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Abstract: Faced with the challenges of global climate change, zero-carbon buildings (ZCB) serve as a
crucial means to achieve carbon peak and carbon neutrality goals, particularly in the development
of tropical island regions. This study aims to establish a ZCB technology system suitable for the
unique climatic conditions of tropical islands. By employing methods such as energy flow boundaries,
parametric design, and data-driven optimization algorithms, the research systematically analyzes the
integrated mechanisms and optimization solutions for energy utilization, energy conservation, energy
production, and intelligent systems. The study identifies and addresses key technical challenges faced
by ZCB in tropical island regions, including the accurate identification of system design parameters,
the precise quantification of the relationship between design parameters and building performance,
and the comprehensive optimization of technical and economic goals for zero-carbon operational
design solutions. The research results not only provide a comprehensive theoretical framework,
promoting the development of architectural design theory, but also establish a practical framework
for technology and methods, advancing the integration and application of ZCB technology. The study
holds significant practical implications for the green transformation of the tropical island construction
industry and the realization of national dual-carbon strategic goals. Future research should further
explore the applicability of the technology system and the economic feasibility of optimized design
solutions, promoting continuous innovation and development in ZCB technology.

Keywords: tropical island zero-carbon building (TIZCB); system integration; quantitative mechanism;
key issues; problem solutions

1. Introduction

The increasing frequency of extreme weather events triggered by climate change poses
significant risks to global society, economy, and the environment [1]. Rising sea levels and
ecosystem destruction exacerbate the challenges faced by nations on a transboundary scale.
In response to this global challenge, the international community has taken a series of
actions [2]. The establishment of the United Nations Framework Convention on Climate
Change (UNFCCC) in 1992 provides a legal basis and guidance for global climate action [3].
The Kyoto Protocol in 1997 further delineates emission reduction obligations for both
developing and developed nations. The Paris Agreement, reached at the 21st United
Nations Climate Change Conference (COP21) in 2015, marks a more ambitious phase in
global climate action [4]. Key outcomes of the series of UNFCCC-led critical meetings are
outlined in Table 1.
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Table 1. Outcomes of the key UNFCCC conference.

Node TIE::end Theme Objectives Outcome China Action
Establish a The Berlin As a founding member of
framework for Declaration was the COP, China
The Conference lobal climate adopted, calling for articipated in the initial
COPr1 28 March— of the Parties to & tion and P tr/ noer & P di p ions on elobal
Berlin 7 April1995  UNFCCC for the acuonanc o stonger _Scussions on g oba
first ime promote countries international action climate action at COP1
to jointly address to combat climate and expressed its concerns
climate change. change. about climate change.
Define emission
reduction targets ;52: i{}:)t?egr(:,\tzﬁ(?}ll China supported the
for development dopted, wht Kyoto Protocol at COP3
Development of established emission . .
cor3 1-11 December and developed - and is not required to set
the Kyoto . reduction targets for . .
Kyoto 1997 countries, and . its own emissions
Protocol developed countries .
promote global f . . reduction targets for a
I, or a specific period iy . .
efforts to mitigate of time specific period of time.
climate change. ’
The Copenhagen At COP15, China
A global climate Ag:o.rq proposed .pr.()posed dqmestlc
agreement was limiting global emission reduction targets
Global Climate s01g1 ht to replace temperature rise to and stressed the need for
COP15 7-18 December ~ Governance and & P well below 2 degrees  developing countries to
the Kyoto Protocol, . . : .
Copenhagen 2009 the Copenhagen . Celsius and receive financial and
but no universal 1 . .
Accord agTeement was providing climate technical support,
& reached finance to providing a concrete
’ developing position for global
countries. climate governance.
The Paris Agreement
. was adopted, and China actively
AT Ifef;reli ¢ countries set their participated in COP21 and
estabglgishes a new own National signed and committed to
Contribution Targets  the implementation of the
30 November to  Develop a global framework for .
COP21 . . (NDCs), Paris Agreement. In the
. 12 December climate global climate .. .
Paris > . emphasizing the agreement, China pledged
2015 agreement action and aims to ..
limit global common but to peak carbon emissions
warmine to differentiated by 2030 and increase the
&0 principle of global share of non-fossil
2 degrees Celsius. .
climate energy sources.
responsibility.
China has re-emphasized
Focus on financing,  China reaffirmed its peaking carbon emissions
. . before 2030 and has
adaptation commitment to peak ledeed to invest more in
COP26 1-12 November Driving global measures and carbon emissions by Eenev%able enereyv. China’s
Glasgow 2021 climate action further reductions 2030 and pledged to pledge at g(};PZ 6
in greenhouse gas  increase investment highlighted its

emissions.

in renewable energy.

contribution to global
climate action.

In the 2050 carbon neutrality strategic plan, the carbon reduction plan for the construc-

tion sector involves a series of medium- to long-term emission reduction paths, including
enhancement of energy efficiency standards and promotion of green buildings. The plan
also includes initiatives such as promoting energy-efficient and low-carbon transformations
for old buildings and strengthening innovation in low-carbon building technologies [5].
The strategy aims to create low-carbon and ZCB, utilizing measures like financial subsidies
and green finance to drive the development of the green building industry. According to
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data from the International Energy Agency (IEA) [6], the construction industry contributes
significantly to global greenhouse gas emissions, accounting for approximately 39% of
the total CO, emissions over the building’s entire lifecycle. The carbon neutrality strate-
gies and implementation pathways of developed countries such as the United States, the
European Union, the United Kingdom, and Japan are outlined in Table 2 [7]. The plan
addresses various aspects, including standard systems, technological innovations, and
policy frameworks, highlighting the importance of the construction sector in mitigating

global greenhouse gas contributions [8].

Table 2. Developed countries” carbon neutrality goals and policy paths.

