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Abstract

In populated regions/countries with fast economic development, such as Africa, China, and India, arable land is rapidly
shrinking due to urban construction and other industrial uses for the land. This creates unprecedented challenges to
produce enough food to satisfy the increased food demands. Can the millions of desert-like, non-arable hectares be
developed for food production? Can the abundantly available solar energy be used for crop production in controlled
environments, such as solar-based greenhouses? Here, we review an innovative cultivation system, namely “Gobi agri-
culture.” We find that the innovative Gobi agriculture system has six unique characteristics: (i) it uses desert-like land
resources with solar energy as the only energy source to produce fresh fruit and vegetables year-round, unlike conventional
greenhouse production where the energy need is satisfied via burning fossil fuels or electrical consumption; (ii) clusters of
individual cultivation units are made using locally available materials such as clay soil for the north walls of the facilities;
(ii1) land productivity (fresh produce per unit land per year) is 10-27 times higher and crop water use efficiency 20-35
times greater than traditional open-field, irrigated cultivation systems; (iv) crop nutrients are provided mainly via locally-
made organic substrates, which reduce synthetic inorganic fertilizer use in crop production; (v) products have a lower
environmental footprint than open-field cultivation due to solar energy as the only energy source and high crop yields per
unit of input; and (vi) it creates rural employment, which improves the stability of rural communities. While this system
has been described as a “Gobi-land miracle” for socioeconomic development, many challenges need to be addressed, such
as water constraints, product safety, and ecological implications. We suggest that relevant policies are developed to ensure
that the system boosts food production and enhances rural socioeconomics while protecting the fragile ecological
environment.
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1 Introduction

Arable land for agriculture is a limited resource (Liu et al.
2017). In countries with fast economic development, such as
China, India, and Africa, much arable land has been converted
to industrial use (Cakir et al. 2008; Xu et al. 2000). Due to
rapid urbanization that competes for land with agriculture
(Zhang et al. 2016; Mueller et al. 2012), there is an unprece-
dented challenge for increasing crop production to satisfy the
dietary needs and preferences of the growing human popula-
tion (Godfray et al. 2010). It is possible that developed coun-
tries with large areas of arable land, such as Australia, Canada,
and the USA, could convert grassland areas to cropland for
world grain markets. However, doing so may accelerate the
loss of carbon reserves and have significant, negative impacts
on the environment (Godfray 2011).

In many arid and semiarid environments, there are vast
areas of “Gobi land” (defined as non-arable land), including
1.95 million hectares of desert-type land in the six provinces
of northwestern China (Liu et al. 2010). China is making a
concerted effort to develop this Gobi land for food production
using an innovative cropping system, called “Gobi agricul-
ture.” We defined this cultivation system as “A cultivation
system with a cluster of locally-constructed, solar-powered
plastic greenhouse-like cultivation units for the production
of high-yielding, high-quality fresh produce (vegetables, fruits
and ornamentals) in an effective, efficient and economical
manner” (Xie et al. 2017). In some sophisticated cluster sys-
tems, the climatic conditions in the individual units can be
monitored using data loggers. Unlike conventional green-
houses or glasshouses where heating and cooling (two major
costs involved in greenhouse production) are usually provided
by burning fossil fuels (diesel, fuel oil, liquid petroleum, gas)
that increase CO, emissions, or using electric heaters that
consume more energy (Hassanien et al. 2016; Wang et al.
2017), “Gobi agriculture” systems rely entirely on solar
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energy for heating, cooling, and the conversion of natural
energy into plant biomass.

In recent years, the use of Gobi land for food production
has been rapidly evolving in China (Zhang et al. 2015). In the
northwest regions, Gobi land cultivation systems produce a
large proportion of the vegetables consumed in the region.
This system is playing a vital role in ensuring food security,
increasing socioecological sustainability, and enhancing rural
community viability. Many consider this Gobi land agricul-
ture a “newfound land” cultivation system. A significant fea-
ture of the system is the opportunity for food production on
once unproductive land. This innovative cultivation system
may be a revolutionary step towards modern agriculture.
However, there is a lack of information on the scientific ad-
vancement of Gobi-land cultivation systems. Many questions
remain unanswered: Will this system sustainably evolve into a
major vegetable production industry? How will the Gobi land
cultivation system affect the eco-environment in the long
term? Can this “made-in-China” cultivation model apply to
other arid zones with dwindling arable land areas, such as
northern Kazakhstan (Kraemer et al. 2015), Siberia (Halicki
and Kulizhsky 2015), and central to northern African regions
(de Grassi and Salah Ovadia 2017)?

With these questions in mind, we conducted a comprehen-
sive literature review on recent developments and key re-
search findings regarding the cultivation system. The objec-
tives of this paper were to (i) highlight the scientific advance-
ments of Gobi-land cultivation systems adopted in northern
China, including crop productivity, water use efficiency
(WUE), nutrient and energy use characteristics, and potential
ecological and environmental impacts; (ii) discuss major chal-
lenges facing the system, such as the availability of water for
irrigation, quality and safety of the produce, and the potential
impact on rural community stability and development; and
(iii) provide suggestions on policy setting and research prior-
ities for healthy exploration and long-term sustainable devel-
opment of Gobi land cultivation systems.

