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Abstract: Due to water scarcity, which is worsening due to climate change, rural areas often face the
challenge of rural exoduses. Limited water resources restrict local farmers as the opportunities for
cultivation in the fields are reduced. This makes rural areas increasingly unattractive. To strengthen
rural areas, sustainable water management with a focus on water-reuse is required. Since treated
wastewater is a daily resource with calculable quantities available, reused water can contribute to
the sustainable strengthening of a region. Therefore, an analysis of water-reuse potentials must be
conducted to develop a water-reuse concept and thus increase the application of reused water. For this
purpose, a case study of Wuwei as a rural and water-scarce region in China was chosen. By using a
geoinformation system, the unfulfilled water-reuse potential can be identified by intersecting the
results of the analysis regarding the current water supply and disposal situation with spatial and
regional information, such as population data. Hence, the study presents the potential to increase
wastewater treatment and water-reuse for, e.g., agricultural irrigation. It is shown that, in the best
case, reused water can be increased from 5479 m? per day to 207,461 m> per day. Resource efficiency
can be further increased by combining water-reuse concepts with land-use strategies adapted to
climate change. This will ensure a more sustainable water supply in the future.

Keywords: rural areas; water scarcity; water-reuse; agricultural irrigation

1. Introduction

Rural areas are generally characterized by agricultural land-use and a low population density.
In developing and emerging countries, such regions often face the challenge of rural exoduses due to a
lack of employment and access to basic infrastructural facilities, such as a secure water supply and
method of disposal. China, the most populous country in the world [1], especially suffers from this
challenge due to the country’s ever-increasing urbanization rates. The urbanization level in China
increased between 2004 and 2013 from 41.8% to 53.7% [2]. Approximately 90% of Chinese villages
face a lack of sewers and wastewater treatment facilities [3]. Additionally, the effects of a worsening
climate change, such as increasing periods of droughts, will affect the yield of field crops [4] and the
development of industrial facilities in general. Nevertheless, China must preserve its agricultural
sector to feed its large population [1]. Since agriculture is the world’s largest water-user (comprising
70% of the total) [5], reusing wastewater for irrigation provides an opportunity to contribute to food
security [6]. With this in mind, China has, by far, the highest rates of using untreated wastewater for
irrigation worldwide [5]. The use of treated wastewater in agriculture benefits human health, as well
as environmental and economic issues, and thus leads to an improvement in quality of life.

In general, climate change causes increasing water stress [7], especially in arid and semi-arid
regions, which leads to an unsecure and insufficient water supply for different purposes. Hence, with a
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lack of water, smaller crop yields are expected, industrial development becomes hindered, and quality
of life suffers due to the lack of recreational functions. As a result, rural areas are weakened, leading
to serious rural exoduses. A common solution to support the increasing water demand in arid and
semi-arid regions is the withdrawal of ground and surface water. This has a short-term positive effect
on local situations. For instance, the availability of water leads to an improvement in crop yields and
quality of life initially and enables further industrial development. This usually results in an increase in
population and hinders rural exoduses, which can in turn lead to the excessive withdrawal of ground
and surface water. This solution is, therefore, not sustainable and ultimately weakens rural regions.

To improve local water availability and save water, the reuse of water is one possible option [8-10].
Various projects, including SEMIZENTRAL (a new approach to calculate water-reuse demands in
suburban areas, which was implemented in 2014 in the Chinese City of Qingdao) show the advantages
of reusing wastewater for sustainable development. Accordingly, the municipal wastewater is treated
in a semi-centralized Resource and Recovery Center (RRC). Instead of only one central wastewater
treatment plant (WWTP) in a large urban area, the urban area is divided into smaller urban units, each of
which has an RRC. The RRC provides reuse water which can be applied directly for different purposes.
Therefore, two different influent wastewater qualities are treated separately. Greywater, i.e., treated
wastewater from washing machines and showers, can be reused for toilet flushing in the adjacent
housing area. Blackwater, i.e., water from the kitchen and toilets, is treated in a separate treatment
track and can as well be applied similar to greywater as reused water for different purposes [11].
Another new and innovative approach, the industrial wastewater management concept with a focus on
reuse (brand name: IW?MC—R), shows a sustainable opportunity to produce reused water that can be
applied within industrial parks for infrastructural purposes such as the irrigation of green spaces [10].

The production of reused water in water resource recovery facilities contributes to reducing water
stress and, therefore, the depletion of water resources. In this way, a more secure water supply enables
the irrigation of agricultural land to improve the harvests of local farmers. Furthermore, industrial
sites can be developed [10], and quality of life issues can be improved. Consequently, water-reuse
concepts are a key element needed to consolidate rural areas (Figure 1). Furthermore, the objective of
this paper is to present an approach for a more sustainable water supply by means of reuse-water in
the future. Under this context, the present study aimed to show the potential of unused water-reuse
and the opportunities to increase water availability to strengthen rural areas.

Water-Reuse concept |

Consolidation of rural areas

Enabling industrial Improving quality

High-yield harvest development of life

Ensures a more secure water supply

Availability of (Reuse-)Water

Reduces water-stress

Tackling climate change Hinders depletion of water resources

Figure 1. Water-reuse concept as a key element for strengthening rural areas (own figure).

