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Abstract

The construction sector can significantly reduce carbon emissions by decreasing cement usage,
which accounts for 9-10% of global energy related CO, emissions. To address this, this study explores
alternative materials: mass-timber and low-carbon cement due to expected urbanization with increasing
cement demand. However, the potential emission reduction and cost-saving prospects at the city scale
remain uncertain. Here, this paper creates future scenarios and compares mass-timber and low-carbon
cement in terms of carbon mitigation and cost savings. Results indicate that mass-timber buildings offer
net-negative emissions and cost savings compared to conventional concrete-frame buildings. While low-
carbon concrete buildings can achieve net-negative emissions, they require a cost increase. Both alternative
building materials reduce emissions by ~80.4% at a city-wide scale, with mass-timber buildings emerging

as the superior choice due to environmental and economic factors.
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1 INTRODUCTION

Building and construction sector has a significant carbon footprint, consuming 36% of global
energy and producing 39% of carbon dioxide (CO2) emissions (Abergel, Dean, and Dulac 2017).
Every year, we produce 17.7 Gt of concrete and 4.1 Gt of cement, the second most used material
by mass after water (Monteiro, Miller, and Horvath 2017) globally, emitting 3.1 Gt of CO>. The
total emissions from cement manufacturing account for 9 - 10% of global energy-related CO-
emissions (Cao et al. 2021). By 2050, the contribution to total anthropogenic CO2 emissions could
increase to 26% (Beyond Zero Emissions 2017) without significantly altering current cement
production practices. Decarbonizing cement production is challenging because of underlying
chemical reactions, requiring high temperatures for its processing (up to 1450 °C). The
transformation of CaCOsto CaO0, i.e., the calcination process, accounts for 60 - 65% of production-

related CO2 emissions (Antunes et al. 2022).

To reduce the usage of cement, the use of biomass-based construction materials such as
wood in residential buildings has been gaining popularity because of its low environmental impact
compared to concrete and iron/steel (Asdrubali et al. 2017; Kosny et al. 2014; Teng et al. 2018;
Pauliuk et al. 2021; Mishra et al. 2022). Mass-timber building is constructed mainly of engineered
wood, a composite wood product made by bonding layers or strands of wood fibers. A mass-timber
building can reduce emissions from the construction sector because wood has a lower carbon
footprint than steel and concrete (N&ssén et al. 2012; Ryberg et al. 2021; Konnerth et al. 2016).
Life cycle assessment of mass-timber shows that it can achieve a net-negative by using wood
residue even though excluding biogenic carbon storage benefit (Dodoo 2019). Mass-timber can

achieve net-zero without any significant system change. On the other hand, low-carbon cement



technologies require significant system change to achieve net-zero such as carbon capture and
utilization (CCU) and new facilities to manufacture low-carbon chemistry. Thus, shifting mineral-
based construction material to biomass-based construction material has the potential to mitigate

the environmental impact of the construction industry.

Replacing conventional Portland cement (PC) with advanced low-carbon cement seems
straight forward solution to reduce CO; in the cement industry. Different types of low-carbon
cement have been invented, showing that they emit 6-100% less CO. than PC clinker in their
production (Miller and Myers 2020; Shi, Jiménez, and Palomo 2011). In addition, previous
research reveals that low-carbon cement can be used as an alternative to ordinary PC and has a
lower embodied CO, (McLellan et al. 2011; Elahi et al. 2020; Luukkonen et al. 2018; Alsalman et
al. 2021). Unlike mass-timber constructions, low-carbon cement constructions require significant

system change to achieve net-zero (Watari et al. 2022).

However, only some studies investigate and compare construction materials' environmental
and economic impact from adopting alternative construction materials at the city scale. The
understanding of emission reduction and cost saving of alternative materials at the city scale is
limited because much of the literature focused solely on individual buildings or a global scale
(Churkina et al. 2020; Petrovic et al. 2019; Shubbar et al. 2020; Gu et al. 2021). Furthermore, most
of the studies only compared the environmental and economic aspects of either low-carbon cement
or mass-timber with conventional buildings and not comparing low-carbon cement and mass-
timber buildings (Dodoo 2019; Gu, Liang, and Bergman 2021; Miller and Myers 2020). Several
existing studies have estimated current building material use and their embodied CO, emission in

cities (Gontia, Thuvander, and Wallbaum 2020; Guo et al. 2021; Han et al. 2018; Liu et al. 2022,