2 A brief review of infrastructure of Gobi land
systems

To understand how the Gobi land cultivation system func-
tions, we have provided a brief description of their design,
engineering, and construction. More detail on the infrastruc-
ture is in a recent review (Xie et al. 2017). The Gobi land
cultivation system is established on uncultivated Gobi land
where traditional crop production is not possible. Gobi land
facilities are constructed in “clusters” of individual production
units. A typical clustered facility consists of several (up to
hundreds) individual cultivation units or houses (Fig. 1a).
The microclimatic conditions in each cultivation unit are mon-
itored by a centralized control center where remote sensors,
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Fig. 1 A typical clustered facility
established on the Gobi land in
northwestern China; the system
consists of (a) several (up to
hundreds) of individual
cultivation units, and (b)
microclimatic conditions in each
cultivation unit are monitored
through a centralized controlling
center

Tool house
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solar house

/
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Data Water
transmission source

Centralized
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data collectors, and information transmitters are connected to
a computer system (Fig. 1b). Microclimatic conditions, such
as air temperature and humidity, can be adjusted in some cul-
tivation units, while other monitoring systems allow automatic
fertigation. Some advanced technologies such as the Internet
of objects (Wang and Xu 2016) or Internet of things (Li et al.
2013) can be installed in the control center to provide more
accurate readings of the microclimatic data transmitted from
individual cultivation units. However, these have not been
widely implemented due to the high cost.

A typical cultivation unit within a clustered facility is ori-
ented east-west and has three walls on the north, east, and
west sides of the structure. The south side of the structure is
a tilted roof supported by a steel frame and covered with
transparent thermal plastic film (Fig. 2). The roof is appropri-
ately tilted to ensure effective light transmittance during the
day (Zhang et al. 2014). Energy from the sun is stored in the
thermal mass of the walls and released as heat at night. During
winter, the roof is covered with homemade straw mats at each
night to maintain the internal temperature (Tong et al. 2013).
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Fig. 2 A typical cultivation unit in northwest China that has a south-facing roof supported by a steel frame and covered with transparent thermal plastic
film on the top. Many such cultivation units are clustered together within a controlling center

A critical component of each cultivation unit is the north
wall that is built from locally available materials such as clay
bricks (Wang et al. 2014), crop straw blocks (Zhang et al.
2017), common bricks with styrofoam (Xu et al. 2013), fly
ash masonry units (Xu et al. 2013), clay blocks mixed with
cement mortar (Chen et al. 2012), rammed earth (Guan et al.
2013), or raw soil incorporated with concrete blocks. In some
units, the north wall is constructed from “phase-changing ma-
terial” to optimize heat storage and exchange, and, therefore,
reduce temperature fluctuations for plant growth (Guan et al.
2012).

One of the significant differences between Gobi land
clustered facilities and traditional greenhouses or glass-
houses is the power source. Each cultivation unit in the
clustered Gobi land system is powered entirely by solar
energy. Solar radiation is absorbed by the north wall during
the day and released at night. Unused energy during the day
is an active energy source at night. A “water-curtaining”
system is typically used to provide supplementary heat dur-
ing winter nights, where a small section of the ground within
the unit is filled with water to use as heat-exchanging media
(Xieetal. 2017). During the day, water circulates and passes
through the water-absorbing curtains, with excess heat from
solar radiation stored in the water body; at night, the warm
water circulates and passes through water curtains with heat
released to the air inside the unit. The effectiveness of ener-
gy storage in the “water-curtaining” system depends on
many factors, such as direct solar radiation, isotropic diffuse
solar radiation from the sky, atmospheric transparency, and
heat transmittance from the plastic film on the roof (Han
et al. 2014). With the evolution of the cultivation systems,
more sophisticated heating systems are being developed for
improved heat storage and release.
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3 Scientific advancement of Gobi land
cultivation systems

Gobi land cultivation systems differ from traditional open-
field crop cultivation where crops are either rainfed or irrigat-
ed. They also differ from crop cultivation in conventional
greenhouses or glasshouses where energy is mostly supplied
by natural gas or electricity. Gobi land cultivation systems
have unique features, some of which are highlighted below.

3.1 Increased crop productivity

Crops grown in Gobi land facilities are highly productive with
significantly higher land use efficiency (i.e., crop yield per
unit of land used) than traditional open-field cultivation. For
example, the eastern region of the Hexi Corridor in Northwest
China has a long-term (1960-2009) annual sunshine duration
0f 2945 h, annual mean air temperature 7.2 °C, and frost-free
period of 155 days (Chai et al. 2014c); the heat units are more
than sufficient to produce one crop per year but insufficient to
produce two crops per year under the traditional open-field
systems. In the Gobi-land system, crops can be grown in most
months or even year-round. Average annual crop yields over
5 years (2012-2016) in cultivation units at the Jiuquan
Experimental Station were 34 t ha ' for muskmelon
(Cucumis melo L.), 66 t ha”! for watermelon (Citrullus
lanatus L.), 102 t ha ' for hot pepper (Capsicum annuum,
C. frutescens), 168 t ha ! for cucumber (Cucumis sativus
L.), and 177 t ha ' for tomato (Solanum lycopersicum L.),
which are 10-27 times higher than those in traditional open-
field systems under the same climatic conditions (Xie et al.
2017). Similar results have been observed elsewhere in north-
ern China, such as Wuwei district at the eastern end of the
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Hexi Corridor. These yield values were calculated on the land
area occupied by the cultivation units, as well as the common
areas shared by individual units within the same controlling
system. The common areas are for input material transporta-
tion and product marketing.

