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Robotic modular assembly in harsh environments: Framework-driven
conceptual review
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ARTICLE INFO ABSTRACT
Keywords: On-site robotic assembly of modular structures in harsh environments remains insufficiently characterized, as
Harsh-environment construction existing studies typically address environmental exposure, modular interfaces, robot capability, and motion

Modular construction
Robotic assembly
Environmental constraints
Material behavior

planning separately. This review examines how extreme cold, wind disturbance, visibility degradation, and
remote-site operational limits affect robotic assembly during module installation and interface closure. A
framework-guided conceptual synthesis of 52 core studies across four thematic clusters identifies six evidence
gaps: limited environment-dependent interface and tolerance models; insufficient construction-relevant charac-

Trajectory feasibility

terization of robot capability degradation; inadequate formalization of task closure and assembly sequencing;
limited perception-aware planning under degraded visibility; weak representation of remote-site energy,
communication, and recovery constraints; and insufficient field validation and standardized benchmarking. The
synthesis shows that the feasibility of harsh-environment assembly depends on coordinated interface design,
capability characterization, sensing and verification, and tolerance-aware motion planning. Progress toward
field-deployable systems, therefore, requires cross-disciplinary design support and validation beyond nominal

trajectory optimization.
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Abstract

Urban building energy prediction is a critical challenge for sustainable city planning and
large-scale retrofit prioritization. However, traditional data-driven models struggle to
capture real urban environments’ spatial and morphological complexity. In this study, we
systematically benchmark a range of graph-based neural networks (GNNs)—including
graph convolutional network (GCN), GraphSAGE, and several physics-informed graph
attention network (GAT) variants—against conventional artificial neural network (ANN)
baselines, using both shape coefficient and energy use intensity (EUI) stratification across
three distinct residential districts. Extensive ablation and cross-district generalization ex-
periments reveal that models explicitly incorporating interpretable physical edge features,
such as inter-building distance and angular relation, achieve significantly improved predic-
tion accuracy and robustness over standard approaches. Among all models, GraphSAGE
demonstrates the best overall performance and generalization capability. At the same time,
the effectiveness of specific GAT edge features is found to be district-dependent, reflect-
ing variations in local morphology and spatial logic. Furthermore, explainability analysis
shows that the integration of domain-relevant spatial features enhances model interpretabil-
ity and provides actionable insight for urban retrofit and policy intervention. The results
highlight the value of physics-informed GNNs (PINN) as a scalable, transferable, and
transparent tool for urban energy modeling, supporting evidence-based decision making
in the context of aging residential building upgrades and sustainable urban transformation.

Keywords: urban building energy modeling (UBEM); graph neural networks (GNNs);
explainable AI (XAI); physics-informed machine learning; urban building energy retrofit
(UBER)

1. Introduction

Decarbonizing urban building stocks has become a critical priority in global climate
mitigation efforts [1]. The operations of buildings account for 30% of global final energy
consumption and 26% of global energy-related CO, emissions [2]. Within dense urban
environments, complex morphological interactions between buildings—including shading,
ventilation, and radiative exchanges—significantly influence energy demand patterns [3,4].
Accurate modeling of such interactions is essential for supporting large-scale energy retrofit
planning and climate adaptation strategies.

In the context of northern Chinese cities, extensive residential districts constructed
during the 1980s and 1990s present a significant challenge for urban energy management
and retrofit planning. These legacy neighborhoods are distinguished by a high degree of
homogeneity in the building typologies (height, floor count, and structural systems) [5].

Appl. Sci. 2025, 15, 8854
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Abstract

Urban building energy retrofit (UBER) is a critical strategy for advancing the low-carbon
and climate-resilience transformation of cities. The integration of machine learning (ML),
data-driven clustering, and multi-objective optimization (MOO) is a key aspect of arti-
ficial intelligence (Al) that is transforming the process of retrofit decision-making. This
integration enables the development of scalable, cost-effective, and robust solutions on
an urban scale. This systematic review synthesizes recent advances in Al-driven MOO
frameworks for UBER, focusing on how state-of-the-art methods can help to identify and
prioritize retrofit targets, balance energy, cost, and environmental objectives, and develop
transparent, stakeholder-oriented decision-making processes. Key advances highlighted in
this review include the following: (1) the application of ML-based surrogate models for effi-
cient evaluation of retrofit design alternatives; (2) data-driven clustering and classification
to identify high-impact interventions across complex urban fabrics; (3) MOO algorithms
that support trade-off analysis under real-world constraints; and (4) the emerging integra-
tion of explainable AI (XAI) for enhanced transparency and stakeholder engagement in
retrofit planning. Representative case studies demonstrate the practical impact of these
approaches in optimizing envelope upgrades, active system retrofits, and prioritization
schemes. Notwithstanding these advancements, considerable challenges persist, encom-
passing data heterogeneity, the transferability of models across disparate urban contexts,
fragmented digital toolchains, and the paucity of real-world validation of Al-based so-
lutions. The subsequent discussion encompasses prospective research directions, with
particular emphasis on the potential of deep learning (DL), spatiotemporal forecasting,
generative models, and digital twins to further advance scalable and adaptive urban retrofit.

