction types of MFS are similar to those of
other building types. Although MFS has a high emission value per floor area, the built area
is relatively small—only 4% of the total US residential building stock. Therefore, when
studying the total carbon emissions by building type (segmentation), MFS accounts for
26%, following SD at 47% (refer to Figure 4b). Furthermore, despite MFB only accounting
for 8% of total floor areas, it comprises 24% of total carbon emissions.

Normalized Life Cycle Embodied Carbon per Building Type Comparison . - Total Life Cycle Embodied Carbon by Building Type (Archetypes) b

= ==

Single-Family
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Figure 4. LCEC in the existing US residential building stock: (a) normalized emissions per building
type, and (b) emissions per archetype per housing segment.

Three observations can be drawn from Figure 4b regarding the total LCEC of archetypes
in the existing residential building stock. First, the majority of embodied carbon resides in
SDs. Among the 16 different archetypes, SD-52W1 (wood frame with siding) contributes
the most emissions, followed by SD-52W2 (wood frame with exterior brick wall). These
two types together represent 45% of SDs” LCEC, equal to 21% of the total LCEC of the US
residential building stock. Second, SIW2 (masonry frame with exterior brick wall) is the
primary archetype with the highest carbon emissions for multifamily housing: 24% for
MEFS and 30% for MFB. When adding up the SIW2 in all building types, this archetype
contributes to 18% of the total LCEC of the residential building stock; therefore, it is ranked
as the first archetype, with the highest contribution to embodied carbon. SIW?2 is followed
by S2W2 (16%) and S2W1 (15%). Third, the embodied carbon of SA is negligible compared
to other building types. In addition, archetypes SIW6, SIW7, SIWS8, S2W6, S2W7, and
S2W8 each account for about 1%, due to the small built floor areas.

As illustrated in Figure 5a, when examining the embodied carbon during the whole
building’s life span, across all building segments (all archetypes), the product stage (A1-A3)
is the primary hot spot: 73-83% of embodied carbon is produced in this stage. Figure 5b
shows that the top five archetypes contributing to A1-A3 embodied carbon are MFS-S1W8,
MFS-S1W7, MFS-S1W5, MFS-S1W6, and MFS-S1W4. 1t is essential to understand the
building assemblies” and components’ contribution to embodied carbon so that relative
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mitigation strategies can be applied in new construction. Instead of investigating all the
archetypes, the researcher focused on the archetypes with the highest normalized embodied
carbon intensity (kg CO2eq/ m?): MFS. Figure 5¢ reveals that the exterior wall in the building
assembly contributes the most carbon emissions, followed by the foundation and floors.

Normalized LCEC of archetype by life stage (a) (b)
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Figure 5. LCEC of the existing building stock: (a) LCEC per life cycle stage, (b) LCEC per archetype,
and (c¢) LCEC per building assembly.

4.3. Baseline Emissions

The baseline scenario sees a continuous increase in building-related carbon emissions
because of the growth of the building stock. The trend varies across different building
segments (see Figure 6a). MFB sees the largest emissions increase (22%): from 14.93 Gt
CO2eq in 2020 to 181.79Gt COz¢q in 2050. SD has the lowest increase (3%): from 2.3 Gt COgeq
in 2020 to 3.37 Gt COz¢q in 2050 (see Figure 6a). Figure 6b indicates the marine region will
see the highest increase in embodied emissions from the residential building stock, from a
32% increase from 2020 to 2050, followed by the mixed—dry/hot-dry region (25% increase),
cold/very cold region (23% increase), hot-humid region (19% increase), and mixed-humid
region (17% increase). In the baseline scenario, SD continues as a dominating segment
contributing to embodied emissions. SD-52W1, SD-52W2, and MFB-S51W?2 are ranked as
the top three emitter archetypes due to the large built areas (refer to Figure 6¢). The top
10 archetype emitters belong to SD and MFS.
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Figure 6. Embodied carbon emissions from the US residential building stock in the baseline scenario:
(a) per housing segment, (b) per climate region, and (c) by archetype.

4.4. Carbon Emission Mitigation Strategies

The mitigation potential of a variety of strategies depends on the construction method
(practice), the use of building materials, and the use of buildings in different building
stock segments. Table 5 shows the reduction potential for each strategy in the progressive
scenario (in comparison with the baseline scenario).

Table 5. Emission mitigation potential for 2022-2100 by different strategies.