For the development of the water-reuse concept, the study is divided into two main parts. The first
part (Section 2.1) consists of a case-study analysis to present the specific challenges in a water-scarce-
and climate change-affected area. Therefore, the region of Wuwei was chosen. The case study analysis
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is based on previous scientific research articles. The region of Wuwei, and especially the Mingin
Basin, has been the subject of many scientific studies due to the severe water shortages in the area
and the associated socioeconomic conditions, which are described and discussed in the following
(Section 2.1). These studies rarely consider the issue of water-reuse. A great variety of research focuses
on water management and land management concepts since agriculture requires large water quantities.
This study reviews the scientific literature [12-17] related to water resources and their distribution
and use in Wuwei, as well as references dealing with the impact of high water consumption and the
approaches and measures to solve the challenges of water scarcity. All articles show that water-reuse is
not yet the main focus for improving the local situation. Hence, the case study area is very suitable for
the development of a water-reuse concept.

The second part (Section 2.2) of the analysis consists mainly of a geoinformation-analysis
for identifying treated wastewater quantities and water-reuse potentials. Therefore, the software
ArcGIS Pro from ESRI(Environmental Systems Research Institute) was used. Additionally, specific aerial
photograph evaluations were carried out to implement spatial information. The data required for
conducting spatial analyses related to the local wastewater treatment capacities in Wuwei are based
on administrative data, such as data from the Ministry of Ecology and Environment of the People’s
Republic of China and the Gansu Provincial Water Resources Department [18,19]. Furthermore, census
data are taken into account. The clustering technique developed and applied in Section 2.2 is based
on the given statistical data in combination with the interdisciplinary knowledge concerning land
management and water technology gained from several research projects [8-11].

2. Materials and Methods

2.1. A Case Study Analysis of the Water-Scarce Region of Wuwei in China

Wuwei governs four districts including the counties of Liangzhou District, Minqin County, Gulang
County, and Tianzhu Tibetan Autonomous County in Gansu Province, located in the northwestern
region of China (see Figure 2).
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Figure 2. Location of Wuwei in Gansu Province, China (own map, administrative boundaries are based
on Database of Global Administrative Areas (GADM data)).
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A detailed spatial analysis is essential to show the characteristics and challenges in the region
due to water scarcity. Therefore, such an analysis must analyze and present information about the
geographical location, population, climate and geographical conditions, agricultural products such as
food production, water supply, wastewater disposal, the water quality of treated wastewater, and the
water consumption per inhabitant.

2.1.1. Population and Population Growth in Wuwei

The prefecture-level city Wuwei, with its four administrative counties known as districts, contains
a total of 1,815,059 inhabitants based on census data from 2010 [20]. Compared to the population
in 2000, the population in this city has decreased slightly to 1,836,986. The population estimate for
2018 (1,827,800 inhabitants) shows that there was no population growth compared to the 2010 census
data (these data are based on the latest status of the census data; data from 2020 are not available).
Liangzhou is the most populous district and has more than one million inhabitants. The other three
counties are less densely populated (see Figure 3). The population is similar to common Chinese rural
areas, where the total area is based on 50 inhabitants per km?, which indicates a sparsely populated
area [21]. In total, 72.5% of the total population lives in rural areas (1,315,713 inhabitants; thus, 499,346
live in urban areas [20]).

Figure 3. Population in Wuwei and its counties (own map, administrative boundaries are based on
Database of Global Administrative Areas (GADM data) data and [11]).
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2.1.2. Climate and Geography

Wuwei is part of the Shiyang River Basin in the arid region of the Hexi corridor located in Gansu
Province [22], and the elevation of the city is 1532 m above sea level [23]. The terrain of the region is
higher in the south and lower in the north, features a tilt from southwest to northeast, and represents a
typical mountain—oasis—desert ecosystem [22]. Overall, there is almost no precipitation in Wuwei, with
only 165 mm per year. December is considered to be the driest month, with 1 mm of precipitation,
whereas August has a slightly higher rate, with an average of 40 mm [24].

The Mingin Basin, a sub-basin of Shiyang River (see Figure 4), is especially characterized by low
and irregular rainfall. High temperature and evaporation, as well as notable drought periods, can be
observed in the area. Due to the severe lack of water resources, this basin is one of the driest zones in
the world [25] and one of the most severely desertified regions in China [26]. Gray-brown desert and
sandy soils cover almost 50% of Mingin’s area [27]. The land distribution in Wuwei includes 256,000
ha of farmland, 1,538,000 ha of unused land, and 1,620,000 ha of usable natural grassland [28].

Tegger Desert
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Figure 4. Mingin Basin (own figure, data and information based on [23,29]).
2.1.3. Development of the Agricultural Sector in the Region

Agricultural production is the most important economic sector in the region, and more than
three-quarters of the population engages in agricultural production [16]. Due to the sunny climate
and good land conditions, such as flat land, diverse varieties of agricultural products can be planted
in Wuwei. According to the Gansu Provincial People’s Government [28], local agriculturally grown
products including corn, commercial vegetables, high-quality melons, brewing grapes, beer-barley,
cotton, grape wine, corn-starch, flour, sweet melon, and vegetables, as well as black melon-seeds.
Corn takes up the largest share of the area, followed by vegetables [28]. Cotton or brewing grapes take
up only a small share of the area.

In the desertified Mingin county, mostly summer spring wheat, corn, cotton, melons, and oil
plants are cultivated [14]. Table 1 shows the changes in land-use from 2011 to 2015, with a striking
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increase in the cultivation of water-intensive crops such as corn. Furthermore, it can be observed that
the land-use area decreases slightly [14]. This can probably be explained by the strong growth of other
products in greenhouses, which reduces the area of open-field cultivation (Section 2.1.7 and Figure 5).

Table 1. Quantitative distribution of field crops in Minquin and irrigation requirements (based on [14]).

