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A B S T R A C T

While the mix of residential, commercial and recreational use has been desirable for a compact city model, the
mix of residential and industrial land use has long been regarded as being negative on the living environment.
The peri-urban area of China is characterized by an intermingling of industries with residential land, which poses
threats on a sustainable environment. In China, planners tend to criticize the mix of residential and industrial
land, but lack a method to quantify the degree to which industrial and residential land is mixed, and are unable
to clarify its environmental influence. This research develops an index method (MDI) to measure the mixed
degree of residential and industrial land. By taking three peri-urban areas of China as cases, this research ex-
plores how this index can be applied to measure the spatial changes of land use mix, and explains the factors
leading to this type of mix. It concludes with the implications of environmental impacts of MDI and its inclusion
in land use planning and management.

1. Introduction

Land use mix has usually been regarded as being desirable for urban
livability and public health. Closer integration of residential commer-
cial and recreational use has been promoted by the Congress of New
Urbanism (2001) and the Smart Growth Network (2006) on the ground
that greater land use mix can promote active travel, reduce auto-de-
pendence, and help to build a healthy community. Whereas, public-
health research advocates an increased land-use mix as an effective
policy for facilitating greater physical activity (Gehrke and Clifton,
2016). Land use mix, however, is not necessarily always positive. For
instance, the nature of the externalities associated with industrial land
use significantly affects residential use and housing values than those
without air pollution. Burnell’s research (Burnell, 1985) reveals that
municipalities with major air polluting industries have significantly
lower housing values. In developing countries, rapid growth is often
accompanied with a lack of strictly enforced land use control, leading to
the interference of industrial and residential land uses and environ-
mental problems (Taleshi and Bishehii 2012). Therefore, urban plan-
ning principles advocate compatible mixed land use and avoiding in-
compatible mixed land use.

In developed countries, the share of manufacturing industry in GDP
has declined significantly over the last several decades, for instance, the

manufacturing share of GDP in the U.S. declined from 24.3% in
1970–12.8% in 2010. As developed countries move from a traditional
manufacturing-intensive “Machine Age” economy to a more services-
intensive “Information Age” economy (Perry, 2012), a mix of re-
sidential and industrial land has become less apparent. In developing
countries where manufacturing accounts for a major share of GDP and
land use control is not as stringent as that in developed countries,
however, the mix of residential and industrial land use (including
warehouse land) is quite common. The peri-urban areas of China are
such an example, and are characterized by a great diversity of inter-
mixed landscapes, including walled residential estates, scattered village
houses, and the tight intermingling of industries with commercial, re-
sidential and agricultural activities (Leaf, 2002). The proportion of in-
dustrial land within total non-agricultural land usually ranges from
30% to 50% in typical peri-urban areas of China, and the interference of
residential and industrial use has been prevalent, leading to environ-
mental degradation (Tian, 2015).

Despite a growing research interest on the measures of land use mix
and its benefits (Clifton et al., 2008; Song et al., 2013; Gehrke and
Clifton, 2016), study on quantifying residential and industrial (hereafter
R& I) land use mix degree and its negative externalities has been fairly
scarce. In order to fill this gap, we developed an index method to
measure the mix degree (hereafter MDI) of residential and industrial
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land and obtained a patent granted by the State Intellectual Property
Office of P. R. China (2016, Patent number: 201310659117.6). This
research is an introduction to this index method. By taking three peri-
urban areas of China as cases, it explores how this index can be applied
to measure the spatial changes of land use mix, and explains the factors
leading to this type of mix. It concludes with the implications of en-
vironmental impacts of MDI and its inclusion in land use planning and
management.

2. Defining and measuring land use mix

It is widely agreed that urban form is correlated with sustainability
(Williams, 1999). Urban form can be viewed from various geographical
scales (Tsai, 2005), for instance, regional scale, metropolitan area, city
and neighbourhood. Urban form at the regional and metropolitan scale
is generally concerned with species habitat and ecological processes. At
the neighbourhood scale, urban form is more related with human be-
havior and physical activity. In this research, we focus on the city scale
analysis of land use mix, and address the negative externality of re-
sidential and industrial land use mix.

2.1. Definition of land use mix

Over the last two decades substantial progress has been made in the
ability to measure and analyze characteristics of urban form (Clifton
et al., 2008). Land use mix is a key part of urban form, and it is essential
to understand how the land use mix affects sustainability, and how
planners can apply the tool of land use mix to help in planning and
public policy making. The conceptual basis for mixing urban land uses,
including residential, commercial and recreational use, is that a range
of land uses or activities within close proximity can serve com-
plementary functions, with each use enhancing the utility of its partners
(Jacobs, 1961).

