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A B S T R A C T

One significant challenge in lightweight modular integrated construction (MIC) is to determine 
the optimal performance of external wall to minimize life-cycle energy consumption, economic 
costs, and environmental impact (3E). This study compares 3E-objective and single-objective 
optimization methods for determining the optimal thickness of MIC across five distinct climatic 
zones in China. Additionally, it analyzes how factors like heating, ventilation, and air condi
tioning (HVAC) operational duration, climate change, grid emission factors, and building lifespan 
affect the optimal thickness. Results reveal that the 3E-objective optimization method achieves 
the highest cost-benefit ratio in carbon reduction, outperforming the energy or environmental 
method. Lightweight external walls, with low thermal mass, have an optimal thickness deviating 
from the current nearly zero-energy building standard, with deviations reaching up to 200 mm in 
optimal thickness. Reduced HVAC operational duration, global warming, decreased grid emission 
factors, and extended building lifespan contribute to a potential reduction in the optimal wall 
thickness by up to 140 mm. These deviations in the configuration of these factors, although they 
may lower life-cycle cost investments compared to the optimal thickness, could potentially be 
unfavorable or detrimental to reduce life-cycle energy consumption and carbon emissions. The 
deviation in HVAC operational duration exhibits the most significant impact on life-cycle 3E 
results, reaching up to 8.4 %. Climate change has a relatively minimal impact on the life-cycle 3E 
results. This research can advance the cost-benefit ratio in carbon emission reduction of MIC and 
highlight the need for flexible building standards to accommodate climatic and operational 
variations.

Nomenclature
A Total wall area (m2)
C Initial investment per unit weight (CNY/kg)
Cop,n Operational costs in the n year (CNY)
Ct Total economic costs (CNY)
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(continued )

CO2 Embodied carbon emissions per unit weight (kg⋅CO2/kg)
CO2em Total embodied emissions (kg⋅CO2)
CO2op,n Operational carbon emissions in the n year (kg⋅CO2)
CO2 t Total carbon emissions (kg⋅CO2)
EE Embodied energy per unit weight (MJ/kg)
EF Carbon emission factor for electricity (kg⋅CO2/kWh)
Et Total energy consumption (MJ)
EUn Annual energy electricity consumption in the n year (kWh)
EU0 Annual energy electricity consumption of the reference year (kWh)
g Growth rate
i Interest rate
k Inflation rate
L Thickness (mm)
l Loss rate
M Total mass of the material (kg)
N Building lifetime
n year counter
r Number of material replacement
α Cost per unit of electricity (CNY/kWh)
Xj,d Dimensionless number of the evaluation parameter ,Et,d , Ct,d, and CO2 t,d

Xj,d,min Minimum dimensionless number of the evaluation parameter
Xj Evaluation parameter, Et , Ct , and CO2 t

Xj,opt Evaluation parameters corresponding to the optimal thickness
Xj,opt,base Evaluation parameters corresponding to the optimal thickness for the operating baseline
Yd Dimensionless trade-off Pareto frontier
Yd,opt Dimensionless unique optimal solution
Subscript
em Embodied
gal Galvalume sheet
insul Insulation material
opt Optimal solution
op Operational
t Total
Abbreviations
EPS Expanded polystyrene
HSCW Hot summer cold winter
HSWW Hot summer warm winter
HVAC Heating, ventilation, and air conditioning
MAE Mean absolute error
MIC Modular integrated construction
nZEB Technical standard for nearly zero energy buildings
RMSD Root mean bias error
SC Severe cold
SSP Shared socioeconomic pathway
XPS Extruded polystyrene
COP Coefficient of performance

1. Introduction

The global building sector plays a crucial role in mitigating global warming with 34 % global energy demand and 37 % related 
carbon emissions in 2022 [1]. Recent studies have revealed the growing significance of embodied energy and carbon emissions 
associated with building material production and processing, yet their significance is often underestimated in life-cycle analysis [2].

The external wall plays a crucial role in minimizing embodied and operational energy consumption in buildings. Determining the 
optimal design for external wall is imperative for mitigating global climate change, enhancing energy efficiency, and reducing eco
nomic costs [3].

In earlier studies, most researchers employed single-objective optimization techniques to explore the optimal insulation thickness 
based on energy efficiency analysis [4–6]. Given the global drive towards carbon neutrality and recent revisions in building regula
tions, an increasing number of researchers have commenced integrating carbon emissions studies into this field [3,7–9]. The envi
ronmental payback periods for the use of insulation materials are much shorter than economic ones. This reveals the environmental 
importance of thermal insulation in buildings [3]. The optimum insulation thickness calculated through the environmental criteria 
results, in some cases, 10 times higher than the one calculated through the economic criterion [7,8]. When faced with uncertainties 
surrounding energy decarbonization in specific cities, this more cautious approach involving over-investment based on environmental 
impact may be recommended [10]. Obviously, such an approach is not always suitable. Several studies have considered 
multi-objective trade-offs, including one or more of economy, energy, electricity tariff, or thermal comfort [3,11–13]. In the process of 
multi-objective optimization, the setting of parameters plays a crucial role in determining the optimization solutions. As indicated by 
the literature review, the optimal thickness of external wall is contingent upon a multitude of parameters, including building oper
ational mode [14,15], climatic conditions [13,16–19], grid emission factors [9,17], building lifespan [8], and other parameters [20]. 
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The setting of these parameters may deviate from national standards or codes, such as the technical standard for nearly zero energy 
buildings GB/T51350 [21].