Irrigation Quota/mm

Field Crop Cultivation Area 2011  Cultivation Area 2015 Increase/Decrease .
per Growing Season

Spring wheat 7400 ha 4674 ha —37% 350-400
Corn 5387 ha 9967 ha +85% 400450
Cotton 12,827 ha 5000 ha -61% 300-350
Oil Flex 7160 ha 11,514 ha +61% 300-350
Seed Melon 2107 ha 2473 ha 17% 350-400
total 34,881 ha 33,628 ha —4%

Map section of Yangxiabazhen
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Figure 5. Figure-ground plans showing the development of greenhouses for a map section of
Yangxiabazhen from 2009 to 2019 (own analysis).

In the region of Wuwei, crops planted in greenhouses are mainly vegetables (e.g., cucumber,
tomato, pepper) and fruits [30]. In Minqin County, common products grown in greenhouses include
dragon fruits and Chinese chives [31].
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In general, the surface of arable land has increased during recent years, so the area requires
more water [16] to irrigate crops during the growing season. This is reinforced by the cultivation of
water-intensive crops. This explains the five-meter drop in groundwater levels between 2000 and 2015,
as groundwater is frequently extracted and used for irrigation [14]. Furthermore, the intensification of
land-use, such as changing the cultivation rotation model from one year-one crop to two crop harvests
per year, has increased water demands enormously [30].

2.1.4. Water Resources and Distribution of Use in Wuwei

Water resources in this area are a crucial factor for maintaining the economic sector, especially
for agricultural products [32]. In arid areas, the agricultural sector is by far, with 88.5%, the primary
user of water resources—e.g., for the irrigation of field crops. Therefore, groundwater [17] and natural
surface water are important resources [16] to cover the required water. In total, 64.6% of the water
provided in Wuwei comes from surface water and 34.9% of the water supply comes from groundwater.
Hence, the exploitation of groundwater is indispensable since the surface water alone is not sufficient
(Table 2). Only 0.5% in total came from other water sources, such as water-reuse, with 0.1% (in total
2,000,000 m® per year, thus 5479 m3/d), and rainfall, with 0.4% (7 million m3) (Table 2). The remaining
extracted water is applied to industrial production (4.1%), ecological environmental protection (3.6%),
domestic use (2.5%), forestry, animal husbandry, sideline production, and fisheries (1.7%), with urban
public use comprising only 0.6% [12].

Table 2. Water balance in 2010 for Wuwei (Source: own table, data according to [12]).

Water Source for Water Supply Water Supply in Million m? in 2010 Water Supply Distribution
Surface water 1229 64.6%
Groundwater 664 34.9%

Other Reuse 2 0.1%
Rainfall 7 0.4%
Sum 1902 100%

Purpose Water Consumption in Million m3 in 2010 ~ Water Consumption Distribution
Agriculture 1683 88.5%
Industrial production 78 4.1%
Domestic use 48 2.5%
Urban public use 11 0.6%
FASEF * 32 1.7%
Ecological environment protection 69 3.6%
Sum 1921 ** 100%

* FASF represents forestry, animal husbandry, sideline production, and fisheries. ** The water balance shows a loss
of 19 million m3 per year which is less than 1% of the total water supply. This water balance gap is to be regarded as
rather insignificant for a balance of this size and not further considered. The deviation can possibly be justified by
measurement or rounding errors.

In the overall region, the Shiyang River Basin is one of the most important sources for water
resources. This basin is mainly recharged by precipitation and the water melted from the mountains.
The total water supply—and thus consumption—of the Shiyang River Basin was 2522 million m3
2010, which includes Wuwei City and Jinchang City [12].

The policy requirements of Jinchang City mandate an average sewage treatment ratio of 60%.
By 2020, the reuse of treated wastewater should be increased in the Shiyang River Basin up to
65 million m>® (Wang et al. 2019). According to the presented data [12], it is assumed that 40%
(26 million m? per year resp. 71,233 m3/d) of this value relates to Wuwei.

in
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2.1.5. Impact of High Water Consumption in the Region

Generally, land-use, irrigation methods, and transferring surface water from the outer regions can
affect groundwater exploitation. As a consequence, changes in regional groundwater levels can be
observed [17]. For instance, focusing on the Mingin Oasis area, the Hongyashan (Figure 4) reservoir
is the only surface water source for the region. The water volume decreased by 71% from 1956 to
2009. This decrease resulted from the overuse and pollution of surface water in the upper and middle
reaches of the Shiyang River Basin that runs through the Hongyashan reservoir [16]. Additionally,
the available surface water decreased due to economic development in the region. The increased
water supply caused the river to dry up [22]. Presently, another challenge is the overexploitation
of groundwater, which is causing a decline in the groundwater level and the deterioration of the
groundwater environment. This will further lead to desertification, increased salinity, and the shrinking
of oases [14].

2.1.6. Approaches and Measures to Tackle the Challenges of Water Scarcity

As Wuwei is an important city on the old Silk Road, much attention has been given to
environmental consequences in the area, such as desertification, the drying of rivers, declines in
the groundwater level, and the exploitation of land and water resources [13]. In Mingin county, for
instance, the groundwater-use for farmers is strictly regulated [15]. To alleviate the water crisis in the
region, the government implemented two policies. The first policy is the “conversion of cropland to
forest and grassland”, and the second refers to “closing motor-wells and reducing cultivated land” [16].
Several studies have shown that by implementing water management strategies, water can be saved.
For instance, an agricultural water-saving-potential analysis on a multi-scale was conducted [14] and
included the crop-scale, wherein the specific water deficits of field crops were applied to save irrigation
water. However, it was observed that water-saving measures, considering the crop-scale, have a
negative impact on the yields of certain crops. Moreover, the water-saving potential is determined
on a field-scale by calculating the differences between the previous irrigation water consumption
and the optimized irrigation water allocation, with adjustments of the crop structure. In this way,
water-saving measures on a field-scale can increase crop yields by saving large amounts of irrigation
water. The irrigation area-scale refers to the technical measures used to improve irrigation water
delivery. For instance, large quantities of water leakages can be saved. In summary, considerable
irrigation savings can be achieved through multi-scale water-saving measures for agriculture. As a
result, regional water pressure decreases [14].

