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ABSTRACT 

The rapid expansion of cities not only accelerates the speed of economic development in 

China but also causes problems such as the pressure of carbon emission reduction and poor 

living environment. Low-income group, as the most vulnerable ones in the whole society, 

is the most direct bearers of the consequences of pressure. Focused on the living conditions 

of the low-income, the dissertation studies the open public space of affordable housing, 

explores its carbon emission and social benefits, and provides a new perspective for the 

quality evaluation of affordable housing. 

This study researches the relationship between the open public space of affordable housing 

and carbon emission by utilizing literature research, data collection, software simulation, 

field research, and questionnaire survey. On this basis, it reveals the correlation between 

the open public space of affordable housing, the needs of the low-income, and carbon 

emission, expecting to provide new ideas for the design of affordable housing. Besides, 

nowadays, with the emphasis on emission reduction, this study can promote the 

transformation of residential design from the context of energy consumption to carbon 

emission to some extent. 
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After literature review, this paper first simulates the physical and social carbon emission 

impacts of the open public space (open roof, open vertical garden, and open ground floor) 

of affordable housing in Shanghai, aiming to reveal the emission reduction potential of 

open public space for the long-term operation of affordable housing. Then, detailed 

prototype research is done to open public spaces to find out the good layouts. After that, 

preliminary design strategies for open public space in affordable housing are put forward. 

Finally, a new affordable housing design is done on a specific site in Shanghai, and its 

carbon emission is calculated. 

The dissertation shows that open public space not only reduces carbon emission but also 

plays a significant role in realizing the needs of low-income groups. Besides, it can also 

give guides and prototypes to the design of open public space. It is hoped that this study 

can provide a new perspective for the design of affordable housing and some references 

for the establishment of relevant government norms.  
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CHAPTER 1. INTRODUCTION  

1.1 Research Background 

Along with the rapid development of cities, environmental problems have become more 

prominent. In recent years, the severe situation of global warming also clearly shows that 

the reduction of carbon emission is urgent. The energy consumption of buildings accounts 

for a large proportion of the energy consumption of the whole society, which has reached 

30% worldwide[1], and the figure in China is 20%. What is more, residential buildings in 

China account for around 50% in total building energy consumption[2]. Therefore, it is of 

great significance to explore the emission reduction from the residential aspect. 

From the perspective of emission reduction, the reasonable design method of affordable 

housing can improve the living standard of low-income groups based on energy 

conservation and emission reduction, and play an active role in solving the contradiction 

between the growing good living needs and unbalanced/inadequate development of low-

income groups. 

1.1.1 The Current Situation of Affordable Housing Design in China 

Affordable housing in China has been developing for about 20 years. With the inclination 

of policy, the trend of affordable housing construction has been increasing greatly in recent 

years. According to the data of relevant departments, in 2016, the engineering funds raised 
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by all levels of finance for affordable housing have reached 755 billion RMB. To better 

control affordable housing design, the relevant design specifications have been under 

constant exploration.  

However,  due to the short construction period, low cost, and the fact that researches on 

low-carbon emission reduction are still in the state of static quantification, the vast majority 

of existing affordable housing in China presents a state of high density, limited inner space, 

lack of public space, and low quality of life. The improvement is essential to meet the 

increasing demand of low-income groups. 

1.1.2 The Transformation from Energy Consumption to Low 

Carbon 

In 1896, Swedish scientist Ahrrenius proposed that carbon dioxide might cause global 

warming, which opened up the exploration of human impact on carbon emissions. However, 

it was not until the 1990s that this issue began to get attention from all walks of life. In 

1992, the United Nations Framework Convention on Climate Change jointly formulated 

by the international community was officially signed. For the first time, carbon emission 

reduction was clearly defined as an important goal for the development of all countries in 

the world. Subsequently, with the increasingly obvious greenhouse effect, the importance 

of emission reduction has been constantly increased. 

The research of energy-saving starts from energy consumption. Energy consumption refers 

to the quantity of all kinds of energy and power used. Carbon emission refers to the 



 

3 

 

emission of all greenhouse gases, including but not limited to carbon dioxide, nitrous oxide, 

methane, etc. The biggest difference between carbon emission and energy consumption lies 

in the wider coverage of carbon emission, which is a comprehensive carbon evaluation 

index based on life cycle. At present, the carbon emission system has been used in most 

industries in the world. Its application in the construction field can provide us with a new 

way to evaluate the construction. 

1.2 Research Purpose and Meaning 

1) Exploring the carbon emission impact of the open public space of affordable housing 

from the physical and social perspective 

Traditionally, the setting of open public space will inevitably change the form and materials 

of the building, and increase operating energy consumption. But architectural design 

should not be carried out under an isolated factor. What architects need to do is to seek the 

best solution among many different factors[3]. Similarly, when we study the low-carbon 

problem of affordable housing, we should not only focus on the physical carbon emissions 

but also the social carbon emissions, as what social may bring are worth considering. 

2) Providing design strategies for affordable housing design from both physical and social 

perspective 

On the physical level, by calculating the carbon emission of Life Cycle Assessment of 

different types, areas, and shapes of open public space, the curve of carbon emission change 
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of affordable housing can be calculated, which can play a guiding role in the low-carbon 

design. 

On the social level, through the research on the open public space of the existing affordable 

housing, and characteristics/needs of the travel activities of low-income groups, this 

dissertation puts forward the open space design methods. This has a significant effect on 

the utilization rate of open public space and the replacement rate of travel activities, which 

can effectively reduce the mobility of residents, thus playing a positive role in reducing 

social carbon emissions. 

3) Exploring the practical significance of open public space for low-income groups 

The design of open public space is not only a method closely related to carbon emissions, 

but also can improve the living environment with a positive attitude, guide the residents to 

green travel and green planting. These subtle influences have profound significance for the 

sustainable development of affordable housing. More importantly, as a kind of housing 

type to improve the living conditions of low-income groups, the design of its open public 

space can release and meet the depressed needs of low-income residents to a large extent, 

which has profound social significance. 

1.3 Research Scope and Content 

1) Research Area 
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This study is from the perspective of emission reduction. However, due to the strong 

influence of the regional climate on building carbon emissions, there are obvious 

differences between different climate regions. To ensure the accuracy and depth of the study, 

this dissertation mainly chooses Shanghai for key research. Accordingly, the questionnaire 

survey and simulation data sources limit the region to Shanghai. 

2) Research Scope 

The research scope is the open public space of affordable housing, including open ground 

floor, open vertical garden, and open roof. Many scholars have different definitions of these 

open public spaces. For clear research, according to the summary of relevant literature, in 

this study: open roof refers to the upper unshielded space of all buildings, structures, etc.; 

open vertical garden refers to the non-ground floor space which is covered at the top and 

not completely enclosed on all sides; open ground floor refers to space at the bottom (one-

story or multi-story) of a building which is not completely enclosed on all sides. 

 



 

6 

 

 

Figure 1.1 Open Roof (left), Open Vertical Garden (middle), Open Ground Floor (right) 

Figure Source: Author 

Open public space will bring changes to building materials and shape coefficient, so the 

physical carbon emissions of buildings will be affected; at the same time, they will also 

change the way residents use buildings, so the social carbon emissions of buildings will 

also change. To quantify the physical and social carbon emissions of buildings, a completed 

affordable housing in southeast Shanghai is selected as the sample building in Chapter 4 

and 5. 

3) Research Content 

The main contents of this paper are the physical carbon emission and the social carbon 

emission of affordable housing. 

The impact of physical carbon emissions is mainly calculated in Chapter 4 through the 

building Life Cycle Assessment. Open public space will have an impact on building 
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materials and building shape coefficient. At the level of building materials, due to the 

change of space type, the type, thickness, and area of building material will change 

correspondingly. Correspondingly, the construction, operation, and demolition parts will 

have carbon emission changes. In terms of building shape coefficient, most researchers 

believe that it is closely related to residential energy consumption (mainly power 

consumption)[4, 5]. According to the technical standard for housing performance 

evaluation (GB / T 50362-2005), "the research data shows that the energy consumption 

index increases by 2.5% for every 0.01 increase of shape coefficient"[6]. However, some 

scholars have proposed that although the shape coefficient would increase the theoretical 

energy consumption of buildings, the consideration of residential buildings should not only 

pursue a small shape coefficient figure but also take the impact on users into account[7]. 

The calculation of social carbon emissions is carried out in Chapter 5. The estimation of 

social carbon emissions is based on the carbon emission changes caused by the change of 

residents' travel activities after the establishment of open public space, to study the impact 

of open public space on carbon emissions of affordable housing from a more macro 

perspective. 

1.4 Research Method 

As the subject involves many aspects, the problem is more complex, this dissertation uses 

many research methods, including literature review, data collection, software simulation, 

field research, and questionnaire research. 
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1) Literature Review 

Through the literature review, this dissertation studies the relevant categories of affordable 

housing, low-income groups, open public space, residents' travel, and carbon emission 

related theory. 

2) Data Collection 

In the research process, a large number of empirical data are collected, including the CAD 

construction drawings of 8 affordable housing in Shanghai and its one-year detailed 

electricity cost data, and the CAD construction drawings of 8 commercial housing in 

Shanghai, which are mainly used for the comparison. 

At the same time, the authoritative data of various types of carbon emission factors are 

collected. The relevant literature is mainly domestic, supplemented by foreign, used to 

assist the comprehensive carbon emission calculation. 

3) Software Simulation 

To assist the Life Cycle Assessment carbon emission calculation, several models are built 

by PKPM-PBECA, including the sample building in Shanghai, newly designed U 

community, and different prototype of open public space. 

4) Field Research 
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Several representative affordable housing communities in Shanghai are selected for field 

investigation to observe the status of public space and residents' activities. Besides, three 

demonstrations of affordable housing in Singapore, Shenzhen, and other places also play 

as reference roles in the research. 

5) Questionnaire Study 

To study the impact of the open public space of affordable housing on the residents' travel 

activities, the author designs a systematic questionnaire, distributing and recycling a large 

number of questionnaires in Shanghai. 

  



 

10 

 

CHAPTER 2. LIT ERATURE REVIEW  

2.1 Affordable Housing 

2.1.1 The Definition of Affordable Housing 

In China, affordable housing generally refers to the housing provided by the government 

for specific groups. Different scholars put forward different views on its classification, 

which can be generally summarized as low rent housing, public rental housing, economical 

housing, resettlement housing. Although there are many kinds of affordable housing, there 

is one thing in common that they are all led by the government and constructed for the low 

and middle-income groups. The biggest difference between it and commercial housing is 

that it has two characteristics - "economy" and "applicability"[8]. 

The names of affordable housing in different countries are slightly different, for example, 

HDB in Singapore, sozialer wohnungsbau in Germany, council housing in Britain, and 

public housing in the United States. Although there are differences in the names, their 

nature are the same. 

2.1.2 The Development of Affordable Housing in the World 

The rapid change of social consciousness brought by rapid economic development makes 

western governments fully aware of the significance of the affordable housing system in 
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social development. Therefore, affordable housing in the western world develops earlier 

than in China and has a certain impact on the development of affordable housing system in 

China. Due to the different social environment and government concept, there are also 

differences in the development, category, construction, operation, and management of 

affordable housing systems in different countries. 

Germany is the first country to develop affordable housing. Its affordable housing system 

has significantly changed in the past two and a half centuries, from widespread 

popularization to refinement and demand orientation[9]. Germany established the 

affordable housing system in 1919. In 1924, the first residential savings bank was 

established in Germany. Its existing post loan model was conducive to stabilizing the 

housing finance system and weakening the market attribute of housing. After World War 

II, the government adopted tax reduction to promote private housing and public housing. 

Around 1970, the German government gradually abolished the rent control system, from 

limiting rent to giving low-income families rent subsidies. Germany's affordable housing 

system is mainly public rental housing, which encourages residents to rent before buying. 

The model is funded by the government and operated by individuals and non-profit housing 

companies. 

The development of affordable housing in Britain started at a similar time to that in 

Germany. As the place where the first industrial revolution took place, the rapid economic 

development made the housing problem exposed in Britain at first. The wealthier groups 

held most of the houses and rent them out at high rents, which led to the aggravation of 

class contradictions and social unrest. In February 1919, the British government first 

promulgated the social housing law to establish the housing credit cooperative system. 
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Before 1979, the primary operation mode of social housing was government intervention, 

which was invested and built by the government on a large scale. After that, the government 

gradually stopped the construction and turned to indirect investment, and put forward the 

public housing purchase right plan, that is, to sell the housing to the households at a 

preferential price. Its social housing is mainly divided into three categories: low rent 

housing, discount housing, and shared ownership[10]. The house with shared ownership 

refers to the house property rights owned by the residents and the housing association. The 

residents need to pay the corresponding rent to the housing association until they fully 

redeem the house property rights. The institutions responsible for the construction, 

management, and operation of social housing in the UK are transitioning from local 

government housing associations to private and non-profit housing associations. 

The United States is a global superpower whose affordable housing system developed early. 

The United States began to intervene in the housing market after the great economic crisis 

of 1929-1933. In 1932, the Federal Home Loan Bank was established, and in 1934, the 

Federal Home Loan Mortgage Corp was established. Since the 1960s, private financial 

institutions have been subsidized to encourage them to provide low-interest loans to social 

housing developers. Then in the 1980s, the government began to guide social housing 

development to the market through more subsidies and support. Its affordable housing 

construction is mainly divided into two modes: public housing program and private-owned 

project. The social housing plan is mainly constructed by the government directly. In 

contrast, the government plays a supporting role in the private-owned projects, providing 

low-interest loans, economic subsidies, and other support for private housing construction. 

However, the proportion of this kind of housing is limited. Up to now, most of the public 

housing projects are market-oriented; that is, they are developed, managed, and operated 
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by real estate developers. 

Singapore is one of the most developed countries in the housing security system. Since the 

founding of Singapore in 1964, the government has attached great importance to the issue 

of housing, aiming to realize the Home Ownership Scheme. Although its housing scheme 

has not been developed for a long time, it has achieved remarkable results. In 1953, the 

Singapore government issued the Central Provident Fund Act to establish the provident 

fund system, which provides the government with funds for the construction and 

maintenance of affordable housing and provides low-interest housing loans to citizens. In 

1967, the Land Acquisition Act was issued to obtain enough land for the construction of 

rental housing. At the same time, the government continued to improve the entry standard 

and exit mechanism of the Housing and Development Board (Abbreviated as HDB) flats 

and carried out strict government price limit measures. To date, more than 85% of 

Singaporeans live in HDB flats, 93% of which have property ownership. HDB is mainly 

in charge of the development, management, and operation of affordable housing. 

As a developed country in Asia, the government of Japan pays more attention to housing 

development planning. It has established a relatively complete law to operate the affordable 

housing system, including the establishment of non-profit affordable housing construction 

institutions, the promulgation of the Government Housing Loan Corporation Act, Housing 

Acquisition Promotion Tax System, etc. Japan's affordable housing system can be divided 

into two parts: low rent housing and corporate housing. Low rent housing can be divided 

into three categories: public houses, which are built and operated by the state and local 

public organizations; special excellent rental houses, which are built privately and then 

purchased and operated by local public organizations; excellent rental houses for the elderly, 
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which are built by the people or local public organizations and then purchased by local 

public organizations or social welfare companies and leased to the elderly. The corporate 

housing is mainly funded by the state, for middle-income families to buy or rent such 

houses at a lower price through lottery. Japan's affordable housing system operation 

organization mainly consists of three parts: the policy maker-the Ministry of Land and 

Transportation, the financial manager- Japan Housing Finance Agency, and the housing 

supplier- Urban Renaissance Agency[11]. 

The public security housing system in South Korea includes small commercial housing and 

public rental housing[11]. Small commercial housing is designed for low and middle-

income groups with an area of less than 60m2. The government provides low-interest loans 

and tax incentives to buyers. Public rental housing is divided into permanent rental housing, 

public rental housing, and national rental housingðthe differences between the three lies 

in the leasing time and the target object. The permanent rental housing faces the lowest 

income class and can be rented permanently, but it was canceled in 1992 due to the cost 

problem. The public rental housing and the national rental housing mainly face the middle-

income and low-income class with a strict access system, with the former leasing period of 

5-50 years and the latter of 30 years. The Promotion of Rental Housing Construction Law 

(1984) and the "200000 Permanent Rental Housing Plan" was passed in 1984 and 1987. 

Then in 1998, the "One Million National Rental Housing Construction Plan" was launched. 

The plan was increased to 1.5 million in 2003, including one million national rental housing 

and 200 thousand public rental housing[12]. Its operation organization mainly consists of 

three parts: the policymaker- the Ministry of Land and Ocean, the financial manager-the 

National Bank and the Woori Bank, and the main builder-Korea National Housing 

Corporation. 
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2.1.3 The Development of Affordable Housing in China 

Since the founding of the People's Republic of China, China's housing development can be 

roughly divided into two stages: the welfare housing stage (from the founding of the 

people's Republic of China to the housing system reform), and the housing socialization 

and marketization stage (after the housing system reform). China's affordable housing 

system is gradually established in the second stage[13]. 

There have been nearly 30 years since the affordable housing system had been put forward 

in 1994. Continuous development is accompanied by continuous changes, which are 

mainly reflected in the transformation of the types of affordable housing and the scope 

expansion of suitable people[14]. From the initial sales type of affordable housing to the 

focus of public rental housing, the scope of groups is gradually relaxed, aiming to benefit 

more people living in difficulties. 

In recent years, with the government's increasing attention to affordable housing projects, 

their construction is in full swing, and all types of affordable housing are springing up. 

According to the government work report, in 2017, 7.4 million new affordable housing 

projects were built in China, an increase of 5.7% year on year, and the housing problems 

of nearly 22 million families in need were solved. Take Shanghai as an example. In 2016, 

52,000 new affordable housing units were added in the city; in 2017, 80,000 new affordable 

housing units were added, an increase of 53.84% year on year; in 2018, the number of new 

affordable housing units was the same as that in 2017, reaching 80,000 units[15]. 
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2.1.4 Design of Affordable Housing 

2.1.4.1 Basic Design 

The development time of affordable housing in foreign countries is earlier than that in 

China, and their research on the design of affordable housing starts relatively earlier. For 

example, in Japan, the development of affordable housing has a history of more than 60 

years. As early as the Housing Construction Plan Law issued in 1966, the planning and 

construction of public housing have been regarded as an essential part[16]. 

In the 26-year development of affordable housing in China, the design of affordable 

housing has also attracted the attention of all parties, and relevant norms have emerged. In 

2009, Beijing issued the guidelines for planning and architectural design of affordable 

housing in Beijing (Draft for comments); in 2010, Shanghai issued the guidelines for the 

construction of affordable housing in Shanghai (Trial), and deepened the specific design 

guidelines in 2011; in 2012, Jilin Province issued the standards for the design of affordable 

housingé 

The researches on affordable housing design are also abundant. In terms of planning and 

site selection, Deng (2001) reflects on the construction of affordable housing in China, and 

puts forward suggestions on building a mixed and diversified residential area[17]; Yang 

(2009) thinks that we should pay attention to the balance of urban and suburban areas, and 

combine public transport and industrial land for site selection[18]; Zheng (2011) studies 

the location selection of affordable housing, and believed that public transport should be 

used for site selection[19]. 
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In terms of specific design, Lin (2008) studies the planning, house type, external space 

environment and other aspects of affordable housing in Xiamen, finds out the existing 

problems and puts forward corresponding design countermeasures[20]; Huang (2010) 

proposes refined design, the introduction of net size module, large zone and mobile 

partition phase, and focuses on design strategies such as storage space by analyzing the 

residential demand of 139 low-income families[8]; Li (2011) conducts analysis on 

affordable housing in Beijing, and proposes that the quality of affordable housing can be 

improved through visual analysis, natural wind environment analysis, noise prevention 

measures, and space refinement design[21]; He (2011) interprets the guidelines of 

affordable housing in Shanghai, and believes that in affordable housing design, we should 

increase the consideration of residential dignity, government role, functional issues, refined 

design, and other aspects[22]. 

2.1.4.2 Energy Saving and Emission Reduction Design 

Green affordable housing has developed to a certain extent in western countries. Green 

affordable housing in the United States started in the 1830s. Since then, sustainable design 

in the context of the Life Cycle Assessment is considered in the design stage of affordable 

housing. Singapore began to study sustainable housing in 2004 and launched the first batch 

of "green housing" in 2007é Under the influence of construction cost, audience 

recognition and other factors, the development of green affordable housing in China is still 

in its infancy. However, serveral cities in China have begun to try green affordable housing 

design: Shenzhen, as the domestic pioneer, has completed 240,000 units of affordable 

housing in the "12th Five Year Plan" period, all of which meet the green building design 

standards. At present, Jiangsu Province has also attempted, with more than 12 affordable 
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housing projects passing the green building design evaluation. 

In December 2013, the government issued the notice of the Ministry of Housing and 

Urban Rural Development on the implementation of green building actions for affordable 

housing and issued the Technical Guidelines for Green Affordable Housing (Trial). These 

actions require all parts of the country to attach great importance to green affordable 

housing construction, and gradually promote the green building standards according to the 

actual local situation. 

Although domestic researches for the low-carbon design of affordable housing start late, 

there are some achievements. In terms of design principles, Zhang (2012) summarizes the 

design principles of intensification, refinement, low energy consumption and 

integration[23]; Tian (2013) points out "three priorities", including passive priority, 

practical priority and economic priority[24]; Jiao (2018) proposes the green design 

principles of harmony, comfort, timely and appropriate, and economy saving[25]. 

In terms of design technology, He (2018) believes that intelligent solar energy-saving 

technology and geothermal heat pump technology can be applied to the design of 

affordable housing to reduce the use of nonrenewable energy[26]. 

In terms of evaluation system, Mao (2011) proposes that the low-carbon housing 

technology system should be used for affordable housing construction, which mainly 

includes eight aspects: low-carbon design, low-carbon operation, low-carbon structure, 

low-carbon energy use, low-carbon construction, low-carbon materials, low-carbon 

emissions and increasing carbon sink[27]; Xiang (2017) studies the evaluation system of 
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green affordable housing. The ecological footprint is used to evaluate its potential effect on 

the surrounding ecological environment system[28]. 

2.2 The Low-income 

2.2.1 Definition of the Low-income 

The concept of "low-income group" is relative. It refers to the group with a lower income 

level in a particular time and space, which generally exists in any period and region. Gilber 

(1992) thinks that income is one of the most fundamental variables to measure social class. 

The standard of the low-income group generally includes three parts: income level, source 

of income, minimum wage, and standard of living expenses visible to the public[29]. 

