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A B S T R A C T   

Land and water resources are largely used for food production during agricultural activities. Some farm oper-
ations are energy intensive and climate is also affected due to the use of fossil energy during the farm operations. 
Thus, the nexus assessment without considering climate as an indicator may not provide a holistic outlook to-
ward a secure, efficient, and sustainable use of resources. Therefore, this study aimed to incorporate climate as an 
indicator in the already existing water-food-energy-land nexus methodology. To implement the water-food- 
energy-land-climate nexus index, the wheat crop production system in Punjab, Pakistan was taken as a case 
study. Twelve different indicators were normalized and then aggregated to assess the value of the water-food- 
energy-land-climate nexus index. Higher the value represents better the sustainable production of crops and 
land suitability. The value of the water-food-energy-land-climate nexus index varied from 0.34 to 0.78 across 
Punjab indicating a wide range of sustainable wheat crop production and land suitability for wheat cultivation. 
The northwest region was showing a lower water-food-energy-land-climate nexus index value as compared to the 
south. The south and central Punjab areas are more suitable for the wheat crop as compared to the north or west. 
The water-food-energy-land-climate nexus index could also be used as a comprehensive tool to evaluate the 
performance of other crops as well. It can also help in formulating an inclusive policy for sustainable develop-
ment goals — such as SDG 2 (elevate food security), 6 (enhance water security), 12 (responsible consumption 
and production), and 13 (climate action).   

1. Introduction 

The global population is projected to reach around 10 billion by 
2050 (UN, 2019) and the intensification of stresses on resources such as 
water, energy, and land is likely to increase due to the need to meet the 
growing demand for food (SWITCH-Asia, 2022a). Global production of 
primary crops increased by approximately 50 % between 2000 and 2018 
(FAO, 2020a). World cereal equivalent food demand is projected under a 
strong convergence scenario to be around 10,094 million tonnes in 2030 
and 14,886 million tonnes in 2050 (Islam and Karim, 2019). The Asian 
continent holds the primary position in the production of cereal crops, 
particularly wheat and rice (Farooq et al., 2023). To meet the growing 
demand for cereal equivalent food, more agricultural land is required. 
Already, agriculture covers more than half of the Asian land area and it 
is further expanding due to the increase in agricultural activities. 

The agricultural land expansion also causes deforestation; according 
to the Food and Agriculture Organization of the United Nations (FAO), 
the South-East Asian region lost 376 thousand km2 of forest between 
1990 and 2020 (SWITCH-Asia, 2022a). Deforestation is one of the main 
sources of greenhouse gas (GHG) emissions. Almost one billion ha of 
land would be cleared globally by 2050, with GHG emissions reaching 
~3 Gt CO2eq y− 1 (Tilman et al., 2011). Furthermore, there are many 
more environmental impacts associated with agricultural activities, 
most of them due to the use of fossil fuels, fertilizers, pesticides, and 
herbicides during farm operations (Poore and Nemecek, 2018). During 
crop production, the use of fertilizers and other synthetic chemicals can 
harm marine, freshwater, and terrestrial ecosystems (Tilman et al., 
2011). 

The impacts of farm operations are even more in the arid and semi- 
arid regions as compared to the humid or wet regions mainly due to the 
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irrigation from groundwater resources, conventionally powered by fossil 
fuels. The environmental impacts are further amplified with ground-
water depletion because of the additional energy needed to pump the 
water due to the lowering of the water table (Rijsberman, 2006; Siddiqi 
and Fletcher, 2015; Karimov et al., 2022). The topography of an area 
also plays an important role in energy use during land preparation 
(Diffendorfer and Compton, 2014). The use of fossil fuels amplifies GHG 
emissions in crop production. Moreover, agriculture accounts for 70 % 
of global freshwater withdrawals (SWITCH-Asia, 2022b; FAO, 2017), 
which is projected to increase further to satisfy rising food demand 
(Alexandratos and Bruinsma, 2012; Dalstein and Naqvi, 2022). Total 
global water withdrawals for irrigation are projected to increase by 10 % 
by 2050 (FAO, 2011). Groundwater supplies the water for the world’s 
irrigation demand at about 40 % (Siebert et al., 2010). The impacts of 
water withdrawal on agriculture are even more intensified in dry arid 
regions. Such regions may face higher water scarcity and water depri-
vation problems (Pfister et al., 2009). 

Agriculture is a multifaceted sector that encompasses numerous el-
ements, including land, water, and energy utilization, the production 
and application of fertilizers, as well as the extraction of groundwater, 
land preparation, etc. Mainly due to the fossil fuel-based processes 
agricultural activities are also linked to climate change (Lynch et al., 
2021; Lad et al., 2022) which is why water, food, energy, land, and 
climate are interconnected comprising a coherent system (the ‘Nexus’). 
Managing one of them cannot be considered in isolation but should be 
seen as part of an integrated system (Giampietro et al., 2013; European 
Commission, 2021a; Cremades et al., 2019). Therefore, the integrated 
management of Nexus is critical to securing the efficient and sustainable 
use of resources and developing strategies (European Commission, 
2021b). The nexus approach allows for more integrated and effective 
policymaking, planning, monitoring, and evaluation related to the 
different nexus sectors (Giampietro et al., 2013; Purwanto et al., 2021; 
Botai et al., 2021). 

There are multiple methodologies available for nexus approaches 
such as the method of El-Gafy (2017), the Life Cycle Assessment (LCA) 
based method for nexus assessment, etc. The nexus approach developed 
by El-Gafy (2017) and the LCA approach share some similarities, both 
being holistic and multidisciplinary approaches with systems thinking, 
data-driven analysis, and relevance for policy decisions related to sus-
tainable development and environmental management. Both method-
ologies require experts from different fields to assess the 
interconnections and interdependencies between different systems and 
components within a system and to collect data on material flows, en-
ergy use, emissions, and social impacts. 

On the other hand, the El-Gafy (2017) and the LCA approaches differ 
in their focus and scope. El-Gafy (2017) introduced a method that 
considers the interlinkage among various indicators, including eco-
nomic and social factors such as monetary value and labor involvement, 
in addition to resource consumption and productivity (Jaroenkietkajorn 
and Geewala, 2020). However, LCA deals mainly with environmental 
impact indicators (Silalertruksa and Gheewala, 2018). Therefore, as a 
base method, the methodology of El-Gafy (2017) was utilized in this 
study. To provide the solution to the interlinkages, El-Gafy (2017) 
provided a water-food-energy nexus approach. Further, Gazal et al. 
(2022) improved the water-food-energy nexus methodology by adding a 
land indicator. The novelty of this research was to improve the nexus 
methodology further by incorporating climate as an indicator. Thus, this 
study aimed to provide a method for decision-makers to analyze and 
identify hotspots of the water-food-energy-land-climate nexus index 
(further referred to as; nexus index) of a crop production system in a ho-
listic manner. The nexus index will be useful for policymakers to achieve 
sustainable development goals (SDGs). Especially, by quantifying the 
GHG emission in crop production along with the other indicators. The 
strength of the nexus index is its scope, it can be applied to all types of 
crops without any spatial and temporal limitations. Furthermore, the 
nexus INDEX can be used for the future projection of the nexus 

quantification for the crop production system. To apply the nexus index, 
the wheat crop in Punjab province was selected as a case study. 

2. Material and methods 

The section of this study is divided into three sub-segments, the first 
is related to the assessment of the water-food-energy-land-climate 
nexus, the second is associated with the data collection, and the third 
piece deals with the selection of the study area to apply the methodol-
ogy. The first segment is further classified into nine sub-sections as 
discussed below. 