Another action in Mingin was transferring water from other regions to the county to increase
water availability [14]. A water diversion project started in 2001 to improve the situation. Water was
diverted from the Yellow River, and the natural river course of Shiyang River was used to transfer
the water to the Hongyashan reservoir for storage. Although this project significantly increased the
available water supply for agriculture in the region, it was not sufficient to completely alleviate water
shortages ([16], with further references).

In the last decade, 3000 wells have been cut off, and the water used for the remaining 4000 wells
has been regulated by implementing a per capita water quota. Smart card machines have been installed
with built-in water meters. Only half of the previously pumped quantity can now be withdrawn.
This has led to a change in land-use. For instance, farmers now grow fewer high-water demand
crops, and the farmland close to the desert is being abandoned. A reduction in melon production has
been especially observed since, previously, 40% of the cropping area was planted with melon fruits.
Today, melons are mainly grown for the farmers’ own consumption [15].

This situation can be improved by farming in greenhouses. This measure helps prevent water
from evaporating into the air [25]. Hence, greenhouses provide an alternative to traditional open-air
farming and allow year-round crop growth while reducing the general water demands [33].



Land 2020, 9, 492 9of21

2.1.7. Wuwei Increases Greenhouse Agriculture

One possible answer to the shortage of water and to maintain efficient agriculture is to increase
the number of greenhouses in Wuwei. Cultivating crops in greenhouses is more efficient for water
usage. In total, 20% to 40% of the water requirements for irrigation can be decreased in comparison
to open-field cultivation [34]. Another calculation from a case study in Mozambique presented a
water-saving potential of 61% [33]. Hence, changing the field crop cultivation from open-air to
greenhouse cultivation can decrease the water demand enormously.

The area used for farming in greenhouses increased enormously from 2009 to 2019 (Figure 5).
This was determined by creating figure-ground plans showing the building structure and development
of greenhouses for a surface of ~1000 ha. This method is an instrument of urban planning for the
representation of constructs, such as buildings, in a selected planned area. For this purpose, aerial
photos of the city of Yangxiabazhen from 2009 to 2019 were considered. This small town, with a
population of ~16,000 inhabitants [20], is located in the northern suburban region of Wuwei city and
is predominantly agricultural. The case study analysis of Yangxiabazhen shows that the total area
of greenhouses increased from 1.5% of the total area in 2009 up to 8.5% in 2019. This represents an
increase of 483% within ten years.

2.1.8. Discussion: Have the Water Scarcity Challenges for Rural Areas been Addressed?

The previous descriptions show that, in general, efficient water management can contribute to
decreasing water consumption from natural resources. By implementing a water quota per capita
and restricting or abandoning field crop cultivation, the irrigation water demands can be especially
decreased. Consequently, pumped groundwater can be reduced, and the groundwater table can be
effectively stabilized. Nevertheless, these measures have a profound impact on farmers’ management
measures and common practices (Figure 6). If only certain crops are allowed to be planted and/or
the area for growing crops is reduced, these changes can have a significant economic impact on
local farmers. These measures are necessary for the development of sustainability, especially in
the context of water-saving to prevent total overuse. However, they make the region increasingly
unattractive for agricultural production due to reduced crop yields and fewer varieties of agricultural
products. Furthermore, these measures indirectly weaken the region and make it more difficult to
drive new developments.

Reduced attractiveness of the region for farmers
Reduced crop yield and less variety of agricultural products

Recharge of ground and surface water due to less water consumption

Measures fo reduce
water consumption

Water quota Abandonment of Adjustments of Land
per capita agricultural land the crop structure conversion

Restrictive water management

Unsecure and insufficient water supply
Increases water-stress
Worsening climate change

Figure 6. The impact of the restrictive water management on rural areas (own figure).
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Available water is far less than the water requirements [14]. Consequently, water-use efficiency
and water production efficiency must be improved. It is thus proposed to improve agricultural water
management: “Therefore, it is of great significance to analyze the agricultural water-saving potentials
with the efficient utilization of limited water and land resources in order to improve agricultural
production, promote socioeconomic development, and help ecological restoration” [14]. With this in
mind, it is of great importance to improve water efficiency for water-use and production.

A variety of studies focus on the optimization of water-use efficiency, but only a few analyses
address an improvement in water production efficiency. Transferring water from outer regions cannot
be the final solution. Notably, the topic of reusing treated wastewater has not yet been thoroughly
explored to improve the general situation in water-scarce and rural areas. It was shown that little water
is provided for water-reuse. Additionally, it was mentioned in previous research [12] that water-reuse
must be increased in the future. This paper correlates these observations and focuses on water-reuse
potential as a further solution to tackle the challenge of water scarcity. Hence, this paper identifies
non-reused water quantities that can be treated and reused in the future for further applications.
Since the agricultural sector is the biggest water consumer in Wuwei, the following analyses refer to
water-reuse for irrigation of field crops.

