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Abstract

Life-cycle assessment is crucial for evaluating materials’ environmental impact and guiding
the development of low-carbon and sustainable buildings. However, conventional LCA
methods often overlook critical impacts during the operation and maintenance stage.
To address this gap, this study proposes an improved framework using four composite
indicators to enable systematic evaluation of six wall materials across China’s five climate
zones. Using a university teaching building in the Hot Summer and Cold Winter Zone as a
case study, this study quantitatively analyzed the economic viability and carbon reduction
potential of each material. Results indicate that lower thermal conductivity does not
necessarily imply superior economic and carbon reduction performance. Factors including
the material carbon emission factor, cost, and thermal properties, must be comprehensively
considered. Buffering materials also exhibit climate dependency—WPM and BWPM
(moisture-buffering plastering mortars) perform better in hot-humid zones than temperate
zones. All five buffer materials reduce operational energy consumption; WPM and BWPM
stand out with 15.7% and 16.7% life-cycle cost savings and 17.3% and 18.0% carbon emission
reductions, respectively. This study addresses the limitations of traditional LCC/LCA and
provides theoretical and practical support for scientific material selection and low-carbon
building design.

Keywords: life-cycle assessment indicators; wall materials; comprehensive assessment indicators

1. Introduction

The World Meteorological Organization (WMO) confirmed 2024 as the warmest year
on record, with the global mean near-surface temperature 1.55 °C above the 1850-1900 pre-
industrial baseline [1]. This intensifying climate crisis has placed greenhouse gas (GHG)
mitigation at the forefront of global concerns [2]. The construction sector accounts for
approximately 40% of global final energy use and 33% of energy-related carbon dioxide
emissions [3]. In China, the building life-cycle carbon footprint accounts for approximately
51% of the national total, with the materialization, construction, and operation stages
contributing 28.3%, 1.7%, and 21.6%, respectively [4]. Against this backdrop, advanc-
ing building energy conservation and low-carbon transition is imperative for mitigating
climate change.

The building envelope, as the primary physical barrier between indoor and outdoor
environments, is a key determinant of building energy efficiency [5]. In recent years, wall
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buffering materials have attracted considerable attention due to their potential to improve
energy efficiency, enhance indoor comfort, and reduce carbon emissions [5,6]. Research
indicates that indoor humidity not only directly affects heating and cooling loads [7,8]
but is also closely associated with mold growth on indoor surfaces [9,10]. Moreover, inap-
propriate humidity levels can adversely affect occupants’ respiratory health and immune
function [11-13]. These factors collectively underscore the growing importance of develop-
ing buffering wall materials with autonomous humidity regulation capabilities to support
healthier and sustainable buildings.

By composition, thermal insulation materials can generally be classified into board-
type and cement-based buffering materials. Common board-type buffering materi-
als include extruded polystyrene (XPS) boards [14,15], expanded polystyrene (EPS)
boards [16,17], polyurethane (PU) foam [18], rock wool boards [19], and phenolic resin
foam [20-22]. Most of these are organic materials. Among them, XPS and EPS boards have
gained widespread application due to their favorable combination of light weight, high
insulation efficiency, cost-effectiveness, and ease of installation.

Cement-based buffering materials include expanded perlite mortar [23], foamed con-
crete [24], vitrified microsphere mortar [25,26], and ceramsite concrete [27]. Among these,
expanded perlite mortar (EM) is the most widely used cement-based thermal insula-
tion material due to its excellent fire and mold resistance, ease of installation, and cost-
effectiveness [28,29].

With technological advancements, a new type of cement-based buffering material—
moisture buffering plastering mortar—has emerged in recent years. As an emerging smart
building material, it can stabilize indoor humidity through a dynamic bidirectional regula-
tion mechanism. Its operation relies on autonomous moisture response: when the ambient
relative humidity rises above a critical threshold, water vapor is spontaneously adsorbed
into the material’s microporous structure; conversely, the stored moisture is released when
the humidity drops. This reversible process enables adaptive indoor environmental reg-
ulation without external energy input [30-32]. Due to its unique ecological regulation
capability, this type of mortar has become a core component in passive energy-saving
building design.

The extended lifespan and multiple stages of buildings make it crucial to conduct a
life-cycle carbon emissions analysis of building materials. This analysis helps accurately
quantify emissions across all stages and supports the formulation of carbon management
strategies [33]. Life-Cycle Assessment (LCA) is an internationally recognized, comprehen-
sive method for evaluating the environmental impacts of products and technologies. It is
widely applied in the engineering and materials fields [34]. It divides the life-cycle into
three stages: materialization, operation and maintenance, and dismantling and disposal.
The system boundary encompasses the entire process from raw material acquisition to
final disposal.

Common metrics include Life-Cycle Assessment (LCA) [35], Life-Cycle Cost (LCC) [36],
and Life-Cycle Sustainability Assessment (LCSA). The LCA method quantifies the envi-
ronmental impacts of products, processes, or systems by statistically analyzing inputs,
outputs, and potential effects throughout their life-cycle. This method covers the entire
life-cycle, from raw material extraction (“cradle”) to use and final disposal (“grave”), of-
fering a comprehensive perspective on environmental impacts. It serves as a core tool for
sustainability assessments [34-36]. Life-Cycle Cost (LCC) evaluates the total economic
expenditure of a product, project, or system throughout its entire life-cycle, encompassing
initial investment, installation, and subsequent operational, maintenance, replacement,
and disposal costs [34,37]. Life-Cycle Sustainability Assessment (LCSA) provides a holistic
framework for evaluating the comprehensive sustainability impacts of a product or project.
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It integrates three core dimensions: environmental (through LCA), economic (through
LCC), and social (through social LCA) [38,39].

Building upon this foundation, two key evaluation metrics have been further derived:
Carbon Emission Payback Period and Avoided Carbon Emission. The former refers to
the time required for the carbon emissions reduced through energy savings during the
operational stage of a material to fully offset the embodied carbon generated during its
production and construction processes [40]. The latter refers to the total reduction in carbon
emissions achievable over the entire life-cycle through the adoption of high-performance
materials or technologies [41,42]. These two approaches provide a basis for assessing
the long-term carbon benefits of building materials by quantitatively evaluating dynamic
efficiency over time and overall scale.

However, while traditional LCA methods encompass the entire life-cycle, when ap-
plied to construction, they often treat building materials as static “commodities”. These
methods primarily account for the direct costs and environmental impacts incurred during
the production, transportation, construction, and dismantling processes of the materials.
The operation and maintenance stage is considered a distinct stage, primarily determined
by energy consumption resulting from equipment use.