2.1. Methodology 

This research focused on assessing the interlinkage or nexus among 
water, food, energy, land, and climate by taking the wheat crop system. 
El-Gafy (2017) developed the nexus methodology as a problem-solving 
framework to address complex interdependencies and interactions be-
tween water, food, and energy systems. This methodology comprises six 
indicators, with two each belonging to water and energy in the resource 
use category, two in the resources economic productivity, and the last 
two linked with water and energy in the resources mass productivity. El- 
Gafy (2017) normalized all the indicators and estimated the nexus index 
value by applying the weighted average, which ranges from 0 to 1. A 
higher index value indicates sustainable consumption and production of 
resources. Furthermore, the nexus approach is based on the assumption 
that there is a close interdependence among the factors involved in the 
systems. Changes in one factor can have significant impacts on others. 
Moreover, sustainability is a key goal and the management of water, 
food, and energy systems should be designed to meet the needs of the 
present without compromising the ability of future generations to meet 
their own needs. Furthermore, the nexus approach is based on the 
principles of systems thinking, quantitative and qualitative analysis, and 
decision support. The method aims to provide a comprehensive under-
standing of the interdependencies and trade-offs between water, food, 
and energy systems and support decision-making for sustainable 
development. 

Subsequently, Gazal et al. (2022) expanded the water-food-energy 
methodology by adding one more indicator (land) to enhance its 
comprehensiveness. They used seven indicators, six of which were the 
same as those used by El-Gafy (2017). Gazal et al. (2022) followed the 
same methodology for normalization and the nexus index scale as in the 
original approach. This study further improved the nexus index by 
incorporating climate indicators into the already existing water-
–food–energy-land nexus index methodologies used (El-Gafy, 2017; 
Gazal et al., 2022). 

For calculating the nexus index score, twelve indicators were used 
and normalized to obtain the nexus index score. The indicators are as 
follows: water use (m3/ha), energy use (GJ/ha), land use (ha), GHG 
emissions during farm operations (CO2eq/ha), water mass productivity 
(t/m3), energy mass productivity (t/GJ), land mass productivity (t/ha), 
mass output per unit of GHG emission (kg/kg CO2eq), water economic 
productivity (USD/m3), energy economic productivity (USD/GJ), land 
economic productivity (USD/ha), and economic output per unit of GHG 
emission (USD/kg CO2eq). The water-food-energy-land-climate nexus 
index was applied to the wheat crop system, in Punjab, Pakistan as a case 
study. The system boundary of the assessment was taken from cradle to 
farm gate. While capital goods are not considered during estimation 
because of their extended lifespan and relatively minor role as a resource 
during a single crop season. Furthermore, the potential decline in water 
quality caused by using chemicals in crop production was not consid-
ered. In the evaluation of nexus, all indicators were given equal 
importance. 

2.1.1. Resources use and GHG emissions 
This section explained the natural resources water, energy, and land 
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use and GHG emissions in the wheat production system, as discussed 
below.  

I. Water use 

The water use indicator (WC) is the water use per hectare of the crop 
in a season.  

II. Energy use 

There are two types of energy usage in the farms, one is direct energy 
use and the second is indirect energy use. Energy consumed in the form 
of fuel or electricity during farm operations is considered direct energy 
use. The energy used during the transportation of farm inputs, outputs, 
and production of fertilizers and other chemicals is taken as indirect 
energy use. The water use (Ec) is the sum of direct and indirect energy 
used in the different farm operations as shown in Eq. 1. 

EC =
(
qhh+ qmm+ qdd + qf f + qpp+ qss+ qww

)
(1)  

where: qh, qm, qd, qf, qp, qs, and qw are respectively the energy equivalents 
of human labor (J/h), machinery (J/h), diesel oil (J/L), fertilizer (J/kg), 
pesticides (J/kg), seeds (J/kg), and irrigated water (J/m3) inputs in crop 
production. Moreover, h, m, d, f, p, s, and w are respectively human labor 
(h/ha), machinery (h/ha), diesel fuel (L/ha), electricity (kWh/ha), fer-
tilizer (kg/ha), pesticides (kg/ha), seeds (kg/ha), and irrigated water 
(m3/ha) inputs. The energy equivalents are taken from Zahedi et al. 
(2015) which are given in Table S1 (Supplementary material).  

III. Land use 

The land use (ha) is referred to as the area under cultivation for the 
wheat crop for the entire season. The area under wheat cultivation for 
the stations under consideration was taken from the Punjab Agriculture 
Department (2021).  

IV. GHG emissions during farm operations 

This section discussed the GHG emissions from wheat production 
from different sources and their estimation. The GHG emissions in crop 
production are from the burning of fossil fuels in farm machinery, the 
use of electricity for groundwater pumping, the application of fertilizers 
in the field, fertilizer production, and the transportation of the inputs to 
the field. The GHG emission was estimated by multiplying activity data 
(fossil fuel and electricity use, application of fertilizer, production of 
fertilizer, and transportation) and emission factors. To estimate the GHG 
emission from electricity, Pakistan’s electricity mix for 2020 was taken 
from Butt et al. (2021). Moreover, GHG emissions due to the nitrogen 
fertilizer application are mainly due to the N2O emission. According to 
IPCC (2006) volume 4, chapter 11, there are two types of N2O emission 
due to fertilizer application, direct and indirect (IPCC, 2006). This study 
considered both direct and indirect emissions. However, the emission 
factors for fertilizer production were taken from ecoinvent 3.0. More-
over, the IPCC, 2006 guidelines, volume 2, chapter 3 were used for road 
transportation emissions (IPCC, 2006). It was assumed that the trans-
portation mode and type of vehicle are land transportation and 16 t lorry 
with a round trip, diesel is used as fuel, 7 km/L of diesel is consumed, 
and the distance from the field to the urban center is 15 km (one-way). 
The Global Warming Potential (GWP) and emission factors of fossil fuel 
use, electricity use, application of fertilizer, and transportation were 
taken from IPCC (2021) and IPCC guidelines 2006 (IPCC, 2006) 
respectively. Total GHG emissions due to the farm operations in terms of 
CO2eq/ha were estimated by taking the product of activity data, emis-
sion factor, and GWP as shown in Eq. 2. 

GHG =
{(

d ×EFd
)
+(e×EFe)+ (fa×EFa)+

(
fp×EFp

)

+ 2
(
dm× s×EFt

) }
×GWP

(2)  

where, the diesel use, electricity use, fertilizer application, fertilizer 
production, fuel mileage, and distance covered to bring farm inputs from 
the urban center to the field are expressed with d, e, fa, fp, dm, and s 
respectively. Furthermore, the emission factors of diesel, electricity use, 
fertilizer application, fertilizer production, and transportation are rep-
resented as EFd, EFe, Efa, Efp, and EFt respectively. 

2.1.2. Resources mass productivity and mass output per unit of GHG 
emission 

This section deals with the mass productivity of water, energy, land, 
and GHG emissions and mass output per unit of GHG emission. The 
explanation is given below.  

I. Water mass productivity 

Water mass productivity (WMP) (m3/ha) indicates the production of a 
crop in terms of mass by using the per unit of water as shown in Eq. 3. Y 
is the yield of a crop (t/ha) and W is the water use (m3/ha) of a crop. 

WMP =
Y
W

(3)    

II. Energy mass productivity 

Energy mass productivity (EMP) (J/ha) refers to the production of a 
crop in terms of mass per unit of energy as shown in Eq. 4. Y is the yield 
of a crop (t/ha) and E is the energy use (J/ha) of a crop. 

EMP =
Y
E

(4)    

III. Land mass productivity 

Land mass productivity (LMP) (tonne/ha) is a measure of agricultural 
outputs in terms of mass obtained on a given area of land. It is the ratio 
of farm mass output (FM) in tonnes to the farm planted area (FA) in 
hectares as shown in Eq. 5. 

LMP =
FM

FA
(5)    

IV. Mass output per unit of GHG emission 

Mass output per unit of GHG emission (kg/kg CO2eq) is a measure of 
agricultural outputs in terms of mass obtained on the expense of per unit 
GHG emissions. Mass output per unit of GHG emission (GHGMO) also can 
express the ratio of agricultural outputs (M) per unit of GHG emission 
(GHG) as shown in Eq. 6. 

GHGMO =
M

GHG
(6)  

2.1.3. Resources economic productivity and mass output per unit of GHG 
emission 

This section deals with the economic productivity of water, energy, 
land, and GHG emissions and mass output per unit of GHG emission. The 
explanation is given below.  

