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Abstract: For the purpose of bioenergy production, biomass cropping on marginal land is an appro-
priate method. Less consideration has been given to estimating the marginal land in cities at a fine
spatial resolution, especially in China. Marginal land within cities has great potential for bioenergy
production. Therefore, in this research, the urban marginal land of 20 representative cities of China
was estimated by using detailed land-cover and 3D building morphology information derived from
Ziyuan-3 high-resolution remote sensing imagery, and ancillary geographical data, including land
use, soil type, and digital elevation model data. We then classified the urban marginal land into
“vacant land” and “land between buildings”, and further revealed its landscape patterns. Our results
showed that: (1) the suitable marginal land area ranged from 17.78 & 1.66 km? to 353.48 4 54.19 km?
among the 20 cities; (2) it was estimated that bioethanol production on marginal land could amount
to 0.005-0.13 mT, corresponding to bioenergy of 2.1 x 1013-4.0 x 10'*J for one city; (3) from the land-
scape viewpoint, the marginal landscape pattern tended to be more fragmented in more developed
cities. Our results will help urban planners to reclaim unused urban land and develop distributed
bioenergy projects at the city scale.
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1. Introduction

Energy supports global economic growth and industrialization [1,2]. Alongside the
increasing energy demand, a continuous depletion of fossil energy resources has been
witnessed, resulting in worldwide environmental and health risks such as global warming
and air pollution [1,3]. Climate change and energy security are the major driving forces
for the promotion of renewable energy [3,4]. As an important source of feedstock for
renewable energy, bioenergy is now attracting great interest [5,6], and may be one of the
most promising options for addressing the issues related to energy and food security,
climate change, and environmental protection [2,7,8]. Global biofuel production has more
than doubled over the last decade, amounting to 1.43 x 10! L in 2017 [9]. For the purpose
of biofuel production, a number of lands have been reclaimed for biomass crop growth.
However, the competition between biomass and food production in prime agricultural
land has limited bioenergy development [10]. In this context, marginal land has been
considered as a potential alternative to food-based productive land, to resolve the land-use
competition between food and fuel [11].

With the wide range of definitions of “marginal land” seen in many studies, marginal
land may include vacant land, bare land, or degraded land with poor physical and chemical
soil properties and low crop production potential [2,12]. It can also be categorized as “land
that can be used for agricultural activities but with low crop productions; has relatively
poor natural conditions; possesses limited economic and varied developmental potential;
and is capable of growing energy crops with minimal impact on the environment” [12-15].

Sustainability 2021, 13, 7291. https:/ /doi.org/10.3390/su13137291

https:/ /www.mdpi.com/journal/sustainability


https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su13137291
https://doi.org/10.3390/su13137291
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13137291
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su13137291?type=check_update&version=1

Sustainability 2021, 13, 7291

2 of 20

Marginal land has been estimated at both national and local levels [11,16]. Depending on
the different scales and resolutions, there are a number of methods that can be used for the
identification of potential marginal land. At the national level, low- and medium-resolution
land-use/land-cover data, as well as other ancillary data (e.g., rainfall, soil, terrain) pro-
cessed with geographic information system (GIS) software, are usually used for marginal
land estimation. For instance, the assessment of potential biomass resources on marginal
land in the scale of countries or continents has been conducted based on 1-km resolution
data of land use, rainfall, soil type, etc. [14,17-20]. Specifically, Milbrandt et al. [14] esti-
mated that there was about 86.5 million hectares (M ha) of marginal land in the United
States, representing about 11% of the U.S. mainland. Approximately 8 M ha of marginal
land in China was found to be suitable for growing miscanthus by Xue et al. [17], which is
one of the high biomass production energy crops, and over 40 M ha of marginal land was
identified as being suitable for biomass and biofuel production by Zhuang et al. [18]. It
has also been reported that 39.24 M ha of wasteland in India is available for bioenergy pro-
duction [19]. In addition, at the continental scale, it has been reported that Africa, Europe,
and South America have 66481 M ha of potential marginal land for biomass cropping
under different land-cover scenarios, which equates to 10-55% of the global liquid fuel
consumption [20]. On the other hand, at the local level, Feng et al. [8,21] employed 30-m
resolution data for estimating total bioenergy resources at the watershed and regional
scales. Marginal land suitability in the Upper Mississippi River Basin for biofeedstock
crops was obtained, and their results demonstrated that 60% of the marginal land was
suitable for the growth of energy crops.

Since world energy consumption is mainly concentrated in urban areas [22,23], reclaim-
ing marginal land and growing biomass crops at the city or municipal scale can alleviate
the rapid increase of inhabitant energy demand, and can support energy self-reliance, to
decrease the overreliance of local communities on imported energy [24]. Short-distance
biofeedstock transportation routes can also reduce delivery costs, and ensure the overall
sustainability of urban bioenergy generation and utilization [23,25,26]. In addition, biomass
cultivation on urban marginal land can be used for road buffer establishment to address
issues such as noise, pollution, and odor [27,28]. Energy crops can also be sustainably
grown in vacant, blighted, or abandoned land, to generate green energy for small-scale
heat or electricity production [29]. In addition, it should be noticed that a lot of cities have
developed urban agriculture, which refers to the livestock production and cultivation of
food and fuel crops in urbanized areas, which can be directly used for market or household
purposes [30,31]. From the perspective of the definition of urban agriculture, the afore-
mentioned distributed biomass cropping on urban marginal land could be an important
part of urban agriculture. In this context, the development of urban agriculture could
provide implementation conditions for urban marginal land if the possible conflicts of the
competition between biomass and food production in urban land can be coordinated.