Different countries, different cities, and different researchers have different definitions of 

low-income groups. As far as China is concerned, the National Bureau of Statistics 

generally divides the population into five parts, and the lowest 10% is low-income. The 

Civil Affairs Department sets the minimum-security standard for urban families, which 

varies according to different cities. 

As the primary research object of this dissertation is Shanghai affordable housing, the low-

income group studied in this paper is defined quantitatively according to the eligible 

families for Shanghai affordable housing, that is, " per-capita annual disposable income of 

a household with three or more people is less than 72,000 RMB; per-capita annual 

disposable income of a household with two or fewer people is less than 86,400 RMB" [30]. 
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2.2.2 Characteristics of the Low-income 

The domestic research on low-income groups began in the 1990s. Scholars study the 

characteristics of low-income groups from different dimensions. Fan (1996) believes that 

since 1994, the low-income groups have shown the characteristics of rapid growth, large 

quantity and obvious industry characteristics[31]; Xie (2006) summarizes the living 

conditions of the low-income groups, that is, the low level of living consumption, poor 

housing conditions, negative spiritual thinking and weak ability to resist external 

shocks[32]; Ma (2010) believes that the low-income groups have a relatively strong sense 

of deprived, social anxiety and dependence[33]; Niu (2012) studies the low-income groups 

through price fluctuations, and finds that their price sensitivity is high and their ability to 

resist life risks is insufficient[34]; Wang (2018) classifies and summarizes the 

characteristics of low-income groups from the aspects of income status, consumption status, 

geographical distribution, family size and education level[35]. 

2.2.3 Living Environment of the Low-income 

To some extent, the living conditions of low-income groups reflect their characteristics. 

Generally speaking, the housing of low-income groups shows a state of dense living 

capacity, compact interior type, lack of public space, and low quality of life. Liang (2007) 

finds that the low-income group reflects the problems of functional spillover and self-

transformation of the housing, which hurt the structure of the building, and reflects on the 

side that there are many problems in the housing design that are difficult to meet the basic 

needs[36]; Huang (2010) believes that the living space of the group was relatively scattered, 
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often located in the city edge zone[37]; Chen (2013) investigates more than 1,000 low-

income people in cities of Zhejiang, Hunan and Guizhou Province, and finds that the 

overall satisfaction of low-income groups with existing housing and all conditions was 

low[38]; Wang (2017) focuses on the northeast region, conducted an overall study on the 

living of low-income groups, and believes that their housing have problems about low land 

use rate, improper environment governance and lack of overall design[39]. 

Their living status may have many adverse effects. Zhang (2013) finds that from the 

perspective of economic laws and policies, low-income residential areas will gradually be 

"discharged" from the city, and factors such as poor environment and backward 

infrastructure will cause social conflicts to intensify[40]. 

It can be seen that most of the low-income groups are on the edge of society, their life needs 

are hard to be met, and their dignity is oppressed under economic pressure. To increase the 

research and improve the quality of affordable housing can not only improve the living 

condition but also promote the stable development of society. 

2.2.4 Living Needs of the Low-income 

The generation of demand comes from the psychology that one does not have a particular 

object but wants to get it[41]. Compared with the non-low-income group, the demand of 

the low-income group appears to be more realistic. 

For the study of their living needs, field survey are generally used, including questionnaires, 
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interviews, etc. Zeng (2012) investigates the low-income groups in Chongqing and finds 

that they have higher requirements for transportation convenience in terms of housing 

selection, and tend to choose small-sized residential buildings that are built centrally or 

with rent subsidies[42]; Li (2013) studies the needs of residential groups in affordable 

housing communities, and finds they rely more on functional and cultural facilities, public 

transportation, and life services[43]. According to the survey conducted by Luo (2015), the 

low-income groups in Wuhan have apparent differences in housing demand due to different 

housing types and household types[44]. 

It can be seen that the low-income groups are not pursuing luxury needs, but more staying 

at the level of survival needs, physiological needs, and comfort needs. 

2.3 Open Public Spaces in Housing 

Human life is inseparable from all kinds of contacts and activities. As an essential place in 

the social environment, public space bears the occurrence of these communication 

behaviors. To some extent, specially designed public space can even stimulate people's 

communication behavior[45]. 

For the activity space of the residential area, Xu (2015) divides public space into public 

space in the residential area and shared space in the residential building. The former mainly 

includes a community activity center, green space, road, etc., while the latter includes roof 

garden, public platform in the building, and ground floor space of overhead buildings[46]. 

The residential open public space studied in this paper belongs to the latter. 
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Open public space refers to the public activity space in the house, which can be directly 

contacted with natural elements (light, air, etc.). They are not privately owned and can be 

used by residents of the whole building or even surrounding buildings. This kind of space 

is between the public and private, and generally presents a semi-public and semi-private 

state, which can play a role in the connection of private indoor space and public outdoor 

space. 

In this dissertation, the open public space in residential building is mainly divided into 

three types: open roof, open vertical garden, and open ground floor. They are all located in 

the interior of the residential buildings and do not encroach on the community or other 

surrounding land. It can play a positive role in creating public space, alleviating high-

density residential areas, improving the quality of the residentsô life, and realizing the 

sustainable development of buildings. 

Due to the limitation of location, user, and area, the open public space has four 

characteristics: publicity, placeness, independence, and integrity. Publicity means that this 

space does not belong to a private owner, but provides a place for the residents of the whole 

building or even the whole community. Placeness means that the existence of the space is 

meaningful, and its place characteristics (the setting of different materials and the 

organization of order) can be fully reflected in use. Independence means that this space can 

exist relatively independently and does not need to rely on other zones while in use. 

Integrity means that the spatial elements are relatively complete and can play a useful role 

in different activities. 
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2.3.1 Open Roof 

Open roof refers to the upper part of all buildings, structures, etc. Generally speaking, we 

believe that the roof garden is the primary use of the roof, emphasizing that it is suitable 

for people to relax. However, there are also roof gardens that play a more ornamental 

role[47]. However, in the existing residential buildings with roofs, the roof more presents 

the state of the open roof. The open roof has a broader meaning than the roof garden. It not 

only bears the function of viewing but also bears the function of daily use of residents, such 

as drying, planting, sports, etc. 

The ancestor of the open roof can be traced back to the Ziggurat of Ur in the 20th century 

BC. In the early 20th century, British archaeologist Sir Leonard Woolley found traces of 

tree planting on the third floor of the tower, indicating that it had already taken on the basic 

ornamental function as a roof garden at that time. The Hanging Garden built 1500 years 

later by the Kingdom of New Babylon is a more convincing interpretation of the open roof. 

The king built the building as a terrace with flowers and plants on each floor, and 

introduced the river into it, forming a series of complete viewing and resting spaces. 

Besides, Pueblo village is a typical example of early people using the open roof to assist 

their life. They use the roof platform for the placement of living objects, and they also carry 

out social activities on the roof platform. 
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Figure 2.1 Ziggurat of Ur, Hanging Garden, and Pueblo Village 

Figure Source: Baidu Image 

As the main form of ancient Chinese traditional architecture is the sloping roof, the 

development of the open roof in China is relatively late. The Gusutai, built by Fu Chai, the 

king of Wu in the Spring and Autumn period, can be regarded as the pioneer of the open 

roof in China. It is worth mentioning that the ancient beacon tower, watchtower, and city 

wall can also be regarded as open platform qualitatively and the predecessor of the open 

roof in China. Interestingly, they are mostly used for tourism today. Tourists' viewing and 

activities reflect the characteristics of the open roof. The use of the modern open roof 

appeared in Shanghai at the beginning of the 20th century. Influenced by the introduction 

of Western architecture, the first real roof garden appeared in the Bund, represented by 

Huizhong Hotel. Under the influence of climate conditions, the roof garden southern China 

develops faster than that in the north. 
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Figure 2.2 Gusutai and Huizhong Hotel 

Figure Source: Baidu Image 

The open roof can be divided into seven categories according to its functions: recreation, 

exercise, exhibition, business, transportation, planting, and living. For residential buildings, 

the use of the open roof is generally for leisure, planting, and living, providing social, sports, 

fruit and vegetable planting, drying, and other places for residents. There are also a small 

number of open roofs that serve as transportation links to multiple residential buildings. 

These are represented by the Pinnacle @ Duxton in Singapore. The residents can reach 

different buildings through the large connected roofs. 

The most significant advantage of the open roof is that it can maximize the area of available 

space and increase the living space of residents without changing the building area. 

2.3.2 Open Vertical Garden 

Open vertical garden, as the name implies, is an open public space in the air, including all 
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kinds of air courtyards, vertical courtyards, etc. Deng (2012) thinks that the air courtyard 

is generally designed for high-rise buildings to deal with problems such as the distance 

from the ground and the lack of communication space [48]. Li (2015) thinks that the air 

courtyard is a place for public activities that can touch natural elements, and plays a certain 

role in spatial organization and improving the quality of living environment[49]. Sun (2015) 

defines courtyard space in multi-story and high-rise buildings as a vertical courtyard and 

thinks that its system is complete and multi-dimensional overlap[50] . In previous studies, 

most scholars have classified open roof as open vertical garden. Due to the significant 

difference between the two in carbon emissions, they are distinguished in this dissertation. 

Open vertical garden refers to the non-ground floor space, which is covered at the top and 

not completely enclosed on all sides.  

The ancestor of the open vertical garden comes from the Romans, who build a roof based 

on the Greek patio courtyard to form what we call the atrium. Corbusier proposes the design 

concept of "villa building" in the middle of the 20th century. This five-story building has 

100 independent garden courtyards. Charles Correa, an Indian architect, put forward the 

"open-to-sky space" theory. The Kanchan-junga Apartment, designed in 1983, is the most 

typical representative of modern open space, which has 28 floors with several two-floor 

concave vertical gardens. After that, "garden city" Singapore continues to develop open 

vertical gardens, among which Park Royal Hotel and Oasia Hotel are the most 

representative. The former creates open vertical gardens with rich levels in the form of 

curves; the latter creates the concave space in different building heights to create a green 

garden in skyscrapers. 
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Figure 2.3 Park Royal Hotel and Oasia Hotel 

Figure Source: Author 

In terms of national development, the height of ancient buildings in China is relatively low, 

so the open vertical garden does not appear. Up to modern times, with the development of 

the city, multi-story and high-rise buildings appear gradually, but due to the pursuit of 

construction speed and utilization rate, the early buildings show a compact and neat trend. 

With the development of commercial housing in the 1980s, "living balcony" came into 

being under the continuous improvement of people's living requirements, which can also 

be called the ancestor of the open vertical garden of Chinese residence. Now, with the 

increasing height of buildings, the use of open vertical garden becomes more and more 

extensive, including commercial buildings represented by Shanghai Tower and residential 

buildings represented by Beijing SOHO Modern City. 
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Figure 2.4 Shanghai Tower and Beijing SOHO Modern City 

Figure Source: Baidu Image 

The open vertical garden can be divided into six categories according to its functions: 

recreation, exercise, commerce, transportation, planting, and living. For residential 

buildings, recreation, planting, exercise, and living are the most common. 

Although the open vertical garden sacrifices a certain area, it can reduce the perceived 

density of the current high-density housing to a large extent, to enhance the residents' living 

comfort. At the same time, it is also an extension of ground activities, taking on the role of 

building public places and narrowing the distance between residents and nature in the 

building[51]. Different from the common public place, it is a semi-public space shared by 

the residents in the building because of its privacy to a certain extent. 
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2.3.3 Open Ground Floor 

The open ground floor refers to the space of the ground floor of the building which is not 

entirely closed on all sides. 

The open ground floor in western countries started from the Parthenon Temple in Greece 

2500 years ago, and this typical veranda building is the ancestor of the open ground floor. 

The Coloss¯o of ancient Rome built in 80AD is supported by a bottom colonnade, which 

takes on the function of entrance and public rest. The open ground floor of the Palazzo 

Ducale in Venice, Italy, which was built in the 9th century A.D., is well integrated with the 

San Marco Square and plays a vital role in the transition from public space to private space. 

The concept of the ground floor overhead of modern architecture began from Corbusier, 

who regarded the ground floor overhead as the first point of his Five Points of Architecture. 

This concept was first realized in Savoy villa. Then it was also used in the design of The 

Unite d'Habitation in Marseilles and Pavillion Suisse A La Cite Universitaire A Paris. The 

large-scale use of the open ground floor appeared in Singapore in the early 19th century. 

Sir Thomas Stamford Bingley Raffles, governor of Singapore, required in the urban design 

that there must be a 5-foot-wide roofed corridor (also known as the five-foot base, arcade) 

in front of all buildings for small business and wind protection. Western countries promote 

the setting of the open ground floor through some regulations. According to the relevant 

regulations of the United States, if the building is designed to have an open ground floor 

and an appropriate amount of public space, the requirement of floor area ratio can be 

appropriately relaxed. Singapore requires that all the bottom floors of the social housing 

shall not be units, and must adopt the overhead design for the public activities. 
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Figure 2.5 Coloss¯o and Palazzo Ducale 

Figure Source: Baidu Image 

The origin of the open ground floor of China is earlier than that in the West. The Ganlan 

architecture found in Hemudu site of Neolithic age is the ancestor of the open ground floor 

of China. In the traditional southern architecture, the design of overhead on the ground 

floor is widely used, including "stilts" and "half buildings". Their emergence is closely 

related to the humid and hot climate in the south of China. The overhead ground floor is 

conducive to the isolation of moisture and plays the role of livestock feeding and 

accumulation of debris. Since modern times, with the introduction of western culture, Hong 

Kong took the lead in promulgating the Verandah Regulations in 1978. Then arcades were 

built in Fujian, Guangdong, and Guangxi to provide people with a public grey space for 

communication, rest and passage. In the 1990s, the open ground floor gradually entered 

the domestic residential area, which was mainly used to solve the parking problem at first, 

and then gradually developed to improve the quality of life and alleviate the high density 

of housing. Governments have also issued relevant laws and regulations to promote the 

implementation of the open ground floor. In 1999, Shenzhen issued the technical 
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requirements and regulations for the design of residential buildings, which requires that the 

1/2 of the area of the ground floor should be overhead in communities with high plot ratio; 

in 2007, Chengdu issued the proper interpretation and supplementary regulations of the 

technical regulations for planning and management, which requires that the residential 

buildings with a height of more than 40 meters must be equipped with an open ground floor 

used as greening and living space; in 2013, Hefei issued the general principles for detailed 

regulatory planning, which requires that residential quarters should be equipped with open 

ground floors for greening, leisure, parking, and other functions. With the support of such 

policies, numerous residential buildings with open ground floor have emerged. Shanghai 

Sanlinyuan community, Shenzhen Baishailing community, Chengdu Xipai City, etc. are 

typical representatives of the open ground floor. 

  

Figure 2.6 Hemudu Building and Xipai City 

Figure Source: Baidu Image and Author 

The open ground floor can be divided into five categories according to its functions: 

recreation, exercise, commerce, transportation, and parking. For residential buildings, 

recreation, exercise, and parking are the most common types. Generally, the floor height is 
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3-5 meters. If it is too high, the space will be too open, and if it is too low, the space will 

be too suppressing. 

Similar to the open vertical garden, although the open ground floor occupies a certain area, 

it can be used as a practical extension of the community public space. Compared with the 

open roof and open vertical garden, it has a higher degree of openness. It not only serves 

the current building residents but also serves the residents of the entire community, 

promoting more exchanges and activities. As there is no height difference, it is safer and 

more convenient for sports and family activities. 

2.4 Residents Travel Theory 

2.4.1 Categories of Travel 

The purpose of daily travel is to make a living, deal with personal affairs and participate in 

social activities. Reichman (1976) divides the travel behaviors of urban residents into three 

categories: sustenance activities, maintenance activities, and leisure activities[52]. Nurul 

(2009) classifies seven categories according to the travel purpose of residents, including 

work travel, shopping travel, social travel, entertainment travel, education travel, business 

travel, and tourism travel[53]. It can be said that the above categories can be integrated and 

roughly divided into two categories, necessary travel, and leisure travel. 

Travel categories are also affected by the level of social and economic development, and 

the concept of residents' consumption, showing different proportions in different regions 



 

34 

 

at different times. Table 2.1 reflects the proportion of travel categories of Chinese urban 

residents in 2006 and 2013. It shows that the current urban travel in China is mainly 

necessary travel, while leisure travel, such as social activities, takes up a little less. 

However, with the changes of the times, the proportion of leisure travel activities is 

gradually increasing, and the carbon emissions generated by them are also more and more 

considerable. 

Table 2.1 Travel Categories of Chinese Urban Residents 

  2006 2013 

Work 15.72 13.27 

School 11.13 11.31 

Go Home 44.62 45.47 

Go to Company 4.68 3.31 

Business 2.16 4.08 

Shopping 8.24 10.44 

Entertainment 2.05 2.13 

Visiting Friends 2.99 2.11 

Others 8.41 7.88 

Table Source: Jiang[54], Xu[55] 

2.4.2 Mode of Travel 

Travel mode and travel distance are closely tied. Travel modes can be divided into two 

categories, non-motorized and motorized. Non-motorized travel mainly includes walking 

and cycling, while motorized travel includes electric vehicles/moped, car, taxi, and other 

personal means of transport, as well as public transport such as bus and metro. Non-

motorized travel is suitable for short-distance travel, while motorized travel is suitable for 
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comparatively more extended distance travel. 

Zhu (2007) draws the relationship figure between travel mode and travel distance (Figure 

2.7) according to the residentsô daily travel-related data of the third comprehensive traffic 

survey of Shanghai[56]. According to the chart, the travel habits of travelers can be 

summarized: when the travel distance is less than 5km, travelers tend to choose non-

motorized transportation, among which walking is often used for the journey less than 3km; 

when the travel distance is more than 5km, the proportion of motorized transportation 

begins to increase gradually; when the travel distance is more than 30km, car travel 

becomes the first choice. 

 

Figure 2.7 Travel Modes and Distances 

Figure Source: Zhu[56] 
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2.4.3 Carbon Emission of Travel 

The annual growth of carbon emissions has put great pressure on the global ecological 

environment. According to the latest data officially released by IEA (International Energy 

Agency), the author sorts out the energy consumption of all kinds of industries in the world 

in recent years (Table 2.3), and finds that the total amount is in a state of increasing. Among 

them, the energy consumption of transportation reached 2,747,867 (kcoe) in 2016, 

accounting for more than 15%. It can be seen that the carbon emission generated by urban 

traffic is not small in the global carbon emission growth, so the traffic emission reduction 

has become one of the most important topics for scholars from all walks of life.  

Table 2.2 Global Industrial Energy Consumption 

 
2011 2012 2013 2014 2015 2016 

Electricity 

Generation

kcoe 

8966368 9067126 9234182 9333467 9427775 9555323 

Industry

kcoe 

2710673 2740091 2760617 2777272 2760489 2752604 

Transportation

kcoe 

2459567 2490725 2563684 2607762 2685933 2747867 

Other

kco

e  

Hous

ehold 

1990662 1986775 2030645 2023396 2031466 2061152 

Publi

c 

714659 719310 745389 745766 760464 775731 

Totalkcoe 1684192

9 

1700402

7 

1733451

7 

1748766

3 

1766612

7 

1789267

7 

Table Source: International Energy Agency 

The research on traffic emission reduction is mainly divided into two parts: one is to reduce 
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the travel volume of private cars by analyzing the urban spatial layout and intensive land 

use; the other is to analyze the impact of residents' travel habits on the carbon emission of 

traffic[57]. The existing academic research mainly focuses on the former, and a large 

number of studies have proved that the adjustment of urban structure and land use for 

different scales of urban space is effective for carbon emissions reduction of residentsô 

travel. 

Frank (1995) thinks that the travel distance of residents has a great relationship with the 

built environment around the starting point and the destination[58]; Cervero (1997) puts 

forward the "3D" theory (i.e. density, diversity, design), and believes that when the city 

density and the accessibility of public facilities is high, it is helpful to encourage residents 

to use public transport to travel, so as to reduce the travel frequency of personal motorized 

transport[59]; Holdenôs (2005) study shows that for households with gardens, their 

motorized travel rate is significantly reduced[60]; Kestens (2010) thinks that the choice of 

residents' travel mode is affected mainly by the internal design of the activity space[61]. 

It is not difficult to see that the mixed use of land and the accessibility of related facilities 

in the residential area have a more significant impact on the travel choice of residents. Rich 

and high-quality residential environment is conducive to encouraging low-carbon/non-

carbon travel of residents, to achieve the role of travel emission reduction. 
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2.5 Carbon Emissions and Calculation Rules 

2.5.1 Theory of Building Carbon Emission 

In the aspect of carbon emission research, the primary researches internationally are 

focused on the evaluation standard system of Building Life Cycle Assessment. In 

international studies, Gerilla (2007) divides it into four parts: construction process, building 

maintenance, building operation and demolition treatment[62]; Gustavsson (2010) believes 

that it should be divided into four stages: raw material production, construction process, 

building operation and demolition treatment. In the domestic research, Liu (2009) defines 

this cycle as four parts, building material preparation, construction, building use and 

maintenance, and building demolition[63]; Chen (2011) divides it into construction, 

decoration, outdoor facility construction, transportation, operation, waste treatment, 

property management, demolition and waste treatment[64]. On this basis, Yu (2011) 

proposes that the calculation of carbon emissions should consider some factors other than 

buildings, such as the coordination of low carbon and low cost, focusing on the analysis of 

the factors that have the most significant impact on carbon emissions, and comparing with 

the original carbon emissions[65]. Generally speaking, scholars have different opinions on 

the Building Life Cycle Assessment, but the general stages are basically similar, covering 

every stage from construction to demolition where there may be carbon emissions. 

2.5.2 Carbon Emission Factors Involved in This Paper 

This dissertation focuses on the carbon emission impact of open public space in affordable 
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housing. According to the above literature review, the insertion of open public space has 

an impact on all stages of the Life Cycle Assessment of the building, including the 

construction stage, the use stage, and the demolition stage. Also, this dissertation estimates 

the carbon emissions generated by residential travel activities to study the carbon emission 

impact of open public space from a broader perspective. 

1) The data source for construction and demolition part 

The data for building construction and demolition are similar, mainly including the carbon 

emission factors of building material production and transportation. At present, many 

scholars have calculated the carbon emission factors of production and transportation of 

different materials, according to the LCA. Therefore, the carbon emission factors related 

to building materials in this research are obtained through the literature review. In the 

research, the principle of authoritative data first, regional data first, publication time first, 

and the same source first is followed. 

2) The data source for building use part 

Building operation and carbon sink are the main emission sources of building use. 