Yang et al. 2022; Peled and Fishman 2021; Soonsawad, Martinez, and Schandl 2022; Reyna and
Chester 2015) with limited insights into reductions in emissions through supply or demand side
interventions. Although there is little research to investigate how demand-side or supply-side
interventions mitigate cement use and embodied emissions at the national scale (Gregory et al.
2021; Watari et al. 2022), they overlook the other primary building material such as iron/steel and
wood and how much cost requiring to implement those actions. This study is the first to examine
and compare the environmental and economic potential of low-carbon cement and mass-timber
buildings by focusing on mineral and bio-based materials at the city scale. This study contributes
to reducing the environmental impact of primary construction materials in cities by quantitatively
studying alternative building materials’ CO2 emissions and cost savings. In addition, this study
provides the answer to what kinds of alternative construction material is suitable in cities regarding

both environmental and economic aspects.

Intergovernmental Panel on Climate Change (IPCC) states that urban accounts for 67-72%
of global greenhouse gas emissions in 2020 (Lwasa et al. 2022). They also claim that the urban
areas could increase by up to 211% compared to the urban areas in 2015 by 2050. Therefore,
decarbonizing cities is necessary to achieve global carbon emission reduction goals. There are
some studies to analyze how cities can reach net-zero through mitigation strategies in different
sectors, but most of them have yet to consider embodied emissions from the construction materials
production (Lazarus, Chandler, and Erickson 2013; Zhang, Liu, and Qin 2014). The demand for
construction materials will increase as the growth of urban areas. This studies provide ways to
mitigate building materials' environmental and economic impact in future cities through supply-

side interventions.



This study considers two low-carbon cement chemistries: calcium sulfoaluminate (CSA)
cement and alkali-activated cement (AAC) derived from coal fly ash. These two low-carbon
cement's technological features show that they can alternate PC, and their environmental and
economic features are well studied (Juenger et al. 2011). CSA cement contains a ye’elimite and is
an up-and-coming alternative to traditional binders (Juenger et al. 2011). CSA cement requires
less calcium per ton of cement than PC, reducing CO2 emissions from the calcination process
(Gartner 2004). The availability of the source of CSA would not be a concern since annual sulfur
production is sufficient to produce enough CSA cement to cover the current world demand for

cement (Hanein, Galvez-Martos, and Bannerman 2018).

Another type of low-carbon cement, AAC, emits less CO; in its production because it does
not need a calcination process. AAC does not contain calcium but aluminosilicate powders, such
as fly ash and alkaline activating solution. AAC is a Portland clinker-free cementitious material
whose material source can rely on local materials, reducing transport costs and CO, emissions.
Additionally, they can frequently attain similar performance levels as PC when using suitable mix
proportions and surpass them in terms of acid and fire resistance (Scrivener, John, and Gartner
2018; Moon et al. 2014; Zivica, Palou, and Krizma 2015). Regarding environmental impact, AAC
demonstrates a significant advantage over PC, with a 75% lower CO2 emission than PC (Pol
Segura et al. 2023). Over time, scientific and engineering advancements have addressed early
developmental challenges associated with AAC, leading to its widespread application in
significant infrastructure projects (van Deventer et al. 2010; Davidovits 2002). This study provides
essential findings for policymakers to design future cities by comparing the potential of mass-

timber, CSA cement, and AAC regarding environmental impact and cost saving.



2 METHODOLOGY

This study uses a data-driven bottom-up approach to estimate embodied CO2 emissions by
distinguishing the building types. Two approaches are widely used to estimate the material use and
their embodied environmental impact in cities: top-down and bottom-up approaches (Tanikawa,
Guo, and Fishman 2022). The top-down approaches utilize materials flow statistics, while bottom-
up approaches use inventory data of end-use objects such as floor area to determine the material’s
environmental impact in cities. One of the promising approaches to reducing CO2 emissions from
the construction sector is substituting mineral-based materials with low-carbon alternative
materials. This research considers a supply-side strategy for alternative construction materials to

replace conventional mineral-based construction materials.

Residential buildings have distinct construction characteristics, occupant needs, and design
considerations that differ from commercial, industrial, or pavement structures. By narrowing the
focus to residential buildings, this paper can delve deeper into understanding construction
materials in a residential context. Hence, this study only focus on residential buildings in this study.
The study area is St. Paul, the central city in Minnesota, U.S. St. Paul is a metropolitan city
expected to experience stable development in the future with less than a 10% population increase
from 2018 to 2040. The findings of this research in St. Paul can have practical applications to other

cities in the U.S. and even globally that face similar situations beyond the region itself.