3.2 Improved water use efficiency

One of the major challenges for agriculture in many arid and
semiarid areas is water shortages. Saving water or improving
WUE (crop yield per unit water supplied, expressed as kg ha !
yield m > water) in crop production is crucial for agricultural
viability. Gobi land cultivation systems offer significant
water-saving advantages, where crops use much less water
than the same crop grown in traditional open-field systems.
For example, over 4 years (2012-2015) of measurements in a
Gobi land facility system in Jiuquan county, tomato required
385-466 mm total irrigation, seasonal evapotranspiration

Fig. 3 Crops grown in facility
systems have a high water use
efficiency (WUE), largely due to
(a) the amount of irrigation
applied to crops is controlled
using a water meter, (b) regulated
deficit irrigation is often used to
omit one or two irrigations at the
non-critical growth stages, (c)
subsurface drip irrigation is used
to save water, (d) plant rows are
mulched to reduce soil surface
evaporation, (e) between plant
rows are also mulched to
minimize soil evaporation, and (f)
best agronomic practices are used
for crop management in the

facility

Drip pipes under
plastic cover

ranged from 350 to 428 mm, and tomato fresh weights ranged
from 86 to 152 t ha '. Some major vegetable crops achieved
high WUE (kg fresh produce m ), including 15-21 water for
muskmelon, 17-23 for hot pepper, 2228 for watermelon, 28—
35 for cucumber, and 35-51 kg for tomato. In this system, the
WUE of tomato, for example, was 20-35 times greater than
the same crops grown in arable land, open-field systems (Xie
etal. 2017).

The mechanism for enhanced WUE in Gobi land systems
is poorly understood. We suggest that the main contributing
factors include the following: (a) the amount of irrigation ap-
plied to crops in Gobi land systems is based on plant require-
ments for optimal growth (Liang et al. 2014) which is pre-
determined and controlled via an installed water meter
(Fig. 3a). Depending on the unit operator’s knowledge and
experience, a regulated deficit irrigation method is often used
(Fig. 3b) that reduces irrigation amounts at the non-critical
growth stages (Chai et al. 2014b). Mild deficit irrigation can

SCIENCE & IMPACT
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stimulate plant defense systems to enhance tolerance to
drought stress (Romero and Martinez-Cutillas 2012; Wang
et al. 2012). The magnitude of the effect of regulated deficit
irrigation on crop performance varies with crop species and
other factors (Chen et al. 2013; Wang et al. 2010); (b) irriga-
tion techniques in Gobi land cultivation systems are constant-
ly improving, such that subsurface drip irrigation (Fig. 3c) is
now the most popular irrigation method; (c) various mulching
methods are used to reduce soil surface water evaporation.
The area of planting within the cultivation unit is usually cov-
ered with plastic film during the growing season (Fig. 3d),
including the areas between plant rows (Fig. 3e). Reducing
evaporation and increasing relative air humidity are likely the
two most important factors in efficient water use; (d) a certain
percentage of evaporated water from the soil surface is
recycled within the cultivation unit because cultivation is in
a relatively closed system; and (e) sophisticated agronomic
practices are used for crop management in the cultivation unit
(Fig. 3f), such as pruning branches to increase light penetra-
tion (Du et al. 2016), optimizing ventilation to balance CO,
for plant photosynthesis and disease incidence (Yang et al.
2017), and aerating the rooting zone post-irrigation for a few
days to minimize soil evaporation (Li et al. 2016); all of which
help to increase crop yield and enhance WUE.

3.3 Improved nutrient use efficiency

Unlike traditional open-field cultivation where synthetic fer-
tilizers are the major source of plant nutrients, organic mate-
rial—such as crop straw, livestock manure and byproducts
from the food industry, energy production processes, and hu-
man waste recycling—is the major nutrient source in Gobi
land cultivation systems. The waste materials represent an
alternative to commercial media used in conventional green-
house production. To qualify as a substrate for Gobi land
cultivation, organic materials must have the following charac-
teristics (Fu et al. 2018; Fu and Liu 2016; Fu et al. 2017; Ling
et al. 2015; Song et al. 2013): (i) low bulk density, high po-
rosity, and high water-holding capacity; (ii) high cation ex-
change capacity and mineral nutrient content, and appropriate
pH and EC; (iii) enhanced enzyme activity, usually accom-
plished by adding proper microorganism strains; (iv) slow
degradation rate; and (v) be free of weed seeds and soil-
borne pathogens. The material type, processing method, de-
gree of decomposition, and climatic conditions under which
the substrates are produced may influence the physical, chem-
ical, and biological properties of the organic material and,
thus, substrate quality (Fu et al. 2017; Song et al. 2013).

The production of a typical homemade substrate involves
several steps (Fig. 4a): (i) crop straw (such as maize) is col-
lected from the traditional open-field production systems at
local villages, transported to a site near the facility, chopped
into 3—5 cm long pieces, before adding a low dose of nitrogen
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fertilizer (1.4 kg N per 1000 kg of dry maize straw) to adjust
the C:N ratio of the compost to about 15:1; (ii) about 1 kg of
microorganism inoculation product per 1000 kg of organic
material is added; (iii) the 1st stage of fermentation involves
stacking the straw on the ground (e.g., 1.2 m high x 3.0 m
wide on the bottom and 2.0 m wide on the top) before wrap-
ping with plastic film; (iv) the temperature in the pile is mon-
itored and water is added to maintain the moisture content at
60—65% for optimum microorganism activity; (v) the second
stage of fermentation requires disturbing the stack every 6—
8 days and checking the temperature in the top 30 cm. This
periodical disturbance ensures that temperature and moisture
are kept at an optimal level for microbial activity; and (vi)
around day 32-34 after fermentation, the material is moved
to a storage facility ready for use in facility cultivation. The
homemade substrate is usually applied at 2-3 t ha ' to culti-
vation areas within the cultivation unit and can be used for
some years in cultivation before being replaced. The nutrient
content of the substrates can be restored to a production level
by adding outsourced nutrients (Fig. 4b). The straw material
for the organic substrate is locally available, and most of the
manufacturing steps use machines built in-house.