The building operation stage mainly includes HVAC (heating, ventilation, and air 

conditioning) energy consumption, domestic hot water energy consumption, daily 

electrical energy consumption, kitchen energy consumption, etc. The calculation of its 

carbon emission data generally uses the carbon emission factor of electricity consumption 

to convert energy consumption. In the process of using domestic hot water, daily electrical 
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appliances, kitchen equipment, etc., the difference in living habits of different users will 

lead to huge differences in results, so this part of energy consumption will not be accounted 

for. For the power consumption data of the HVAC part, this paper uses PKPM-PBECA 

Shanghai to simulate. As the software is ideal for heating and cooling power consumption, 

and there is a gap between the software and the actual use of low-income families, the 

results are calibrated with the measured electricity cost data of 8 actual affordable housing. 

Building carbon sink is similar to the production and transportation stage of building 

materials. A large number of scholars have calculated carbon sink factors of different green 

spaces, according to the LCA. In the research, the principle of authoritative data first, 

regional data first, publication time first, and the same source first is followed. 

3) The carbon emission data sources of residents' travel activities 

Through the way of questionnaire collecting, the travel intensity of residents is estimated, 

and the change of their travel behavior in open public space is predicted. The carbon 

emission of this part of travel is estimated by the carbon emission factors of different travel 

modes. Similar to the carbon emission factors of building materials production and 

transportation, a large number of scholars have calculated the carbon emission factors of 

different modes of transportation, according to the LCA. In the research, the principle of 

authoritative data first, regional data first, publication time first, and the same source first 

is followed. 
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2.6 Summary 

This chapter makes a literature review of five key points. 

Firstly, this chapter studies the affordable housing, combing the characteristics and 

development process of affordable housing in China and international and making a 

preliminary study on the affordable green design. The study finds that although there are 

some researches on the green design methods and evaluation system of affordable housing 

in China, they still stay basic. Most of them are at the theoretical stage, and there are few 

empirical studies. 

After that, two derivative concepts of affordable housing, low-income groups (residents) 

and open public space (space model) are studied. The low-income group part mainly 

summarizes its characteristics and needs to pave the way for the follow-up study; the open 

public space part mainly combs the development and characteristics of open roof, open 

vertical garden, and open ground floor, and defines the scope of this dissertation. 

Next, the study focuses on the theory of residents' travel and studies the types, modes, and 

carbon emission of different travel type to pave the way for the estimation of social 

emission reduction of low-income groups' travel when there are open public spaces in 

affordable housing. 

Finally, the relevant theory of carbon emission is studied, which covers the theory of carbon 

emission. The purpose is to obtain a more applicable calculation system for carbon 
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emission estimation of buildings and to scientifically demonstrate the sources of carbon 

emission factors used in this study.  
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CHAPTER 3. EXISTING OPEN PUBLIC SPACES OF 

AFFORDABLE HOUSING  

3.1 Differences of Open Public Spaces between Existing 

Affordable Housing and Commercial Housing 

3.1.1 Differences in Norms 

This chapter takes Shanghai as an example to compare the different aspects of commercial 

and affordable housing.  

Table 3.1 Norm Contents of Affordable and Commercial Housing 

Content Affordable Housing Commercial Housing 

Shape 

Coefficient 

Ò3 floors/ 

Ò10m 

Ò0.45 Ò0.55 

4-

11floors/>10m 

Ò0.45 

>12 floors Ò0.40 

Building Design Unit 

Multistory 

Residence 

2 households/floor  

Unit High-rise 

Residence (< 

18 floors) 

3-4 

households/floor 

Unit High-rise 

Residence (> 

18 floors) 

4-6 

households/floor 
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Tower 

Building  

6-8 

households/floor 

Corridor 

Building  

12-14 

households/floor 

Area Limit 

(Center/Country) 

1 bedroom Ò35/40 Ò60 

2 bedrooms Ò44/54 Ò90 

3 bedrooms none/Ò63  

Ventilation Bathroom / Ó1/20 floor area 

Balcony Living Closed, depthÓ1.3m / 

Service DepthÓ0.9m̆

AreaÒ3 

Soundproof Exterior Wall Ó45db Ó45db 

Interior Wall Ó40db Ó45db 

Slab Ó40db Ó45db 

Parking 

(Center/Country) 

Motor Vehicle Ó0.3̉0.4 Ó0.8/0.9̕1.0/1.1̕

1.2/1.4 

Non-Motor 

Vehicle 

Ó1.2 Ó0.8/0.5̕1.0/0.9̕

1.2/1.1 

Greenland (Center/Country) Ó20%/25% Ó35 

WWR With balconyÒ0.6 

Without 

balconyÒ0.35 

East, weatÒ0.25 

SouthÒ0.50 

NorthÒ0.35 

Heat transfer coefficient Ò3.2 WWRÒ0.40̆Ò2.2 

0.40< WWRÒ0.50̆

Ò2.2 

WWR >0.50̆Ò1.80 

Shading 

Coefficient 

Towards East 

and West 

Ò0.40 WWRÒ0.25̆/ 

0.25< WWRÒ0.30̆

Ò0.45 

0.30< WWRÒ0.35̆

Ò0.40 

0.35< WWRÒ0.50̆

Ò0.35 

WWR >0.50̆Ò0.25 

Towards 

South 

Ò0.45 WWRÒ0.25, / 
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0.25<WWRÒ0.30̆

Ò0.50 

0.30< WWRÒ0.35̆

Ò0.45 

0.35< WWRÒ0.50̆

Ò0.40 

WWR >0.50̆Ò0.25 

Table Source: Author 

It can be seen from the above comparison, compared with ordinary commercial housing, 

affordable housing is strictly controlled in building design and area. At the same time, its 

norms are loose in quality improvement and green energy conservation. 

3.1.2 Differences in Design 

The design of affordable housing attaches importance to the compactness of the plan and 

the flexibility of space[66]. Its compactness is reflected in the limitation of the total room 

number and the area of units, so the multi-function use is particularly important in the 

design. The flexibility of space means that the shared area should be reduced as much as 

possible to increase the rate of house acquisition within the limited total area. These design 

principles make the public space of affordable housing shows a different state from 

commercial housing. 

To further study the quantitative difference of public space design between affordable 

housing and commercial housing. In order to measure and analyze the public space in the 

buildings, the CAD construction drawings of 16 residential buildings are collected. The 

samples include eight affordable housing and eight ordinary commercial housing, all of 
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which are located in Shanghai. The standard floor plan is shown in Table 3.2 (the shaded 

part is public area). 

Table 3.2 Standard Floor Plan of Samples 

Affordable 1# Affordable 2# Affordable 3# Affordable 4# 

  
 

 
Affordable 5# Affordable 6# Affordable 7# Affordable 8# 

  
  

Commercial 1# Commercial 2# Commercial 3# Commercial 4# 

    
Commercial 5# Commercial 6# Commercial 7# Commercial 8# 

    

Table Source: Author 

In sample selection, the study tries to choose housing in different communities, to obtain a 

broader range of comparison results with different house types. All sample buildings are 

high-rise with more than ten floors. The public space used in the comparison includes 

stairwell, elevator room, foyer, public corridor, and public activity area. According to the 

calculation, the data is shown in Table 3.3. 
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Table 3.3 Data of Public Space of Affordable and Commercial Housing 

No. Numb

er of 

House

holds 

Numb

er of 

Floors 

Total 

Area 

(m2) 

Public 

Space 

Area 

(m2) 

Public 

Space 

Ratio 

Public 

Space per 

Household

̂m2̃ 

Note 

Afforda

ble 1# 

144 18 8527.32 1626.6 0.16 11.30  

Afforda

ble 2# 

144 18 8590.32 1838.88 0.18 12.77  

Afforda

ble 3# 

72 18 4329.72 873.17 0.17 12.13  

Afforda

ble 4# 

168 14 8433.60 1492.34 0.15 8.88  

Afforda

ble 5# 

56 14 3357.76 621.32 0.16 11.10  

Afforda

ble 6# 

72 18 4252.32 828.68 0.16 11.51  

Afforda

ble 7# 

144 18 8528.76 1632.88 0.16 11.34  

Afforda

ble 8# 

144 18 8575.20 1676.56 0.16 11.64  

Average of Affordable Housing 0.16 11.33  

Comme

rcial 1# 

126 18 8967.42 1780.29 0.17 14.13  

Comme

rcial 2# 

28 14 5580.71 688.36 0.11 24.58 Large 

ground 

public 

space 

Comme

rcial 3# 

129 19 8261.49 2351.96 0.22 18.23 Have 

open 

public 

space 

Comme

rcial 4# 

70 18 8573.30 1490.73 0.15 21.30 Have 

open 

public 

space 
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Comme

rcial 5# 

62 18 6667.62 1793.42 0.21 28.93 All 

open 

public 

space 

Comme

rcial 6# 

55 14 5550.83 880.1 0.14 16.00 Have 

open 

public 

space 

Comme

rcial 7# 

108 18 10178.64 1541.5 0.13 14.27  

Comme

rcial 8# 

33 13 3385.08 788.83 0.19 23.90 All 

open 

public 

space 

Average of Commercial Housing 0.16 20.17  

Table Source: Author 

According to the data above, a figure of the average public space area of affordable housing 

and commercial housing are drawn (Figure 3.1). It can be seen that although the proportion 

of public space of affordable housing is basically the same as that of commercial housing, 

the average public space area per household is only half of that of ordinary commercial 

housing. There are two reasons for this obvious difference: first, to improve the life quality 

of residents, commercial housing often has a large public activity space at the bottom, while 

affordable housing has compressed this part for high occupancy rate. Second, the traffic 

space area of the two standard floors is basically the same, but the average number of 

households per ladder of affordable housing is far larger than commercial housing. 
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Figure 3.1 Public Space Area of Affordable and Commercial Housing 

Figure Source: Author 

3.1.3 Differences in Current Situation 

Compared with the commercial housing, the differences in policy and design result in small 

living area, high density, narrow public space and lack of activity space in affordable 

housing. These differences are bound to have an impact on living conditions. Field visits 

and questionnaires are conducted to further study the impact. 

3.1.3.1 Field Visits 

In recent years, more attention has been paid to affordable housing, and some architects 

have also begun new attempts to its design, such as Longnan Jiayuan designed by Atelier 
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GOM in Shanghai, LM Youth Community designed by DOFFICE in Shenzhen, etc. They 

represent some pioneering architects' rethinking of affordable housing. However, the 

purpose of this research is to study the general situation of affordable housing, so the 

conventional affordable communities are chosen as the visiting object. 

Three affordable communities in Shanghai are selected as the key research objects, namely 

Xingning Apartment, Huikang Garden and Huiya Garden. These three can represent three 

types of affordable housing: public rental housing, relocation housing and economical 

housing. 

1) Xinning Apartment 

Xinning Apartment is located at 506 Huafa Road, Xuhui District, Shanghai, covering an 

area of 140,000 square meters, with a plot ratio of 2.5 and a greening rate of 37%. The 

community built in 2011 includes commercial housing and public rental housing. The total 

building area of the community is about 370,000 square meters, of which about 170,000 

square meters are public rental housing, with a total of 2900 units. In the process of 

community visit, the differences between commercial housing and public rental housing 

can be felt. Although they are in the same community, the living conditions and 

neighborhood atmosphere of different housing types are quite different. 

There are a large number of non-motor vehicles parked at the entrance of public rental 

buildings, and the sewage flows across. Most of the commercial buildings have no non-

motor vehicles parked at the door. The garbage cans are placed orderly, and the ground is 

clean and free of dirt. 
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Figure 3.2 Entrance of Public Rental Housing (left) and Commercial Housing (right) 

Figure Source: Author 

Public rental buildings have limited traffic spaces but many people. Taking building No.5 

as an example, it has 24 floors in total. The internal layout is a single corridor, which 

connects ten households and three elevators. Due to the long waiting time for the elevator 

and the dim elevator hall, many residents chose to use stairs. In contrast, the traffic space 

in commercial housing is bright. 

  

Figure 3.3 Traffic Space of Public Rental Housing (left) and Commercial Housing (right) 
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Figure Source: Author 

The public space inside the public rental building is crowded, and sundries are piled up. 

Most of the existing public rental buildings reduce the area of public space as much as 

possible in the design, and Xinning Apartment is no exception. Once the life of residentsô 

overflows, most places only allow one person to pass. The average number of households 

in commercial housing is low. So there will not be a significant impact even residents 

occupy part of the public space. 

  

Figure 3.4 Public Space of Public Rental Housing (left) and Commercial Housing (right) 

Figure Source: Author 

Residents of public rental buildings have a strong sense of strangeness, and their 

neighborhood relationship is indifferent. Among the random interview in the community, 

the author finds that the residents living in commercial housing have closer neighborhood 

relations. They tend to carry out group chat activities and have a stronger sense of security. 

For public rental buildings, the doors are open all year round. Besides, the residents do not 

care much about the entry of strangers, having no sense of vigilance. 
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The residentsô living behavior of public rental buildings is forced to overflow. Due to the 

poor lighting and ventilation in building and the small area of units, activities such as drying 

and planting can only spread to the outside. 

  

Figure 3.5 Overflowing Life 

Figure Source: Author 

2) Huikang Garden 

Minle large residential area is a major project of affordable housing in Shanghai. It is 

located in Huinan Town, Pudong New Area, Shanghai, with a planned land area of about 

6.04 square kilometers. Huikang Garden is the relocation housing in the first phase of 

Minle development. It was completed in 2013 with a building area of about 200,000 square 

meters, 21 residential buildings, and 2,862 households. As the first residential area of Minle, 

its overall operation is not bad, but some problems are apparent. 

The parking of non-motor vehicles is disorderly in front of the building and on the path 

inside the community. In the process of site visiting, the author feels that the management 



 

54 

 

of the community is relatively loose. The mopeds are fast in the community, so there is a 

significant potential safety hazard for residents (especially the energetic children and the 

older adults who are inconvenient to move). There are more residents using mopeds to 

travel in the community. However, the number of non-motor vehicle parking on the ground 

is not enough, and the situation of disorderly parking is obvious. 

  

Figure 3.6 Disordered Vehicles 

Figure Source: Author 

The facilities in the buildings are relatively old and not maintained as they should. The 

elevator is damaged, and the wall is stained. Most of the doors normally show an open state. 

However, compared with the public rental housing of Xinning Apartment, the residents of 

Huikang Garden are more familiar with each other and have a stronger sense of safety. On 

average, there are two elevators for four households in one building, with two households 

in one group sharing one door at both ends. The advantage of this is that the space in front 

of each household can be fully used by the residents without great impact on the public 

space. 
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Figure 3.7 Inner Situation 

Figure Source: Author 

Similar to Xinning Apartment, the basic living needs of residents are difficult to achieve 

due to the lack of space. Activities such as drying are overflowing on the public green space, 

and the structural board has become the accumulation place of residents' sundries. Life 

needs are met, but the survival of plants and the appearance of community are affected. 

  

Figure 3.8 Quilts in the Grass and Structural Pull Plates Filled with Sundries 

Figure Source: Author 
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Residents' higher-level life needs are created continuously in the cracks. According to the 

on-the-spot investigation, there is no balcony in units, so it is extravagant for some 

residents to relax in the sun and do the planting. Therefore, they have come up with various 

ways to realize these small wishes, for example, setting up the board above the air 

conditioner, hanging the protective fence, using the public terrace, etc. Residents prefer to 

stay in sheltered places, so the canopy in front of the building becomes a temporary 

gathering place. 

  

Figure 3.9 Overflowing Needs of Residents 

Figure Source: Author 

3) Huiya Garden 

HuiYa Garden and Huikang Garden both belong to Minle large residential area, with a total 

construction area of about 64,000 square meters, nine buildings, and 1,068 households in 

total, which completed and delivered in 2016. Compared with the above two communities, 

it presents a slightly better situation. 
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The front area of the buildings is spacious and green. There is a non-motor vehicle parking, 

but it is relatively clean and tidy, and there is no garbage accumulation and vehicle parking. 

  

Figure 3.10 Front Area of Building 

Figure Source: Author 

Compared with the state in front of the building, the state in the building is not satisfying. 

Although there is no accumulation of sundries in the traffic space of the building, the light 

is dark, which gives a feeling of cold. 

  

Figure 3.11 Inner Situation 
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Figure Source: Author 

The road in the green belt has become a place for residents to exercise in their spare time. 

The time of the authorôs arrival is close to dinner time, but there are still some residents 

doing outdoor activities. Their activities include using fitness equipment, chatting, playing 

badminton, walking dogs, etc. Most activities are carried out in the green space between 

buildings, and also there are some on the roadway. Similar to Huikang Garden, the 

community has parking spaces for motor vehicles on the ground. There are many and fast 

mopeds. 

  

Figure 3.12 Residents Outside 

Figure Source: Author 

3.1.3.2 Questionnaire 

Through the comparison of relevant policies and design differences, it can be found that 

the public space in affordable housing is small, which is verified by the field survey to a 

certain extent. The public space in affordable housing only meets the primary traffic 
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demand. In order to further study the distribution, use, and residents' demand of open public 

space in the building, a questionnaire survey is conducted. 

In this study, 735 questionnaires are sent out. Excluding short answer time and logic 

contradiction, 671 valid questionnaires are collected, representing 671 families. According 

to the family structure, samples can be divided into four categories: single family (80 

households), core family (husband and wife) (189 households), common family (husband, 

wife, and children live together) (316 households) and united family (three generations live 

together) (86 households). All the samples can be divided into six categories according to 

the per capita disposable monthly income, which are lower than 3200 yuan (39 households), 

3200-6000 yuan (170 households), 6000-7200 yuan (131 households), 7200-10000 yuan 

(136 households), 10000-15000 yuan (129 households) and higher than 15000 yuan (66 

households). 

  

Figure 3.13 Family Structure and Capita Monthly Income 

Figure Source: Author 

Among them, 261 families live in buildings with open public space, accounting for 39% 

of the total. The number of these samples has a positive correlation with family income 
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(Figure 3.14). The higher the family income, the higher the probability of having open 

public space in buildings. 

 

Figure 3.14 Relationship between Family Income and Building with Open Public Space 

Figure Source: Author 

According to the definition of low-income groups in chapter 2.3, the sample families in 

this study can be divided into non-low-income families and low-income families according 

to family structure and per capita disposable income. There are 376 non-low-income 

families and 295 low-income families. 

The number of non-low-income families with open public space in the building is 203, 

accounting for 54% of the total number of non-low-income families. The number of low-
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income families with open public space in the building is 58, accounting for 19.6% of the 

total number of low-income families. 

  

Non-low-income Families Low-income Families 

Figure 3.15 Families with Open Public Space in Building 

Figure Source: Author 

For the families with open public space in the building, the frequency of open public space 

use is further investigated. The results show that more than 92% of the families often or 

occasionally use this kind of space, and only a few families (about 7.3%) never use this 

kind of space (Figure 3.16).  
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Figure 3.16 Use of Open Public Space (unit: household) 

Figure Source: Author 

At the same time, the research focuses on the needs of families who do not have open 

public space. Among the 410 sample families, 203 think that this kind of space is necessary 

and will improve their quality of life, 193 think that reasonable design determines whether 

they need it or not, only 6 think that this kind of design is a waste of space, and the other 8 

hold a state of indifference. The above data can prove that residents have potential demand 

for open public space. 
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Figure 3.17 Demand for Open Public Space (unit: household) 

Figure Source: Author 

3.1.4 Summary 

Through comparison with commercial housing, it can be found that the main problems of 

public space and its use in affordable housing are as follows: 

1) The public space in the building only meets the traffic demand. 

The public space in the building only meets the necessary maintenance and traffic needs, 

and there is no redundant public space area except for the traffic space. Although the traffic 

space area of the standard floor of affordable housing is almost the same as that of 

commercial housing, the open ground floor provided by commercial housing is 

significantly larger than that of affordable housing. 
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2) The area of primary public space per household is small. 

The data shows that the average public space area of affordable housing is only half of the 

commercial housing. Although the traffic space area of the two standard floors is the same, 

there is a vast difference in the public space area on the bottom floor. Besides, there are 

three or more households with one elevator in affordable housing, so the public space per 

each household is comparatively smaller. Finally, the area of affordable housing itself is 

not large. However, some residents choose to stack the temporary shoe cabinets and 

unusual sundries in the corridor, resulting in more crowded public space. 

3) There is nearly no open public space in the building. 

The enlarged foyer and open ground floor of commercial housing for expanding residents' 

activity space are nonexistent in affordable housing. Therefore, residents' life and spare 

time activities spill over to other areas. Living activities mainly focus on air drying. Due to 

the pursuit of high capacity, there is no open balcony, and residents' daily activities like 

clothes drying are forced to transfer to the green space of the community. Amateur activities 

mainly include family activities, sports exercises, plant planting, chat, and communication. 

These activities are generally concentrated in the green space of the community or special 

sports places. However, due to various reasons such as weather and the lack of green space 

area, canopy, driveway, temporary shelter, and other places are also for residents' activities. 

4) The maintenance status of public space is inadequate. 

The public space in affordable housing gives people a feeling of dim and neglect of 
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management. Low space quality, poor equipment sanitation, and accumulated debris make 

people unable to stay. 

The emergence of these adverse conditions is mainly related to the design stage, like the 

excessive pursuit of area-saving, and neglect of space quality. Of course, the emergence of 

these situations is also related to residents and property management. 

3.2 Case Study of Open Public Space of Affordable Housing 

Different from the current design ideas of general affordable housing in China, western 

countries pay more attention to the design of affordable housing and try to improve the 

quality of life of residents. There are quite several prime examples to learn from in the level 

of open public space. In China, with the increasing attention to affordable housing in recent 

years, some leading architects have begun to jump out of the traditional framework and 

made new attempts to design affordable housing. 

This section investigates three representative open public space cases of affordable housing, 

The Pinnacle @ Duxton in Singapore, Longnan Jiayuan in Shanghai, and LM Youth 

Community in Shenzhen, to explore the role and impact of open public space. 

3.2.1 The Pinnacle @ Duxton 

Duxton is located in the traditional group house cluster area in central Singapore. It was 

completed and delivered in 2009 by ARCStudio Architecture + Urbanism. There are seven 
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residential buildings in the community, all of which are 50m high. As a new attempt at 

affordable housing, it has won many awards, including "the Best Tall Building in Asia and 

Oceania in 2010" awarded by CTBUH. 

1) Overpass 

The two "overpasses" located on the 26th and 50th floors respectively connect the seven 

residential buildings, which not only bear the traffic role but also provide full open public 

space for residents and tourists. The "overpass" located on the 50th floor of the building is 

a vast open roof space, covering green space, rest facilities, and viewing platform, which 

is open to residents and tourists. 