The benefits of mixed land use can be categorized into three types:
(1) transportation-land use research has identified potential efficiency
gains achieved by mixed-use neighborhoods. Mixing land uses places
homes and jobs, shopping, services closer together, and therefore may
reduce vehicle dependence and the subsequent shortening of trip
lengths (Ewing et al., 2011; Gehrke and Clifton, 2016); (2) public health
research has accredited increased land use mix as an effective policy for
facilitating greater physical activity, which is related to several chronic
conditions such as diabetes, hypertension and cardiovascular diseases
(Durstine et al., 2013); (3) land use mix can foster greater street activity
and make a neighborhood feel livelier, creating a positive neighbor-
hood amenity (Cevero and Duncan, 2004). The appropriate mixture of
complementary urban land uses has the potential to raise land values
and encourage higher density development through the provision of
urban amenities (Song and Knapp, 2004).

2.2. Methods of measuring land use mix

How to measure land use mix has been a topic of much importance
across many disciplines such as urban design, transportation planning,
landscape ecology and real estate economy. With the introduction of
the Shannon and Simpson indexes in the 1940s, various methods have
been developed to measure land use mix and diversity. Adopting a
modified Simpson's index, Griffith et al. (2000) used land cover data at
different resolutions to analyze the landscape structure of Kansas.
Yoshida and Tanaka (2005) developed a land use diversity index to
quantify diversity by placing greater weight on the structure and
composition of a patch. Zhang et al. (2013) analyzed the spatial pat-
terns of land fragmentation in the Phoenix metropolitan area using a
variation of Simpson's index. Bordoloi et al. (2013) applied dissimilarity
and entropy indices in a more relevant manner and formulated indices
that are more suitable to measure the mixed land use in the small Indian
cities. Using the parcel data, Comer and Greene (2015) introduced a

method accounting for the two elements of land-use interaction and
geographic scale as well as a temporal element for measuring land use
diversity for Oklahoma City, and explored the relationship between
land use diversity and a suite of demographic variables.

Song et al. (2013) compared the literature of land use mix measures,
and summarized that mixed use measures reflect how the quantity and
proximity of one type of land use influences the utility of another,
therefore, it involves two aspects: distance and quantity. They cate-
gorized the measures into two types: one called “integral measures”
that are calculated based upon an area’s land use distribution; the En-
tropy-based index and Herfindahl-Hirschman index are two typical
examples. The other type is “divisional measures” that make use of
subdivisions to look at land use distributions at a finer scale. The dis-
similarity index put forward by Cevero and Kockelman (1997) is an
example of divisional measure. In general, integral measures tend to
reflect land use balance, or whether various land uses are present in
equal proportion in the area as a whole, whereas divisional measures
tend to reflect evenness.

2.3. Intermixed residential and industrial land use in the peri-urban areas of
China

In the peri-urban areas, due to historic reasons, rural settlement has
been quite scattered, and industrial land has been fragmented owing to
the legacy of scattered Township-Village-Enterprises’ development.
Meanwhile, given the good location and fairly low land rent, the peri-
urban areas have become the destination where many industrial parks
are established. State-led top-down industrialization and bottom-up
rural industrialization coexist, leading to the mixed and fragmented
landscape of residential and industrial land (Tian, 2015). The inter-
mixed residential and industrial land use has generated many en-
vironmental problems. Wang et al. (2014) argue that the pollution
caused by manufacturing industry in the rural area has been one major
challenge China has been facing. The pollution industry took the share
of 63.15% in all industry types of these areas from 1988 to 2010, and
generated a large amount of waste gas, waste water, and solid waste
without appropriate disposition.

According to Li (2017), the industrial pollution has been serious in
the rural areas of China. In 2008, around 274,500 polluting enterprises
were distributed in around 227,000 villages, and there were around
387,000 manufacturing enterprises in peri-urban areas. The spatial
distribution of these enterprises are usually scattered, and their scales
are fairly small. Generally speaking, the characteristics of mixed re-
sidential and industrial use can be classified into three types: (1) in-
dustrial parks which are adjacent to residential area; (2) factory/
warehouse areas that are intermingled with houses in peri-urban areas;
(3) residential and industrial use is mixed with a home based factory or
family workshop. Information on industrial parks and factory/ware-
house areas can easily be captured in land use maps. However, in-
formation on home-based factories/workshops is not readily available.
In this research, we mainly focus on the first and second types of land
use.