To address this shortcoming, this study refines and extends the conventional LCC
and LCA methods by proposing four integrated evaluation indicators: Energy-Saving Eco-
nomic Equivalent (Cjygs), Energy-Saving Carbon Emission Reduction Equivalent (CEjygs),
Economic Payback Period (Cpaypack), and Carbon Emission Payback Period (CEpayback)-
The core methodological innovation lies in explicitly quantifying how material properties
enhance building operational energy efficiency and then translating this improvement into
a net beneficial performance metric. This metric, expressed in both economic and carbon
terms, represents the material’s net positive contribution that can be directly offset against
the burdens (costs and embodied carbon) incurred during its production, construction, and
demolition stages.

This approach enables a precise assessment of a building material’s net life-cycle
contribution, going beyond traditional stage-isolated evaluations. Based on this indicator
system, six typical wall materials—including board-type buffering materials, cement-based
buffering materials, and a control group with common plastering mortar (CM)—were
selected for horizontal comparative evaluation across China’s five climatic zones. The
aim was to reveal the interaction between climatic differences and material properties.
Meanwhile, using a university teaching building in the Hot Summer and Cold Winter Zone
as a practical case, this study quantitatively evaluated the performance of various materials
in real buildings through refined simulation and calculation to verify the practicality and
effectiveness of the proposed indicator system. This study aims to provide a novel quan-
titative analysis tool for the scientific selection of wall materials and key methodological
support for improving green building material evaluation standards.

2. Methods and Materials
2.1. Methods

To comprehensively evaluate the impact of materials across the building life-cycle, this
study proposes a framework comprising four integrated evaluation indicators to assess the
economic viability and carbon-reduction potential of materials, as shown in Table 1.
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Table 1. The significance of the four evaluation indicators and their inter-relationships.

Economic Dimension

Carbon Reduction
Dimension

Name Symbol Meaning
Energy-Saving C Used to evaluate the impact of materials on
Economic Equivalent loss the total life-cycle cost of a building.
Economic Payback Thg time reqmred for .the cumulatlv.e energy
. Cpavback savings achieved during the operational
Period pay >
stage to offset the material costs.
Energy-Saving Carbon Used to assess the impact of materials on
Emission Reduction CEjoss carbon emissions throughout the building’s
Equivalent entire life-cycle.
. The time required for carbon emissions
Carbon Emission . .
CEpayback saved during the operational stage to offset

Payback Period material-related carbon emissions.

The Energy-Saving Economic Equivalent (Cjg;) is calculated as shown in Equation (1).
Apart from covering the costs incurred during the materialization stage and the demolition
and disposal stage, it also takes into account the energy consumption changes resulting
from the use of materials during the building’s operation and maintenance stage, converting
these into associated economic costs.

Closs = Ch:0 - CMaterial (1)

where Cjuq is the Energy-Saving Economic Equivalent, CNY; Cpaterial refers to the life-
cycle cost of a material, covering the materialization, operation and maintenance, and
demolition and disposal stages, CNY. Among these, the operation and maintenance stage
includes expenses for the materials’ replacement and energy consumption costs for building
operation when using these materials. Cj,_ represents the building operational energy
consumption when this material is not used (i.e., the material thickness is 0), CNY.

When Cj, is greater than 0, it indicates that the reduction in electricity costs from
the material’s improved thermal performance exceeds the materials’ life-cycle investment,
demonstrating the material’s economic viability. If Cjy is less than 0, it indicates that
total investment exceeds operational energy savings generated, rendering the material
economically unfeasible.

The Economic Payback Period (Cpaypack) is calculated as shown in Equation (2). Specif-
ically, it denotes the duration needed for energy cost savings from improved building
envelope performance to offset the cost of employed materials.

AC
0&M @)

C _ _ SoMo&M
payback ™ Gyt + Coed

where Cpaypack denotes the Economic Payback Period, Year; ACogm represents the annual
difference in operation and maintenance costs between using this material and not using
it during the operational stage, with the unit of CNY-Year; Cyyt refers to the material
cost during the materialization stage, CNY; Cpgp denotes the material cost during the
demolition and disposal stage, CNY.

When Cpaypack does not exceed the structure’s design service life, the material is
deemed to have economically viable. Under such conditions, the shorter the Cpaypack, the
faster the investment recovery and the greater the economic benefits.

The Energy-Saving Carbon Emission Reduction Equivalent (CEj.g) is calculated as
shown in Equation (3). In addition to encompassing carbon emissions incurred during
material production and construction stages, it also includes energy consumption changes
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from material’s usage during building operation and maintenance stage, converting these
into associated carbon emissions.

CEjpss = CEn—o — CEMaterial 3)

where CEj,¢s denotes the Energy-Saving Carbon Emission Reduction Equivalent, tCOse;
CEMaterial refers to the material’s life-cycle carbon emission, covering the materialization,
operation and maintenance, and demolition and disposal stages, tCO,e. Among these, the
carbon emissions during the operation and maintenance stage include those generated by
material maintenance and the carbon emissions associated with energy consumption when
the material is used in the building; CEj—( represents the carbon emissions during the
operation and maintenance stage when the material is not used, tCO»e.

A positive CEjo¢q indicates carbon reduction feasibility, meaning life-cycle CO,e sav-
ings surpass the material’s own embodied emissions. The magnitude of CEj,¢, directly
reflects the material’s carbon reduction potential. A negative CE).s, however, signifies
the material generates more emissions than it saves, indicating it lacks carbon reduc-
tion potential.

The Carbon Emission Payback Period (CEpaypack) is calculated as shown in Equation (4).
Specifically, it denotes the duration required for energy-related carbon emission reductions
resulting from improved building envelope performance to offset the material’s embodied

carbon emissions.

CEMat + CEp&D

where CEp,ypack denotes the Carbon Emission Payback Period, Year; ACEogm represents

(4)

CEpayback =

the annual difference in carbon emissions during the operational stage between the scenario
with this material and without it, tCO,e-Year; CEp,t refers to the material-related carbon
emissions during the materialization stage, tCOze. CEpgp denotes the material-related
carbon emissions during the demolition and disposal stage, tCOe.

When CEp,ypack does not exceed the material’s design service life, this material
is deemed to have carbon reduction potential. Under such conditions, the shorter
the CEpaypback, the faster the carbon emission offset, and the greater the carbon reduc-
tion potential.

