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Chapter

Carbon Reduction through Building
Matrix Design for Sustainable
Development
Bin Li, Luca Caneparo, Yuqing Zhang and Weihong Guo

Abstract

Under the influence of planet problems such as global warming and the energy
crisis, carbon reduction has become one of the goals for sustainable development. This
chapter focuses on residential buildings as research objects for achieving carbon
reduction based on architectural design. After analyzing three design principles from
the life cycle of the building, macro, medium and micro design scales, and passive-
active design, the authors initially established an open-source matrix design method.
Then, an architectural competition plan that won only first prize from 92 proposals
was taken to explain further the connotation of carbon reduction to achieve sustain-
able development through the matrix design method. The results show that the
vicious circle exists between global warming and the energy crisis. Residential build-
ings contain more potential than other buildings for solving these problems. The
matrix design method is established based on the three design principles. From a
qualitative perspective, according to the case application, this research helps achieve
carbon reduction for sustainable development.

Keywords: matrix design, carbon reduction, sustainable development,
residential building, architectural design, life cycle, passive design,
renewable energy

1. Introduction

1.1 Background

At least from the nineteenth century, scientists began to recognize the role of
carbon dioxide in global warming [1]. Using the NASA global temperature data from
1880 to 2022 [2], ‘Tableau Public’ (https://www.tableau.com/products/public) soft-
ware was used to analyze and display the data. Figure 1 shows the change in global
surface temperature compared to the long-term average from 1951 to 1980. It can be
clearly seen that the global land-ocean temperature index has been increasing in the
past 150 years. On March 19, 2023, the Intergovernmental Panel on Climate Change
(IPCC), the United Nations body for assessing the science related to climate change,
published the Synthesis Report of the IPCC Sixth Assessment Report (AR6), which
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indicates the global surface temperature reaching 1.1°C above 1850–1900 in 2011–
2020 [3]. Global warming is intensifying and a problem that needs to be solved.

On the other hand, energy crises from fossil energy sources happen now and then.
For non-renewable reasons, the more fossil energy is used, the less is left. Using the
data downloaded from Our World in Data [4], Figure 2 is generated by Tableau
Public software to show global fossil fuel consumption. By 2021, especially since the
Industrial Revolution, the consumption is increasing dramatically daily. Correspond-
ingly, the remaining global fossil energy up to 2021 is shown in Figure 3. Although
these values can change with time based on the discovery of new reserves and changes
in annual production, the remaining years from 2020 of global coal, gas and oil are

Figure 1.
Global land-ocean temperature index (the data come from Ref. [2], and the image was created by the authors).

Figure 2.
Global fossil fuel consumption (the data come from Ref. [4], and the image was created by the authors).
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only 139, 49 and 57, respectively [5]. Fossil energy consumption causes energy crisis
and carbon emissions to exacerbate global warming [6]. A vicious circle is formed
between global warming and the energy crisis. So, carbon reduction is essential to
solving these problems for sustainable development.

1.2 Research objective

The 2022 Global Status Report for Buildings and Construction, published by the
UN Environment Programme (UNEP), indicates that the buildings and construction
sector accounted for around 37% of energy-and process-related CO2 emissions and
over 34% of energy demand globally in 2021. The building sector’s operational energy-
related CO2 emissions reached an all-time high of around 10 GtCO2, and operational
energy demand in buildings reached an all-time high of 135EJ [7]. Moreover, residen-
tial buildings accounted for 17% of operational and process CO2 emissions globally
compared with 11% of non-residential buildings. The final energy demand for resi-
dential buildings is 21%, more than twice the proportion used in non-residential
buildings (9%) [8]. So, energy saving, even producing renewable energy on residen-
tial buildings, is necessary and more effective for solving the energy crisis and global
warming problems to some extent [9].

In this research, residential buildings are focused as research objects, especially
from the building design aspects for achieving sustainable development by carbon
reduction.

2. Design principles

The typical building design principles include the life cycle of the building in the
time dimension, the macro, medium and micro design scales in the space dimension,
and passive-active design in the technology dimension. These three design principles
support each other to form the final buildings. The relationship between them is
shown in Figure 4.

Figure 3.
Years of fossil fuel reserves left (the data come from Ref. [5], and the image was created by the authors).
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2.1 Life cycle of the building

The life cycle of the building can be defined as five stages: design, construction,
operation, renewal, and demolition [10]. The design and renewal, the construction
and demolition, can be seen as similar and reversible stages, respectively, but they
face different conditions (Figure 5).