When evaluating multiple objectives such as economic costs, energy consumption, and carbon emissions (3E) during both the 
embodied and operational phases of buildings, conflicts often arise among these objectives. Multi-objective optimization methods have 
been proven to be effective in addressing such conflicts. Notably, the Non-dominated Sorting Genetic Algorithm (NSGA-II) has been 
successfully employed by researchers to formulate multi-objective optimization problems and is widely acknowledged as one of the 
most efficient genetic algorithms [22]. Li et al. [13] utilized NSGA-II to seek the optimal Pareto set among the three objective functions 
of heating demand, cooling demand, and global cost, demonstrating great potential in enhancing building energy efficiency. Naji et al. 
[20] carried out the optimization of envelope parameters using the NSGA-II algorithm. Wu et al. [12] used the NSGA-II algorithms to 
optimize the design of residential buildings in hot summer and cold winter regions with respect to energy consumption, thermal 
comfort, and daylighting performance, incorporating the ideal point method to determine the optimal combination of building 

Fig. 1. Research workflow.
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parameters from the Pareto frontier. The ideal point method is a decision-making technique used to evaluate and select the optimal 
solution that is closest to the ideal point, thereby determining the best combination of building parameters.

Based on the authors’ current review, no research has delved into the optimization of external wall in lightweight Modular In
tegrated Construction (MIC). MIC represents a distinctive off-site construction approach, which can significantly reduce the average 
embodied carbon emissions by 15.6 % [23] and life-cycle costs by 21 % [24], compared to traditional construction methods. Typically, 
MIC utilizes lightweight and durable materials as opaque envelopes, such as sandwich panel systems or wood-framed systems [25]. 
There are significant differences in both composition and energy characteristics between lightweight MIC envelopes and traditional 
heavyweight building envelopes [23,26–28]. The use of these lightweight envelopes has increased operational energy consumption 
and carbon emissions [23,26–28]. Nevertheless, it remains uncertain whether such an increase will occur in different climatic zones 
and under the scenario of future climate change according to the previous comparative energy performance studies [29]. No studies 
have systematically examined the trade-offs between embodied and operational energy, economic costs, and carbon emissions specific 
to the external wall of lightweight MIC. Additionally, the potential deviation of the optimized thickness caused by incorrect parameter 
settings during the optimization process, and its positive or negative impact on economic benefits, energy efficiency, and carbon 
emissions over the whole life cycle have yet to be explored.

This paper aims to contribute to the development of MIC towards reduced life-cycle energy consumption, economic costs, and 
carbon emissions associated with MIC’s external wall. The novelty of this study lies in the following. 

• A comprehensive examination is conducted on the embodied and operational energy, economic, and environmental aspects of the 
external wall of lightweight MIC.

• An optimization approach integrating NSGA-II and the ideal point method is adopted to determine the optimal thickness of external 
wall, balancing the trade-offs among life-cycle economic costs, energy consumption, and carbon emissions.

• The effect of deviations in the settings of HVAC operational mode, future climate change scenarios, grid carbon emission factors, 
and building lifespan on the selection of the optimal thickness of external wall during the 3E-objective optimization process, as well 
as on the life-cycle 3E results is explored.

2. Methods

The study employed a representative lightweight MIC in China as the building model to investigate the optimal thickness of 
external wall. Firstly, models for the energy, economic, and environmental aspects of the building’s external wall, as well as the 3E- 
objective optimization method were established. Then, an analysis of the comparative results of optimization attained through various 
single-objective optimization methods and 3E-objective optimization methods was presented. Finally, the influence of various factors 
in the process of external wall optimization on the optimal thickness was analyzed. The research workflow employed in this study is 
depicted in Fig. 1.

Fig. 2. (a) Baseline building, (b) the external wall in MIC, and (c) its floor plan layout.
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2.1. Building model and selected locations

The baseline building used in this study was a representative MIC located in Changsha, China. It was a multi-story residential 
building with a total floor area of 2968 m2 and an average height of 33 m. Fig. 2 depicts an overview of the selected building, including 
its external wall structure and floor plan layout. The external wall was constructed using an innovative sandwich panel system con
sisting of a low-density core and two rigid coatings, thereby constituting a lightweight envelope. This external wall design facilitates 
energy-efficient practices within the construction industry while promoting the development of environmentally friendly buildings 
[30].

In this study, three types of lightweight sandwich panel systems with commonly used core materials were evaluated: rock wool, 
expanded polystyrene (EPS), and extruded polystyrene (XPS). Table 1 shows the physical properties of the sandwich panel system 
materials. The primary thermal performance was attributed to the insulation material in the core layer. The sandwich panel system is 
commonly used in applications where the core layer thickness exceeds 50 mm [31]. In addition, it is essential to consider that 
excessively thick walls may impede the efficient space utilization within the structure. For our research, a range of thickness from 50 
mm to 400 mm, with an increment of 50 mm, was considered. This range complies with GB/T51350 [21] across all climatic zones. Five 
climatic zones of China were selected, namely severe cold (SC), cold, hot summer and cold winter (HSCW), hot summer and warm 
winter (HSWW), and mild. Five representative cities in these zones were chosen for detailed analysis. Table 2 shows the thermal 
performance of the external wall and the thickness range of the corresponding insulation layer based on GB/T51350 [21] in the five 
selected cities.