2.2. Analysis of Water-Reuse Potential for Wuwei by Using Geoinformation Systems

The following analyses were carried out using a geoinformation system (GIS) in addition to
specific aerial photograph analysis. The data required for conducting several spatial analyses, related
to the local wastewater treatment capacities in Wuwei, are based on administrative data, such as data
from the Ministry of Ecology and Environment of the People’s Republic of China and the Gansu
Provincial Water Resources Department.

2.2.1. Estimation of Available Wastewater Flows in Wuwei

To develop a water-reuse concept for Wuwei, all existing WWTPs and their treatment capacities
and treatment steps must first be identified. To treat water for reuse, a biological treatment to remove
carbon is required. In the second step, all potential wastewater flows that are available but untreated
must be determined. According to the Ministry of Ecology and Environment of the People’s Republic
of China [18], Wuwei has five municipal WWTPs and three industrial WWTPs (Table 3).

Table 3. Estimation of treated and untreated wastewater flows to calculate reused-water potential (own
analysis; wastewater treatment capacities according to the Ministry of Ecology and Environment of the
People’s Republic of China [18]).

Treatment Number of Wastewater
County Town Capacity Cities Population Flows Ratio
[m3/d] [m3/d] *
Estimated connections to a wastewater treatment plant (WWTP)

Liangzhou Jinyang Zhen 90,000 ! 32 740,991 88,177

Tianzhu Huazangsi Zhen 12,000 ! 3 70,420 8381

Mingin Suwu Zhen 10,0001 2 74,577 8874

Gulang Gulang Zhen 6000 ! 2 37,808 4499

Tianzhu Tanshanling Zhen 2000 ! 1 7151 851

Sum 120,000 ! 40 930,947 110,782 52%

Liangzhou Gaoba Zhen 20,000 2 - - unknown
Liangzhou Huangyang Zhen 5000 2 - - unknown

Tianzhu Kuangou 2000 2 - - unknown
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Table 3. Cont.

Sum 27,000 2
Treatment Number of Wastewater
County Town Capacity i Population Flows Ratio
[m3/d] Cities [m3/d] .
Estimates for cities unconnected to a WWTP
Sum 61 870,335 103,571 48%

Total wastewater flows based on Wuwei’s population

Total 101 1,801,282 214,353 100%

Water-reuse ratio

Water-reuse ratio related to treated wastewater

5479 m3/d of 110,782 m3/d is reused 4.9%

Water-reuse ratio related to the total wastewater flow

5479 m3/d of 214,353 m3/d is reused 2.6%
! Municiapl WWTP; 2 Industrial WWTP; * Based on 119 m%/d per capita.

The largest treatment plant is located in Liangzhou, the densest area of Wuwei, which has a
treatment capacity of 90,000 m3/d. All other treatment plants have lower capacities of 2000 m3/d up to
12,000 m3/d. In total, the capacity for municipal wastewater is 120,000 m3/d. In addition to municipal
WWTPs, Wuwei has three industrial WWTPs with lower treatment capacities. In total, the industrial
WWTPs have a capacity of 27,000 m®/d (Table 3). In summary, the wastewater treatment capacity in all
counties considering municipal and industrial WWTPs is 147,000 m?/d.

In Gansu Province, the water demand per capita is approximately 119 L per day [19].
Hence, the wastewater inflow to the WWTPs can be calculated for all cities in Wuwei. For this
purpose, 101 cities in Wuwei were taken into account, with a total population of ~1.8 million people
(three smaller special areas with 13,777 inhabitants were not considered). From this, the total conceivable
wastewater flow per day was determined to be 214,353 m3/d. In Wuwei, the treatment capacities,
totaling 120,000 m®/d, were only slightly greater than 50% of all municipal wastewater flows treated in
a WWTP, whereas the remaining wastewater was untreated.

To elaborate a water-reuse concept, the WWTPs and their estimated catchment areas are needed
for cities connected to plants. For this, a geoinformation system (GIS) was used to localize the five
existing municipal WWTPs. With the GIS, all cities within the catchment area of the treatment plant
can be visualized and (theoretically) defined so that the wastewater produced does not exceed the
respective treatment capacity of the WWTP (Figure 7 and Table 3). Therefore, all cities with their
population data and wastewater flows based on 119 L per capita per day were considered. Only the
number of cities that would not exceed the treatment capacity was assigned to the catchment area of
the WWTP. Thus, it was assumed that all cities localized outside the catchment area have no connection
to the WWTP. It should be noted that the following findings are based on estimations and may differ
from the spatial perspective for some parts of the local situation. Nevertheless, it can be assumed that
the proportion of the population not connected to a treatment plant is a realistic value.

For instance, 32 cities and villages are potentially connected to the largest WWTP in Liangzhou,
with a wastewater flow of 88,177 m3/d. In total, it is estimated that 40 cities and villages are localized
within all catchment areas of the WWTPs with a total of 930,947 inhabitants and a wastewater flow
of 110,782 m3/d. Hence, 61 cities and villages with 870,335 inhabitants, located primarily in the rural
parts of Wuwei, are not connected to a WWTP. A wastewater flow of 103,571 m3/d (Table 3) is thus
untreated but provides potential water flows for water-reuse. The data show that currently only 2.6%
of the total estimated accrued wastewater is reused, encompassing 4.9% of the treated wastewater
(Table 3). The data also show that even the aforementioned estimated quantities for water-reuse of
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71,233 m3/d can be achieved by existing WWTPs, as 110,782 m3/d is estimated for the available treated
wastewater flows. However, the extent to which existing plants need to be technically upgraded to
meet reused water quality requirements must be examined.