Saha and Eckelman [16,28] conducted parcel-level screening to map the urban marginal
land in Boston and other 101 cities and towns in Eastern Massachusetts by the use of high-
resolution land parcels and soil quality data. The results showed that 0.5-1.1 million tons
(mT) of biomass could be produced on urban marginal land, which might yield up to
6.4-22 P] and contribute a maximum of 50% to current biomass primary energy use in
Massachusetts. Niblick et al. [29] found that about 3500 ha of the marginal land in the
city could be sustainably cultivated for sunflowers in an urban land study of Pittsburgh,
and up to 1.29 x 10° L of biodiesel could be produced.

A number of studies have documented marginal land estimates for China, and the
estimated area of marginal land that could be reclaimed for biofuel development has
ranged from 3 to 100 M ha [2,32-34]. For example, a national assessment integrating
coarse-resolution data (e.g., land-use and temperature data with a 1-km resolution) iden-
tified approximately 49.65 M ha of marginal land that was suitable for sweet sorghum
growth [32]. At smaller scales, a regional study in Guangdong province, China, using
land-use /land-cover classification data of 30-m resolution estimated that about 25,400 km?
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of marginal land could be cultivated for biomass cropping [33]. However, although some
relevant studies have been conducted for China, limitations still exist. Firstly, most of these
studies have been based on medium- or low-resolution data [32-34], and less consideration
has been given to estimating marginal land at a fine spatial resolution. Furthermore, the
studies of marginal land identification have rarely used high-resolution land-cover/use
and three-dimensional (3D) building height information. In particular, there have been very
few reports on the detection of marginal land in China by the use of high-resolution data.
High-resolution land-cover data have the potential to capture marginal land more precisely.
The 3D urban morphology has a great impact on the growth of energy crops (e.g., illumina-
tion time, temperature) [16] and, hence, affects biomass production. Lastly, the existing
studies have tended to map marginal land in a city or metropolitan area [16,27-29,35,36];
however, observations, results, and conclusions for a large number of cities with differ-
ent natural and social conditions are still lacking. In this context, it is therefore worth
investigating urban marginal land with high-resolution urban land-cover data and 3D
urban morphology data. In addition, urban marginal land, as an element of the urban
landscape, has different properties and functions, so that urban marginal land classification
with urban land-cover and 3D building information may facilitate a better understanding
of the utilization of urban marginal land.

As mentioned above, research on urban marginal land detection in China at finer scales
is still lacking. Furthermore, few considerations have been given to the observations, results,
and conclusions for a large number of cities with different natural and social conditions,
and the general nature of the urban marginal land remains unknown. Consequently,
in this study, to address the aforementioned research questions, we attempted to use
Ziyuan-3 (2Y-3) satellite data for precise urban marginal land detection over 20 major
cities of China. The ZY-3 satellite is China’s first civilian high-resolution stereo mapping
satellite [37]. It carries one multispectral scanner (5.8 m) and three panchromatic multi-
view cameras, including forward (3.5 m), backward (3.5 m), and nadir (2.1 m) modes. This
unique imaging approach can provide high-resolution orthographic images and multi-view
images covering large geographic areas for precise 3D urban land-cover mapping [38].

To the best of our knowledge, this is the first study to assess the potential marginal land
that could be used for bioenergy production at the urban scale in representative cities of
China with different natural and social conditions by the use of multi-view high-resolution
remote sensing data. Moreover, it is also the first attempt to identify the categories of
marginal land (i.e., vacant land and land between buildings). Therefore, the results of this
study will help policy makers and city planners to develop bioenergy projects at the city
scale, and will also contribute to the reasonable planning of urban vacant land and the
production of green energy.

2. Materials and Methods
2.1. Study Areas

The 20 major cities of China were selected as our study areas due to their representa-
tiveness in climate, topography, and economic development (Figure 1). These cities contain
17 municipalities or provincial capitals, as well as three other major cities, most of which
are the economic, trade, and industrial focal points of China’s major provinces. More-
over, the study areas represent diverse urban landscapes, including plains (e.g., Wuhan,
Hangzhou), mountains (e.g., Chongging, Urumgji), plateaus (e.g., Lanzhou, Lhasa), coastal
areas (e.g., Haikou, Qingdao), and inland areas (e.g., Beijing).
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Figure 1. Location of the 20 major cities in China, with the background map representing the topography. The four climatic
zones (e.g., humid—H, semi humid—SH, semiarid—SA, and arid—A) are also indicated.