The design stage is the point at which the most basic decisions regarding sustain-
able development, including carbon reduction, are taken [11]. It plays a critical role in
determining the sustainability, the life cycle environmental impact and the efficiency
of the buildings [12]. The construction stage can also take the role of carbon reduction
but more from the construction practices, craft techniques and building materials
which play a major role in the building’s carbon footprint. The operation stage
accounts for the most significant proportion of energy consumption in the building
life cycle [13]. However, the user behavior and the energy efficiency of devices have a
huge impact on that. The renewal stage can be regarded as redesign. Although it is not
a design from scratch, optimizing the existing conditions with a better design is
generally more sustainable [14]. The demolition stage can be seen as the inverse of the
construction stage, especially if all the components can be reused.

All the stages can contribute to sustainable development with carbon reduction.
However, the design and renewal stages play the leading role.

Figure 4.
The relationship of the three design principles.

Figure 5.
The analysis of the life cycle of the building.
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2.2 Macro, medium and micro design scales

In addition to the diachronic life cycle of the building, the different levels of
synchronicity in the residential building are also essential design principles that should
be paid attention to. The different levels of residential design can be divided into
macro, medium and micro, matching community planning, building design and detail
design [15], which makes up the second design principle.

Different levels of residential design focus on different scales. For example,
the community planning of different residential buildings in Lingnan focuses
mainly on site selection, layout models and related aspects for sustainable
development (Figure 6).

1.Typical layout in Guangfu residential community.

2.Typical layout in Chaoshan residential community.

3.Typical layout in Hakka residential community.

As for the building design, it focuses more on space design. Figure 7 shows an
example of a typical residential building design in Lingnan, highlighting the natural
ventilation, to achieve carbon reduction. The design contents are different from the
community planning.

Figure 6.
Different community planning in Lingnan residential buildings.
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At micro scale, detail design focuses more on the technologies that help to achieve
community planning and building design. For example, the building technologies of
the Oyster wall [16], different wall masonry methods and so on all support the
implementation of residential buildings in Lingnan with different roles (Figure 8).
These also contribute to achieving sustainable development.

2.3 Passive-active design

Generally, passive design in building is the leading way to reduce energy demand
based on high performance. Active design can achieve carbon reduction by improving
energy efficiency, such as using high-efficiency equipment. Even though some
research indicates that active strategies include generating renewable energy, such as
using solar panels [17], other scholars classified passive, active and renewable strate-
gies as three factors for carbon reduction in buildings [18]. This research acknowl-
edges active and passive classification methods. However, reducing energy demand,
improving energy efficiency and generating renewable energy are different ways to
reduce carbon.

Based on a 3rd Solar Decathlon China case study, 35 types of technologies are
sorted out from the 15 competition residential buildings (Figure 9). It is clear that
passive and active technologies, including reducing energy demand, improving
energy efficiency, and generating renewable energy, are three aspects. These technol-
ogies are helpful for carbon reduction to achieve sustainable development.

Figure 7.
Space design in Lingnan for natural ventilation.

Figure 8.
Windows, doors and construction implementations in Lingnan.
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3. Matrix design method

3.1 Matrix design establishment

The matrix design method is grounded in three design principles. Although some
methods exist to guide further design, these methods usually only follow some of
these three design principles.

For example, the Life Cycle Assessment (LCA) method analyzes and quantifies the
environmental consequences of buildings during their whole life cycle, from the
extraction of raw materials, through production, use phase and end-of-life. This
method is used to quantitatively assess the material used, energy flows and environ-
mental impacts of products [20]. However, this method is more from the product
point of view rather than architectural design. Moreover, a systematic literature
review demonstrated that LCA continues to face barriers in both methods and prac-
tice, preventing its ability to guide early-stage design decisions and greatly impacting
the environmental performance of buildings [21].

As for the design scales, these have split into different disciplines, such as
urban design, architectural design, building construction and so forth. However,
carbon reduction for sustainable development also needs knowledge of building
technology, building services engineering (BSE) and further ones. This knowledge
should be comprehensively applied to specific situations to achieve sustainable
development [22].

Moreover, some research focus on the passive-active design. Aparicio-Ruiz et al.
[23] did the research in Spain and tried to get the integrated optimization result for
residential building design. The passive optimization design mainly considered the

Figure 9.
Technologies used in the 3rd solar decathlon China (the data come from Ref. [19], and the image was created by
the authors).
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materials based on the best Energy Efficiency Index (EEI) and the lowest Life Cycle
Cost (LCC). The annual energy demand for cooling and heating was calculated to
define the energy rating. Generating renewable energy by solar panels was calculated
to cover the energy consumption. Moreover, the active systems HVAC (heating,
ventilation, and air conditioning) were also considered to maintain comfortable envi-
ronments. However, these methods are complex and only consider carbon reduction
from the passive-active design principle for sustainable development.

