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� A new approach to assess the grassland sites for PVWP irrigation systems is proposed.
� A spatial explicit optimization model is used to assess the optimal locations.
� The potentials of PVWP systems for grassland conservation are substantial.
� The potential of PVWP in carbon emissions reduction is significant.
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Grassland plays a key role for the food security of China because of the large number of livestock raised in
those areas. Thus, grassland degradation due to climate change and overgrazing is considered as one of
the most severe environmental and economic threat for the future sustainable development of China.
Photovoltaic water pumping systems for irrigation can play a fundamental role for the conservation of
grassland areas.
This paper investigates the geospatial distribution of the technically suitable grassland locations for the

implementation of photovoltaic water pumping systems. The technically suitable grassland areas were
taken as starting point to assess the optimal locations. The assessment of the optimal locations was
conducted using a spatially explicit optimization model of renewable energy systems based on the cost
minimization of the whole forage supply chain.
The results indicate that the photovoltaic water pumping systems provide high potential for improving

forage productivity, contributing to meet the local demand. The optimal areas are highly sensitive to sev-
eral environmental and economic parameters such as increased forage potential yield, forage manage-
ment costs, forage water requirements, ground water depth, forage price and CO2 price. Most of the
optimal areas are selected when the market forage price ranges from 300 to 500 $/tonne DM, indicating
that the forage produced using PVWP technology for irrigation is already competitive compared to the
imported forage.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In China, grassland covers nearly 4 million km2, accounting for
more than 40% of the national land surface. Furthermore, grassland
plays a key role in achieving sustainable development and
enhancing food security of the country since 100 million livestock
are raised in those areas [1]. In recent years, photovoltaic water
pumping (PVWP) technology for grassland and farmland conserva-
tion was successfully implemented in different pilot sites in China:
Qinghai [2,3], Inner Mongolia [4] and Xinjiang [5]. The combination
of PVWP technology with water saving irrigation techniques and
assland
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sustainablewatermanagement showed that it is technically feasible
to improve grassland productivity in areas without access to the
grid. The grassland productivity can be increased up to 20–30 times
using PVWPsystems for irrigation,without imposing a severe threat
to the availablewater resources [2].Moreover, PVWP systemsare an
economically suitable technology toprovide electricity for irrigation
both in off- and on-grid areas, also avoiding a further pressure on the
energy requirements in the pastoral-farming sector [6].

Identification of feasible locations were studied for the imple-
mentation of PVWP technology for grassland and farmland conser-
vation in China [2,3]. In these studies, the feasible grassland areas
for implementing PVWP irrigation technology were evaluated
through the combination of a set of spatial data on land cover and
slope, precipitation, temperature and sunshine hours. The spatial
data regarding the land cover and terrain slope were considered
to assess the suitable grassland areas for the installation of irriga-
tion systems. According to previous recommendation, the slope
must be lower than 2–5% for furrow irrigation and lower than 5–
9% for micro-spray irrigation to avoid runoff, soil erosion, and water
and energy wastage [2,3]. The suitable annual precipitation for
PVWP irrigation systems was between 300 and 600 mm on the
basis of grassland water demand [2,3]. The suitable annual ambient
temperature and sunshine hours should be lower than 20 �C and
greater than 1400 h, respectively [2,3]. The constraint of the annual
ambient temperature was related to the effect of temperature on
the evapotranspiration and thus on the grassland water demand.
The temperature constraint was also set to avoid an excessive
decline of the PV modules working efficiency. However, the con-
straint of the annual sunshine hours was an indirect measure of
the solar energy resources required to drive the PVWP systems.
System optimization was carried out considering the incremental
benefit of irrigation, assessing the rate of the investment return in
relation with the precipitation. The authors concluded that the
highest economic benefits of PVWP systems could be achieved in
areas marked out by 350–400 mm of precipitation [2,3].

Nevertheless, an in-depth analysis considering the detailed
availability of water resources in identifying the technically
suitable grassland and farmland areas for implementing PVWP sys-
tems was not addressed in the previous studies [2,3]. Moreover,
the costs related to the supply chain and the co-benefits of imple-
menting PVWP systems for grassland and farmland conservation
were not thoroughly considered in the conducted optimization [3].