Target European Union United States United Kingdom Korea Japan
Carbon Neutrality by 2050
Seven actions of the 10 olans of the
European Green Deal Zero Carbon Action " p . “Green Growth
stratagem ) . Green Industrial The Green New Deal P .
Germany’s Climate Plan (ZCAP) . ” Strategy” 14 industries
. Revolution Plan”.
Action Plan 2050
Build a clean, Electricity: Zero-carbon Offshore wind power
affordable and safe energy Ammonia fuel
energy system Electrification of Hydrogen energy
Build a clean and transportation, Offshore wind energy New enerev vehicles nuclear energy
circular industrial low-carbon biofuels, Hydrogen energy Green trangs}flormation Cars and batteries
system and renewable energy nuclear energy of buildings and Semiconductors and
Promote building Zero-carbon Buildings Electric vehicle . 8 communications
. . infrastructure to zero ..
upgrading (ZCB), the new Public transport, energy consumption shipping
Development of Building Energy Code cycling and walking Groen and smart Transportation and
intelligent and (NECB) Jet Zero Row Council L logistics
path . . . . . cities .
sustainable transport Zero-carbon industrial and Green Shipping Low-carbon Food, agriculture and
systems production Residential and distributed energy forestry and
Implement a Zero-carbon land use public buildings reSOUTCes aquaculture
“farm-to-fork” green Zero-carbon materials, Carbon capture Smart erids aviation
agriculture strategy a new national nature Green in%lustr carbon cycle
Conservation of natural sustainable materials Innovation and innovation y Next-generation
ecology and management Finance residential, commercial
biodiversity framework (SMM) and buildings, and solar
Create a pollution-free a circular economy Resource Circulation/
environment system Lifestyle

China is at a crucial stage in the development of the “14th Five-Year Plan” and
the urgency of responding to the dual carbon goals has propelled the advancement of
energy-efficient and green buildings to higher standards [9]. National policies [10], such
as the “Technology Support Carbon Peak and Carbon Neutrality Implementation Plan
(2022-2030)” and the “14th Five-Year Plan for the Development of Energy Conservation
and Green Buildings” consider decarbonization, emission reduction, and energy efficiency
enhancement as core objectives, presenting an innovative technology path of “energy
efficiency—energy production—carbon reduction”. Although there are still debates do-
mestically and internationally regarding the definition of ZCB, and the field is currently
in its early stages of policy promotion and demonstration application, the lack of mature
technological systems and cases underscores the importance of the theoretical framework
of systematic integrated design for disrupting traditional building design. This design
approach, centered around the energy and material flow of buildings, emphasizes the
comprehensive integration of dimensions such as energy utilization, energy conservation,
energy production, and intelligent systems throughout the entire process of design, con-
struction, and operation to optimize building functionality [11]. This method not only
focuses on energy efficiency from the early stages, utilizing passive design strategies to
reduce energy demand, but also emphasizes the use of efficient equipment and technology
to lower consumption. Additionally, it incorporates renewable energy technologies and
intelligent management in buildings to enhance overall energy efficiency. Establishing a
foundation for the implementation of ZCB, this systematic integration design framework
provides a critical reference for overturning traditional building design practices [12].
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Hainan Island, with its tropical monsoon maritime climate, presents unique challenges
for creating ZCB. To address the low-carbon transformation in the construction industry,
Hainan Province has introduced a series of key initiatives, as outlined in policy documents
refer to Table 3.

Table 3. Relevant policy document excerpts.

Time Policy Papers Extract
The proposal is to transform Hainan into a clean energy
Implementation Plan of the National developr'n'ent model, fo§u51ng on park central hgat%ng,
: e ) area-specific central cooling, ultra-low energy buildings,
May 2019 Ecological Civilization Pilot . - - . .
. and high-efficiency appliances, while enhancing contract
Zone (Hainan) .
energy management and market-driven
energy-saving mechanisms.
By 2025, green buildings will account for 80% of new
Implementation Opinions on buildings, and prefabricated buildings will account for
December 2021 Accelerating the Establishment and more than 80% of new buildings. Comprehensively
Improvement of a Green, Low-Carbon  promote green buildings and prefabricated buildings, and
and Circular Economic System develop green buildings with the characteristics of Hainan
tropical islands.
The strategy involves tailoring technologies and products
to local needs, emphasizing green construction,
September 2022 Regulations on the Development of prefabricated structures, eco-friendly materials, and solar
p Green Buildings in Hainan Province systems, with specific directives to advance the integrated
growth of smart building and
construction industrialization.
Implement ultra-low and near-zero energy building
Implementation Plan for the Creation of demonstrations, enhance technical standards and
December 2022 e . . s . . .
Green Buildings in Hainan Province assessment indices, and install sub-metering devices to
evaluate building energy efficiency.
The 1t ive Yoo oo Howsingand  O71 WIS W s bty o,
January 2022 Urban-Rural Development in 8y ’ &

and markedly boosting building energy efficiency through

Hainan Province . . 5 :
comprehensive green and intelligent practices.

Despite abundant solar radiation and renewable resources, challenges arise in achiev-
ing carbon neutrality in the construction sector and establishing high-level free trade ports
in tropical islands due to characteristics like extended summers, minimal day-night tem-
perature variations, and significant cooling demands [13]. The integrated design of ZCB
provides a foundational methodology to address these challenges. However, in the context
of Hainan’s rich solar resources, a lack of a zero-carbon technology system, and urgent
development needs, effective integration of energy utilization, energy conservation, en-
ergy production, and intelligent systems, precise quantitative modeling, and optimization
design become crucial for sustainable development of ZCB in tropical island regions [14].

This study addresses key issues and proposes solutions for the quantitative mechanism
of TIZCB systems. Starting from the definition of ZCB concepts, it systematically reviews
the technical systems for developing ZCB in major world economies, defining the scope
of this study. Three critical scientific and technical issues are summarized and discussed,
forming a systematic solution aimed at laying the foundation for the integration of ZCB
technology systems and optimization of implementation plans in tropical islands.