The existing indices of quantifying land use mix, however, were
mostly found to be applied in the western context. They each have
limitations in capturing the characteristics of land use mix observed in
the peri-urban areas of China. Although some attempts have been tried
to measure the land fragmentation in urban China (Wei and Zhang,
2012), there has been no study to develop methods that are suitable for
measuring the mix degree of residential and industrial land in the peri-
urban areas of China.

3. An index method of measuring residential and industrial land
use mix in the peri-urban areas of China

The key to designing a calculation method of MDI of R & I land lies
in whether the correlation between this index and living environment
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performance can be established. In general, the lower mixed degree of
residential and industrial land, the better living environment effect is.
In this research, we define the residential and industrial patches based
on land use survey which provides detailed information of each piece of
land plot. If a piece of land is adjacent to the other with same land use
type, they can be regarded as one patch. If it is adjacent to the other
piece of land with different type of land use, they can be regarded as
two separate patches. Therefore, a residential patch might be a re-
sidential zone (agglomeration of residential land) or a piece of spatially
isolated residential land. Similarly, an industrial patch might be an
industrial zone (agglomeration of industrial land) or an isolated factory.

For a given residential patch, the rule of polygonal connection is
adopted to measure its value of mixed degree. In other words, a re-
sidential patch is divided into one or more rectangular grids based on
the basic grid size, and is assigned a value according to the given
principles. The steps are explained in details as follows (Fig. 1).

3.1. Definition of a basic grid

The first step is to determine the size of a basic grid, which can be
understood as the smallest area able to meet the demands of a func-
tional spatial unit. The most often adopted grid size is 100 m × 100 m
in China (Wei and Zhang, 2012), and it can be adjusted according to the
land area of a region. In other words, the size of a basic grid can be
determined based on the local land use situation. In reality, the re-
sidential land patch is usually larger than the basic grid size and extends
over many grid cells. Then, centered on the gravity of a residential
patch, a Magic Square grid network is established. A magic square is a
n × n square grid (where n is the number of cells on each side) filled
with distinct positive integers in the range 1, 2,…, n2 such that each cell
contains a different integer and the sum of the integers in each row,

column and diagonal is equal (Schwartzman, 1994). Magic Square has
been extensively applied in many fields such as recreational mathe-
matics, architecture design, and cartography. In this research, we
borrow the idea of magic square to convert the assessment of MDI into a
mathematical calculation method. Each residential patch corresponds
to a grid network, which covers the whole residential patch (as shown
in Fig. 2).

Due to the cross-cutting deviation between the “rectangular grid”
and the “irregular residential patch,” it is necessary to develop the
following rules concerning value assignment of a grid: (1) When the
size of an isolated patch is smaller than that of a basic grid unit, or
centers of gravity of two isolated patches with smaller area than that of
basic grid unit is in the same grid cell, they are defined as a residential
cell; (2) For any two adjacent patches with centers of gravity in dif-
ferent grids, if the gap between their boundaries is sufficiently wide
(vertical distance between patches is greater than 30 m), they are de-
fined as two separate patches. Otherwise, they are counted as a single
patch, while the grid, where the merged center of gravity is located, is
defined as the value assignment cell; (3) For a narrow or irregular patch
that extends across several cells but cannot cover entire grids, if the
excessive area beyond the grid boundary is less than half of the basic
grid size, the excessive area is not calculated. Otherwise, it is defined as
a new grid cell and assigned value according to the rule stated in the (1)
part of this paragraph.

3.2. Principles of value assignment for grid

We define a spatial analysis unit that consists of the grid network of
a residential grid cell and eight neighboring grid cells. A spatial unit is
the smallest basic unit for the calculation of mixed degrees. “Magic
Square (3 × 3)” is used as the auxiliary tool to assign values for the

Fig. 1. Steps of establishing MDI of R & I land.