Keywords: urban building energy retrofit; artificial intelligence; machine learning; deep
learning; multi-objective optimization; explainable Al

1. Introduction

In dense urban areas dominated by aging building stocks, Urban Building Energy
Retrofit (UBER) has become a crucial strategy for decarbonization and climate resilience,
especially in city centers and old districts facing outdated facades, poor indoor comfort,
rising energy demand, and evolving functional needs [1,2]. The UBER process entails
complex trade-offs among energy performance, occupant comfort, environmental impact,
and economic feasibility, requiring urban-scale energy modeling with high spatial-temporal
granularity [3,4]. Urban Building Energy Modeling (UBEM), essential for planning, must
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Abstract: As the dual carbon goals are being approached, there has been an increase in the
number of energy-saving renovation projects for existing buildings. However, building
renovation also brings about environmental impacts and incremental costs, which need to
be addressed urgently. This study proposes an integrated artificial intelligence framework
to facilitate multi-criteria energy renovation decision making by combining a surrogate-
based machine learning (ML) model and an evolutionary generative algorithm to efficiently
and accurately identify optimal renovation strategies. To enhance the robustness of the
methodology, a comparative analysis of four different ML models—light gradient boosting
machine (LightGBM), fast random forest (FRF), multivariate linear regression (MVLR),
and artificial neural network (ANN)—was conducted, with LightGBM demonstrating the
best performance in terms of accuracy, adaptability, and efficiency. Using the heuristic
optimization algorithm and entropy-weighted method, the framework achieved average
energy savings of 56.62%, a reduction in carbon emissions of 51.60%, and a 24.27% decrease
in life-cycle costs. Compared to local ultra-low-energy building standards, the optimal solu-
tions resulted in a 2.60% reduction in carbon emissions and a 15.85% decrease in life-cycle
costs. This integrated framework demonstrates the potential of combining machine learn-
ing surrogate models, evolutionary generation, and entropy-weighted methods in building
energy retrofitting optimizations, offering a novel, efficient, and adaptable approach for
researchers and practitioners seeking to balance energy consumption, carbon emissions,
and life-cycle costs in renovation projects.

Keywords: artificial intelligence; machine learning; carbon emission; energy efficiency;
building renovation

1. Introduction

The building and construction sector is the largest energy consumer and greenhouse
gas emitter, responsible for 39% of global energy-related carbon emissions [1]. In the context
of growing global environmental awareness and the implementation of policies to reduce
energy consumption and emissions, the significance of energy-saving renovation in the
building sector is increasing. As the largest energy consumer and the primary source of
carbon dioxide emissions, China plays a pivotal role in the global effort to combat climate
change. As China experiences an increase in building energy consumption driven by rising
living standards and economic expansion, the importance of the building sector will only
grow. This trend poses a considerable challenge to achieving China’s carbon peaking and
neutrality objectives. China’s 14th National Five-Year Plan places significant emphasis
on the modernization of aging residential areas to enhance living conditions, promote
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Artificial Neural Network Driven Multi-objective Optimization for
Cost-reduction and Low-carbon Retrofitting of
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Abstract: To optimize building energy consumption, building life cycle carbon emissions, and building life cycle costs of
existing urban residential buildings in severe cold regions, a multi-objective optimization technology framework driven by
using artificial neural network and on the basis of non-dominated sorting genetic algorithm II was constructed, taking cost-
reduction and low-carbon retrofitting of a typical urban residential building in Shenyang City, Liaoning Province as an ex-
ample. Calculation formulas for building energy consumption, building life cycle carbon emissions, and building life cycle
costs were used to select eight parameters including insulation material type, insulation layer thickness, window glass
type, and sun visor depth as optimization variables. The objective function formula was optimized by using non-dominated
sorting genetic algorithm II driven by using artificial neural network to obtain a Pareto solution set. Final multi-objective
optimization solutions were sought by using technique for order preference by similarity to ideal solution. Reduction