The aim of this paper is to identify the most technically suitable
grassland areas for implementing PVWP technology for forage irri-
gation, taking into account the availability of water resources in
the assessment. A more comprehensive approach for identifying
the areas that require irrigation was also adopted. Once identified,
these areas were subject to the selection of the optimal locations
for installing PVWP systems, using an optimization model that
minimizes the supply chain costs of forage production. The co-
benefits of implementing PVWP systems for irrigation, such as
CO2 emission reductions and carbon sequestration, were also
included in the optimization model. Another contribution of this
work is that the forage supply chain in China using PVWP technol-
ogy as mean to provide water for irrigation was studied for the first
time. The results provide a better understanding on how PVWP
technology can be a solution for the sustainable development of
the pastoral and irrigation sectors in China.

This paper is organized as follows: Section 2 provides a general
overview of the methodology applied in this work to assess the
suitable and optimal grassland areas for implementing PVWP irri-
gation systems. The corresponding subsections address the
methodologies applied in details; in Section 3, the results of the
spatial assessment and optimization are presented and discussed;
Section 4 summarizes the outcomes of this study pointing out the
directions for future works.
Please cite this article in press as: Campana PE et al. Suitable and optimal loca
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2. Methodology

The conceptual framework applied in this study to identify the
suitable and optimal grassland areas for the implementation of
PVWP systems for irrigation is depicted in Fig. 1. The methodology
is divided into two main parts: the first is the spatial analysis,
focusing on the assessment of the technically suitable areas and
on the primary spatial input data used for selecting the optimal
locations in the optimization tool (such as PVWP system capacity,
increased forage yield due to irrigation, forage demand, and trans-
portation distances); the second part deals with identifying the
optimal locations among the technically suitable locations using
BeWhere model [7–10].

The suitable grassland areas were assessed using the following
spatial data: grassland distribution, terrain slope, precipitation,
potential evapotranspiration, and water stress index (WSI). The
approach used in this study to assesses the suitable areas for
implementing PVWP irrigation systems, hereafter called
‘‘Approach 2”, was compared to a previous approach developed
by Yan et al. [2] and Yu et al. [3], hereafter called ‘‘Approach 1”.
A detailed description of Approaches 1 and 2 is given in Section 2.1.
The suitable grassland locations represent the main spatial input
data for the optimization model and the optimal locations were
selected among the suitable ones during the optimization process.

The spatial distribution of the PVWP system capacity was calcu-
lated using the spatial data of solar irradiation, groundwater depth,
and irrigation water requirement (IWR) which is related to the ref-
erence evapotranspiration ETo. Solar irradiation, groundwater
depth, and IWR represent the main design parameters for PVWP
irrigation systems assuming groundwater as the water source.
The PVWP system design map was used to calculate the spatial dis-
tribution of the PVWP initial capital costs (ICC).

To estimate the effect of irrigation on the forage yield, the spa-
tial data about IWR was used along with an experimental relation-
ship between annual average irrigation and NPP increase. The
increased forage yield is the main economic benefit produced by
the implementation of PVWP irrigation systems, thus representing
one of the main spatial input data for the optimization model.

The forage demand was assessed using the spatial data of live-
stock density, taking into account the average forage intake of
small and big ruminants.

The road and rail networks were utilized to assess the trans-
portation distances between grassland forage supply locations
and livestock forage demand locations. Accordingly, the trans-
portation distances are fundamental to assess the transportation
costs and emissions.

The spatial data, together with techno-economic parameters
(i.e. PVWP system specific ICC, forage management costs, market
forage price, road and railway specific transportation costs, elec-
tricity price, incentives for renewable power generation, and CO2

offsets) were used as the input data to identify the optimal location
using the BeWhere model. This model was originally developed to
determine the optimal locations of bioenergy production facilities,
such as biomass CHP plants or biogas plants. In this work, the orig-
inal version of BeWhere was adjusted to identify the optimal PVWP
system locations for forage production.
2.1. Feasible grassland areas

In this article, the analysis of the technically suitable grassland
areas for the implementation of PVWP systems was conducted
using GIS-supported spatial analysis including some relevant dif-
ferences as compared to ‘‘Approach 1” [2,3]. The following spatial
data were taken into account: grassland distribution, terrain slope,
precipitation, potential evapotranspiration and WSI. The grassland
tions for implementing photovoltaic water pumping systems for grassland
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Fig. 1. Conceptual framework to assess the suitable and optimal grassland locations for implementing PVWP systems for irrigation.

Table 1
Spatial data used for the assessment of technically suitable grassland areas for PVWP
irrigation systems.