Mitigation Reduction GT COseq

M1 M2 M3 M4 M5 Me

SD 12.95 1.20 3.83 9.57 6.38 1.66
SA 0.80 0.53 0.58 0.58 0.44 0.11
MFS 1.42 4.07 11.74 5.87 0.82 0.84
MFB 0 8.12 10.41 4.17 1.14 1.12

Overall, using more lightweight building materials (M3) produces the highest potential
cumulative reduction: 26.57 Gt CO¢q. This reduction can be achieved by the adoption
of emerging building materials and technologies, such as lightweight structural design
(e.g., bamboo) [60], other lightweight materials [61], and the use of high-strength steel and
aluminum [62]. The adoption of M3 requires adjustments to and revisions of building codes
and requirements to allow the emerging system and materials to be used. Consequently,
the effectiveness of M3 hinges on how quickly regulations and codes can catch up.
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The use of wood products (e.g., timber) (M4) would result in the second highest carbon
reduction potential: 20.19 Gt COzeq. Wood products are made from low embodied carbon
materials and can also provide long-term carbon storage functions [63]. This carbon storage
can offset the carbon emitted in life stages A through C. However, the employment of these
strategies will vary across regions (state to state) depending on the availability of wood
products. The use of timber can be easily adopted in single-family building segments. The
newest International Building Code (IBC 2021) has already allowed the use of timber as a
primary construction material in high-rise buildings up to 18 stories (Type IV-A) [64]. The
adoption will take time as contractors and designers must learn how to design and build
all-timber high-rise buildings.

Reducing the built area (M1) has the third highest potential for lowering embodied
carbon (15.16 Gt COz¢q), as it simultaneously avoids carbon emissions across all life cycle
stages. Reducing the built area can be implemented through increasing multifunctional
spaces and efficiently using the existing space. As a consumption-oriented strategy, the
efficient use of the existing built stock represents the possibility to decouple the growth of
building demand from economic development [65,66].

Extending the useful life span of buildings (M2) yields lower demand for new con-
struction and can result in a total carbon reduction of 13.91 Gt COzeq (most from SDs). The
opportunities for life span extension will not be heterogeneous because the service life of
buildings is influenced by many external factors. For example, in harsh climatic regions,
the need for repair and replacement is more frequent than in mild conditions.

Recycling and reusing building materials (M5) has the potential to reduce carbon emis-
sions and related environmental impacts (8.78 Gt COpeq). Recycling and reusing materials
can significantly reduce energy use and emissions, avoiding raw material extraction and
other early manufacturing emissions. To maximize the potential for recycling, rapid upfront
industrial investment is needed to improve the recycling capacity and speed [67,68].

Replacing in situ construction with prefabrication (M6) has been an effective way to
reduce carbon emissions at the individual building level [69]; it can lead to a cumulative
reduction of 3.73 Gt COzq. Prefabrication is defined as a manufacturing process conducted
in an off-site (construction site) facility, where various materials are made to form a building
assembly for final installation on-site [70]. Prefabrication is suitable for building types
with repetitive units (e.g., classrooms). To maximize the adoption of prefabrication, the
building design needs to become more modular, which is not applicable to all buildings.
Consequently, the extended effectiveness of M6 may be limited.

4.5. Progressive Scenario

The progressive scenario with all mitigation strategies (M1-M6) applied produced a
total reduction of 33.13 Gt COgq (42%) in the cumulative residential building stock-related
carbon emissions for 20222050, and a total reduction of 88.34 Gt COxeq (80%) for 2022-2100
(Figure 7). However, the total reduction in the progressive scenario will not be equivalent
to the aggregation of reductions from each of the independent mitigation strategies, since
some strategies can be mutually exclusive. For example, if one project decided to use
wood products (M4) for the primary structure, then the use of high-strength steel as a
primary structure material becomes impossible, and hence M4 and M3 become mutually
exclusive. The calculation of a cumulative reduction may avoid double counting. With
M1-MBé, the progressive scenario will reach a saturation point around 2070, and further
revisions are needed to stay consistent with the 2 °C pathway. This saturation point may
be caused by a bottleneck of carbon emissions. For instance, using lightweight materials
can produce carbon emission reduction to a certain extent, but the ultimate reduction will
heavily depend on the type of energy used to produce the materials. As previous studies
have indicated, it has been difficult for the energy sector to decarbonize.
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Figure 7. Residential building stock-related emissions in the baseline and progressive scenarios.