Fig. 2. Schematic diagram of defining a grid.
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residential cell and the eight neighboring cells. The value assignment
rule for each spatial unit is described as follows (Fig. 3):

(1) The grid cell where the center of a residential patch is located
can be regarded as the center of the “Magic Square”, and is assigned a
base value of 1; (2) Every grid adjacent to the residential cell is assigned
a value according to the compatibility between neighboring land and
residential land. The greater impact on the living environment and
negative compatibility make the assigned value higher. The neigh-
boring cell for residential use is assigned the value of 0; (3) Different
types of industrial land use has different environmental impacts. China
launched “Code for Classification of Urban Land use and Planning
Standards of Construction Land (GB 50137-2011)” in 2011, which de-
fines Class I industrial land as that land which has very limited or ba-
sically no interference, pollution or safety hazards for residential use
and public environment; Class II industrial land refers to land with
some interference, pollution and safety hazards for residential use and
public environment; Class III industrial land refers to the land with
serious interference, pollution and safety hazards for residential use and
public environment. Warehouse land is a special type of industrial land,
and we equalize its environmental impacts to that of Class I industrial
land. The cell for Class I industrial land and warehouse land is assigned
a value of 1, for Class II industrial land is assigned a value of 2, and for
Class III, industrial land is assigned a value of 3. In the case of land use
types other than residential land and industrial land, for example,
commercial and recreational land, they are assigned a value of “0” as
this index method is merely used to calculate mixed degrees of re-
sidential and industrial land.

The overall value of each spatial analysis cell is equal to the sum of
base value and value assigned for the eight adjacent cells. According to
this rule, value assignment for a spatial unit ranges from 1 to 25
(Fig. 4).

3.3. Calculation of mixed degrees index (MDI)

The objective of MDI is to measure the mixed degrees between a
randomly-selected residential patch and neighboring land for the pur-
pose of evaluating the quality of living environment. Precisely
speaking, (1) when industrial land is adjacent to residential land, mixed
degrees are high. The higher the MDI is, the higher influence of mix of
R & I land on living environment is; (2) It is assumed that if the distance
between two patches exceeds the size of a basic grid unit, there is no
mutual interference between the two patches; (3) the more industrial

patches around residential patches, the larger distributional density and
the larger proportion of industrial land with great pollution implies a
higher MDI.

The calculation formula for MDI of a particular region (j) is given as
follows: MDI of a residential patch = Actual assigned value of re-
sidential patch/theoretical maximum assigned value (25). Then mixed
degrees of all grids are totaled up so as to obtain the total MDI. It is
expressed as follows:
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where n is the number of grids covered by residential patches in a re-
gion j; ni is mixed degree of a residential patch i in the region j; 25 is the
maximum possible assigned value for a residential grid cell.

4. Study area and data source

Since the economic reform, China has witnessed its transition from
an agricultural to industrial nation. As the spatial carrier of the man-
ufacturing industry, the peri-urban regions first emerged in the most
prosperous areas such as the Pearl River Delta (PRD), Yangtze River
Delta (YRD) and Beijing-Tianjing-Tangshan Region (BTR), and then
expanded to other regions of China. A United Nations study (2000)
shows approximately 140 million people will be added to Chinese peri-
urban areas from 2000 to 2025. As China experienced rapid economic
growth, non-agricultural land, particularly industrial land, expanded
significantly within its peri-urban areas (Tian, 2015).The economy of
peri-urban areas has been characterized by a strong manufacturing
industry, and the share of the manufacturing industry as part of total
GDP is usually more than 50 percent.

In this study, we select three typical peri-urban areas: Shunde in the
PRD, Jiangyin in the YRD, and Shunyi in the BTR as cases to analyze
their MDI of R & I land and their spatial characteristics (Fig. 5). Shunde
is located to the south of Guangzhou and north-west of Hong Kong.
Before 2003, it ranked number 1 of 100 top counties for four con-
secutive years in terms of economic strength. It used to be an in-
dependent county, but was annexed to Foshan municipality in 2003,
becoming one of its districts. There are totally three street communities
(Jiedao in Chinese) and 7 townships under the jurisdiction of Shunde,
and Jiedao/township is the smallest geographic unit where census data
can be achieved in China. Jiedao is located in the urban area, while
township is located in the rural area. In the three peri-urban areas, the

Fig. 3. Schematic diagram on principles of grid value assignment for cells.
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average land area of Jiedao/township is 60.92 km2 and ranges from the
smallest one of 19.58 km2 for Xinqiao township in Jiangyin to the
largest of 122 km2 for Xintang township in Shunde.

Jiangyin is located in the southern part of Jiangsu Province, 155 km
to the north of Shanghai. Jiangyin is a county-level city, and it has
continuously ranked number 1 among 100 top counties in terms of
economic strength for more than ten years since 2003. Jiangyin in-
cludes 6 Jiedao and 11 townships. Shunyi is a suburban district under
the jurisdiction of Beijing municipality, and the Beijing international
airport is located in Shunyi district. As the most dynamic district in
outer suburban Beijing, Shunyi has been listed as one of 100 top
counties/districts three times (Tian and Liang, 2013). It includes 7

Fig. 4. Schematic diagram of overall value of a grid.