2.2. Data

ZY-3 3D land-cover products, including land-cover classification maps, ZY-3 pan-
sharpened images, and building height maps, were used to identify initial potential
marginal land and to screen the crop growth environment. High-resolution land-cover
classification was conducted by integrating ZY-3 images and other geographical data,
including A-map, Map World, and OpenStreetMap (OSM) road networks data [39]. A-map
and Map World provide web map services for China, and the data can be used to extract
buildings footprints, roads, and water areas. OSM provides a free, open-source, and ed-
itable map service. The land-cover maps contain seven categories: grass/shrubs, trees,
bare soil, buildings, water, roads, and other impervious surface areas (OISA) (e.g., airports,
squares, pavements). Four steps were adopted for the land-cover mapping: (1) buildings
were extracted from the A-map and Map World data; (2) roads were identified by the use
of the OSM and Map World data; (3) water was extracted from the Map World data; and
(4) the normalized difference vegetation index (NDVI), normalized difference water index
(NDWI), and spectral features (brightness, size, and hue) were calculated as features, which
were subsequently input into a Random Forest (RF) classifier to classify the remaining
areas into grass/shrubs, trees, water, soil, and OISA. An example of a land-cover map is
presented in Figure 2a. More detailed information about ZY-3 land-cover classification can
be found in [37,39].

ZY-3 pan-sharpened images (Figure 2b) were used for further manual editing and ac-
curacy assessment. The processing steps included ortho-rectification, registration, and pan-
sharpening. The multi-spectral bands were registered to the panchromatic NAD (nadir-
view) image. The multi-spectral images and panchromatic NAD images were then fused
by Gram-Schmidt spectral sharpening to obtain the pan-sharpened images.

Building height was calculated in three steps: (1) a digital surface model (DSM)
was generated by ZY-3 nadir (NAD) and forward (FWD) images by the use of semi-
global matching (SGM) [40]; (2) the normalized DSM (nDSM) was computed by using
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the off-terrain objects [40]; and (3) a building height map of the whole region was obtained
by integrating the nDSM and building height information obtained from A-map and Map
World. An example of a building height map is shown in Figure 2c.

ZY-3 3D land-cover products have a high resolution (2.1 m) and satisfactory accuracy,
with the overall accuracy (OA) of the land-cover classification being 88.33%, and the
root-mean-square error (RMSE) of the building height being 7.89 m.
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Figure 2. Examples of ZY-3 3D land cover products: (a) land cover classification map; (b) ZY-3 pan-sharpened image;
(c) building height map; (d) ZY-3 3D land cover map.

Ancillary geographical information data were also used to facilitate the screening of
urban marginal land, including land use, soil type, and DEM. Specifically, the China Land
Use/Cover Datasets [41] (CLUDs, derived from Landsat TM/ETM/OLI and HJ-1A /1B
imagery with a spatial resolution of 30 m) for 2015 were used to eliminate unsuitable
land-use types. The CLUDs have six categories (farmland, woodland, grassland, water,
urban and rural settlements, and unutilized land) and 25 subtypes (e.g., shrub land, saline).
A detailed description of the CLUDs can be found in [42]. Soil type data, which record the
spatial distribution of the soil types and attributes in China, can be utilized to examine the
soil quality of the marginal land. Detailed information about soil type and properties can be
found in the Geographical Information Monitoring Cloud Platform (GIM Cloud) [43] and
the China Soil Database [44]. The Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) Global Digital Elevation Model (GDEM) [45] is an accurate global
DEM dataset with a resolution of 30 m. It has the highest resolution among the freely
accessible global DEMs [46] and can help us to examine the effects of topography for
biomass cropping. In addition, the urban areas of the 20 cities in our study were delineated
according to Huang et al. [47]. The data information is summarized in Table 1.
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Table 1. Data summary.
Data Resolution Date
Land-cover classification 21m 2014-2017
ZY-3 3D land-cover products Building height 21m 2014-2017
Pan-sharpened images 21m 2014-2017
Land-use classification 30 m 2015
Ancillary geographical information dataset Soil classification Vector 2017
DEM 30 m 2017

2.3. Urban Marginal Land Estimation

The urban marginal land estimation and analysis in this study consisted of six steps
(Figure 3): (1) selection of appropriate land-cover types (e.g., grass, trees, soil) for the
marginal land; (2) land quality screening for biomass cropping, in consideration of land use,
slope, and green spaces; (3) crop growth environment screening, from the perspective of
soil quality and sunlight conditions; (4) classification of urban marginal land; (5) landscape
analysis; and (6) assessment of the bioenergy potential.

Step 1: land cover types screening Step 2: land quality screening

(" Unsuitable areas
s Land use TR L
Cras ™ (farmland, forest) h: Y“’ / —
select eliminate ; ,
Slope>15° v ok ! s
P \
Trees T 5 4 e l,
5 .
) ) . Potential marginal land Green space
Land cover classification » (e.g.. golf courses,
and parks)
Bare soil \S
Step 4: urban marginal land classification
v
acantIand Step 3: crop growth environment screening
Land between buildings
(" Unsuitable areas )
Soil types with 4
‘h‘ agricultural potential|eliminate
Step 5: landscape Step 6:bioenergy
pattern measure potential estimation ¥ 5
e/ Sun shadow map
SHDI SHAPE_AM Crop yield —
l \_ v Marginal land
PD SPLIT bioethanol yield

Figure 3. Flowchart of urban marginal land estimation.

Step 1: Land-cover type screening

The land-cover map was used for identifying the initial potential marginal land. Urban
marginal land should be convenient to reclaim and cultivate, so the land occupied by water,
roads, buildings, and OISA should be eliminated. The potential land-cover types for the
sustainable planting of biomass crops are mainly grass/shrubs, trees, and bare soil, which
were extracted from the ZY-3 land-cover maps (Figure 4).
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Figure 4. Potential urban marginal land: (a) grass/shrubs; (b) trees; (c) bare soil.