The remainder of this paper is organized as follows: Section 2 reviews the conceptual
definitions of ZCB in major world economies and summarizes current challenges in their
development. Section 3 analyzes the key elements and core systems of energy utilization,
energy conservation, energy production, and intelligent systems for ZCB in tropical islands,
outlining the research scope and main content. Section 4 further refines key scientific and
technical issues in response to common needs in the integration, accurate quantification,
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and comprehensive optimization of TIZCB systems. Section 5 constructs a solution system
based on research methods to address key scientific and technical issues. Section 6 delves
into the in-depth discussion of the development of TIZCB from the perspectives of research
objectives, theoretical significance, and practical implications. Section 7 concludes the
research findings of this paper.

2. Developmental Overview

Since the Paris Agreement, the world has entered a crucial transition from “energy-
saving” to “carbon reduction”. Countries are driving the construction industry towards
sustainability, low carbon, and zero carbon emissions by enacting and updating policies,
standards, and guidelines [15]. Research and development of ZCB and their technological
systems are pivotal for achieving carbon peak and carbon neutrality in the construction
industry. The development policies and definitions of ZCB in major world economies are
outlined in Table 4.

Table 4. The definitions of ZCB in the world’s major economies.

Country Text Year Institution Definition Purpose
Adapt to climate and site ?aL?EEtéjgggi} tz%%%[zr?g
conditions, reduce energy peaxing y .
demand tﬂrou h desi achieving carbon neutrality
optimization genhancgen by 2060, strategies include
P PP reducing building energy
energy system efficiency, demand, enhancing energy
Technical Standards Ministry of Housing ~ utilize renewable energy o fficienc, ensurine health
China for ZCB (Draft for 2023 and Urban-Rural and storage, and aim for in doo};, environ;gnents Y
Comments) Development near-zero carbon expanding renewable a£1 d
bgildings. Comp}ement zero-carbon energy in
with carbon trading and buildings, and steering
sgtz(fcrllaf s;vcfé ttl;?;?; building-centric areas
. towards low, near-zero, and
Article 325 or 84.7. zero carbon emissions.
This definition can serve as
National Definition . - a framework in which users
of Zero-Emission Itis energy efficient, has can influence the design
e no on-site energy use d tion of buil dii
United States Buﬂdmgs.. Part 2023 U.S. Department of emissions, and is and operation o gs
1 Operational Energy owered entirelv b in a number of ways,
Emissions (Version P clean ener vy thereby significantly
1.00), Draft Standard &y- reducing emissions from
the building sector.
A zero-emission building The goal is to evolve the
is one with high energy long-term renovation
. Building Energy European efficiency, fully powered strategy into a national
European Union Efficiency Directive 2021 Commission by renewables, and no plan, aiming to transition
on-site fossil building stock to
fuel emissions. zero-emission by 2050.
a1 The framework proposes
A zero-carbon building an overarching seIt) of
efficiently uses or sources L
Net Zero Carbon a1 principles to follow to
. . s UK Green Building carbon-free energy .
United Kingdom  Building Framework 2019 . . . achieve net-zero carbon
N Council on-site to offset its annual . .
Definition emissions with an

material and operational
carbon emissions.

“emissions reduction
first” approach.

Analyzing Table 4 reveals that the definitions of ZCB vary among major global
economies, reflecting diverse focuses on energy efficiency, renewable energy utilization,
and decarbonization. Overall, despite differing definitions, countries are actively promot-
ing energy-saving and emission reduction in the construction industry to achieve their
respective climate goals and commitments. However, the lack of standardized definitions
poses significant obstacles in the development of ZCB, particularly regarding the fragmen-
tation of technological integration, the lack of cross-regional sharing of design experiences,
and the suboptimal nature of overall solutions. The non-uniformity of standards and
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incomplete system integration further restricts the optimization of design solutions, thereby
reducing overall design efficiency and building performance.

In summary, ZCB, integrated with energy utilization, energy conservation, energy
production, and intelligent, are considered a crucial initiative for the construction industry
to implement carbon peak and carbon neutrality goals [16]. However, they face practical
challenges such as non-uniform standard definitions, incomplete system integration, and
suboptimal quantification methods. In tropical island regions like Hainan Island [17],
leveraging abundant solar and thermal renewable resources, ZCB possess natural advan-
tages and a vast market. Therefore, to address the real challenges in the development
of ZCB and promote the integrated application in tropical island regions, a systematic
review and comprehensive analysis of issues such as “energy-efficient technologies for
buildings”, “parametric design and building energy consumption”, and “design schemes
and multi-objective optimization” are necessary, accompanied by targeted solutions.

3. Research Scope

To establish a ZCB technology system tailored for the characteristics of tropical island
regions. The research focuses on “energy flow boundaries, parametric design methods, and
data-driven optimization algorithms”. Analyzing key elements and core systems of ZCB
energy conservation and intelligent systems in tropical islands. Summarizing the research
scope and its main contents. Defining the research scope, as illustrated in Figure 1. The
main steps in delineating the research scope, as depicted in Figure 1.

Basic Long summer without winter refrigeration Abundant photothermal and photovoltaic Zero-carbon buildings have great advantages in
Premise energy consumption and carbon emission renewable resources Energy Conservation and carbon reduction
Status quo Definition of zero-carbon building standards The technical system of zero-carbon building Immature application of zero-carbon building
Question is not uniform is not perfect. integration
Overall . - . - . -
Request Establish a zero-carbon building technology system suitable for tropical island regional characteristics
To the
point Energy flow system Parametric design means Data-driven optimization algorithm
Perspective
The end of tl;i:iosoep control is The enclosure is passive The building skin is efficient System coupling regulation
Ke lp . d Energy Conservation and Carbon reduction of production R, ping reg .
Yy energy utilization to reduce b ducti Intelligent carbon reduction
Elements carbon carbon reduction
1 1 1
Core Energy Utilization System Energy Conservation system
Syst P Py PN . Energy Production system Intelligent system
ystem Modeling-prediction- Modeling-prediction- . o AN . A A
optimization optimization Modeling-prediction-optimization Modeling-prediction-optimization
Basnr)lel?lflrigy :2:1::) l::gl‘)ll‘:e n for Parametric Integrated Desion of Parameterized Integrated Design The technology is advanced and
g. o 1s g g of Photovoltaic and Thermal feasible, economical and
Research environment Building Envelope reasonable
Range sl::):l:l :::ne\'nii;;g:nZZetzﬁlZon:tl:ogl Foz::noz:::égs‘v“f; :Ze‘z;‘s‘(’n Focus on integrated wall and other Focus on parameter control of
system P productivity skin intelligent fusion algorithm

Figure 1. Main steps of defining the research scope.