Figure 7 shows that for the progressive scenario to be consistent with a 1.5 °C compat-
ible pathway, the US residential building sector needs to investigate additional mitigation
strategies since the identified six strategies are not sufficient. To bridge the reduction gap
between the 1.5 °C pathway and the progressive scenario, a potential solution involves the
combination of new strategies and intensifying the use of identified strategies; for instance,
further increasing the percentage of recycled and reused materials. Additional strategies
include (i) limiting permits for new construction to further reduce the overall floor space by
another 20% [71], (ii) requiring a certain number of modular components for all building
types, and (iii) using new types of building materials. For example, building materials
with a carbon storage function and potential carbon capture function can help to offset the
emitted carbon during production and construction phases [72,73].

5. Discussion

Several major conclusions can be drawn from this study. First, in the United States,
most embodied carbon resides in SDs. Strategies to reduce the added embodied carbon of
this building type include investigating the need for building new SDs and then determin-
ing the appropriate size of the houses. In 2020, the median size of an SD was 2,261 ft? [74],
which is 50% larger than its 1970 counterpart. Meanwhile, household size has decreased
by 16% since 1940 [75]. As demonstrated in the progressive scenario, the mitigation strat-
egy M1 (reduce the built area) is an effective strategy; therefore, altering the trend of the
growing size of SDs can play an important role.

Second, differences in climate regions contribute to the embodied carbon. The largest
portion (37%) of the US residential building stock is located in the cold and very cold
climate region, and the projected growth rate for the following decades is 23%. If the trend
continues, then implementation policies and incentives in this region that promote the
adoption of mitigation strategies can be a potential focus of local jurisdictions to avoid
exceeding the carbon budget.

Third, in the future, the focus should be on creating a regulatory environment that
can promote carbon emission reduction through choosing less carbon-intense materials.
Among the six mitigations included in the progressive scenarios, the top two (M3,M4)
are related to building materials. Replacing embodied carbon-intensive buildings with
low-embodied carbon materials (e.g., wood, lightweight steel) is a solution that aligns with
previous studies [35]. Utilizing different building materials requires regulatory support as
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well (e.g., building codes and standards). For instance, wood construction is not widely
allowed for high-rise buildings, and lightweight steel and concrete are not widely accepted
as an alternative construction method.

Fourth, the most carbon emission-intense residential building type is small multifamily
housing with 2—4 units. Furthermore, the building exterior wall is the building assembly
contributing the most carbon emissions across all building types. This finding can be used
by building design professionals and regulators to create targeted solutions.

The contributions of this study can be described in three areas: (a) at the data level,
the archetypes created in this study can be used by researchers for a further examination of
customized carbon emission mitigation for different residential building types; (b) at the
methodology level, the proposed process and model created can be utilized for studying
other building stocks; and (c) at the empirical evidence level, the findings can be adopted
to help policy makers and regulators make informative decisions in pursuit of embodied
carbon emission reduction.

This study has three major limitations. First, mobile homes were excluded from the
study, and thus the results do not present a complete depiction of the residential building
stock. Aligned with the limitation of building types included, the archetypes created
for this study present the general conditions of the building stock and may miss unique
building types. Second, the building assemblies’ data used to assess the embodied carbon
of each archetype had low resolution. Assumptions have been made about the construction
types and materials used, which may lead to miscounting. Third, the author assumed
the following to be constant for the next decades: the percentage of the United States’
contribution to global emissions, the percentage of the building sector’s contribution to
carbon emissions, and the percentage of residential buildings’ contribution to building
sector emissions. Therefore, further sensitivity analyses should be conducted to study
different scenarios.

6. Conclusions

This research establishes a method and model to assess the embodied carbon of the
residential building stock in the United States. Sixty-four archetypes were created to
present the residential building stock, and two scenarios were established to assess the
effectiveness of six carbon emission mitigation strategies that align with the 1.5 °C and 2 °C
pathways. Findings indicate that SDs are the top contributor to embodied carbon in the
United States, and small multifamily houses are the most embodied carbon-intense building
type. Overall, the findings show that additional mitigation strategies or a large reduction
from the identified strategies are needed. While the progressive scenario produces a carbon
emission reduction of 42%, it still exceeds the carbon budget for a 1.5 °C pathway.

The proposed method supports the development of a statistically representative data
set of the whole-building LCEC results of a large building stock. With the created archetypes
and assessment model, the analysis of embodied carbon trends and the effectiveness of
mitigation strategies can be performed, allowing more detailed policies to be made based
on the analysis results. The baseline and progressive scenario results can be used as a
foundation to form a practical goal to achieve the carbon emission reduction budget.
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Nomenclature

RECS Residential Energy Consumption Survey
SD Single-family detached

SA Single-family attached

MFS  Multifamily 2—4 units

MFB Multifamily > 5 units

AHS  American Housing Survey

LCEC Life cycle embodied carbon
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