This framework broadens the perspective and system boundaries for evaluating build-
ing materials. Traditional approaches, while covering the entire life-cycle, typically treat
materials as static “commodities”. They focus on calculating the direct costs and carbon
emissions associated with the materialization, transportation, construction, and demolition
stages, while treating the operation and maintenance stage as a separate component. The
core breakthrough of this framework lies in internalizing the impact of a material’s thermal
properties on a building’s long-term operational energy consumption as a quantifiable at-
tribute inherent to the material itself. Through indicators such as “Energy-Saving Economic
Equivalent” and “Economic Payback Period”, it calculates the net performance by compar-
ing the energy-saving and carbon reduction benefits during the operation and maintenance
stage with the implicit costs and carbon emissions associated with the materialization and
demolition disposal stages. This expands the scope of evaluation from the “material’s
own footprint” to the “overall benefits of material use,” establishing a direct link between
material selection and the building’s life-cycle cost and carbon emissions performance.

This study expands the Carbon Emission Payback Period and Avoided Carbon Emis-
sion. Compared to the Carbon Emission Payback Period, the Economic Payback Period
builds on it by incorporating emissions from demolition and disposal, thereby establishing
a more comprehensive life-cycle carbon accounting boundary. Compared to Avoided
Carbon Emission, Energy-Saving Economic Equivalent integrates operational emission
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reductions with carbon emissions from material production, physical transformation, de-
molition, and other stages into a unified calculation. This avoids the potential misdirection
of focusing solely on energy savings during the operational stage, whereby excessively
high embodied carbon in materials may actually prevent achieving net carbon reduction
across the entire life-cycle.

2.2. Materials

This study classifies wall materials into a control group and a buffer material group,
as shown in Figure 1. The control group comprises the most commonly used common
plastering mortar (CM), with its mix ratio presented in Table 2. Buffering materials are
further subdivided into two categories: board-type and cement-based. Board-type buffering
materials include extruded polystyrene (XPS) boards and expanded polystyrene (EPS)
boards. Cement-based buffering materials consist of the widely used expanded perlite
insulation mortar (EM) and two high-performance moisture buffering plastering mortars
developed in the research team’s earlier work—wood-plastic buffering plastering mortar
(WPM) and bamboo-wood-plastic buffering plastering mortar (BWPM). The compositions
of the cement-based materials are provided in Table 2.

Wall material
Board-tvpc

| EM] (wpM]| [BWPM]

PRI Y

CM for Common mortar

XPS for Extruded polystyrene board

EPS for Expanded polystyrene board

EM for Expanded perlite insulation mortar

WPM for Wood-Plastic buffering plastering mortar

BWPM for Bamboo-Wood-Plastic buffering plastering mortar

Buffering material

Contro group

CM

Figure 1. Material selection and classification.

Table 2. The mix ratio of cement-based materials and common mortar.

Material Wooden Fiber Bamboo Fiber Polypropylene Fiber 12(?-Mesh Diatomite Sand (g)
(g) (g) (g Sepiolite (g) (g)
CM 0 0 0 0 0 300
WPM 1.462 0 3 9.435 0
BWPM 2.580 0.206 3 5.55 40
EM 0 0 3.2 0 0
. Expanded Redispersible Air-Entraining
Material Fly ash (g) perlite (g) polymer powder (g) agent (g) Cement (g)
CM 0 0 0 0 100
WPM 0 5.168 4 0 100
BWPM 0 9.120 4 0 100
EM 319 532 3.2 1.1 1064
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The thermal insulation performance of the two groups is presented in Table 3. The
WPM and BWPM data were obtained through actual measurements by the research team,
while the CM, XPS, EPS, and EM data were sourced from the Thermal Design Code for
Civil Buildings (GB 50176-2016 [43]). Notably, the density and thermal conductivity of the
buffering materials are lower than those of the control group (CM). A lower density helps
reduce the building load, while a lower thermal conductivity can substantially enhance the
thermal performance of the building envelope and reduce energy consumption during the
building’s operation and maintenance. Additionally, the specific heat capacities of WPM
and BWPM in the cement-based buffering material group are higher than those of other
materials. This indicates that these two materials can store more heat and reduce indoor
temperature fluctuations, creating a more comfortable thermal environment.

Table 3. Thermal insulation performance of the six materials [43].

. Density Thermal Conductivity Specific Heat

Group Material —  0/3) (W/(m-K)) Capacity (J/(kg-K))
Control CM 2000.0 1.1130 1000.0
Board-type XPS 20.0 0.0300 1380.0
EPS 35.0 0.0390 1380.0
EM 508.7 0.0974 1050.0
Cement- WPM 784.5 0.1190 5463.8
based BWPM 754.3 0.1020 5667.0

In practical applications, WPM and BWPM can directly replace CM for wall surface
finishing. For the other three buffering materials (EM, XPS, and EPS), a 20 mm thick
base mortar layer is first required, followed by the application of the respective buffering
materials. The application details of all six materials are illustrated in Figure 2.

1-Paint 5Smm
2-EM/XPS/EPS 20mm
3-Base mortar 20mm
4-Shale brick 365mm
5-Paste mortar 10mm
6-Facade bricks 9mm

1-Paint Smm
2-CM/WPM/BWPM 20mm
3-Shale brick 365mm
4-Paste mortar 10mm
5-Facade bricks 9mm

Figure 2. Schematic diagram of the construction of the six materials: (a) CM, WPM, BWP), (b) EM,
XPS, EPS.

Following extensive field investigations and market research, this study compiled cost
data and carbon emission factors for the six materials, as presented in Table 4. The price of
CM is calculated based on comprehensive on-site survey data from construction projects
and information from the China Cement Network. Data for XPS and EPS are sourced from
the “2020 Hunan Provincial Consumption Quota (Basic Price List) for Building Construction
and Decoration Engineering”. The carbon emission factor for CM is derived from its mix
ratio, while those for EPS and XPS are from the “Standard for Building Carbon Emission
Calculation” (GB/T 51366-2019 [44]).
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Table 4. The carbon emission factor and production cost of the above six materials [44].
Grou Material Carbon Emission Factor Production Price
P (kgCO,e/m?) (CNY/m?)
Control cM 265.45 605
Board-tvpe XPS 296.60 283
yP EPS 221.20 619
EM 457.20 1042
Cement-based WPM 1016.63 2317
BWPM 612.96 1397

Regarding the carbon emission factors of WPM, BWPM, and EM, direct calculation is
challenging because clear carbon emission factors are unavailable for several components
in their mix ratios (e.g., bamboo fibers, polypropylene fibers, and renewable dispersible
latex powder). With reference to the cost-carbon emission calculation model proposed by
Fu et al. [45] and the sensitivity analysis methods [46-48], the carbon emission factors of
these three materials can be approximated using Equation (5).