Step 2: Land quality screening

The potential urban marginal land obtained from step 1 was further screened with
consideration of land use, slope, and green spaces. Due to the large population and
limited farmland resources in China, it is not appropriate to develop bioenergy from prime
farmland (e.g., paddy fields) [3]. Moreover, with the shrinking of the forest area, it is also
not reasonable to utilize forest resources for biomass production [5]. Therefore, farmland
and forest should be excluded. In addition, the spatio-temporal differences between the
CLUDs and the ZY-3 land-cover maps, e.g., the spatial resolution and acquisition time,
could lead to uncertainties. To address this issue, manual editing was conducted after a
visual inspection of the ZY-3 pan-sharpened images, to suppress the uncertainties. Please
note that the ZY-3 pan-sharpened images were viewed as the baseline, since they have a
higher spatial resolution and clearer ground details.

According to [29], marginal land should have a minimum parcel size of 90 m?, and a
soil slope of less than 15%, in order to mitigate runoff and soil erosion. Green spaces in
cities (e.g., golf courses, and parks) are of great service value for the urban environment
and ecosystem. Consequently, the green spaces were identified and excluded, based on the
ZY-3 pan-sharpened images.

Step 3: Crop growth environment screening

The growth environment for bioenergy crop cultivation is constrained by soil quality
and sunlight conditions. The bioenergy crops should not occupy high-quality soil with the
potential for agricultural production, in order to avoid the land use competition between
biomass and food [19,28]. In particular, the anthrosols (e.g., paddy soils, cumulated
irrigated soils, irrigated desert soils) and other high-quality soil types with great tillage
performance and a high content of organic matter (e.g., fluvo-aquic soils, chernozems)
were also excluded. In order to acquire more detailed soil information for the different
cities, joint inspection of soil type and soil fertility using the China Soil Database [44] was
employed to eliminate areas with high-quality soil.

Meanwhile, the spatial distribution of sunlight and the intensity of solar radiation
over a period of time is of great importance for assessing the suitability for biomass
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growth [28,48]. According to Saha and Eckelman [28], shadow analysis should be per-
formed to identify land that receives at least 6 h of sunlight each day during the crop
growing season. Therefore, in this research, building height data derived from the ZY-3
multi-view satellite images were applied in the shadow analysis to calculate the shadow
areas cast by buildings.

Step 4: Urban marginal land classification

The identified marginal land was further classified into “vacant land” (VL) and “land
between buildings” (LBB), which can facilitate a better understanding of the planning of
marginal land at the city scale. As shown in Figure 5, buildings derived from the ZY-3
satellite images were buffered and then superimposed with the identified urban marginal
land map. If the marginal land was located in the buffer areas, it was classified as LBB;
otherwise, it was identified as VL. Finally, accuracy assessment was performed between
VL, LBB, and background.

Legend
I Buildings

- Vacant land 777 Land between buildings

[ IBufferpolygons [ | Marginal land

Figure 5. Urban marginal land classification.

The spatial distribution of VL is relatively continuous, with a large patch size. There are
four main types of VL, as shown in Figure 6: (1) under-utilized land in residential or industrial
zones; (2) vacant land in suburbs; (3) grassland alongside rivers or lakes; and (4) vacant land or
green spaces on the roadside. On the other hand, most LBB is located in residential, commercial,
and industrial zones, and involves two categories: (1) green spaces in residential or commercial
zones; and (2) vacant land in industrial zones, as presented in Figure 6.

Vacant land Land between buildings
T ~

(b) (c)

Figure 6. Cont.
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(d)

(e) (f)

Figure 6. Urban marginal land: (a) under-utilized land in residential or industrial zones; (b) vacant land in suburbs of the
city; (c) green spaces in residential or commercial zones; (d) grassland alongside rivers or lakes; (e) vacant land or green
spaces by the roadside; (f) vacant land in industrial zones.

To quantitatively validate the results of the marginal land classification, 50 samples
were randomly generated in each category, i.e., VL, LBB, and background. These samples
were manually interpreted by referring to the nadir ZY-3 pan-sharpened images for each
test site. Confusion matrices were then generated from the sample set for the accuracy as-
sessment. Through the confusion matrices, the overall accuracy (OA) and Kappa coefficient
(Kappa) were calculated to measure the performance of the marginal land classification [49].

Step 5: Landscape pattern analysis

The spatial patterns of the urban marginal land were further examined. To this end,
four landscape pattern indices were selected (Table 2): Shannon’s diversity index (SHDI),
the area-weighted mean shape index (SHAPE_AM), patch density (PD), and the splitting
index (SPLIT). The chosen landscape metrics were used to describe the marginal land from
three aspects: landscape composition (SHDI), shape complexity (SHAPE_AM), and spatial
arrangement (PD, SPLIT). SHDI measures the richness and evenness of the landscape
diversity at the landscape level, and it increases as the number of different patch types
increases. Notice that this index is sensitive to the rare patch types [50]. SHAPE_AM
describes the complexity of the patch shape and increases as the shape of the land becomes
more irregular and complex [51]. PD and SPLIT are used to quantitatively analyze the
landscape fragmentation and the degree of aggregation at the landscape level [52].

Table 2. Landscape metrics selected in this study.