Definition Approach 1 [2,3] Approach 2

Grassland area Grassland
distribution [11]

Grassland distribution [11]

Area suitable for
irrigation

Terrain slope (<9�)
[11]

Terrain slope (<9�) [11]

Area where
irrigation is
required

Precipitation (300–
600 mm) [12]

Precipitation [12] – Potential
evapotranspiration [14] (<0)

Constraint Temperature
(<20 �C) [12]

Water stress index [15]

Sunshine duration
(>1400 h/year) [16]
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distribution dataset (3000 spatial resolution � 1 km � 1 km at the
equator) was derived from the GLC2000 grid data available in
DIVA-GIS [11]. The spatial distribution of the terrain slope was cal-
culated from the CGIAR-SRTM elevation data (3000 spatial resolu-
tion � 1 km � 1 km at the equator) available in DIVA-GIS [11].
The raster data of precipitation (as well as the raster data of tem-
perature) was taken from the WordClim dataset (3000 spatial reso-
lution � 1 km � 1 km at the equator) [12]. The precipitation spatial
data were generated through interpolation of average monthly cli-
mate data gathered from weather stations at 1 km resolution [13].
The potential evapotranspiration dataset (3000 spatial resolu-
tion � 1 km � 1 km at the equator) was taken from CGIAR-CSI
[14]. The WSI spatial distribution (300 spatial resolu-
tion � 50 km � 50 km at the Equator) was taken from Vörösmarty
et al. [15].

Similarly to ‘‘Approach 1”, grassland distribution and slope of
terrain were used to identify the technically suitable grassland
areas for the installation of irrigation systems. However, the instal-
lation of micro-irrigation systems should be avoided when the ter-
rain slope is higher than 9� due to water erosion and accordingly
waste of water [3]. Differently from the previous assessments,
the areas where irrigation is required were estimated considering
the difference between precipitation and potential evapotranspira-
tion (a difference lower than 0 means that irrigation is required).
As compared to the ‘‘Approach 1”, the method used in this work
to identify the grassland areas that require irrigation represents a
more general approach. Moreover, the spatial distribution of the
WSI, defined as the ratio of water demand to sustainable water
resources, was used to remove those areas marked out by a high
water stress in the suitability analysis [15]. Thus, in identifying
the technically suitable locations for PVWP irrigation technology,
only the areas marked by a low (WSI < 0.1), moderate to low
(WSI < 0.2), and medium–high to low (WSI < 0.4) WSI were taken
into account to provide the most conservative results. This
assumption was taken based on the fact that water security is
one of the main environmental and economic threats for China.
Please cite this article in press as: Campana PE et al. Suitable and optimal locat
irrigation in China. Appl Energy (2016), http://dx.doi.org/10.1016/j.apenergy.2
The spatial data regarding the sunshine duration was derived from
the punctual sunshine duration data of 80 Chinese weather sta-
tions available in the global meteorological database Meteonorm
using the GIS Kriging interpolation [16].

Table 1 shows the spatial data taken into account to identify the
technically suitable areas for implementing PVWP systems for
grassland conservation, both for ‘‘Approach 1” and ‘‘Approach 2”.

Different from Approach 1, the constraint of temperature and
sunshine duration was not considered due to the following rea-
sons: (a) the temperature constraint was set to consider the nega-
tive effects of temperature on evapotranspiration and PV modules
efficiency. Nevertheless, this constraint does not provide any clear
information regarding the grassland areas suitability. On the other
hand, it gives an indirect information about the effects of temper-
ature on the crop water requirements and consequently on the
PVWP system overall efficiency. Those effects are more tightly
related to the PVWP irrigation system design and optimization.
In this study, the spatial effects of evapotranspiration and thus
crop water requirements, and the PV module temperature-
dependent efficiency were taken into account in the optimization
ions for implementing photovoltaic water pumping systems for grassland
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phase; (b) the sunshine duration constraint was set to identify the
suitable areas under a solar potential viewpoint. However, using
the sunshine duration does not give any information regarding
the solar irradiation potential that can affect the PVWP irrigation
system operation. Similarly, the distribution of the sunshine dura-
tion does not provide any straightforward information on the
grassland areas suitability. Since the solar irradiation affects the
PVWP irrigation system capacity, in this study it was considered
in the optimization process as a parameter affecting the PVWP sys-
tem ICC.