degrees of the three optimization objectives, namely building energy consumption, building life cycle carbon emissions,
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Abstract: Building facade design plays an essential role in enhancing energy efficiency and reducing
environmental impact in high-performance building design. Balancing the conflicts among various
building facade design variables to satisfy different optimization objectives constitutes a highly
complex optimization problem. The rapidly increasing number of studies demonstrates a significant
interest in implementing multi-objective optimization methods to tackle building facade optimization
problems. This study conducts a systematic review of optimization methods for building facade
optimization (BFO). The optimization objectives and design variables are categorized based on
their characteristics. The efficiency and effectiveness of optimization algorithms in addressing BFO
problems are compared. Building optimization techniques and tools are showcased, along with
their functions and limitations. Key findings highlight the robust feasibility and effectiveness of
optimization algorithms, methods, and techniques in resolving a diverse range of BFO challenges.
The limitations, challenges, and future potential of these methods are summarized and proposed.

Keywords: systematic review; optimization; heuristic algorithm; multi-objective; building facade

1. Introduction
1.1. Background

Building facades are an essential aspect of architectural design, especially in the
context of multidisciplinary optimization. In the pursuit of designing high-performance
building facades, various crucial criteria must be considered. One of the top priorities
is ensuring energy efficiency, which requires implementing tactics that minimize heat
loss or gain, decrease the demand for excessive cooling, heating, and lighting, and utilize
passive solar principles. In addition, reducing the environmental impact of the structure is
imperative and could be achieved by using low-emitting materials, implementing pollution
control measures, and reducing greenhouse gas emissions. Optimizing thermal comfort for
occupants is critical and can be achieved by skillfully managing temperature, humidity,
and infiltration while avoiding overheating or thermal bridging. Facades play a central
role in enhancing effective daylighting and visual comfort, requiring maximization of
natural light and minimization of glare to create a comfortable indoor environment. Cost
effectiveness is a cornerstone that demonstrates that high-performance design need not
be prohibitively expensive, underscoring the importance of thoughtful consideration of
construction and maintenance costs. In addition, a high-performance facade takes a broader
perspective that includes aesthetics, environmental sensitivity and resilience. It presents a
visually appealing exterior and comfortable interior spaces, while also offering potential
cost savings through reduced maintenance and operating costs. The goal of building facade
optimization (BFO) is to achieve the best combination of design variables to find optimal
solutions, taking into account all possibilities and constraints [1,2].

High-performance design strategies are typically integrated into a project during the
early design stage, when the conceptual design is nearly complete. Decisions made in

Sustainability 2023, 15, 15596. https:/ /doi.org/10.3390/su152115596
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“Adaptive radiation” optimization for climate adaptive building facade
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Rudai Shan'? (X)), Lars Junghans?

1. Sustainable Urbanism and Green Building Research Center, Shenyang Jianzhu University, Shenyang, Liaoning, China
2. College of Architecture and Urban Planning, University of Michigan, Ann Arbor, M, USA

Abstract

This paper introduces an evolutionary algorithm methodology to solve facade optimization problems
in different climates. The algorithm is based on the improvement of simple Genetic Algorithm
(GA). The concept of Adaptive Radiation (AR) is derived from the biological process of adaptation where
specific species are evolutionarily adapted to their immediate ecological niches. This algorithm
obtains near global optimal solutions in significantly less computation time than simple GA. AR is
implemented in three different climates in the United States to demonstrate its robustness and
efficiency. Climate adaptive facade design strategies for these climates are illustrated based on

the optimization results.

1 Introduction

The building industry has the largest energy consumption
of any sector in the United States, accounting for up to 40%
of total energy consumption and 40% carbon emissions
in the United States. Its impact on the environment is
substantial (EIA 2016). Almost half of the building energy
demand comes from the following three main sectors: space
heating, space cooling and artificial lighting (EIA 2016). It
is imperative to develop the techniques to improve building
energy efficiency and sustainability.

