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Abstract

This paper introduces a multi-criteria optimization (MCO) framework tailored for sustainable building design,
leveraging a deep reinforcement learning (DRL) methodology to adjust design parameters. The framework integrates
three key components: developing an assessment index system, training a deep neural network (DNN) model, and
generating an optimal solution set using the deep deterministic policy gradient (DDPG) model. The DRL approach was
tested on a three-story educational building in Shanghai, where it demonstrated superiority over traditional genetic
algorithms by optimizing building energy consumption, carbon emissions, and indoor thermal comfort simultaneously,
improving overall building performance by 13.19%. The DDPG agent autonomously learns and enhances decision-
making policies through iterative interactions with a Building Information Modeling (BIM) environment combined with
DNN, offering advanced data-driven decision support for sustainable building design.

Keywords: Multi-criteria optimization; Sustainable building design; Deep reinforcement learning approach; DDPG
Model; Building performance

1. Introduction

With China experiencing rapid economic development and urbanization, the construction of new buildings has surged
significantly, resulting in a sharp increase in energy consumption and associated carbon emissions within the building
sector. The building industry now accounts for over 46.5% of China’s total energy use and approximately 6.0% of global
energy demand. This sector is recognized as a critical area for energy conservation efforts, playing a pivotal role in
China's objectives to peak carbon emissions by 2030 and achieve carbon neutrality by 2060. However, only 4% of the
existing buildings have adopted energy-saving practices, which is inadequate to curb environmental degradation and
reduce the carbon footprint. Given its dominant contribution to energy consumption, there is a pressing need to
transform the "green building" concept, which focuses on near-zero or net-zero energy usage, into a widespread reality
in Chinese cities. Such efforts not only promise significant energy savings but also offer substantial market potential.

The development of green buildings centers on creating environmentally friendly structures that prioritize energy
efficiency, environmental impact, and indoor quality. These factors have become critical for designers and stakeholders
working towards sustainable development goals. Sustainable building design, when implemented in the pre-
construction phase, can prevent poor energy performance, potentially yielding over 30% energy savings by selecting
the right design elements such as shape, materials, and type.

Currently, several international green building standards, including LEED (Leadership in Energy and Environmental
Design), BREEAM (Building Research Establishment Environmental Assessment Method), and GRIHA (Green Rating for
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Integrated Habitat Assessment), are used to assess and guide green building projects. LEED, in particular, is a widely
accepted rating system in more than 150 countries and plays a central role in research aimed at optimizing sustainable
building designs. Integrating LEED with Building Information Modeling (BIM) facilitates the certification process
through seamless data exchange and accurate energy assessments.

In addition to international standards, China has its own green building regulations. The Ministry of Housing and Urban-
Rural Development (MHURD) has introduced the ESGB (Evaluation Standard for Green Buildings), which classifies
buildings into three-star ratings, scoring them based on six dimensions, including comfort, resource efficiency, and
environmental impact. This study selects the comfort, resource, and environmental dimensions from the ESGB to
improve building performance, aligning with the design requirements of engineering projects.

While these standards provide valuable guidance for green building design, their implementation often requires
considerable human effort and expertise, making the process time-consuming, uncertain, and costly. Additionally,
designers must rely on their experience to determine appropriate design values, which can lead to inaccuracies and
inconsistent outcomes. Conventional design methods, especially in the early phases, depend heavily on existing
standards and expert knowledge, which can be restricted by limited resources, preventing the consistent delivery of
energy-efficient buildings.

To address the limitations previously mentioned, Building Information Modeling (BIM), as a digital tool, facilitates the
integration and management of data throughout the project lifecycle, offering an opportunity to fully utilize design data
for sustainable design and performance analysis. The BIM model contains comprehensive and detailed information
related to design parameters, energy-using systems, and other elements, enabling optimization of design strategies at
early stages. BIM tools allow for the evaluation of a building's energy efficiency by considering various external factors
and internal components, such as orientation, walls, roofing, and HVAC systems. Acting as a central database, BIM can
aggregate extensive data about a building's physical and functional attributes, taking on characteristics of "big data."
This accumulation of data presents challenges for traditional data usage methods and experience-based decision-
making in construction, as managing such vast amounts of information requires more advanced approaches.
Furthermore, optimizing design schemes using BIM’s large datasets results in greater computational demands.
Designers are increasingly seeking intelligent systems that enhance the efficiency and precision of building design
optimization.

The challenge lies in fully leveraging this design data to make sustainable and objective decisions in BIM-based designs,
which would elevate BIM to a higher level of intelligence and reliability. Significant research has focused on creating
multi-factor building performance prediction models using various machine learning algorithms suited for different
types of buildings, predictive objectives, and timeframes. For example, Liu et al. developed a random forest model for
predicting building energy usage based on the building envelope's design, identifying key variables to optimize energy-
efficient designs. Similarly, Toosi et al. created a life cycle sustainability assessment index to evaluate design options,
utilizing machine learning to forecast energy performance for different design variable combinations. These studies
highlight the benefits of fast predictions and simplified parameter structures, particularly in the early stages of design.

However, focusing solely on prediction is insufficient. A major drawback of prediction models is their lack of data-driven
decision-making capabilities. These models cannot continuously adapt and improve to provide optimal, flexible
strategies for complex and evolving environments. Moreover, they are unable to address multiple competing objectives
simultaneously, making it difficult to find the best trade-offs for sustainable building designs. Addressing these
optimization strategies is critical for identifying scenarios that enhance energy efficiency and reduce greenhouse gas
(GHG) emissions. Current design methods tend to focus on individual goals like energy conservation, thermal efficiency,
and carbon reduction, often ignoring the interactions between them. There is a pressing need to adopt multi-objective
optimization (MOO) techniques that can simultaneously improve multiple building performance objectives.