2.2. Optimal locations

The assessment of the feasible grassland areas for the imple-
mentation of PVWP irrigation systems was a starting point for the
search of the optimal areas. The optimal locations for PVWP units
were estimated using BeWhere, an optimization model for renew-
able energy systems developed at the International Institute for
Applied Systems Analysis (IIASA) [7–10]. BeWhere is a mixed linear
integer program written in GAMS� that minimizes the costs of the
entire supply chain, including feedstock harvest, transportation,
conversion and delivery of final energy products. For the specific
purpose of identifying the optimal areas for PVWP irrigation sys-
tems, the original version of BeWhere was adapted in order to min-
imize the supply chain costs for forage production in China,
considering the technically suitable grassland areas as the supply
locations. The BeWheremodelminimizes the costs of the entire for-
age production chain, including the PVWP system installation costs,
forage management costs, transportation costs and additional for-
age costs, to meet the forage demand. Whenminimizing the supply
chain costs, the following revenues were also taken into considera-
tion: revenues due to PVWP system electricity surplus sales as well
as carbon offset credits. Indeed, the implementation of PVWP sys-
tems lead to a substantial reduction of CO2 emissions due to the
surplus of PV power production during the non-irrigation period,
and carbon sequestration through restoration of degraded grass-
lands [6,17]. The negative effects of CO2 emissions due to forage
transportation were also taken into account. An extensive and
detailed description of the mathematical model of BeWhere can
be found in Leduc et al. [10] and in Wetterlund et al. [18].

Three different scenarios were considered: (1) business as usual
(BAU) (forage sale is the only income connected to the PVWP sys-
tem operation); (2) BAU + electricity + incentives (the surplus of
electricity and the corresponding incentives for renewable power
production in China are considered as part of the revenues of the
base case); and (3) BAU + carbon trading (the CO2 emission
reductions and carbon sequestration are considered as offsets at
50 $/tonne CO2).

2.2.1. PV water pumping system design and costs
This section describes the approach used to calculate the spatial

distribution of the PVWP system capacity and costs, and the
related spatial data used in the calculations. The main parameters
required to design PVWP systems for irrigation are: the monthly
average daily peak of IWR, the operational hydraulic head Ho,
and the monthly average daily solar irradiation hitting the PV array
Es. The IWR was calculated from the reference evapotranspiration
ETo and precipitation spatial data assuming June as the design
month (month marked out by the highest ratio between IWR and
solar irradiation hitting the PV array) [19]. The ETo spatial data
(100 spatial resolution � 20 km � 20 km at the Equator) was taken
from the FAO GeoNetwork database [20]. The dataset contains
mean monthly values for global land areas, excluding Antarctica,
for the period 1961–1990. The dataset was produced based on
the FAO Penman–Monteith method with limited climatic data
as described in FAO Irrigation and Drainage Paper 56 [21]. In
Please cite this article in press as: Campana PE et al. Suitable and optimal loca
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particular, the IWR (m3/ha/day) was computed using the FAO
guidelines taking into account the efficiency of the irrigation sys-
tems and the leaching requirements [21,22]. The following equa-
tion summarizes the approach used to calculate IWR:

IWR ¼ EToKc � Pe

girrð1� LRÞ ð1Þ

where Kc is the cultural coefficient dependent on crop growth stage;
Pe is the monthly average daily effective precipitation, calculated as
80% of total precipitation [23]; girr is the efficiency of the irrigation
systems assumed to be equal to 80% [23]; LR is the leaching require-
ment needed to remove residual salts from the root zone. To avoid
soil salinity issues from irrigation, an 18% leaching requirement was
taken into account [24]. In the specific case, Alfalfa (Medicago
Sativa) was used as reference crop as it is one of the most widely
used forage crop. All the calculation are based on 1 ha irrigated
field, successively scaled up for the whole investigated areas.

The operational hydraulic head Ho (m) was calculated from the
groundwater depth spatial data taking into account a surplus of
hydraulic head equal to 20 m to guarantee the correct functioning
of a 1 ha micro irrigation system [25]. The groundwater depth
dataset was taken from the Global Water Scarcity Information Ser-
vice (GLOWASIS) [26,27]. The dataset contains model simulated
equilibrium water table depth (m below land surface) on a global
scale (150 spatial resolution � 25 km � 25 km at the Equator).

The solar irradiation GIS data (240 spatial resolu-
tion � 40 km � 40 km at the Equator) was taken from Open Energy
Information database [28]. The data provides the spatial distribu-
tion of the solar irradiation hitting a surface market out by an azi-
muth angle equal to 0� and a tilt angle equal to the latitude of the
location. This assumption allows the maximization of the annual
solar irradiation harvested by the PV array [29].