How the substrate nutrients are supplied to the crops varies
between cluster facilities. Most growers in northwestern
China use either (1) a trench system, where trenches (typically
0.4-0.6 m wide, 0.2-0.3 m deep, with 0.8-1.0 m between
trenches oriented in a north—south direction) are made on the
ground within the cultivation unit, edged with concrete, wood
blocks or bricks, filled with substrate before planting (Fig. Sa),
and covered with plastic film for the seedlings to grow
through (Fig. 5b). Once constructed, the trenches can be used
for continuous production for more than 20 years; or (2)
whole-bag substrates, where the substrate is wrapped in indi-
vidual plastic bags (typical dimension of a bag is 0.5 m diam-
eter and 1.0 m long) in a closed micro-environment. Nutrients
are released from the bags as the plants develop (Fig. 5¢).
Holes are made on the top of the bags for seed planting (Fig.
5d) and drip irrigation through the holes.

The two methods differ in their features. The trench method
allows growers to easily add fertilizer to the substrates when
needed. For some crops, such as watermelon, adding inorgan-
ic fertilizer is necessary to ensure high productivity. Some
studies have shown that using organic manures along with
inorganic fertilizer can increase crop yield but leaves nutrient
surpluses in the soil and high nitrate-N concentrations in the
topsoil (Gao et al. 2012). Other studies have indicated that the
whole-bag approach is more productive than the trench sys-
tem (Yuan et al. 2013) because the wrapped bags enable the
substrate to be separated physically from the ground; thus,
reducing the probability of contaminating substrates with
soil-borne pathogens. Nonetheless, the physical and chemical
properties of the substrate (in trenches or wrapped bags) can
deteriorate with each cropping season (Song et al. 2013),
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which reduces the power of nutrient supply (Song et al. 2013).
Hence, substrate renewal is warranted.

3.4 Increased energy use efficiency

Gobi land cultivation systems are totally solar-energy based.
The structure is designed to retain as much warmth as possible
by using and storing energy from the sun. Daily sunshine
duration, solar radiation intensity, and annual frost-free days
are important for heating the cultivation units. The eastern to
central Hexi Corridor, such as Wuwei county (37° 96’ N, 102°
64’ E), Gansu Province, is a representative area where Gobi-
land clustered facilities are concentrated. An average
6150 MJ m 2 annual solar radiation and 156 frost-free days
enable many types of vegetable crops to mature with high

quality. To improve solar radiation use efficiency, the cultiva-
tion unit managers use various means to increase heat storage
and enhance heat release, such as double-layers of black plas-
tic film affixed to the north wall (Xu et al. 2014), heat-
preserving color plates installed on the roof (Sun et al.
2013), shallow soil heat-absorbing systems to increase interior
air temperature (Xu et al. 2014), and ground geotextile applied
as groundcover to preserve heat. Also, solar heat pumps are
used to regulate the water temperature in heat reservoir water-
tanks in some cultivation units (Zhou et al. 2016). More re-
cently, heat preservative color plates have been placed on the
top of the roof to increase heat absorption (Sun et al. 2013). In
some of the sophisticated solar greenhouses in clustered facil-
ity cultivation, advanced solar technologies are used to im-
prove thermal storage, photovoltaic power generation, and

IN?A @ Springer
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Fig. 5 Nutrient supply to crops in
facility cultivation involves (a)
making trenches and filling the
trenches with substrates, and (b)
covering the trenches with plastic
film; alternatively (c) use of
whole-bags of substrates and with
(d) plants grown on the whole-
bags

L
Ll il
Trenches filled
with substrates

w—|ndividual plastic
bags filled with
substrates 3

light utilization (Cuce et al. 2016). Use of solar energy for
greenhouse crop production has made progress in many
areas/countries (Farjana et al. 2018), including Australia,
Japan (Cossu et al. 2017), Israel (Castello et al. 2017), and
Germany (Schmidt et al. 2012), as well as developing coun-
tries such as Nepal (Fuller and Zahnd 2012) and India (Tiwari
etal. 2016). In China, the installation of modern solar modules
is expensive at present, with an estimated payback period of
9 years (Wang et al. 2017). We envision that as the cultivation
system evolves with more advanced solar technology, the pay-
back period will shorten.

Air temperatures inside and outside cluster facilities can
range from 20 to 35 °C in cold winters in northern China.
For example, in solar facilities at Lingyuan (41° 20’ N, 119°
31" E) in Liaoning province, northeastern China, in a 12-m
span, 5.5-m high, 65-m long solar greenhouse with heat
storage-release systems, the night-time air temperature inside
reached 13 °C while the outside was —25.8 °C, a difference of
39 °C (Sun et al. 2013).

The use of solar energy for food production is a significant
feature of “Gobi agriculture” systems in northwest China.
This differs from traditional greenhouses or glasshouses that
require external energy inputs to grow crops, which can be
economically and environmentally costly (Hassanien et al.
2016; Canakeci et al. 2013; Wang et al. 2017). For example,
the average annual electric energy consumption in conven-
tional greenhouses can be more than 500 kW h m = y™'
(Hassanien et al. 2016), with costs as high as USD $65,000—
150,000 per year (in a Turkey case study) (Canakci et al.
2013). Globally, the expansion of conventional greenhouse-
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based crop production has been limited due to the intensive
energy consumption and concerns about carbon emissions.