Index

Abbreviation Definition

Shannon’s diversity index

Area-weighted mean shape
index

Patch density

Splitting index

m = number of patch types.
P;= proportion of the landscape
occupied by patch type i.

m = number of patch types.

n = number of patches of type i.
mor025p; (4 pij = perimeter (m) of patch ij.

'2 L [( Vi ) (A )] uizj = area (m?) of patch 7.
A = total landscape area (m?2).
n = number of all the patches in the
landscape.
A = total landscape area (m?)
m = number of patch types.
n = number of patches of type i.

A2
SPLIT ST a%j = area (m?) of patch ij.

SHDI

SHAPE_AM

PD 11 (10,000)(100)

A = total landscape area (m?2).
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Step 6: Bioenergy potential estimation

Lignocellulosic crops such as cassava, sweet potato, and sweet sorghum are potential
candidates for biomass production in China [2,3]. These crops can survive under various
climatic conditions, and can tolerate hostile environmental and weather conditions, such
as flash floods, low temperatures, and saline or alkali conditions. All of these crops could
be used for the production of bioethanol in China [2,34,53]. Specifically, cassava is suitable
for planting in South China; sweet potato could be grown in North China, the middle
and lower reaches of the Yangtze River, and South-west China; and sweet sorghum is
suitable for cultivation in North-east China, North China, the Loess Plateau area, and the
Inner Mongolia/Xinjiang region [54,55]. Therefore, these three crops were selected as
representatives to evaluate the biomass and bioenergy potential of the urban marginal land
in China. Information about the energy crop yield and fuel ethanol production levels is
given in Table 3 [56].

Table 3. Ethanol production information for energy crops.

Energy Crop Crop Yield (thm?) Ethanol Production per Unit Area (t/ hm?)
Cassava 25.11 294
Sweet potato 24.20 3.03
Sweet sorghum 60.00 3.92

3. Results
3.1. Accuracy Assessment

In order to show more details about the results of the urban marginal land estimation
and classification, zoomed-in regions of marginal land are overlaid on ZY-3 images of
some representative cities in Figure 7, including different urban marginal land scenes
(e.g., urban residential areas, peri-urban areas, and water areas). In the residential areas,
such as the cases in Beijing, Chongqing, and Harbin, it can be seen that the buildings have
been effectively filtered out, while the unused land between buildings, roadside grass,
and vegetated areas have been accurately identified as marginal land. In the peri-urban
areas, e.g., the examples in Lanzhou, large amounts of bare ground have been detected. In
the cases of Wuhan and Fuzhou, the lakes or rivers have been excluded, but the grassland
and bare land alongside the rivers and lakes have been detected as marginal land.

The accuracy of the marginal land classification in the 20 cities of China is shown in
Figure 8. The OA values range from 84.67% to 92.67% and the Kappa values range from
0.77 to 0.89. Very satisfactory results are obtained in 11 test cities, for which the OA values
are higher than 90%, which illustrates the efficacy of the proposed approach. The best
results are achieved in Yinchuan and Nanjing, for which the OA and Kappa values are
92.67% and 0.89, respectively.
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Figure 8. Accuracy of the marginal land classification.

3.2. Marginal Land Resources in the 20 Cities of China

The areas of marginal land in the 20 cities of China range from 17.78 & 1.66 km? to
353.48 4 54.19 km? (Figure 9). The deviations of the marginal land area, calculated by OA
and estimated area, represent the uncertainty of the marginal land estimation.
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Figure 9. Marginal land resources in the 20 cities of China. The error bars represent the uncertainty of the marginal land areas.

In order to fairly compare the different cities, the percentage of the total marginal
land in the whole urban area was calculated [16]. In the 20 cities, Urumgqi and Lhasa have
the largest proportion of marginal land, at more than 20%, followed by Hohhot, Harbin,
Xi’an, and Nanjing (10-16%). Except for Shanghai (5.71%), all the other cities have a level
between 6% and 10%. The total marginal land area, as well as its percentage, is related to
the development level, land-cover/land-use structure, and the quality of soil in the city.
More details of the marginal land in some representative cities are presented in Figure
10. For instance, with the highest proportion of marginal land, the amount of bare land
or grassland is ample in Lhasa (Figure 10a), especially in the suburbs of the city. Lhasa
is located in Western China, where soil with good agricultural productivity is relatively
scarce, which therefore provides more land for biomass cultivation. In another example,
as an important super-city (with an urban population of more than 10 million) of China,
the available marginal land in Shanghai (Figure 10b) accounts for the lowest proportion of
urban area. With the rapid expansion of the built-up areas in Shanghai, the high proportion
of impervious surfaces and dense buildings results in a small ratio of public vacant lands
suitable for marginal land utilization.