G

F-:
i Cem

CFcm )

where CF; is the carbon emission factor of the i-th type of mortar, kgCO,e/m?; C; is the
cost of the i-th type of mortar, CNY; Ccy is the cost of the CM, CNY; CFcy is the carbon
emission factor of the CM, kgCO,e/m?>.

The application of buffering materials reduces building operational energy consump-
tion; however, it also increases carbon emissions and the costs associated with material
production, transportation, construction, and demolition. Therefore, the use of buffering
materials has a dual impact on the economic viability and carbon-reduction potential of
buildings throughout their life-cycle.

Regarding material thickness, the “Technical specification for plasting mortar” (JGJ/T
220-2010 [49]) recommends that the average plastering thickness for walls should not exceed
20 mm. Therefore, this study sets the application thickness of all six materials to 20 mm,
with the aim of conducting a consistent comparative analysis of their life-cycle impacts.

2.3. Variations in Economic and Carbon Reduction Performance Across Climate Zones

As the world’s third-largest country in terms of land area, China’s extensive ter-
ritory gives rise to substantial climatic variations across its north-south and east-west
regions [50-54]. Accord to Section 2.3, the “Design Standard for Energy Efficiency of Public
Buildings” (GB 50189-2015 [55]) divides the country into five thermal design zones: Severe
Cold Zone, Cold Zone, Hot Summer and Cold Winter Zone, Hot Summer and Warm
Winter Zone, and Temperate Zone. The regional divisions and representative cities are
illustrated in Figure 3. Given these substantial climatic disparities, the energy-saving effects
of buffering materials vary across different zones in practical applications; therefore, this
factor must be considered when conducting the life-cycle analyses.
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Figure 3. Energy consumption of the Figure 3 model in different climate zones and Climate Zone
Classifications [55].
Air conditioning is used to control temperature. According to the Residential Building
Energy Efficiency Design Standard (DB11/891-2020 [56]). The heating season runs from
15 November to 15 February, with the air conditioner set to 18 °C. The cooling season runs
from 1 June to 31 August, with the air conditioner set to 26 °C. The residential building daily
schedule is shown in Table 5. Currently, most energy-consumption simulations of HVAC
systems during building operation and maintenance use Energy Plus [57,58]. Therefore,
the air conditioning energy consumption in this study was primarily simulated using
EnergyPlus 22.2.0.
Table 5. Residential building daily schedule [56].
Lighting Equipment Personnel
Power Density . Power Density . . Heat Output Air Conditioning
(W/m?2) Start Period (W/m?) Start Period Density (W/Person) Start Period
2.45
6 18:00-24:00 2.25 01:00-24:00 (person/household) 109 01:00-24:00

The impact of existing buffering materials on building energy consumption refers to
the effect of coupled heat and moisture transfer on residential energy consumption [59].
Dehumidifiers and humidifiers are used to regulate indoor humidity; this is in accordance
with the requirements for air conditioning in humid environments in areas where people
stay for extended periods, as specified in the Code for “Design code for heating, ventilation,
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and air conditioning of civil buildings” (GB 50736-2012 [60]). During heating, the indoor
relative humidity should not fall below 30%. During cooling, the relative humidity should
be maintained between 40% and 60%. Equipment selection references common market
products: for dehumidification, the Midea CF20BD/N7-DA1 dehumidifier (rated power
220 W) was selected; for humidification, the Midea W40S fog-free humidifier (rated power
10 W) was selected. The Midea CF20BD/N7-DA1 dehumidifier and the Midea W40S
fog-free humidifier are both manufactured by China’s Midea Group, and the products
are suitable for many countries and cities around the world. When relative humidity
is between 60% and 80%, the dehumidification equipment operates at 60% of its rated
power. When relative humidity exceeds 80%, dehumidification power increases to 90% of
the rated power. The humidification equipment consistently operates at 90% of its rated
power. This study assumes that temperature and humidity control equipment are activated
and deactivated simultaneously. Based on hourly humidity data from each region, the
energy consumption for humidity control is calculated by determining the energy usage
of humidifiers and dehumidifiers. Based on hourly humidity data from various regions
(sourced from rp5 [61]), the energy consumption for humidity control is calculated by the
energy usage of humidifiers and dehumidifiers.

By calculation, taking the detached building shown in Figure 4 as an example, the
energy consumption throughout the building’s life-cycle, including the operation and
maintenance stage, is shown in Figure 4. Building energy consumption originates not only
from temperature control but also from humidity regulation, particularly in hot and humid
climates (i.e., the Hot Summer and Cold Winter Zone and the Hot Summer and Warm
Winter Zone). For instance, in Changsha and Guangzhou, the energy demand for humidity
control accounts for 20% and 38% of that for temperature control, respectively. Therefore,
the use of humidity-regulating materials for passive moisture management is a critical
strategy for reducing the overall building energy demand. For the same building materials,
energy consumption also varies across different climatic zones. Energy consumption in the
Hot Summer and Warm Winter Zone and the Hot Summer and Cold Winter Zone is higher
than that in the Cold Zone and the Severe Cold Zone. The Temperate Zone has the lowest
energy consumption, as humidity control is rarely required there.

1-Paint Smm
2-CM/WPM/BWPM 20mm
3-Shale brick 365mm
4-Paste mortar 10mm
5-Facade bricks 9mm
6-Base mortar 20mm
7-EM/XPS/EPS 20mm

Figure 4. Residential building model.
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Carbon emission(tCO,e)-landfill

Cement-based buffering materials, WPM and BWPM, possess dual functions: humid-
ity regulation and thermal insulation. These materials can decrease building operational
energy consumption, thus providing life-cycle economic benefits and carbon-reduction
potential. In hot and humid climates (i.e., the Hot Summer and Cold Winter Zone and
Hot Summer and Warm Winter Zone), WPM and BWPM exhibit a superior energy-saving
performance compared to EM, board-type buffering materials, and CM. In cold, dry cli-
mates (e.g., the Cold Zone, Severe Cold Zone, and Temperate Zone), where humidity loads
are moderate, energy savings mainly stem from thermal insulation performance. As a
result, the energy-saving performance of board-type buffering materials is better than that
of cement-based buffering materials. Overall, the energy-saving performance of buffering
materials is superior to that of CM.

Different materials exhibit varying carbon emissions and costs during their mate-
rialization, operation and maintenance, demolition and disposal stages, as shown in
Figures 5 and 6. However, a consistent finding is that carbon emissions and costs dur-
ing the operation and maintenance stage account for nearly 90% of the life-cycle emissions
and costs. This is because this stage encompasses the entire service life of the building,
during which the continuous consumption of energy sources such as electricity and thermal
energy leads to substantial cumulative carbon emissions and costs.
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Material recycling during the demolition and disposal stage can effectively reduce
the life-cycle costs and carbon emissions of materials, thereby enhancing their economic
viability and carbon reduction potential. Notably, during the operation and maintenance
stage, WPM and BWPM can effectively reduce building operational energy consumption
over the entire service life, further validating their application potential in the green
building sector.