2.2. Optimization method

The present section outlines the detailed life-cycle energy, economic, and environmental models, followed by the optimization 
procedure for achieving 3E-objective.

2.2.1. Energy model
The primary focus of this investigation lies in examining the energy consumption associated with both embodied energy of external 

wall materials and operational energy usage related to HVAC systems. Embodied energy consumption is defined as the total amount of 
primary renewable and non-renewable energy utilized in extracting raw material sources, transportation, processing, and production 
of selected building materials. The total mass of external wall material can be calculated by Eq. (1) and Eq. (2) [32]: 

Mgal =A × ρgal × Lgal (1) 

Minsul = A × ρinsul × Linsul × (1 + r) × (1 + l) (2) 

where Mgal and Minsul are the masses of galvalume sheet and insulation material, ρgal and ρinsul are the densities of galvalume sheet and 
insulation material, Lgal and Linsul are the thicknesses of galvalume sheet and insulation material, A is the total external wall area, r is the 
number of insulation material replacement during the entire lifespan of the building, and the lifespan of insulation material is assumed 
to be 20 years, and l is fractional loss rate of the insulation material during the construction, which is assumed to be 5 % here.

For operational energy, once the site energy was calculated, it was converted to primary or source energy savings using a site-to- 
source conversion factor of 3.6 MJ/kWh [33].The total energy consumption Et during life cycle was calculated by Eq. (3): 

Et =3.6
∑N

n=1
EUn +

(
EEgal × Mgal +EEinsul × Minsul

)
(3) 

where EUn is the annual energy electricity consumption related to HVAC in the n year, N is the building lifetime, and EEgal and EEinsul 
refer to the embodied energy per unit weight of galvalume sheet and insulation material.

2.2.2. Economic model
The economic model includes the initial and replacement investment associated with external wall materials, as well as the 

operational costs related to HVAC systems over a specified lifetime. Considering the time value of economic costs is crucial in eval
uating project financial feasibility and long-term profitability. The annual operational costs Cop,n in the n year and total economic costs 
Ct during life cycle were calculated according to the following Eq. (4) and Eq. (5) [7], respectively: 

Cop,n =EUn × α (4) 

Table 1 
Physical properties of the sandwich panel materials.

Materials Thermal conductivity (W/(m⋅K)) Density (kg/m3) Specific heat capacity (kJ/kg⋅K)

Rock wool 0.041 140 1.22
XPS 0.032 40 1.40
EPS 0.040 30 1.40
Galvalume sheet 58.200 7850 0.48
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Ct =
(
Cgal × Mgal + Cinsul×Minsul

)
× (1 + i)N

+
∑N

n=1
Cop,n × (1 + i)N− n

× (1 + k)n− 1 (5) 

where Cgal and Cinsul are the initial investments of per unit weight of galvalume sheet and insulation material, i is the interest rate, k 
refers to the inflation rate, and α is the cost per unit of electricity.

2.2.3. Environmental model
The comprehensive life-cycle carbon emissions encompass an evaluation of embodied carbon emissions associated with external 

wall materials and operational carbon emissions related to HVAC systems. The total embodied emissions CO2em and operational carbon 
emissions CO2op,n in the n year were calculated by Eq. (6) and Eq. (7), respectively, and the total carbon emissions CO2t during life cycle 
was calculated using Eq. (8): 

CO2em =CO2gal × Mgal + CO2 insul×Minsul (6) 

CO2op,n =EF × EUn (7) 

CO2 t =
∑N

n=1
CO2op,n + CO2em (8) 

where CO2gal and CO2 insul are the embodied carbon emissions per unit weight of galvalume sheet and insulation material, and EF refers 
to carbon emission factor for electricity.

The specific parameter configurations in the energy, economic, and environmental models are presented in Table 3.

2.2.4. 3E-objective optimization method
The above 3E models, encompassing energy, economy, and environment, should be dimensionless to facilitate standardized 

comparisons on a consistent scale, as demonstrated in Eq. (9): 

Xj,d =
(
Xj − Xj,min

) / (
Xj,max − Xj,min

) (
0≤Xj,d ≤1

)
(9) 

where Xj,d is the normalized dimensionless function of Xj, Xj is the evaluation parameter, such as Et, Ct, and CO2t . Xj,max and Xj,min are 
the maximum and minimum values of evaluation parameters.

The 3E-objective optimization method was to identify a good trade-off Pareto frontier Yd that can achieve the best balance among 
three dimensionless indicators throughout the entire life cycle, which can be expressed in Eq. (10): 

min Yd =
(
Et,d,Ct,d,CO2 t,d

)
(10) 

where Et,d,Ct,d, and CO2t,d are the objective functions that need to be optimized, which are the normalized dimensionless functions of 

Table 2 
Thermal performance of the external wall and the thickness range of the corresponding insulation layer according to nZEB standard GB/T51350 [21].