Thus, to maximize the potential of the deep neural network (DNN)-based meta-model with predictive abilities, there is
an urgent requirement for appropriate MOO methods to be implemented. These MOO-based decision support systems
can autonomously identify optimal solutions during the early design phases, significantly reducing reliance on expert
judgment and prior knowledge.

Some studies have explored the use of classical multi-objective optimization (MOO) algorithms for optimizing building
design, such as the Non-dominated Sorting Genetic Algorithm (NSGA-II) and the Adaptive Geometry Estimation-based
Multi-Objective Evolutionary Algorithm (AGE-MOEA). These algorithms follow NSGA principles to identify population-
based Pareto front solution sets. However, they face two significant limitations. First, the process of updating
populations or performing iterative searches is time-consuming, especially when dealing with large data sets, leading
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to low operational efficiency. Second, even slight changes in geometric properties, environmental factors, or additional
optimization goals can cause these algorithms to struggle with adaptability, resulting in poor generalization
performance. This exposes a research gap in the scalability and adaptability of current optimization algorithms when
applied to BIM data for sustainable building design.

Deep reinforcement learning (DRL), a rapidly emerging field within machine learning, offers a promising solution by
enabling the development of more effective strategies for sustainable building design. Unlike traditional MOO
algorithms, DRL combines reinforcement learning with deep neural networks, creating intelligent agents that can
autonomously learn from iterative interactions with the environment and adapt strategies through a trial-and-error
process. This allows DRL to determine optimal policies by simply defining the desired objective and cost function. While
research into DRL-based approaches for green building design is still in its early stages, this topic holds great potential
and merits further investigation.

Building on the strong learning capabilities of deep neural networks (DNN) and DRL, this paper introduces a DRL-based
MOO approach for BIM-supported green building design. As a powerful decision-making tool, DRL can simultaneously
account for energy efficiency and indoor environmental factors to optimize the design parameters of the building
envelope, openings, and HVAC systems, ultimately enhancing sustainability.

This research seeks to answer three key questions: (1) How can valuable information be extracted from the BIM model
to prepare a dataset with a well-structured assessment index system? (2) How can the green building design decision-
making process be mathematically framed using a DRL-based model, and how can appropriate algorithms be applied to
yield accurate predictions and optimal strategies? (3) How can comparative experiments be designed to evaluate the
robustness, stability, and generalization of the DRL approach across various conditions?

The case study presented demonstrates the effectiveness of DRL in generating optimal design solutions for real-world
buildings, showcasing its potential in enhancing sustainable building design.

The key innovations of this research can be summarized as follows:

o Theoretical Value: This study introduces a DRL approach that combines the robust non-linear fitting
capabilities of deep neural networks (DNN) with the decision-making strengths of reinforcement learning. This
integration allows for a well-rounded and generalized model, enabling precise predictions and optimal
decision-making in the context of BIM-based building design.

e Practical Value: The DRL-based multi-objective optimization (MOO) task is achieved through autonomous
exploration, action selection, interaction with the environment, state observation, and reward collection. This
method eliminates the need for cumbersome population updates and iterative searches, providing flexible
solutions that balance multiple objectives. These solutions are both realistic and adaptable to changing physical
conditions.

The structure of the paper is as follows: Section 2 reviews relevant studies on reinforcement learning. Section 3 outlines
the methodology of the proposed DRL approach, covering BIM-based simulations, DNN-based predictions, and DRL-
based optimization. Section 4 applies this DRL framework to a real-world building project to validate its effectiveness
in generating optimal decisions for green building design. Section 5 explores the stability and generalization of the DRL
approach across different spatial and temporal contexts. Lastly, Section 6 summarizes the findings and proposes future
research directions.

2. Literature Review

2.1. BIM-Based Green Building Design

Green building design focuses on creating environmentally responsible and resource-efficient buildings throughout
their entire lifecycle, a concept that has gained significant traction in recent years. This design approach prioritizes the
use of recycled materials, reduced water and energy consumption, and resource-efficient techniques to improve energy
efficiency, reduce emissions, and enhance adaptability. These efforts not only improve the performance of buildings but
also yield broader environmental, economic, and social benefits. Scholars have extensively researched the
environmental, economic, and social impacts of green building design. Specifically, there is a close relationship between
the economic and environmental effects, as these are influenced by building elements and materials. This research
provides valuable insights into the current trends and future potential of green building practices.
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For instance, Borkovskaya et al. developed a model to assess the environmental and economic lifecycle of buildings
within the "green building" framework, aiming to promote sustainable development and enhance the competitiveness
of environmentally friendly buildings. Moreover, the geographic distribution and influencing factors of green residential
buildings (GRBs) in China have been studied, revealing variations in the distribution of green buildings across different
regions and their correlation with local economic and social factors. This research underscores the importance of
understanding how geographic and socio-economic factors affect the promotion of sustainable building practices.

Various green building assessment systems have also been developed to evaluate a building’s environmental
performance, energy efficiency, and sustainability, including popular tools such as LEED, GRIHA, and ESGB. These
systems aim to align building practices with global sustainability trends, focusing on aspects such as energy
consumption, material usage, and indoor environmental quality. For example, Pai et al. discussed the Whole Building
Life Cycle Assessment (WBLCA) in the context of LEED, emphasizing its role in reducing the embodied energy and
environmental impact of materials in new construction projects. Similarly, Singh et al. highlighted the GRIHA rating
system's focus on evaluating the environmental efficiency of buildings over their entire lifecycle.