The four comprehensive evaluation indicators for the six materials across different
climatic zones were calculated under the material recycling scenario, with the results
presented in Table 6.

Table 6. Comprehensive evaluation indicators of the above six materials across different climate zones.

Region Indicator Control Board-Type Cement-Based
cM XPS EPS EM WPM BWPM
Closs (10,000 CNYY) 018 0.10 0.01 ~0.20 ~0.12 —0.02
Harbin Cpayback (Year) 454,65 36.67 48.90 112.02 85.18 55.88
CEjo. (tCOze) 040 2.48 2.11 0.55 0.49 1.01
CEpayback (Year) 9750 8.62 9.15 27.57 31.80 17.34
Closs (10,000 CNYY) ~0.18 0.15 0.04 ~0.18 0.02 0.12
Beijing Cpayback (Year) 454.65 32.93 4424 100.82 46.63 32.55
CEjoss (tCOse) 040 2.82 2.39 0.69 1.59 211
CEpayback (Year) 97,50 7.74 8.28 24.81 17.41 10.10
Close (10,000 CNYY) 017 0.21 0.10 —0.14 0.33 0.43
Coroback (Year) ~909.31 28.81 37.92 80.66 2357 17.10
Changsha CEpoe. (1COe) ~0.33 3.30 2.86 1.03 3.98 450
CEppayback (Year) ~195.00 6.77 7.10 19.85 8.80 531
Closs (10,000 CNY) 017 0.20 0.10 ~0.14 0.75 0.84
Coovback (Year) ~909.31 29.33 38.71 80.66 14.06 10.45
Guangzhou CEpoe. (1COe) 033 3.23 2.79 1.03 7.25 7.70
CEppayback (Year) ~195.00 6.89 7.25 19.85 5.25 3.24
Closs (10,000 CNYY) ~0.19 0.07 —0.02 —021 023 ~0.14
. C.ovback (Year) ~303.10 40.33 53.09 118.61 227.98 135.49
Kunming CEpe. (1COe) 047 221 1.91 0.48 035 0.10
CEppayback (Year) —65.00 9.48 9.94 29.19 85.11 42,04

For the control group (CM), the Cjoss and CEjos values are consistently negative
across all climatic zones, while its Cpaypack and CEpaypack far exceed its design service life
(50 years). This means CM is neither economically viable nor effective in reducing carbon
emissions over the building’s service life. For the two board-type buffering materials (XPS
and EPS), favorable economic and carbon-reduction performance is demonstrated across
all climatic zones, with minimal variation attributed to climatic conditions.

Among the three cement-based buffering materials, the economic viability and carbon
reduction potential of WPM and BWPM are sensitive to climatic conditions. In zones with
lower humidity control requirements (e.g., Harbin and Kunming), their economic and
carbon reduction performance is inferior to that of board-type buffering materials. This
is attributed to their higher raw material costs and carbon emission factors, resulting in
negative Cj,qq (indicating economic impracticability) and low CEj (reflecting low carbon
reduction potential). Conversely, in hot, humid zones (e.g., Changsha and Guangzhou), the
superior humidity-regulating capabilities of these two materials can reduce operational en-
ergy consumption, thereby delivering substantial carbon-reduction potential and favorable
economic viability. In the Hot Summer and Warm Winter Zone, BWPM achieves Cjyg Of
43,000 CNY and CEj¢ of 4.5 tCO,e, vastly outperforming its performance in the Temperate
Zone (Cjpgs: —14,000 CNY; CEjpss: 0.10 tCOse). In contrast, while EM exhibits excellent ther-
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mal insulation performance and carbon-reduction potential, its high unit-area installation
cost renders it economically unfeasible across all climatic zones. Among the six materials,
WPM and BWPM demonstrate best comprehensive performance in high-humidity zones
(e.g., Hunan and Guangzhou). Specifically, in the Hot Summer and Cold Winter Zone and
the Hot Summer and Warm Winter Zone, their economic viability and carbon-reduction
potential are superior to those of board-type buffering materials and EM, and far exceed
those of the control group (CM). Conversely, in the Severe Cold Zone, Cold Zone, and
Temperate Zone, the comprehensive performance of XPS, EPS, and EM outperforms that of
WPM and BWPM. However, regardless of the climatic zone, the comprehensive benefits of
buffering materials (both cement-based and board-type) are superior to those of CM.

Overall, the comprehensive life-cycle benefits of buffering materials cannot be deter-
mined solely by a single factor such as thermal conductivity or carbon emission factors.
Instead, a systematic evaluation should be conducted by comprehensively considering mul-
tiple factors, including cost, carbon emission factors, thermal performance, and so on. The
four indicators proposed in this study—Cioss, Cpaybacks CEloss, and CEpaypack—effectively
reveal the differences in the economic and environmental performance of materials un-
der varying climatic conditions. This provides quantitative decision-making support for
selecting buffering materials and implementing site-specific, life-cycle optimized energy-
efficiency designs for buildings.

3. Calculation
3.1. Condition

As previously outlined, among the five climate zones, the Hot Summer and Cold
Winter Zone exhibits the most substantial material efficiency and carbon reduction benefits.
Therefore, this study selects a university teaching building within this climate zone as a
case study to conduct an in-depth analysis of the economic benefits and carbon reduction
potential of the six materials in practical applications.

The case study focuses on the No.7 Teaching Building at Hunan Agricultural Uni-
versity, located in Hunan Province, China (longitude: 113.08° E, latitude: 28.18° N). This
region is characterized by concurrent rainfall and high temperatures, abundant annual
mean precipitation, and relatively high humidity, placing it within a typical Hot Summer
and Cold Winter Zone. Climatic data indicate that extreme summer temperatures can
exceed 40 °C, whereas extreme winter temperatures may fall below 0 °C, as shown in
Figures 7 and 8, which were generated using software Ladybug 1.5.0.

The case-study building consists of two distinct structures, separated by a distance of
28.8 m and linked by a connecting corridor. Each structure has a floor area of 4038.66 m?
and a ceiling height of 3.6 m. The window-to-wall ratio for classrooms and lounges is
21.67%. Functionally, the building includes classrooms, rest areas, toilets, staircases, and an
open corridor, as shown in Figure 9.

The initial configurations of the external and internal wall structures of the building
are shown in Figure 10. A modeling diagram of the case teaching building is shown in
Figure 11.