Cities (Climatic zones) Latitudes climatic zones Thermal transmittance of external wall (W/m2⋅K) Thickness range based on nZEB 
standard (mm)

Chinese Köppen-Geiger Rock wool XPS EPS

Harbin (SC) 45◦45′ SC Dwa 0.10–0.15 265–400 208–300 260–395
Beijing (Cold) 39◦54′ Cold Dwa 0.15–0.20 190–265 150–208 193–260
Changsha (HSCW) 28◦12′ HSCW Cfa 0.15–0.40 96–265 75–208 94–260
Guangzhou (HSWW) 23◦08′ HSWW Cfa 0.30–0.80 45–130 35–100 44–126
Kunming (Mild) 25◦02′ Mild Cwb 0.20–0.80 45–190 35–150 44–193

Table 3 
Parameters utilized in the calculations [7,34–38].

Parameters Units Values Parameters Units Values

i % 4.9 α CNY/kWh 0.547
k % 2.56 N Year 60
Cinsul-Rock wool CNY/m3 420 CO2 insul -Rock wool kg⋅CO2/kg 1.05
Cinsul-XPS ​ 620 CO2 insul -XPS ​ 3.45
Cinsul-EPS ​ 320 CO2 insul -EPS ​ 2.55
Cgal CNY/kg 4160 CO2gal ​ 0.96
EF-Harbin kg⋅CO2/kWh 0.6342 EEinsul -Rock wool MJ/Kg 16.8
EF-Beijing ​ 0.5688 EEinsul -XPS ​ 109.2
EF-Changsha ​ 0.5138 EEinsul -EPS ​ 88.6
EF-Guangzhou ​ 0.4715 EEgal ​ 17.6
EF-Kunming ​ 0.1235 ​ ​ ​
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Et , Ct, and CO2t calculated by Eq. (9), respectively.
The NSGA-II is a method that utilizes non-dominated sorting, crowding distance calculation, and selection operations to tackle the 

challenges of searching and maintaining the Pareto frontier, thereby enhancing computational efficiency and convergence rate. The 
NSGA-II algorithm iteratively adjusts the energy, economic, and environmental objective values based on the performance simulation 
results of the model to generate multiple combinations of morphological parameters for exploring Pareto optimal solutions. In the 
decision-making process, these three objectives were treated equally and assigned the same weight in this study. Table S1 in the 
Supplementary Information (SI) file presents the algorithm parameters and their corresponding values for the multi-objective 
optimization.

A set of trade-off solutions consistent with the Pareto optimal state decision variables was calculated by NSGA-II, instead of a 
unique optimal solution. The ideal point method [12] was employed to select the most suitable solution from the non-dominated 
options on the Pareto frontier, to help decision-makers identify the optimal solution that considers all objectives equally important. 
Eq. (11) was used to calculate the distance between each solution and the ideal point, thereby determining the minimum distance as 
the dimensionless unique optimal solution Yd,opt. 

Yd,opt =min
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑3

j=1

(
Xj,d − Xj,d,min

)2
√

(11) 

Where Xj,d,min is the minimum dimensionless number of the evaluation parameter.
Finally, the obtained dimensionless unique optimal solution was used to inverse-calculate each evaluation parameter through Eq. 

(9), and then the optimal thickness corresponding to the evaluation parameter value was calculated by interpolation method.

2.3. Influencing factors

The optimal thickness of external wall is influenced by multiple factors, primarily including building operational parameters and 
external climatic variations. The subsequent sections will elaborate on the details of these factors.

2.3.1. Building operating conditions
The entire residential building was selected for analysis. Two HVAC operational duration modes were considered: full-time and 

part-time. The full-time mode referred to the continuous operation of the HVAC system throughout the entire space all day, ensuring 
maintenance of thermal comfort at a comfortable level and indoor air quality at an acceptable level for the entire space. In contrast, the 
part-time mode adopted a local space and time-sharing operational strategy, enhancing its energy efficiency. Table 4 shows the pa
rameters in the energy calculation model.

The energy-saving measure of adopting ventilation for cooling technology (referred to as ventilation cooling) has been compared. 
The control strategy for ventilative cooling, which involves a mechanical ventilation airflow rate of 2 air changes per hour, was derived 
from the previous research [29]. For the baseline case without ventilative cooling, the set temperature for heating and cooling indoor 
air is 20 ◦C and 26 ◦C, respectively.

This study selected three different building lifespans of 20 years, 40 years, and 60 years for comparison. During the building 
lifespan, three alternative grid technology scenarios were established: a baseline scenario with an unchanged grid emission factor, a 
dynamic scenario with a 2 % decrease annually in the grid emission factor (referred to as the 2 % decarbonization model), and another 
dynamic scenario with a 5 % decrease annually in the grid emission factor (referred to as the 5 % decarbonization model) [10]. Table 5
summarizes the optimization scenarios of this study.

2.3.2. Climate change and energy demand calculation
Considering the effect of future climate change, the future weather data for the 2050s and 2080s were predicted using the Future 

Weather Generator (https://adai.pt/future-weather-generator) [40], which enables the forecasting of building energy consumption. 
The current weather data records were obtained from the climate.onebuilding.org website, covering a period from 2004 to 2018 [40]. 
Building energy simulations were conducted via the EnergyPlus platform [7] to estimate the current and future operational energy 
consumption.

Fig. 3 shows the evolution model of energy demand for cooling and heating. To more accurately reflect energy consumption trends, 
segmented calculations of the annual growth rate of energy consumption for each period were performed, and interpolation of energy 
consumption for intermediate years was carried out using these growth rates by Eq. (12). This process aims to derive precise predicted 
values for HVAC energy consumption [41]. 