3.5 Environmental benefits

Heating agricultural greenhouses with fossil fuels, such as
coal, oil, and natural gas, contributes to carbon emissions
and climate change. Solar-powered Gobi land cultivation sys-
tems provide enhanced environmental benefits due to (i) re-
duced energy use, as crop cultivation relies entirely on solar
power, unlike conventional glasshouses where power is sup-
plied via electricity or natural gas that produces large green-
house gas emissions; (ii) improved water-saving, as crop cul-
tivation occurs under a plastic-covered roof with low soil
evaporation and high ratio of transpiration: evaporation.
Irrigation is monitored and controlled by a centralized com-
puter that enables precise watering with minimal water loss;
(iii) Reduced greenhouse gas emissions for the entire system
(Chai et al. 2012) or the footprint per unit weight of the fresh
vegetable based on life cycle assessment (Chai et al. 2014a).
Crops grown in cluster facilities have significantly higher
yields per unit of input (such as fertilizer, land use area) with
more atmospheric CO, converted to plant biomass through
enhanced photosynthesis than open-field cultivation systems
(Chang et al. 2013); and (iv) the use of compost substrates
may increase soil carbon over time (Jaiarree et al. 2014; Chai
et al. 2014a).

Some case studies have estimated net CO, fixation by
plants in solar-energy plastic cultivation systems at eight times
higher than in traditional open-field systems (Wang et al.
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2011). More CO, fixing in cultivation units means less CO,
emissions to the atmosphere (Wu et al. 2015). The magnitude
of the effect varies with geographical location and the struc-
ture of cultivation units (Chai et al. 2014c). Studies have also
demonstrated that facility cultivation allows plants to fix more
CO, from the atmosphere while emitting fewer greenhouse
gases per kg of product (Chang et al. 2011). No additional
heating is provided to the cultivation units, even during winter,
saving about 750 Mg ha ' of energy compared to convention-
al, coal-heated greenhouse production (Gao et al. 2010). Gobi-
land cultivation is a carbon-smart system for mitigating green-
house gas emissions. However, life cycle assessments for fa-
cility cultivation are lacking in the literature, and more in-
depth research is required to assess the environmental impacts
of these cultivation systems.

3.6 Ecological benefits

Northwestern China is rich in sunlight and heat resources with
annual sunshine ranging from 2800 to 3300 h. The develop-
ment of clustered solar-energy Gobi land cultivation systems
can turn light and heat resources into food production and
offer significant ecological benefits, some of which are
highlighted below.

Fig. 6 There are vast areas of
Gobi land in northwest China that
(a) was not possible previously to
produce conventional crops, but
(b) the construction of the
clustered cultivation facilities
makes the possibility into reality,
alleviating the land use conflicts
between agriculture and other
economic sectors

First, Gobi land is used to produce quality crops for food
security. In China, the average arable land per 100 capita is
8 ha (FAOSTAT 2014), significantly fewer than the 52 ha in
the USA, 125 ha in Canada, and 214 ha in Australia. Cropland
resources in China are decreasing rapidly due to rapid urban-
ization. Faced with limited arable land per capita, coupled
with cropland being used for urban construction, China took
the significant step of exploring the abundant Gobi land for
crop cultivation (Jiang et al. 2014). Traditional agriculture is
not possible on the desert-type, unproductive Gobi land
(Fig. 6a). The construction of clustered cultivation facilities
on Gobi land offers unique features for alleviating land con-
flicts between agriculture and other economic sectors (Fig. 6b)
and helping secure food supply for the highly populated
country.

Second, the production system mostly uses locally avail-
able resources. Each cultivation unit in the system is built and
supported by frames made from wood, bamboo, or steel rods.
During cold winters, locally made straw mats or thermal cloth-
ing blankets are rolled out on the sloped roof for additional
insulation. The north walls of the cultivation units are also
built using locally available materials, such as steel-framed
and straw-stuffed blocks (Fig. 7a), sandbags (Fig. 7b), a
stone—cement mixture (Fig. 7c), or common bricks (Fig. 7d).
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Fig.7 Locally available materials » /
are used to make the north wall of o Wy
. locks

17/

.: 7

the cultivation units, including (a)
steel-framed and straw-stuffed
blocks, (b) sandbags, (¢) stone—
cement mixture, and (d) common
bricks, among others

Locally available materials provide significant ecological and
economic benefits because they can be obtained inexpensive-
ly or collected for free (e.g., stones and rocks in nearby desert
areas), with minimal transport requirements. Also, the equip-
ment for transporting materials, making substrates, and culti-
vating crops has gradually become available for cluster facility
cultivation; this helps solve the agricultural labor shortage in
some rural areas in China.

Third, this cultivation system provides opportunities for
enhancing regional ecology. In a large part of northwestern
China, Gobi land has no vegetation (Fig. 6a) resulting in frag-
ile ecological environments. Wind erosion is common and
becoming more severe with climate change. Frequent dust
storms originate in the northwest often extending to other
Asian regions. Development of solar energy clustered facility
cultivation systems not only has the potential to simultaneous-
ly respond to the declining availability of suitable land in
China, but plays a role in alleviating ecosystem fragility in
the desert to arid environments in northwest China (Gao
et al. 2010; Wang et al. 2017). The transformation of aban-
doned Gobi land into agricultural land may help to establish a
new ecological system, which will change the primitive natu-
ral appearance and beautify the ecological environment.