The matrix design method tries to find the key points for sustainable design based
on the three design principles. A matrix diagram has supported the analysis. The
matrix diagram is a project management and planning tool for displaying and analyz-
ing the relationships between two or more data sets, also known as matrix charts.
Matrix diagrams provide a valuable visual aid to intuitively understanding complex
information that might otherwise be difficult to understand. Different types of matrix
diagrams have been explored, such as L-shaped matrix diagram, Y-shaped, C-shaped,
T-shaped and X-shaped.

3.2 Background on matrix design

Matrix design methods are rooted in “architecture, the age-old question of the
quantification of quality, that is, of the measurability of the levels of satisfaction of the
needs of living, answered by the performance approach. The demand-performance
approach expresses the exceeding of the practice of associating specific ‘objects’ with
specific ‘needs’ and shifts theoretical reflection and the possibilities of improving
living conditions to the satisfaction of the latter. As a result, unlike traditional
experiential approaches based on the rule of art, it is committed in ‘what to get,’ not
‘how to get it’” [24].

Rational design theories started to be widely deployed in the mid-sixties as para-
digms to ground design practices on “scientific methods” [25]. Christopher Alexander
advanced demand-performance scientific methodologies, for instance, outlining
design issues by means of detailed requirements and misfit variables [26]. Alexander
is committed to bridging the gap between design practices and scientific methods:
“This conflict, which has not yet been mended, has been repeatedly resumed, such as
in the debate on the contrast between the two cultures, the humanistic and the
scientific one, highlighted by Charles Snow, or in symmetric oppositions between
world of ideas and world of practice. In architecture, in the wake of these dichotomies,
there is still a contrast between a ‘world of forms’ and a ‘world of techniques’” [27].

On the use of methodologies and techniques in design, Alexander [26] states “A
design problem is not an optimization problem. In other words, it is not a problem of
meeting any one requirement or any function of a number of requirements in the best
possible way (though we may sometimes speak loosely as though it were, and may
actually try to optimize one or two things like cost or construction time). For most
requirements, it is important only to satisfy them at a level which suffices to prevent
misfit between the form and the context, and to do this in the least arbitrary manner
possible.”

Giuseppe Ciribini outlines the methodology to represent the requirements in
matrix form: the “Performance requirements (occurrences to be met through the
production of a good) are translated into requirements:

• Environmental, issues or requests to the environment to fulfill suitable conditions
for well-being, safety, etc.;
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• Technological, or quality levels are required to technological objects or bodies to
achieve the desired environmental quality.

A requirement (and the associated performance) can be expressed by one or more
functions such as:

f (a, b, c, … ),

where a, b, c, … are the characterizing variables. [… ]

Their correlation in the system starts with filling a matrix with the correspon-
dences between requirements, paired two by two” [28].

The Performance Based Building (PeBBu) Thematic Network has addressed a
systematic approach for applying building industry and user requirements to the
building process. Among the support toolkits, Design Structure Matrix (DSM) has
been selected and trialed. DSM is described as “a compact and clear representation
of complex system and capturing method for the interactions between system
elements. Visual relationship matrix reveals key information flows and sets
simultaneously targets to process analysis and re-engineering. It is used for finding
the optimal order of tasks, defining product architecture (modularity and interfaces)
and forming teams in large organisations. In case the problem exists it helps also
to solve inconsistencies. There are many commercial applications available for
DSM” [29].

3.3 Proposed matrix design methodology

Here, the L-shaped matrix diagram is used for analyzing three data sets. It is the
intersection of the life cycle of the building data set with design scales, and passive-
active design data set, respectively (Table 1).

3.4 Matrix design analysis

The life cycle of the building includes five stages. The interaction relationship
between the life cycle of the building and design scales shows that only four stages

Life cycle of the building

Design

stage

Construction

stage

Operation

stage

Renewal

stage

Demolition

stage

Design

scales

Community planning √ √ � √ √

Building design √ √ � √ √

Detail design √ √ � √ √

Passive-

active

design

Reduce energy demand √ � √ √ �

Improve energy efficiency √ � √ √ �

Generate renewable energy √ � √ √ �

Note:√ stands for relationship; and � stands for no relationship.