The PVWP system power peak (PP,PVPW) (kWp) was calculated
using the following equation:

PP;PVWP ¼ Eh

f m½1� acðTcell � T0Þ�gpEs
ð2Þ

where Eh is the monthly average daily hydraulic energy (kW h/day)
required to lift up the IWR (m3/ha/day) against an hydraulic head
equal to Ho (m); fm is the matching factor assumed equal to 0.9 as
found in Khatib [30]; aC is the PV module temperature coefficient
equal to 0.45%/�C as found in Skoplaki and Palyvos [31]; Tcell is
the cell temperature depending on the ambient temperature (�C);
T0 is the reference temperature equal to 25 �C; gp is the efficiency
of the pump; and Es is the monthly average daily solar irradiation
hitting the PV array (kW h/m2/day). The daily hydraulic energy Eh
was calculated with the following equation:

Eh ¼ qgHoIWR ð3Þ
where q is the water density (1000 kg/m3), and g is the gravity
acceleration (9.8 m/s2). The simplified approach in use was vali-
dated through dynamic simulations of PVWP systems in Campana
et al. [22]. The resulting spatial distribution of PVWP system capac-
ity for irrigating Alfalfa in Qinghai Province is shown in Fig. 2. The
design maps for PVWP irrigation systems can be adopted as a basis
for the optimal planning of PVWP system spread, providing a handy
tool for policy makers, farmers, investors and consultants interested
in solar pumping applications.

The spatial ICC of the PVWP systems was then calculated from
the spatial distribution of PVWP system capacity, taking into con-
sideration of the specific costs of the PVWP systems according to
the data provided by a Chinese PVWP manufacturer company
[32]. The data is depicted in Fig. 3. The PV module price was
assumed equal to 1 $/Wp. The specific inverter and pump costs
were assumed equal to 0.5 and 0.15 $/W, respectively [32]. The
tions for implementing photovoltaic water pumping systems for grassland
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Fig. 2. PVWP system design map for the irrigation of 1 ha Alfalfa in Qinghai Province, China.

P.E. Campana et al. / Applied Energy xxx (2016) xxx–xxx 5
project implementation costs were set equal to 30% of the PVWP
components cost, including the cost for design and installation
[32].

2.2.1.1. PVWP surplus electricity production and CO2 emission reduc-
tions. The common design approach of PVWP systems for irriga-
tion sizes the PV array for the month that has the highest ratio of
Fig. 3. PVWP system initial capital costs (ICC) as a function of the installed capacity
[31].

Please cite this article in press as: Campana PE et al. Suitable and optimal locat
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IWR to Es [19]. This design procedure has the disadvantage of mak-
ing the PVWP system oversized for most of the irrigation season
due to the variability of IWR, and unused during the non-
irrigation season. As previously addressed in Campana et al. [33],
the surplus of electricity production by PVWP systems can be
injected to available electric grid or used for other electric loads.
The annual surplus of electricity production Esur can be calculated
with the following equation modified from Duffie and Beckman
[34]:

Esur ¼ gPVAPVEs;globð1� IFÞ ð4Þ
where gPV is the efficiency of the PV module, assumed equal to 14
(%); APV is the PV array area (m2), which depends on the installed
PV peak power; Es,glob (kW h/m2/year) is the annual global solar irra-
diation on the PV array area; and IF is the irrigation factor. IF is a
measure of the energy used for irrigation purposes compared to
the total energy produced by the PV array. IF was set equal to 30%
based on the results achieved in previous works conducted in differ-
ent locations in China [6,19,22,33]. If the PVWP system is installed
nearby the electric grid, as shown in Fig. 4, the surplus of electricity
production is eligible to benefit from the available incentives for
renewable energy generation.

Thus, the revenues generated by Esur were calculated consider-
ing the current feed-in tariffs available in China for distributed PV
ions for implementing photovoltaic water pumping systems for grassland
016.01.004
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Fig. 4. PVWP system for irrigation installed in Xilamuren, Inner Mongolia (the PV array is installed nearby the available electric grid).
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power generation, equal to 0.07 $/kW h (0.42 CNY/kW h) [35].
Moreover, the surplus of electricity production can provide benefit
for carbon offsets, as discussed in Campana et al. [6] and Olsson
et al. [17,36]. The emission reductions achieved by the PV system
was calculated using the combined margin approach developed
for use in the Clean Development Mechanism [37] with data based
on the Chinese authorities [38]. The value for the North West grid,
including Qinghai region, was used due to the fact that the largest
feasible area for PVWP systems is located in that region. The value
is 831 gCO2/kW h. To conduct a sensitivity analysis, the carbon off-
sets were assumed equal to 25, 50 and 75 $/tonne CO2 [8].