In China, the ESGB (Evaluation Standard for Green Buildings) has become one of the main assessment systems applied
to engineering projects. Researchers have used the ESGB standard to explore energy-saving technologies and strategies
in the construction industry, covering aspects such as thermal insulation materials, daylighting design, and building
facades. These systems effectively link design efforts with sustainability principles. However, a significant challenge
remains: the application of these standards requires substantial expertise and skills to accurately estimate the relevant
design factors.

Olawumi et al. identified a research gap in the use of digital systems for assessing the sustainability performance of
buildings. This gap led to the development of the green-BIM assessment (GBA) framework, which combines green
building rating systems with the data-rich BIM model. The GBA framework offers a cost-effective way to assess
sustainability and serves as a valuable tool for comparing different building designs and projects. Since BIM integrates
multidisciplinary data for various analyses, it is an ideal platform to manage assessment systems and make informed
design decisions early in the project lifecycle.

For instance, Nguyen et al. integrated LEED into the Revit API, enabling automated green building ratings and design
processes. Similarly, Rehman et al. proposed a comprehensive BIM-based approach using the LEED system to optimize
green building parameters for energy and water conservation, thereby achieving the sustainability objectives of a
residential project. These examples highlight the increasing interest in utilizing BIM and green building evaluation
systems to simplify green building design, streamline sustainability assessments, and reduce both time and costs. This
trend points to the need for further exploration to enhance building designs with greater focus on sustainability,
automation, and efficiency.

2.2. Reinforcement Learning Approach

Reinforcement learning (RL) is a core branch of machine learning, alongside supervised and unsupervised learning. It
enables systems to interact with their environment, learn optimal strategies, and maximize an objective reward function
through trial and error. In a typical RL framework, an agent takes actions, observes the resulting state of the
environment, and adjusts its behavior based on the rewards it receives. This closed-loop system is particularly effective
at mimicking human decision-making, where actions are chosen to maximize long-term benefits. RL has been widely
applied in fields such as robotics and autonomous systems due to its capacity for improving decision-making over time.

However, traditional RL methods face challenges, particularly the "curse of dimensionality," where managing high-
dimensional data becomes difficult. As the number of states and actions grows, the Q-table (used for decision-making)
increases exponentially, making it unmanageable for large state spaces.

To overcome this limitation, Mnih et al. made a significant advancement in 2015 by integrating deep learning with RL,
resulting in the creation of deep reinforcement learning (DRL). This approach revolutionized the field, enabling
intelligent agents to autonomously learn complex tasks that were previously intractable. Classical RL systems require
manually defined state representations, while DRL automates this process through deep learning. By using neural
networks to approximate the Q-function, DRL can process state inputs and generate optimal actions, allowing for "end-
to-end" task learning.

DRL effectively combines the perceptual learning abilities of deep learning with the decision-making capabilities of RL,
enabling it to handle complex environments. It has demonstrated substantial advantages in domains such as
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autonomous driving, industrial automation, and robotics. DRL trains agents to learn continuously from their
environment and adapt their decisions, achieving autonomous control and optimization.

Automating decision-making processes through DRL is especially beneficial in engineering fields, as it enhances
operational efficiency, minimizes errors, and reduces risks when compared to manual processes. Furthermore,
automation enables the system to explore vast datasets and learn adaptively from feedback, producing more insightful
and flexible strategies that can guide projects with increased accuracy.

The deep Q-network (DQN) model, a widely used method in deep reinforcement learning (DRL), falls under the value-
based approach. It combines the strengths of neural networks and Q-learning, allowing agents to execute high-level
control in sequential decision-making tasks. DQN has demonstrated its ability to outperform human experts in devising
optimal policies, which can be generalized across different scenarios. However, one significant limitation of the DQN
model is that it works primarily in discrete action spaces, making it less effective for problems requiring continuous
action domains. When applied to continuous action domains, DQN necessitates the use of discrete state and action
variables, which can exponentially increase the number of possible actions as the action dimension grows.

To mitigate the computational challenges posed by this, policy gradient methods are often employed. These methods
update policy parameters by continuously calculating the gradient of the total reward concerning the policy, enabling
convergence toward an optimal solution. Policy gradient-based algorithms are particularly effective in optimizing the
total reward of a policy, directly searching for the best policy within the policy space in an end-to-end fashion.

Lillicrap et al. introduced the deep deterministic policy gradient (DDPG) algorithm, which differs from DQN by being a
policy-based method. DDPG combines the benefits of the deterministic policy gradient, DQN, and the actor-critic
framework, using a deep learning-trained neural network to parameterize both the Q-function and policy.

Experimental results have confirmed the effectiveness of the DDPG algorithm, demonstrating its superior performance
in continuous action spaces and its ability to find more optimal solutions compared to DQN. For instance, Wu et al.
developed a DDPG-based agent that generated continuous control strategies for energy management in hybrid electric
vehicles, significantly improving fuel efficiency. Similarly, Li et al. proposed a DDPG-based approach to manage energy
in power-split hybrid electric buses, achieving substantial reductions in average fuel consumption. Gao and Yu, along
with their respective teams, applied DDPG to optimize energy control in smart homes, reducing energy usage in HVAC
systems while enhancing thermal comfort for occupants.

The key advantages of the deterministic policy gradient are its capacity to learn stochastic policies, its suitability for
high-dimensional action spaces, and its ability to handle continuous action domains with effective convergence. As such,
DDPG is a highly suitable choice for designing energy management systems across various real-world urban
applications, including hybrid electric vehicles and HVAC systems. This makes DDPG particularly relevant in the
construction industry, where it can be applied to building design to enhance energy performance, contributing to
sustainable design efforts.