The delineation of the research scope involves multiple dimensions, as evident from
Figure 1. This paper explores the integrated development of TIZCB technology, focusing
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on energy boundaries and employing parametric design and optimization algorithms for
key challenges. It segments the ZCB system into subsystems targeting energy and carbon
savings, encompassing environmental control, passive structure energy reduction, efficient
building envelope capacity, and intelligent system coupling carbon reduction.

The four key elements—Energy Utilization, Energy Conservation, Energy Produc-
tion, and Intelligent—constitute the defined systems, Energy Utilization System, Energy
Conservation System, Energy Production System, and Intelligent System:

(1) Energy Utilization system: Focuses on the energy consumption in building environ-
mental comfort, particularly emphasizing the energy planning of building Heating,
Ventilation, Air Conditioning (HVAC) systems.

(2) Energy Conservation system: Centrally addresses the parametric integrated design
of building envelope components, with a specific focus on energy-efficient elements
such as walls.

(3) Energy Production system: Ultilizes parametric integrated design for renewable energy
sources like photovoltaic and solar thermal, concentrating on integrated components
like energy-producing facades.

(4) Intelligent System: Adhering to the criteria of advanced, feasible, and economically
reasonable integrated design solutions, it concentrates on the intelligent integration
algorithms for multi-objective parametric control of energy utilization, energy conser-
vation, energy production, and intelligent systems.

4. Key Issues

Background analysis indicates that, in the absence of unified standards for ZCB, the
systematic integration and innovation of technical systems are a feasible path for the devel-
opment of TIZCB. The key issue in integrating the existing green building technical systems
is how to achieve zero-carbon operation through technical integration. This involves ad-
dressing two aspects of a single problem: firstly, integrating the technical system for TIZCB
based on their climate characteristics and resource endowments; secondly, optimizing the
technical solutions for TIZCB to achieve zero-carbon operation. In other words, the sys-
tematic integration of ZCB technical systems in tropical islands must achieve “clear system
boundaries, complete quantification models, and appropriate optimization strategies”.
Therefore, within the defined scope of this study, focusing on the common requirements of
systematic integration, accurate quantification, and comprehensive optimization for TIZCB,
key scientific and technological issues are refined further. Through the implementation
of systematic integration theory, parametric design methods, data-driven algorithms, and
other technical means, specific solutions are proposed to address the challenging problem
of accurately quantifying zero-carbon operation in TIZCB. This lays the foundation for the
integration of technical systems and optimization of implementation plans for TIZCB. The
main steps in refining key scientific and technological issues are shown in Figure 2.

Analyzing Figure 2 reveals the crystallization of a scientific problem and three tech-
nical problems in the process of refining key scientific and technological issues. Scientific
Problem: Quantification mechanism and optimization methods for energy-saving and
energy-producing systems in ZCB on tropical islands. Technical Problems:

(1) How to accurately identify intelligent systems for energy conservation and energy
production, along with their design parameters;

(2) How to finely quantify the relationship between system design parameters and
building performance;

(3) How to proactively optimize zero-carbon operational design schemes for technical,
economic, and comprehensive goals.
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Through the system integration of green building technology system, the goal of zero carbon building operation in
tropical islands can be achieved.
Mainly
Aim
Base on that characteristics of climatic environment and natural By optimize that technical scheme of the zero-carbon building on the
resource of tropical islands, tropical island,
Integrated tropical island zero-carbon building technology system Achieving zero-carbon operation of tropical island buildings
Quantification mechanism and optimization method of zero-carbon building Energy Conservation and
Key production capacity system in tropical island
Science
Technology
Question How to accurately identify the intelligent How to precisely quantify the impact of How to actively optimize the technical and
system of Energy Conservation and system design parameters on buildi ec ic comprehensive objectives of the zero-
production and its design parameters performance carbon operation design scheme
Integrated
Integration theory Provide system feedback technical support
I Theoreticali 1 I Design
3 H — Ttilizati ilization- Application
3 b: Utilization- Utilization- Utilization :
Content }-heoretlcll e conservation- conservation- conservation- s scheme
Logic RAICWor production-intelligent production-intelligent production-intelligent Systematic
g System integration | Method System modeling System prediction System optimization Application review
t suppont | I | I i of the scheme
uantiiication . Digital integrated
method Provide system data Provide system goals 8 i trogl

Figure 2. Key scientific and technological issues are refined in the main steps.

In this study, technical problems are targeted methods proposed to address common
needs, while scientific problems are further refined and summarized based on technical
problems. Technical problems play a crucial supporting role for scientific problems. The
logical relationship between the two can be expressed as follows: the establishment of
scientific problems provides a theoretical foundation and goal direction for solving technical
problems, while the solution to technical problems provides research tools and technical
methods for exploring scientific problems. Therefore, the analysis of key scientific and
technological problems in this paper is discussed in Sections 4.1-4.3.