I. Water economic productivity 

Water economic productivity (WEP) is the ratio of return minus the 
cost of inputs in terms of monetary values per hectare of a crop to the 
volume of water consumed per hectare to grow a crop as shown in Eq. 7. 
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N is the monetary return per ha from the crop (USD/ha), C is the cost of 
inputs used (USD/ha), and W is the water used (m3/ha) for cultivating a 
crop. 

WEP=
N − C

W
(7)    

II. Energy economic productivity 

Energy economic productivity (EEP) is the ratio of return minus the 
cost of inputs in terms of monetary values per hectare of a crop to the 
energy consumed per hectare to grow a crop as shown in Eq. 8. N is the 
monetary return per ha from a crop (USD/ha), C is the cost of inputs 
used (USD/ha), and E is the energy used (J/ha) of a crop. 

EEP=
N − C

E
(8)    

III. Land economic productivity 

Land productivity (LEP) is a measure of agricultural outputs in terms 
of monetary values at constant prices obtained on a given area of land. It 
is the ratio of farm volume output (FE) in tonnes to the farm planted area 
(FA) in hectares as shown in Eq. 9. 

LEP =
FE

FA
(9)    

IV. Economic output per unit of GHG emission 

Economic output per unit of GHG emission (USD/kg CO2eq) is a 
measure of agricultural outputs in terms of monetary values obtained at 
the expense of per unit GHG emissions. Economic output per unit of 
GHG emission (GHGEO) also can express the ratio of agricultural mon-
etary outputs (MO) per unit of GHG emission (GHG) as shown in Eq. 10. 

GHGEO =
MO

GHG
(10)  

2.1.4. Water–food–energy-land-climate nexus index 
This research used the nexus index to express the interlinkage among 

water–food–energy-land-climate in wheat production as shown in Eq. 
11. It indicates sustainable consumption and production to the decision- 
makers. So different sustainable development goals can be achieved by 
adopting an integrated policy for sustainable consumption of resources, 
sustainable production of food, and minimizing GHG emissions to 
mitigate climate change. 

Nexus index =

∑n

i=1
wiXi

∑n

i=1
wi

(11)  

where w is the weight of the indicator, X is the normalized value of an 
indicator, and “i” represents the different indicators such as water use, 
energy use, etc. In this study, it was assumed that each indicator is 
equally important which is why an equal weight (equal to 1 for all in-
dicators) was assigned to each indicator. The decision to use equal or 
unequal weights for indicators is contingent upon the practitioner’s or 
user’s philosophy. In the absence of a strong reason for choosing 
different levels of importance for the various indicators, equal weights 
could be used. However, different weights for the indicators could also 
be used should there be a reason to do so. As can be understood, the 
choice is rather subjective and hence open to discussion. This method is 
flexible regarding the harmonization, either using equal or unequal 
weights of the indicators. 

The twelve indicators (water use, energy use, land use, GHG emis-

sions, water mass productivity, energy mass productivity, land mass 
productivity, mass output per unit of GHG emission, water economic 
productivity, economic productivity of energy, land economic produc-
tivity, and economic output per unit of GHG emission) during farm 
operations were normalized by applying the minimum-maximum 
normalization technique as shown in Eqs. 12 and 13. Eq. 12 is used 
when the highest value of an indicator is the most preferred and Eq. 13 is 
used when the least value is the most preferred. Such as the land, water, 
and energy productivity values should preferably be maximum, these 
indicators should be normalized by using Eq. 12. Moreover, as energy 
and water use should be the least in crop production, these indicators 
should be normalized by using Eq. 13. 

Xi =
xi − Min (xi)

Max (xi) − Min (xi)
(12)  

Xi =
Max (xi) − xi

Max (xi) − Min (xi)
(13)  

The minimum (Min (x)) and maximum (Max (x)) values were taken as 
the lowest and highest values from the dataset against each indicator. 
Where “x” represents the data point value and “i” represents the 
different indicators such as water, energy use, etc. While X represents 
the normalized value of an indicator. 

2.2. Data acquisition 

To conduct this study, data was obtained by interviewing farmers 
cultivating wheat. During the interview, questions were asked about the 
inputs and outputs of wheat farming. To include spatial variation in 
data, the survey was conducted across Punjab province, Pakistan. 
Moreover, to capture the variations due to agricultural practices, four to 
five farmers were interviewed in different villages throughout Punjab. 
The 42 wheat fields were selected randomly from 11 main cities in the 
studied region in 2021; the conversion rate was 160 Pakistani rupees per 
USD at that time. The data inventory is provided in Table S2 (supple-
mentary material). 

2.3. Study area 

Wheat is one of the main cereal crops; in 2020 global wheat pro-
duction reached up to 761 million tonne harvested over 219 million ha 
of land (FAOSTAT, 2022). Pakistan is the 8th largest producer of wheat 
(FAO, 2020b) and the Punjab province contributes 75 % of the total 
wheat production of the country (USDA, 2022). Wheat is the largest crop 
in Pakistan by area of cultivation and production which are 9.17 million 
ha and 27.46 million tonnes, respectively (Pakistan Bureau of Statistics, 
2022). Most of the area in the province is plain but the northwest and 
southwest area are mountainous. The topographical map of Punjab 
using the digital elevation model (DEM) is shown in Fig. 1. Punjab has 
fertile farmlands irrigated by one of the largest contiguous irrigation 
systems in the world (Basharat, 2019). The colossal irrigation convey-
ance network is serving 21.71 million acres (8.79 million ha). Wheat, 
sugarcane, cotton, rice, and maize are the main crops. Over 50 % of 
Punjab’s workforce and 20 % of the GDP come from agriculture (PMU, 
2017). The mean annual maximum temperature varies from 28 to 33 ◦C. 
The mean annual minimum temperature range is almost uniform range 
of 16 to 18 ◦C. The mean annual precipitation varies from 768 to 965 
mm in the northern 126–216 mm in the southern part (Khattak and Ali, 
2015; Akbar and Gheewala, 2020). The southern part is drier and hotter 
as compared to the north. Based on these characteristics the wheat crop 
system in Punjab, Pakistan was selected as a case study. Because wheat is 
the largest crop in Pakistan by area of cultivation and production were 
9.17 million ha and 27.46 million tonnes respectively (Pakistan Bureau 
of Statistics, 2022). 
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3. Results and discussion 

This study evaluates the use of resources (water, energy, and land) 
for the production of food (wheat crop), and GHG emissions during farm 
operations by using the nexus index. This section can be divided into two 
main parts; the first discusses the inputs of resource use, productivity, 
food production, and GHG emissions, and the second one relates to the 
nexus index evaluation. 

3.1. Resources use and GHG emission 

Water, energy, land, chemicals, and seed are the main inputs used 
but at the same time GHG emissions for wheat crop production. The 
spatial variation in the water use, energy use, land use, and GHG 
emission for the wheat crop system is shown in Fig. 2 across Punjab.  

I. The water use for wheat crop production varied from 2170 to 
4660 m3/ha. The average water use for the wheat crop was 3371 
m3/ha was assessed. Water use was higher in the southeast 
portion of Punjab. The lowest water use was noticed in the 
northwest part of Punjab.  

II. Moreover, the energy use during the entire season of wheat crop 
in Punjab varied from 21.1 to 30.5 GJ/ha. The average energy use 

for the wheat crop was 26.3 GJ/ha. The energy use in southern 
Punjab was higher as compared to the northern side. The total 
energy use was the sum of energies from electricity, human labor, 
machinery hours, diesel used, fertilizers, herbicides, pesticides, 
seeds, and water as shown in terms of percentage in Fig. S1 
(Supplementary material).  

III. Land use is a crucial factor in wheat crop production, and this 
section focuses on the total land area in millions of hectares for 
various stations under consideration. The lowest and highest 
areas under cultivation for the wheat crop were recorded at 
Arifwala and Bahawalpur stations, respectively, with 0.111 and 
0.301 million ha of land dedicated to wheat cultivation.  

