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Abstract: Due to population growth and economic development, the demand for the agricultural production is increasing rapidly
leading to an accelerating pressure on the existing water resources. Sugarcane is an important cash crop of Pakistan; it is a water
intensive crop and grown in the watershed of the Indus river. In this study, the impact of water use in terms of water deprivation has
been estimated by using water stress index of the Indus watershed. The results revealed that a large amount of water ranging between
14,625 to 27,529 md/ha has been used in the Faisalabad and Rahim Yar Khan regions of Pakistan. Due to yield gap in these regions,
the per tonne water utilization for cane production was found to be higher than the global average of 197 m3/tonne thus contributing
to a higher extent of water deprivation potential in the Indus watershed. The results of the study highlight the need to increase the
water use efficiency for cane cultivation to reduce the water deprivation potential in Pakistan. Recommendations are made for
increasing the irrigation water efficiency through on-farm water management techniques. The results of the study are helpful for the

policy makers to suggest further improvements for sustainable cane production in Pakistan.
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1. Introduction

Sugarcane is an important food and energy crop which is
grown in 107 countries worldwide over a wide range of climates
from the latitudes of 30°N to 30°S. The cultivation of sugarcane
generally occurs in tropical to subtropical regions with adequate
precipitation and solar radiation. The crop is cultivated on an area
of 20.42-million-hectare land with total production of 1,333 million
tonne worldwide [1-3]. Pakistan is 5" largest in cane cultivation
in the world in terms of production and sugarcane is the 2"
largest cash crop of the country accounting for 17% of the gross
value added from all crops [4-5]. According to an estimate by
the United Nations (UN), the world population is expected to
increase to 9.3 billion by the year 2050 which can cause a threat
to the balance between demand and supply chain of food for
growing population [6]. The global food production needs to be
increased by 60% by the year 2050 to meet the increasing
demands for food [7]. Agriculture is one of the highly water
consuming activity as 70% of the world’s freshwater is withdrawn
for irrigation in the agriculture sector and it has been predicted
that the demands of freshwater in the agriculture sector especially
in the developing countries will increase by 50% as compared to
the present situation by the year 2025 [8]. The global freshwater
withdrawal has increased 7 times from the past century due to
changing diet preferences of the growing population [9]. Moreover,
due to the growth of agriculture, industrialization, households
and energy consumption, the pressure on freshwater resources is
escalating rapidly and the overexploitation of freshwater is causing
social, environmental and economic problems. According to an
assessment of water management in agriculture, around 1.2 billion
people (almost a fifth of the world population) are living in water
scarce regions. So, it is a global challenge to use water in a secure
way in future. The management of water resources is required not
only at the local and national levels, but also at the international
level for the sustainability of agricultural production [10-11].

Climate is one of the important factors affecting agricultural
production. One of the four top ranking environmental risks is
water crisis, occurring due to the failure of climate change
mitigation and adaptation [12]. There is a prediction of gradual
change in the future climate which could affect the vulnerability
of the global food supply system. According to an estimate, the
global mean surface temperature could rise by 4.8°C by the end
of 21%t century [13]. As a result, the water scarcity is expected to
increase rapidly due to intensifying pressure on the existing
water resources [14].

In Pakistan, sugarcane is mainly used for sugar production
but following the recent industrial advancement, its byproducts
have also been used to produce various products such as alcohol,
chipboard, and dozens of others industrial chemical compounds
which are a big source of revenue to the government [5]. In
addition, sugarcane is one of the most water intensive crop;
according to one estimate, it requires around 400 m? of irrigation
water to produce a tonne of sugarcane in the country [15]. In the
last few years, the country has been facing severe water shortages
as the availability of water is decreasing due to expansion of
irrigated areas, growth in population and urbanization [16]. That
is why, the information about water usage and its availability for
the water resource planning is required to satisfy the increasing
demand for food production in future [8].