Building energy demand can be significantly reduced
by the facade design if designers implement appropriate
energy efficient strategies in facade design (Fernandes et al.
2013). However, the design of an appropriate building facade
is not straightforward. All facades are unique as a result
of the local climate, urban situation and orientation. The
primary facade design variables, such as—window-to-wall
ratio (WWR), glazing type, shading shape, and insulation—
have to be appropriately designed to adapt to the local
conditions. Therefore, different optimal facade designs are

E-mail: rdshan@umich.edu
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adaptive radiation,
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genetic algorithm,

hierarchical optimization,
climate adaptive facade design
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possible even for segments of the same facade of a building.
Moreover, facade design variables have always interacted
and sometimes even conflicted with each other on the same
design objectives. For different climates, adaptive facade
design solutions should be implemented to meet certain
optimal design objectives, such as energy performance, human
comfort, and life cycle cost.

A traditional approach known as “parametric simulation”
is usually implemented to obtain values of facade design
variables (Aste et al. 2015). This method makes only partial
improvement because complex and non-linear interactions
of input variables lead to conflicting objectives for heating,
cooling and artificial lighting energy demand. For example,
increasing WWR may lead to a decrease in lighting energy
demand but an increase in cooling energy demand in summer
time. Complex optimization problems that contain a great
number of design variables might require extensive hours
of computation for inexperienced users, a condition that
is increasingly infeasible in practice due to cost or time
constraints at the early design stage. Therefore, it is difficult
to estimate the change of total energy demand by just varying
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GENETIC ALGORITHM-BASED STUDY ON OPTIMISTIC DESIGN OF
ENCLOSURE STRUCTURE

SHAN Ru-dai, LIU Guan-nan, XIA Xiao-dong, SHI Tie-mao
(Shenyang Jianzhu University(RCEUGB), 110000, Shenyang, China)

-145-

Abstract: Energy-saving design of enclosure structure involves complex and diversified parameters,
heavy simulative computation and long period of excellent design scheme selection. This paper proposed a
genetic algorithm-based optimistic method for building enclosure structure design, to solve the problem which
is difficult to be solved by using the optimum scheme. It was found that the least energy consumption of
building per annum may reach 15.193kW-h/m” (southward) when the design value of enclosure structure
influencing factor is the optimum simulative solution among more than a million of design combination
schemes. It has been proved that this solution is the minimum value of design object function. Therefore, it
was verified that optimum method for energy-saving design of building enclosure structure could accurately
and effectively realize optimum computation and screen out the optimum design scheme for planned
objective.

Keywords: genetic algorithm; enclosure structure; optimum design; cold region; office space
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ABSTRACT/ This paper demonstrated a case study of Sino-Germany Zero-Energy Demonstration Center in Shenyang Jianzhu University, with the purpose to
explore passive and active building design strategies in the severe cold climate in China. Design strategies are illustrated and discussed including building form,
insulation, double-resource heat pump, underground fresh air tunnel, intelligent control, and sustainable energy resource, and then the principle of ‘passive takes
precedence over active’ is proposed. The indoor environment quality and energy demand data are recorded and analyzed, which validated the feasibility of nearly
zero energy building in severe cold climate. This case study provided appropriate and valuable strategies for designing nearly zero energy building in the severe cold

areain China.

KEY WORDS/ Sino-Germany Zero-Energy Demonstration Center; nearly zero energy building; passive strategy; severe cold climate
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The Comparative Study of Daylighting Evaluation Metrics Based on Parametric
Simulation— a Case Study of Typical Office Space in Shenyang

SHAN Rudai'? X1 »‘Wingming' JYAN Yunbo® L XIA Xi(ll)(ll)ngl (1. Shenyang Jianzhu University , Shenyang 110168; 2.
University of Michigan , USA , MI48105; 3. Architectural Design and Research Institute of Shenyang Jianzhu University ,Shenyang
110168)

Abstract: The evaluation methods of international daylighting study has converted gradually from traditional
evaluation metric( Daylight Factor) to dynamic evaluation metric ( Useful Daylight Illuminance) . In this research ,a
comparison analysis of Daylight Factor and Useful Daylight [lluminance is given , and model with parametric
simulation , Radiance simulation software is implemented to simulate to the Daylight Factor and Useful Daylight
Muminance of side daylighting of office buildings in Shenyang. and the paper then shows that the optimal value of
useful daylight illuminance in the different window coefficient to select the most appropriate natural lighting design
to office space in Shenyang through comparative analysis to the daylighting evaluation metric in the simulation result
and also under the limit of the thermal performance of windows.

Keywords: dynamic daylight performance metrics , useful daylight illuminance , parametric simulation , office

space
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