IV. The GHG emission during farm operations was used as a proxy for 
climate change. GHG emission was estimated by adding the 
emission from different farm operations viz. emissions from 
groundwater pumping, soil preparation, crop harvesting, fertil-
izer applications, fertilizer production, and transportation of 
chemicals and seeds, etc. It was noticed that the GHG emission 
varied from 1579 to 2278 kg CO2eq/ha. The average GHG 
emissions from the wheat crop were estimated at 1872 kg CO2eq/ 
ha. The GHG emission in southern Punjab was relatively higher as 
compared to the northern side. The lowest GHG emission was 
noticed in the northwest of the region. Almost 70 % of emissions 

Fig. 1. Topography of Punjab province, Pakistan. 
*DEM = digital elevation model. 

Fig. 2. The spatial variation in water, energy, land use, and GHG emission for the wheat crop system.  
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come from the only fertilizer application and production for the 
wheat crop. Nearly 11 % of GHG emissions are from electricity 
use for groundwater pumping. The GHG emission from diesel use 
contributed almost 19 % to the total. Diesel is mainly used in soil 
preparation and to somehow for groundwater pumping as well as 
in farm operations. The GHG emission from transportation was 
minor as shown in Fig. S2 (Supplementary material). 

Furthermore, chemicals and seeds are also used in wheat crop pro-
duction. On average seed, pesticides, herbicides, urea, di-ammonium 
phosphate (DAP), and potash for wheat production were used 119 
(kg/ha), 741 (ml/ha), 710 (ml/ha), 256 (kg/ha), 190 (kg/ha), and 31 
(kg/ha), respectively. 

3.2. Resources productivity 

Mainly the two types of resource productivities are used in this study; 
mass productivity and economic productivity, and land productivity. 
However, mass productivity was further dealt with water mass pro-
ductivity, energy mass productivity, land mass productivity, and per 
unit of GHG emission for mass productivity. Similarly, economic pro-
ductivity was further split into water economic productivity, energy 
economic productivity, land economic productivity, and per unit of GHG 
emission for economic productivity. Further details are discussed below. 
The spatial variation in the water mass, energy mass, land mass pro-
ductivities, and mass output per unit of GHG emission for the wheat crop 
system is shown in Fig. 3 across Punjab. 

3.2.1. Resources mass productivity and mass output per unit GHG 
This section deals with the mass productivity of resources and mass 

output per unit GHG.  

I. The water mass productivity 

Water mass productivity (kg/m3) is the measure of crop production 
in terms of mass (kg) per unit volume of water consumed (m3). The 
water mass productivity for wheat production varied from 1.0 to 1.6 kg/ 
m3 and the average water mass productivity was 1.3 kg/m3. The water 
mass productivity was the highest in the southern part of Punjab but, it 
was lower in the northeast and western border of Punjab and moderate 
in the central part of Punjab. The spatial variation in the water mass 
productivity can be due to the different climatic zones, soil fertility, 
topography, availability of surface water, and groundwater.  

II. The energy mass productivity 

Energy mass productivity (kg/MJ) is the measure of crop production 
in terms of mass (kg) per unit of energy consumed (MJ). The energy 
mass productivity for wheat production varied from 0.12 to 0.20 kg/MJ 
and the average energy mass productivity was 0.17 kg/MJ. It was 
noticed that energy mass productivity was lower in the northwest cor-
ners of Punjab, while it was higher in the southern and eastern regions. 
The energy mass productivity was lower in the northwest due to the low 
soil productivity, lack of surface water, and extra energy requirement for 
groundwater pumping in dry months which causes lower crop yield per 
energy use. However, the energy mass productivity was higher in the 
southern region because of intensive irrigation infrastructure availabil-
ity (canal system), and better soil fertility in this region.  

III. The land mass productivity 

Land mass productivity (kg/ha) is the measure of crop production in 
terms of mass (kg) per unit of land use (ha). Land mass productivity was 
estimated with the help of the survey conducted across Punjab. It was 
found that the land mass productivity varied from 2.7 to 5.9 t/ha and the 
average value was 4.4 t/ha. It was noticed that the land mass produc-
tivity was the lowest in the northwest region possibly due to the 
mountainous terrain, lack of surface water infrastructure (canal system) 
for dry months, and small farm size which limit the farmer to modernize 
the farms and lower the soil fertility of the area. However, it was the 
highest in the southern and southeast parts of Punjab possibly due to the 
intensive irrigation infrastructure (canal system), suitable topography, 
better soil fertility, and larger farm size which helps the farmers to invest 
to modernize the farm for better productivity.  

IV. Mass output per unit of GHG emissions 

Mass output per unit of GHG emissions (kg/kg CO2eq) is a measure of 
crop production in terms of mass (kg) per unit of GHG emission (kg 
CO2eq). It was noticed that it varied from 1.6 to 2.8 kg/kg CO2eq. The 
average mass output per unit of GHG emissions during the wheat crop 
was estimated at 2.3 kg/kg CO2eq. The mass output per unit of GHG 
emissions in the northern area of Punjab was relatively lower as 
compared to the central and southern sides. 

3.2.2. Resources economic productivity and mass output per unit GHG 
This section deals with the economic productivity of resources and 

economic output per unit GHG.  

I. The water economic productivity 

Fig. 3. The spatial variation in water mass, energy mass, land mass, productivity, and mass output per unit of GHG emission for the wheat crop system.  
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Water economic productivity (USD/m3) is the measure of economic 
output (USD) per unit volume of water consumed (m3). The water 
economic productivity for wheat production varied from 0.17 to 0.26 
USD/m3 and the average water economic productivity was 0.21 USD/ 
m3. The spatial variation of water economic productivity is shown in 
Fig. 4. The southwest part of Punjab showed higher water economic 
productivity but, the northeast and northwest parts of Punjab showed 
lower values. The lower water economic productivity especially in the 
northeast side was most probably due to differences in climatic condi-
tions (relatively colder) and soil type (clay). For wheat production, silt 
loam soil is the most suitable soil type (Jalota et al., 2010). Moreover, 
the water economic productivity in the southwest region was relatively 
higher possibly due to the better soil productivity, and availability of 
intensive irrigation infrastructure (canal system).  

II. The energy economic productivity 

Energy economic productivity (USD/MJ) is the measure of economic 
output (USD) per unit of energy consumed (MJ). The energy economic 
productivity for wheat production varied from 0.02 to 0.03 USD/MJ and 
the average value was 0.03 USD/MJ. The spatial variation in energy 
economic productivity is shown in Fig. 4; it was lower in the northwest 
and western regions and higher in the eastern and southern regions of 
Punjab. Lower energy economic productivity was mainly due to the 
lower soil fertility, higher dependency on groundwater for irrigation, 
and ultimately lower crop yield in the northwest region as compared to 
the other parts of Punjab. On the hand, the southern part showed higher 
energy economic productivity, mainly because of the higher yield of the 
crop.  

III. The land economic productivity 

Land economic productivity (USD/ha) is the measure of crop pro-
duction in terms of monetary values (USD) per unit of land use (ha). 
Land economic productivity was estimated with the help of the survey 
conducted across Punjab. It was found that the land economic produc-
tivity varied from 417 to 927 USD/ha. The spatial variation in the land 
economic productivity is shown in Fig. 4 and the average value was 709 
USD/ha. It was noticed that the land economic productivity was the 
lowest in the northwest region possibly due to the mountainous terrain, 
lack of surface water infrastructure (canal system) for dry months, and 
small farm size which limit the farmer to modernize the farms and lower 
the soil fertility of the area. These factors can lead to the lowering crop 
yield mean lowing the economic output. However, it was the highest in 
the southern and southeast parts of Punjab possibly due to the intensive 

irrigation infrastructure (canal system). Which leads to the higher eco-
nomic output.  

IV. Economic output per unit of GHG emissions 

The economic output per unit of GHG emissions (USD/kg CO2eq) is a 
measure of crop production in terms of monetary numbers (USD) per 
unit of GHG emission (kg CO2eq). It was noticed that it varied from 0.3 
to 0.5 USD/kg CO2eq. The average economic output per unit of GHG 
emissions was estimated at 0.4 USD/kg CO2eq during the wheat crop. 
The economic output per unit of GHG emissions in the northwest area of 
Punjab was the lowest while in central Punjab was the highest respec-
tively. The spatial variation in the economic output per unit of GHG 
emissions is shown in Fig. 4. 