Several approaches to water footprint have been developed
to quantify the impacts of water use [17]. Water footprint (WF)
is a term, firstly used by Hoekstra, as an indicator of water use.
It is the total volume of freshwater used to produce products,
crops or goods throughout the production process [3, 14]. The
term WF specifies the total amount of water used to produce a
product and the relevant impacts of production systems on water
resources, but this term only indicates the volumetric amount of
water used which does not provide information in terms of actual
impacts of water use because the water use impacts in water
abundant areas cannot be compared with water scarce regions [8].
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Another approach to evaluate the impacts on freshwater use is
the life cycle assessment (LCA) approach which was proposed by
the LCA community. In the LCA approach, the impacts related
to the water use are determined in terms of water deprivation
potential by combining the volumetric freshwater consumption
and water stress index of the region where the water has been
extracted [7].

The main source of water for the agricultural production
in Pakistan is the surface water [18], while groundwater is the
second largest source [19]. The Indus River and its tributaries
(Chenab, Jhelum, Sutlej and Ravi) are the main sources of
surface water in the country. About 80% of the total area in the
Punjab province of Pakistan has freshwater availability [18]. In
Pakistan, the volumetric water used for the cane cultivation is
around 430 m® per tonne which is more than double the global
average. [15, 20-21]. However, the past studies lack in assessing
the environmental impacts related to the irrigation water used at
the point of source and location of water used to address water
scarcity in a specific region [7-8]. Therefore, the objectives of
the study are (1) to assess the amount of irrigation water used
for cane cultivation in the province of Punjab in Pakistan; (2) to
estimate the water stress situation and deprivation potential in
the Indus basin due to cane cultivation in the province of Punjab
in Pakistan. The results of the study can be used by the policy
makers in sugarcane cultivation planning to enhance the
efficiency of water resource use in Pakistan.

2. Materials and Method

2.1 Sugarcane cultivation in Pakistan and the study area

Pakistan is one of the countries in South Asian with total
land area of 796,095 km?. Around 40% or more of the population
in the country is employed in agriculture [22]. Agriculture is the
backbone of Pakistan contributing around 21% of the gross
domestic product (GDP) and employs 44% of the labor [23-24].
Of the total land area, 27% is reserved for agriculture with more
than 8 million farms in the country [25]. Most of the cultivable
and irrigated land is in the eastern province of Punjab and Sindh
around the Indus river and its tributaries [22]. The sugarcane
production in the whole country is about 63.75 million tonnes on
an area of 1.1 million hectares [26]. Two regions of Punjab i.e.
Faisalabad located at 31.43°N latitude and 71.10°E longitude
and Rahim Yar Khan at 28.38°N latitude and 70.38°E longitude,
are the main domains of cane cultivation in Punjab and account
for more than 50% of the total cane production in the whole
province, or 32% of the whole country [27-28]. The total area
under sugarcane is about 705,000 hectares in Punjab. The total
cane production in Punjab is around 42000 tonnes with 30% and
29% share of the total production in the regions of Rahim Yar
Khan and Faisalabad respectively [29]. The sugarcane area and
production in Faisalabad and Rahim Yar Khan as reported by
the Crop Reporting Department (CRD) are summarized in Table
1. The study area has been shown in Figure 1.

Table 1. Plantation area, sugarcane production and yield in Faisalabad and Rahim Yar Khan in the year 2016-2017.

Watershed Region Plantation area (ha) Sugarcane production (t)
Indus Faisalabad 106,430 5,938,900
Rahim Yar Khan 161,060 12,478,350
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Figure 1. Location of Faisalabad and Rahim Yar Khan in the Indus watershed of Pakistan.
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The data for the sugarcane cultivation in Faisalabad and
Rahim Yar Khan has been collected from the farmers in the Punjab
province. Farmers were surveyed separately in each region via
questionnaires. For cane cultivation, the direct sowing method is
used in the corresponding regions and cane is planted in furrows
at a depth of 5-6 cm and covered with 2-3 cm soil. In the Punjab
province of Pakistan, cane is usually planted in the mid of February
and harvesting takes place in December or January. The planting
time of 15 February and harvesting time of 16 December has
been taken as a baseline cropping calendar of sugarcane in the
province of Punjab for the assessment of crop water requirement
(CWR). The data about the timing of surface water utilization
was taken directly from the farmers. Moreover, for groundwater
calculations, the data about the timing of pumping groundwater,
motor horsepower, the depth of bore holes made under the
ground and the diameter of the suction pipe was taken from the
farmers. For assessing the CWR, CROPWAT model developed by
the Food and Agricultural Organization of the United Nations
(FAO) has been used [30-32]. For irrigation purpose, surface water
(canal water) and groundwater are used in both regions as rainfall is
the minor source of water for land cultivation in the study area.
The amount of groundwater has been calculated based on the
available groundwater data by using Equation 1 [33-36]. The
surface water calculations have been performed with the available
amount of data (canal surface water) and the Punjab Irrigation
Department (PID) has recently made the data available online on
their official website (irrigation.punjab.gov.pk/Search.aspx) where
each distributary has its fair share of water. In this study, it has
been considered according to the total withdrawal of the country
that of the total water used for cane cultivation, 66.4% is canal
water and 33.6% groundwater [37].