Fig. 5. Location of Shunde, Jiangyin and Shunyi in China.

Table 1
Land, social and economic information for Shunde, Jiangyin and Shunyi in 2015.
Source: Shunde, Jiangyin and Shunyi Statistics Bulletin (2015).

Area Land
area
(km2)

Population GDP
(Billion
Yuan)

GDP per
capita
(Yuan per
person)

Industry structure*

Shunde 806.7 2,535,324 258.7 56,821 1.5%:58.4%:40%
Jiangyin 987.0 1,637,001 288.1 98,002 1.6%:55%:43.4%
Shunyi 1019.9 1,020,001 143.3 71,179 1.9%:43.3%:54.8%

*means the percentage of the primary, secondary, and tertiary industry as part of total
GDP.
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Jiedao and 12 townships. The selection of cases are based on the fol-
lowing reasons: (1) these three areas are representative of the most
prosperous areas in the PRD, YRD and BTR, respectively, and their
manufacturing industries are well developed; (2) their land size is si-
milar, and thus they are comparable; (3) The available detailed land use
data is also a reason for their selection.

Table 1 presents the land, social and economic information of
Shunde, Jiangyin and Shunyi in 2015. Among these regions, Shunyi has

the largest land area and lowest population density. Whereas the land
area of Shunde is smallest, but has the highest population density. The
GDP and GDP per capita of Jiangyin were highest. In terms of industry
structure, the secondary industry took the share of more than 50% in
Shunde and Jiangyin, and the share of secondary industry was 43.3% in
Shunyi because the service industry generated by the international
airport has been increasing dramatically.

The land use information for the three areas comes from the land

Fig. 6. Land use map of Shunde, Jiangyin and Shunyi in 2010.
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parcel data based on the relief map at a scale of 1:5000 (Fig. 6). The
local governments conduct site surveys regularly, usually at an interval
of 5–10 years when the city master plan is revised. These land use
surveys, however, did not indicate the type of industrial land before the
early 2000s. Therefore we use the land use map of these areas in 2010
to identify the MDI of R & I land. Fig. 6 and Table 2 present the land use
structure of these areas, and it shows that the share of industrial land
(including warehouse land) took the share of 13.8% in Shunde, 12.7%
in Jiangyin, and 9.8% in Shunyi, respectively. The structure of in-
dustrial land reveals that Class II industrial land was dominant in all
three areas, and the proportion of Class III industrial land was highest in
Jiangyin, and lowest in Shunyi. In terms of the ratio of industrial and
warehouse land to residential land, Shunde was highest at 87.9%, fol-
lowed by 84.5% in Shunyi and 66.8% in Jiangyin.

5. Results

5.1. Overall MDI of the three peri-urban areas studied

Fig. 7 presents the MDI of residential and industrial land based on
grid network in the peri-urban areas. Table 3 further reveals the sta-
tistical result of MDI. In total there are 13838 residential grids in
Shunde, 13001 in Jiangyin, and 12000 in Shunyi. We divide the mix
degree into five levels based on grid value: (1) Zero mix based on value
“1” (including the residential grid which is surrounded by residential,
commercial land and etc. other than industrial land); (2) Slight mix
based on a value of “2–4”; (3) Medium mix based on a value of “5–7”;
(4) High mix based on a value of “8–14”; (5) Very high mix based on a
value of “15–25”. Slight mix is acceptable, but areas with a medium mix
and above has negative impacts on the living environment.

In total, 84% of residential grids in Shunde, 80.66% in Jiangyin, and
83.08% in Shunyi have no interference with industrial land. Among the
grids that are mixed with industrial land, slight mix grids are 8.19% in
Shunde, 10.03% in Jiangyin, and 10.37% in Shunyi. Finally, 7.8% of
residential grids in Shunde, 9.31% in Jiangyin, and 6.55% in Shunyi
have medium and above mixed degree with industrial land. Generally
speaking, the MDI of Jiangyin is highest, and that of Shunyi is lowest.