Although DRL-based building design is gaining traction, it remains in its early stages. Initial efforts have focused on
applying DRL to optimize aspects such as building interior design, building plans, group layouts, and structural
elements. DRL enables adaptive decision-making in these areas by interacting with different settings and responding to
various energy demands and operational requirements. The model-free nature of DRL, coupled with its ability to learn
optimal policies without the need for convexity assumptions, makes it a promising tool for transforming BIM-based
green building design, particularly in handling dynamic and unpredictable energy needs.

Future research should aim to create a DRL framework that can simultaneously optimize energy efficiency,
environmental sustainability, occupant comfort, and other critical factors. This would require carefully formulated
design strategies for the building envelope, openings, and HVAC systems to enhance operational flexibility, energy
performance, and system reliability. However, there are several key challenges associated with using DRL for real-world
building control. These include the time-consuming and data-intensive training process, as well as the limited
robustness and generalization capabilities of current algorithms.

The deep deterministic policy gradient (DDPG)-trained agent, known for its strong generalization abilities and
adaptability to unfamiliar environments, offers a potential solution. The optimal-policy search process within DDPG
must be conducted to overcome these challenges. Therefore, our research aims to develop a stable and efficient DRL
approach that incorporates the DDPG model. By leveraging the interaction between the agent, actions, and the
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environment, this approach will deliver accurate predictions and reliable optimizations, ultimately guiding decision-
making towards effective building design strategies that align with sustainability goals and occupant needs.

3. Methodology

This paper introduces a DRL-enabled approach aimed at automating and enhancing the design and analysis process for
green building development within the BIM framework. Serving as a decision-making tool, this approach optimizes
green building designs by improving energy efficiency, environmental sustainability, and occupant comfort.

As outlined in the flowchart in Figure 1, the methodology is divided into three key stages:

e Stage 1: The first step is to identify building performance objectives and relevant design parameters using BIM
technology and building performance simulation software. This process results in a well-defined assessment
index system that lays the foundation for optimization.

e Stage 2: A deep neural network (DNN) model is constructed with an appropriate architecture to capture and
learn the complex non-linear relationships between design parameters and multiple building performance
objectives.

e Stage 3: A deep reinforcement learning (DRL) algorithm, specifically the deep deterministic policy gradient
(DDPG) method, is applied directly to the trained DNN model. This enables effective interactions between the
system and its environment, producing optimal design strategies that significantly improve overall building
performance.

In summary, the proposed DRL approach automatically explores and optimizes green building designs, minimizing
environmental impact while enhancing occupant comfort. This process not only brings environmental benefits but also
aligns with broader sustainability goals, offering tangible societal advantages.

3.1. Integration of BIM Model and Simulation Tool

To construct an effective prediction and optimization model, the first critical task is the preparation of an assessment
index system. As depicted in Figure 2, this system is based on the Evaluation Standard for Green Buildings (ESGB) and
consists of three primary objectives and twelve influential variables. The process begins by creating a detailed 3D BIM
model of a teaching building using Autodesk Revit 2021. This model provides an enhanced digital representation,
containing both geometric and physical information that is essential for the analysis.
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Figure 1 Flowchart of the proposed DRL approach for building performance prediction and optimization in BIM
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Within the BIM framework, all relevant design parameters—ranging from geometric aspects like building layout and
dimensions to physical characteristics such as thermal performance and HVAC system efficiency—are easily accessible
and modifiable.

The twelve selected parameters, organized into three categories (building envelope, building openings, and HVAC
systems), play a pivotal role in determining building performance. Their adaptability at the preliminary design stage is
essential for meeting sustainable design objectives. The assessment focuses on three main performance targets:

e Building Energy Consumption (y1): This is measured in kilowatt-hours (kWh) per month, representing the total
energy used by the building to maintain a comfortable indoor environment and meet essential needs.

e (Carbon Emissions (y2): This indicates the total greenhouse gases produced over the building's entire lifecycle,
serving as a key measure for decarbonization efforts.

e Indoor Thermal Discomfort (y3): This reflects the level of discomfort experienced by building occupants due to
suboptimal indoor temperatures. High levels of discomfort can negatively impact occupants' well-being.

By focusing on these three targeted objectives—energy efficiency (y1), environmental sustainability (y2), and occupant
comfort (y3)—the model seeks to optimize building performance for sustainability while enhancing overall indoor
conditions.

The BIM model created in Revit can be saved in the green building extensible markup language (gbXML) format, which
is then imported into energy simulation software, DesignBuilder (version 7.1.3.015), for building performance
simulation and orthogonal testing. The gbXML format is particularly effective for preserving important building
parameter data and can be easily integrated with major building energy simulation and analysis tools. Its high level of
interoperability eliminates the need to repeatedly construct analysis models, making it an ideal bridge between Revit
and DesignBuilder for this study.

DesignBuilder, a dynamic simulation software with a built-in EnergyPlus engine, accounts for various factors that
influence building performance. It includes five core modules: a visual modeling module, an EnergyPlus dynamic
thermal simulation module, an HVAC module, a computational fluid dynamics (CFD) module, and a sunshine
environment module. With its intuitive graphical interface, DesignBuilder offers a cost-effective and efficient solution
to accurately simulate building performance across three main objectives—building energy consumption (y1), carbon
emissions (y2), and indoor thermal discomfort (y3).
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In this study, orthogonal tests are conducted within DesignBuilder, involving these three objectives and twelve key
variables. Ultimately, the process generates a sample dataset with 384 sets of building performance results across
various scenarios, forming the foundation for data-driven optimization in green building design.

To improve the accuracy of input-output mapping in a neural network, hyperparameter tuning is essential. In this case,
Bayesian optimization (BO) is used to efficiently search for optimal configurations of two key hyperparameters: the
number of layers in the deep neural network (DNN) and the number of nodes in the hidden layers. Unlike the traditional
grid search method, which can be slow when dealing with multidimensional parameters, BO strategically selects the
next set of hyperparameters in a more informed and time-saving manner. It tracks previous evaluations to build a
probabilistic model, also known as a surrogate, which enhances the efficiency of hyperparameter selection.