2.2.2. Forage yield, management costs, and carbon sequestration
To study the effect of irrigation on the NPP and consequently on

the Alfalfa yield, the experimental relationship between annual
average irrigation and NPP increase, proposed by Ozdogan [39]
and depicted in Fig. 5, was used. The average irrigation was com-
puted from the spatial data of reference evapotranspiration and
precipitation applying the procedure described in Section 2.2.1.

Using the approach described in Vadrevu and Lasko [40] and
Qin et al. [41], the Alfalfa economic yield (EY) was derived from
the NPP through the following equation:

EY ¼ NPPHI
DCðRS� 1Þ ð5Þ

where HI is the harvest index; D is the dry proportion of the EY; C is
the carbon content in the dry matter; RS is the root shoot ratio. HI,
D, C, and RS were assumed equal to 1, 0.85, 0.5, and 0.87, respec-
tively [42].

The forage management costs, including soil preparation, sow-
ing, seed, fertilizer, pesticide, irrigation and harvest/bailing
machinery costs were set equal to 1000 $/ha/year [43].

PVWP irrigation systems can be used to restore degraded grass-
lands that have lost a substantial part of soil organic carbon. Pro-
viding sufficient water for biomass growth and excluding the
grassland areas from overgrazing can sequester the carbon from
the atmosphere back to the soil. To estimate the carbon sequestra-
Please cite this article in press as: Campana PE et al. Suitable and optimal loca
irrigation in China. Appl Energy (2016), http://dx.doi.org/10.1016/j.apenergy.2
tion due to grassland restoration, we used the default values given
by the IPCC [44]. The following assumptions were set: (a) the fea-
sible areas are dominated by the IPCC default soil class high activ-
ity clay [45], and 11% of the areas are severely degraded, 11% are
moderately degraded, and the rest are only slightly degraded or
non-degraded [46]; (b) the leakage from increased N2O emissions
as calculated by Olsson et al. [17]. These assumptions give an aver-
age value of 1.03 tonne CO2/ha/year during 20 years, after which
sequestration no longer takes place.
2.2.3. Forage demand
China’s forage demand was assessed from the 2005 FAO spatial

data about predicted livestock density (number of livestock for
km2) (30 spatial resolution � 5 km � 5 km at the equator) [47].
The spatial data has a resolution of 0.05 degree. Four livestock spe-
cies were taken into consideration in the forage demand assess-
ment: cattle, buffaloes, goats, and sheep. The forage demand was
calculated assuming an average fodder intake differentiated
between small and big ruminants: 2 and 7 kg DM (dry matter)/day,
respectively [48,49].
tions for implementing photovoltaic water pumping systems for grassland
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2.2.4. Transportation
The roads and rails network was used to calculate the trans-

portation routes between forage production locations and forage
demand locations. The transportation network model was devel-
oped using the roads and rails dataset available in DIVA-GIS [11].
The transportation routes were calculated using the GIS function
‘‘Network Analyst”. Accordingly, the transportation routes were
used to calculate the corresponding transportation distances, costs
and CO2 emissions. A detailed description of the transportation
model used in BeWhere can be found in Leduc et al. [9]. The means
of the two transportation distances for forage were taken into
account: truck and train. The corresponding specific transportation
costs for trucks and trains are given in Fig. 6. The transportation
costs refer to biomass transportation costs as provided by Sokhan-
sanj et al. [50]. The specific CO2 emissions from trucks and rails
were set equal to 62 and 22 gCO2/tonne-km [51], respectively.
The overall CO2 emissions due to transportation are based on the
tonne-km by transportation mode assuming that the transported
forage mass is the only surplus compared to the local demand.
3. Results and discussions