Legend
Municipal WWTPs

Municipal WWTP
:I - catchment area

@ Settlement area within
catchment area

® City connected to WWTP

® Unconnected city to WWTP
Municipal WWTPs (capacity in m3/d)

* <2000

® 2001 - 6000

® 5001 10,000

L 10,001 — 12,000

. 12,001 — 90,000

Industrial WWTPs (capacity in m3/d)
® <5000
@ 5001 - 20,000

Population

Sparse

Dense

Administrative boundaries
c Wuwei

0 15 30 60 Kilometers o

Sources: Esri, USGS, NOAA
T O

Figure 7. Locations of WWTPs including capacity and catchment areas (own map, administrative
boundaries are based on Database of Global Administrative Areas (GADM data).

2.2.2. Potential Analysis to Increase Water-Reuse by Building Clusters for Wastewater
Treatment Options

To increase wastewater treatment, and thus the availability of reused water, cities and villages not
connected to existing WWTPs have been analyzed based on their local situations. For this, the present
study considers conceivable treatment options, such as decentralized treatment solutions (including
only one city or a smaller cluster with up to four cities), the construction of new WWTPs for a certain
catchment area, or the expansion of existing WWTPs. The following map presented in Figure 8 shows a
conceivable holistic approach implementing several options based on local situations. To create suitable
catchment areas for new WWTPs or their expansion, cities, and villages have been clustered (Figure 8).
Therefore, the built-up area was digitized using georeferenced aerial photographs. Additionally,
the size of each city was taken into account to derive the respective wastewater treatment capacity for
the cluster. The catchment areas of the existing WWTPs were examined to see whether it was possible
to expand them so that further villages can be connected to the treatment plant. Thus, long pipe
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lengths to new WWTPs can be avoided. In this case, the location was spatially examined, as was to
what extent areas for an extension of the plant are available. Clusters for new WWTPs were proposed,
especially in densely and contiguously populated areas. The population of the cities and villages was
taken into account to propose an appropriate size for the WWTP capacity. Since there are many small
villages in the high mountains, especially in the south of Wuwei, it is not possible to connect them
to a central WWTP. Decentralized solutions are proposed here. However, a decentralized solution is
also proposed in flat areas. In these clusters, the villages do not have enough inhabitants, so that the
construction of a central WWTP is worthwhile. Moreover, they are too far away from other locations
with existing or planned wastewater treatment plants (Figure 8).

Legend

[ Administrative boundaries

e City connected to WWTP

. Unconnected city to WWTP
Municipal WWTPs (capacity in m3/d)
< 2000
2001 - 6000
6001 — 10,000
10,001 - 12,000

12,001 - 90,000
K553 Citigs co_nnected to existing WWTP
(estimation of catchment area)
Industrial WWTPs (capacity in m3/d)
® <5000
@ 5001 20,000
Options for future wastewater treatment

(catchment area connected to new WWTP
or expansion)

[ | Expansion of existing WWTP
I New central WWTP

[ | Decentral treatment plant
I:l Decentral treatment plant

(>1 village)
® 0 10 20 40 Kilometers
® e

Sources: Esri, USGS, NOAA

Figure 8. Increasing reused water availability by implementing further wastewater treatment
options (own map; administrative boundaries are based on Database of Global Administrative
Areas (GADM data)).
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3. Results

3.1. Recommendations for Implementing Reuse Water Under Consideration of the Quality Requirements

Based on Section 2.2, Figure 9 and Table 4 summarize the existing and new WWTPs with their
treatment capacities, catchment areas including inhabitants, and expansion stages. For implementing
the reuse of treated wastewater, it is necessary to suggest phases of expansion to increase the reused
water resource successively. The first phase of expansion will be the conversion of the two existing
WWTPs. For WWTPs A and B (Figure 9), an increase in capacity is necessary as well as the adjustment
of the technical aspects to achieve the reuse water quality. Expansion stage 2 includes the new
construction of the central WWTPs in order to increase the volume of wastewater treatment in Wuwei
by considering the water quality standards for reuse water. The third stage of expansion considers the
construction of the decentralized plants.
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Figure 9. Water-reuse concept with recommended capacities for WWTPs and new delivery points.
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Table 4. Increasing reused water availability by implementing further wastewater treatment options.

Recommendation for Type of Reused Wastewater INHABITANTS Wa; tewater Flow No. of
No. Action (WWTP) Water Provision Treatment of Cluster [m°/d] = Reused Connected
Capacity [m?/d] Water Flow ** Cities
Construction of new Delivery point at
1 WWTP WWTP 10,000 67,354 8015 5
Construction of new Delivery point at
2 WWTP WWTP 10,000 58,492 6961 4
Construction of new Delivery point at
3 WWTP WWTP 35,000 261,538 31,123 11
Construction of new Delivery point at
4 WWTP WWTP 20,000 127,067 15,121 6
Expansion of existing
WWTP and Delivery point at
A modification for WWTP 20,000 145,657 17,333 8
water-reuse
Modification of Delivery point at
existing municipal WWTP and new
B WWTP for pipeline to external 90,000 740,991 88,177 32
water-reuse delivery points
Modification of Delivery point at
C existing industrial Y P 20,000 - 20,000 -
WWTP
plant for water-reuse
Modification of
existing municipal Delivery point at
D WWTP for WWTP 6000 37,808 4499 2
water-reuse
Modeification of
existing industrial Delivery point at
E WWTP for WWTP 5000 ) 5000
water-reuse
Modification of
" existing municipal Delivery point at
WWTP for WWTP 12,000 70,420 8381 3
water-reuse
Modification of
. existing municipal Delivery point at
WWTP for WWTP 2000 7151 851 1
water-reuse
Modification of
" existing industrial Delivery point at )
WWTP for WWTP 2000 2000
water-reuse
Sum (expansion phase 1 and 2) 232,000 1,516,478 207,461 72
Sum (current situation) 147,000 930,947 5479 40
- o . - 3
Increasing rate (%) by implementing the water-reuse 58% 63% 3686% 80%
concept
Total 1,801,282 214,353 101
Coverage ratio in % 84% 97% 71%

* not presented in Figure 9. ** 100% water-reuse is assumed. If the receiving water body requires the discharge of a
certain water flow, the volume is reduced by a percentage to be defined.

