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Section 1: 
A1.1 LEAP model energy demand module 
      End-use energy in different sectors encompasses primary and secondary energy sources. Primary energy encompasses both non-renewable sources like coal and natural gas, and renewable sources such as solar power, wind, hydropower, and geothermal energy. Secondary energy includes gasoline, diesel, fuel oil, liquefied petroleum gas (LPG), heat, and electricity.
      The provided data delineates the distribution of energy consumption across various sectors in Pakistan, as reported in the Pakistan Energy Year Book (2019-2020). The industrial sector emerges as the leading consumer, accounting for 36.7%, followed closely by the transport sector at 30.3%. Subsequently, the domestic sector ranks third with 24.4%, while the commercial and agricultural sectors contribute relatively smaller shares of 3.4% and 1.5%, respectively. The remaining 3.7% falls within the "others" category [1].
      This breakdown accentuates Pakistan's substantial reliance on energy for industrial and transportation needs, reflecting the nation's burgeoning industrialization, urbanization, and sizable population. The significant energy consumption within the domestic sector underscores the critical importance of residential energy requirements for the populace. However, the comparatively low energy consumption in the agricultural sector raises concerns, given agriculture's significant contribution to Pakistan's economy. This disparity suggests potential issues related to energy accessibility or the need for more sustainable and efficient energy solutions within the agricultural domain. These statistics underscore the imperative for Pakistan to prioritize energy efficiency and sustainability across all sectors. Doing so is essential to meet the country's escalating energy demands while simultaneously mitigating its environmental footprint.
A1.2 Transformation Module 
      The transformation module encompasses the transmission, distribution, and generation sectors. Within this module, energy conversion simulations and the transportation of energy from primary sources to final fuel consumption are conducted. Planning reserve margin, system peak load shape, exports-imports priorities, short-fall surplus rules, and transmission losses are essential considerations for the transmission and distribution sectors.
      Power generation technologies encompass various types, including combined cycle cogeneration, wind turbines, gas turbines, hydroelectric generation, oil combustion turbines, coal plants, bagasse/biomass power plants, and solar PV systems. Each technology requires parameters such as dispatch rule, merit order, historical production, exogenous capacity, endogenous capacity, maximum availability, process efficiency, plant lifetime, capital costs, interest rate, capacity credit, addition size, and others. Exogenous and endogenous capacities pertain to new and additional capacities based on power plant retirements. The LEAP model also factors in greenhouse gas (GHG) emissions associated with each fuel type used for power generation. The following equation (2) is employed to estimate energy transformation.
[bookmark: _Hlk159678971]
In the given context, ETP represents the output of secondary energy resulting from the conversion process, where theta denotes the conversion efficiency, l signifies the specific conversion process, while m and n respectively represent the specific types of energy consumed and newly generated.
Section 2: 
A2.1 WEAP model Water demand module 
      In the current study, we have delineated water consumption into three primary sectors: domestic, agriculture, and industries. To facilitate a comprehensive analysis, we have further subdivided each sector based on the availability and specificity of water consumption data. The domestic sector is a crucial component of water consumption and is subdivided into urban and rural households. National statistics reveal that 63% of the population resides in rural areas, while the remaining 37% lives in urban centers. According to data from the base year of 2020, urban water consumption was measured at 8.08 billion cubic meters (BCM), whereas rural areas consumed 13.76 BCM of water. 
The agriculture sector comprises various components such as water consumption for agricultural activities, forestry, animal husbandry, fishery, and landscapes. In 2020, the total water consumption attributed to agriculture amounted to 178.53 BCM, signifying that agriculture accounted for a substantial 86% of the country's total water usage. In the industrial sector, we have further categorized water consumption into manufacturing industries and the power sector. Manufacturing industries encompass a diverse range of sectors including iron and steel, pulps and paper, textile, sugar, fertilizers, cement, brick kilns, and other industries. In 2020, these industries collectively consumed 3.5 BCM of water. The power sector, which encompasses thermal power, nuclear power, and renewable energy generation plants, consumed 0.13 BCM of water in the same year. This detailed segmentation allows for a nuanced understanding of water consumption patterns within each sector, thereby facilitating informed decision-making and resource management strategies.
A2.2 Data Sources 
[bookmark: _Hlk172760726]For data related to economic activity, GDP, and population growth were collected from the Hydrocarbon Development Institute of Pakistan, The World Bank, State of Industry Reports, the Economic Survey of Pakistan, and the Pakistan Bureau of Statistics. Data for energy demand, technologies, and energy intensities were obtained from Energy Year Books, the Pakistan Bureau of Statistics, the Ministry of Finance, the Government of Pakistan, and the Households Integrated Economic Survey. For the energy transformation sector in LEAP, data were collected from the Integrated Generation Capacity Expansion Plan of Pakistan (IGCEP) and the National Electric Power Regulatory Authority (NEPRA).
For WEAP water modeling, data about water distribution and management is taken from several sources. The Indus River System Authority (IRSA) manages the distribution of Indus River water and provides data on river flows, reservoir levels, and water allocations. The Pakistan Bureau of Statistics (PBS) offers statistical data on agriculture, population, and economic activities relevant for water demand modeling. The Water and Power Development Authority (WAPDA) provides data on hydropower projects, dams, and water resources. The Ministry of Water Resources supplies policy documents, reports, and data related to water resource management. Global data sources like FAO AQUASTAT provide global water statistics, including data specific to Pakistan, while the World Bank offers data, reports, and datasets on water resources and development projects. Accessing and integrating data from these sources provides a comprehensive dataset for modeling water resources in WEAP for Pakistan.
Section 3:
A3.1 Integration of LEAP and WEAP Models
      To form the nexus, it is necessary while developing the respective models in LEAP and WEAP to keep in mind that both the models will have to be integrated later on and the settings of both the models should be accordingly. These settings include similar time steps for both the models and the same current accounts and scenario years for this study the base year was set to 2020 and the end year to 2050. In an integrated model, both WEAP and LEAP exchange information with each other just like a closed loop. To calculate the water demand in a time step for energy generation, WEAP requires input from LEAP regarding the amount of energy generated in a time step. In some studies, LEAP and WEAP models were adopted to look into the energy-water nexus at project, sector, urban, and regional scales. The impact of the developed solutions on energy consumption, water resources, and regional greenhouse gas emissions was also examined [2]. 
      To integrate LEAP and WEAP, users can utilize the advanced options available in either the LEAP or WEAP model interface. This integration can be achieved through the LEAP link screen within WEAP or the WEAP link screen within LEAP. Initially, a connection is established between the LEAP area and the corresponding WEAP area. Subsequently, all scenarios requiring integration are linked together. During this process, it is essential to ensure that the base years and end years are identical in both models. Additionally, the yearly time frame should remain consistent, maintaining alignment from the same month and date to mitigate potential errors and ensure proper linkage between the two models.
Section 4: 
A4.1. Parameters and details for scenario setting
Table S1. LEAP scenarios and parameters setting
	Name
	Scenarios
	Setting