From Figure 10, it can be observed that, in most cities, the amount of VL is much higher
than that of LBB. VL accounts for the largest proportion (about 90%) of total marginal land
in Urumgqi and Harbin, followed by Nanning and Lhasa (about 85%). Figure 10c shows the
spatial distribution of marginal land in Urumgqi. It can be seen that bare land, grassland,
and other unused land are widely distributed in the peri-urban area of the city, and hence
the area of VL is significantly larger than that of LBB. The proportion of VL in Hangzhou
and Shanghai is the smallest (<50%).The possible reason is that the building density and
development degree in the urban area of Shanghai are both quite high (Figure 10b). As for
the situation in Hangzhou, a large amount of green land (e.g., West Lake, the Xixi National
Wetland Park, and the Banshan National Forest Park) is excluded for urban environmental
protection, resulting in the decrease of VL (Figure 10d). In addition, as the capital of China,
Beijing is undergoing rapid urbanization and expansion of built-up areas. However, the
area of VL and LBB in Beijing is the highest among the 20 cities, and particularly, the



Sustainability 2021, 13, 7291

13 of 20

Legend
.
L

proportion of VL in Beijing is higher than in Shanghai. The possible reason is that the
northern mountainous area accounts for a relatively high proportion of the total urban
area, and provides more unused land for marginal land development. Except for farmland,
there is a large amount of unused land in the pre-urban area of Beijing, so that its amount
of VL is high compared with the other developed cities.
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Figure 10. Details of the marginal land in some representative cities: (a) Lhasa; (b) Shanghai; (c) Urumgqji; (d) Hangzhou.

3.3. Bioenergy Potential in the 20 Cities of China

The estimation of potential bioethanol production from cassava, sweet potato, and sweet
sorghum is shown in Figure 11. The marginal lands in the 20 cities could produce
0.005-0.13 mT of bioethanol in a regular growing season. Please note that, on account
of the community acceptance, soil pollution, and traffic conditions, these numeral values
should be seen as upper-bound estimates. The biomass-to-biofuel conversion efficiency
of cassava is taken as an example (1 L of cassava ethanol can produce 2.417 x 10° joules
of energy [56]) of converting bioethanol production into bioenergy production, and the
bioenergy of one city could be yield up to 2.1 x 10'3-4.0 x 10'* J. This could be used
directly in the city for community heat and power production. For reference, the estimated
potential urban bioenergy of Yinchuan is 8.89 x 10'3 J, which is equivalent to ~1.44% of
the urban living energy consumption of the whole city in 2017 [57], including household
electricity, heating, solar energy consumption, and so on.
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Figure 11. Potential bioethanol production of the energy crops.

3.4. Landscape Patterns of Marginal Land

From Table 4, it can be seen that the SHDI is larger in Shanghai, Haikou, Hangzhou,
and Fuzhou, indicating that the two categories of marginal land (i.e., VL and LBB) are
distributed evenly. These cities have higher proportions of LBB, but the spatial distribution
of the marginal land is fragmented, corresponding to high values of PD or SPLIT. From the
perspective of shape complexity, the larger values of SHAPE_AM are found in the western
and northern cities, e.g., Harbin, Urumgqji, and Lhasa. In these cities, VL accounts for a large
proportion compared with LBB and, hence, the marginal land presents a more irregular
and complex shape. The PD and SPLIT values in these cities are also clearly smaller, which
means that the marginal land is more aggregated and shows a high level of contiguity. In
addition, the landscape fragmentation of marginal land also differs across the range of
city development levels. The PD and SPLIT values are larger in the more developed cities,
e.g., Beijing, Shanghai, and Hangzhou. The patches of marginal land in these cities reflect a
low value of contiguity and tend to be divided into smaller units. However, the marginal
land in the western and northern cities, e.g., Hohhot, Urumgi, and Lhasa, presents a low
degree of fragmentation and tends to aggregate into larger units, as the PD and SPLIT
values are all small compared to the developed cities. In general, the shape complexity of
the marginal land becomes lower and the landscape pattern tends to be more fragmented
in the more developed cities, where the amount of LBB is higher.

Table 4. Landscape patterns of the marginal land.

City SHDI SHAPE_AM PD SPLIT
Wuhan 0.5268 3.8641 256.3316 505.0575
Lanzhou 0.4763 4.4051 306.7608 315.1415
Beijing 0.5948 3.1431 309.2137 3201.0624
Chonggqing 0.6546 3.1383 369.7685 1056.9696
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Table 4. Cont.

City SHDI SHAPE_AM PD SPLIT
Hohhot 0.4956 4.9510 207.4825 203.0184
Shenzhen 0.5158 3.0814 361.8865 1221.6038
Harbin 0.3412 5.3815 317.0489 511.8621
Shanghai 0.6923 3.4665 439.3523 1073.1278
Urumgqi 0.2861 11.0431 169.8163 76.6271
Nanning 0.5120 3.3161 351.3262 606.9387
Dalian 0.5478 3.5638 480.6290 855.0483
Haikou 0.6653 2.6049 782.4346 614.8317
Kunming 0.5093 3.2013 431.5100 820.6415
Hangzhou 0.6270 3.1013 537.3208 1557.683
Qingdao 0.5884 4.7296 258.4764 371.8006
Yinchuan 0.5644 3.7721 262.9526 958.5792

Xi’an 0.6403 3.1353 357.5116 1465.1117
Fuzhou 0.6766 3.3440 543.6591 201.6644
Nanjing 0.5564 3.5715 309.0620 1002.6987