3.1. Suitable areas

The comparison between the calculated suitable areas identi-
fied using Approach 1 and Approach 2 as a function of the WSI is
depicted in Fig. 7 in the form of a disagreement map. The total suit-
able grassland areas for the implementation of PVWP irrigation
systems as a percentage of the total grassland area in China is also
shown in Fig. 7 as a function of the used approach and WSI. The
common areas of both approaches are also highlighted. Comparing
Approach 1 with Approach 2 (WSI < 0.1), despite the total techni-
cally suitable area is almost similar (around 15% of the total grass-
land area), there is a significant disagreement in the spatial
distribution, especially with respect to the central provinces of
China. Based on Approach 1, the technically suitable areas for
grassland irrigation in China are mainly located within a zone from
the northeast to the southwest of China. On the contrary, the tech-
nically suitable areas using Approach 2 (WSI < 0.1) are located in
the northeast of China, in particular in the northeast part of Inner
Mongolia, as well as in the southwest of China, mainly in Qinghai,
Sichuan and Tibet. This significant difference is mainly due to the
WSI not considered by Approach 1. Taking into consideration a
moderate to low WSI (WSI < 0.2), and a medium–high to low
WSI (WSI < 0.4), the suitable grassland areas for implementing
PVWP irrigation technology increase up to 20% and 26%, respec-
tively. In particular, considering a medium–high to low WSI, scat-
tered areas located in the North part of Xinjiang, North part of
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Fig. 6. Transportation costs [50].
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Inner Mongolia, central Provinces of China (Gansu, Shaanxi, Henan,
Hubei), and central areas of Tibet become suitable areas for solar
irrigation.

Considering the areas identified by Approach 2 (WSI < 0.1), the
calculated potential increased forage production is 2.6 Mtonne DM
for the entire country, corresponding to about 0.75% of the calcu-
lated total livestock fodder demand in China (the calculated total
livestock fodder demand in China is about 10% higher than the for-
age demand calculated by Herrero et al. [52]). At the same time,
this potential is about thirty times higher than the Chinese 2013
Alfalfa import amount, equal to 0.1 Mtonne DM [53]. The results
show how PVWP systems represent a renewable energy-based
solution to support the sustainable development of the pastoral
sector in China. Moreover, the potentials of PVWP systems for
grassland conservation and increasing its productivity are signifi-
cant and strategic for China.

3.2. Optimal areas

The results of the optimization process carried out with the
BeWhere model in terms of increased forage production as a func-
tion of the forage market price to meet the forage local demand are
depicted in Fig. 8. BeWhere starts to select the optimal locations,
and thus takes into account the corresponding potential forage
production, when the PVWP forage cost is competitive with the
market forage price required to fulfill the local demand. By increas-
ing the market forage price, the number of locations selected
increases as well as the PVWP forage production. Most of the
locations are selected when the forage price ranges from 300 to
500 $/tonne DM. The results indicate that the forage produced
using PVWP irrigation technology is already competitive compared
to the imported price. The price of Alfalfa imports varied from 200
to 400 $/tonne DM between 2009 and 2013 [53] with the United
States as the major exporter. It is interesting to highlight that the
imported prices are also likely to increase due to the high Alfalfa
water requirements and the drought periods that were affected
United States during the past years [54].

Furthermore, the results show that grassland irrigation can play
a key role in the sustainable future of China and at the same time
for enhancing the rural economies. Grassland irrigation can
increase the internal forage supply to meet the internal demand
for livestock or at least substantially reduce the forage imports.
The surplus of electricity sale and incentives have a marginal
impact in the search of the optimal locations. Similarly, the offsets
generated by carbon trading slightly increase the competitiveness
of PVWP systems for forage irrigation even if at high carbon offsets
(50 $/tonne CO2). Nevertheless, the carbon offsets make PVWP irri-
gation systems for forage production competitive at forage market
prices ranging between 150 and 200 $/tonne DM. The spatial dis-
tribution of the selected optimal locations is shown in Fig. 9 as a
function of two market forage prices: 300 and 500 $/tonne DM.
At 300 $/tonne DM, 21 locations over the suitable 512 are selected,
whereas 190 are selected at 500 $/tonne DM. Most of the selected
locations are distributed in Tibet, Inner Mongolia, and Qinghai. In
general, the selected optimal locations are mainly marked out by
low depth of the groundwater resources and IWR, and high
increased NPP through irrigation. The easy accessibility to ground-
water resources and the contained IWR lower down the ICC of the
PVWP irrigation systems. On the other hand, the high NPP achieved
through irrigation raises the system revenues.

Fig. 10 shows a sensitivity analysis on how the most significant
model parameters, such as carbon offsets, forage management
costs, PV module price, increased forage yield, and potential carbon
sequestration, can affect the selection of the optimal locations and
accordingly the increased forage supply. The influence of each
parameter is studied with a percentage of variation ranging
ions for implementing photovoltaic water pumping systems for grassland
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Fig. 7. Maps of the suitable areas for implementing PVWP irrigation systems.
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between ±50%, except for the forage management cost and
increased forage yield ranging between ±25%.