3.7 Effects on the stability of rural communities

Socioeconomic development in northwestern China has
lagged behind central and eastern regions, with many commu-
nity districts below the national poverty level. Exploration of
vast areas of Gobi land for fruit and vegetable production
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opens a door for this region to accelerate socioeconomic de-
velopment. It turns the disadvantage of Gobi desertification
into distinct regional economic advantages, not only promot-
ing agricultural industry but driving other industries, which
helps to stabilize rural communities. This low-cost agricultural
system is becoming an important milestone for rallying rural
communities.

The Gobi-land cultivation system stimulates food produc-
tion and increases household income. In areas with tempera-
tures above —28 °C in winter, solar-powered greenhouses
make full use of solar energy and non-arable land to produce
fruit and vegetables throughout the year. Crops in clustered
cultivation units yield significantly more than open-field pro-
duction with a higher ratio of inputs to outputs. We analyzed
the economic output in 14 studies with 120 solar-energy facil-
ity cultivation units (Xie et al. 2017) to find an average gross
income of USD $56,650 ha ' y', being 10-30 times higher
than that from open-field production at the same geological
site. As a result, net profit from facility vegetable cultivation
was 10-15 times greater than open-field vegetable production
and 70-125 times greater than open-field maize (Zea mays) or
wheat (Triticum aestivum) production.

The establishment of these new cultivation systems creates
rural employment opportunities. Facility cultivation trans-
forms the winter downtime into a busy, productive season,
which creates rural employment opportunities, particularly in
winter when farm families are often “home-alone” without
employment. The production and marketing of fruit and veg-
etables are labor-intensive. Numerous rural laborers can be
allocated to facility cultivation (Fig. 8a), while others can be
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Fig. 8 Gobi land cultivation systems have the potential to create jobs that
help enhance the rural community viability through (a) allocating a
portion of the labor force to facility cultivation, (b) transporting and
marketing fresh produce to the local or nearby communities, and (c)
providing secondary employment opportunities in processing, storage,
preservation, and sale of fresh produce

allocated to the transportation and marketing of produce to
local or nearby communities (Fig. 8b). Most importantly, the
processing, storage, preservation, and sale of fresh produce
provide once-absent employment opportunities, which help
to build a socially harmonious community (Fig. 8c) and rally
rural community spirit.

There are no published reports on how the clustered culti-
vation system might affect rural community development. We
suggest that these systems help the viability and stability of
rural communities. The establishment of Gobi land cultivation
systems enables agriculture in northwestern China to expand
beyond the primary-production boundary. Consequently,
community viability and long-term stability is enhanced be-
cause (i) new technologies are constantly developed to im-
prove Gobi land cultivation, such as crop breeding, substrate
development, and pest control measures, which become an
important means for rural communities to develop in a

sustainable manner; (ii) facility cultivation provides a year-
round supply of fresh fruit and vegetables to the community,
satisfying the increased requirements of middle-class citizens
for more nutritional and healthy foods; and (iii) establishment
of the new cultivation system helps to strengthen the internal
cohesion of ethnic minority groups, as the citizens of ethnic
minority groups require diverse foods with unique features,
which are satisfied from the year-round fresh produce of the
cultivation systems.

4 Major challenges

Gobi land cultivation systems have been evolving rapidly in
China in recent years with the potential to expand facility
areas and production levels (Jiang et al. 2015). However, some
constraints and challenges need to be addressed.

4.1 Water resource constraints

One of the biggest challenges for agriculture in northwestern
China is water shortages. Annual freshwater availability is low
at <760 m® per capita y ' (Chai et al. 2014b). In the Hexi
Corridor of Gansu Province, annual precipitation is < 160 mm
while annual evaporation is > 1500 mm (Deng et al. 2006).
Many once-productive croplands along the Silk Road have
been “paused” in recent years due to water shortages. Most
open-field crop cultivation uses traditional “flooding” irriga-
tion that exceeds 10,000 m® ha ' per cropping season (Chai
et al. 2016). Overexploitation of water resources is likely to
further deteriorate the ecological environment and exhaust
non-renewable groundwater resources (Martinez-Fernandez
and Esteve 2005). Vegetable production needs large amounts
of water over a long growing period, and precipitation cannot
meet the needs for optimal plant growth. In the Hexi Corridor
of Gansu Province, where clustered facility cultivation sys-
tems have increased rapidly in recent years, the major source
of water for all sectors originates from the accumulation of
snow in the Qilian Mountain in winter, with summer snow-
melt feeding the rivers and groundwater in the valleys (Chai
et al. 2014b). In the last two decades, the measurable snow
level on the Qilian Mountain has moved upwards at a rate of
0.2 to 1.0 m annually (Che and Li 2005), while the under-
ground water table in the valleys (supplied by water from the
mountains) has persistently fallen, and the availability of
groundwater has declined substantially (Zhang 2007).
Consequently, some natural oases along the old Silk Road
are gradually disappearing. Some excavation of water cellars
has been used to save rainfall to provide supplementary water,
but the efficacy is generally low. How to save water or en-
hance WUE in crop production is crucial for the long-term
viability of Gobi land cultivation systems.
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4.2 Fragile ecological environments

In northwestern China, land endowment is poor. Mountains
and valleys, along with oases and Gobi land, make for a com-
plex ecological environment. Frequent drought and dust
storms are worsening the ecological environment. About
88% of the total area of the Gansu Hexi Corridor has suffered
desertification, and the line of desertification is moving south-
ward to farmland. The natural conditions in the northwest
region of China has been described as “wind blowing stones
everywhere with grasses growing nowhere,” a portrayal of the
fragile ecological environment. Heavy pesticide use in facility
cultivation is a potential environmental hazard and health haz-
ard to workers. The lack of appropriate treatments for recycled
organic substrates may pollute groundwater sources, bringing
concerns for the general public.