4.1. How to Identify Energy-Efficient Production Capacity and Its Parameters Accurately?

Key Technical Issue 1: The core lies in defining the TIZCB technology system integra-
tion and systematically categorizing it. To address this key technical issue, three steps are
crucial: firstly, considering the characteristics of the tropical island climate, referencing the
green building technology system, and summarizing the applicable ZCB technology system
for tropical island architecture. Then, applying theories such as systems theory, control
theory, and synergy theory, scientifically decompose the TIZCB technology system into four
systems: energy utilization, energy conservation, energy production, and intelligent sys-
tems. Finally, through parametric design methods, identify design parameters for the four
systems, forming a systematized design based on EnergyPlus 22.1.0 simulation parameters.

4.2. How to Quantify the Relationship between Design Parameters and Performance Precisely?

Key Technical Issue 2: The core is to explore the relationship between system design
parameters and building performance and establish a quantified model. To address this
key technical issue, three steps are vital: firstly, establish a quantified model for the design
parameters of the four systems, generate EergyPlus 22.1.0 simulation scripts using the
Latin Hypercube Sampling (LHS) method, and batch simulate through the Jeplus plugin.
Then, integrate various machine learning regression prediction algorithms to establish
a data-driven multi-output regression prediction model, exploring the quantitative rela-
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tionship between the four systems’ design parameters and building performance. Lastly,
integrate multiple intelligent optimization algorithms, construct a multi-objective analysis
model based on intelligent optimization algorithms, forming a multi-objective function
relationship between the four systems’ design parameters and building performance.

4.3. How to Proactively Optimize Technical-Economic Objectives in Zero-Carbon Schemes?

Key Technical Issue 3: The core is to optimize zero-carbon operation design schemes
from a technically advanced and economically reasonable perspective. To address this key
technical issue, three steps are essential: firstly, analyze the numerical relationships of the
four systems and select integrated design schemes with carbon emissions during building
operation < 0. Then, by analyzing the sensitivity and uncertainty of zero-carbon operation
integrated design schemes, identify key technical parameters. Finally, using life cycle cost
analysis, establish an economic decision evaluation model based on key technical design
parameters, forming an optimized design scheme for ZCB systems in tropical islands that
is both technically advanced and economically reasonable.

In summary, through an in-depth study of the three key technical issues mentioned
above, we will centrally address the issues of technical system integration and its design
parameter identification, the exploration of the relationship between design parameters
and building performance, and the multi-objective optimization of zero-carbon operation
parametric design schemes. Meanwhile, the logical analysis of scientific and technical
issues indicates that the comprehensive solution to these three key technical issues will
provide a complete response to the critical scientific problem of “quantitative mechanism
and optimization methods for the energy conservation and energy production system
of TIZCB”.

5. Key Solutions

For addressing key scientific and technological issues, this paper proposes a solution
framework based on research methods, intending to establish six research components:
(1) Theoretical framework for ZCB systems in tropical islands, (2) Mechanisms of energy
utilization systems in TIZCB, (3) Mechanisms of energy conservation systems in TIZCB,
(4) Mechanisms of energy production systems in TIZCB, (5) Mechanisms of intelligent
systems in TIZCB, and (6) Case application and evaluation of TIZCB. The aim is to achieve
three research objectives: (1) Establishing the theoretical framework for energy conservation,
energy production, and intelligent systems in TIZCB, (2) Exploring the quantification
mechanisms of energy conservation, energy production, and intelligent systems in TIZCB,
and (3) Formulating optimization methods for energy conservation, energy production,
and intelligent systems in TIZCB. The research approach is illustrated in Figure 3.

5.1. Research Methodology

(1) Inresponse to the current status and trends of ZCB research both domestically and
internationally, a combined approach of literature analysis, questionnaire surveys,
and expert interviews is employed.

Given the absence of a unified definition for ZCB, the integration of questionnaire
surveys and expert interviews aims to gain a profound understanding of the tropical
climate characteristics and architectural functional needs on Hainan Island. Through
this research, the specific requirements for TIZCB are identified. The main bottlenecks
in the development of TIZCB are analyzed, highlighting challenges such as the lack of
unified standard definitions, incomplete system integration, and suboptimal quantification
methods. Simultaneously, a literature analysis systematically explores the current state
of research in areas such as energy-efficient building systems, parametric design, and
multi-objective optimization of design solutions, summarizing common issues to provide a
directional foundation for the study of ZCB systems in tropical island regions.
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Status quo Definition of zero-carbon building standards The technical system of zero-carbon building Immature application of zero-carbon building
Question is not uniform is not perfect. integration
How to accurately establish the quantitative How to explore the relationship between How to dynamically optimize the integrated
Key model of system design parameters and system design parameters and building objectives of system design parameters and
Science building performance performance in detail building performance
Technolo
Questio:gly System Mechanism and Intelligent Optimization Method for Energy Conservation and Energy Production of Zero
Carbon Buildings in Tropical Island
i i Multiple targets P .
R h System theory Para.n} e?rlc (lesng.n Multiple output P . 8 Solution integration
esearc p . Sensitivity analysis Intelligence N .
Cybernetics Perfor}n ancé Return Optimization Technical evaluation
Method Synergy theory 8 X Prediction algorithm N Economic evaluation
? ¢ ’ simulation algorithm
Integrated
Integration theory Provide system feedback \ | _technical support
I Theoretical i 1 | :
Theoretical basis Utilization- Utilization- Utilization- ]:,:ssi;;sn Application
Technology fi K i conservation- conservation- conservation- ! ST
S t ran?ewor ) i| production-intelligent production-intelligent production-intelligent i <:> . .
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Figure 3. Research approach.

(2) Concerning the theoretical framework for the study of energy conservation, energy
production, and intelligent systems in TIZCB, analytical methods from systems theory,
control theory, and collaborative theory are introduced.

At the current stage of ZCB development, there is no universally accepted technical
system reference. Constructing a scientific theoretical framework for ZCB research is a
prerequisite for studying the mechanisms and intelligent optimization of ZCB systems. For
the technical system of TIZCB, systems theory divides the technical system into several
subsystems, providing a foundation for building system integration. Collaborative theory
analyzes the functional relationships within ZCB systems on tropical islands, supporting
the coupling of building systems. Control theory investigates the quantifiable laws of ZCB
systems on tropical islands, offering data for building system regulation. The approaches
of systems theory, collaborative theory, and control theory provide a fresh perspective for
the integration of ZCB systems on tropical islands.