Fig. 8 presents the spatial distribution of MDI by using the Kernel
density calculation, and it shows that slight mixed areas are mainly
located in three types of Jiedao/townships: one is the Jiedao with a
relatively developed service industry, including Jiedao where the dis-
trict/city government is located, such as Daliang Jiedao in Shunde,
Chengjiang Jiedao in Jiangyin, and Renhe Jiedao in Shunyi. These
Jiedao have service as their major industry due to the gathering of
government organizations and commercial facilities in each. There is no
mixed area in Tianzhu Jiedao, Shunyi because that is where the Beijing
international airport is located; the second type is the less developed
remote townships due to the weak manufacturing industry found in
them, including Xintan and Junan township in Shunde, Zhutang and
Changjing township in Jiangyin, and Beishicao, Gaoliying and Lu-
wantun township in Shunyi. The third type is the Jiedao/townships

which have more developed manufacturing industries, but their in-
dustrial land is mainly located in industrial parks. These areas include
Huangtu and Nanzha townhip in Jiangyin, Liqiao township in Shunyi.

5.2. MDI of urban & rural residential and industrial land

The peri-urban region has been characterized by complex property
rights where state land and collective land coexists. In most cases, land
located in the town center is state land (urban land), and land in rural
areas is collective land. The comparison of MDI of urban and rural R & I
land can help us better understand its spatial characteristics, and thus
we calculate the MDI of R & I land in the urban and rural areas sepa-
rately in this research. Table 4 reveals that the MDI of urban residential
land and industrial land was highest in Jiangyin, and lowest in Shunde.
The MDI of rural R & I land is higher than that of urban R & I land in
Shunde and Shunyi, but lower in Jiangyin. Generally speaking, plan-
ning control is more stringent in urban areas, and looser in rural areas.
Therefore, MDI of R & I land in urban areas should be lower than that in
rural areas. Jiangyin is not in accordance with this rule because the
rural settlements are quite scattered in Jiangyin. There were 3356 rural
residential patches in Jiangyin, but only 800 in Shunde, and 877 in
Shunyi, and thus the proportion of residential patches mixed with in-
dustrial land was relatively low in Jiangyin.

We further analyze the grids with a value above 5 which have ne-
gative effects on the living environment. The results show that among
all urban/rural residential grids, the rural girds took a share of 52.1% in
Jiangyin, 57.7% in Shunde, and 83.9% in Shunyi. Among the re-
sidential grids with a value above 8 which are highly mixed with in-
dustrial land, the proportion of rural residential grids reached 74% in
Jiangyin, 70.8% in Shunyi, and a stunning 100% in Shunde. This in-
dicates that the mix of rural R & I is higher than that of urban R & I land.

5.3. Exploring the reasons of R & I mix in peri-urban areas

The high mix of R & I land in peri-urban areas has socio-economic
and institutional reasons, which can be summarized as follows:

Firstly, due to their advantageous locations, peri-urban regions
usually attract outside investment, companies or individuals who have
been seeking land that is not only much cheaper compared with urban
land, but also accessible to efficient export-oriented transportation
systems and government services. In order to avoid a high compensa-
tion cost for land requisition, the investors only acquire rural land
within the boundary of industrial parks and leave scattered rural set-
tlements surrounding them. Fig. 9 and Table 5 show the spatial dis-
tribution of industrial parks in three areas studied, and there are 36, 25
and 22 industrial parks at various levels in Shunde, Jiangyin and
Shunyi, respectively. There is no residential land inside the industrial
parks, but there are some residential patches surrounding them.
Moreover, scattered industrial land outside the boundary of industrial
parks is prevalent, and highly mixed with residential land.

Secondly, bottom-up industrialization is one of major driving forces

Table 2
Land use structure in the three peri-urban areas in 2010.

Area Shunde Jiangyin Shunyi

Urban residential land (km2) 59.16(7.3%*) 96.72(9.8%) 38.43(3.8%)
Rural residential land(km2) 67.63(8.4%) 90.59(9.2%) 79.17(7.8%)

Industrial land(km2) Class I industrial land 12.91(1.6%) 8.19(0.8%) 30.84(3.0%)
Class II industrial land 73.17(9.1%) 77.8(7.9%) 57.12(5.6%)
Class III industrial land 19.93(2.5%) 35.66(3.6%) 5.82(0.6%)

Warehouse land(km2) 5.23(0.6%) 4.12(0.4%) 5.71(0.6%)
Total 238.03(29.5%) 313.08(31.7%) 217.09(21.4%)
Ratio of industrial/warehouse land to residential land 87.9% 66.8% 84.5%

*means its percentage in total land area.
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of rapid economic growth in peri-urban areas. With the burgeoning
Township-village-enterprises (TVEs) after the reform opening, the rural
industry mushroomed in China during the late 1980s and early 1990s.
Although TVEs gradually diminished after the late 1990s, the scattered
sites of TVEs have been continually used for industrial use. The spatial
“lock-in” effect of TVEs is also a major reason of high mix degree of

R & I land in peri-urban areas. According to our site survey and inter-
views with local cadre, most of scattered land consists of village-owned
collective land which used to be the site of TVEs (Fig. 9).