4.3 Labor resource constraints

The labor supply to agriculture is generally low and insuffi-
cient, as more and more young workers move to cities to make
a living, leading to a shortage of agricultural labor resources in
rural areas. Current government policies to incentivize farmer
willingness to cultivate cropland are not favorable for rural
community development, which exacerbates the rural labor
shortage. Also, the family farm as an independent farming unit
remains the main mode of farm management, and the current
governmental policies on land ownership may forbid farmers
from buying and selling land, which could restrict extensive
development of facility cultivation systems. Additionally, edu-
cation levels in the northwest are generally lower than the cen-
tral and eastern regions. The Central Government has imple-
mented policies of compulsory education for the entire country,
but many people in the northwest are unable to complete 9 years
of education. All of the above may create an unfavorable envi-
ronment for rural labor supply, which could hinder the exten-
sive development of Gobi land facility systems.

4.4 Economic sustainability

With improvements in living standards, consumers demand a
range of fresh produce of high quality and nutritional value.
There is a large minority population (mainly with Hui and
Dongxiang identities) in the northwest with a vegetable-
dominant dietary habit, which requires diverse products to
meet their needs. This creates opportunities for new markets
with new products. However, the market for fresh produce
supplied by Gobi land cultivation systems could easily become
saturated because the population of the six northwest provinces
accounts for only 6.6% of the country’s total, with an extreme-
ly low disposable income per capita. In 2012, the GDP per
capita in the six northwest provinces averaged 26,733 Yuan
(equivalent to USD $4100), which was 31% below the
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country’s average. Low income with few consumers may re-
strict the development of new markets in local areas and carry
significant risks for economic sustainability in the long run.
Studies are needed to investigate how sustainable this system
could be, and what can be done to ensure its long-term eco-
nomic sustainability. We realize that there is huge potential to
market fresh produce to the highly populated central and east-
ern regions of the country. We suggest that priorities for market
expansion focus on: (i) establishing so-called “dragon-chain”
marketing logistics that links “cultivation—wholesalers—re-
tailers—consumers” in a value chain; (ii) improving between-
region transportation systems specific for the movement of
agricultural products; and (iii) developing mechanisms for
quality control, safety insurance, and fair pricing.

4.5 Product quality and health

Heavy metal concentrations are higher in some facility soils
than in open fields. Facility-grown produce sometimes con-
tains higher target hazard quotients of heavy metals than open-
field vegetables (Chen et al. 2016), partly because human
waste and other waste materials are incorporated in the sub-
strates. In some facilities, excessive synthetic fertilizers as
high as 670 kg N ha™', along with 1230 kg N ha' from
organic materials such as manures, are used annually for veg-
etable production (Gao et al. 2012). Additionally, the plastic
film used for roof and ground cover in the cultivation units is
often associated with esters of phthalic acids that are added
during plastic film manufacture. There may be long-term
health risks to growers exposed to the pollutant (Ma et al.
2015; Wang et al. 2015; Zhang et al. 2015). The levels of
phthalates in Chinese soils are generally at the high end of
the global range (Lii et al. 2018), and crops in heavily plasti-
cized facilities may contain high levels of phthalates (Chen
etal. 2016; Ma et al. 2015; Zhang et al. 2015). Worker expo-
sure to phthalates may carry health risks (Lii et al. 2018).
Research is needed to develop effective approaches to mini-
mize phthalate concentrations in produce. The risk of trace
amounts of phthalates to human health may be none or small
but needs to be confirmed. The threshold levels of heavy metal
concentrations need to be specified in end-products. Some
sophisticated bioremediation methods may need to be devel-
oped for soil remediation of high metal pollution to minimize
the effect of potential heavy metal concentration.

5 Setting policies for sustainable
development in Gobi land systems

Clustered facility cultivation systems have been developing
rapidly in northwestern China. In June 2017, about 3000 ha
of Gobi land was under facility cultivation in Gansu Province
alone. This area has geographical advantages for vegetable
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production, including long sunshine hours, large temperature
differences between day and night, and clear sky with little/no
air pollution. Facility cultivation systems are considered a
“Gobi land miracle” for China’s socioeconomic development.
We recommend the following policy-setting priorities to en-
sure healthy development of the system with long-term
stability.

5.1 Balance between exploration and protection

We suggest that policies are developed that focus on
“protecting the ecological environment while exploring the
new-found land,” meaning that the development of Gobi land
cultivation systems should not have negative environmental
impacts. The policy should detail how to strengthen system
productivity while promoting ecological sustainability.
Environmental credits, “green insurance,” and “green pur-
chasing” should be considered and included in the evaluation
of system sustainability. Policies are also needed for the use of
chemical fertilizers, heavy metals and harmful substances,
high residual pesticides, and plastic film recycling, among
others. Some specific policies should be established to target
key local issues. For example, water-reserving facilities
should be constructed alongside facility cultivation units in
the western end of Hexi Corridor where the currently available
open-canal transport of water to irrigate the cultivation units
carries significant risks of water loss during transportation and
irrigation.