  

Figure 3.18 The Overpass on 50th Floor 

Figure Source: Author 

The "overpass" located on the 26th floor of the building is a typical open vertical garden. 

It is only open to residents by laying a plastic runway, creating an air garden, and 

communication space. 
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Figure 3.19 The Overpass on 26th Floor 

Figure Source: Author 

2) Open Ground Floor 

According to Singapore regulations, the open ground floor is required for residential 

buildings to create enough activity space for residents. The open ground floor of the 

Pinnacle @ Duxton is designed in combination with the ground greening, forming a rich 

level of activity space. The prohibition of motor vehicles and non-motor vehicles also 

makes the space more friendly to children and the elderly. 



 

68 

 

  

Figure 3.20 Multi-leveled Open Ground Floor 

Figure Source: Author 

3) Bright Public Space on Standard Floor 

Although there are many units on one floor, each household has a mini independent 

entrance hall, which is for the overflow of life. The public space is not closed. Therefore, 

light and air are introduced through the way of the openings, which make residents feel 

fresh and provide enough activity space for daily communications. 
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Figure 3.21 Public Space on Standard Floor 

Figure Source: Author 

3.2.2 Longnan Jiayuan 

Longnan Jiayuan is located in Xuhui, Shanghai, which is completed and delivered in 2018. 

There are eight buildings (five studio building, two single apartment building, and one 

commercial building) in the community, with the height ranging from 7-17 floors. It is a 

public rental residential community, designed by Shanghai GOM. 

1) Open Roof 

There are height differences among the seven residential buildings, and the buildings fall 

in the form of stairs. Therefore, a large number of roof platforms can be used to create 

different-leveled of open roof. Some planting and communication activities can be carried 

out here. 

  

Figure 3.22 The Use of Open Roof 
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Figure Source: Author 

2) Open Ground Floor 

The enlarged open ground floors of each building are connected through the corridor. These 

two-story open spaces become the daily activities and drying space of residents. During 

the visit, the author saw parents with children playing on the open ground floor of many 

buildings. They said, "the sun in the yard is too strong. Here (the open ground floor) is 

much better but with enough light". Besides, it is worth noting that these open ground floors 

are directly connected with public activity rooms, cafes and other spaces. 

  

Figure 3.23 Open Ground Floor and Corridors 

Figure Source: Author 

3) Public Space in the Building 

Similar to the Pinnacle @ Duxton, Longnan Jiayuan has a large number of units on standard 

floors, and its vertical traffic cores are enough. The entrance hall is spacious and provides 
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necessary facilities such as tables and chairs, which can transfer part of the reception needs 

from the indoor to the entrance hall, making up for the lack of a small indoor living area. 

The corridors are not closed, giving a comfortable feeling. Each household has its own 

private space in front of the door for the overflow of life and privacy. 

   

Figure 3.24 Public Space in Buildings 

Figure Source: Author 

3.2.3 LM Youth Community 

LM Youth Community is located in Shuiwei village, Futian District, Shenzhen. Different 

from the previous two cases, it is an affordable talent apartment reconstructed from "farmer 

building". It was completed at the end of 2017, with 29 buildings, including 504 talent 

apartments. The architectural renovation is done by DOFFICE. 

1) Open Roof 

Limited by the original buildings, the roof space of each building is small. However, 

different roofs are arranged with different functions, including plant planting, leisure space, 
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drying space, equipment space, etc. Although all functions cannot be realized on one single 

roof, the interconnected roofs with different functions can make up for this regret. 

  

Figure 3.25 Daily Use of Roof 

Figure Source: Author 

2) Open Vertical Garden 

The specially designed corridor between buildings has become a supplement to the lack of 

public space in the original building. The more spacious corridor not only carries the traffic 

function but also provides a platform for young people to communicate. The corridor also 

provides an individual concave space for each household. 
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Figure 3.26 Corridor inside Building 

Figure Source: Author 

3) Open Ground Floor 

A small courtyard is set up to create a clear boundary between public and semi-public space. 

As there is no unified gate in the community, this kind of setting enhances the internal 

safety and provides parking for non-motor vehicles. 

  

Figure 3.27 Public Space in front of the Building 
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Figure Source: Author 

3.3 Positive Impact of Open Public Spaces on the Low-income 

3.3.1 Open Roof 

1) The open roof has good sunshine conditions and only for residents in the building. It 

provides sufficient space for the residents to dry and plant, and plays the role of a public 

balcony to make up for the limited indoor balcony of affordable housing. 

2) The open roof can be used as a part of the greening of the community for residents' 

leisure and communication. It can become a large living room shared by residents, which 

improves their life quality. 

3.3.2 Open Vertical Garden 

1) The open vertical garden is located in the middle of the building, which can introduce 

natural light and wind, make up for the disadvantage that high-rise units are far away from 

the ground, and alleviate the perceived density of high-density affordable housing.  

2) As a comparatively isolated space with natural elements and shelter, the open vertical 

garden can provide many types of activities, including children's entertainment, leisure 

communication, outdoor fitness, etc. Besides, it is more widely applicable to the weather. 
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3) The open vertical garden provides a safer place for children. Compared with other 

activity spaces in the community, the users of open vertical gardens are simple and familiar. 

Therefore, it is easier for parents to keep an eye on kids. 

3.3.3 Open Ground Floor 

1) The open ground floor can be used as the extension of the community green space. As a 

public space with shelter and natural circulation of sunshine and air. And it has wider 

applicability to different weather, especially for ball games and other sports. 

2) Most affordable housing communities allow motor vehicles and non-motor vehicles to 

pass, and the safety of the elderly and children is more guaranteed in the open ground floor. 

3) At the same time, the open ground floor can become part of building infrastructure, 

providing space for newspaper box, garbage can, non-motor vehicle parking, etc. and im-

proving the living environment. 

4) the spacious open space on the ground floor can transfer some residents' reception needs 

from the indoor to the foyer, to make up for the limited indoor living room. 

3.4 Summary 

This chapter mainly studies the current situation of the open public space in affordable 

housing in China, aiming to demonstrate the necessity of the open public space in 
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affordable housing through various studies. 

To begin with, through policy, design, and actual situation, a comparison is made between 

affordable and commercial housing. The study finds that there is a particular gap between 

the public space of affordable housing and commercial housing in terms of area, quality, 

and usage. Over-pursuit of area-saving and capacity-maximizing in the design stage is the 

leading cause. 

Next, the chapter conducts a field survey of three cases of affordable housing with high 

quality of open public space worldwide. It mainly studies the usage of different open public 

spaces to demonstrate the essential role of open public space in affordable housing. It also 

summarizes the activities that open space can provide to prepare for social emission 

reduction. Besides, the design methods are analyzed to guide the sustainable design of open 

public space in affordable housing as well. 

Finally, according to the above research, the positive effects of different types of open 

public space on the future life of the low-income groups are analyzed. The analysis shows 

that most of its positive effects are still the basic needs, showing the suppression of the 

low-income groupsô demand, and demonstrating the necessity of their existence to a certain 

extent. 
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CHAPTER 4. PHYSICAL CARBON EMISSION ON THE 

OPEN SPACES OF AFFORDABLE HOUSING 

4.1 Research Question and Research Objects 

This chapter focuses on the physical carbon impact of open public space in affordable 

housing and evaluates its total carbon emission by Life Cycle Assessment. 

One high-rise residential building is chosen to be the example of building physical carbon 

emission calculation, which is in southeast China with hot summer and cold winter. There 

are 15 floors (14 floors above ground and one floor underground), 43.7m in height, 

11552.16m2 in total building area, 2.6 degrees to east-south, 0.40 in building shape 

coefficient, including 168 households. 

4.2 Calculation Method of Physical Carbon Emission for 

Building 

The physical carbon emission impact of this study is calculated by the Life Cycle 

Assessment of buildings, in order to quantify the carbon emission change generated by 

open public space. 
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4.2.1 Composition of Physical Carbon Emission 

According to the aforementioned standards, this chapter divided the life cycle carbon 

emission of buildings into three main parts: construction part, use part and demolition part. 

The stages of each part are shown in Table 4.1. 

Table 4.1 Major Stages of Carbon Emission in the Life Cycle Assessment of Buildings 

Construction material production, construction 

Use operation and maintenance, carbon sink. 

Demolition building dismantling, material recycling 

Table Source: Author 

The calculation method of annual average carbon emission change per unit area is as 

Formula 4.1. 

  Formula 4.1 

 carbon emission change per unit area of building construction 

 annual carbon emission change per unit area of building use 

 carbon emission change per unit area of building demolition 

 service life 

4.2.2 Calculating Method of Carbon Emission for Building 

Construction 

The carbon emission change of the construction part mainly includes two stages, material 
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production and construction. 

4.2.2.1 Material Production 

Material production refers to the greenhouse gas emission in the process of raw material 

mining, transportation and production of building materials. At present, a large number of 

scholars all over the world have studied the carbon emission factors of different materials 

production. Therefore, in this study, no in-depth calculation is made, and the carbon 

emission factors are taken from relevant literatures. The carbon emission change caused by 

specific material production per unit area can be obtained by Formula 4.2. The carbon 

emission change of whole building material production per unit area can be obtained by 

Formula 4.3. 

  Formula 4.2 

 carbon emission change per unit area of specific building material production 

(kgCO2/m
2) 

 thickness change of this material (m) 

 carbon emission factor of this material production (kgCO2/m
3) 

  Formula 4.3 

 carbon emission change per unit area of whole building material production 

(kgCO2/m
2) 

 number of changed materials 

 the specific material 

 carbon emission change per unit of a specific building material production 

(kgCO2/m
2) 

 applied area of this material (m2) 

 total building area (m2) 
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4.2.2.2 Construction 

Energy consumption in construction mainly refers to material transportation and 

construction equipment use. 

Material transportation refers to the carbon emission generated by the energy consumption 

of transport vehicles in the process of transporting building materials from manufacturers 

to construction sites. This paper does not do more detailed research but directly extract 

carbon emission factors of different materials transportation in the database - Energy 

Consumption per Unit and CO2 Emission in Material Transportation Stage[68]. The 

method of calculating carbon emission per unit area of specific material transportation is 

shown in Formula 4.4. The carbon emission change of whole building material 

transportation per unit area can be obtained by Formula 4.5. 

  Formula 4.4  

 carbon emission change per unit area of specific material transportation 

(kgCO2/m
2) 

 thickness change of this material (m) 

 carbon emission factor of this material transportation (kgCO2/m
3) 

  Formula 4.5 

 carbon emission change per unit area of whole building material transportation 

(kgCO2/m
2) 

 number of changed materials 

 the specific material 

 carbon emission change per unit area of a specific material transportation 

(kgCO2/m
2) 

 applied area of this material (m2) 
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 total building area (m2) 

Construction equipment use refers to the carbon emission generated by machine operation 

during construction (generally based on electricity). Since the construction variables 

generated in this study are tiny, no specific calculation is made here. 

4.2.3 Calculating Method of Carbon Emission for Building Use 

The construction use part mainly includes two stages, operation and maintenance and 

carbon sink. The operation and maintenance stage is the main energy consumption in this 

part, and the building carbon sink is negative. 

4.2.3.1 Operation and Maintenance 

The operation and maintenance stage refers to the energy consumption generated by 

building operation, which can be simulated by software PKPM-PBECA Shanghai. The 

software takes DOE-2 (Department of Energy, V2.0) as the core, uses the whole year hourly 

meteorological data of the simulated area, and calculates the building energy consumption 

by the reaction coefficient method to obtain the building power consumption. 

PKPM-PBECA Shanghai is the current software for building approval and construction in 

Shanghai. It loads the meteorological data and related specifications in Shanghai and can 

comparatively makes the simulation more accurate. 
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Taking the sample building selected in chapter 4.1 as an example, the steps of power 

consumption simulation in operation and maintenance stage are as follows: 1) set up basic 

building information (such as structure type, orientation, extraction of basic windows and 

doors or so), 2) build layer-by-layer model according to the CAD drawings of the sample 

building, 3) put balcony installation and other components in; 4) set up room categories; 

(5) Set up all parts of the enclosure materials; (6) calculate and analyze. 

Table 4.2 PKPM-PBECA Simulation Process 

Basic Information Setting Modelling Layer-by-layer 

  

Assembly Room Categories Setting 

  

Material Setting Calculating 
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Table Source: Author 

After obtaining the simulated power consumption data of buildings under different 

conditions, the annual carbon emission change per unit area in the operation stage can be 

calculated by Formula 4.6. 

  Formula 4.6 

 annual carbon emission change per unit area of building operation 

(kgCO2/m
2) 

 annual variation of power consumption per unit area of building operation 

(KWh/m2) 

 grid carbon emission factor (kg CO2/ KWh) 

Given the current calculation of carbon emission from power consumption, China has 

released a variety of grid carbon emission factors, including regional grid baseline emission 

factor data, regional grid average CO2 emission factor data, provincial grid average 

emission factor, carbon footprint grid emission factor. Among them, the most authoritative 

data is the regional grid baseline emission factor data and regional grid average CO2 

emission factor data, both of which are released by the Ministry of Ecology of PRC. The 

former one is mainly used to calculate the emission reduction of new energy emission 

reduction projects (CCER, CRE), and the latter one is used to calculate the carbon emission 
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generated by general electricity consumption. Therefore, the latter is used in this study. 

Ministry of Ecology and Environment of PRC has unified the boundary of power grids and 

calculated the average CO2 emission factor data of power grids according to the region. 

The latest data was released in 2014, as shown in Table 4.3. Shanghai is located in the East 

China Regional Power Grid, with an average CO2 emission factor of 0.7035 (tCO2/MWh), 

which is 0.7035 (kgCO2/KWh). 

Table 4.3 Regional Grid Average CO2 Emission Factor Data 

Name Provinces Factor 

(tCO2/MWh) 

North Beijing, Tianjin, Hebei, Shanxi, Shandong, Inner 

Mongolia 

0.8843 

Northeast  Liaoning, Jilin, Heilongjiang 0.7769 

East Shanghai, Jiangsu, Zhejiang, Anhui, Fujian 0.7035 

Central Henan, Hubei, Hunan, Jiangxi, Sichuan, 

Chongqing 

0.5257 

Northwest Shanxi, Gansu, Qinghai, Ningxia, Xinjiang 0.6671 

South Guangdong, Guangxi, Yunnan, Guizhou, Hainan 0.5271 

Table Source: Ministry of Ecology and Environment of PRC[69] 

4.2.3.2 Carbon Sink 

Building carbon sink refers to the carbon dioxide absorbed and stored from the air by 

vegetation and greening in the process of building use, which can neutralize carbon 

emission. In this open public space research, the green planting space is involved.  

The carbon sink factors of different plants are directly extracted from previous studies. The 
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building carbon sink can be calculated by Formula 4.7. The carbon emission change per 

unit area of the carbon sink in the whole building can be obtained by Formula 4.8. 

  Formula 4.7 

 Annual carbon sink change (kg CO2) 

 area of the green land̂m2̃ 

 carbon sink factor per unit areâkg CO2/m
2̃ 

  Formula 4.8 

 annual carbon emission change per unit area of whole building carbon sink (kg 

CO2/m
2) 

 annual carbon sink change (kg CO2) 

 total building area (m2) 

4.2.4 Calculating Method of Carbon Emission for Building 

Demolition 

Carbon emission from building demolition mainly include two stages: building dismantling 

and material recycling. As the demolition part is a prediction, it is determined based on 

estimation. 



 

86 

 

4.2.4.1 Building Dismantling 

The dismantling stage includes construction, and transportation and disposal of waste. 

Building construction refers to the carbon emission generated by the use of building 

construction equipment in the demolition part. It is similar to the use of construction 

equipment in the building construction part. Generally, the former data are directly used 

for analogical calculation in this prediction. As the construction variables generated in this 

study are tiny, no specific calculation is made here. 

Transportation and disposal of waste refers to the carbon emission change generated during 

the clearing and transportation phase of construction waste, which can be calculated 

according to the carbon emission of the aforementioned materials transportation. 

According to the study of Yin[70], construction waste is generally 80% of building 

materials used. Thus, the energy consumption of building waste disposal can be obtained 

by Formula 4.9. The carbon emission change per unit area of whole building waste disposal 

can be obtained by Formula 4.10. 

  Formula 4.9 

 carbon emission change per unit area of specific material waste disposal (kg 

CO2/m
2) 

 thickness change of this material (m) 

 carbon emission factor of specific material transportation (kgCO2/m
3) 

  Formula 4.10 
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 carbon emission change per unit area of whole building material waste disposal 

(kg CO2/m
2) 

 number of changed materials 

 the specific material 

 carbon emission change per unit area of a specific material waste disposal 

(kgCO2/m
2) 

 area of application of this material (m2) 

 total building area (m2) 

4.2.4.2 Material Recycling 

Building material recycling refers to the recycling of some building materials after 

demolition, which has a certain impact on building carbon emission. However, the 

materials involved in this study do not involve recyclable materials such as glass, metal, 

wood. Therefore, the calculation of energy consumption for recycling is not needed. 

4.2.5 Electricity Use Habits of Low-income Groups and Its Impact 

on Power Consumption of Building Operation 

Influenced by the economy, the electricity consumption habit of low-income groups shows 

a more conservative state, which means their actual electricity consumption may be lower 

than the simulation data. To estimate the power consumption of affordable housing more 

accurately, this dissertation revises the simulated energy consumption by correction 
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coefficient. This coefficient comes from the actual electricity consumption of eight 

affordable housing. 

The actual building energy consumption includes HVAC (heating, ventilation and air 

conditioning), domestic hot water, daily electrical and kitchen. According to Ren (2016), 

HVAC accounts for the most significant proportion of all energy consumption types, 

reaching 0.65[71]. 

Table 4.4 Energy Consumption of Different Type 

Type HVAC Hot Water Electric Appliance Kitchen  

Ratio 65% 15% 14% 6% 

Table Source: Ren[71] 

The eight affordable housing chosen to compare is located in a large-scale affordable 

housing area in northeast Shanghai. The residents have lived for more than one year, with 

the number of households ranging from 56 to 144. 

Firstly, the energy consumption data of eight sample buildings are simulated. The 

simulation process is consistent with the energy consumption simulation of 4.1 and not be 

further elaborated. 

Table 4.5 Models of Eight Sample Buildings 

1# 2# 



 

89 

 

  

3# 4# 

  

5# 6# 

  

7# 8# 

  

Table Source: Author 
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Through simulation, the data are obtained as shown in Table 4.6: 

Table 4.6 Simulation Data of Eight Sample Buildings 

No. Shape 

Coeffi

cient 

Area 

(m2) 

Annual Heating 

Power 

Consumption 

(KWh/m2) 

Annual Cooling 

Power 

Consumption 

(KWh/m2) 

Annual Power 

Consumption 

(KWh/m2) 

1 0.39 11549.89 17.33 9.9 27.23 

2 0.38 11826.24 16.01 9.79 25.81 

3 0.4 5924.03 15.51 9.62 25.14 

4 0.4 11552.16 16.58 9.53 26.12 

5 0.42 4615.14 15.6 9.51 25.11 

6 0.39 11541.13 16.6 9.3 25.9 

7 0.39 11595.97 15 9.3 24.3 

8 0.42 5798.02 17.52 9.92 27.43 

Table Source: Author 

Secondly, the actual power consumption of eight sample houses are analyzed. In this study, 

735 householdsô data corresponding to the above samples are collected, representing the 

power consumption of 735 households. Due to various factors, such as the owner has not 

yet moved in, 186 households with abnormal power consumption are excluded. Finally, 

549 households are obtained. The data of each building are detailed listed in Table 4.7. 

Table 4.7 Power Charge Statistics 

No. 1# 2# 3# 4# 5# 6# 7# 8# 

Total 

Household 

144 144 72 168 56 144 144 72 

Collected 

Household 

144 144 72 168 56 33 46 72 
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Vaild 

Household 

102 98 52 143 34 27 40 53 

Table Source: Author 

As the power consumption simulation of PBECA only aims at the heating ventilation and 

air conditioning (HVAC), to better compare the data, this study calculates the actual annual 

power consumption of building HVAC (KWh/m2) by Formula 4.11. 

  Formula 4.11 

 annual actual HVAC Power Consumption (KWh/m2) 

 number of valid households 

 valid household serial number 

 annual actual HVAC Power Consumption of valid household ̂KWh̃  

 number of all households 

 total building area (m2) 

 ratio of HVAC in total power consumption 

According to the calculation, the detailed data of the actual power consumption of each 

sample residence are obtained as Table 4.8. 

Table 4.8 Detailed Data on Actual Power Consumption of Sample Residential Buildings 

No. Total 

Power 

Average 

Power 

Total 

Power 

Total 

Area 

Actual 

Building 

Actual 

HVAC 
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Consumpt

ion of 

Vaild 

Househol

d(KWh) 

Consumpt

ion of 

Vaild 

Househol

d(KWh) 

Consumpti

on of 

Whole 

Building 

(KWh) 

(m2) Annual 

Power 

Consumptio

n 

(KWh/ m2) 

Annual 

Power 

Consumption 

 (KWh/ m2) 

1 213043 2088.66 300766.59 11549.89 26.04 16.93 

2 222276 2268.12 326609.63 11826.24 27.62 17.95 

3 121491 2336.37 168218.31 5924.03 28.40 18.46 

4 242313 1694.50 284675.41 11552.16 24.64 16.02 

5 63315 1862.21 104283.53 4615.14 22.60 14.69 

6 42965 1591.30 229146.67 11541.13 19.85 12.91 

7 86473 2161.83 311302.80 11595.97 26.85 17.45 

8 114214 2154.98 155158.64 5798.02 26.76 17.39 

Table Source: Author 

The comparison curve between simulated HVAC annual power consumption and actual 

HVAC annual power consumption of sample residential buildings is shown in Figure 4.1. 

Although the difference between the two values fluctuates, it is relatively stable as a whole. 

The correction coefficient of actual energy consumption to simulated energy consumption 

can be obtained by calculating the average value of the two values, = 0.64. 
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Figure 4.1 Simulated and Actual Annual Electricity Consumption of Sample Buildings 

Figure Source: Author 

4.3 Physical Carbon Emission of Open Roof 

The open roof has specific requirements for roof structure. The original inaccessible roof 

of sample buildings is generally only used for building maintenance. If the roof is used as 

an open space for human activities, the floor structure needs special treatment. When it is 

used for human communication, exercise, and living function, it needs to be the accessible 

roof; when it is used for planting and ornamental, it needs to be planting roof. This section 

calculates the carbon emission of different areas and types of the open roof. 