Thirdly, the fragmentation of governance in peri-urban areas is
common: land has been managed by a four-tiered governance system:
the district/county, the township, the administrative village and the

Fig. 7. MDI of urban & rural residential and industrial land based
on grids in the three areas.
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natural village. In peri-urban areas, under the local developmental state
each level of government, from city/county to natural village cadre,
desires to push economic growth through industrial development (Tian,
2015). Under the GDP-oriented growth model, township and villages
are also keen on founding their own industrial clusters. Based on the
egalitarian principle, each township has been allowed to establish one
or two industrial clusters (Fig. 9), resulting in further fragmentation
and a higher mixed degree of R & I land.

While analyzing the MDI of R & I land, we hypothesize that the
landscape characteristics are correlated with MDI. Taking the 46
Jiedao/townships as cases, we calculate their MDI separately. Then, we
select three landscape indices: Mean patch size (MPS), Patch density
(PD), and Landscape fragmentation degree (LFD) to examine their re-
lationship with MDI though the bivariate correlation analysis. The three
indices are explained as follow:

• MPS: Overall area of patches of land use i divided by number of
patches of land use i. MPS =Ai/ni. The smaller the MPS is, the more
fragmented the landscape,

• PD: total number of patches of land-use i divided by the total
landscape area A. PD = ni/A. PD is also used to measure the frag-
mentation level of land use. The larger the PD is, the more frag-
mented the landscape is.

• LFD: number of patches of land use i divided by overall area of
patches of land use Ai,. LFD = (ni-1)/Ai The bigger LFD is, the more
fragmented the landscape is.

The results of bivariate correlation analysis show that there is strong
positive relationship between the PD of industrial land and MDI, and it
passes the significant test (Fig. 10 and Table 6). The higher the patch
density of industrial land, the higher the MDI is. The MDI is not sig-
nificantly correlated with the PD, MPS and LFD of residential land, and
neither is MPS and LFD of industrial land. This is consistent with one of
key planning principles: spatially, industrial land should be as con-
centrated as possible to reduce the environmental damage.

6. Policy implications of the application of MDI in land use
planning and management

Planning and planning management have long been lax in the peri-

urban areas of China. Motivated by maximizing land income, township/
Jiedao governments have often sought to start their own industrial
clusters and attract outside investment (Tian, 2015). In particular, the
governance system is a double-track urban-rural system in China. Land
use regulations are usually stringent in urban areas, and violations can
incur a heavy financial punishment. Compared with urban land, con-
struction in rural areas is much less regulated, and is only subject to the
approval of the township government, instead of a city planning de-
partment (Tian, 2008). The lack of regulations and management has led
to chaotic land use in peri-urban areas where industrial and residential
use is highly mixed.

Therefore, it is imperative to reform the current urban-rural dual
land use planning/management system. In peri-urban areas, the in-
troduction of a more stringent land use planning/regulation is essential
for sustainable and environment-friendly land use. An intuitive nu-
merical method would be helpful for timely land-use assessment in
planning policy reviews. While describing the problem of land use in
peri-urban areas, planners often use the word “intermixed residential
and industrial use”, but planners lack a quantitative tool to compare the
mixed degree among different areas. By using the MDI, the character-
istics of land use can readily be demonstrated. Basic grid size can be
selectively applied to identify districts that need land readjustment, and
the areas with high MDI should be examined for associated environ-
mental pollution issues (Wei and Zhang, 2012).

In general, the establishment of an MDI and grid value maps pro-
vides planners with a convenient analytical tool for assessing land use
and its relevant issues. More explicitly, the MDI can be used in planning
and management as follows: (1) Ranges of the MDI can be used as a
benchmark in evaluating the rationality of land use and the living
standard of a residential area in a selected district; (2) The MDI can be
readily used to evaluate the spatio-temporal change of land use mix in
order to examine the implementation effects of land adjustment or
planning policy implementation; and (3) The MDI can be correlated
with residential quality and industrial features, and it could provide
supporting information for building a social consensus to help for-
mulate local environmental agendas and development guidelines for
land use planning and management (Wei and Zhang, 2012); (4) The
MDI can be further extended to evaluate the mixed degree of any other
types of land use and be a useful tool of quantifying the mixed degree of
land use.