Table 4 
Parameters in the energy calculation model [39].

Inputs Values

HVAC system operating hours 8:00–21:00 for living room; 22:00–7:00 for bedroom
Internal heat sources Lighting: 5 W/m2; 

People: 120 W/person; 
Equipment: 3.8 W/m2

Minimum fresh air 30 m3/h per person
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EUn = EU0(1 + g)n (12) 

Where EUn is the annual energy electricity consumption in the n year, EU0 is the annual energy electricity consumption of the reference 
year, g is the growth rate, and n is a year counter.

The annual energy demand was comprehensively evaluated across a wide range of scenarios, encompassing 1080 distinct cases that 
incorporated variations in sandwich panel systems, weather files, climatic zones, and HVAC operational modes. Python was efficiently 
utilized for batch simulation to handle such a substantial number of cases.

Table 5 
Variable settings in the optimization scenarios.

Influencing factors Related variable settings Additional description

Weather Files (15 options) 1) Taiping international airport Regard climate change as the operating baseline
2) Beijing capital international airport
3) Huanghua international airport
4) Baiyun international airport
5) Wujiaba international airport

Sandwich panel systems (24 options) 1) Rock wool A range of thickness from 50 mm to 400 mm, with an increment of 50 
mm2) EPS

3) XPS
HVAC operational mode (3 options) 1) Full-time mode without ventilative 

cooling
Operating baseline

2) Part-time mode without ventilative 
cooling
3) Full-time mode with ventilative cooling

Building lifespans (3 options) 1) 60 years Operating baseline
2) 40 years
3) 20 years

Grid carbon reduction mode (3 
options)

1) Static grid emission factor Operating baseline
2) 2 % decarbonization model
3) 5 % decarbonization model

Fig. 3. Evolution model of energy demand for cooling and heating.

Fig. 4. (a) Electronic meter used to measure electricity consumption, (b) thermometers used to measure the room air temperature, and (c) tracer gas 
method used to measure air infiltration rate.
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3. Validation

To validate the building energy simulation employed in this research, the HVAC operating baseline in Changsha (HSCW) under
went calibration and validation, through a comparison of simulated and monitored power consumption. The thermometers were used 
to measure the indoor air temperature, while the tracer gas method was applied to calculate air infiltration rate. These collected data 
were subsequently used to set up the initial conditions in EnergyPlus. The electrical power consumption was meticulously recorded 
using an electronic meter. The validation process was conducted over the period spanning from 19:00 on February 4, 2023 to 00:00 on 
February 9, 2023. Fig. 4 shows these measuring instruments and their placement.

The average indoor air temperature of the whole apartment was 21.2 ◦C, calculated by the bulk average of the temperatures of the 
four zones as shown in Fig. S1. The air infiltration was 0.07 air changes per hour, calculated by the standard [42]. These values were 
used for calibration of the simulation model.

Mean Absolute Error and Root Mean bias error were applied to quantify the agreement between simulated and measured air 
conditioning power consumption. The average heating Coefficient of performance (COP) of the air conditioning system was 2.8. There 
was an acceptable level of agreement between the simulated and measured results, as shown in Table 6. The room’s human activity, 
infiltration from open doors, local microclimate, and the efficiency of the actual air conditioning system could affect the difference 
between the measured and simulated data.

EnergyPlus is a research-grade energy analysis and thermal load modeling program, based on physical principles that has un
dergone extensive testing and validation over several decades. The validation ins this study also can prove the accuracy of the energy 
consumption simulation model.

4. Results and discussion

In Section 4.1, the optimal solutions obtained from single-objective analyses focusing on energy, economic, or environmental 
aspects, as well as from the 3E-objective trade-off analysis, were discussed. This analysis was conducted under the assumption of an 
operating baseline condition and considering climate change. In Section 4.2, the effect of setting variations in influencing factors, 
including the HVAC operational mode, energy model, grid emission factor, and building lifespan, on the optimal thickness derived 
from the 3E-objective optimization method and the life-cycle 3E results were discussed.

4.1. Comparison of optimal solutions based on different methods

Fig. S2-S4 in the SI file graphically illustrate the Pareto frontier solutions obtained from the 3E-objective optimization under the 
operating baseline condition. Each point corresponds to a design solution for the thickness of external wall. The visual comparison of 
these solutions provides designers and decision-makers with a comprehensive understanding of the design possibilities and their 
potential effects. Subsequently, the ideal point method was employed to determine the unique optimal solution of 3E-objective 
optimization. This solution was then compared with the single-objective optimization solution and the nZEB standard solution, as 
presented in Fig. 5.

The optimal thickness of external wall varied based on the optimization objectives, which were influenced by the climatic zone and 
the specific type of sandwich panel system employed. However, these optimization solutions may not fall within the thickness range 
stipulated by the nZEB standard in some climatic zones, especially when EPS insulation was employed. This was primarily attributed to 
the diminished thermal mass of the lightweight external wall, as detailed in Table S2 of the SI file. This lead to a more significant 
deviation from the nZEB standard typically applied to traditional heavyweight external walls. The maximum deviation from nZEB 
standard reached up to 200 mm at the optimum thickness. This emphasizes the necessity for more comprehensive regulations con
cerning the identification of lightweight envelopes that are tailored to specific circumstances and require personalized studies.