3.3. Water–food–energy-land-climate nexus index 

The nexus index was formulated to solve the problems related to 
resource efficiency in an integrated way, not in an isolated manner to get 
the maximum yield. As this nexus index gives quantitative insight into 
the use of water, energy, land, and other inputs for food production. The 
mean value of the twelve indicators and the final nexus index is shown in 
Fig. 5 along with the 95 % confidence level. The margin of error was 
used to quantify the uncertainty in the mean values of normalized in-
dicators and nexus index value. The margin of error refers to the amount 
of error or uncertainty that is expected in a statistical sample’s results 
due to random sampling variations. It represents the range of values 

Fig. 4. The spatial variation in water economic, energy economic, land economic productivity, and economic output per unit of GHG emission for the wheat 
crop system. 
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Fig. 5. Normalized mean values of the indicators and nexus index. 
*Water use (WC), energy use (EC), land use for wheat crop (LU), GHG emission 
per ha (GHG), water mass productivity (WMP), energy mass productivity (EMP), 
land mass productivity (LMP), mass output per unit of GHG emissions (GHGMO), 
water economic productivity (WEP), energy economic productivity (EEP), land 
economic productivity (LEP), economic output per unit of GHG emissions 
(GHGEO), and water–food–energy-land-climate nexus index (WFELCNI). 
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within which the true population parameter is expected to lie (Puisa 
et al., 2023). The average value of the nexus index was estimated at 0.53 
± 0.095 with a 95 % confidence level. The bars in Fig. 5 represent the 
average values of the indicators and nexus index, while the error bars 
show the range of values expected for the true population parameter 
with 95 % confidence. The value of the nexus index varied from 0.34 to 
0.78 across Punjab. The spatial variation of the nexus index is shown in 
Fig. 6b. The index value ranges from 0 to 1. Zero represents the worst 
case, while 1 represents the best case. 

According to the results, a higher index value was noticed in the 
southern and eastern regions of Punjab. On the other hand, a lower 
index value was observed in the northeast and western regions of the 
province. The higher index value on the southern side is mainly due to 
the better soil fertility, (loamy soil) availability of intensive irrigation 
infrastructure, larger farm size, and more mechanized, and suitable 
terrain. On the contrary, the index value was lower in the central-west 
region. It was mainly due to the lower soil fertility, and intensive dry 
weather conditions of the area. It is because the western side of the study 
area is situated in the Thal desert (Fatima et al., 2019). Moreover, the 
northeast part was also showing a lower index value may be due to the 
variation of the different climatic zone and soil types (clay). On the 
whole, the lower index value in the northern region was due to lower 
energy mass productivity, energy economic productivity, land mass 
productivity, lower mass and energy output per unit GHG emissions, and 
lack of irrigation water in dry months, especially in the arid region (west 
part of Punjab). 

3.4. Discussion 

The method of El-Gafy, 2017 integrates social and economic factors. 
The water-food-energy nexus method recognizes that water, food, and 
energy systems are closely linked to social and economic factors, such as 
monetary value, labor involvement, etc. Further, Gazal et al. (2022) 
expanded the water-food-energy methodology by adding one more in-
dicator (land) to enhance its comprehensiveness. Gazal et al. (2022) 
consideration to three indicators for water and three indicators for en-
ergy, but only one indicator for land was considered. This unequal dis-
tribution may diminish the significance of land and amplify the 
significance of water and energy. Moreover, both methodologies (El- 
Gafy (2017) and Gazal et al. (2022)) do not consider the environmental 
aspect. The GHG emission from the agriculture sector is significant 
(Pradhan et al., 2019), without considering it, sustainable consumption 
and production cannot be assessed accurately. 

Therefore, this study took the method developed by El-Gafy (2017) 
to further improve the nexus methodology. Hence, the novelty of this 
work was in the incorporation of three indicators of climate (GHG 
emissions, Mass output per unit of GHG emissions, and Economic output 
per unit of GHG emissions) and three indicators of land so that the 
drawback in Gazal et al. (2022) methodology can be removed. More-
over, a comparative analysis was also offered between the methodolo-
gies of developed by El-Gafy (2017) and the nexus index. 

The results of this study discuss the interlinkage among land, water, 
and energy use, GHG emission for wheat crop production, and their 
quantification. Moreover, the results also identified potential areas for 
the relatively sustainable production of crops by using the nexus index. 
Furthermore, relatively unsustainable production of agricultural crop 
areas was also identified, which also shows the pathway to improvement 
by different means such as technological improvements, policies shift, 
relocating the crop to a suitable cultivating area, etc. Despite its 
strengths, this study has several limitations. For instance, capital goods 
were excluded from the estimation due to their long lifespan and limited 
contribution to crop production within a single season. Additionally, the 
study did not consider the degradation of water quality caused by 
chemical applications during crop production, and it did not incorporate 
field emission factors, relying instead on those reported in IPCC reports. 

Land use, water use, energy use, and GHG emissions during farm 
operations for wheat cultivation are interlinked. For sustainable con-
sumption and production, all these factors need to be considered 
simultaneously. The land mass productivity of Arifwala, Bahawalpur, 
and Multan was almost equal, however, the value of the nexus index for 
Arifwala, Bahawalpur, and Multan were 0.78, 0.45, and 0.51 respec-
tively. This shows that only the higher yield of an area cannot express 
the sustainable production or suitable cultivated area for that particular 
crop cultivation. A higher index value represents more sustainable 
consumption and production of the resources in an area. The normalized 
values of each indicator and nexus index against each station are given 
in Table 1. 

According to the water–food–energy nexus index used by El-Gafy 
(2017), the western, northeast, and central regions showed a lower 
index value as compared to the southern region. Higher water-
–food–energy nexus index value represents a relatively more sustainable 
consumption of water and energy resources and a more sustainable 
production of food. 

According to the nexus index used in this study, the western and 
northwestern regions of Punjab showed a relatively higher index value 
as compared to the methodology used by El-Gafy (2017). According to 

Fig. 6. The variation in nexus results due to the (a) water-food-energy nexus index and (b) water-food-energy-land-climate nexus index.  
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the nexus index, the suitability of wheat production in the western and 
northwestern regions is not as bad as estimated by the method following 
El-Gafy (2017). On the other hand, the nexus index showed a slightly 
lower index value in south Punjab as compared to the methodology used 
by El-Gafy (2017). This comparison shows that incorporating the land 
and climate indicators also plays a crucial part in nexus assessment for 
land suitability and zoning for a specific crop and sustainable con-
sumption and production to achieve SDG 12. The nexus approach can 
provide a more comprehensive and realistic outlook toward a secure, 
efficient, and sustainable use of resources by adding GHG emissions as a 
climate indicator. However, this comparison shows that the southern 
and eastern regions of Punjab are the most suitable zones for wheat 
cultivation. The spatial variations in the water-food-energy nexus index 
and water-food-energy-land-climate nexus index are shown in Fig. 6a 
and b, respectively. 

Through the results of this study, it can be recommended to the 
policymakers to encourage wheat crop farming in the eastern and 
southern parts of Punjab for relatively sustainable production of wheat 
crop. Moreover, the policymakers should focus on the western, north-
east, and northwest regions of Punjab to utilize the resources in a sus-
tainable way for wheat crop production by taking different adaptations 
or allocating these regions for some other crop that shows better index 
value. The methodology of this study can be applied worldwide for 
comprehensive nexus assessment of multiple agriculture crops. 

Moreover, the higher sustainable consumption of resources and 
production of food can be achieved by shifting conventional irrigation to 
high efficiency irrigation system (HEIS), so that water productivity can 
be improved, shifting tube wells from diesel powered to solar, and 
encouraging the use of organic fertilizer along with synthetic among the 
farmers to reduce energy use and improve energy productivity. More-
over, replacing part of the chemical fertilizer with organic fertilizer can 
also help to reduce GHG emissions. The quantification of the resources 
for the wheat crop in Punjab, Pakistan is discussed below. Furthermore, 
how much resources can be preserved by implementing different pol-
icies is also discussed below. 