5.2 Develop systematic measures for water use
and water saving

To make full use of the abundant Gobi land in northwestern
China, a rigorous and pragmatic water use policy should be in
place. Near-term priorities include: (i) water resource protec-
tion laws for “water measurement,” “water drilling control,”
and “streams and springs authority” with detailed regulations
on water rights, quotas, charges, and quality control; (ii) con-
struction of water collection and storage facilities for rainwater
using catchment cellar storage technology, optimized use of
surface water resources, planned exploration of underground
water, and implementation of a water intake permit system;
(iii) strengthening the responsibilities of administrative agen-
cies at all levels to control water allocation, eliminate water
waste, and promote rational use of water resources; (iv) devel-
opment of water-saving agricultural systems, including mov-
ing from flood or furrow irrigation to subsurface drip irriga-
tion, using mulches to reduce evaporation, and improving
field irrigation canal systems; and (v) for the long term, pro-
motion of breeding for drought-tolerant cultivars, reforming
farming systems, and improving infrastructure for facility
construction.

5.3 Strengthen agro-technology innovation

Technology plays a vital role in the sustainable development of
Gobi land cultivation systems; as such, a technology policy
should cover: (i) construction of regional innovation centers
and test stations, establishment of “target funding” specific for
Gobi land cultivation systems to address urgent issues, and
increased investment in research/demonstration and tech-
innovation platforms; (ii) development of technology extension
systems—where government policies promote research institu-
tions at all levels to carry out technology popularization—and
establishment of local technology offices to carry out technical
services in rural areas; (iii) adoption of measures to attract and
retain employees to work in the underdeveloped northwest re-
gion; (iv) increasing farmer education levels beyond the com-
pulsory 9 years, promotion of technological literacy in the rural
population through vocational skills training, and nurturing a
new generation of farmers to implement innovative agricultural
technologies; and (v) development of special training programs
by universities and research institutes for agricultural technolo-
gy personnel to promote advanced technologies.

5.4 Regulate the food chain

The amount of fresh fruit and vegetables produced in clustered
facilities is typically more than those needed by the local and
nearby rural and urban communities. The timely transport of
fresh produce to other domestic and overseas markets will
ensure that production and marketing are balanced. Policies
are needed to facilitate marketing mechanisms and logistics.
Cultivars should be bred to meet the needs of a wide range of
markets that cover a diverse range of products and tastes suit-
ed to different ethnic and religious groups. The policy should
support wholesale markets, retail outlets, cold chain logistics,
and information-monitoring systems. A policy may be needed
for transportation systems, including the construction of main-
line railways leading to central and eastern China, as well as
access to overland channels in Russia, Outer Mongolia,
Western Asia, and Europe.

5.5 Cultivate professional farmers

Farmers are the main players in rural socioeconomic develop-
ment, but many young farmers have moved to cities for other
income, leaving the cropland bare for years with little or no
productivity in some areas (Seeberg and Luo 2018; Ye 2018).
A policy is needed that supports increasing farm income from
food production to encourage young farmers to stay on farms,
which will ultimately improve the socioeconomic stability of
rural communities. A key point of the policy should cultivate a
new breed of farmers with improved qualifications and man-
agement skills, helping the potential move from traditional,
self-sufficient, smaller-scale family farms to larger farm
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enterprises—an approach to develop modern agriculture in
China. The current land policy may need to be renewed,
allowing the skilled, professional farmers to expand their
farms and optimize farm stewardship, where appropriate.

5.6 Establish a sound social service system

Rural communities in the northwest have been historically un-
derdeveloped compared with central and eastern China.
Policies are needed to establish effective social service systems
that focus on improving education, health and employment, and
enhancing the overall standard of living. Agriculture is the core
business in rural communities. Policies are needed to encourage
the development of large-sized agricultural cooperatives for
effective use of land and water resources with increased income
for farm families. For the Gobi-land cultivation system, a policy
is needed to improve the efficiency of crop production, food
processing, and product distribution at the local and nearby
communities. An optimized layout/distribution of the cultiva-
tion facilities across the different eco-regions is needed to sat-
isfy the diverse consumer needs for fresh fruit and vegetables at
the regional/local level and to explore opportunities at the inter-
national level. A policy is also needed to ensure the safety and
quality of produce from facility systems that details the storage,
transport, and circulation of fresh produce out-of-season to min-
imize the risk of losing freshness and quality.

6 Conclusions

Land resources are central to agriculture and intrinsically
linked to global challenges for food security and the liveli-
hoods of millions of rural people. The world population is
projected to reach 9.1 billion by 2050 and food production in
developing countries needs to double from the 2015 level.
Land resources are under heavy stress in developing countries
due to rapid urbanization that competes for available land with
agriculture. China has established new crop cultivation sys-
tems on Gobi land, namely “Gobi agriculture,” which com-
prises a cluster of many (up to hundreds) individual cultivation
units made from locally available materials and powered by
solar energy. The plastic-roofed, greenhouse-like cultivation
units produce high-quality fresh fruit and vegetables year-
round. We estimate that these systems will cover about 2.2
million hectares by 2020, becoming a cornerstone of food pro-
duction in China’s agricultural history. In this review, we iden-
tified some unique features of the cultivation systems, includ-
ing increased land productivity per unit of input, improved
WUE, and enhanced ecological and environmental benefits.
This cultivation system offers excellent opportunities for ex-
ploring locally available resources to enrich rural people and
ensure the long-term viability of rural communities. This sys-
tem also faces significant challenges that need to be addressed.
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We identified some key issues and their corresponding re-
search priority areas for the near-term (3—5 years) that would
help enhance the sustainability of this unique cultivation sys-
tem. We strongly suggest that relevant governmental policies
and social service systems in the rural areas are developed to
ensure economic profitability and eco-environmental sustain-
ability of Gobi-land cultivation systems.
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