The most significant difference between the inaccessible roof and the accessible roof is the 

thickness increment of C20 fine aggregate concrete to reinforce its strength. Compared 

with the accessible roof, the planting roof adds graded macadam and planting soil layer to 

meet the basic requirements of plant planting. 

Table 4.9 Diagrams of Different Roof Structures 

Inaccessible Roof Accessible Roof Planting Roof 
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Table Source: Author 

For carbon emission change of different open roof areas, to obtain the relationship between 

different open roof areas and building carbon emission, the open roof area is increased 

from 0% to 100% step by step in this experiment. The vertical traffic area (stairwell and 

elevator room) is reserved for building use, so there is no calculation when the proportion 

of the open roof is 100%. 

For carbon emission change of different open roof types, in order to control the 

experimental variables, the largest open roof area (89%) is set for the experience. Then, 

doing the carbon emission simulation when the floor structure is accessible roof and 

planting roof, occupying from 0% to 100%. 

4.3.1 Building Construction 

4.3.1.1 Material Production 

Due to the change of roof construction materials, carbon emission factors of various 

materials need to be introduced into the research. 

Table 4.10 Data Sheet for Production Stage of Roof Construction Materials 

Material Factor  Unit Source 

C20 Fine Aggregate Concrete 361.17 kgCO2/m
3 Dong[72] 

Graded Macadam 8.76 kgCO2/m
3 Cui[73] 

Table Source: Source Mentioned Above 
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1) Accessible Roof 

According to the construction drawings, the thickness of C20 fine aggregate concrete of 

the accessible roof is 60 mm, which is 20 mm thicker than the inaccessible roof. According 

to Formula 4.2, data in Table 4.11 can be obtained. 

Table 4.11 Material Change of Accessible Roof 

Material Thickness 

Chang 

Factor

 

Carbon Emission 

Change  

C20 Fine Aggregate Concrete 0.02 361.17 7.22 

Table Source: Author 

By adding up the data in the table, the carbon emission change per unit area of accessible 

roof is 7.22kgCO2/m
2. 

2) Inaccessible Roof 

According to the construction drawings, 300mm planting soil and 100mm graded macadam 

are increased for the planting roof compared with the inaccessible roof. As planting soil is 

a natural material, its carbon emission in the production process can be neglected. 

According to Formula 4.2, data in Table 4.12 can be obtained. 

Table 4.12 Material Change of Planting Roof 

Material Thickness 

Chang 

Factor

 

Carbon Emission 

Change  

Graded Macadam 0.1 8.76 0.88 

Table Source: Author 

By adding up the data in the table, the carbon emission change per unit area of planting 

roof is 0.88 kgCO2/m
2. 
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According to the above calculation and Formula 4.2, we can get the carbon emission 

change in different areas during the material production stage when the type is accessible 

roof(Table 4.13), and the carbon emission change in different types during the material 

production stage when the area of open roof is the largest (Table 4.14). 

Table 4.13 Carbon Emission Change of Material Production - Different Open Roof Area 

Area(m2) 11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

Shape 

Coefficient 

0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Open Roof 

Ratio 

0.00% 14.85% 29.19% 44.59% 60.00% 74.34% 89.19% 

Open Roof 

Area 

0.00  112.49  221.17  337.88  454.59  563.27  675.76  

Carbon 

Emission 

Change of 

Material 

Production 

(kgCO2/m
2) 

0.00  0.07  0.14  0.21  0.28  0.35  0.42  

Table Source: Author 

Table 4.14 Carbon Emission Change of Material Production - Different Open Roof Type 

Area (m2) 11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

Shape 

Coefficient 
0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Inaccessible 

Roof Ratio 

0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

Accessible 

Roof Ratio 

100.00

% 

83.35% 67.27% 50.00% 32.73% 16.65% 0.00% 

Planting 

Roof Ratio 

0.00% 16.65% 32.73% 50.00% 67.27% 83.35% 100.00

% 
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Carbon 

Emission 

Change of 

Material 

Production 

(kgCO2/m
2) 

0.42  0.36  0.30  0.24  0.17  0.11  0.05  

Table Source: Author 

From the data, it can be seen that both accessible roof and planting roof increases the carbon 

emission of building materials production. However, with the increase of the planting roof 

area, the carbon emission increment gradually decreases. 

4.3.1.2 Construction 

Energy consumption in construction mainly refers to material transportation and 

construction equipment use. As mentioned in 4.2.2.2, this section only calculates the 

carbon emission of the material transportation part. 

Due to the change of roof construction materials, the carbon emission factors of various 

materials in the transportation stage need to be introduced. The carbon emission coefficient 

of C20 fine aggregate concrete and graded macadam in the material transportation stage 

can be directly inquired through Yan's database[68].  

Transportation carbon emission is mainly related to the quality and volume of materials. 

As the density of planted soil and solid clay brick are basically the same (both 1700 kg/m3), 

the carbon emission factor of soil in the transportation phase is estimated by using solid 

clay brick data. 
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Table 4.15 Data Sheet for Transportation Stage of Roof Construction Materials 

Material Factor Unit Source Factor

̂kgCO2/m3̃ 

C20 Fine 

Aggregate 

Concrete 

101.8298 kgCO2/m
3 Yan[68] 101.8298 

Graded 

Macadam 

0.0369 kgCO2/kg Yan[68] 73.8 

Solid Clay 

Brick 

38.8923 kgCO2/1000 

bricks 

Yan[68] 26.5875 

Soil / / / 26.5875 

Table Source: Author 

1) Accessible Roof 

According to the construction drawings, the thickness of the C20 fine aggregate concrete 

of the accessible roof is 60 mm, which is 20 mm thicker than the inaccessible roof. 

According to Formula 4.2, data in Table 4.11 can be obtained. 

Table 4.16 Material Change of Accessible Roof 

Material Thickness 

Chang  

Factor

 

Carbon Emission Change 

 

C20 Fine Aggregate 

Concrete 

0.02 101.8298 2.04 

Table Source: Author 

By adding up the data in the table, the carbon emission change per unit area of the 

accessible roof is 2.04kgCO2/m
2. 

2) Planting Roof 
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According to the construction drawings, 300mm planting soil and 100mm graded macadam 

are increased for the planting roof compared with the inaccessible roof.  

Table 4.17 Material Change of Planting Roof 

Material Thickness 

Chang  

Factor

 

Carbon Emission 

Change 

 

Graded Macadam 0.1 73.8 7.38 

Soil 0.3 26.59 7.98 

Table Source: Author 

By adding up the data in the table, the carbon emission change per unit area of the planting 

roof is 15.36kgCO2/m
2. 

According to the above calculation and Formula 4.5, we can get the carbon emission 

change of different areas during the construction stage when the open roof is the accessible 

roof (Table 4.18), and the carbon emission change of different types during the construction 

stage when the area of the open roof is the largest (Table 4.19). 

Table 4.18 Carbon Emission Change of Construction - Different Open Roof Area 

Area(m2) 11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

Shape 

Coefficient 

0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Open Roof 

Ratio 

0.00% 14.85% 29.19% 44.59% 60.00% 74.34% 89.19% 

Open Roof 

Area 

0.00  112.49  221.17  337.88  454.59  563.27  675.76  

Carbon 

Emission 

Change of 

0.00  0.02  0.04  0.06  0.08  0.10  0.12  
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Construction 

(kgCO2/m
2) 

Table Source: Author 

Table 4.19 Carbon Emission Change of Construction - Different Open Roof Type 

Area (m2) 11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

Shape 

Coefficient 
0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Inaccessible 

Roof Ratio 

0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

Accessible 

Roof Ratio 

100.00

% 

83.35% 67.27% 50.00% 32.73% 16.65% 0.00% 

Planting Roof 

Ratio 

0.00% 16.65% 32.73% 50.00% 67.27% 83.35% 100.00

% 

Carbon 

Emission 

Change of 

Construction 

(kgCO2/m
2) 

0.42  0.36  0.30  0.24  0.17  0.11  0.05  

Table Source: Author 

From the data, it can be seen that both the accessible roof and planting roof increases the 

carbon emission of building construction. However, with the increase of planting roof area, 

the carbon emission increment gradually decreases. 

4.3.2 Building Use 

4.3.2.1 Operation and Maintenance 

This part is simulated by PKPM-PBECA Shanghai. The simulation process is divided into 
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two parts: the carbon emission of different open roof area and the carbon emission of 

different open roof type. 

1) Carbon Emission for Different Open Roof Area 

The structure of the building has a certain impact on the carbon emission of operation and 

maintenance. According to the different functions of the roof, its structure can be divided 

into three types: inaccessible roof, accessible roof, and planting roof (see Table 4.9 above). 

The differences between the three structures mainly lie in the surface layer. The thermal 

performance of roofs is also different due to different materials and thicknesses. The heat 

transfer coefficient of the inaccessible roof is 0.785, the accessible roof is 0.778, and the 

planting roof is 0.446. 

The experiment simulates seven cases of the open roof, accounting for 0%, 15%, 29%, 

45%, 60%, 74%, 89% respectively. 

Then, the annual carbon emission change (kgCO2/m
2) in the operation and maintenance 

stage is calculated by Formula 4.6. The calculated data is shown in Table 4.20. 

Table 4.20 Carbon Emission Change of Operation and Maintenance - Different Open 

Roof Area 

Area(m2) 11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

Shape 

Coefficient 

0.4 0.4 0.4 0.4 0.4 0.4 0.4 
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Open Roof Ratio 0.00% 14.85

% 

29.19

% 

44.59

% 

60.00

% 

74.34

% 

89.19

% 

Open Roof Area 0.00  112.49  221.17  337.88  454.59  563.27  675.76  

Annual Heating 

Power 

Consumption 

(KWh/m2Ŀa) 

16.58  16.58  16.58  16.58  16.58  16.58  16.58  

Annual Cooling 

Power 

Consumption 

 (KWh/m2Ŀa) 

9.53  9.53  9.53  9.53  9.53  9.54  9.54  

Annual Power 

Consumption 

 (KWh/m2Ŀa) 

26.12  26.12  26.12  26.12  26.12  26.11  26.11  

Annual Power 

Consumption 

Change 

 (KWh/m2Ŀa) 

0.00  0.00  0.00  0.00  0.00  -0.01  -0.01  

Revised Annual 

Power 

Consumption 

Change 

 (KWh/m2Ŀa) 

0.00  0.00  0.00  0.00  0.00  -0.01  -0.01  

Carbon Emission 

Change of 

Operation and 

Maintenance 

(kgCO2/m
2Ŀa)  

0.00  0.00  0.00  0.00  0.00  0.00  0.00  

Table Source: Author 

According to the data above, when there is no open roof, the annual power consumption of 

the building is the largest, 26.12KWh/m2; in the case of 89% open roof, the annual power 

consumption of the building is the smallest, 26.11KWh/m2. Due to the small figure, the 

difference can be neglected. 
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Figure 4.2 Carbon Emission Change of Operation and Maintenance - Different Open 

Roof Area 

Figure Source: Author 

Figure 4.2 shows the trend of carbon emission change per unit area with different open roof 

area. With the increase of open roof area, building carbon emission remains unchanged. 

2) Carbon Emission for Different Open Roof Type 

As mentioned above, the open roof can be used for planting and sightseeing, as well as for 

people's communication, exercise, and life. According to the different functions, the 

structural materials of the floor also change, which can be divided into the accessible and 

planting roof (see Table 4.9). The difference between these two structures lies mainly in 

the surface layer. The heat transfer coefficient of the accessible roof is 0.778, and that of 

0.00
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the planting roof is 0.446. 

Then, the annual carbon emission change of different type in operation and maintenance 

stage is calculated by Formula 4.6 and the calculated data is shown in Table 4.21. 

Table 4.21 Carbon Emission Change of Operation and Maintenance - Different Open 

Roof Type 

Area(m2) 11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

Shape 

Coefficient 

0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Inaccessible 

Roof Ratio 

0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

Accessible Roof 

Ratio 

100.00

% 

83.35

% 

67.27

% 

50.00

% 

32.73

% 

16.65

% 

0.00% 

Planting Roof 

Ratio 

0.00% 16.65

% 

32.73

% 

50.00

% 

67.27

% 

83.35

% 

100.00

% 

Annual Heating 

Power 

Consumption 

(KWh/m2) 

16.58 16.54 16.51 16.48 16.45 16.42 16.38 

Annual Cooling 

Power 

Consumption 

 (KWh/m2) 

9.54 9.52 9.51 9.5 9.48 9.47 9.45 

Annual Power 

Consumption 

 (KWh/m2) 

26.11  26.07  26.02  25.98  25.93  25.89  25.84  

Annual Power 

Consumption 

Change 

 (KWh/m2) 

-0.01  -0.05  -0.10  -0.14  -0.19  -0.23  -0.28  
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Revised Annual 

Power 

Consumption 

Change 

 (KWh/m2) 

-0.01  -0.03  -0.06  -0.09  -0.12  -0.15  -0.18  

Carbon Emission 

Change of 

Operation and 

Maintenance 

(kgCO2/m
2)  

0.00  -0.02  -0.04  -0.06  -0.09  -0.10  -0.13  

Table Source: Author 

According to the data above, the annual energy consumption is 26.11KWh/m2 under the 

condition of all accessible roof and 25.84KWh/m2 under the condition of all planting roof. 

It can be found that the planting roof has a more positive impact on carbon emission 

reduction in the operation and maintenance stage than the accessible one. 

 

Figure 4.3 Carbon Emission Change of Operation and Maintenance - Different Planting 

Roof Ratio 



 

106 

 

Figure Source: Author 

Figure 4.3 shows the trend of carbon emission change per unit area with different planting 

roof area. Because of its thick structure layer and low heat transfer coefficient, the area of 

planting roof is negatively correlated with the annual carbon emission of buildings. In other 

words, the larger the planting roof area is, the smaller the carbon emission per unit area of 

buildings is. 

4.3.2.2 Carbon Sink 

The generation of the planting roof makes the annual carbon sink of sample building 

change. By consulting the literature, the carbon sink factors under different planting 

methods are collected. As planting roof is usually covered by shrubs and grasslands, the 

average value of Densely Planted Shrubs (0.85m) and Low-stem Weeds (0.25m), which is 

4.25 kg CO2/m
2, is chosen for calculation. 

Table 4.22 Planting Method and Carbon Sink Factor 

Planting Method Factor(kg/m2) 

Mixed Planting of Trees, Shrubs and 

Flowers 

27.5 

Mixed Planting of Trees, Shrubs 22.5 

Megaphanerophyte 20.2 

Dwarf Tree and Needle Bush 13.425 

Densely Planted Shrubs (1.25m) 10.25 

Densely Planted Shrubs (0.85m) 8.15 

Wild Grassland (1m) 1.15 

Low-stem Weeds (0.25m) 0.35 

Artificial Turf 0 



 

107 

 

Table Source: Yin[70] 

According to the above calculation and Formula 4.8, we can get the carbon sink change in 

different open roof areas when open roof is accessible roof (Table 4.18), and the carbon 

sink change in different open roof types when the open roof area is the largest (Table 4.19). 

Table 4.23 Carbon Sink Change - Different Open Roof Areas 

Area(m2) 11552.16 11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

Shape 

Coefficient 

0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Open Roof 

Ratio 

0.00% 14.85

% 

29.19

% 

44.59

% 

60.00

% 

74.34

% 

89.19

% 

Open Roof 

Area 

0.00  112.49  221.17  337.88  454.59  563.27  675.76  

Carbon Sink 

Change(kgC

O2/m
2) 

0.00  0.00 0.00   0.00 0.00 0.00  0.00  

Table Source: Author 

Table 4.24 Carbon Sink Change - Different Open Roof Type 

Area (m2) 11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

11552.

16 

Shape 

Coefficient 

0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Inaccessible 

Roof Ratio 

0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

Accessible 

Roof Ratio 

100.00

% 

83.35

% 

67.27

% 

50.00

% 

32.73

% 

16.65

% 

0.00% 

Planting Roof 

Ratio 

0.00% 16.65

% 

32.73

% 

50.00

% 

67.27

% 

83.35

% 

100.00

% 
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Carbon Sink 

Change(kgC

O2/m
2) 

0.00  -0.04  -0.08  -0.12  -0.17  -0.21  -0.25  

Table Source: Author 

4.3.3 Building Demolition 

According to the analysis in 4.2.4, only the carbon emission of the transportation and 

disposal of waste stage need to be calculated. 

As before, due to the change of roof construction materials, the carbon emission factors of 

various materials in transportation stage need to be introduced. 

Table 4.25 Data Sheet for Transportation Stage of Roof Construction Materials 

Material Factor Unit Source Factor

̂kgCO2/m3̃ 

C20 Fine Aggregate 

Concrete 

101.8298 kgCO2/m
3 Yan[68] 101.8298 

Graded Macadam 0.0369 kgCO2/kg Yan[68] 73.8 

Table Source: Author 

1) Accessible Roof 

According to the construction drawings, the thickness of C20 fine aggregate concrete of 

the accessible roof is 60 mm, which is 20 mm thicker than the inaccessible roof. According 

to Formula 4.2, data in Table 4.16 can be obtained. 
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Table 4.26 Material Change of Accessible Roof 

Material Thickness 

Chang  

Factor

 

Carbon Emission Change 

 

C20 Fine Aggregate 

Concrete 

0.02 101.8298 2.04 

Table Source: Author 

By adding up the data in the table, the carbon emission change per unit area of the 

accessible roof is 2.04kgCO2/m2. 

2) Planting Roof 

According to the construction drawings, 300mm planting soil and 100mm graded macadam 

are increased for the planting roof compared with the inaccessible roof. According to 

Formula 4.2, data in Table 4.17 can be obtained. 

Table 4.27 Material Change of Planting Roof 

Material Thickness 

Chang  

Factor

 

Carbon Emission 

Change 

 

Graded Macadam 0.1 73.8 7.38 

Soil 0.3 26.59 7.98 

Table Source: Author 

By calculation, the carbon emission change per unit area of the planting roof is 

12.29kgCO2/m
2. 
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According to the above calculation and Formula 4.5, we can get the carbon emission 

change in different areas of open roof during the demolition stage when the open roof is 

accessible roof (Table 4.28), and the carbon emission change in different types of the open 

roof during the demolish stage when the open roof area is the largest (Table 4.29). 

Table 4.28 Carbon Emission Change of Demolish - Different Open Roof Area 

Area(m2) 11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

Shape 

Coefficient 

0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Open Roof 

Ratio 

0.00% 14.85% 29.19% 44.59% 60.00% 74.34% 89.19% 

Open Roof 

Area 

0.00  112.49  221.17  337.88  454.59  563.27  675.76  

Carbon 

Emission 

Change of 

Demolish 

(kgCO2/m
2) 

0.00  0.02  0.03  0.05  0.06  0.08  0.10  

Table Source: Author 

Table 4.29 Carbon Emission Change of Demolish - Different Open Roof Type 

Area (m2) 11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

11552.1

6 

Shape 

Coefficient 

0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Inaccessible 

Roof Ratio 

0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

Accessible 

Roof Ratio 

100.00

% 

83.35% 67.27% 50.00% 32.73% 16.65% 0.00% 
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Planting 

Roof Ratio 

0.00% 16.65% 32.73% 50.00% 67.27% 83.35% 100.00

% 

Carbon 

Emission 

Change of 

Demolish 

(kgCO2/m
2) 

0.10  0.20  0.30  0.41  0.51  0.61  0.72  

Table Source: Author 

4.3.4 Summary 

Through Formula 4.1, the calculation and simulation results of the above chapters are 

calculated. The carbon emission change of the building in different years of operation can 

be obtained when the open roof area is different, as shown in Table 4.30. 

Table 4.30 Carbon Emission Change of Building - Different Open Roof Area 

Basic 

Informatio

n 

Area(m2) 1155

2.16 

1155

2.16 

1155

2.16 

1155

2.16 

1155

2.16 

1155

2.16 

1155

2.16 

Shape 

Coefficient 

0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Open Roof 

Ratio 

0.00

% 

14.85

% 

29.19

% 

44.59

% 

60.00

% 

74.34

% 

89.19

% 

Open Roof 

Area 

0.00  112.4

9  

221.1

7  

337.8

8  

454.5

9  

563.2

7  

675.7

6  

Constructi

on 

(kgCO2/m
2

) 

Carbon 

Emission 

Change of 

Material 

Production 

0.00  0.07  0.14  0.21  0.28  0.35  0.42  

Carbon 

Emission 

0.00  0.02  0.04  0.06  0.08  0.10  0.12  
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Change of 

Construction 

Use 

(kgCO2/m
2

Ŀa) 

Carbon 

Emission 

Change of 

Operation and 

Maintenance 

0.00  0.00  0.00  0.00  0.00  0.00  0.00  

Carbon Sink 

Change 

0.00  0.00  0.00  0.00  0.00  0.00  0.00  

Demolish 

(kgCO2/m
2

) 

Carbon 

Emission 

Change of 

Demolish 

0.00  0.02  0.03  0.05  0.06  0.08  0.10  

Annual 

Carbon 

Emission 

Change of 

Building(k

gCO2/m
2Ŀa

) 

1 y 0.00  0.63  0.75  0.85  0.97  1.08  1.19  

10 y 0.00  0.01  0.02  0.03  0.04  0.05  0.06  

20 y 0.00  0.01  0.01  0.02  0.02  0.02  0.03  

30 y 0.00  0.00  0.01  0.01  0.01  0.01  0.02  

40 y 0.00  0.00  0.01  0.01  0.01  0.01  0.01  

50 y 0.00  0.00  0.00  0.01  0.01  0.01  0.01  

Table Source: Author 

Based on the data, the annual carbon emission change chart of the Life Cycle Assessment 

of the building is drawn (Figure 4.4). Overall, the setting of the open roof will lead to an 

increase in carbon emission, but the increase rate is decreasing with time passing. Under 

the same operating time, with the increase of the open roof area, the annual carbon emission 

of the buildings also increases. 
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Figure 4.4 Carbon Emission Change of Building - Different Open Roof Area 

Table Source: Author 

The carbon emission change of the building in different years of operation can be obtained 

when open roof type is different, as shown in Table 4.30. 

Table 4.31 Carbon Emission Change of Building - Different Open Roof Type 

Basic 

Information 

Area(m2) 1155

2.16 

1155

2.16 

1155

2.16 

1155

2.16 

1155

2.16 

1155

2.16 

1155

2.16 

Shape 

Coefficient 

0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Inaccessible 

Roof Ratio 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

Accessible 

Roof Ratio 

100.