It was evident in Fig. 5 that optimizing external wall thickness with a priority on carbon emissions reduction typically resulted in 
greater thickness, whereas prioritizing economic considerations led to thinner optimal thickness. This observation was consistent with 
previous studies [8]. The difference in optimal thickness was reported, where the thickness for environmental objective was 1–4 times 
as high as that for the economic one. This differed from the range of 2–8 times reported by Ref. [8]. The difference in the range of 
optimal thickness between our study and the study by Ref. [8] may be related to the low thermal mass of the lightweight external wall. 
However, the thickness determined by the 3E-objective method was 1–3.5 times that of the economic one, which varied significantly 
across different climatic conditions.

Previously, the focus of energy-efficient building design was primarily on minimizing economic considerations. However, the 
implementation of the national carbon emissions reduction strategy has necessitated a substantial increase in financial investment for 
carbon emissions reduction, as evidenced in Tables S3–S5 of the SI file. The maximum difference in optimal thickness between 

Table 6 
Statistical comparison between the simulated and measured power consumption for the validation period

Power consumption (kWh) Mean Absolute Error (kWh) Root Mean bias error (%)

Simulated Measured

45.47 48.96 − 3.49 − 7.1
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environmental and economic objectives reached up to approximately 300 mm, as shown in Fig. 5. This would significantly impact the 
economic costs, energy consumption, and environmental impact.

The benefit-cost ratio of carbon emissions reduction serves as a comprehensive indicator, quantifying the carbon emissions 
reduction benefits resulting from increased financial input based on the minimum economic method. The difference in carbon 
emissions resulting from various objective optimization methods in Kunming (Mild) was negligible, as presented in Tables S3–S5. This 
indicates that the selection of optimization methods has a relatively minor impact in this climatic zone. This could be attributed to the 
relatively lower operating energy consumption and reduced grid carbon emission factors within this climatic zone. Table 7 shows the 
life-cycle benefit-cost ratio of building area per unit for other cities based on minimum environmental, energy, and 3E-objective 
methods.

Regardless of the optimization method, rock wool exhibited the highest benefit ratio compared to other materials in Harbin (SC), 
Beijing (Cold), and Changsha (HSCW). In Guangzhou (HSWW), EPS demonstrated the highest benefit ratio. This indicates that these 
materials provide the most favorable carbon emission reduction benefits for the given increase in economic investment. Notably, the 
benefit ratio obtained using the 3E-objective method was superior to those using other methods. This comparison further confirmed 
the rationality and superiority of the 3E-objective optimization method in balancing the economy and carbon emissions.

Fig. 5. Minimum single-objective solutions, minimum 3E-objective solutions, and nZEB standard solutions.

Table 7 
Life-cycle benefit-cost ratio of building area per unit based on minimum environmental, energy, and 3E-objective methods

Cities (Climatic zones) Optimization method Benefit-cost ratio of carbon emissions reduction (kg CO2/100 CNY)

Rock wool XPS EPS

Harbin (SC) Minimum environmental method 43.8 16.9 –
Minimum energy method 43.8 22.1 –
Minimum 3E-objective method 137.9 23.9 –

Beijing (Cold) Minimum environmental method 4.4 2.2 4.0
Minimum energy method 19.3 22.8 –
Minimum 3E-objective method 24.1 22.7 18.2

Changsha (HSCW) Minimum environmental method 4.3 1.8 8.2
Minimum energy method 16.2 8.1 –
Minimum 3E-objective method 16.8 8.2 8.3

Guangzhou (HSWW) Minimum environmental method 2.9 2.0 31.7
Minimum energy method 4.5 – –
Minimum 3E-objective method 4.7 3.4 42.6
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4.2. Influencing factors affecting 3E-objective optimization solution

This subsection investigates the influence of various influencing factors on the solutions of 3E-objective optimization method. The 
relative difference (in %) in energy consumption, economic costs, and environmental impact resulting from diverse settings of 
influencing factors can be calculated by Eq. (13). 

% change =
(
Xj,opt,1 − Xj,opt,2

)
⋅ 100

/
Xj,opt,2 (13) 

where Xj,opt,1 and Xj,opt,2 are the evaluation parameters (energy consumption, economic costs, or environmental impact) of the optimal 
solutions in different settings of influencing factors.

4.2.1. HVAC operational mode
Figs. 6 and 7 demonstrate the effect of HVAC operational duration and ventilative cooling strategy on the optimization solutions 

using the 3E-objective method.
The study found that the optimal thickness of external wall required for an HVAC system in part-time mode was lower than that 

required for an HVAC system in full-time mode, corroborating the results of Study [14]. Technical standard for nearly zero energy 
buildings (nZEB) GB/T51350 [21] mandates continuous operation of HVAC systems in residential buildings. However, in practice, 
particularly in residential buildings such as staff or student apartments, HVAC systems often operate intermittently or are only acti
vated in specific rooms during specific periods. Therefore, applying the optimal external wall thickness calculated for a full-time, as 
specified by GB/T51350 [21], to a part-time HVAC system would lead to an overestimation of the optimal wall thickness. In 
Guangzhou (HSWW), it was observed that three sandwich panel systems experienced a reduction of over 40 % in their optimal 
thickness when the HVAC system operated in part-time mode, compared to the optimal thickness designed for full-time mode (Fig. 6). 
This discrepancy in optimal thicknesses was expected to increase the life-cycle 3E results, particularly with regards to economic costs 
which could potentially increase by up to 8.4 % (Fig. 8). This analysis underscores the critical importance for HSWW climatic zones to 
determine HVAC operational duration as accurately as possible, particularly in economically underdeveloped regions. Increased 
economic investment does not yield benefits in terms of energy and carbon emissions reduction. In Harbin (SC) and Beijing (Cold), 
beneficial results in terms of energy and carbon emissions reduction might arise (Fig. 8). This phenomenon mainly occurs as the 
proportional influence of part-time operation on energy consumption and carbon emissions in relation to full-time operation has 
increased, leading to a reduction in life-cycle energy consumption and carbon emissions with the increase in thickness. This could be an 
aspect needing improvement in this research method for subsequent studies. The unique optimal solution of 3E-objective optimization 
failed to consider the disparities in the economy and the demands for carbon emission reduction among different regions.