All municipal and industrial WWTPs located in the case study area received the wastewater quality
A or B [19]. Thus, all plants include mechanical and biological treatment processes. Wastewater quality
A meets higher standards—e.g., to discharge the treated wastewater into the waterbody. Nitrogen and
phosphorus were eliminated. Wastewater quality B contains a higher concentration of both nutrients,
which has a positive effect on irrigation purposes due to the fertilization effect. Consequently, the
treated wastewater can reach the necessary reused water quality by using an additional treatment
step, making the reused water useable for agricultural irrigation. For this, the requirements of the
Chinese standard GB/T 22103-2008 (Technology Code for Municipal Wastewater Reuse in Agriculture)
must be taken into account. Accordingly, the wastewater must be treated in an additional water-reuse
plant (WRP). There, to consider health issues and to reach the required quality, the biologically treated
wastewater was filtrated and disinfected by UV and/or chlorine dosing.
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For the transportation of reused water, it was proposed to collect the treated wastewater at certain
reused water delivery points located at the relevant WWTP. The water was then brought to the user by
tanker trucks. Since the WWTP in Liangzhou with a capacity of 90,000 m3/d is located close to the inner
city, the water must be pumped through pipes that discharge water to the reused water consumers
and thus to the farmers. Hence, this concept proposes the creation of two pipelines to distribute a
portion (e.g., 35,000 m3/d) of the provided reused water to rural areas via external delivery points.
This procedure ensures a wider scope of application while keeping costs low (Figure 9). It is estimated
that an area of 10 km [11] around the treatment plant’s delivery point is a manageable application area
that can be used to bring water from the delivery point to the agricultural land. For existing WWTPs
with treatment capacities lower than 10,000 m%/d, it was recommended to apply the reused water
to surroundings near the delivery point. In order to use the reused water as efficiently as possible,
a specific irrigation technique should be chosen to distribute the water. This depends on the field
crop to be irrigated. For instance, the water can be sprayed on the fields by means of pumps from the
truck. This is the case, for example, in extensive cultivation areas, such as areas with wheat. With this
technique, however, the evaporation rate is quite high. Another irrigation option is drip irrigation.
This technique is well suited for the irrigation of plants in greenhouses, as these often have permanently
installed systems and can be used to irrigate crops that are adapted to these systems. Otherwise,
in open-space cultivation, the change of crop is limited by using this technique.

Besides municipal WWTPs, industrial WWTPs were also considered for water-reuse. As the
agricultural sector is the strongest economic sector in Wuwei, food is mainly produced at industrial
sites [25]. Consequently, the wastewater influent tends to be organically loaded, with little content of,
e.g., heavy metals. According to the required quality of the outflows [18,19], this water can be further
treated to produce reused water.

3.2. Increase in Water-Reuse in Wuwuei

Section 3.1 and especially Table 4 conclude the results by implementing a water-reuse concept in
Wuwei. By summarizing the initial treatment capacities and all capacities generated by the water-reuse
concept including municipal and industrial WWTPs, the capacity rises from 147,000 to 232,000 m3/d
(58%). Here, an even higher increase can be observed in the availability of reused water. Considering
expansion phases 1 and 2, the reused water flow increases enormously from 5479 to 207,461 m?%/d
(3686%). In addition, the percentage of people connected to a WWTP increases from 52% to 84%
(an increase of 63%) due to the implementation of the water-reuse concept.

Considering the total water supply in Wuwei (Table 2), which amounts to 1902 million m® per
year, a positive trend can also be observed due to the increase in water-reuse. In 2010, the share of
reused water was only 0.1% with 2 million m? per year. If the daily available reused water quantities
(207,461 m3/d) are considered over the year, consequently approx. 76 million m? per year are available.
Thus, the share of reused water in the total balance increases remarkably from 0.1% up to 4%.

4. Further Impacts for Optimizing Water-Reuse Concepts

4.1. Land-Use and Water Requirements

Since agriculture is the largest water consumer in Wuwei, at 88.5%, strategies concerning the
adaption of land-use and land-use changes have to be integrated into the concept in order to reduce
the total water consumption and thus to increase the share of reused water. For example, water
consumption can be further reduced by growing plants in greenhouses. This will have a positive effect
on the proportion of reused water. Such an impact analysis of water-saving measures to land-use
and land allocation for optimizing the implementation of water-reuse has not been considered in the
previous case study. Besides, for the here-mentioned water-saving methods for Wuwei (Section 2),
a great variety of water-saving measures and methods already exist.
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An important approach is, for example, the calculation of the water deficit value and the deficit of
irrigation for the case study area. This calculation can be a useful parameter for decision-makers to
comprehend the magnitude of negative water balance. By having the crops’” water requirements and
the crops’ areas, the water balance, and consequently the deficit irrigation water, can be calculated for
the respective water supply source. Furthermore, the aforementioned study proposes the calculation
of an overexploitation index [35]. This shows, among other things, the ecological impact of water
overuse from natural resources, as was also observed in the case study area. Thus, this index could
relativize the costs for the production of water-reuse. The higher the index of overexploitation, the
more likely it is that policy-makers will advocate the implementation of water-use.