According to Rasul et al. (2021) and the Agriculture Department 
(2021), the area sown under wheat crop was 6.75 million ha in 2021 
which is almost 40 % of the total net area sown in Punjab, Pakistan. 
However, the results of this study illustrate that the wheat crop 
consumed 3371 m3/ha. Therefore, it can be estimated that total water 
use was approximately 22.75 billion m3 for wheat crop production in 
Punjab. Water use can be reduced by 20 % by only shifting irrigation 
systems from conventional to HEIS (Gilley and Watts, 1977). By using 
the HEIS, in absolute numbers, 4.55 billion m3 of water can be saved. 

According to the results of this study, the average water mass pro-
ductivity is 1.3 kg/m3. This means that 4.55 billion m3 of water can be 

enough for extra 5.9 million tonnes of wheat production which may help 
to improve food security and achieve SDG 2. In terms of monetary value, 
4.55 billion m3 of water can generate a wheat crop having a value of 956 
million USD/crop. Which can be helpful to achieve SDG 8. The average 
water use of the wheat crop was 3371 m3/ha for Punjab. By only shifting 
from conventional irrigation to HEIS, a further 1.3 million ha of bare 
land can be converted into agricultural land which may help to support 
the ecosystem as well along with agricultural production. 

The water deprivation potential is an important tool to assess the 
water use impacts on human beings and ecosystems (Farooq and 
Gheewala, 2019). The 22.75 billion m3 used for wheat crop production 
in Punjab, can also have a significant water deprivation potential (water 
scarcity footprint) which is measured in m3 H2Oeq Pfister et al. (2009) 
and Ghani et al. (2019) explained that water deprivation potential is the 
product of water used and the water scarcity index. The water scarcity 
index value for Pakistan was obtained from Pfister et al. (2009); it is 
around 0.97 and the water used in wheat crop production in Punjab was 
22.75 billion m3. Therefore, the water deprivation potential was nearly 
22.07 billion m3 H2Oeq. By implementing HEIS the water deprivation 
potential can be reduced almost 4.41 billion m3 H2Oeq which may help 
to reduce water stress or water deprivation, which can be helpful to 
achieve indicator 6.4.2 (level of water stress) of SDG 6. 

This study also discussed energy use, energy use per kilogram of 
wheat production, and energy use to earn a dollar from wheat produc-
tion. The average energy use for wheat production was 26.3 GJ/ha area. 
The area sown under wheat crop was 6.75 million ha in 2021, therefore 
the total energy use for the wheat production of Punjab was nearly 177 
PJ. The most energy-intensive input was fertilizers which contribute 
almost 51 % of total energy use. The second highest energy use was due 
to diesel use for the farm operations such as soil preparation, ground-
water pumping, etc. It contributes almost 14 % to the total energy use. 
Tube wells were also powered by electricity but the dominant by diesel- 
powered. According to Ali and Akbar (2021), diesel-powered tube well 
is 83 % and the remaining almost 17 % are fueled by electricity. Kargwal 
et al. (2022) discussed the energy use for wheat production in India, 
Australia, and Turkey which are 14.3, 10.9 GJ, and 35.7 GJ/ha 
respectively. Similarly, the energy use for wheat production in Iran and 
New Zealand is 35.5 and 25.5 GJ/ha respectively (Ziaei et al., 2015; Safa 
et al., 2011). The energy use for wheat production of Pakistan was 
significantly higher than India and Australia but lower than Iran and 
Turkey and New Zealand. 

However, the total energy use can be reduced significantly by 
shifting from synthetic fertilizers to organic fertilizers for wheat pro-
duction. There is no organic fertilizer policy formulated by the Agri-
culture Department of Punjab, Pakistan yet. However, the Agriculture 
Department of Punjab, Pakistan is formulating a policy for solar 

Table 1 
The normalized values of each indicator and nexus index for wheat crop production.  

Stations Normalized indicators 

Resources use Mass productivity Economic productivity Nexus index 

WC EC LU GHG WMP EMP LMP GHGMO WEP EEP LEP GHGEO 

Arifwala  0.46  0.48  1.00  0.75  0.65  0.84  0.70  1.00  0.76  0.94  0.85  1.00  0.78 
Attock  1.00  0.55  0.52  0.63  0.58  0.00  0.09  0.00  0.61  0.00  0.15  0.02  0.35 
Khushab  0.90  1.00  0.91  1.00  0.10  0.11  0.00  0.06  0.01  0.02  0.00  0.00  0.34 
Sahiwal  0.52  0.51  0.93  0.71  0.49  0.64  0.55  0.73  0.53  0.67  0.64  0.69  0.63 
B.Pur  0.20  0.24  0.00  0.46  0.26  0.67  0.70  0.76  0.20  0.60  0.73  0.63  0.45 
Narowak  0.35  0.66  0.99  0.62  0.00  0.52  0.39  0.44  0.00  0.51  0.45  0.40  0.45 
Vehari  0.00  0.00  0.57  0.00  0.41  0.89  1.00  0.82  0.19  0.67  0.91  0.55  0.50 
RYK  0.46  0.31  0.02  0.33  1.00  1.00  0.91  0.95  1.00  1.00  1.00  0.86  0.74 
Okara  0.61  0.76  0.79  0.78  0.66  0.84  0.55  0.79  0.54  0.73  0.55  0.62  0.68 
Layyah  0.66  0.41  0.14  0.87  0.06  0.06  0.18  0.28  0.36  0.26  0.39  0.48  0.35 
Multan  0.56  0.01  0.71  0.21  0.84  0.53  0.70  0.59  0.60  0.35  0.64  0.38  0.51 

Water use (WC), energy use (EC), land use for wheat crop (LU), GHG emission per ha (GHG), water mass productivity (WMP), energy mass productivity (EMP), land mass 
productivity (LMP), mass output per unit of GHG emissions (GHGMO), water economic productivity (WEP), energy economic productivity (EEP), land economic pro-
ductivity (LEP), economic output per unit of GHG emissions (GHGEO), and water–food–energy-land-climate nexus index (WFELCNI). 
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irrigation tube well. Govt of Pakistan is planning to switch 1.3 million 
tube wells in the country to solar energy from electricity and diesel 
(Cheema, 2022). In the case of the implementation of the solar tube well 
policy, approximately, 17.3 PJ of energy can be saved during wheat 
production in Punjab. The 17.3 PJ are equivalent to 2.8 million barrels 
of diesel which are roughly equivalent to 400 million USD. Moreover, 
the 2.2 Mt CO2eq GHG emissions can also be reduced by saving 17.3 PJ 
of energy from diesel. 

The contribution of GHG emissions from wheat crop production 
cannot be overlooked. The average GHG emission was approximately 
428 kg CO2eq/tonne of wheat production. On average, the GHG emis-
sion for the cultivation of wheat crop was approximately 1.86 tonne 
CO2eq/ha. According to Rasul et al. (2021), the area of Punjab sown 
under wheat crop was 6.75 million ha which has a potential of GHG 
emission equaling 12.56 Mt CO2eq in a crop season. Mainly fertilizer 
application and production are responsible for the GHG emission. These 
two factors combined contribute 70 % of emissions. It is recommended 
to the policymakers of the Agriculture Department of Punjab, Pakistan 
to formulate an organic fertilizer policy to minimize the environmental 
burden due to crop production. 

This study will be helpful for the policymakers of agriculture, water 
resources, and climate change departments. This study will be helpful in 
the integrated policymaking to achieve SDG 2 (zero hunger), SDG 6 
(clean water and sanitation for all), SDG 8 (decent work and economic 
growth), SDG 12 (responsible consumption and production), and SDG 
13 (to combat climate change and its impacts by taking urgent action). 

4. Conclusion 

This study provides insightful detailed information on the relation-
ship among the water, food, energy, land, and climate nexus for wheat 
production in Punjab, Pakistan. The research work was carried out by 
applying the water-food-energy-land-climate nexus index (nexus index) 
approach. The main contribution of this study was to improve the nexus 
assessment by incorporating two indicators of land and three indicators 
of climate (greenhouse gas (GHG) emissions considered as a proxy of 
climate) in the existing methodology. Which enhances the accuracy and 
comprehensiveness of the assessment of the agricultural system. More-
over, the results of this study illustrate, which indicators need to be 
improved and where with the help of spatial variation assessment for the 
sustainable production of wheat crop. 