The forage management costs and the increased forage yield
have the strongest impacts on the increased forage production
and thus on the optimization process. This result highlights the
importance of decreasing the agricultural management practices
to lower the forage management costs and make the forage pro-
duction more competitive. A 25% decrease in the forage manage-
ment costs can increase the forage production, due to the larger
Please cite this article in press as: Campana PE et al. Suitable and optimal loca
irrigation in China. Appl Energy (2016), http://dx.doi.org/10.1016/j.apenergy.2
number of optimal location selected, of 250%. At the same time,
it also shows how the assessment of the increased forage yield
due to irrigation is a crucial aspect to determine the profitability
of implementing PVWP irrigation technology. An increase of 25%
in the forage yield results in a 300% increase in the forage produc-
tion using PVWP irrigation systems. The price set for CO2 emissions
and the amount of carbon sequestration, as well as the other sen-
sitive parameters, have a significant effect on the optimization pro-
cess but almost not comparable with the first two parameters
analyzed.

Based on the assumption made, the net mitigation impact on
climate change as a function of the market forage price is depicted
in Fig. 11. The depicted net mitigation is the resulting balance
between CO2 emissions due to transportation, CO2 emission reduc-
tions achievable through the power production from PV technol-
ogy, and CO2 sequestration.

Similarly to the potential PVWP forage production, increasing
the market forage price, the number of locations selected as opti-
mal increases as well as the potential in CO₂ emission reductions
from PV power and sequestration. The CO2 emission reduction
potential is very high, especially due to carbon sequestration. Nev-
ertheless, it is interesting to note that considering the CO2 emis-
sions due to transportation, the overall CO2 emissions balance is
negative, especially at high market forage price. By increasing the
market forage price, the number of locations selected increases
and accordingly the amount of forage and transportation distances.
This result shows that the forage production using PVWP irrigation
tions for implementing photovoltaic water pumping systems for grassland
016.01.004
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Fig. 9. Spatial distribution of the selected optimal locations depending on the market forage prices: 300 (upper) and 500 (lower) $/tonne DM.
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systems can have significant negative environmental impacts if the
forage production is not locally used.

3.3. Limitations

This study is restricted to the grassland areas in China. There-
fore, farmland areas were not taken into consideration in the for-
age supply chain. Future works will also be focused on farmland
areas.

For solving the optimization model, China was covered with a
grid of cells with a half-degree (equals 50 km � 50 km at the Equa-
tor) spatial resolution for computational time issues. Thus, the
original maps spatial resolution was aggregated to half-degree
resolution.

To avoid high pressure on the available water resources due to
irrigation, only 1% of each cell grid was assumed as forage supply
area. A more specific value could be obtained considering the grid
cells hydrologic balance, and accordingly the water resources
availability and irrigation volumes. Nevertheless, this hydrologic
analysis is beyond the scope of this article and can be considered
as a starting point for future studies.

Due to the lack of spatial data, water quality issues, such as
water salinity or water pollution from chemicals or heavy metals,
were not addressed in this study to identify the suitable grassland
areas for irrigation. The water salinity issue was partially tackled
considering the leaching requirement LR in designing of the PVWP
irrigation systems as discussed in Section 2.2.1.

Using PVWP systems for grassland restoration and conservation
is eligible to subsidy and incentive scheme for grassland ecology
protection [55]. The current available subsidies for grassland
improvement were not taken into consideration in this study, since
it is the objective of parallel studies on the development of new
Please cite this article in press as: Campana PE et al. Suitable and optimal loca
irrigation in China. Appl Energy (2016), http://dx.doi.org/10.1016/j.apenergy.2
business models for implementing PVWP systems for grassland
irrigation [56].

4. Conclusions

PVWP systems represent a renewable energy-based solution to
support the sustainable development of the pastoral and agricul-
tural sectors in China. The potentials of PVWP systems for grass-
land conservation and augmentation of its productivity are
substantial. However, the optimal locations are sensitive to several
environmental and economic parameters such as increased forage
potential yield, forage management costs, forage water require-
ments, ground water depth, forage price and CO2 price that need
to be carefully considered. The potential mitigation impact on cli-
mate change is also very high, especially due to the carbon seques-
tration. Nevertheless, if the forage production is not locally
utilized, the CO2 emissions due to forage transportation can nega-
tively affect the net carbon emission balance.

The developed methodology, i.e. the combination of GIS com-
bined with modeling, optimization and renewable energy technol-
ogy, can be applied in many countries and regions in the world.
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