(3) Regarding the system modeling issues in the study of energy conservation, energy
production, and intelligent systems in TIZCB, a parametric design method guided by
building performance simulation is proposed.

The key foundation for quantitative analysis of ZCB is the modeling of building
systems. For the system modeling of TIZCB, the parametric design method allows designers
to explore different design solutions by defining variable parameters, achieving carbon
emissions < 0 during the building operation process. In the quantification process of ZCB
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systems, the parametric design method can precisely control and adjust various factors
influencing building performance. Performance simulation can predict key indicators of
building performance during the design phase, while parametric design solutions enable
batch simulation, providing a data foundation for large-scale data analysis and exploration
of impact patterns on building performance.

(4) Addressing the predictive issues in the study of energy conservation, energy produc-
tion, and intelligent systems in TIZCB, a multi-output regression fusion algorithm
based on machine learning is proposed.

The core task of quantitative analysis of ZCB is system prediction, and investigating
the relationship between system design parameters and building performance is a key
link in the analysis of the quantitative mechanism of TIZCB. For the prediction of TIZCB
systems, model fusion significantly enhances prediction accuracy. On one hand, based on a
multi-output regression prediction model, multiple models with outstanding performance
are selected through evaluation indicators to form an integrated model. On the other hand,
model fusion and improvement are carried out to enhance the accuracy of the multi-output
regression fusion algorithm, thereby exploring the relationship between system design
parameters and building performance.

(5) Regarding the optimization issues in the study of energy conservation, energy pro-
duction, and intelligent systems in TIZCB, a multi-objective intelligent optimization
algorithm based on design parameter combinations is proposed.

The essential guarantee for quantitative analysis of ZCB is the optimization of build-
ing systems, and dynamically optimizing the comprehensive objectives of system design
parameters and building performance is a key link in the analysis of the quantitative mech-
anism of TIZCB. For the optimization of TIZCB systems, the use of optimization algorithms
can achieve parameter optimization for multiple objectives in the system. On one hand, by
optimizing each system through optimization algorithms, parameter combinations that bal-
ance “single system—multiple objectives” are sought. On the other hand, coupling single
systems and using optimization algorithms for the entire coupled system are carried out,
achieving parameter combinations that balance “multiple systems—multiple objectives”.

(6) Addressing the application issues in the study of energy conservation, energy produc-
tion, and intelligent systems in TIZCB, a technical and economic evaluation method
based on integrated design solutions is proposed.

The high economic cost poses a hindrance to the market application of ZCB technolo-
gies. Ensuring the advanced feasibility and reasonable economic costs of integrated ZCB
systems is crucial for the sustainable development of TIZCB. For the application of ZCB
system solutions on tropical islands, technical analysis evaluates the adaptability of the
integrated design solutions to the tropical island climate, achieving the basic premise of
carbon emissions <0 during building operation. This includes a comprehensive evaluation
of energy utilization, energy conservation, energy production, and intelligent systems
integration. Economic analysis employs a life-cycle cost analysis method to comprehen-
sively evaluate the integrated zero-carbon operation design solutions, selecting the most
economical solution for engineering applications.

5.2. Research Content
(1) Theoretical Framework of TIZCB Systems

Beginning with the analysis and conceptual elucidation of characteristics, a theoretical
framework for studying the mechanisms of zero carbon building systems on tropical islands
is constructed. It dissects energy conservation and intelligent systems from a macro to
micro perspective, synthesizing the analysis of energy utilization, energy conservation and
intelligent systems. By summarizing key scientific and technological issues, the logical
relationships in researching energy conservation and intelligent systems for zero carbon
buildings on tropical islands are explored. Finally, aligning with research objectives, an



Appl. Sci. 2024, 14, 1659

12 of 17

implementation plan for studying the mechanisms of energy conservation and intelligent
systems in TIZCB is formulated.

(2) Study on Energy Utilization Mechanisms of TIZCB

Surveying and analyzing energy parameter distribution characteristics, a parameter-
ized design reference model based on zero carbon objectives is established. Subsequently, a
data-driven multiple-output regression prediction model for building performance is de-
veloped to reveal the impact of variations in energy system design parameters on building
performance. Finally, a multi-objective optimization algorithm based on design parame-
ter combinations is constructed to form an optimized scheme for energy system design
parameters of TIZCB.

(8) Study on Energy Conservation System Mechanisms of TIZCB

Researching and analyzing energy-saving parameter distribution characteristics, a pa-
rameterized design reference model based on zero carbon objectives is established. Similar
to the approach in energy systems, a data-driven multiple-output regression prediction
model is developed to unveil the relationship between variations in energy-saving system
design parameters and building performance. The final step involves constructing a multi-
objective optimization algorithm based on design parameter combinations to develop an
optimized scheme for energy-saving system design parameters of TIZCB.

(4) Study on Energy Production System Mechanisms of TIZCB

Investigating and analyzing production capacity parameter distribution characteris-
tics, a parameterized design reference model based on zero carbon objectives is established.
Similar to the approach in energy systems, a data-driven multiple-output regression pre-
diction model is developed to reveal the relationship between variations in production
capacity system design parameters and building performance. The final step involves
constructing a multi-objective optimization algorithm based on design parameter combina-
tions to develop an optimized scheme for production capacity system design parameters
of TIZCB.

(5) Study on Intelligent System Mechanisms of TIZCB

Interactively coupling energy conservation and productive capacity systems, a param-
eterized design reference model for intelligent systems based on zero carbon objectives
is established. Similar to the previous studies, a data-driven multiple-output regression
prediction model is developed to unveil the relationship between variations in intelligent
system design parameters and building performance. The final step involves constructing a
multi-objective optimization algorithm based on design parameter combinations to develop
an optimized scheme for intelligent system design parameters of TIZCB.