In the optimization of external wall design, the critical role of ventilative cooling was often neglected. This neglect can lead to 
excessively thick walls in Guangzhou (HSWW), thereby imposing unnecessary life-cycle economic costs, reaching a maximum of 5.1 % 
(Fig. 8). But this neglect in design does not necessarily result in increased energy consumption or carbon emissions. Conversely, in 
Harbin (SC) and Beijing (Cold), the optimal thickness may be slightly underestimated; however, this effect of less than 1 % was almost 
negligible (Fig. 8). Overall, across all climatic zones, the influence of ventilative cooling technology on the optimal thickness of 
external wall does not exhibit a consistent trend of increase or decrease. This trend primarily depended on the specific climate zone and 
the type of wall selected. Additionally, the variability in optimal thickness and its impact on life-cycle 3E results were diverse.

4.2.2. Energy model
In this section, the optimal thickness of external wall was compared using a static energy model, with that obtained from a dynamic 

energy model, as illustrated in Fig. 9.
The traditional static energy model has overlooked the effect of climate change on energy consumption [43]. The optimal thickness 

of external wall obtained by the simplified static energy model was greater than that obtained by the dynamic energy model. The 
finding was coherent with the results reported by Ref. [18], which were determined solely from an economic standpoint. This 

Fig. 6. Optimal thickness of external wall for the condition with the HVAC system in full-time mode or part-time mode.
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discrepancy can be primarily attributed to the increased demand for enhanced heat dissipation capacity from the wall due to climate 
warming. The increase in the optimal thickness was dependent on the insulation material used and the climatic zone, and can be 
increased up to 1.4 times (rock wool in Kunming (Mild)). While this increase led to a rise in life-cycle economic costs, such a rise would 
not exceed 2 % (Fig. 8). An increase in economic costs may be exchanged for lower energy or carbon emissions. Importantly, this study 
was based on future weather scenarios under the SSP5-8.5 pathway which often represents a "business-as-usual" trajectory assuming a 
high carbon emissions scenario. Under alternative scenarios with lower emissions, both optimal thickness and corresponding life-cycle 
3E results were expected to decrease. Therefore, the effect of climate change on the optimal thickness of external wall was relatively 
modest.

4.2.3. Grid emission factor
Fig. 10 displays the optimal thickness of external wall for static and dynamic grid emission factors. The grid emission factor is 

commonly assumed to be constant when assessing building carbon emissions. However, the future timeline for electrification and 
decarbonization would impact the trade-offs between building embodied and operational carbon emissions, thereby influencing the 
optimal thickness of external wall. If the optimal thickness had been designed based on a static grid emission factor, without 
considering the potential dynamic decarbonization rate of grid power, then the designed optimal thickness of external wall would be 
overestimated. This finding was consistent with previous study [9]. This phenomenon can primarily be attributed to the dynamic grid 
emission factor placing greater emphasis on embodied carbon emissions, consequently leading to a reduction in the optimal thickness 
of external wall. However, given the differences between the optimization objectives and building objects adopted in this study and in 
Ref. [9], a discrepancy in the extent of reduction was observed. Considering the same 5 % decarbonization model, in the study of [9], 
the optimal thickness of EPS is reduced from 105 mm in the static scenario to 35 mm and XPS is reduced from 95 mm to 65 mm in 
HSCW zone. In this study, the optimal thickness of EPS is reduced from 102 mm in the static scenario to 90 mm and XPS is reduced from 
98 mm to 59 mm in HSCW zone. This variation in the magnitude of reduction can likely be attributed to differences in the construction 
of external walls and the optimization methodologies used.

When operating in a realistic dynamic scenario, the optimization of external wall thickness neglecting the variations of the future 
electricity mix will inevitably increase the life-cycle economic costs, but it may have a positive effect on reducing energy consumption 
and carbon emissions. When grid carbon reduction policies are implemented more quickly, for instance from a 2 % decarbonization 
rate to a 5 % decarbonization rate, the optimal thickness will be further decreased, and the beneficial effect of reducing energy 
consumption and carbon emissions may also be turned into a negative effect (Fig. 8).