This research uses a bottom-up approach to estimate construction materials’ embodied CO>
emission and cost in St. Paul. | first obtained data related to the number of households from the
Met-Council government and the average floor area for single-family houses (SFHs) and multiple-

family houses (MFHs) in 2018 and 2040 from the Tax Parcel data (Minnesota Geospatial



Information Office). This study focuses on the advanced material and building technologies in the
construction industry: mass-timber buildings and low-carbon cement. Low-carbon cement and
mass-timber have a significantly lower environmental impact than ordinary PC. This research
examines and compares the economic and environmental effects of these emerging construction
technologies., assuming that all new reinforced concrete (RC) frame buildings are built as mass-
timber or low-carbon concrete. This research looked into two cases. The first case is only looking
at all RC frame buildings, excluding other type of buildings in cities. This case helps us to
understand how alternative building materials can reduce CO2 emissions and cost compared to
traditional RC buildings. Another case focused on all residential buildings in the city. The result
of this case presents the overall environment and economic impact on all type of residential

buildings, including alternative materials.

In pursuit of achieving net-negative emissions in low-carbon concrete buildings, a mere
substitution of PC with low-carbon cement chemistries falls short of the desired outcome. This
study proposes a comprehensive approach that combines multiple strategies to address this
challenge. The methodology considers the potential emission mitigation and cost implications of
incorporating low-carbon concrete chemistries, CCU, and fuel decarbonization technologies into
cement production. For evaluating CCU and fuel decarbonization, I draw upon findings from
relevant prior studies (Hepburn et al. 2019; Larson et al. 2021). On the other hand, the life cycle
assessment (LCA) of mass-timber buildings has revealed promising results, demonstrating
negative net emissions primarily due to the utilization of biomass residue, even without

considering the biogenic carbon storage (Dodoo 2019).



2.1 Floor Area

This study estimates the total floor area of light-frame (LF) and RC frame SHFs and MFHSs
in 2018 and 2040. Most of assumptions on building types are based on the U.S. Census Bureau
Field (Bureau) report. This study presumes that 94% of the SFHs in 2018 were built as LF
buildings and 8% as RC buildings. In 2040, this study assumes that 84% of SHFs are LF and the
rest are RC frames. This study distinguishes LF MFHs and RC MFHSs, considering that 73% of
MFHs were built as LF in 2018 and the rest of MFHSs are built as RC frames. 70% of MFHSs in

2040 are LF buildings, and the rest are RC frame buildings.

2.2 Embodied CO; emission

Embodied CO> emission of each building type for the BAU case and each strategy are

estimated by using the following equation:

Total New Floor Area; 3949 X EF; (1)
22 years

Annual Emission; o0 =

where Annual Emission refers to the annual embodied emission of buildings, Total New
Floor Area presents the total floor area of newly built buildings from 2018 to 2040, and EF is the
emission factor of buildings [kgCO2/m?]. The indices i presents building types (LF, RC, mass-
timber, and low-carbon concrete). This derives the emission factor (EF) for LF, RC, and mass-
timber from previous studies (Dodoo, 2019). This study estimates EF for low-carbon concrete

buildings based on the (Hepburn et al. 2019; Larson et al. 2021; Hanein, Galvez-Martos, and



Bannerman 2018; Pol Segura et al. 2023). The scope of LCA implemented to estimate (EF) is

cradle-to-gate (Table 1).

2.3 Cost Calculation
This research calculates the annual cost of implementing every strategy based on each
building type's total life cycle cost, including the production stage, construction process stage, use

stage, and end-of-life phase (Equation 2).

Total New Floor Area; 940 X CF; (2)
22 years

Annual Cost; 040 =

In equation 2, Annual Cost indicates the total life cycle cost of a building per year. CF is a
cost factor that refers to the entire life cycle cost of the building per floor area [USD/m?]. This
derives the total life cycle cost of LF, RC, and mass-timer from (Keoleian, Blanchard, and Reppe
2000; Gu, Liang, and Bergman 2021). Upon this cost, | estimate the cost of concrete buildings by
applying the cost of low-carbon cement manufacturing, CCU, and fuel decarbonization (Hepburn
et al. 2019; Larson et al. 2021; Hanein, Galvez-Martos, and Bannerman 2018; Pol Segura et al.

2023) (Table 2).