(6) Case Application and Evaluation of TIZCB

Based on the optimized design parameter combinations for intelligent systems, inte-
grated design schemes with zero carbon emissions during building operation are selected.
Utilizing sensitivity analysis methods based on technical feasibility criteria, critical parame-
ters affecting zero carbon operation are identified. Finally, employing life-cycle cost analysis
methods, an economic decision evaluation model is established to assess initial investment,
operational maintenance, energy savings, and equipment replacement costs, forming a
technologically feasible and economically reasonable integrated optimization scheme.

6. Discussion
6.1. Research Objectives

This research addresses the practical challenges faced by the development of TIZCB.
Anchored in the climatic conditions of high temperature, humidity, and salinity prevalent
in tropical islands, the study employs a comprehensive approach involving architectural
parameter performance simulation, machine learning predictive techniques, and intelligent
optimization methods. The theoretical framework of an intelligent energy-saving and
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capacity-enhancing system for TIZCB is established. The research aims to explore the
quantification mechanisms of the system and formulate optimization methods. The specific
objectives are discussed as follows:

@

@)

®)

Establish a theoretical framework for the quantitative study of energy utilization,
energy conservation, energy production, and intelligent systems in TIZCB. By defin-
ing the intrinsic characteristics and technical systems of ZCB, theoretical models
based on systems theory, synergy theory, and control theory are constructed. The
research proposes a macro-meso-micro perspective for constructing a quantitative
analytical framework for energy utilization, energy conservation, energy production,
and intelligent systems. Technical methods such as energy consumption simulation,
sensitivity analysis, integrated learning, and intelligent optimization are introduced
to support the theoretical framework and technical solutions for the mechanism and
optimization of ZCB energy utilization, energy conservation, energy production, and
intelligent systems.

Analyze the impact of design parameters on the energy utilization, energy conser-
vation, energy production, and intelligent systems of TIZCB. Building upon the
correlation analysis of input parameters, uncertainty analysis tools such as frequency
distribution, standard deviation, variance, and fitting are employed. Key parameters,
including thermal environment simulation, energy flow analysis, and cost-benefit as-
sessment, are calculated and simulated. The goal is to reveal the relationship between
variations in design parameter combinations and building performance, providing
real-time and accurate data support for the design and operation of ZCB.

Develop performance prediction and multi-objective optimization design methods for
energy utilization, energy conservation, energy production, and intelligent systems
in TIZCB. Integrating various machine learning regression prediction algorithms, a
data-driven building performance prediction model is developed to explore the rela-
tionship between design parameters and building performance. Through intelligent
optimization multi-objective analysis, optimal combinations of design parameters for
energy systems are derived. Optimization design considerations include geographical
location, structure, material selection, energy system design, and the application
of intelligent management systems, ensuring high energy efficiency, low environ-
mental impact, and high residential comfort in ZCB within the unique climate of
tropical islands.

6.2. Theoretical Significance

The study on the quantification mechanism and optimization of energy utilization, en-

ergy conservation, energy production, and intelligent systems in TIZCBs not only provides
a new theoretical framework, perspectives, and methods but also presents new challenges
and directions for theoretical development and practical application in the fields of archi-
tecture and environmental engineering. The theoretical significance of this research can be
discussed from three aspects:

@

@)

Provide a new theoretical framework for the integration of energy utilization, energy
conservation, energy production, and intelligent systems in TIZCB. Traditional build-
ing design methods often lack holistic considerations. A comprehensive perspective is
crucial for understanding and optimizing the energy efficiency, environmental impact,
and user experience of buildings, especially in regions with unique climatic conditions
such as tropical islands. This research proposes an integrated theoretical framework
for ZCB systems on tropical islands, considering the interaction and synergy effects
of various systems. The introduction of this framework not only advances the devel-
opment of architectural design theory but also provides new research directions for
green and sustainable building.

Offer a new quantitative approach for modeling energy utilization, energy conser-
vation, energy production, and intelligent systems in TIZCB. Traditional building
energy efficiency models often focus on specific aspects, such as thermal efficiency
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or energy consumption, lacking a comprehensive quantification of the building as
a whole system. The introduced systemic quantification mechanism considers not
only traditional energy efficiency parameters but also quantifies renewable energy
integration and the efficiency of intelligent systems. In the early design stage, a com-
prehensive quantitative analysis will more accurately assess and predict the building’s
performance in actual operation, providing a scientific basis for subsequent optimiza-
tion. This new quantitative approach holds significant value in advancing theoretical
development in the fields of architecture and environmental engineering.

Provide a new method for optimizing the design of energy utilization, energy conser-
vation, energy production, and intelligent systems in TIZCB. In the unique climatic
conditions of tropical islands, where the concept and definition of ZCB and their
technical systems are still evolving, traditional architectural design theories, tech-
nical methods, and engineering experience may no longer be applicable. Through
single-system and multi-system data-driven analyses of energy utilization, energy
conservation, energy production, and intelligent systems, the research proposes single-
system-multi-objective and multi-system-multi-objective method strategies for op-
timal design. This optimization design considers building geographical location,
structure, material selection, energy system design, and the application of intelligent
management systems. It aims to propose building solutions more suitable for the
tropical island climate, with important theoretical significance for improving building
practicality and sustainability.