Table 3
Grid number and MDI in three areas.

Mix
degree
(Value
range of
grid)

Zero
mix
(1)

Slight
mix
(2–4)

Medium
mix
(5–7)

High
mix
(8–13)

Very
high
mix
(14–25)

Total MDI of R & I

Shunde 11,624 1134 813 254 13 13,838 0.06727
Jiangyin 10,486 1304 956 241 14 13,001 0.06740
Shunyi 9970 1244 691 94 1 12,000 0.06152

Fig. 8. Kernel density results of MDI in three areas.

Table 4
MDI of urban/rural residential land and industrial land in Jiangyin, Shunde, and Shunyi.

Area Urban residential land
+ industrial land

Rural residential land
+ industrial land

Shunde 0.063517 0.071045
Jiangyin 0.071255 0.066572
Shunyi 0.052269 0.066138
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7. Conclusion

Measuring the land use mix is only a part of the spatial patterns of
land use, but it is a key component in effective urban planning. While
the mix of residential, commercial, and recreational use is promoted as
one of the characteristics of the compact city model, the mix of re-
sidential and industrial land has often been regarded as negative on
living environment. This research develops an index method to measure
the mixed degree of residential and industrial land in the peri-urban

areas of China. The research findings reveal that the mix of residential
and industrial land is common in peri-urban areas of China, and the
MDI of residential and industrial land in rural areas is higher than that
of urban areas. Peri-urban areas share common characteristics such as
the mixed industrial and residential land use, and land fragmentation
induced by top-down and bottom-up industrialization (Tian, 2015).

The index proposed in this research can assist in quantifying the
quality of living environment in the regions where the residential and
industrial land is somewhat interwoven. It has important implications

Fig. 9. Spatial distribution of industrial parks in three areas.
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for land use planning and management: firstly, an intuitive numerical
method can be applied to identify those residential areas with medium
and high MDI, and associated environmental pollution issues should be
examined and addressed in these areas.; secondly, the MDI can be ap-
plied to evaluate the change of land use patterns in a given area over a
certain time period in order to measure the cumulative effects of R & I
land use mix; finally, the index can be combined with other indices of
land use, such as land fragmentation, and industrial types to help local
communities build environmental agendas and development guidelines
(Wei and Zhang, 2012).

The method of MDI, however, suffers some drawbacks: (1) its ap-
plication requires detailed land use information, particularly the clas-
sification of industrial land, and this land use data might not be
available in some developing countries/regions; (2) this method can
only be used to measure the mixed degree of residential land and its
adjacent industrial land, and it does not take into account the industrial
land which is not adjacent but has negative impacts on residential land.
In reality, the impact area of pollutants, such as dirty air and water,
range much further than the defined grid size. In the city planning
process, the type of industrial activity, especially in relation to the type

of externalities being generated, as well as the concentration of activity
should be included (Burnell, 1985).

Although the idea of a separation of different function zones put
forward by the 1943 “Athens Charter” has long been criticized as being
partly responsible for the cities losing vitality, it is necessary to separate
incompatible land use spatially and encourage the mixed use of com-
patible land types. Hence, the separation of urban spaces for reducing
environmental damage and increasing the comfort of residents through
intervention in urban policies is essential. Further study should look at
the environmental impacts of residential and industrial land use mix at
a broader spatial scale, in order to help build a more sustainable so-
ciety.

Table 6
Correlation coefficients between MDI and fragmentation index.

Correlation coefficients between MDI and fragmentation index of industrial land.

MPS PD LFD MDI

MPS 1 −0.389a −0.903a 0.016
PD 1 0.385a 0.506a

LFD 1 −0.132
MDI 1

Correlation coefficients between MDI and fragmentation index of residential land.

MPS PD LFD MDI

MPS 1 −0.739a −0.808a −0.243
PD 1 0.849a 0.140
LFD 1 0.140
MDI 1

a Correlation is significant at the 0.01 level (2-tailed).

Table 5
Number of industrial parks in three areas.
Source: Local governments.

Area State-level
industrial
park

Provincial-
level
industrial
park

Municipal-
level
industrial
park

District
industrial
park

Township
industrial
park

Shunde 1 2 3 8 22
Jiangyin 1 1 2 1 20
Shunyi 1 2* 7 12

Note: Beijing is a municipality directly under the central government, and is equivalent to
provincial government.

Fig. 10. Scatter diagram of MDI and land fragmentation index.
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