The steps in BO can be summarized as follows:

e (Create a surrogate probability model of the objective function.

Select hyperparameters that are expected to perform best based on the surrogate model.
Apply these hyperparameters to the actual objective function.

Update the surrogate model with the new results.

Repeat steps 2-4 until the maximum number of iterations is reached.

Through this iterative process, the optimal combination of hyperparameters is identified, resulting in the minimization
of the network's loss function.

3.2. DDPG Optimization Process

Building on the established DNN meta-model, the three key objectives related to building performance—energy
efficiency, carbon emissions, and occupant comfort—can be accurately estimated and optimized through optimal design
parameter configurations. To handle this as a multi-objective optimization (MOO) task, a DRL-based framework with
two primary components is developed.
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Figure 3 DDPG Optimization Process

1037



International Journal of Science and Research Archive, 2024, 13(01), 1030-1048

e Component 1: This involves conceptualizing real-world engineering problems by translating the MOO task into
mathematical expressions. This step specifies the environment, the set of executable actions, and the state
functions that guide the optimization process.

e Component 2: This focuses on creating the DDPG model. A stable and efficient DDPG agent is developed to
interact with the pre-configured environment, where it can iteratively refine its action strategies using an
experience buffer. This iterative learning process enables the DDPG model to effectively evaluate the
comprehensive performance of the building based on its design.

The core concept behind this DRL-based framework is the continuous acquisition of critical information from the
environment, allowing the agent to adaptively adjust its responses. This dynamic policy generation process is aimed at
maximizing the reward function, which is aligned with the building's real-world physical characteristics.

In essence, the optimization goal is to solve the decision-making challenge for green building design by facilitating
interaction between the agent, actions, and the environment. Through this agent-action-environment interaction, the
approach is expected to significantly improve overall building performance.

3.2.1. Engineering Problem Conceptualization

To address the multi-objective optimization (MOO) problem, a DRL-based framework with a focus on reliability,
flexibility, and efficiency is proposed. By continuously receiving feedback in the form of states and rewards from the
environment, the DRL agent can self-update and adapt the building design strategy to the current conditions.
Specifically, the agent—comprising neural networks—learns how to solve the problem through trial and error,
leveraging the data provided by the environment. It acts as a virtual decision-maker, selecting actions based on
calculated rewards generated through its interaction with the environment. In turn, the virtual environment updates
its state based on the agent's actions, creating a dynamic feedback loop that reflects real-world engineering principles.

In this scenario, the virtual environment is constructed using the BIM model and the DNN meta-model, allowing for
rapid feedback on building performance as well as the configuration of design parameters. This structure enables the
derivation of optimal strategies related to the building envelope, openings, and HVAC systems, serving as key
benchmarks for green building design. By integrating these components, the framework allows for the simultaneous
optimization of the three main objectives: energy consumption, carbon emissions, and occupant comfort.

Mathematically, the DRL-based framework is characterized by four elements, denoted as (4, S, P, R):

A: Actions taken by the agent.

S: States representing the current environment.

P: State transition probabilities, defining how the environment reacts to specific actions.

R: Rewards, which guide the agent in making decisions that maximize performance aligned with the building’s
design objectives.

This system empowers the agent to make informed and adaptive decisions, continuously optimizing the building design
strategy for sustainable development.

Action (A)

Actions taken by the agent are intended to transition the current state to a new state. Different actions yield different
outcomes, and the goal is to select the optimal actions from the action space \(a \in A \), aiming to maximize rewards
in a given scenario. In the context of the virtual environment, the building design parameters act as the agent's actions
within the DRL framework. There are twelve building design parameters in total, which can be adjusted within a defined
range of values. Finding the optimal combination of these parameters requires numerous trials and iterative feedback
loops, a task well-suited for DRL's capacity to generate action functions efficiently.

The state represents the current condition of the environment within which the agent operates. As an interface between
the agent’s perception and the environment, the state \( s \in S \) provides the necessary information for the agent to
make decisions. This allows for effective exploration of the broad range of potential decisions within the search space.
Based on the state, the agent can plan its subsequent actions, encapsulating the current scenario and its objectives.
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The state function is described as follows:

e The state transition probability represents the likelihood that the agent will transition from one state to another
within a defined environment. It determines how the environment responds to a particular action. Typically, a
state transition probability matrix is used, where each row outlines the probabilities of transitioning from one
state to various potential successor states. However, in a model-free DRL approach, this state transition
probability \( P \) is unknown and can be excluded from direct consideration in the optimization process.

e Onceappropriate action and state functions are determined for efficient communication between the agent and
the virtual environment, a performance evaluation is necessary to refine the optimization process. This is
achieved through the formulation of a reward function, which acts as a guiding principle for the generation of
actions and updates to states. The reward function is central to decision-making, directing the agent toward
more favorable outcomes based on continuous interaction with the environment.

e Inthe case of building design optimization, as the agent adjusts building design parameters, it seeks to find the
optimal combination that enhances building performance relative to the baseline scenario. The reward function
plays a crucial role in evaluating the agent's decisions and steering the performance improvements towards
the desired outcomes.

e Given that each optimization objective (such as energy consumption, carbon emissions, and occupant comfort)
has a unique potential for improvement, defining the reward function presents a challenge due to inherent
trade-offs. To address this, the reward function is based on the Euclidean distance from the origin, which serves
as a criterion for decision-making.

e The underlying principle is that during the DRL training process, the reward function aims to minimize the
Euclidean distance between the current performance (solution coordinates) and the origin (representing the
optimal solution). The reward function is expressed as:

e This formulation ensures that as the agent learns and iterates, the reward function converges towards the
optimal value, driving the building design to achieve the best possible performance.