4.2.4. Building lifespan
Fig. 11 illustrates the optimal thickness of external wall for buildings with different lifespans. The majority of life-cycle assessment 

studies typically assumed a standardized building lifespan for each major structural type. However, the actual service life of buildings 
varies significantly due to various factors such as building materials, construction quality, maintenance practices, and environmental 
conditions. Previous research [8] has shown that extending a building’s lifespan from 20 to 50 years required an average increase 
ranging from 60 % to 90 % in the optimal thickness of external walls to attain the best economic performance. However, this finding 
was based on the assumption that the insulation material also had a lifespan matching the building’s lifespan. This study specifically 
considered the necessity of replacing insulation every 20 years. Contrary to the finding of the research [8], to extend the life of the 
building from 20 years to 40 years, the optimal thickness could decrease by up to 150 %, and to extend it to 60 years, the optimal 
thickness could decrease by up to 190 %, as was evident from Fig. 11. This phenomenon can primarily be attributed to the extended 
lifespan of buildings, which leads to an increase in the embodied economic costs that outweighs the reduction in operational economic 
costs as thickness increases. Consequently, the optimal thickness shifted towards a lower embodied economic costs. Buildings that did 
not adhere to their designed long life cycle will not only escalate the life-cycle economic costs but also lead to increased carbon 
emissions across most climatic zones (Fig. 8). Therefore, it is crucial to consider the building’s lifespan more accurately during the 
architectural design process.

Fig. 7. Optimal thickness of external wall for the condition with or without ventilative cooling strategy.
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Fig. 8. Relative difference in life-cycle energy consumption, economic costs, and environmental impact resulting from various settings of influ
encing factors for (a) Rock wool (b) XPS (c)EPS. (C1: HVAC in full-time operational mode compared to part-time operational mode; C2: HVAC in 
full-time operational mode without ventilative cooling compared to that with ventilative cooling; C3: Static energy model compared to dynamic 
energy model; C4, C5: static grid emission factor compared to 2 % and 5 % decrease in grid emission factor; C6, C7: 60-year building lifespan 
compared to 40-year and 20-years. Blue bubbles indicate negative effects and red bubbles indicate positive effects.)
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5. Limitations and future outlook

The 3E-objective optimization method used in this study maintains equal weights for its objectives, aiming to achieve a balance 
among all the objectives. However, it is important to note that this approach may not always align with the actual preferences of 
decision makers. The exploration of the effects of the optimization results with diverse weights and the uncertainty of parameter 
settings on the optimization results has not been conducted. In practical applications, decision makers may necessitate adjusting these 
weights on a case-by-case basis to accurately reflect the relative importance of different objectives. Therefore, future studies should 
consider conducting sensitivity analyses on weights to investigate the effect of different weight combinations on parameter settings 
and optimization outcomes across diverse policy scenarios. This would provide a more comprehensive understanding of the signifi
cance of parameter settings.

Additionally, the present calculations in this study do not consider the practical challenges related to the suitability or in
compatibility of sandwich panel systems for specific building types. In reality, it is imperative to thoroughly evaluate factors such as 

Fig. 9. Optimal thickness of external wall for the condition with dynamic or static energy model.

Fig. 10. Optimal thickness of external wall for the condition with dynamic or static grid emission factor.

Fig. 11. Optimal thickness of external wall for the condition with different building lifespans.
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their applicability to installation procedures, load-bearing capacity, acoustic control requirements, and other practical considerations.

6. Conclusions

This study compares the optimal thickness of lightweight Modular Integrated Construction (MIC) external wall obtained using the 
single-objective method and the multi-objective method, considering building life-cycle energy consumption, economic costs, and 
carbon emissions as objective functions. Then, it explores the influence of multiple factors on the multi-objective optimization results, 
including the choice of HVAC system operational mode, future climate change scenarios, changes in grid carbon emission factors, and 
the determination of the building’s expected service life.

Lightweight external wall designed in accordance with current energy efficiency standards may not be optimal, whether based on a 
single objective of minimizing energy, economy, or environment (3E), or multiple objectives encompassing these three aspects. As the 
thermal mass of external wall decreases, the optimal thickness will deviate further from the thickness specified by energy efficiency 
standards. There is a need for new regulations to determine lightweight external wall designs that are suitable for specific objectives.

The application of the NSGA-II optimization method in conjunction with the ideal point method has demonstrated remarkable 
performance in determining the optimal thickness to achieve the highest cost-benefit ratio in carbon emission reduction, out
performing traditional energy or environmental approaches. Among insulation materials, rock wool presented the highest cost-benefit 
ratio in SC, Cold, and HSCW zones, while EPS manifested the highest cost-benefit ratio in HSWW zone.

The study reveals the effects of building operating parameter settings and climate change on the results obtained when determining 
the optimal wall thickness. Applying thickness values optimized for full-time HVAC systems according to energy efficiency standards 
to non-full-time HVAC systems results in overestimation, with the HSWW zone experiencing the most significant increase in the life- 
cycle 3E results, while SC and Cold zones show either negligible impacts or even reductions in life-cycle energy consumption and 
carbon emissions. The static energy model yields higher optimal thickness compared to the dynamic energy model. Despite its inherent 
limitations, the marginal deviation in life-cycle 3E results suggests that the static energy model retains practical utility for preliminary 
design. Neglecting grid decarbonization trajectories leads to thickness overestimation, which elevates life-cycle economic cost. This 
overestimation may reduce carbon emissions in some climatic zones but can increase them when grid decarbonization is accelerated. 
The optimal thickness is reduced as the building lifespan is extended from 20 to 60 years, when taking into account the current limited 
lifespan of insulation. This finding contrasts with the scenario where the insulation’s lifespan is assumed equivalent to that of the 
building.
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