Table 1: Emission Factor

Building Type Net Emission Balance [kgCO2/m?]
LF 57.30

RC 204.97
Mass-Timber -101.94

Low-carbon concrete (Low-end) -66.91

Low-carbon concrete (High-end) -124.21
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Table 2: Cost Factor

Building Type Life Cycle Cost [USD/m?]
LF 1932
RC 3628
Mass-Timber (Low-end) 3537
Mass-Timber (High-end) 4092
Low-carbon concrete (Low-end) 3785
Low-carbon concrete (High-end) 3895
3 RESULTS

3.1 Concrete Frame Buildings

This study first investigated environmental and cost impact of mass-timber and low-carbon
concrete by only focusing on RC frame buildings at city-scale. In this case, this research finds that
mass-timber buildings possess the potential to achieve net-negative emissions while also offering
cost reductions when compared to the BAU scenario in 2040. Replacing conventional RC frame
buildings with either mass-timber or low-carbon concrete constructions presents a promising
opportunity to diminish the embodied emissions of RC frame buildings. Mass-timber and low-
carbon concrete exhibit the potential to become net-negative buildings, but implementing low-
carbon concrete strategies entails increased costs compared to the BAU scenario (Figure 1). The
analysis for RC frame buildings shows that mass-timber buildings can reduce embodied CO;
emission by 149.7% compared to the BAU case in 2040. Similarly, the low-carbon concrete
strategies offer significantly lower net emissions, ranging from 132.7% to 160.6% less than the

BAU scenario.
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Regarding cost implications, adopting mass-timber and low-carbon concrete technologies
may lead to varied outcomes. The cost of mass-timber construction could range from -2.51% to
12.79% compared to the BAU, indicating potential cost savings. On the other hand, implementing

low-carbon concrete results in cost increases of 4.35% to 7.36% relative to the BAU scenario.
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Figure 1: Annual Net Emission and Cost for RC frame buildings. The red horizontal red line
indicates annual cost of BAU scenario, and vertical red line shows net zero emission.

3.2 City-Wide Scale Estimate
Now, | estimated the environmental and economic impact of alternatives by considering
all type of residential buildings in the city. The city-wide scale analysis includes embodied

emission and life cycle costs of all types of buildings. All scenarios contain conventional LF
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buildings. The BAU scenario comprises RC frame buildings, the mass-timber method includes
mass-timber buildings, and the low-carbon concrete scenario incorporates low-carbon concrete
buildings in addition to conventional LF buildings. City-wide scale analysis indicates that
transitioning RC frame buildings to mass-timber or low-carbon concrete buildings cannot reach
net-negative emission at the city scale. But both scenarios show significant potential for reducing
embodied carbon emissions within the construction sector. Similar to the analysis for concrete-
frame buildings, the adoption of mass-timber buildings presents a cost-saving benefit compared to
the BAU scenario, while the low-carbon concrete scenario results in increased costs (Figure 2).
The results show that mass-timber and low-carbon concrete strategies can effectively reduce
emissions by 75.0% and 66.4~80.4%, respectively, compared to the BAU scenario. Regarding
costs, the mass-timber approach offers potential cost reduction, with expenses ranging from -0.9%
to 4.4% compared to the BAU scenario. This suggests a cost-saving potential when implementing
a mass-timber strategy at a city-wide scale. Conversely, the low-carbon concrete strategy results

in 1.5% to 2.5% cost increases relative to the BAU case.

Overall, the results highlight the significance of mass-timber and low-carbon concrete
strategies in substantially lowering carbon emissions in the construction sector at the city level.
While both strategies may not achieve net-negative emissions, they offer valuable opportunities
for emission reduction and, in the case of mass-timber, potential cost savings compared to

conventional building approaches.
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Figure 2: Annual Net Emission and Cost for City-Wide Scale. The horizontal red line is annual
cost of BAU case and vertical red line presents net zero emission.

4 DISCUSSION

The results show that mass-timber buildings can achieve net-negative carbon emission and
cost reduction compared to the BAU scenario when considering only RC buildings in the city.
Low-carbon concrete buildings also have the potential to obtain net-negative but require an
increased cost than the BAU case. The city-wide scale analysis presents that the transition of RC

frame buildings to mass-timber and low-carbon concrete buildings can significantly reduce
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embodied emissions of buildings. We need to reduce embodied emissions of LF buildings to
achieve net-zero at a city-wide scale. In addition, mass-timber can have cost-saving benefits, while

the low-carbon concrete strategy requires more cost than the BAU case on a city-wide scale.

The key finding of this study is that mass-timber is a preferable strategy over low-carbon
concrete strategy to reduce embodied carbon emissions in the construction sector due to its cost-
saving benefit. Furthermore, unlike the low-carbon concrete strategy, the mass-timber approach
does not require significant manufacturing system change. The results contribute to understanding
and comparing alternative concrete materials' environmental and economic potential at the city
scale. Mass-timber is preferable to implement in the city than low-carbon cement technology

regarding embodied emission and life cycle cost of buildings.