3.2.2. DDPG Model Establishment
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The Deep Deterministic Policy Gradient (DDPG) algorithm is part of the actor-critic family of reinforcement learning
(RL) algorithms. It consists of two distinct neural networks: the actor network and the critic network, which work
together to simultaneously learn the Q-function and the policy. The DDPG model leverages the deterministic policy
gradient, making it particularly suitable for environments with continuous action spaces.

e Actor Network: This network receives the current state as input and outputs the corresponding action. Its role
is to map states to actions by optimizing the policy to maximize long-term rewards.

e C(ritic Network: The critic network, on the other hand, takes both the state and action as inputs and outputs a
policy gradient, which guides the actor network in improving its decisions. A higher value of the policy gradient
indicates a better match between the current state and action, leading to more effective optimization.

By combining the advantages of both value function and policy parameterization, the DDPG algorithm provides a
powerful framework for learning optimal policies in continuous action domains. The state is fed into the actor network
to determine the best possible action, while the critic network evaluates this action to inform further policy updates.

In summary, a DDPG agent functions as an actor-critic RL agent, continuously seeking the optimal policy that maximizes
the reward. The DDPG agent’s structure is visually represented in Figure 5, which shows the integration of two target
networks—one for the actor and one for the critic. The agent learns by updating the actor and critic networks at each
time step, utilizing a circular experience buffer to store past experiences, and introducing small perturbations to actions
selected by the policy to explore new strategies.

This process is formalized in the pseudo-code of the DDPG algorithm (Algorithm 1), which outlines the key steps for
training the DDPG agent. It involves continuously updating the actor and critic networks based on feedback from the
environment, with the goal of improving the agent’s decision-making and ultimately achieving optimal building design
performance.

In DDPG, the deterministic policy gradient is incorporated into the actor component, guiding the update of the policy
network parameters according to Eq. (5):

While directly updating the critic network using these equations can cause significant fluctuations, DDPG addresses this
issue by introducing the concept of target networks, similar to DQN. Instead of directly copying weights, the target
network is updated using a soft update method, which smooths the transition and improves the stability of the
algorithm. The target networks for both the critic and actor are updated as follows:

A notable limitation of the Deterministic Policy Gradient (DPG) algorithm is its limited ability to explore the
environment effectively. To address this, the DDPG algorithm incorporates random noise into the action selection
process, which introduces a degree of randomness and enhances policy exploration. This exploration process is defined
by the equation:

In this case study, the DDPG model is tasked with controlling the building parameters within a physically realistic range.
The goal is to iteratively optimize and adjust the green building's performance through the learning mechanism built
into the DDPG algorithm. The process begins with the actor network, which evaluates the current performance of the
building based on its objectives and devises an action function that aims to maximize the Q value by combining the
current state functions. These actions generate a new set of building parameter combinations.

The resulting building parameters, along with the performance metrics, are passed to the critic network. The critic
network then computes a new Q value, which is used to update the actor network through a gradient descent process.
The agent uses these newly generated parameter combinations to interact with the environment, which is represented
by the DNN models, to update the building's performance metrics. This updated information is transmitted to the target
actor network to determine the next step's building parameters.

The state function and action function values are then processed by the target critic network, resulting in a new target
Q value, along with the reward derived from the environment interaction. The critic network is updated by minimizing
the error between the expected and actual Q values. Both the target actor and target critic networks are updated
incrementally through a soft update method to ensure stability.

Throughout the iterative process, the DDPG model stores four key pieces of information:, which represent the current
state of building performance, the current combination of building parameters, the subsequent state, and the reward
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value. These items are stored in an experience buffer. When the model needs to be updated, data can be randomly
sampled from the experience buffer to improve learning efficiency and performance.

Table 1 Detail settings of basic parameters for BIM-based building performance simulation

Building Parameter Value
Mean outdoor temperature (°C) 20
Indoor design temperature (°C) 25
Equipment power density (W/m?) 11.77

Indoor lighting power (W/m2-1001x) Occupancy density (people/m?) | 50.11

Fresh air volume (vs/person) 8

Figure 5 BIM model of the teaching building

4. Case Study

4.1. Setting of BIM Model

In this case study, a series of experiments based on the developed DRL framework is conducted using a three-story
teaching building, as shown in Figure 6. The building is located in Shanghai, China, and is constructed primarily with a
reinforced concrete frame. It covers a total area of approximately 2381.8 m* with a height of 14.1 meters. The building
consists of 27 rooms serving various functions, including classrooms, conference rooms, lounges, restrooms, and
stairwells. It is oriented north-south and exposed to Shanghai’s hot-summer and cold-winter climate, along with the
sun's annual light cycle. The building operates entirely on electricity, utilizing a centralized HVAC system to maintain
indoor temperatures.

Given the size of the building, three key performance indicators are particularly relevant for the subsequent data-driven
analysis: energy consumption, carbon emissions, and indoor thermal discomfort. These factors are critical to assessing
building performance and sustainability.

The goal of this BIM-based green building design task is to develop an optimized design scheme that addresses these
three indicators, creating a more sustainable and resilient built environment. By focusing on these aspects, the aim is to
reduce the building's negative environmental impacts while improving occupant well-being.

Before proceeding with the prediction and optimization tasks, a detailed BIM model containing physical property
information—such as geometric data and material thermal properties—was created using Autodesk Revit 2021. This
model includes all relevant details about the building's structure, including walls, floor slabs, doors, and windows. The
BIM model was then imported into the DesignBuilder software (version 7.1.3.015) using the gbXML format for energy
simulation.