Table 1.
Matrix analysis for three design principles.
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have relationships with community planning, building design and detail design. Even
the operation stage can be considered at different scales, macro, intermediate, and
micro (namely, the design scales: community planning, building design and detail
design), the space was constructed before the operation stage. So, the operation stage
depends more on user behavior and device energy efficiency, which are somewhat
outside the building design. As for the construction and demolition stages, even
though they are interactive with design scales, they point more to the construction
modes, craft techniques and building materials on a broad design level.

As for the relationship between the life cycle of the building and passive-active
design, there is no relationship between the construction and demolition stages
because the passive, active and renewable aspects do not apply to the construction
process. However, the passive, active and renewable aspects are important during
the operation stage. As for their relationship in the design and renewal stages, these
three aspects are essential to being involved in carbon reduction for sustainable
development.

It can be found that design scales and passive-active design all take roles in the
design and renewal stages. Referring to the Matrice d’impacts croisés multiplication
appliquée à un classement (MICMAC) method, a cross-impact matrix multiplication
[30], and the transitivity principle [31], the relationship between them can be
established as a matrix method to sort out the key points for sustainable development.

3.5 Matrix design focus

The L-shaped matrix diagram is applied again, as Table 2 shows. The intersecting
sections show different key points for sustainable development in the design and
renewal stages. Even though it is hard to sort out all the key points for matrix design,
especially in the context of the continuous development of the times, new ideas and
technologies will emerge. However, the intersection points of these three design
principles were finally found through matrix analysis. These points are used to guide
carbon reduction for sustainable development.

Community planning interacts with the three aspects of passive-active design,
generating the layout, orientation, terrain, water, plant… , pipe gallery, lighting,
power, gas, water supply and drainage… and energy station, biogas digester… ,
respectively. Building design interacts with the three aspects of passive-active design,

Passive-active design

Reduce energy demand Improve energy efficiency Generate renewable energy

Design

scales

Community

planning

Layout, orientation,

terrain, water, plant…

Pipe gallery, lighting,

power, gas, water supply

and drainage…

Energy station, biogas

digester…

Building

design

Shape, space, color,

window-to-wall ratio…

HVAC, power, lighting,

plumbing, smart control…

PV, wind turbine, heat

pump…

Detail

design

Material, insulation,

window, door,

construction…

Auto shading, sensor,

craft…

System, orientation, angle…

Table 2.
Matrix design method.
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generating the shape, space, color, window-to-wall ratio… , HVAC, power, lighting,
plumbing, smart control… and PV, wind turbine, heat pump… , respectively. Detail
design interacts with the three aspects of passive-active design, generating the mate-
rial, insulation, window, door, construction… , auto shading, sensor, craft… and
system, orientation, angle… , respectively. Some of them, such as improving energy
efficiency in community planning and building design, generated similar results but
different application scales. On the one hand, there may be only so many existing
design points. On the other hand, some points may be repeated in different parts but
face different problems.

Establishing the building matrix design method should be applied according to the
specific conditions and developing with time as an open-source method. This method
considers as many design points as possible from different design principles. Due to
user’s insufficient information, these may not be perfect enough. However, this can be
regarded as a reorganization of the Architectural Practice System Theory for sustain-
able development [32]. Every design principle points to a system; its superposition is
still a system but with different boundaries. Although the outline of the matrix design
appears unsystematic and even fragmented, it can lead to problem-oriented outcomes
and multi-objective solutions.

4. Case application

4.1 Introduction

Based on the background issues, the matrix design method is established after
analyzing three design principles. The oriental courtyard design, designed by Bin Li
et al. and which won first place out of 92 submitted designs [33], is taken as the case
application of the building matrix design method for carbon reduction in residential
buildings.

This competition requires the design of a residential building no more than 25 m in
length and 18 m in width, a construction area of 240 m2

� 15, a building height of less
than 12 m, and not more than 3 floors. The building site should be in the Lingnan area
[34]. The carbon reduction for sustainable development is one of the aims of this
competition. It also encourages participants to learn from oriental architecture
wisdom, traditional Chinese architectural culture, and then innovate to meet contem-
porary needs.

4.2 Design concept

The design site is chosen in Yongqingfang, Guangzhou city, where the density of
bamboo barrel houses is high [35]. However, due to high density and long-term
disrepair, the houses are dilapidated, resulting in huge energy demand that is not
conducive to sustainable development. The residential buildings in Yongqingfang
need to be renovated, even though there has now been a national renovation demon-
stration (Figure 10).