6.3. Practical Significance

The new theories, methods, and technologies developed in this research will provide

foundational support for the design and optimization of zero-carbon architecture in tropical
island settings in China. This study not only offers innovative solutions for engineering
applications but also holds significant implications for driving the green transformation of
the tropical island construction industry and achieving the national dual-carbon strategic
goals. The research outcomes will foster technological advancements in the construction
industry, promote the widespread adoption of green building practices, and contribute
to achieving sustainability objectives. The practical significance of this research can be
discussed from three perspectives:

@

@)

Practical Significance in Engineering Applications of Research Findings: In the unique
climatic conditions of tropical islands, zero-carbon architectural design faces chal-
lenges such as specific climate environments, a lack of technical systems, and insuf-
ficient integrated experiences. This study constructs a theoretical framework and
optimization methods for the quantification of energy utilization, energy conservation,
energy production, and intelligent systems. It not only improves the energy efficiency
of buildings and reduces operational costs but also enhances residents’ comfort and
health while minimizing negative environmental impacts. The engineering appli-
cation of these research findings aids in promoting the concept of the zero-carbon
architectural technology system and its systematic integration, fostering the applica-
tion of green building technologies and providing sustainable building solutions for
tropical island regions.

Practical Significance for the Transformation and Upgrading of the Tropical Island
Construction Industry: With the increasing awareness of environmental protection
and the widespread adoption of green sustainable development principles, the con-
struction industry faces pressure to transition from traditional building systems to
more environmentally friendly and energy conservation approaches. This research
provides foundational theories and technical methods to support the transformation
and upgrading of the tropical island construction industry. By applying the research
outcomes, the construction industry can better adapt to the challenges of the tropical
island climate, improve energy utilization efficiency, and reduce carbon emissions,
thereby promoting sustainable development in the construction sector. Specifically,
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for tropical island regions like Hainan, the application of this research will contribute
to advancing the modernization of the local construction industry, aligning with the
construction goals of the Hainan Free Trade Port as a clean energy hub.

Practical Significance for Achieving the National Dual-Carbon Strategic Goals: China
has committed to achieving the dual-carbon goals of peak carbon emissions and
carbon neutrality. As a significant source of energy consumption and carbon emissions,
the construction industry urgently needs a green transformation. The application of
this research will facilitate progress in energy efficiency, renewable energy utilization,
and intelligent energy management in the construction industry. Implementing
the theory and practice of zero-carbon architecture in tropical island buildings can
effectively reduce the carbon footprint in the construction sector, contributing to
national-level environmental objectives. Particularly in vital tourism and economic
regions such as Hainan, the promotion and application of zero-carbon architecture
will become an integral part of achieving regional sustainable development, offering
valuable experiences for the development of ZCB technologies in China’s solar-rich areas.

7. Conclusions

@

@)

®)

Since the signing of the Paris Agreement, the global construction industry is under-
going a crucial transition from “energy efficiency” to “carbon reduction”. Countries
worldwide are actively promoting the development of the construction industry to-
wards sustainability, low carbon, and zero carbon emissions through updated policies,
standards, and guidelines. ZCB and their technological systems have become es-
sential tools for achieving carbon peak and carbon neutrality. However, disparities
exist among the world’s major economies regarding the definition of ZCB and the
development of related policies. These differences pose significant barriers to the
integration of technological systems, the adaptability of design methods, and the
optimization of overall solutions. This study aims to address this issue by establishing
a ZCB technology system tailored to the characteristics of tropical island regions. It
analyzes key elements and core systems of TIZCB from perspectives such as energy
flow boundaries, parametric design methods, and data-driven optimization algo-
rithms, offering targeted research scopes and content for the systematic integration
and application of ZCB technology in tropical island regions.

In the absence of unified standards for ZCB, innovative and systematic integration of
technological systems becomes crucial for the development of ZCB in tropical island
regions. This study identifies three key technical issues: accurately identifying energy
conservation, energy production, and intelligent systems and their design parameters,
quantifying the relationship between finely tuned system design parameters and
building performance, and actively optimizing the technical and economic objectives
of zero-carbon operational design schemes. Solving these issues forms the foundation
for achieving systematic integration, accurate quantification, and comprehensive
optimization of the ZCB technology system in tropical island regions. Key aspects
include clear system boundaries, complete quantitative models, and appropriate
optimization strategies. Through techniques such as systems integration theory,
parametric design methods, and data-driven algorithms, this study aims to overcome
challenges in fragmented technological applications and restricted optimization of
design schemes, providing solutions for the accurate quantification of zero-carbon
operation in tropical island buildings.

To address the key issues raised in this research, a series of solutions is proposed,
encompassing research on the theoretical framework of ZCB systems in tropical
islands, the mechanism of energy conservation, energy production, and intelligent
systems, and case application evaluations, among others. By employing methods such
as literature analysis, surveys, and expert interviews, the study gains in-depth insights
into the needs and challenges of TIZCB. Combining systems theory, control theory, and
synergy theory, the research constructs a comprehensive theoretical framework. Using
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parametric design methods and data-driven multiple-output regression prediction
models, the study systematically models, predicts, and optimizes the four major
systems of energy, conservation, capacity, and intelligence. The proposed solutions
contribute not only to enhancing the energy efficiency and environmental performance
of TIZCB but also offer a practical technological and methodological framework for
the integration and application of ZCB technology in the region.

(4) This study extensively explores the current state of development of TIZCB from both
theoretical and practical perspectives. Considering the unique climatic environment
of tropical islands, it proposes a specialized ZCB technology system and optimization
solutions, introducing new perspectives and methods in TIZCB research and practice.
However, another clarification should be pointed out regarding the diverse conditions
and climatic differences of other tropical islands (different from Hainan). Therefore, it
must be mentioned that the presented research considers the particular characteristics
of Hainan and would not be utterly generalizable to all tropical islands in the world.
Meanwhile, the outcomes of this study, under the premise of further verifying the
applicability and universality of the technology system, can be extended to other
economic and populous regions under the tropical monsoon climate (such as India,
Thailand, the Philippines, Malaysia, and Indonesia in the Asian region), covering
40% of the global population. This extension will promote energy conservation
and carbon reduction in the construction industry among nearly 3 billion people.
Furthermore, future research should further refine and elucidate the quantitative
models and optimization methods of ZCB, thereby facilitating continuous innovation
and development of the ZCB technology system for tropical islands.
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