Although the initial BIM model contains extensive attribute data, additional refinements were made to ensure the
accuracy of the energy simulations. Essential settings, such as geometric parameters and building elements, were
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calibrated based on project requirements and engineering codes to ensure precise simulations. Table 1 outlines these
critical settings, which contribute to the fidelity and reliability of the analysis.

Based on the BIM model and the basic parameter settings, building energy simulations were carried out in
DesignBuilder using orthogonal experiments. This structured approach ensures that the data generated is both robust
and representative, providing an accurate depiction of building performance.

The simulation involves adjusting twelve predefined building design parameters (as shown in Figure 2) in
DesignBuilder, resulting in outcomes for three primary building performance metrics: energy consumption (y1), carbon
emissions (y2), and indoor thermal discomfort (y3). Each simulation, with a unique set of design parameters, is
independently executed in DesignBuilder. It was observed that different combinations of these parameters produce
varying results in terms of building performance.

The range of values derived from the simulation for the three objectives is as follows:

e Energy consumption (y1): [558,128.3 kWh, 756,775.8 kWh]
e Carbon emissions (y2): [282,091.5 kg, 340,015.7 kg]
e Indoor thermal discomfort (y3): [2261.4 hours, 3659.5 hours]

This process yielded a dataset containing 384 sets of building performance simulation results, which serves as the
foundation for training the DNN meta-model and applying the DRL framework.

Additionally, the Euclidean distance between the three objectives is calculated to evaluate the proximity of each set of
parameters to the optimal solution. The parameter set with the smallest Euclidean distance is selected as the baseline,
allowing for a quantitative comparison of building performance before and after optimization. This comparison will
help measure the extent of improvement achieved through optimization.

4.2. Meta-Model Development for Building Performance Prediction

A DNN meta-model is developed based on the 384 simulation results to understand the complex relationship between
twelve design parameters and the three target objectives (energy consumption, carbon emissions, and indoor thermal
discomfort). The dataset obtained from the BIM-based simulation process is divided into a training set and a test set at
aratio of 3:1. This random partitioning is done to eliminate any potential order-related biases. A total of 288 data points
are randomly selected for regression fitting and model parameter determination, allowing the DNN model to learn from
diverse data samples. The remaining 96 data points (25% of the total) are used as an evaluation test set to assess the
prediction performance on unseen data. A fixed random seed value of 100 is used to ensure the reproducibility of the
data partitioning.

To prevent common issues such as overfitting and training instability, early stopping and dropout techniques are
applied during model training. Hyperparameter tuning is critical for improving model accuracy, and Bayesian
Optimization (BO) is employed to automatically find the optimal configuration for the DNN model. The results of this
tuning process, including the final hyperparameter values, are provided in Table 2.

Two primary evaluation metrics—R? (coefficient of determination) and MAE (mean absolute error)—are used to assess
the DNN meta-model's performance in both the training and test sets. R* measures the goodness of fit, while MAE
provides insight into the average deviation between predicted and actual values, expressed as a percentage. In both the
training and test sets, R? values are close to 1, and the MAE remains below 0.05, indicating the absence of overfitting or
underfitting. These metrics demonstrate that the DNN model is capable of producing accurate and reliable predictions
for building performance.

For visual clarity, the prediction results and corresponding errors are illustrated in Figures 7 and 8. The close alignment
between the predicted values (blue line) and the actual simulation results (red line) confirms the DNN model's high
degree of accuracy in predicting all three objectives under various combinations of design parameters. Furthermore,
Figure 8 shows the distribution of prediction errors, which follows a normal distribution curve. Almost all error values
fall within 20, indicating effective error control during model training.

In conclusion, the well-constructed DNN meta-model provides accurate predictions, which are essential for further

integration with the DRL framework. This ensures that the DNN model can effectively support the DRL-based
optimization process, resulting in better decision-making for green building design.
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4.3. Building Performance Optimization via DRL Approach

4.3.1. DDPG Parameter Setting

The DNN meta-model, developed earlier, effectively captures the relationship between building performance and design
parameters across various scenarios, offering reliable predictions. The next step is to integrate this meta-model into the
Deep Reinforcement Learning (DRL) framework to address the multi-objective optimization (MOO) task. This task aims
to find an optimal green building design solution that balances three key objectives: building energy consumption (y1),
carbon emissions (y2), and indoor thermal discomfort (y3).

The DDPG model defines an efficient agent that continuously interacts with and learns from the virtual environment,
which is simulated using BIM and DNN models. During the DDPG training process, parameters must be continuously
adjusted to expand the optimization range and enhance the performance of the DRL framework. The DDPG parameter
settings, listed in Table 4, help improve the generalizability and effectiveness of the DRL-based approach. Below is an
explanation of the key parameter settings:
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Figure 6 DRL Approach

Discount Factor for Reward Function

The discount factor controls how cumulative rewards are calculated during the DDPG training. A smaller discount factor
reduces the impact of future rewards, while a value of 1 ensures that the effect of the reward does not diminish over
time. This allows the agent to consider long-term benefits during optimization iterations.

Learning Rate, Network Layers, and Batch Size

The learning rate determines the step size during gradient updates. If the learning rate is too large, it may fail to
converge to the optimal gradient; if too small, the convergence rate will be slow. Typically, the actor and critic networks
require fewer layers than the DNN, generally between 2-3 layers, as excessive layers can destabilize the algorithm. The
batch size also plays an important role in training speed—larger batch sizes lead to faster convergence in the DDPG
algorithm.