The average water use, energy use, land use, and GHG emissions 
were 3371 m3/ha, 26.26 GJ/ha, 0.188 million ha, and 1.86 t CO2eq/ha 
respectively. Moreover, the average water mass, energy mass, and land 
mass productivity and mass output per unit of GHG emission were 1.30 
kg/m3, 0.17 kg/MJ, and 4.38 t/ha and 2.3 kg/kg CO2eq, respectively. 
The indicators deal with economic benefit; water economic, energy 
economic, and land economic productivity and economic output per 
unit of GHG emission were 0.21 USD/m3, 0.03 USD/MJ, and 709 USD/ 
ha and 0.38 USD/kg CO2eq, respectively, for the wheat crop cultivation 
in Punjab, Pakistan. 

Based on the results, it can be summarized that for wheat crop pro-
duction in Punjab, the water productivity especially in the western and 
northwestern parts was quite low. Water productivity can be improved 
by switching conventional irrigation systems to modern high-efficiency 
irrigation systems. The northwest of Punjab showed lower energy mass 
and economic productivity as compared to the rest of the study area. The 
low energy productivity in the northwest region was mainly due to the 
heavy dependence on groundwater in the dry months, and the extra 
energy required in land preparation because of the mountainous land-
scape. Energy use can be reduced by rainwater harvesting and shifting 
tube wells from fossil fuel to solar powered. Moreover, energy use can 
also be reduced by replacing part of the chemical fertilizer with organic 
fertilizer. The GHG emissions are also linked to energy and fertilizers 
used in crop cultivation. The GHG emissions can also be reduced by 
replacing part of the chemical fertilizer with organic fertilizer. The land 

productivity was also almost half in the northwest region as compared to 
the southern region. The main reason for lower land productivity was 
the small farm size in the northwest. However, land productivity can 
also be improved by giving some attractive incentives and subsidies by 
the policymakers to the farmers holding small farms. 

By comparing the outcome of the nexus index with the already 
existing water-food-energy nexus index. It was found that nexus index 
values were relatively higher in the low-performing area as compared to 
the water-food-energy nexus index. Moreover, the nexus index values 
were relatively lower in the higher performing area as compared to the 
water-food-energy nexus index. The difference is significantly visible for 
the north and west regions of the study area. 

Furthermore, it is recommended to assess the nexus index for the 
other crops such as rice, cotton, maize, millet, sugarcane, olive, etc. So, 
zoning can be done for the appropriate crop for an area to achieve 
sustainable agriculture and economic growth by sustainably consuming 
the resources. Moreover, the projected water-food-energy-land-climate 
nexus assessment should be done by considering the climate change 
and socioeconomic scenarios for future insightfulness. 

Funding 

The authors would like to thank the Joint Graduate School of Energy 
and Environment (JGSEE) and the King Mongkut’s University of Tech-
nology Thonburi, Petchra Pra Jom Klao Ph.D. Research Scholarship 
(KMUTT — NSTDA) for their financial support to accomplish this study. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The authors would like to thank the Joint Graduate School of Energy 
and Environment (JGSEE), King Mongkut’s University of Technology 
Thonburi, Petchra Pra Jom Klao Ph.D. Research Scholarship 
(KMUTT–NSTDA), and Thailand’s National Science and Technology 
Development Agency (NSTDA) for their financial support to accomplish 
this study. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.spc.2023.05.005. 

References 

Agriculture Department, Punjab, 2021. Crop reporting servicer, Rabi crops estimates 
2020-21. Retrieved from: https://crs-agripunjab.punjab.gov.pk/system/files/9-Book 
%20Rabi%20Final%20Estimates%202020-21_1.pdf. (Accessed 4 August 2023). 

Akbar, H., Gheewala, S.H., 2020. Effect of climate change on cash crops yield in Pakistan. 
Arab. J. Geosci. 13 (11), 1–15. https://doi.org/10.1007/s12517-020-05333-7. 

Alexandratos, N., Bruinsma, J., 2012. World Agriculture Towards 2030/2050: The 2012 
Revision. (Food and Agriculture Organization of the United Nations). https://doi. 
org/10.22004/ag.econ.288998. 

Ali, S.M.A., Akbar, M.Z.B., 2021. Solar Irrigation in Pakistan: A Situation Analysis 
Report. https://doi.org/10.5337/2021.219, 35p.  

Basharat, M., 2019. Water management in the Indus Basin in Pakistan: challenges and 
opportunities. Indus River Basin 375–388. https://doi.org/10.1016/B978-0-12- 
812782-7.00017-5. 

Botai, J.O., Botai, C.M., Ncongwane, K.P., Mpandeli, S., Nhamo, L., Masinde, M., 
Adeola, A.M., Mengistu, M.G., Tazvinga, H., Murambadoro, M.D., Lottering, S., 
Motochi, I., Hayombe, P., Zwane, N.N., Wamiti, E.K., Mabhaudhi, T., 2021. A review 
of the water–energy–food nexus research in Africa. Sustainability 13 (4), 1762. 
https://doi.org/10.3390/su13041762. 

Butt, D., Myllyvirta, L., Dahiya, S., 2021. CO2 emissions from Pakistan’s Energy sector. 
Retrieved from: https://energyandcleanair.org/wp/wp-content/uploads/2021/07/ 
CO2-Emissions-from-Pakistans-Energy-sector_30_07_2021.pdf. (Accessed 21 May 
2022). 

H. Akbar et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.spc.2023.05.005
https://doi.org/10.1016/j.spc.2023.05.005
https://crs-agripunjab.punjab.gov.pk/system/files/9-Book%20Rabi%20Final%20Estimates%202020-21_1.pdf
https://crs-agripunjab.punjab.gov.pk/system/files/9-Book%20Rabi%20Final%20Estimates%202020-21_1.pdf
https://doi.org/10.1007/s12517-020-05333-7
https://doi.org/10.22004/ag.econ.288998
https://doi.org/10.22004/ag.econ.288998
https://doi.org/10.5337/2021.219
https://doi.org/10.1016/B978-0-12-812782-7.00017-5
https://doi.org/10.1016/B978-0-12-812782-7.00017-5
https://doi.org/10.3390/su13041762
https://energyandcleanair.org/wp/wp-content/uploads/2021/07/CO2-Emissions-from-Pakistans-Energy-sector_30_07_2021.pdf
https://energyandcleanair.org/wp/wp-content/uploads/2021/07/CO2-Emissions-from-Pakistans-Energy-sector_30_07_2021.pdf


Sustainable Production and Consumption 39 (2023) 42–52

52

Cheema, T.B., 2022. Govt plans to switch 1.2m tube-wells to solar energy, The News 
International, July 06, 2022. https://www.thenews.com.pk/print/971788-govt-pl 
ans-to-switch-1-2m-tube-wells-to-solar-energy. (Accessed 21 July 2022). 

Cremades, R., Mitter, H., Tudose, N.C., Sanchez-Plaza, A., Graves, A., Broekman, A., 
Bender, S., Giupponi, C., Koundouri, P., Bahri, M., Cheval, S., 2019. Ten principles to 
integrate the water-energy-land nexus with climate services for co-producing local 
and regional integrated assessments. Sci. Total Environ. 693, 133662 https://doi. 
org/10.1016/j.scitotenv.2019.133662. 

Dalstein, F., Naqvi, A., 2022. 21st century water withdrawal decoupling: a pathway to a 
more water-wise world? Water Resour. Econ. 38, 100197 https://doi.org/10.1016/j. 
wre.2022.100197. 

Diffendorfer, J.E., Compton, R.W., 2014. Land cover and topography affect the land 
transformation caused by wind facilities. PLoS One 9 (2), e88914. https://doi.org/ 
10.1371/journal.pone.0088914. 

El-Gafy, I., 2017. Water–food–energy nexus index: analysis of water–energy–food nexus 
of crop’s production system applying the indicators approach. Appl Water Sci 7 (6), 
2857–2868. https://doi.org/10.1007/s13201-017-0551-3. 