tX129574.1XBHP

- d 255.5998XBHP?2 @
T (@on |
Where;
Q = Volume of water (litres)
T = Total irrigation time for whole crop cycle (hours)
BHP = Engine power of pump (in hp)
d = Average depth of well (m)
D = Diameter of suction pipe (in inches)

The sugarcane cultivation system for the accounting of
water use and deprivation caused due to cane cultivation has been
shown in Figure 2. To calculate the water scarcity footprint, the
water stress index has been used as a mid-point indicator
(characterization factor) for the suggested midpoint category i.e.
water deprivation in life cycle impact assessment (LCIA). The

water stress index (WSI) indicates the portion of consumptive
use of water (WU-consumptive) that deprives other users of freshwater.

The water stress index (WSI) is defined as the ratio
between the freshwater withdrawal to the hydrological availability
of water within a watershed [38]. The value of WSI for the
watershed of Indus (Pakistan) was about 0.97 [39] which was
used to calculate the water scarcity footprint of sugarcane. It
should be noted that a WSI (ranges from 0 to 1) of ‘0’ shows no
stress while ‘1’ shows the severe level of water stress in the
watershed according to the methodology of Pfister et al [38]. It
means that the value of water stress index for Pakistan, which
has nearly approached ‘1°, shows that the country is under
severe level of water stress.

2.2 Assessment of crop water requirement

The crop water requirement (CWR), also denoted as
ETe, is defined as the amount of water lost from the soil through
evaporation and the amount of water lost from crop through
transpiration for proper crop growth. ET. can be calculated by
using Equation 2 [37-38]. The water accounting (water use) for
the sugarcane has been estimated based on the rainfall and
irrigation conditions in the cane planted areas. The data relevant
to the irrigation practices collected from the farmers is used to
calculate water use.

ET, = ETy X K, @)

Where, ETo is the reference evapotranspiration and Kc represents
the crop coefficient of Penman-Monteith equation [30-32]. The
monthly ETo and monthly rainfall values have been calculated
separately for the respective regions of cane plantation by using
the past 36 years data (1981-2017) provided by the Punjab
Meteorological Department (PMD). The monthly rainfall data
was used to calculate the effective rainfall which is the rainfall
effectively/actually used by plants or crops [40]. The values of
Kc at the initial, mid-season and end-season stage of sugarcane
have been taken from the Sugarcane Research Institute as shown
in Table 2. For an appropriate assessment, the soil properties are
also given as an input to the CROPWAT model and the relevant
soil properties are shown in Table 3.

Table 2. Crop coefficient for the initial, mid-season and end-
season stage in Faisalabad and Rahim Yar Khan

Region Crop coefficient (Kc)
Initial Mid-season End-season
Faisalabad 0.45 1.3 0.52
Rahim Yar Khan 0.41 1.25 0.46

Source: Punjab Agricultural Department
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Figure 2. Sugarcane cultivation system and water use.
Table 3. Soil properties of Faisalabad and Rahim Yar Khan.
. Regions Units Faisalabad Rahim Yar Khan
Soil Parameters
Soil type - Sandy clayey loam Clayey loam
Total available soil moisture mm/m 158.32 183.33
Maximum rain infiltration rate mm/day 122 40
Initial soil moisture depletion % 0 0
No. of horizons - 4 4

Source: National Engineering Services of Pakistan (NESPAK)

Copyright @ 2019 By Journal of Sustainable Energy and Environment 35



Journal of Sustainable Energy & Environment 10 (2019) 33-39

Table 4. The amount of water used for sugarcane cultivation in the Indus watershed classified by two main regions of Punjab