3.2. Energy Consumption Calculation

In the Hot Summer and Cold Winter Zone, the air conditioning systems of university
teaching buildings generally consist of two wall-mounted air conditioning units, and their
power specifications are detailed in Table 7. The air conditioning energy consumption in
this study was mainly simulated using EnergyPlus 22.2.0.
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Figure 7. The enthalpy-humidity diagram of Changsha in 2024.
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Figure 9. Teaching building diagram: (a) building elevation drawings and (b) standard floor plans of
the building.
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1-Paint Smm 1-Aerated concrete
2-Insulation layer mortar ( : blocks 240mm
20mm 2-Insulation layer
3-Shale brick 365mm mortar 20mm
4-Paste mortar 10mm 3-Paint 5Smm
5-Facade bricks 9mm

Figure 10. Case building wall structures: (a) external wall and (b) internal wall.
Figure 11. Modeling diagram of the case building.
Table 7. Detailed data of air conditioning in the summer and winter [62].
Cooling Summer Cooling Cooling Energy Heating Winter Heating Energy
Capacity (W) Power (W) Consumption Ratio Capacity (W) Heating Power (W)  Consumption Ratio
3500 1080 3.28 3850 1120 3.44

When utilizing EnergyPlus to simulate building energy consumption, establishing a
rational air conditioning system operation strategy is crucial. Although “Design standard
for energy efficiency of public buildings” (GB50189-2015 [55]) provides guidelines for
parameters such as indoor temperatures in air conditioned zones and classroom vacancy
rate, due to the characteristics of university teaching buildings—such as highly variable
and irregular occupancy patterns, extended operating hours, and frequent usage during
weekends and holidays—strictly following this standard to set air conditioning operation
strategies may result in inaccuracies in energy consumption predictions. Therefore, this
study examined the air conditioning management systems of nearly 20 university teaching
buildings in the Hot Summer and Cold Winter Zone by integrating data from official
website reviews with field investigations. Based on the “Design standard for energy
efficiency of public buildings” (GB50189-2015 [55]), an air conditioning system operation
strategy better aligned with the actual usage patterns of Hot Summer and Cold Winter Zone
teaching buildings was formulated. It primarily consists of the following three components.
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3.2.1. Determine the Air Conditioning Operating Period

Research indicates that universities typically initiate air conditioning for heating
when the daily average outdoor temperature drops below 8 °C, and for cooling when it
rises above 26 °C. Based on these findings, this study proposes the following strategy for
determining air conditioning operating periods: The heating mode is activated when the
daily minimum outdoor temperature drops below 8 °C, and the cooling mode is activated
when the daily maximum outdoor temperature exceeds 26 °C. To effectively differentiate
short-term meteorological fluctuations from stable operational cycles, a dynamic method
for determining the start and end times of air conditioning operation is adopted, based on
the climatological concept of “pentad temperature”. Specifically, the onset of a heating or
cooling period is defined by five consecutive days that meet the corresponding temperature
threshold, while the end of the cycle is determined by five consecutive days that falling
below the same threshold. Taking Changsha as a case study, Table 8 presents the distribution
of its cooling and heating periods over the past decade.

Table 8. Cooling and heating period in Changsha in the past decade.

Heating Start Time Heating End Time Cooling Start Time Cooling End Time

2014 14 November 15 March 1 May 27 October
2015 30 November 12 March 26 April 27 October
2016 23 November 14 March 28 April 6 October
2017 22 November 16 March 14 April 10 October
2018 18 November 22 March 18 April 7 October
2019 18 November 25 March 6 April 1 November
2020 18 November 1 April 15 April 15 September
2021 22 November 23 March 29 April 5 November
2022 21 November 15 March 6 April 25 October
2023 29 November 20 March 12 April 5 November
The start and end dates of the cooling and heating periods were sorted. After excluding
the maximum and minimum values, the median of the remaining dates was computed.
Moreover, the winter vacation period (15 January to 15 February) and the summer vacation
period (1 July to 1 September) were excluded to determine the annual cooling and heating
periods, as presented in Table 9.
Table 9. Changsha cooling and heating time of the year.
Heating Period I Winter Vacation Heating Period II Heating Period III Heating Time
1 January~15 January 15 January~15 February 15 February~18 March 21 November~31 December 85 days
Cooling period I Summer vacation Cooling period I C(t?i(r)l?:g
15 April~1 July 1 July~1 September 1 September~26 October 126 days

3.2.2. Determine Temperature Control Strategy

Based on the actual operational characteristics of university teaching buildings and in
accordance with the “Design standard for energy efficiency of public buildings” (GB50189-
2015 [55]), a temperature control strategy was developed, as presented in Table 10.

https:/ /doi.org/10.3390/buildings16020375


https://doi.org/10.3390/buildings16020375

Buildings 2026, 16, 375

17 of 24

Table 10. Teaching building indoor temperature in air-conditioned area (°C) [55].

Indoor Set Temperature of Heating and Air Conditioning Zone (°C) at the Following

Oper?ﬁng Operating Mode Calculation Moments (h)
Period 1 2 3 4 5 6 7 8 9 10 1 12
Workdavs Cooling 37 37 37 37 37 37 28 26 26 26 26 26
y Heating 5 5 5 5 5 12 18 20 20 20 20 20
Holidavs Cooling 37 37 37 37 37 37 37 37 37 37 37 37
y Heating 5 5 5 5 5 5 5 5 5 5 5 5
Operating period 13 14 15 16 17 18 19 20 21 22 23 24
Workdavs Cooling 26 26 26 26 26 26 26 37 37 37 37 37
y Heating 20 20 20 20 20 20 20 18 5 5 5 5
Holidavs Cooling 37 37 37 37 37 37 37 37 37 37 37 37
y Heating 5 5 5 5 5 5 5 5 5 5 5 5
3.2.3. Determine Classroom Vacancy Rate
In accordance with the “Design Standard for Energy Efficiency of Public Buildings”
(GB50189-2015 [55]), and considering the actual operational characteristics of university
teaching buildings, the vacancy rates are presented in Table 11. Since certain university
classrooms are still used for teaching on weekends, the vacancy rate on weekends is
50% higher than that on weekdays. Given that the course load during the 20:00-21:00 time
slot accounts for only 20% to 30% of the average daytime load, the vacancy rate is set at
70%. During non-instructional hours (0:00-7:00, 12:00-14:00, and 18:00-19:00), the vacancy
rate is 100%.
Table 11. Teaching building vacancy rates(%).
Classroom Vacancy Rate for the Following Calculation Moments (h)
Operating period 1 2 3 4 5 6 7 8 9 10 11 12
Workdays 100 100 100 100 100 100 90 50 50 50 50 100
Holidays 100 100 100 100 100 100 95 75 525 525 525 100
Operating period 13 14 15 16 17 18 19 20 21 22 23 24
Workdays 100 50 50 50 70 70 70 70 100 100 100 100
Holidays 100 525 525 525 8 85 85 85 100 100 100 100