The design concept is based on building matrix design to figure out the renewal
content. This project mainly focused on the building and detail design at the design
scales. The passive-active design was applied together to reduce energy demand,
improve energy efficiency and generate renewable energy. Therefore, the design
points are mainly figured out in Figure 11. Moreover, the traditional Chinese
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Figure 10.
Renovated Yongqingfang.

Figure 11.
The main design points of the renovation case (the figure was created by the authors).
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architectural culture is also considered according to the competition goals based on the
open-source matrix design method. Yuyinshanfang, a traditional Lingnan Garden,
was an attempt to learn for this design. The traditional passive technologies on the
buildings and the greening measures were referenced.

Figure 12.
Floor plan.
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4.3 Design results

The design-based bamboo barrel house is redesigned with three floors, including
an accessible roof (Figure 12). The building function is shown on each floor. The
sections indicate the building functions and the heights (Figure 13).

Figure 13.
Building section.
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Traditional indoor split-level spaces are used for this design, which helps achieve
wind-driven and buoyancy-driven ventilation (Figure 14). Phoenics software simu-
lated the natural ventilation of this design (Figure 15) [36]. When the wind comes
from the building entrance, the ventilation effect improves as floors rise. The wind
flows out mainly from the central atrium and the rear courtyard, which are helpful to
achieve a comfortable indoor environment without fossil energy consumption in the
hot summer and warm winter Lingnan area and conducive to the discharge of the
kitchen and bathroom smell. This helps to achieve carbon reduction by the passive
building design for good indoor ventilation. The lighting environment is simulated by
Ecotect (Figure 16). The results show that the overall indoor lighting is bright under
the effect of atriums. However, in some places on the third floor, the lighting factor
exceeds 7%, which may cause glare problems. Manual openable blinds can solve this
without energy consumption. Passive lighting design helps conserve energy to reduce
carbon emissions. The landscape elements and the plants used in the building for
carbon reduction are shown in Figure 17. The above design points are passive design,

Figure 14.
Indoor ventilation.

Figure 15.
Natural ventilation simulation.
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which avoids using energy through reasonable architectural design and achieves car-
bon reduction from the source. As for the active technologies, except for the smart
control system for improving energy efficiency, the solar panels on the roof generate
renewable energy to cover the building’s energy consumption.

These key technologies include passive and active, as shown in Figure 18. More-
over, some interior renderings are shown in Figure 19. The design methods of matrix
design and traditional Chinese architectural culture were applied to this project. The
oriental courtyard spirit is inherited and innovated to meet the contemporary needs
for carbon reduction to sustainable development.

5. Discussion and conclusions

This research starts from the global warming and energy crisis background prob-
lems to focus on the research object, residential buildings, for carbon reduction to
achieve sustainable development. This problem-oriented research approach supports
previous research results [37]. Based on the three design principles, the life cycle of
the building, the macro, medium and micro design scales, and passive-active design,
the relationship between them is figured out. That is, the integration of time, space

Figure 16.
Lighting environment simulation.

Figure 17.
Landscape in the building.
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and technology. The building matrix design method was originally established based
on the design principles, which is an open-source design method that should be
applied integrally according to the specific situation. Importantly, this method
expands the architectural research ways [38, 39]. Then, the first prize of an architec-
tural competition plan applied the matrix design method to show how to achieve
carbon reduction in residential buildings for sustainable development.

Figure 18.
Key technologies.

Figure 19.
Interior renderings.
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Even though the building matrix design is established and applied in the competi-
tion plan, some limitations still need to be overcome. Due to the matrix design being
an open-source method, it should be improved further. Moreover, the contributions
of carbon reduction to sustainable development are hard to quantify for evaluation in
this research, even though the direction helps achieve sustainable development [40].
This research mainly focuses on the original method established and applied for a case
in a qualitative aspect. Further research from a quantitative aspect will be done in the
future.

In summary, (1) the vicious circle relationship of background problems, global
warming and energy crisis, is figured out. (2) Based on the problem-oriented, the
most carbon reduction potential object for sustainable development in building, resi-
dential building, is identified. (3) The three design principles in architecture are
analyzed, and the relationship is clarified. (4) A building matrix design method is
originally advanced based on the design principles. This is an open-source method
that expands the tools for architectural research. (5) Applying the matrix design
method to a first-prize architectural competition plan illustrates how to reduce carbon
in residential buildings for sustainable development.

Future research will focus on this direction to contribute more to sustainable
development.
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