Region
Parameter Unit Faisalabad Range Ramrr; r\](ar Range
Yield t/ha 62.29 48.9-74.96 79.2 65.2-97.8
Total water used m?ha 20,743 14,625-27,195 24,015 21,694-27,529
m3/t 333 289-385 303 257-415
Rain water used m/ha 3,130 - 700 -
m3/t 51 42-64 9 7.2-10.7
Irrigation water m3/ha 17,613 11,495-24,065 23,315 20,994-26,829
used m3/t 283 228-341 294 250-404

In Pakistan, the rainfall is a limited source of water and
the CWR is fulfilled with the application of additional amount of
water through irrigation. In this study, the total amount of water
used in the field is considered as the sum of effective rainfall and
the irrigation water used to fulfill the CWR in an irrigated
agricultural system [7]. To calculate the actual amount of irrigation
water used for cane cultivation, the conveyance losses, field
application losses and the irrigation efficiency for the furrow
irrigation system has also been considered in the study [41]. The
irrigation efficiency of 0.6 for the furrow irrigation system has
been suggested by the Punjab Irrigation department (PID). To
convert the crop water use in millimeters into the volume of
water per land surface (m3ha), Equation 3 can be used [8].

CWU =10 x X2, ET 0 (m3/ha) 3)

The factor 10 has been used for the conversion of
millimeters in to m3%ha and Igp represents the length of the
growth period in days [14]. The crop water use, either rain or
irrigation water is then converted to the units of m3/tonne by
using Equation 4.

m3
cwu < ) =
tonne

CWU(m3/hectare)/yield(tonne/hectare) 4)

2.3 Water use impact assessment and water stress index

To assess the environmental impact related to water use,
both the amount of water consumed, and the water stress situation
of a specific region are considered to calculate the water deprivation
indicating the amount of water deficient at the downstream for
human consumption and maintenance of the ecosystem [38]. The
deprivation potential or water scarcity footprint of cane be
calculated by multiplying the amount of irrigation water used for
the crop and water stress index of a region as shown in the
Equation 5.

Water scarcity footprints,garcanei =
Irrigation water useg,garcane,i X WSI; (5)

Where, Irrigation water uSesugarcane,i represents the amount of
irrigation water used for cane cultivation in watershed i, and
WSIi, represents the water stress index of the watershed i. The
deprivation potential or water scarcity footprint is measured in
units of “m® H20eq”. In this study, only the amount of irrigation
water used for sugarcane cultivation has been taken into consideration
to assess the water scarcity footprint as only the timing of
irrigation water use can affect the local water availability in the
region. A lower value of water scarcity footprint indicates less
impact related to the water use and vice versa [7].

3. Results and Discussion

3.1 Water use for cane cultivation in Punjab

The average yield for sugarcane obtained by interviewing
the farmers in Faisalabad for the year 2016-2017 was 62.29 t/ha
for Faisalabad and that of Rahim Yar Khan is 79.17 t/ha. Table 4
represents the comparison of fresh water used for sugarcane
cultivation in the two main regions of cane production (Faisalabad
and Rahim Yar Khan) in Punjab province under the Indus
watershed. The results revealed that the total freshwater used for
cane cultivation per unit area ranges between 14,625 to 27,529
m3/ha. Qamar et al. (2018) calculated the average dose of water
for sugarcane at around 25,000 m%ha in Punjab providing a
confirmation of the results of this study [42]. Irrigation water is
the main source for cane cultivation in the respective regions as
rain water is not enough to meet the crop water requirement. The
irrigation water shares around 85-97% of the total freshwater
used in the corresponding regions. However, per tonne of cane
production, the results have shown a significant difference in the
freshwater used in Faisalabad and Rahim Yar khan with the
range between 289-385 m?/t and 257-415 m/t of cane, respectively.
This could be due to the difference in the cane yields of the
regions which depend on several factors such as crop variety,
soil characteristics, fertilization, irrigation water applied and
other treatment practices. The global average volumetric water
use of sugarcane is 210 m3/t [3]. While the total water consumption
(irrigation + rain) for the whole country was reported as 430
md/t. It means that water use for cane production in Pakistan is
higher than the global average due to low vyield reported in
Pakistan [15]. The results of this study show that the total
amount of water consumption for cane cultivation in Punjab is
closer to the reported value (Table 4). The irrigation water used
for cane cultivation in Rahim Yar Khan is more than Faisalabad
due to very less contribution of rain i.e. 9 m3t on average to
fulfill the CWR due to which more irrigation water is provided to
fulfill the crop water demand. Therefore, the irrigation water, which
contributes to affecting the local availability of water, should be
considered by the policy makers or water planners to manage
and to allocate the right share of water to its users. The graphical
presentation of the amount of water use can be seen in Figure 3.