Lhasa 0.4317 5.0551 200.6853 50.8254

4. Discussion
4.1. Development of Biofuels in China

In 2007, the National Development and Reform Commission (NDRC) of China issued
the “Medium and Long-term Development Plan for China’s Renewable Energy”, which
emphasizes the significance of biofuel, and encourages the development of fuel ethanol
technology with feedstock such as cassava, sweet potato, and sweet sorghum [58,59].
The 12th Five-Year renewable energy strategic plan of the NDRC of China clearly defines
the future direction of China’s biofuel development, i.e., to select, breed, and plant en-
ergy crops appropriately, and to establish large-scale feedstock bases and factory-scale
production units [60]. Under such circumstances, a number of demonstration factories
and/or production lines have been constructed in some provinces of China for sweet
sorghum growth and industrial-scale ethanol production since 2007 [61]. For instance,
a demonstration project has been established for sweet sorghum bioethanol production
in Dongtai, Jiangsu province, which has a yield of 3000 t/year [59]. About 5 x 10* acres
of coastal land in Binzhou, Shandong province, has been cultivated for sweet sorghum
production, and a pilot plant has been built in Inner Mongolia to produce bioethanol from
sweet sorghum [62]. Cassava is mainly cultivated in Guangxi and Guangdong provinces,
which account for about 90% of China’s total cassava production. Guangxi province, in
particular, has cultivation land of 4 x 10° ha and annual production of 8 mT [53,62,63].
Sweet potato is extensively planted in China, and it has been reported that a lot of demon-
stration and manufacturing factories have already been constructed in the Sichuan Basin,
Yangtze River Basin, and the southeast coastal provinces to produce fuel ethanol from
sweet potato [54,62]. It has been estimated that the total sweet potato harvest area in China
is 4.709 M ha, yielding up to 100 mT, ranking first in the world in 2005 and accounting for
over 80% of the world’s sweet potato production [54,63].

Compared to ethanol, the utilization rates of biodiesel projects are inadequate due to
the shortage and instability of the feedstock supply. Despite the total production being
still small and dispersed, China has also been promoting biodiesel [61,64]. Jatropha-based
biodiesel industries have started to boom in Yunnan, Sichuan, and Guizhou provinces
since 2006. It is also expected that about 167 M ha of jatropha will be planted on hilly and
marginal land in next 10-15 years in these provinces [61].

Moreover, the NDRC 12th Five-Year strategic plan encourages the rational develop-
ment of marginal land such as saline-alkali land, wild grassland, and barren hills for the
production of biomass [60]. It has been estimated that the area of marginal land in China
available for biofuel cropping ranges from 3 to 100 M ha, and that 5 to over 300 mT of
biofuel could be produced each year from marginal land, depending on location, land area,
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the selected energy crops, and their productivity [2]. Feedstock in the aforementioned cases
of biofuel production is mainly planted on farmland or marginal land outside the cities.
However, marginal land within the cities has not been fully utilized, and has the potential
to be used for bioenergy production.

In this context, our study focused on the marginal land within the cities. The implemen-
tation of bioenergy projects on urban marginal land will contribute to the development of
a city’s clean energy economy and dedicated biomass processing plants, and will facilitate
the establishment of biomass industry systems for the cultivation, harvesting, transporta-
tion, and storage from potentially hundreds of urban plots, to achieve distributed energy
production. The NDRC 12th Five-Year strategic plan emphasizes the vigorous development
of distributed energy [60], which will provide a new opportunity for the development of
distributed bioenergy projects on urban marginal land. In particular, if a city can: (1) solve
the challenges of the implementation of urban bioenergy projects [28]; (2) focus on energy
consumption centers such as the urban core and industrial parks; (3) improve the rele-
vant energy infrastructure; and (4) promote the application of biomass fuel heating and
power generation in cities, then distributed biomass energy construction based on urban
marginal land could promote the development of new energy industries and achieve the
transformation of biomass energy supply methods.

4.2. Practical Considerations of Urban Marginal Land

As mentioned above, the definition of urban agriculture was the livestock production
and cultivation of food and fuel crops in urbanized areas, which can be directly used for
market or household purposes [30,31]. Further, the aforementioned distributed biomass
cropping on urban marginal land could be an important part of urban agriculture, from the
perspective of the definition of urban agriculture. In recent years, China’s urban agriculture
has made great progress. For example, Shanghai, which is one of the pilot demonstration
cities for modern urban agriculture in China, has practiced urban agriculture for over
30 years. This eco-intensive, small-scale agricultural system could not only improve the
profit of agricultural sightseeing but could also further promote the urban economy [65].
In the circumstances, the development of urban agriculture could provide implementation
conditions for distributed biomass cropping and make contributions to the establishment of
urban distributed bioenergy products. Although marginal land has relatively poor physical
properties and low productivity, the bioenergy crops have strong resistance to external
interference and can more easily adapt to the environment when compared with the
regular crops of urban agriculture [2]. In addition, marginal land yields could be improved
by optimizing the planting processes and selecting climatically appropriate crops [28].
Moreover, urban agriculture has played a prominent role in urban greening as well. As an
another form of urban agriculture, urban garden provides a series of ecosystems services,
including improving stormwater infiltration, enhancing biodiversity, and reducing urban
heat island effect, etc. [31]. Research estimated that the total potential biofuel produced by
garden waste biomass in China was 260 PJ [66]. In this context, urban marginal land may
be another form of urban garden if the appropriate type of vegetation planted is chosen,
and it has potential to implement the functions of urban greening and energy supply.