00% 

83.3

5% 

67.2

7% 

50.0

0% 

32.7

3% 

16.6

5% 

0.00

% 

Planting Roof 

Ratio 

0.00

% 

16.6

5% 

32.7

3% 

50.0

0% 

67.2

7% 

83.3

5% 

100.

00% 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40
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o
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u
ild

in
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Open Roof Ratio 

0.00% 14.85% 29.19% 44.59% 60.00% 74.34% 89.19%
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Constructio

n 

(kgCO2/m
2) 

Carbon 

Emission 

Change of 

Material 

Production 

0.42  0.36  0.30  0.24  0.17  0.11  0.05  

Carbon 

Emission 

Change of 

Construction 

0.12  0.25  0.37  0.51  0.64  0.77  0.90  

Use 

(kgCO2/m
2Ŀ

a) 

Carbon 

Emission 

Change of 

Operation and 

Maintenance 

0.00  -0.02  -0.04  -0.06  -0.09  -0.10  -0.13  

Carbon Sink 

Change 

0.00  -0.04  -0.08  -0.12  -0.17  -0.21  -0.25  

Demolish 

(kgCO2/m
2) 

Carbon 

Emission 

Change of 

Demolish 

0.10  0.20  0.30  0.41  0.51  0.61  0.72  

Annual 

Carbon 

Emission 

Change of 

Building(kg

CO2/m
2Ŀa) 

1 y 0.63  0.74  0.85  0.97  1.08  1.19  1.29  

10 y 0.06  0.02  -0.03  -0.07  -0.12  -0.16  -0.21  

20 y 0.03  -0.02  -0.08  -0.13  -0.19  -0.24  -0.29  

30 y 0.02  -0.04  -0.09  -0.15  -0.21  -0.26  -0.32  

40 y 0.01  -0.04  -0.10  -0.16  -0.22  -0.27  -0.33  

50 y 0.01  -0.05  -0.11  -0.16  -0.23  -0.28  -0.34  

Table Source: Author 

Based on the data, the annual carbon emission change chart of the Life Cycle Assessment 

of the building is drawn (Figure 4.5). It can be clearly seen from the figure that building 

carbon emission increase with the increase of planting roof area in the first year. However, 

it decreases with the increase of planting roof for long-term running. This shows that if the 

building is running normally, the planting roof can play a positive role in reducing the 
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carbon emission of the building. 

 

Figure 4.5 Carbon Emission Change of Building - Different Open Roof Type 

Table Source: Author 

4.4 Physical Carbon Emission of Open Vertical Garden 

The open vertical garden has an impact on building shape coefficient and building structure, 

thus affecting the carbon emission change of the Building Life Cycle Assessment. This 

section calculates the carbon emission of different open vertical garden areas and types. 

The open vertical garden has specific requirements for the structure of the floor and ceiling, 

which is different from the original ones. An insulation layer is added to the lower part of 

the ceiling so that the heat transfer coefficient can meet the thermal insulation requirements 
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of "Shanghai Residential Building Energy Consumption Standard". The floors are 

constructed by the accessible roof and the planting roof, which means thicker insulation 

and waterproofing layers are necessary. 

Table 4.32 Diagrams of Different Roof and Slab Structures 

Inaccessible Roof Accessible Roof Planting Roof 

 
Normal Slab Elevated Slab 

 

Table Source: Author 

For carbon emission change of different open vertical garden areas, in order to control 

experimental variables, for the convenience for residents, the open vertical garden is 

located on the seventh floor of the building. The height is set to two stories, and the floor 

structure adopts a 100% accessible roof. To obtain the relationship between different open 

vertical garden areas and building carbon emission, the open vertical garden area is 

increased from 0% to 100% step by step in this experiment. The vertical traffic area 
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(stairwell and elevator room) is reserved for building use, so there is no calculation when 

the proportion of the open vertical garden is 100%. 

For carbon emission change of different open vertical garden types, in order to control the 

experimental variables, the largest floor area (92%) is set for the experiment. Then, doing 

the carbon emission simulation when the floor structure is accessible roof and planting roof, 

occupying from 0% to 100%. 

4.4.1 Building Construction 

4.4.1.1 Material Production 

As the ceiling and floor structural materials of the open vertical garden have changed, 

carbon emission factors of various materials need to be introduced. 

Table 4.33 Data Sheet for Production Stage of Vertical Garden Construction Materials 

Material Factor  Unit Source 

C20 Fine Aggregate Concrete 361.17 kgCO2/m
3 Dong[72] 

Cement Mortar 393.65 kgCO2/m
3 Dong[72] 

Graded Macadam 8.76 kgCO2/m
3 Cui[73] 

EPS 362.08 kgCO2/m
3 Zhu[74] 

Inorganic Insulation Mortar 89.899 kgCO2/m
3 Zhu[74] 

Foamed Concrete 182.13 kgCO2/m
3 Wang[75] 

Table Source: Author 

1) Elevated Slab 
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According to construction drawings, 16 mm cement mortar layer and 25 mm EPS are added 

to the elevated slab compared with the ordinary slab. According to Formula 4.2, Table 4.34 

can be obtained. 

Table 4.34 Material Change of Elevated Slab 

Material Thickness 

Chang 

Factor

 

Carbon Emission 

Change  

Cement Mortar 0.016 393.65 6.30 

EPS 0.025 362.08 9.05 

Table Source: Author 

By adding up the data in the table, the carbon emission change per unit area of the elevated 

slab is 15.35 kgCO2/m
2. 

2) Accessible Roof 

According to the construction drawings, the 30mm C20 fine aggregate concrete, 10mm 

cement mortar, and 130mm foamed concrete insulation layer are added to the accessible 

roof compared with the ordinary floor slab. However, the 15mm inorganic insulation 

mortar layer is reduced. According to Formula 4.2, Table 4.35 can be obtained. 

Table 4.35 Material Change of Accessible Roof 

Material Thickness 

Chang 

Factor

 

Carbon Emission 

Change  

C20 Fine Aggregate Concrete 0.03 361.17 10.84 

Cement Mortar 0.01 393.65 3.94 

Foamed Concrete 0.13 182.13 23.68 

Inorganic Insulation Mortar -0.015 89.899 -1.35 

Table Source: Author 
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By adding up the data in the table, the carbon emission change per unit area of the 

accessible roof is 37.10kgCO2/m
2. 

3) Planting Roof 

According to the construction drawings, 300mm planting soil, 100mm graded macadam, 

10mm C20 fine aggregate concrete, 10mm cement mortar, and 130mm foamed concrete 

insulation layer are added to the planting roof compared with the ordinary floor slab. 

However, the 15mm inorganic insulation mortar layer is reduced. Because planting soil is 

a natural material in building materials, its carbon emissions in the production process can 

be neglected. According to Formula 4.2, table 4.36 can be obtained.  

Table 4.36 Material Change of Planting Roof 

Material Thickness 

Chang 

Factor

 

Carbon Emission 

Change  

Graded Macadam 0.1 8.76 0.878 

C20 Fine Aggregate Concrete 0.01 361.17 3.61 

Cement Mortar 0.01 393.65 3.94 

Foamed Concrete 0.13 182.13 23.68 

Inorganic Insulation Mortar -0.015 89.899 -1.35 

Table Source: Author 

By adding up the data in the table, the carbon emission change per unit area of the planting 

roof is 30.75kgCO2/m
2. 

According to the above calculation and Formula 4.3, we can get the carbon emission 

change of different areas of the open vertical garden in the material production stage when 

the ground of the open vertical garden is accessible roof (Table 4.37). We can also get the 
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carbon emission of different types of the open vertical garden in the material production 

stage when the area of the open vertical garden is the largest (Table 4.38). 

Table 4.37 Carbon Emission Change of Material Production - Different Open Vertical 

Garden Area 

Area(m2) 11552.

16 

11307.

23 

11117.

71 

10932.

09 

10743.

52 

10458.

94 

10168.

08 

Shape 

Coefficient 

0.4 0.41 0.42 0.43 0.44 0.45 0.46 

Open Vertical 

Garden Ratio 

0.00% 16.26

% 

28.85

% 

41.17

% 

53.69

% 

72.59

% 

91.90

% 

Open Vertical 

Garden Area 

0.00  122.47  217.23  310.04  404.32  546.61  692.04 

Carbon 

Emission 

Change of 

Material 

Production 

(kgCO2/m
2) 

0.00  0.57  1.02  1.49  1.97  2.74  3.57  

Table Source: Author 

Table 4.38 Carbon Emission Change of Material Production - Different Open Vertical 

Garden Type 

Area (m2) 10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

Shape 

Coefficient 

0.46 0.46 0.46 0.46 0.46 0.46 0.46 

Accessible 

Roof Ratio 

100.00

% 

83.78

% 

66.05

% 

50.00

% 

33.95

% 

16.22

% 

0.00% 

Planting Roof 

Ratio 

0.00% 16.22

% 

33.95

% 

50.00

% 

66.05

% 

83.78

% 

100.00

% 
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Carbon 

Emission 

Change of 

Material 

Production 

(kgCO2/m
2) 

3.57  3.50  3.42  3.35  3.28  3.21  3.14  

Table Source: Author 

4.4.1.2 Construction 

The carbon emission in construction mainly refers to material transportation and 

construction equipment use. As mentioned in 4.2.2.2, this section only calculates the 

carbon emission of the material transportation part, but not the construction equipment use. 

Due to the change of elevated slab and roof construction materials, the carbon emission 

factors of various materials in the transportation stage need to be introduced. The carbon 

emission coefficient of C20 fine aggregate concrete, graded macadam, and EPS in material 

transportation stage can be directly inquired through Yan's database[68]. Cement mortar, 

inorganic insulation mortar, and foamed concrete can be estimated according to the carbon 

emission factor of other cement products. According to the relevant literature, the density 

of cement mortar is about 2000 kg/m3, the dry density of inorganic insulation mortar is 

about 400 kg/m3, and the dry density of foam concrete is about 600 kg/m3.  

Transport carbon emission is mainly related to the quality and volume of materials. As the 

material and density of planted soil and solid clay brick are basically the same (both 1700 

kg/m3), the carbon emission factor of planting soil in the transport phase is estimated by 

using solid clay brick data. 
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Table 4.39 Data Sheet for Transportation Stage of Vertical Garden Construction Materials 

Material Factor Unit Source Factor

̂kgCO2/

m3̃ 

C20 Fine Aggregate Concrete 101.8298 kgCO2/m
3 Yan[68] 101.8298 

Graded Macadam 0.0369 kgCO2/kg Yan[68] 73.8 

Solid Clay Brick 38.8923 kgCO2/10

00 bricks 

Yan[68] 26.5875 

EPS 0.0169 kgCO2/kg Yan[68] 0.4225 

Other Cement Products 0.0346 kgCO2/kg Yan[68] / 

Cement Mortar / / Author 69.2 

Inorganic Insulation Mortar / / Author 13.84 

Foamed Concrete / / Author 20.7683 

Planting Soil / / Author 26.5875 

Table Source: Author 

1) Elevated Slab 

According to construction drawings, 16 mm cement mortar layer and 25 mm EPS are added 

to the elevated slab for ceiling compared with the ordinary slab. According to Formula 4.4, 

Table 4.40 can be obtained. 

Table 4.40 Material Change of Elevated Slab 

Material Thickness 

Chang  

Factor

 

Carbon Emission 

Change 

 

Cement Mortar 0.016 69.2 1.11 

EPS 0.025 0.4225 0.01 

Table Source: Author 
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By adding up the data in the table, the carbon emission change per unit area of accessible 

roof is 1.12kgCO2/m
2. 

2) Accessible Roof 

According to the construction drawings, the 30mm C20 fine aggregate concrete, 10mm 

cement mortar, and 130mm foamed concrete insulation layer are added to the accessible 

roof compared with the ordinary floor slab. However, the 15mm inorganic insulation 

mortar layer is reduced. According to Formula 4.4, Table 4.41 can be obtained. 

Table 4.41 Material Change of Accessible Roof 

Material Thickness 

Chang  

Factor

 

Carbon Emission 

Change 

 

C20 Fine Aggregate Concrete 0.03 101.8298 3.05 

Cement Mortar 0.01 69.2 0.69 

Foamed Concrete 0.13 20.7683 2.70 

Inorganic Insulation Mortar -0.015 13.84 -0.21 

Table Source: Author 

By adding up the data in the table, the carbon emission change per unit area of accessible 

roof is 6.24kgCO2/m
2. 

3) Planting Roof 

According to the construction drawings, 300mm planting soil, 100mm graded macadam, 

10mm C20 fine aggregate concrete, 10mm cement mortar, and 130mm foamed concrete 

insulation layer are added to the planting roof compared with the ordinary floor slab. 

However, the 15mm inorganic insulation mortar layer is reduced. Because planting soil is 
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a natural material in building materials, its carbon emissions in the production process can 

be neglected. According to Formula 4.4, Table 4.42 can be obtained.  

Table 4.42 Material Change of Planting Roof 

Material Thickness 

Chang  

Factor

 

Carbon Emission 

Change 

 

Planting Soil 0.3 26.5875 7.98 

Graded Macadam 0.1 8.76 0.878 

C20 Fine Aggregate Concrete 0.01 361.17 3.61 

Cement Mortar 0.01 393.65 3.94 

Foamed Concrete 0.13 182.13 23.68 

Inorganic Insulation Mortar -0.015 89.899 -1.35 

Table Source: Author 

By adding up the data in the table, the carbon emission change per unit area of the planting 

roof is 21.60kgCO2/m2. 

According to the above calculation and Formula 4.5, we can get the carbon emission 

change of different areas of the open vertical garden in the construction stage when the 

ground of open vertical garden ground is the accessible roof (Table 4.43), we can also get 

the carbon emission of different types of the open vertical garden in the construction stage 

when the area of open vertical garden is the largest (Table 4.44). 

Table 4.43 Carbon Emission Change of Construction - Different Open Vertical Garden 
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Area 

Area(m2) 11552.

16 

11307.

23 

11117.

71 

10932.

09 

10743.

52 

10458.

94 

10168.

08 

Shape 

Coefficient 

0.4 0.41 0.42 0.43 0.44 0.45 0.46 

Open Vertical 

Garden Ratio 

0.00% 8.13% 28.85

% 

41.17

% 

53.69

% 

72.59

% 

91.90

% 

Open Vertical 

Garden Area 

0.00  122.47  217.23  310.04  404.32  546.61  692.04 

Carbon 

Emission 

Change of 

Construction 

(kgCO2/m
2) 

0.00  0.08  0.14  0.21  0.28  0.38  0.50  

Table Source: Author 

Table 4.44 Carbon Emission Change of Construction - Different Open Vertical Garden 

Type 

Area (m2) 10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

Shape 

Coefficient 

0.46 0.46 0.46 0.46 0.46 0.46 0.46 

Accessible 

Roof Ratio 

100.00

% 

83.78

% 

66.05

% 

50.00

% 

33.95

% 

16.22

% 

0.00% 

Planting Roof 

Ratio 

0.00% 16.22

% 

33.95

% 

50.00

% 

66.05

% 

83.78

% 

100.00

% 

Carbon 

Emission 

Change of 

Construction 

(kgCO2/m
2) 

0.50  0.67  0.86  1.02  1.19  1.38  1.55  

Table Source: Author 
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4.4.2 Building Use 

4.4.2.1 Operation and Maintenance 

This part is simulated by PKPM-PBECA Shanghai. The simulation process is divided into 

two parts: the carbon emission of different open vertical garden area and the carbon 

emission of different open vertical garden type. 

1) Carbon Emission for Different Open Vertical Garden Area  

To obtain the relationship between different open vertical garden areas and building energy 

consumption, the open vertical garden area is increased from 0% to 100% step by step in 

this experiment. The vertical traffic area (stairwell and elevator room) is reserved in the 

experiment for building regular use, so there is no calculation when the proportion of open 

vertical garden is 100%. 

The structure of the building has a certain impact on the energy consumption of the 

operation and maintenance. The structure of floor and ceiling of the open vertical garden 

is different from the normal one, using accessible roof and planting roof as ground and 

elevated slab as ceiling. The heat transfer coefficient of normal slab is 2.003, the elevated 

slab is 0.889, and the accessible roof is 0.778. 

The experiment simulates six cases of the open vertical garden, accounting for 16%, 29%, 

41%, 54%, 73%, 92% respectively. 
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Table 4.45 Different Ratio of Open Vertical Garden 

16% 29% 

  

41% 54% 

  

73% 92% 

  

Table Source: Author 

Then, the annual carbon emission change in the operation and maintenance stage is 

calculated by Formula 4.6. The calculated data are shown in Table 4.46. 
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Table 4.46 Carbon Emission Change of Operation and Maintenance - Different Open 

Vertical Garden Area 

Area(m2) 11552.

16 

11307.

23 

11117.

71 

10932.

09 

10743.

52 

10458.

94 

10168.

08 

Shape 

Coefficient 

0.4 0.41 0.42 0.43 0.44 0.45 0.46 

Open Vertical 

Garden Ratio 

0.00% 8.13% 28.85

% 

41.17

% 

53.69

% 

72.59

% 

91.90

% 

Open Vertical 

Garden Area 

0.00  122.47  217.23  310.04  404.32  546.61  692.04 

Annual Heating 

Power 

Consumption 

(KWh/m2Ŀa) 

16.58 16.89 17.05 17.2 17.38 17.4 17.92 

Annual Cooling 

Power 

Consumption 

 (KWh/m2Ŀa) 

9.53 9.51 9.55 9.54 9.51 9.47 9.63 

Annual Power 

Consumption 

 (KWh/m2Ŀa) 

26.12  26.40  26.59  26.74  26.88  26.87  27.55  

Annual Power 

Consumption 

Change 

 (KWh/m2Ŀa) 

0.00  0.28  0.47  0.62  0.76  0.75  1.43  

Revised Annual 

Power 

Consumption 

Change 

 (KWh/m2Ŀa) 

0.00  0.18  0.30  0.39  0.48  0.48  0.91  

Carbon Emission 

Change of 

Operation and 

Maintenance 

(kgCO2/m
2Ŀa)  

0.00  0.13  0.21  0.28  0.34  0.34  0.64  
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Table Source: Author 

According to the data above, the annual energy consumption of the building is the smallest 

when there is no open vertical garden, which is 26.12KWh/m2; while the annual energy 

consumption of buildings is the largest when the open vertical garden is 92%, which is 

27.55KWh/m2. The open vertical garden increases the building surface area and the shape 

coefficient, which leads to an increase of building energy consumption. 

 

Figure 4.6 Carbon Emission Change of Operation and Maintenance - Different Open 

Vertical Area 

Table Source: Author 

Figure 4.6 shows the trend of carbon emission change per unit area with different 

proportion of the open vertical garden. With the increase of the open vertical garden area, 

building carbon emission also increase. 



 

130 

 

2) Carbon Emission for Different Open Vertical Garden Type 

As mentioned above, the open vertical garden can be used for planting and sightseeing, as 

well as for people's communication, exercise, and life. According to the different functions, 

the structure of the floor also changes, which can be divided into accessible and planting 

roof (see Table 4.9). The difference between these two structures lies mainly in the surface 

layer. The heat transfer coefficient of the accessible roof is 0.778 and that of the planting 

roof is 0.446. 

Then, the annual carbon emission change of different type in the operation and maintenance 

stage is calculated by Formula 4.6 and the calculated data is shown in Table 4.47. 

Table 4.47 Carbon Emission Change of Operation and Maintenance - Different Open 

Vertical Garden Type 

Area(m2) 10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

Shape 

Coefficient 

0.46 0.46 0.46 0.46 0.46 0.46 0.46 

Accessible Roof 

Ratio 

100.00

% 

83.78

% 

66.05

% 

50.00

% 

33.95

% 

16.22

% 

0.00% 

Planting Roof 

Ratio 

0.00% 16.22

% 

33.95

% 

50.00

% 

66.05

% 

83.78

% 

100.00

% 

Annual Heating 

Power 

Consumption 

(KWh/m2) 

17.92 17.62 17.59 17.55 17.52 17.48 17.44 

Annual Cooling 

Power 

Consumption 

9.63 9.55 9.55 9.54 9.53 9.52 9.51 
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 (KWh/m2) 

Annual Power 

Consumption 

 (KWh/m2) 

27.55 27.17 27.13 27.09 27.04 27 26.95 

Annual Power 

Consumption 

Change 

 (KWh/m2) 

1.43  1.05  1.01  0.97  0.92  0.88  0.83  

Revised Annual 

Power 

Consumption 

Change 

 (KWh/m2) 

0.87  0.67  0.64  0.62  0.59  0.56  0.53  

Carbon Emission 

Change of 

Operation and 

Maintenance 

(kgCO2/m
2)  

0.61  0.47  0.45  0.43  0.41  0.39  0.37  

Table Source: Author 

According to the data above, the annual energy consumption is 27.55KWh/m2 under the 

condition of all accessible roof and 26.95KWh/m2 under the condition of all planting roof. 

It can be found that the planting roof has a more positive impact on carbon emission 

reduction in the operation and maintenance stage than the accessible one. 
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Figure 4.7 Carbon Emission Change of Operation and Maintenance - Different Open 

Vertical Garden Type 

Table Source: Author 

Figure 4.7 shows the trend of carbon emission change per unit area with different planting 

roof area. Because of its thick structure layer and low heat transfer coefficient, the area of 

planting roof is negatively correlated with the annual carbon emission of buildings. In other 

words, the larger the planted roof area is, the smaller the carbon emission per unit area of 

buildings is. 

4.4.2.2 Carbon Sink 

The generation of the planting roof makes the annual carbon sink of sample building 

change. By consulting the literature, the carbon sink factors under different planting 

methods are collected (Table 4.22). As planting roof is usually covered by shrubs and 
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grasslands, the average value of Densely Planted Shrubs (0.85m) and Low-stem Weeds 

(0.25m), which is 4.25 kg CO2/m
2, is chosen for calculation. 

According to the above calculation and Formula 4.8, we can get the carbon sink change in 

different open vertical garden areas when the open vertical garden is accessible roof (Table 

4.48), and the carbon sink change in different open vertical garden types when the open 

vertical garden area is the largest (Table 4.49). 

Table 4.48 Carbon Sink Change - Different Open Vertical Garden Areas 

Area(m2) 11552.1

6 

11307.

23 

11117.

71 

10932.

09 

10743.

52 

10458.

94 

10168.