400

M rrigation water @ Rain water

350 1
300 +
250 4
200 A

150 =

Water use (m®/t)

100 4

50 1
51

0

Faisalabad Rahim Yar Khan

Figure 3. Rain water and the irrigation water use for sugarcane
cultivation (2016-2017).
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Table 5. Water scarcity footprint of cane production classified by two main regions of Punjab.

Parameter Unit Faisalabad Rahim Yar Khan
Total water use m3/t 333 303
Irrigation water use mé3/t 283 294
Water scarcity footprint m3 H20eq/t 2745 285.2

3.2 Water scarcity footprint of sugarcane

To evaluate and to compare the impact of freshwater used
for sugarcane cultivation in the Punjab Province of Pakistan, the
volumetric amount of water used is combined with the water
stress index of Indus watershed to assess the water scarcity
footprint caused due to cane cultivation in each region
separately (Equation 5).

The results of the water scarcity footprint are shown in
Table 5. The results show that the total water use for cane
cultivation in Faisalabad is higher than Rahim Yar Khan but the
water scarcity footprint in Rahim Yar Khan is comparatively
more i.e. 285 m® H20eq/t than Faisalabad. The higher value of
water scarcity footprint in Rahim Yar Khan indicates that the
water use impacts are relatively higher as compared to
Faisalabad. Moreover, the farmers apply more irrigation water
to sugarcane crop in Rahim Yar Khan due to less contribution of
rainfall to fulfill the crop water requirement, thereby, creating
more stress in the Indus watershed. The results of this study
match with the real water stress situation in Pakistan. The per
unit water consumption for the cane cultivation in both regions
is significantly higher than the global average [3] which shows
that the irrigation water productivity is not good for sugarcane
cultivation and there is a potential for improvements to enhance
the water productivity in terms of more yield production per unit
of water consumption.

3.3 Recommendations in water resource management for
sugarcane cultivation in Pakistan

Pakistan is one of the most water stressed countries in
the world [43]. The per capita water availability in Indus-Pakistan
was around 1700 m3/person in the year 1990 which is projected
to reduce to about 700 m3/person by 2025 [44]. The results of
the study have showed that there should be some suitable
planning for the water resource management in the country to
reduce the impacts related to the water used for cane cultivation.

The world’s average yield of sugarcane is around 66
tonnes per hectare while average yield of Pakistan is around
51.5 tonnes per hectare which means that the potential yield is
not achieved in the country. Many research institutes like
Shakarganj Sugar Research Institute at Jhang, Quaid e Azam
Agricultural Research Institute at Larkana etc. are very active in
working on sugarcane variety development programs. It was
observed that the varieties lose their yield potential after they are
grown for few years in a specific region [45]. Different clones
were tested by the Sugarcane Research Institutes in the Punjab
province of Pakistan. From these tested clones, S2006-US-658
followed by S2008-AUS-133, S2008-AUS-138, S2008-AUS-
134 and SPF-234 can be recommended to be grown in the
Punjab province of Pakistan giving a fair tonnage of yield and
promising ratoonability [46]. Moreover, the main reasons for
lower yield is due to pest and disease attack and nutritional and
droughts problems [47]; so, the development of the site-specific
varieties for the respective problem could help to improve the
yield not only at country level but also at the regional level.
Thereby, the water use efficiency can be increased by improving
the yield through improved cane varieties as the water use
efficiency mainly depends on the crop yield [8].