In addition to the potential of distributed energy, the urban energy supply in the differ-
ent cities should also be considered. Our results showed that Urumgi and Lhasa have the
largest proportion of marginal land, while the marginal land tends to account for a smaller
proportion in the more developed cities with less grassland or bare land (e.g., Beijing,
Shanghai, Shenzhen). These developed cities are often densely populated with limited land
resources for biomass cropping. Distributed bioenergy production may be restricted by the
high land values and labor costs, which, therefore, will make the implementation of bioen-
ergy projects on urban marginal land a challenge in these cities. To solve this issue, in a
case study of Eastern Massachusetts, Saha and Eckelman [16] reported a regional approach
where bioenergy is supplied from the surrounding metropolitan area. This strategy could
reduce the loss related to long-distance transportation and scattered energy infrastructure.
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Specifically, due to the high land prices and other underlying factors, it is unlikely that a
large amount of potential marginal land could be practically used for cultivation in Boston.
However, bioenergy crops grown in other cities and towns surrounding Boston could be
explored to fulfill its energy demands as the transportation requirements and costs are rela-
tively low. The results of this study showed that satellite cities can supply bioenergy for the
core city, so as to reduce the high transportation and labor costs. In China, the construction
of urban agglomerations is becoming a trend [67]. In such a scenario, it is more appropriate
and efficient that other cities in the urban agglomeration supply the biomass feedstock for
the core city, to satisfy its energy demands. For example, neighboring cities could supply
extra biomass for Beijing in the Beijing-Tianjin-Hebei urban agglomeration. In this con-
text, the planting and transportation of distributed biomass in urban agglomerations may
facilitate the implementation of distributed bioenergy networks, and further contribute
to the district heating or power supply, with a relatively low transportation cost, labor
cost, and energy infrastructure consumption. Although the potential for the development
of urban marginal land at large scales such as urban agglomerations is enormous, the
realization of distributed bioenergy production on the regional scale may involve urban
regional planning and regulatory issues. For example, the planning of distributed sites for
biomass planting and energy production in cities, the selection of transportation routes, the
construction of infrastructure, as well as the impact of urban marginal land development
on the lives of urban residents are all issues that planners need to consider. Furthermore,
the coordination and control of bioenergy production, transportation and supply in cities,
as well as the supervision of environmental problems which may arise in the process of
energy production, are all the problems that policy makers need to address.

Moreover, the possible contradiction between land use and urbanization may affect
the development of marginal land, especially for faster growing cities. As rapid expansion
of cities, the proportion of public open space (i.e., vacant land) suitable for marginal land
development gradually decreases. Additionally, with the rapid expansion of the built-
up areas, impervious surfaces and building densities gradually increase, resulting in the
decrease of land between buildings. For instance, the potential marginal land area in the
relatively developed cities of China, Shanghai and Hangzhou, is a small proportion of the
urban area. In addition, with the boom of urban economy, the development of distributed
bioenergy is also affected by the production and operating costs. Land values, labor costs,
and transportation and storage costs vary from city to city; for example, price levels in
megacities such as Beijing and Shanghai are significantly higher than cities such as Lhasa
and Harbin that are relatively suitable for marginal land development. Therefore, there are
some challenges in implementing marginal land development on a large scale in various
cities in China.

5. Conclusions

In this paper, the urban marginal land availability in 20 representative cities of China
was estimated using multi-view high-resolution remote sensing data. To the best of
our knowledge, this is the first study to assess potential bioenergy production on urban
marginal land over a large number of cities in China based on high-resolution satellite
images with 3D building morphology information, and it is also the first time that the
different categories of marginal land have been identified. In this research, urban marginal
land was classified as vacant land (VL) and land between buildings (LBB), and satisfactory
performances were obtained in the 20 cities, with OA values between 84.67% and 92.67%
and Kappa values between 0.77 and 0.89.

Our results showed that: (1) The suitable marginal land area for energy crop cultivation
ranges from 17.78 + 1.66 km? to 353.48 + 54.19 km? among the 20 cities. Among the
different cities, Urumgqi and Lhasa have the largest proportion, at more than 20% of the
urban area. Urban marginal land tends to account for a smaller proportion of urban
land in cities with a high degree of urbanization and less grassland or bare land. For
instance, Shanghai, which features a high degree of development and a large proportion of
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impervious surfaces and buildings, has the lowest proportion of marginal land (5.71%).
(2) In terms of the energy crop yield and fuel ethanol production, it was estimated that
bioethanol production on marginal land could amount to between 0.005 and 0.13 mT
in each city, and the bioenergy of one city could yield up to 2.1 x 1013 — 4.0 x 10 7J,
which could be used directly for community heat and power production. (3) In the cities
with a higher proportion of LBB, e.g., Shanghai, Haikou, and Hangzhou, the landscape
composition of the marginal land (i.e., VL and LBB) is more even, and the shape complexity
and fragmentation degree of the marginal land is lower.

Bioenergy production on urban marginal land has the potential to facilitate the de-
velopment of a city’s clean energy economy and distributed biomass cropping. Although
this paper mainly classified marginal land from the perspective of natural attributes, it can
also be distinguished from economic and social attributes. For example, VL cannot only be
further divided into green space and open space, but also be classified into construction
idle land, industrial idle land, living and residential land according to the purpose and
direction of urban land use. The exploration of the attributes of urban marginal land will
be more complete if the corresponding data of economic and social attributes are sufficient.
The results of this study will provide useful information for the policy makers and city
planners to reclaim urban unused land and develop distributed bioenergy products at the
city scale in China.
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