3.3. Indicator Calculation for the Teaching Building

Taking the case building as a reference, the life-cycle costs and life-cycle carbon
emissions of the six materials were calculated, accounting for material recycling during the
demolition and disposal stage, and the results are presented in Table 12. The baseline group
represents the electricity consumption and corresponding carbon dioxide emissions during
the building’s operation and maintenance stage in the absence of insulation materials.
Compared to the single-story residence buildings examined in Section 2.3, the operation
and maintenance stage of the teaching building contributes a significantly higher share of
both life-cycle costs and life-cycle carbon emissions, accounting for over 95%. Consequently,
in the life-cycle assessment of buffering materials, particularly for large public buildings
characterized by high energy consumption intensity, it is crucial to prioritize their influence
on the building’s operational energy demand.

In terms of energy savings, both board-type and cement-based buffering materials
reduced more building operational energy consumption compared to the control group
(CM). Notably, WPM and BWPM achieved an energy reduction rate of over 18%, which can
be attributed to their combined humidity regulation and thermal insulation capabilities.
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Table 12. Carbon emissions and costs of the six materials at each stage of the teaching building
(when recycling).

Group

Material Life-Cycle Stage Cost (10,000 CNY)

Carbon Emission

(tCOze)
Baseline Operation and Maintenance 2567.294 19,810.618
Materialization 35.977 65.002
Control CM Operation and Maintenance 2562.372 19,772.640
Demolition and Disposal —0.509 0.085
Materialization 68.138 135.230
XPS Operation and Maintenance 2448.381 18,893.020
Board-type Demolition and Disposal —1.479 —7.189
Materialization 79.922 131.927
EPS Operation and Maintenance 2465.792 19,027.372
Demolition and Disposal —2.423 —14.611
Materialization 80.251 165.982
EM Operation and Maintenance 2514.673 19,404.566
Demolition and Disposal —0.638 0.107
Materialization 69.144 210.363
Cement-based WPM Operation and Maintenance 2094.609 16,163.126
Demolition and Disposal —0.200 0.033
Materialization 51.261 131.871
BWPM Operation and Maintenance 2088.223 16,113.850
Demolition and Disposal —0.192 0.032

However, certain materials can reduce energy consumption during building operations
and maintenance does not necessarily indicate their economic feasibility or carbon emission
reduction benefits. For instance, cement-based buffering material EM exhibits excellent
thermal insulation properties, with a thermal conductivity coefficient of 0.0974 W /(m-K)).
Compared to the baseline group, the use of EM reduces operational and maintenance costs
by 526,210 CNY and lowers carbon emissions during the operational stage by 406.052 tCO,e.
However, due to the relatively high production cost (1042 CNY/m?) and the necessity of
applying an additional base mortar coating prior to construction, which further increases
construction expenses, its life-cycle cost reaches 21.63553 million CNY, surpassing the
baseline group’s 25.67294 million CNY. Consequently, the adoption of EM actually increases
the cost of a building’s life-cycle. Even with their favorable thermal performance, they still
do not offer advantages in life-cycle cost analysis. Despite its economic performance and
carbon-reduction potential across different climate zones, lower thermal conductivity in
wall materials does not necessarily imply superior economic efficiency or lower carbon
emissions. Instead, a comprehensive assessment based on factors such as cost and carbon
emission factors is required.

It should be noted that, due to the high vacancy rate in the teaching building for
much of the time, the full energy-saving potential of buffering materials may not be
effectively realized under these conditions, particularly for the two moisture-buffering
plastering mortars (WPM and BWPM). Consequently, the energy-saving performance of
these buffering mortars in the teaching building is less significant than that in the detached
single-story building described in Section 2.3. Therefore, buffering materials are more
suitable for building types characterized by continuous occupancy and higher demands on
indoor thermal comfort, such as residential buildings and hotels.

The economic performance indicators for the six materials are summarized in Table 13,
while the corresponding carbon reduction indicators are provided in Table 14. The results
indicate that opting for material recycling instead of direct landfilling at the end of the
building’s service life can significantly reduce the material’s life-cycle costs and improve the
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economic viability of the materials. Specifically, during the demolition and disposal stage,
material recycling leads to reductions in both total life-cycle costs and carbon emissions,
compared to direct landfill, thereby improving the materials” economic feasibility and
carbon reduction potential.

Table 13. Economic dimension indicators of materials in teaching buildings (Cjoss and Cpayback)-

. . Control Board-Type Cement-Based
Disposal Method Indicator CM XPS EPS EM WPM BWPM
Closs o _
Landfilling (10,000 CNYY) 33.9 47.6 18.3 31.1 402.4 426.8
Cpayback 394.0 30.0 41.0 79.6 7.4 5.5
(Year)
Closs _ _
Recycling (10,000 CNYY) 30.5 52.3 24.0 27.0 403.7 428.0
Cpayback 360.3 28.0 38.2 75.6 7.3 53
(Year)
Table 14. Carbon reduction dimension indicators of materials in teaching buildings (CEjy
and CEpayback)-
. ) Control Board-Type Cement-Based
Disposal Method Indicator cM XPS EPS EM WPM BWPM
CEloss
Landfilling (tCOse) —36.3 771.8 640.3 228.5 34335 3561.4
“Bpayback 97.8 7.9 9.1 21.9 2.9 1.8
(Year)
CEloss o
Recycling (tCOse) 27.1 789.6 665.9 240.0 3437.1 3564.9
CBpayback 85.7 7.0 7.5 20.5 2.9 1.8
(Year)

In terms of economic viability, for the control group (CM), both landfilling and recy-
cling scenarios yield negative Cjys values below 0, with Cpayback consistently exceeding the
building’s design service life (50 years). This indicates that CM is not economically feasible.

For the two board-type buffering materials (XPS and EPS), despite their relatively high
initial construction costs, their excellent thermal insulation performance enables reductions
in operational energy consumption. This ultimately translates to positive economic benefits,
with (Cess > 0).

For the cement-based buffering materials (WPM and BWPM), both landfilling and
recycling disposal scenarios result in positive Cjoss values and Cpayback periods below the
building’s design service life, indicating favorable economic feasibility over the entire life-
cycle. Under the recycling scenario, the WPM and BWPM values amount to 4.024 million
CNY and 4.268 million CNY, respectively, exceeding those of the other three buffering ma-
terials, which highlights their advantage in reducing the building life-cycle cost. In contrast,
despite its excellent thermal performance that reduces operational energy consumption,
EM exhibits a negative Cjyss due to its excessively high construction cost.