Another method that can be integrated to propose further water-saving measures is the Soil and
Water Assessment Tool (SWAT) which was developed by the US Department of Agriculture. Based on
local situations, the model can be adopted. It integrates components such as climate, hydrology,
erosion, soil temperature, plant growth, nutrients, pesticides, land management, channel, and reservoir
routing. By using SWAT in combination with GIS, adaptation strategies can be evaluated such as
land-use change scenarios and deficit irrigation for the irrigated crops [36,37].

Another research approach for optimized water-use in arid regions is the analysis of the best
location for a particular irrigation method, as this can lead to higher water efficiency under certain
drought conditions. For example, the Analytical Hierarchy Process (AHP) could be used as a
Multi-Criteria Decision Making (MCDM) method based on a GIS by taking into account local
conditions such as climate or topography [38]. Furthermore, location analysis for the proposed new
WWTPs and water-reuse plants can be identified by using the best-worst method in a GIS-based
Decision Support System (DSS). This method was used, for instance, to identify optimal sites for a
rainwater-harvesting agriculture scheme in Iran to ease the overexploitation of groundwater [39].

4.2. Costs for Implementing Water-Reuse

Costs are an important and somehow limiting component for implementing water-reuse concepts.
In general, it can be said that the higher the water scarcity in a particular region, the less important
the cost of implementing water-reuse concepts. Nevertheless, the objective is to keep costs as low as
possible. Different water-reuse concepts show that the costs for the production of reuse water are lower
than the costs for providing drinking water from raw water.

The SEMIZENTRAL approach (Section 1) is a suitable example as it shows that a semi-central
approach is the most cost-effective solution available. In comparison to centralized or conventional
systems, the semi-centralized approach correlates with wastewater, presenting a cost and
energy-efficient source for raw water [40]. This applies in particular to natural raw water sources of
inferior quality and for long transport routes [41].

Another approach that shows that the production of reusable water is economically viable is
the IW2MC—R (Section 1). There, industrial wastewater is treated according to the “fit-for-purpose’
principle. Cost analyses show that, for most of the investigated indicators, the installation of a
water-reuse plant seems to be advantageous. From an economic point of view, larger quantities of

7

treated water are preferred because the costs per cubic meter of treated water decrease the more water
is treated. However, the studies also show that investments in industrial wastewater treatment plants
tend to be higher than in municipal WWTPs because they require a higher degree of specialization
and automation [42].

Consequently, costs are playing an important role, depending on the local water-scarcity situation
and the level of pollution in the treated wastewater. Based on this, the economic efficiency of the
concept and the individual clusters must be examined in a further study. The intersection of these
disciplines can be an added value for the land management research area.
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5. Conclusions

The case study analysis using a geoinformation system shows how the water-reuse potential in
rural areas can be identified to improve the local situation. In this way, various spatial analyses can be
carried out to identify and propose specific possibilities for improved water-reuse. The results show
that by elaborating a holistic water-reuse concept, the local situation can be significantly improved.

To increase water availability, the production of reused water must be increased. As wastewater
is a valuable resource, especially in water-scarce regions, the ratio of wastewater must be optimized.
Thus, the wastewater among the population that is not connected to a WWTP must be treated and
provided for water-reuse. As wastewater is available on a daily basis in calculable quantities, it
provides a secure source of water. This potential wastewater must be identified with the help of
GIS analyses. Additionally, after identification, this method can assess the local situation to propose
water-reuse opportunities. Suitable solutions related to new wastewater treatment options can thus be
provided. The present case study analysis shows that the percentage of people connected to a WWTP
increases enormously from 52% up to 84% when considering unused water-reuse potential. As a result,
more water can be applied to agricultural irrigation. In the best case, the reused water can be increased
from 5479 m? per day to 207,461 m? per day. This is an increase of 3686%. The total share of reused
water in Wuwei will increase from 0.1% to 4%. Furthermore, by constructing new spatially adopted
WWTPs, a nearly area-wide supply of reused water can be generated. Long transport routes for the
provision of water are also not necessary.

Besides, increasing water availability improves the local living situation. For instance, less pollution
of the surface water is a positive consequence due to less wastewater being discharged into water
bodies or the landscape. At the same time, more wastewater flows can be treated and made available
for water-reuse, and the water withdrawal from natural resources can be reduced. Additionally, less
water would need to be transferred to Wuwei from outer regions, thus enabling the region to act
more independently.

In particular, this approach should be combined with other concepts to achieve the best possible
water-saving results. For instance, the cultivation of high-quality agricultural products in greenhouses
combined with the use of reused water can improve the situation of farmers such that harvests can be
increased, and a greater variety of agricultural production can be realized, which would increase the
attractiveness of the region for farmers. Furthermore, water consumption from natural resources can
be reduced by combining water-reuse concepts with land-use strategies adapted to climate change.

The case study shows that to achieve far-reaching results, it is not always necessary to consider
individual cities or villages and their respective treatment plants but rather the entire region to realize
the optimal production and distribution of reused water. The current study is limited to discussing
a land-use and land allocation strategy related to how reused water has an impact on local water
management. Moreover, the financing and refinancing of this concept have not yet been considered.
Hence, costs for implementing water-reuse may have an impact on the clustering method. If the costs
are refinanced by the user, this may in turn have an impact on land-use. Consequently, land policy
strategies should be implemented in future studies to enable a fair distribution of reused water.
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