European Commission, 2021. Understanding the climate-water-energy-food nexus and 
streamlining water-related policies. Retrieved from: https://ec.europa.eu/info/ne 
ws/understanding-climate-water-energy-food-nexus-and-streamlining-water-related 
-policies-2021-mar-19_en#:~:text=A%20climate%2Dwater%2Denergy%2D,trade% 
2Doffs%20between%20different%20policies. (Accessed 29 March 2022). 

European Commission, 2021. Sustainable Integrated Management FOR the NEXUS of 
water-land-food-energy-climate for a resource-efficient Europe. Retrieved from: htt 
ps://cordis.europa.eu/project/id/689150. (Accessed 29 March 2022). 

FAO, 2011. The state of the world’s land and water resources for food and agriculture 
(SOLAW) – managing systems at risk. Retrieved from:. Food and Agriculture 
Organization of the United Nations and London, Earthscan, Rome https://www.fao. 
org/3/i1688e/i1688e.pdf. (Accessed 7 November 2022).  

FAO, 2017. Water for sustainable food and agriculture a report produced for the G20 
Presidency of Germanya. Retrieved from: https://www.fao.org/3/i7959e/i7959e. 
pdf. (Accessed 3 October 2023). 

FAO, 2020. FAOSTAT. Retrieved from. https://www.fao.org/faostat/en/#data/QCL. 
(Accessed 7 November 2022). 

FAO, 2020. World Food and Agriculture - Statistical Yearbook 2020. Rome. Retrieved 
from:. https://doi.org/10.4060/cb1329en. Accessed 11 July 2022.  

FAOSTAT, 2022. Crops and livestock products. Retrieved from: https://www.fao. 
org/faostat/en/#data/QCL. (Accessed 29 July 2022). 

Farooq, A., Farooq, N., Akbar, H., Hassan, Z.U., Gheewala, S.H., 2023. A critical review 
of climate change impact at a global scale on cereal crop production. Agronomy 13, 
162. https://doi.org/10.3390/agronomy13010162. 

Farooq, N., Gheewala, S.H., 2019. A review of two different methods for the estimation 
of water footprint of crops. Bull. Geol. Soc. Malaysia 68. https://doi.org/10.7186/ 
bgsm68201907. 

Fatima, T., Mehnaz, S., Wang, M., Yang, J., Sajid, M.S., Shen, B., Zhao, J., 2019. 
Seroprevalence of Toxoplasma gondii in one-humped camels (Camelus dromedarius) 
of Thal and Cholistan deserts, Punjab, Pakistan. Parasitol. Res. 118 (1), 307–316. 
https://doi.org/10.1007/s00436-018-6124-z. 

Gazal, A.A., Jakrawatana, N., Silalertruksa, T., Gheewala, S.H., 2022. Water-energy-land- 
food nexus for bioethanol development in Nigeria. Biomass Convers. Biorefinery 
1–14. https://doi.org/10.1007/s13399-022-02528-8. 

Ghani, H.U., Silalertruksa, T., Gheewala, S.H., 2019. Water-energy-food nexus of 
bioethanol in Pakistan: a life cycle approach evaluating footprint indicators and 
energy performance. Sci. Total Environ. 687, 867–876. https://doi.org/10.1016/j. 
scitotenv.2019.05.465. 

Giampietro, M., Aspinall, R.J., Bukkens, S.G., Benalcazar, J.J.C., Maurin, F.D., 
Flammini, A., Gomiero, T., Kovacic, Z., Madrid, C., Ramos-Martin, J., Tovar, E.T.S., 
2013. An innovative accounting framework for the food-energy-water nexus: 
application of the MuSIASEM approach to three case studies. http://www.fao.org/ 
3/i3468e/i3468e.pdf. 

Gilley, J.R., Watts, D.G., 1977. Energy reduction through improved irrigation practices. 
In: Agriculture and Energy. Agriculture and Energy, pp. 187–203. https://doi.org/ 
10.1016/B978-0-12-454250-1.50019-8. 

IPCC, 2006. 2006 IPCC guidelines for national greenhouse gas inventories volume 4 
agriculture, forestry and other land use, chapter 11. Retrieved from: https://www.ip 
cc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_11_Ch11_N2O&CO2.pdf. 
(Accessed 21 July 2022). 

IPCC, 2021. Climate change 2021: the physical science basis. Retrieved from: https://r 
eport.ipcc.ch/ar6/wg1/IPCC_AR6_WGI_FullReport.pdf. (Accessed 12 January 2022). 

Islam, S.M.F., Karim, Z., 2019. World’s demand for food and water: the consequences of 
climate change. In: Desalination-Challenges and Opportunities, (Chapter 4), 
pp. 57–84. https://doi.org/10.5772/intechopen.85919. 

Jalota, S.K., Singh, S., Chahal, G.B.S., Ray, S.S., Panigraghy, S., Singh, K.B., 2010. Soil 
texture, climate and management effects on plant growth, grain yield and water use 
by rainfed maize–wheat cropping system: field and simulation study. Agric. Water 
Manag. 97 (1), 83–90. https://doi.org/10.1016/j.agwat.2009.08.012. 

Jaroenkietkajorn, U., Gheewala, S.H., 2020. Interlinkage between water-energy-food for 
oil palm cultivation in Thailand. Sustain. Prod. Consum. 22, 205–217. https://doi. 
org/10.1016/j.spc.2020.03.006. 

Kargwal, R., Kumar, A., Garg, M.K., Chanakaewsomboon, I., 2022. A review on global 
energy use patterns in major crop production systems. Environ. Sci. Adv. https://doi. 
org/10.1039/d2va00126h. 

Karimov, A.K., Amirova, I., Karimov, A.A., Tohirov, A., Abdurakhmanov, B., 2022. 
Water, energy and carbon tradeoffs of groundwater irrigation-based food 
production: case studies from Fergana Valley, Central Asia. Sustainability 14 (3), 
1451. https://doi.org/10.3390/su14031451. 

Khattak, M.S., Ali, S., 2015. Assessment of temperature and rainfall trends in Punjab 
province of Pakistan for the period 1961–2014. J. Himal. Earth Sci. 48 (2), 42. 

Lad, A.M., Bharathi, K.M., Saravanan, B.A., Karthik, R., 2022. Factors affecting 
agriculture and estimation of crop yield using supervised learning algorithms. Mater. 
Today: Proc. 62, 4629–4634. 

Lynch, J., Cain, M., Frame, D., Pierrehumbert, R., 2021. Agriculture’s contribution to 
climate change and role in mitigation is distinct from predominantly fossil CO2- 
emitting sectors. Front. Sustain. Food Syst. 300 https://doi.org/10.3389/ 
fsufs.2020.518039. 

Pakistan Bureau of Statistics, 2022. Retrieved from: https://www.finance.gov.pk/ 
survey/chapter_22/PES02-AGRICULTURE.pdf. (Accessed 21 July 2022). Accessed 
21 October 2022.  

Pfister, S., Koehler, A., Hellweg, S., 2009. Assessing the environmental impacts of 
freshwater consumption in LCA. Environ. Sci. Technol. 43 (11), 4098–4104. https:// 
doi.org/10.1021/es802423e. 

PMU, 2017. Punjab irrigation department website. Retrieved from: https://irrigation. 
punjab.gov.pk/. (Accessed 21 October 2022). 

Poore, J., Nemecek, T., 2018. Reducing food’s environmental impacts through producers 
and consumers. Science 360 (6392), 987–992. https://doi.org/10.1126/science. 
aaq021. 

Pradhan, B.B., Chaichaloempreecha, A., Limmeechokchai, B., 2019. GHG mitigation in 
agriculture, forestry and other land use (AFOLU) sector in Thailand. Carbon Balance 
Manag. 14 (1), 1–17. https://doi.org/10.1186/s13021-019-0119-7. 

Puisa, R., Montewka, J., Krata, P., 2023. A framework estimating the minimum sample 
size and margin of error for maritime quantitative risk analysis. Reliab. Eng. Syst. 
Saf., 109221 https://doi.org/10.1016/j.ress.2023.109221. 
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