The analysis of this case reveals that among the six materials, the economic hierarchy
is: BWPM > WPM > XPS > EPS > EM > CM.

In terms of carbon reduction potential, for the control group (CM), both landfilling and
recycling scenarios result in CEju values below zero, with CEpaypack periods consistently
exceeding the building’s design service life (50 years). This demonstrates that CM lacks
carbon reduction potential.
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For the two board-type buffering materials (XPS and EPS), their excellent thermal
performance effectively reduces the building’s operational energy consumption, resulting
in life-cycle carbon emission reductions of up to 789.6 tCOye (XPS) and 665.9 tCO,e (EPS).

For the cement-based buffering materials (EM, WPM, and BWPM), both landfilling
and recycling disposal scenarios yield positive CEjyss values and CEpaypack below the
building’s design service life, indicating a strong potential for carbon reduction over their
full life cycle. Under the recycling scenario, the three materials—EM, WPM, and BWPM—
achieve total building life-cycle carbon emission reductions of 240.0 tCOe, 3437.1 tCOze
and 3564.9 tCOxe, respectively.

The analysis of this case reveals that among the six materials, the carbon reduction
hierarchy is: BWPM > WPM > XPS > EPS > EM > CM.

In summary, the case study on building construction demonstrates that all five selected
buffering materials have carbon-reduction potential and can effectively reduce carbon
emissions throughout the entire life cycle of the building. Except for EM, the other four
buffering materials are economically feasible and can reduce the building’s total life-cycle
cost. Among these, the two moisture-buffering plastering mortars (WPM and BWPM) show
a particularly strong performance: they reduce life-cycle costs by 15.7% and 16.7%, respec-
tively, while reducing life-cycle carbon dioxide emissions by 17.3% and 18.0%, respectively.
These materials therefore bring about dual environmental and economic benefits.

4. Conclusions

This study builds on Life-Cycle Assessment (LCA) and Life-Cycle Cost (LCC) method,
integrating key factors: thermal performance, cost, and carbon emissions for wall materials.
An enhanced evaluation framework using four novel composite indicators was established.
This enabled a systematic assessment of the economic viability and carbon-reduction
potential of buffering materials. Five wall materials were analyzed: board-type buffering
materials (extruded polystyrene (XPS) boards and Expanded polystyrene (EPS) boards)
and cement-based buffering materials (Expanded perlite insulation mortar (EM), Wood-
Plastic buffering plastering mortar (WPM), and Bamboo-Wood-Plastic buffering plastering
mortar (BWPM)), across five climatic zones in China. A university teaching building in the
Hot Summer and Cold Winter Zone was chosen as a case study to assess the real-world
performance of these materials. The main conclusions are as follows:

The calculations for different climate zones demonstrate that:

(1) Within the same climatic zone, different buffering materials exhibit variations in carbon
emissions and life-cycle costs across the materialization, operation and maintenance,
and demolition and disposal stages. A consistent finding is that the operation and
maintenance stage accounts for over 90% of total carbon emissions and life-cycle costs
across all materials. Therefore, life-cycle assessments of buffering materials should
prioritize the impacts of this stage.

(2) Of the two board-type buffering materials, XPS and EPS exhibit consistent advantages
in both carbon emission reduction and cost-effectiveness across all climatic zones.
Among the three cement-based buffering materials, EM shows carbon reduction
potential but lacks economic competitiveness in certain climate zones. For WPM
and BWPM, both their economic viability and carbon reduction potential are highly
dependent on climatic conditions. In hot-humid zones (Hot Summer and Cold Winter
Zone, Hot Summer and Warm Winter Zone), their economic benefits and carbon
reduction potential are superior to those of board-type buffering materials and CM.
Conversely, in cold and temperate zones (Severe Cold Zone, Cold Zone, and Temperate
Zone), the comprehensive performance of board-type buffering materials outperforms
that of cement-based buffering materials.
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(3) Superior thermal insulation does not inherently imply economic viability. Taking
EM as an example, although it exhibits a low thermal conductivity (0.0974 W/(m-K))
and excellent insulating properties, which contribute to reduced energy consump-
tion during the building operation and maintenance stage, its high production cost
(1042 CNY/m?) and the necessity of pre-coating with base mortar during installation
lead to increased construction expenses. Therefore, even with its favorable thermal
performance, EM does not demonstrate an advantage in full life-cycle cost assessment.

The calculations for the case-study building demonstrate that:

(4) Compared to the control group (CM), all buffering materials effectively reduce the
operational energy consumption of buildings. Notably, the two moisture buffering
plastering mortars (WPM and BWPM) achieve an operational energy reduction rate
exceeding 18%, which can be attributed to their superior synergistic performance in
humidity regulation and thermal insulation.

(5) Among the two board-type buffering materials, XPS and EPS demonstrate net life-
cycle cost savings and carbon emission reductions. Although these two materials
entail relatively high initial costs, their excellent thermal insulation performance
offsets this disadvantage. Under the recycling scenario, XPS and EPS achieve life-
cycle cost savings of 52.3 million CNY and 24.0 million CNY, respectively, alongside
carbon emission reductions of 789.6 tCO,e and 665.9 tCOse.

(6) Among the three cement-based buffering materials, EM can reduce the building’s op-
erational energy consumption; however, its high construction costs ultimately result in
an increased net life-cycle cost (Cjogs: —0.27 million CNY). For both WPM and BWPM,
both landfilling and recycling scenarios exhibit strong economic viability over the life
cycle and significant potential for carbon emission reduction (and greater than 0; and
less than the building’s design service life). When recycling is implemented during
the demolition and disposal stage, EM, WPM, and BWPM achieve life-cycle cost
changes of —0.27 million CNY, 4.024 million CNY, and 4.268 million CNY, respectively,
alongside carbon emission reductions of 240.0 tCO,e, 3437.1 tCOse, and 3564.9 tCOze.

The enhanced evaluation framework proposed in this study addresses the limitations
of conventional LCC/LCA methods in assessing the comprehensive life-cycle benefits of
buffering materials, while offering practical theoretical tools and decision-making support
for the evidence-based selection of buffering materials and for optimizing low-carbon
building design. Therefore, future research should expand along two key directions. First,
expand coverage to include more detailed climatic zoning and a wider range of building
types. Second, integrate long-term durability and dynamic performance degradation into
the evaluation system to enhance its decision-support capabilities throughout the entire
life-cycle of buildings.
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