Upper and Lower Bounds of Building Parameters

Since the DDPG algorithm optimizes a set of 12 building parameters, it is crucial to define the upper and lower bounds
for these parameters. These limits are derived from the original dataset and reflect the practical constraints and physical
significance of the building design elements.
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Figure 7 Bounds of Building Parameters

Training Steps and Episodes

To ensure the DDPG model has enough time to learn, a sufficient number of training steps and episodes are needed.
These extended interactions with the environment allow the agent to gather ample data regarding the building's key
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variables. Through trial and error, the DDPG agent gradually improves its optimization paths. In this case, 150 training
episodes with a maximum of 30 steps per episode are set to provide enough learning opportunities.

Exploration through Noise Addition

The DDPG algorithm trains a deterministic policy in an off-policy manner, meaning the agent consistently follows a
single policy. However, this can limit exploration at the start of training. To overcome this, noise is added to the action
function values during training. Gaussian noise with a mean of 0 and variance of 1 is used to introduce randomness in
the early stages. A weight discount factor of 0.9998 is applied to gradually reduce the noise variance during iterations,
balancing exploration and exploitation, and ultimately improving the global solution optimization efficiency.

These carefully tuned parameters enable the DDPG agent to efficiently explore the design space and generate optimized
building designs that meet the objectives of energy efficiency, reduced emissions, and occupant comfort in a balanced
and automated manner.

4.3.2. DDPG Learning Curve

During the training process of the DDPG model, the agent iteratively generates the corresponding state function based
on the initial action function. It then evaluates the optimization effects on the building performance objectives—energy
consumption (y1), carbon emissions (y2), and indoor thermal discomfort (y3) —and reflects these results via the reward
function. This process is executed on a workstation equipped with an Intel Core i9-10920X CPU and an NVIDIA GeForce
RTX 3080 GPU. The iterations continue until the stopping criterion is reached. The fluctuations and convergence of the
reward function, along with the performance objectives for each step, are illustrated in Figure 9, representing the DDPG
learning curve.
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Figure 8 Learning Curve

The DDPG model undergoes two distinct phases: learning and convergence. - Initial Learning and Exploration Phase
(First 200 Iterations):
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In this phase, substantial optimization of the reward function occurs, with its value dropping from approximately 75,000
to 60,000. The unstable nature of this phase is likely due to the exploration of different optimization paths, as the model
searches for potential candidates for optimization. The large fluctuation in Gaussian noise variance generated by the
DDPG agent during this phase indicates that the agent is engaging in random exploration, trying to identify the best
solutions across various optimization directions.

- Convergence Phase (After 200 Iterations):

After around 200 iterations, the DDPG model enters a convergence phase. During this phase, fluctuations in the reward
function gradually diminish, and the model's performance stabilizes. This signifies that the strategy has been sufficiently
optimized and no further improvements are being made. By the end of the training process, the DDPG model can return
optimal design decisions for green building performance.

To visualize the optimization trends more clearly, the arithmetic mean of the rewards and performance objectives over
30 iterations is calculated in a moving average manner. The trend line generated from this approach confirms the stable
convergence of the DDPG model, demonstrating the effectiveness of the training. As the learning curve stabilizes, it
reflects the DDPG agent's capacity to consistently make better decisions and generate more efficient design solutions
for green building performance.

Learning Curve Analysis for Building Performance Objectives

The learning curve of the three objectives—building energy consumption (y1), carbon emissions (y2), and indoor
thermal discomfort (y3)—can also be visualized by plotting the episode number on the x-axis, as shown in Figure 10.
The DDPG model continuously iterates through cycles of learning until it either reaches the desired state or the
maximum number of steps per episode. In this investigation, a total of 150 episodes were conducted, with each episode
consisting of a maximum of 30 steps, yielding 4500 iterations.

In Figure 10, the three trendlines represent different aspects of the learning process:

e The orange trendline shows the average value derived from the 30 steps in each episode.
e The blue trendline indicates the maximum value.
e Thered trendline represents the minimum value.

These trendlines help to visualize the fluctuation range and iterative convergence of each objective throughout the
learning process. As the training progresses, all three objectives display a tendency to stabilize during the later episodes,
indicating convergence.

For example, in the case of building energy consumption (y1) (Figure 10a), the blue and red lines represent the
fluctuation interval for energy consumption during episodic learning. Initially, the interval spans a range from 200,000
to 50,000, but as the learning process continues, this interval narrows, with uncertainty decreasing. This reduction in
fluctuation is a key indicator that the DDPG model is approaching the optimal solution for minimizing energy
consumption.

The orange mean curve for energy consumption remains closer to the red minimum curve rather than the blue
maximum curve, signifying that the training process effectively minimizes the occurrence of outliers on the upper end
of the spectrum. This shows that the model is gradually refining its predictions and focusing more on achieving lower
energy consumption values.

The learning curves for carbon emissions (y2) exhibit a similar pattern to energy consumption, demonstrating the
model's ability to simultaneously optimize multiple objectives. However, the learning curve for indoor thermal
discomfort (y3) displays a different trend, reflecting the trade-offs inherent in balancing the three objectives in a multi-
objective optimization (MOO) task.

Overall, the fluctuation magnitude and direction of convergence for each objective provide insight into how the DDPG
model manages the complex trade-offs in the green building design optimization process.
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5. Conclusion

This study introduces a deep reinforcement learning (DRL)-based multi-criteria optimization (MCO) framework that
successfully integrates Building Information Modeling (BIM) and a deep neural network (DNN) model to optimize
sustainable building design. By leveraging the deep deterministic policy gradient (DDPG) algorithm, the framework
effectively balances energy consumption, carbon emissions, and indoor thermal comfort, demonstrating superior
performance in a case study of a teaching building in Shanghai, with a 13.19% improvement over traditional genetic
algorithms. This approach not only offers advanced data-driven decision-making capabilities but also presents a
promising solution for automating green building design to meet sustainability goals, enhancing operational efficiency,
and improving occupant well-being.
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