This paper shows the uncertainty of cost and emission reduction benefits of mass-timber
and low-carbon strategies for multiple reasons. One of the critical determinants of the cost
associated with mass-timber buildings is their service life span. For mass-timber buildings to
exhibit a lower life cycle cost than RC frame buildings, they should ideally have a service life of
over 75 years (Gu, Liang, and Bergman 2021). Low-carbon cement strategies' cost and emission
outcomes exhibit variations due to several factors. The uncertainty surrounding low-carbon cement
chemistry, carbon capture and utilization (CCU) technologies, and fuel decarbonization
significantly influence the results. The intricate interplay of these factors underscores the
complexity of assessing and implementing mass-timber and low-carbon strategies. While
achieving favorable cost and emission reductions is feasible, it requires a comprehensive

understanding and consideration of the multiple contributing elements. This paper's findings
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emphasize the importance of making informed decisions and developing holistic approaches when

integrating mass-timber and low-carbon strategies in construction and infrastructure development.

It is worth noting that the widespread adaption of low-carbon cement faces numerous
challenges related to regulation, supply chain, product durability, cost-effectiveness, and
sustainability issues, despite the environmental and economic advantages of low-carbon cement.
The whole cement industry’s supply chain and construction standards are deeply intertwined with
PC production, which often leads to reluctance towards emerging new cement technologies,
particularly those without clinkers. Some prior studies have pointed out that low-carbon cement
has several issues with technology, cost, and availability of resources, making it challenging to
replace PC immediately (Gartner 2004; Scrivener, John, and Gartner 2018). Overcoming these
obstacles is essential for utilizing the significant environmental benefits of emerging low-carbon

cement in cities.

On the other hand, mass-timber is a technology that can be used currently rather than a
technology that may become available in the future. There are already some mid-rise and high-rise
mass-timber buildings globally, including in some U.S. cities. Since replacing the entire PC with
low-carbon cement as an alternative for PC is difficult in the current situation, we should prioritize
mass-timber buildings over low-carbon concrete buildings in urban cities. Moreover, mass timber
buildings not only offer environmental benefits but also enhance the resilience of cities by
providing increased fire and disaster resistance (Churkina et al., 2020). Therefore, the city
government and planners should encourage their residents and construction companies to build
more mass-timber buildings through policy interventions, for example, financial support to cover

building costs.
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5 CONCLUSION

This paper investigates and compares the future scenarios of the environmental and
economic impact of mass-timber and low-carbon concrete to determine which technologies are
more suitable for cities. This study finds that mass-timber buildings can have net-negative
emissions with cost savings than BAU in 2040. Although both alternative concrete strategies can
reduce carbon emissions significantly, the results show that the mass-timber approach is a suitable
strategy over low-carbon concrete buildings regarding the mass-timber strategy’s cost-saving

benefit at the city scale.

This study contributes to understanding the potential environmental and economic benefits
of mass-timber and low-carbon concrete buildings in the construction sector. The findings can aid
policymakers, city governments, and planners in making informed decisions to design future cities
prioritizing low-carbon and sustainable building materials. Further research is needed to address
the uncertainties associated with cost and emission reduction benefits and overcome the challenges

in the widespread adoption of low-carbon cement technologies.
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APPENDIX
Table Al: Base Assumption (Based on U.S. Census Bureau)

Category Assumption Rationale

In 2018

SFHs built as LF 94% The average of SFHSs built as
wooden light-frame building
between 2009-2018

MFHs built as LF 73% The average of MFHSs built as
wooden light-frame building
between 2009-2018

In 2040

SFHs built as LF 84% The SFHs built as LF in 2020
is 92%. Through 2010 to
2020, the percentage of
concrete-frame SFHs increase
from 4% to 8%. Thus,
concrete-frame SF is added
8% from 2020 to 2040.

MFHs built as LF 70% The MFHs built as LF in 2020

is 70%. Through 2010 to
2020, the percentage of
concrete-frame MFHSs are the
same. Thus, the percentage of
concrete-frame MFHs in 2040
is the same 2020.
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Code Availability

The code and data are available in:

https://qithub.com/akiokuyama/Mass-Timber-v.s-Low-Carbon-Concrete/tree/main
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https://github.com/akiokuyama/Mass-Timber-v.s-Low-Carbon-Concrete/tree/main
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