08 

Shape 

Coefficient 

0.4 0.41 0.42 0.43 0.44 0.45 0.46 

Open Vertical 

Garden Ratio 

0.00% 8.13% 28.85

% 

41.17

% 

53.69

% 

72.59

% 

91.90

% 

Open Vertical 

Garden Area 

0.00  122.47  217.23  310.04  404.32  546.61  692.04 

Carbon Sink 

Change(kgCO2

/m2) 

0.00  0.00  0.00  0.00  0.00  0.00  0.00  

Table Source: Author 

Table 4.49 Carbon Sink Change - Different Open Vertical Garden Type 

Area (m2) 10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

Shape 

Coefficient 

0.46 0.46 0.46 0.46 0.46 0.46 0.46 

Accessible 

Roof Ratio 

100.00

% 

83.78

% 

66.05

% 

50.00

% 

33.95

% 

16.22

% 

0.00% 
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Planting Roof 

Ratio 

0.00% 16.22

% 

33.95

% 

50.00

% 

66.05

% 

83.78

% 

100.00

% 

Carbon Sink 

Change(kgC

O2/m
2) 

0.00  -0.05  -0.10  -0.14  -0.19  -0.24  -0.29  

Table Source: Author 

4.4.3 Building Demolition 

According to the analysis in 4.2.4, only the carbon emission of the transportation and 

disposal of waste stage need to be calculated. 

As before, due to the change of slab construction materials, the carbon emission factors of 

various materials in transportation stage need to be introduced. 

Table 4.50 Data Sheet for Transportation Stage of Vertical Garden Construction Materials 

Material Factor Unit Source Factor

̂kgCO2/

m3̃ 

C20 Fine Aggregate Concrete 101.8298 kgCO2/m
3 Yan[68] 101.8298 

Graded Macadam 0.0369 kgCO2/kg Yan[68] 73.8 

Solid Clay Brick 38.8923 kgCO2/10

00 bricks 

Yan[68] 26.5875 

EPS 0.0169 kgCO2/kg Yan[68] 0.4225 

Other Cement Products 0.0346 kgCO2/kg Yan[68] / 

Cement Mortar / / Author 69.2 

Inorganic Insulation Mortar / / Author 13.84 

Foamed Concrete / / Author 20.7683 

Planting Soil / / Author 26.5875 

Table Source: Author 
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1) Elevated Slab 

According to construction drawings, 16 mm cement mortar layer and 25 mm EPS are added 

to the elevated slab for ceiling compared with the ordinary slab. According to Formula 4.4, 

Table 4.51 can be obtained. 

Table 4.51 Material Change of Elevated Slab 

Material Thickness 

Chang  

Factor

 

Carbon Emission 

Change 

 

Cement Mortar 0.016 69.2 1.11 

EPS 0.025 0.4225 0.01 

Table Source: Author 

By calculation, the carbon emission change per unit area of the elevated slab is 0.90 

kgCO2/m
2. 

2) Accessible Roof 

According to the construction drawings, the 30mm C20 fine aggregate concrete, 10mm 

cement mortar, and 130mm foamed concrete insulation layer are added to the accessible 

roof compared with the ordinary floor slab. However, the 15mm inorganic insulation 

mortar layer is reduced. According to Formula 4.4, Table 4.52 can be obtained. 



 

136 

 

Table 4.52 Material Change of Accessible Roof 

Material Thickness 

Chang  

Factor

 

Carbon Emission 

Change 

 

C20 Fine Aggregate Concrete 0.03 101.8298 3.05 

Cement Mortar 0.01 69.2 0.69 

Foamed Concrete 0.13 20.7683 2.70 

Inorganic Insulation Mortar -0.015 13.84 -0.21 

Table Source: Author 

By adding up the data in the table, the carbon emission change per unit area of the 

accessible roof is 4.98 kgCO2/m
2. 

3) Planting Roof 

According to the construction drawings, 300mm planting soil, 100mm graded macadam, 

10mm C20 fine aggregate concrete, 10mm cement mortar, and 130mm foamed concrete 

insulation layer are added to the planting roof compared with the ordinary floor slab. 

However, the 15mm inorganic insulation mortar layer is reduced. As planting soil is a 

natural material in building materials, its carbon emissions in the production process can 

be neglected. According to Formula 4.4, Table 4.53 can be obtained.  

Table 4.53 Material Change of Planting Roof 

Material Thickness 

Chang  

Factor

 

Carbon Emission 

Change 

 

Planting Soil 0.3 26.5875 7.98 

Graded Macadam 0.1 73.8 7.38 
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C20 Fine Aggregate Concrete 0.03 101.8298 3.05 

Cement Mortar 0.01 69.2 0.69 

Foamed Concrete 0.13 20.76 2.7 

Inorganic Insulation Mortar -0.015 13.84 -0.21 

Table Source: Author 

By calculation, the carbon emission change per unit area of the planting roof is 17.28 

kgCO2/m
2. 

According to the above calculation and Formula 4.10, we can get the carbon emission 

change of different open vertical garden areas in the demolition stage when the ground of 

the open vertical garden is accessible roof (Table 4.54). We can also get the carbon emission 

change of different open vertical garden types in the demolition stage when the area of 

open vertical garden is the largest (Table 4.55). 

Table 4.54 Carbon Emission Change of Construction - Different Open Vertical Garden 

Area 

Area(m2) 11552.

16 

11307.

23 

11117.

71 

10932.

09 

10743.

52 

10458.

94 

10168.

08 

Shape 

Coefficient 

0.4 0.41 0.42 0.43 0.44 0.45 0.46 

Open Vertical 

Garden Ratio 

0.00% 8.13% 28.85

% 

41.17

% 

53.69

% 

72.59

% 

91.90

% 

Open Vertical 

Garden Area 

0.00  122.47  217.23  310.04  404.32  546.61  692.04 

Carbon 

Emission 

Change of 

Demolish 

(kgCO2/m
2) 

0.00  0.06  0.11  0.17  0.22  0.31  0.40  
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Table Source: Author 

Table 4.55 Carbon Emission Change of Construction - Different Open Vertical Garden 

Type 

Area (m2) 10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

Shape 

Coefficient 

0.46 0.46 0.46 0.46 0.46 0.46 0.46 

Accessible 

Roof Ratio 

100.00

% 

83.78

% 

66.05

% 

50.00

% 

33.95

% 

16.22

% 

0.00% 

Planting Roof 

Ratio 

0.00% 16.22

% 

33.95

% 

50.00

% 

66.05

% 

83.78

% 

100.00

% 

Carbon 

Emission 

Change of 

Demolish 

(kgCO2/m
2) 

0.40  0.54  0.68  0.82  0.95  1.10  1.24  

Table Source: Author 

4.4.4 Summary 

Through Formula 4.1, the calculation and simulation results of the above chapters are 

calculated. The carbon emission change of the building in different years of operation can 

be obtained when open vertical garden area is different, as shown in Table 4.56. 

Table 4.56 Carbon Emission Change of Building - Different Open Vertical Garden Area 

Basic 

Informatio

n 

Area(m2) 1155

2.16 

1130

7.23 

1111

7.71 

1093

2.09 

1074

3.52 

1045

8.94 

1016

8.08 

Shape 

Coefficient 

0.4 0.41 0.42 0.43 0.44 0.45 0.46 
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Open Vertical 

Garden Ratio 

0.00

% 

8.13

% 

28.85

% 

41.17

% 

53.69

% 

72.59

% 

91.90

% 

Open Vertical 

Garden Area 

0.00  122.4

7  

217.2

3  

310.0

4  

404.3

2  

546.6

1  

692.0

4 

Constructi

on 

(kgCO2/m
2

) 

Carbon 

Emission 

Change of 

Material 

Production 

0.00  0.57  1.02  1.49  1.97  2.74  3.57  

Carbon 

Emission 

Change of 

Construction 

0.00  0.08  0.14  0.21  0.28  0.38  0.50  

Use 

(kgCO2/m
2

Ŀa) 

Carbon 

Emission 

Change of 

Operation and 

Maintenance 

0.00  0.13  0.21  0.28  0.34  0.34  0.64  

Carbon Sink 

Change 

0.00  0.00  0.00  0.00  0.00  0.00  0.00  

Demolish 

(kgCO2/m
2

) 

Carbon 

Emission 

Change of 

Demolish 

0.00  0.06  0.11  0.17  0.22  0.31  0.40  

Annual 

Carbon 

Emission 

Change of 

Building(k

gCO2/m
2Ŀa

) 

1 y 0.00  0.84  1.49  2.14  2.81  3.77  5.11  

10 y 0.00  0.20  0.34  0.46  0.59  0.68  1.09  

20 y 0.00  0.16  0.27  0.37  0.46  0.51  0.86  

30 y 0.00  0.15  0.25  0.34  0.42  0.45  0.79  

40 y 0.00  0.14  0.24  0.32  0.40  0.42  0.75  

50 y 0.00  0.14  0.24  0.31  0.39  0.40  0.73  

Table Source: Author 

Based on the data, the annual carbon emission change chart of the Life Cycle Assessment 

of the building is drawn (Figure 4.8). Overall, the setting of the open vertical garden will 
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lead to an increase of carbon emission, but the increase rate is decreasing with time passing. 

Under the same operating time, with the increase of the open vertical garden area, the 

annual carbon emission of the buildings also increases. 

 

Figure 4.8 Carbon Emission Change of Building - Different Open Vertical Garden Area 

Figure Source: Author 

The carbon emission change of the building in different years of operation can be obtained 

when open vertical garden type is different, as shown in Table 4.57 . 

Table 4.57 Carbon Emission Change of Building - Different Open Vertical Garden Type 

Basic 

Information 

Area(m2) 1016

8.08 

1016

8.08 

1016

8.08 

1016

8.08 

1016

8.08 

1016

8.08 

1016

8.08 

Shape 

Coefficient 

0.46 0.46 0.46 0.46 0.46 0.46 0.46 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

1 year 10 years 20 years 30 years 40 years 50 years

A
n
n
u
al

 C
ar

b
o
n
 E

m
is

si
o
n
 C

h
an

ge
 o

f 
B
u
ild

in
g 

Open Vertical Garden Ratio 

0.00% 8.13% 28.85% 41.17% 53.69% 72.59% 91.90%
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Accessible 

Roof Ratio 

100.

00% 

83.7

8% 

66.0

5% 

50.0

0% 

33.9

5% 

16.2

2% 

0.00

% 

Planting Roof 

Ratio 

0.00

% 

16.2

2% 

33.9

5% 

50.0

0% 

66.0

5% 

83.7

8% 

100.

00% 

Constructio

n 

(kgCO2/m
2) 

Carbon 

Emission 

Change of 

Material 

Production 

3.57  3.50  3.42  3.35  3.28  3.21  3.14  

Carbon 

Emission 

Change of 

Construction 

0.50  0.67  0.86  1.02  1.19  1.38  1.55  

Use 

(kgCO2/m
2Ŀ

a) 

Carbon 

Emission 

Change of 

Operation and 

Maintenance 

0.64  0.47  0.45  0.43  0.41  0.39  0.37  

Carbon Sink 

Change 

0.00  -0.05  -0.10  -0.14  -0.19  -0.24  -0.29  

Demolish 

(kgCO2/m
2) 

Carbon 

Emission 

Change of 

Demolish 

0.40  0.54  0.68  0.82  0.95  1.10  1.24  

Annual 

Carbon 

Emission 

Change of 

Building(kg

CO2/m
2Ŀa) 

1 y 5.11  5.13  5.31  5.48  5.64  5.84  6.01  

10 y 1.09  0.89  0.85  0.81  0.76  0.72  0.67  

20 y 0.86  0.66  0.60  0.55  0.49  0.44  0.38  

30 y 0.79  0.58  0.52  0.47  0.40  0.34  0.28  

40 y 0.75  0.54  0.48  0.42  0.36  0.30  0.23  

50 y 0.73  0.51  0.45  0.40  0.33  0.27  0.20  

Table Source: Author 

Based on the data, the annual carbon emission change chart of the Life Cycle Assessment 

of the building is drawn (Figure 4.9). When the operating time is less than ten years, with 
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the increase of the planting roof, the annual carbon emission also increases; after more than 

ten years, with the increase of the planting roof, the annual carbon emission decreases. In 

other words, if the building is under regular operation, planting roof is a more carbon-

saving choice for open vertical garden. 

 

Figure 4.9 Carbon Emission Change of Building - Different Open Vertical Garden Type 

Figure Source: Author 

4.5 Physical Carbon Emission of Open Ground Floor 

The open ground floor has an impact on building shape coefficient and building structure, 

thus affecting the carbon emission change of the Building Life Cycle Assessment. This 

section calculates the carbon emission of different open ground floor area and types. 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00
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u
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 C
ar

b
o
n
 E

m
is

si
o
n
 C

h
an

ge
 o

f 
B
u
ild

in
g 

Planting Roof Ratio 

0.00% 16.22% 33.95% 50.00% 66.05% 83.78% 100.00%
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The open ground floor has specific requirements for the structure of floor and ceiling, 

which is different from original ones. An insulation layer is added to the lower part of the 

ceiling, so that the heat transfer coefficient can meet the thermal insulation requirements 

of "Shanghai Residential Building Energy Consumption Standard". The floors are 

constructed by the accessible roof and the planting roof respectively, which means thicker 

insulation and waterproofing layers are necessary (see Table 4.32 above). 

For carbon emission change of different open ground floor areas, in order to control 

experimental variables, for the convenience for residents, the open ground floor is two 

stories, and the floor structure adopts 100% accessible roof. To obtain the relationship 

between different open ground floor areas and building carbon emission, the open ground 

floor area is increased from 0% to 100% step by step. The vertical traffic area (stairwell 

and elevator room) is reserved for building use, so there is no calculation when the 

proportion of the open ground floor is 100%. 

For carbon emission change of different open ground floor types, in order to control the 

experimental variables, the largest floor area (92%) is set for the experiment. Then, doing 

the carbon emission simulation when the floor structure is accessible roof and planting roof, 

occupying from 0% to 100%. 

4.5.1 Building Construction 

4.5.1.1 Material Production 

As the ceiling and floor structural materials of open ground floor have changed, carbon 
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emission factors of various materials need to be introduced, which is same with open 

vertical garden (see Table 4.33). 

1) Elevated Slab 

The material change is the same with the open vertical garden (see Table 4.34). The carbon 

emission change per unit area of the elevated roof is 15.35 kgCO2/m2. 

2) Accessible Roof 

The material change is the same with the open vertical garden (see Table 4.35). The carbon 

emission change per unit area of the accessible roof is 37.10kgCO2/m2. 

3) Planting Roof 

The material change is the same with the open vertical garden (see Table 4.36). The carbon 

emission change per unit area of the planting roof is 30.75kgCO2/m2. 

According to the above calculation and Formula 4.3, we can get the carbon emission 

change of different areas of the open ground floor in the material production stage when 

the ground of open ground floor is accessible roof (Table 4.58). We can also get the carbon 

emission of different types of open ground floor in the material production stage when the 

area of open ground floor is the largest (Table 4.59). 

Table 4.58 Carbon Emission Change of Material Production - Different Open Ground 
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Floor Area 

Area(m2) 11552.

16 

11312.

32 

11122.

8 

10937.

17 

10748.

61 

10464.

03 

10159.

4 

Shape 

Coefficient 

0.4 0.41 0.41 0.42 0.43 0.43 0.44 

Open Ground 

FLoor Ratio 

0.00% 15.78

% 

28.25

% 

40.46

% 

52.87

% 

71.59

% 

91.63

% 

Open Ground 

FLoor Area 

0.00  119.92  214.68  307.50  401.78  544.07  696.38 

Carbon 

Emission 

Change of 

Material 

Production 

(kgCO2/m
2) 

0.00  0.56  1.01  1.47  1.96  1.96  3.60  

Table Source: Author 

Table 4.59 Carbon Emission Change of Material Production - Different Open Ground 

Floor Type 

Area (m2) 10159.

4 

10159.

4 

10159.

4 

10159.

4 

10159.

4 

10159.

4 

10159.

4 

Shape 

Coefficient 

0.44 0.44 0.44 0.44 0.44 0.44 0.44 

Accessible 

Roof Ratio 

100.00

% 

83.78

% 

66.05

% 

50.00

% 

33.95

% 

16.22

% 

0.00% 

Planting Roof 

Ratio 

0.00% 16.22

% 

33.95

% 

50.00

% 

66.05

% 

83.78

% 

100.00

% 

Carbon 

Emission 

Change of 

Material 

Production 

(kgCO2/m
2) 

3.60  3.52  3.45  3.38  3.31  3.23  3.16  
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Table Source: Author 

4.5.1.2 Construction 

The carbon emission in construction mainly refers to material transportation and 

construction equipment use. As mentioned in 4.2.2.2, this section only calculates the 

carbon emission of the material transportation part, but not the construction equipment use. 

Due to the change of elevated slab and roof construction materials, the carbon emission 

factors of various materials in the transportation stage need to be introduced, which is the 

same with the open vertical garden (see Table 4.39). 

1) Elevated Slab 

The material change is the same with the open vertical garden (see Table 4.40). The carbon 

emission change per unit area of the elevated slab is 1.12kgCO2/m
2. 

2) Accessible Roof 

The material change is the same with the open vertical garden (see Table 4.41). The carbon 

emission change per unit area of the accessible roof is 6.24kgCO2/m2. 

3) Planting Roof 

The material change is the same with the open vertical garden (see Table 4.42). The carbon 
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emission change per unit area of the planting roof is 21.60kgCO2/m2. 

According to the above calculation and Formula 4.5, we can get the carbon emission 

change of different open ground floor area when the ground of open ground floor is 

accessible roof (Table 4.60), we can also get the carbon emission of different open ground 

floor types when the area of open ground floor is the largest (Table 4.61). 

Table 4.60 Carbon Emission Change of Construction - Different Open Ground Floor Area 

Area(m2) 11552.

16 

11312.

32 

11122.

8 

10937.

17 

10748.

61 

10464.

03 

10159.

4 

Shape 

Coefficient 

0.4 0.41 0.41 0.42 0.43 0.43 0.44 

Open Ground 

Floor Ratio 

0.00% 15.78

% 

28.25

% 

40.46

% 

52.87

% 

71.59

% 

91.63

% 

Open Ground 

Floor Area 

0.00  119.92  214.68  307.50  401.78  544.07  696.38 

Carbon 

Emission 

Change of 

Construction 

(kgCO2/m
2) 

0.00  0.08  0.14  0.21  0.27  0.38  0.50  

Table Source: Author 

Table 4.61 Carbon Emission Change of Construction - Different Open Ground Floor 

Type 

Area (m2) 10159.

4 

10159.

4 

10159.

4 

10159.

4 

10159.

4 

10159.

4 

10159.

4 

Shape 

Coefficient 

0.44 0.44 0.44 0.44 0.44 0.44 0.44 
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Accessible 

Roof Ratio 

100.00

% 

83.78

% 

66.05

% 

50.00

% 

33.95

% 

16.22

% 

0.00% 

Planting Roof 

Ratio 

0.00% 16.22

% 

33.95

% 

50.00

% 

66.05

% 

83.78

% 

100.00

% 

Carbon 

Emission 

Change of 

Construction 

(kgCO2/m
2) 

0.50  0.68  0.86  1.03  1.20  1.39  1.56  

Table Source: Author 

4.5.2 Building Use 

4.5.2.1 Operation and Maintenance 

This part is simulated by PKPM-PBECA Shanghai. The simulation process is divided into 

two parts: the carbon emission of different open ground floor area and the carbon emission 

of different open ground floor type. 

1) Carbon Emission for Different Open Ground Floor Area  

To obtain the relationship between different open ground floor areas and building energy 

consumption, the open ground floor area is increased from 0% to 100% step by step in this 

experiment. The vertical traffic area (stairwell and elevator room) is reserved in the 

experiment for building regular use, so there is no calculation when the proportion of open 

ground floor is 100%. 

The structure of the building has a certain impact on the energy consumption of the 
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operation and maintenance. The structure of floor and ceiling of the open ground floor is 

different from the normal one, using accessible roof and planting roof as ground and 

elevated slab as ceiling. The heat transfer coefficient of normal slab is 2.003, the elevated 

slab is 0.889, and the accessible roof is 0.778. 

The experiment simulates six cases of open ground floor, accounting for 16%, 28%, 40%, 

53%, 72%, 92% respectively. 

Table 4.62 Different Ratio of Open Ground Floor 

16% 28% 

  

40% 53% 

  

72% 92% 
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Table Source: Author 

Then, the annual carbon emission change in the operation and maintenance stage is 

calculated by Formula 4.6. The calculated data are shown in Table 4.63. 

Table 4.63 Carbon Emission Change of Operation and Maintenance - Different Open 

Ground Floor Area 

Area(m2) 11552.

16 

11312.

32 

11122.

8 

10937.

17 

10748.

61 

10464.

03 

10159.

4 

Shape 

Coefficient 

0.4 0.41 0.41 0.42 0.43 0.43 0.44 

Open Ground 

Floor Ratio 

0.00% 15.78

% 

28.25

% 

40.46

% 

52.87

% 

71.59

% 

91.63

% 

Open Ground 

Floor Area 

0.00  119.92  214.68  307.50  401.78  544.07  696.38 

Annual Heating 

Power 

Consumption 

(KWh/m2Ŀa) 

16.58 16.66 16.74 16.77 16.82 16.67 16.81 

Annual Cooling 

Power 

Consumption 

 (KWh/m2Ŀa) 

9.53 9.66 9.72 9.78 9.78 9.82 10.02 

Annual Power 

Consumption 

26.12 26.32 26.46 26.55 26.6 26.49 26.83 
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 (KWh/m2Ŀa) 

Annual Power 

Consumption 

Change 

 (KWh/m2Ŀa) 

0.00  0.20  0.34  0.43  0.48  0.37  0.71  

Revised Annual 

Power 

Consumption 

Change 

 (KWh/m2Ŀa) 

0.00  0.13  0.22  0.27  0.31  0.24  0.45  

Carbon Emission 

Change of 

Operation and 

Maintenance 

(kgCO2/m
2Ŀa)  

0.00  0.09  0.15  0.19  0.21  0.17  0.32  

Table Source: Author 

According to the data above, the annual energy consumption of building is the smallest 

when there is no open ground floor, which is 26.12KWh/m2; while the annual energy 

consumption of buildings is the largest when the open ground floor is 92%, which is 

26.83KWh/m2. The open ground floor increases the building surface area and the shape 

coefficient, which leads to an increase of building energy consumption. 
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Figure 4.10 Carbon Emission Change of Operation and Maintenance - Different Ground 

Floor Area 

Table Source: Author 

Figure 4.10 shows the trend of carbon emission change per unit area with different 

proportion of the open ground floor. With the increase of the open ground floor area, 

building carbon emission also increase. 