The farmers in Pakistan are over irrigating their lands
through flood irrigation by wasting around 50-60% of the total
irrigation water applied to the field. Therefore, the water
efficient technologies like precision land leveling, bed planting

and the watercourse improvement can prove valuable in terms of
management and the sustainable use of irrigation water is
Pakistan [48]. The Punjab Irrigated-Agriculture Productivity
Improvement Project (PIPIP) is under implementation since
2012 with the assistance of World Bank for the installation of 69
subsidy to the farmers via a cost-sharing arrangement of 60:40.
The PIPIP project aims at the improvement of water courses and
to install laser land levelers to enhance the efficiency of
irrigation water [49-50]. The precision land levelling is a kind of
on farm water conservation technology through which the
current irrigation application efficiency of 60% can increase up
to 80% with the increased crop yield because it can reduce
evaporation and percolation losses from the field by faster flow
irrigation water through the field as it reduces the water holding
into the depressions. Moreover, on precisely levelled fields, bed
planting can prove beneficial by saving irrigation water.
Through bed planting (on field management technology), the
water use efficiency as well as the fertilizer use efficiency can
be improved. By using bed planting technique, 30-50% water
can be saved with an increase in the yield by 20-25%. In
Pakistan, watercourses are used to divert the canal water into the
field in which a large amount of water is lost due to poor
conveyance efficiency of the system. So, the lining of
watercourses can save around 30-45% of irrigation water [48].
By adapting to the above mentioned recommendations, the per
unit water consumption of sugarcane can be reduced through
increased field efficiencies, thereby increasing the water
productivity level for sugarcane production. Hence, the water
scarcity footprint can be reduced in the sugarcane cultivation
areas through improved water productivity.

The policy reforms are also very important for the
improvement of water security in Pakistan. According to the
National Sugar Policy Plan 2009-2010, the growers should be
provided with the progressive techniques to conserve water [51].
Moreover, sugar beet could be used for instance to produce
sugar as it does not have only a short crop cycle (4-5 months)
[52], but the sugar recovery from sugar beet is also much higher
than sugarcane. In addition, the irrigation management through
efficient irrigation techniques (centrally pivoted sprinklers and
drip irrigation) could prove a reliable way to conserve water and
for its implementation. The low cost irrigation systems are
available for the small-holders via a credit on its purchase with
enough technical support [51].

4. Conclusion

The demand for the food production is increasing due to
population growth, urbanization and economic development
which exert a great pressure on the existing freshwater
resources. In this study, the amount of water use and the water
deprivation potential in Indus watershed due to sugarcane
cultivation in the province of Punjab of Pakistan has been
evaluated. The results of study revealed that the water use and
the deprivation in Rahim Yar Khan was higher than Faisalabad
due to very less rainfall in Rahim Yar Khan and almost the
whole crop water demand being fulfilled by irrigation water.
The water use per tonne of sugarcane production in Pakistan
was found to be higher than the global average due to less yield
gained by the farmers than the potential yield. The results of the
water scarcity footprint are required to be focused by the policy
makers to suggest improvements to increase the irrigation water
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use efficiency. This is because the volumetric water use in the
Punjab province of Pakistan was found to be higher than the
global average resulting in more water deprivation potential. So,
by increasing the water use efficiency to obtain more yield per
drop of water use can help in decreasing the volumetric water
use, thereby, decreasing the water deprivation potential.
Therefore, the policy makers and water planners should identify
the appropriate measures to increase the water use efficiency in
the Indus watershed to reduce the water scarcity footprint of
sugarcane in Pakistan. So, the water scarcity footprint is an
important tool to assess the risks associated with the irrigation
water use and to assess the deprivation potential of water in a
watershed which is hard to assess only by focusing at the
volumetric amount of water used for the crop production. To
increase the efficiency of water used for cane cultivation in
Indus watershed, the specific crop varieties like drought resistant,
pest resistant and nutrient resistant varieties are recommended to
be used to gain more yield. In addition, on farm field management
through precision land leveling and bed planting techniques are
also recommended because precision land levelling can increase
the water application efficiency to 60-80% and bed planting can
save 30-50% water by 20-25% increase in yield. Moreover, by
watercourse lining, around 30-45% irrigation water can be saved
which is lost in the watercourses due to poor conveyance
efficiency of watercourses. Furthermore, the tools like water use
and water scarcity footprint can help the policy makers to
postulate other measures to increase the water use efficiency for
agricultural production.
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