2) Carbon Emission for Different Open Ground Floor Type 

As mentioned above, open Ground Floor can be used for planting and sightseeing, as well 

as for people's communication, exercise, and life. According to the different functions, the 

structure of the floor also changes, which can be divided into accessible and planting roof 

(see Table 4.9). The difference between these two structures lies mainly in the surface layer. 

The heat transfer coefficient of the accessible roof is 0.778 and that of the planting roof is 
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0.446. 

Then, the annual carbon emission change of different type in the operation and maintenance 

stage is calculated by Formula 4.6. The calculated data is shown in Table 4.64. 

Table 4.64 Carbon Emission Change of Operation and Maintenance - Different Open 

Ground Floor Type 

Area(m2) 10159.

4 

10159.

4 

10159.

4 

10159.

4 

10159.

4 

10159.

4 

10159.

4 

Shape 

Coefficient 

0.44 0.44 0.44 0.44 0.44 0.44 0.44 

Accessible Roof 

Ratio 

100.00

% 

83.78

% 

66.05

% 

50.00

% 

33.95

% 

16.22

% 

0.00% 

Planting Roof 

Ratio 

0.00% 16.22

% 

33.95

% 

50.00

% 

66.05

% 

83.78

% 

100.00

% 

Annual Heating 

Power 

Consumption 

(KWh/m2) 

16.81 16.81 16.81 16.81 16.81 16.81 16.81 

Annual Cooling 

Power 

Consumption 

 (KWh/m2) 

10.02 10.02 10.02 10.02 10.02 10.02 10.02 

Annual Power 

Consumption 

 (KWh/m2) 

26.83 26.83 26.83 26.83 26.83 26.83 26.83 

Annual Power 

Consumption 

Change 

 (KWh/m2) 

0.71 0.71 0.71 0.71 0.71 0.71 0.71 

Revised Annual 

Power 

0.45  0.45  0.45  0.45  0.45  0.45  0.45  
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Consumption 

Change 

 (KWh/m2) 

Carbon Emission 

Change of 

Operation and 

Maintenance 

(kgCO2/m
2)  

0.32  0.32  0.32  0.32  0.32  0.32  0.32  

Table Source: Author 

According to the data above, the annual energy consumption is stable, which is 

26.83KWh/m2. This is because the basement as garage and equipment room has no heating 

and refrigeration demand, so there is no change in annual energy consumption. 

 

Figure 4.11 Carbon Emission Change of Operation and Maintenance - Different Open 

Ground Floor Type 

Table Source: Author 
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Figure 4.11 shows the trend of carbon emission change per unit area with different planting 

roof area. The carbon emission of the building per unit area does not change with the type 

of open ground floor. 

4.5.2.2 Carbon Sink 

The generation of the planting roof makes the annual carbon sink of sample building 

change. By consulting the literature, the carbon sink factors under different planting 

methods are collected (Table 4.22). As planting roof is usually covered by shrubs and 

grasslands, the average value of Densely Planted Shrubs (0.85m) and Low-stem Weeds 

(0.25m), which is 4.25 kg CO2/m
2, is chosen for calculation. 

According to the above calculation and Formula 4.8, we can get the carbon sink change in 

different open roof areas when open roof is accessible roof (Table 4.65), and the carbon 

sink change in different open roof types when the open roof area is the largest (Table 4.66). 

Table 4.65 Carbon Sink Change - Different Open Ground Floor Areas 

Area(m2) 11552.

16 

11312.

32 

11122.

8 

10937.

17 

10748.

61 

10464.

03 

10159.

4 

Shape 

Coefficient 

0.4 0.41 0.41 0.42 0.43 0.43 0.44 

Open Ground 

Floor Ratio 

0.00% 15.78

% 

28.25

% 

40.46

% 

52.87

% 

71.59

% 

91.63

% 

Open Ground 

Floor Area 

0.00  119.92  214.68  307.50  401.78  544.07  696.38 

Carbon Sink 

Change(kgCO2

/m2) 

0.00  0.00  0.00  0.00  0.00  0.00  0.00  
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Table Source: Author 

Table 4.66 Carbon Sink Change - Different Open Ground Floor Type 

Area (m2) 10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

10168.

08 

Shape 

Coefficient 

0.46 0.46 0.46 0.46 0.46 0.46 0.46 

Accessible 

Roof Ratio 

100.00

% 

83.78

% 

66.05

% 

50.00

% 

33.95

% 

16.22

% 

0.00% 

Planting Roof 

Ratio 

0.00% 16.22

% 

33.95

% 

50.00

% 

66.05

% 

83.78

% 

100.00

% 

Carbon Sink 

Change(kgC

O2/m
2) 

0.00  -0.05  -0.10  -0.14  -0.19  -0.24  -0.29  

Table Source: Author 

4.5.3 Building Demolition 

According to the analysis in 4.2.4, only the carbon emission of the transportation and 

disposal of waste stage need to be calculated. 

As before, due to the change of slab construction materials, the carbon emission factors of 

various materials in transportation stage need to be introduced, which is the same as open 

vertical garden (see Table 4.50). 

1) Elevated Slab 

The material change is the same with the open vertical garden (see Table 4.51). The carbon 
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emission change per unit area of the elevated slab is 0.90 kgCO2/m
2. 

2) Accessible Roof 

The material change is the same with the open vertical garden (see Table 4.52). The carbon 

emission change per unit area of the accessible roof is 4.98 kgCO2/m
2. 

3) Planting Roof 

The material change is the same with the open vertical garden (see Table 4.53). The carbon 

emission change per unit area of the planting roof is 17.28 kgCO2/m
2. 

According to the above calculation and Formula 4.10, we can get the carbon emission 

change of different open ground floor area in the demolition stage when the ground of the 

open ground floor is accessible roof (Table 4.67).We can also get the carbon emission of 

different open ground floor types in the demolish stage when the open ground floor area is 

the largest (Table 4.68). 

Table 4.67 Carbon Emission Change of Construction - Different Open Ground Floor Area 

Area(m2) 11552.

16 

11312.

32 

11122.

8 

10937.

17 

10748.

61 

10464.

03 

10159.

4 

Shape 

Coefficient 

0.4 0.41 0.41 0.42 0.43 0.43 0.44 

Open Ground 

Floor Ratio 

0.00% 15.78

% 

28.25

% 

40.46

% 

52.87

% 

71.59

% 

91.63

% 

Open Ground 

Floor Area 

0.00  119.92  214.68  307.50  401.78  544.07  696.38 
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Carbon 

Emission 

Change of 

Demolish 

(kgCO2/m
2) 

0.00  0.06  0.11  0.17  0.22  0.31  0.40  

Table Source: Author 

Table 4.68 Carbon Emission Change of Construction - Different Open Ground Floor 

Type 

Area (m2) 10159.

4 

10159.

4 

10159.

4 

10159.

4 

10159.

4 

10159.

4 

10159.

4 

Shape 

Coefficient 

0.44 0.44 0.44 0.44 0.44 0.44 0.44 

Accessible 

Roof Ratio 

100.00

% 

83.78

% 

66.05

% 

50.00

% 

33.95

% 

16.22

% 

0.00% 

Planting Roof 

Ratio 

0.00% 16.22

% 

33.95

% 

50.00

% 

66.05

% 

83.78

% 

100.00

% 

Carbon 

Emission 

Change of 

Demolish 

(kgCO2/m
2) 

0.40  0.54  0.69  0.82  0.96  1.11  1.25  

Table Source: Author 

4.5.4 Summary 

Through Formula 4.1, the calculation and simulation results of the above chapters are 

calculated. The carbon emission change of the building in different years of operation can 

be obtained when open ground floor area is different, as shown in Table 4.69. 
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Table 4.69 Carbon Emission Change of Building - Different Open Ground Floor Area 

Basic 

Informatio

n 

Area(m2) 1155

2.16 

1131

2.32 

1112

2.8 

1093

7.17 

1074

8.61 

1046

4.03 

1015

9.4 

Shape 

Coefficient 

0.4 0.41 0.41 0.42 0.43 0.43 0.44 

Open Ground 

Floor Ratio 

0.00

% 

15.78

% 

28.25

% 

40.46

% 

52.87

% 

71.59

% 

91.63

% 

Open Ground 

Floor Area 

0.00  119.9

2  

214.6

8  

307.5

0  

401.7

8  

544.0

7  

696.3

8 

Constructi

on 

(kgCO2/m
2

) 

Carbon 

Emission 

Change of 

Material 

Production 

0.00  0.56  1.01  1.47  1.96  1.96  3.60  

Carbon 

Emission 

Change of 

Construction 

0.00  0.08  0.14  0.21  0.27  0.38  0.50  

Use 

(kgCO2/m
2

Ŀa) 

Carbon 

Emission 

Change of 

Operation and 

Maintenance 

0.00  0.09  0.15  0.19  0.21  0.17  0.32  

Carbon Sink 

Change 

0.00  0.00  0.00  0.00  0.00  0.00  0.00  

Demolish 

(kgCO2/m
2

) 

Carbon 

Emission 

Change of 

Demolish 

0.00  0.06  0.11  0.17  0.22  0.31  0.40  

Annual 

Carbon 

Emission 

Change of 

Building(k

gCO2/m
2Ŀa

) 

1 y 0.00  0.79  1.41  2.04  2.66  2.82  4.82  

10 y 0.00  0.16  0.28  0.38  0.46  0.43  0.77  

20 y 0.00  0.12  0.22  0.29  0.34  0.30  0.54  

30 y 0.00  0.11  0.19  0.25  0.30  0.25  0.47  

40 y 0.00  0.11  0.18  0.24  0.28  0.23  0.43  

50 y 0.00  0.10  0.18  0.23  0.26  0.22  0.41  
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Table Source: Author 

Based on the data, the annual carbon emission change chart of the Life Cycle Assessment 

of the building is drawn (Figure 4.12). Overall, the setting of open ground floor will lead 

to an increase of carbon emission, but the increase rate is decreasing with time passing. 

Under the same operating time, with the increase of open ground floor area, the annual 

carbon emission of the buildings also increases. 

 

Figure 4.12 Carbon Emission Change of Building - Different Open Ground Floor Area 

Figure Source: Author 

The carbon emission change of the building in different years of operation can be obtained 

when open ground floor type is different, as shown in Table 4.70 . 
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Table 4.70 Carbon Emission Change of Building - Different Open Ground Floor Type 

Basic 

Information 

Area(m2) 1015

9.4 

1015

9.4 

1015

9.4 

1015

9.4 

1015

9.4 

1015

9.4 

1015

9.4 

Shape 

Coefficient 

0.44 0.44 0.44 0.44 0.44 0.44 0.44 

Accessible 

Roof Ratio 

100.

00% 

83.7

8% 

66.0

5% 

50.0

0% 

33.9

5% 

16.2

2% 

0.00

% 

Planting Roof 

Ratio 

0.00

% 

16.2

2% 

33.9

5% 

50.0

0% 

66.0

5% 

83.7

8% 

100.

00% 

Constructio

n 

(kgCO2/m
2) 

Carbon 

Emission 

Change of 

Material 

Production 

3.60  3.52  3.45  3.38  3.31  3.23  3.16  

Carbon 

Emission 

Change of 

Construction 

0.50  0.68  0.86  1.03  1.20  1.39  1.56  

Use 

(kgCO2/m
2Ŀ

a) 

Carbon 

Emission 

Change of 

Operation and 

Maintenance 

0.32  0.32  0.32  0.32  0.32  0.32  0.32  

Carbon Sink 

Change 

0.00  -0.05  -0.10  -0.15  -0.19  -0.24  -0.29  

Demolish 

(kgCO2/m
2) 

Carbon 

Emission 

Change of 

Demolish 

0.40  0.54  0.69  0.82  0.96  1.11  1.25  

Annual 

Carbon 

Emission 

Change of 

Building(kg

CO2/m
2Ŀa) 

1 y 4.82  5.01  5.22  5.40  5.60  5.80  6.00  

10 y 0.77  0.74  0.72  0.70  0.67  0.65  0.62  

20 y 0.54  0.51  0.47  0.43  0.40  0.36  0.33  

30 y 0.47  0.43  0.39  0.35  0.31  0.26  0.23  

40 y 0.43  0.39  0.34  0.30  0.26  0.22  0.18  

50 y 0.41  0.37  0.32  0.28  0.23  0.19  0.15  
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Table Source: Author 

Based on the data, the annual carbon emission change chart of the Life Cycle Assessment 

of the building is drawn (Figure 4.13). When the operating time is less than ten years, with 

the increase of planting roof, the annual carbon emission change also increases; after more 

than ten years, with the increase of planting roof, the annual carbon emission change 

decreases. In other words, if the building is under regular operation, planting roof is a more 

carbon-saving choice for open ground floor. 

 

Figure 4.13 Carbon Emission Change of Building - Different Open Ground Floor Type 

Figure Source: Author 
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4.6 Comparation between Different Open Public Spaces 

In the previous chapters, the carbon emission of different areas and types of open roof, 

open vertical garden, and open ground floor is calculated. We can compare the carbon 

emission of these three open public spaces horizontally. 

When the area is maximum (Table 4.83 and Table 4.84), it can be seen that the rank of 

annual carbon emission is as follows: open roof < open ground floor < open vertical garden. 

Regardless of the type of floor, the annual carbon emission in the open roof is always the 

smallest, while the open vertical garden is biggest. It shows that in terms of carbon emission 

when building open public spaces in residential buildings, the open roof is a more carbon-

saving choice. 

Table 4.71 Annual Carbon Emission Change When Grounds are All Accessible Roof 

Time (year) 1  10 20 30 40 50 

Open Roof 0.63  0.06  0.03  0.02  0.01  0.01  

Open Vertical Garden 5.11  1.09  0.86  0.79  0.75  0.73  

Open Ground Floor 4.82  0.77  0.54  0.47  0.43  0.41  

Table Source: Author 

Table 4.72 Annual Carbon Emission Change When Grounds are All Planting Roof 

Time (year) 1  10 20 30 40 50 

Open Roof 1.29  -0.21  -0.29  -0.32  -0.33  -0.34  

Open Vertical Garden 6.01  0.67  0.38  0.28  0.23  0.20  

Open Ground Floor 6.00  0.62  0.33  0.23  0.18  0.15  

Table Source: Author 
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Based on the above data, Figure 4.14 can be drawn. By making the comparison between 

the left and the right parts, it can be found that if the building is under regular operation 

and the floor type is planting roof, the annual carbon emission change of the three spaces 

is smaller than that of the accessible roof. This shows that in the open public space design 

of affordable housing, a reasonable selection of floor types can have a positive impact on 

building carbon emission. 

  

Figure 4.14 Comparation between Accessible Roof and Planting Roof 

Figure Source: Author 

4.7 Summary 

This chapter mainly calculates the physical carbon emission of the open roof, open vertical 

garden, and open ground floor based on the Life Cycle Assessment. 

Carbon emission of buildings throughout their life cycle includes three stages, construction, 

use, and demolition. The first part is the construction part, which can be further divided 

into material production and building construction. The building construction stage mainly 
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calculates the operation of related equipment, which is too small to be calculated in this 

research. The second part is the use part, which mainly covers two parts: operation and 

maintenance, and carbon sink. The building operation is simulated through the PKPM-

PBECA Shanghai, and the carbon sink is the only negative value of rational carbon 

emission of buildings. The third part is the demolition part, including building dismantling 

and material recycling. Similar to the construction part, the carbon emission from building 

dismantling can be neglected. For material recycling and disposal, relevant research shows 

that the energy consumption of waste disposal stage is about 80% of material transportation. 

Based on the above calculation method, this chapter calculates the physical carbon 

emission changes of different areas and types of the three open public spaces. It then puts 

forward corresponding design suggestions according to the results. Please refer to the 

specific calculation results and design suggestions at the end of each subchapter. 

By comparing the similarities of different open public spaces, it is found that the carbon 

emission of the open public space ranks as follows: open roof space < open ground floor < 

open vertical garden. By comparing different types of open public spaces, it is found that 

the planting roof is smaller than the accessible roof. It is worth mentioning that when 

applying planting roof to open roof, the carbon emission even decreases. 
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CHAPTER 5. SOCIAL CARBON EMISSION ON OPEN 

SPACES OF AFFORDABLE HOUSING 

The social carbon emission impact of the open public space in affordable housing mainly 

refers to the carbon emission reduction potential of the open public space for the low-

income families on travel activities. 

5.1 Needs and Categories of Outdoor Activities 

5.1.1 Needs of Outdoor Activities 

Outdoor activities are an important part of life. They refer to a person's behavior that 

achieving a certain goal by a certain way in a continuous period. People's daily life relies 

heavily on outdoor activities, which are stimulated by basic human desires, such as survival, 

social intercourse, and leisure. However, at the same time, their occurrence will be 

restricted to a certain extent by other conditions, such as ability, health, family relations, 

etc.[76]. 

The demand for this kind of outdoor activities cannot be divided by different groups of 

people. However, different groups of people have specific differences in the travel for 

outdoor activities because of the differences in time, space, and economy. 
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5.1.2 Categories of Outdoor Activities 

Outdoor activities occupy the main part of people's daily activities, and the types of 

people's outdoor activities also show a diversified state. Jan Gehl has in-depth research on 

people's activities and contacts. In his book Life Between Buildings, he divides outdoor 

activities into three categories[77]. The requirements for the venues, conditions, and 

environment of various activities are different. 

1) Necessary Activities 

Such activities are people's main daily travel activities, including work, school, business, 

shopping, medical treatment, etc. The frequency and location of this kind of activities are 

relatively fixed and are rarely affected by other factors (e.g., travel mode, travel weather, 

activity site, etc.). 

2) Optional Activities 

Such activities are recreational activities that people voluntarily participate in, including 

walking, exercise, fitness, sun exposure, planting, etc. Generally speaking, the frequency 

and location of these activities are relatively random, and they require a comfortable 

external environment, suitable weather, and strong dependence on the activity environment. 

3) Social Activities 
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Such activities are developed from the above two types of activities, including social 

activities, cultural entertainment, family activities, etc. People to people communication is 

the focus of such activities. Such activities generally take place in all kinds of public spaces 

and have certain requirements for the surrounding environment. Also, a pleasant site 

environment can promote such activities. 

Among the three types of activities above, the necessary activities need to be carried out in 

a specific place, so it is difficult to transfer them to the open public space in housing. 

However, both optional and social activities can be realized to a certain extent in the open 

public space. Therefore, the follow-up study of the emission reduction potential of low-

income group travel activities mainly covers optional activities and social activities. 

5.1.3 Level of Outdoor Activities 

Jiang classifies people's communication at different levels, including personal solitude, 

intimate communication, etiquette communication, and public communication[78]. 

Similarly, we can divide outdoor activities into private activities, intimate activities, and 

public activities according to different time, objects, and states. Different levels of outdoor 

activities have different requirements for space. 

1)Private Activities 

Private activities refer to activities that can be carried out by one person independently. 

This kind of activity generally has strong privacy and does not want to be interfered with 
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by the outside world too much, such as outdoor exercise, learning, thinking, etc. For these 

activities, the venue should not be too open, which is generally a relatively private space 

with few people, such as a small space with plant separation. 

2) Intimate Activities 

Intimate activities generally refer to activities of close friends. This kind of activity is often 

accompanied by emotional exchanges, including family activities, friend gatherings, etc. 

The location of such activities is related to the content of activities, mainly in semipublic 

space, but also sometimes in public space. 

3) Public Activities 

Compared with the former two, public activities are more open, generally some collective 

activities, such as gatherings, competitions, etc. This kind of activity is generally carried 

out in a more open place to generate more possibilities for interaction. 

5.2 Relation Between Open Public Spaces and Low-income 

Familiesô Outdoor Activities 

The realization of outdoor activities often depends on travel, which can solve the 

differences between time and space. 



 

170 

 

5.2.1 Characteristics of Outdoor Activities of Low-income Families 

The generation of travel behavior is not a random process, but an optimal choice in a 

complex decision-making system, including but not limited to travel purpose, travel mode, 

travel distance, travel frequency, etc. Different travel preferences, economic levels, ages, 

and occupations have a certain impact on travel behavior. Low-income families, restricted 

by various conditions, have distinct characteristics in their travel behavior. 

1) The unnecessary travel activity chain is relatively straightforward[79]. 

Compared with non-low-income families, low-income families tend to choose a single 

non-essential travel activity chain, which is because the land-use situation has a greater 

impact on the non-essential travel activity chain of the population. When the community 

can provide a better public activity site, the non-essential travel activity chain will become 

more complex. In short, when the living environment of low-income families improves, 

they will participate in more activities. 

2) There is a significant differentiation of unnecessary travel activities. 

For low-income families, there are fewer unnecessary travel activities. Their travel is 

mainly based on necessity. In addition to daily work, they are also interspersed with 

household chores, shopping, medical treatment, and other activities. Compared with non-

low-income family workers, their working hours are longer, so their leisure hours for 

leisure travel activities are shorter. 
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However, compared with non-working people in non-low-income families, the proportion 

of non-working people in low-income families is higher, generally including the elderly, 

children, the disabled, the unemployed, etc. Therefore, these members of low-income 

families have more time for non-essential activities. They have more leisure time for leisure 

activities, and also have a stronger willingness to activities. 

3) Public transportation and non-motorized transportation are the main modes of travel. 

A large number of studies show that low-income families mainly choose the non-motorized 

travel mode and the public transportation part of the motorized travel mode. The high 

sensitivity of low-income families' travel costs also limits their travel distance. 

4) The travel distance of necessary activities is far. 

As the low-income groups mainly live in the underdeveloped areas of the city, and the 

living facilities around relatively lack. To meet their own living needs, they have to travel 

to other areas[80]. This makes them spend more time and money on necessary travel. 

5) The travel distance of optional and social activities is relatively short, and the activity 

range is relatively small. 

The travel distance is also closely related to the chosen mode of transportation. Limited by 

choice of travel vehicles, the travel distance of low-income families is closer than that of 

non-low-income families. According to Zhang's research, the leisure travel distance of low-

income families in working days is mainly within 1km away from home. It shows a 
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significant decline trend with the increase of distance. The travel distance of leisure 

activities in non-working days is slightly increased compared with that in working days, 

but it is still concentrated within 10km. However, in this case, the travel distance of non-

low-income families is significantly increased[81]. 

 

Figure 5.1 Travel Distance of Non-work Activities for Residents 

Figure Source: Zhang[81] 

5.2.2 Open Public Space Can Meet the Outdoor Activity Needs of 

Low-income Families 

1) Open public space can enrich the unnecessary travel chain of low-income families. 

When the public space in communities becomes rich and high-quality, the unnecessary 


















































































































































