	ES1
	Baseline
	In model validation and future forecasting on current energy data from the year 2015 to 2025. In model validation of energy data for 5 years 2015 to 2020 with the reference of energy year book energy data from 2015 to 2020.

	ES2
	Energy Settlement Scenario
	Energy Settlement scenario (focused on the national plan for the access of population to the energy to enhance the availability of energy to the domestic users),

	[bookmark: OLE_LINK1]ES2.1
	Powering the country

	Extension of electricity supply to 100% of household user by 2030 according to National Action Plan.

	ES2.2
	Efficient household appliances usage
	Use of energy efficient appliances to save up to 0.5 MOTE in the building sector by 2023 according to NEECA.

	ES2.3
	Natural gas accessibility   
	Extension of electricity supply to 75% of household user by 2030 according to National Action Plan.

	ES3
	Eco-sustainable Transport Scenario
	Based on “S1.2” the future plan for the injection of hybrid and electric cars which will be eco-friendly by 30% to 2030 and 90% to 2040) according to National Electric Vehicle Policy-2019,

	ES3.1
	Electric cars 
	Introducing electric cars 30% up to 2030 and 90% up to 2040.

	ES3.2
	Electric two and three-wheelers 

	Introducing electric cars 50% up to 2030 and 90% up to 2040.

	ES3.3
	Electric buses 
	Introducing electric buses 50% up to 2030 and 90% up to 2040.

	ES3.4
	Electric trucks
	Introducing electric trucks 50% up to 2030 and 90% up to 2040.

	ES4
	Go-Green Agriculture Scenario   
	To save up to 0.3 MTOE in the agriculture sector in 2023 according to NEECA. 

	ES4.1
	[bookmark: _Hlk158649682]Mechanical pump installation and maintenance
	Based on “S4” to save 12% of energy up to 2030

	ES4.2
	[bookmark: _Hlk158649698]Efficient electric motors and diesel engines
	Based on “S4” to save 20% of energy up to 2030

	ES4.3
	[bookmark: _Hlk158649719]Installation of Variable Speed Drive
	Based on “S4” to save 5% of energy up to 2030

	ES5
	Energy Saving Tech-Reform Scenario
	[bookmark: _Hlk158659492]Energy Saving Tech-Reform Scenario (refer to the industrial sector is high in the consumption of energy, so the advanced technologies and advanced mechanization that are energy efficient are planned to be introduced in the industrial sector) to save up to 1.3 MTOE 2023 according to NEECA.

	ES5.1
	Textile industry reforms

	 Energy savings of up to .2 MTOE by 2030.

	ES5.2
	Sugar mills reforms

	Energy savings of up to .1 MTOE by 2030.

	ES5.3
	Installation of Variable - variable-frequency drive (VFD) & Thermal insulation of steam lines
	Energy savings of up to .6 MTOE by 2030.

	ES5.4
	Cement industry reforms
	Energy savings of up to .18 MTOE by 2030.

	ES5.5
	Pulp and Paper industry reforms
	Energy savings of up to .1 MTOE by 2030.

	ES5.6
	Fertilizer Industry reform
	Energy savings of up to .5 MTOE by 2030.

	ES5.7
	Brick Kilns reforms
	30% of the energy efficiency gains from total energy used up to 2030.

	ES6
	Efficient Energy Generation Scenario

	Based on future renewable energy projections given by the IGCEP 2021-2030.

	ES6.1
	Renewable Energy
	Based on ARE Policy 2019, over 20% generation by 2030. ARE technologies by 2025 and 30% by 2030 (20X25 and 30X30 target).



Table S2. WEAP scenarios and parameters setting
	Name
	Scenarios
	Setting

	WS1
	BAU Scenario
	Keep a normal growth trend for projecting water consumption from 2020 to 2050.  

	WS2
	Residential Water Optimization Scenario
	Based on the per government plan for water consumption and saving potential is estimated by adjusting the following parameters considering government plans and policy. (National Water Policy 2018) 12th and 13th year plan, (National Climate Change Policy 2021), (National Water Conservation Strategy 2023-2027).

	WS2.1
	Technological Advancement 
	Water saving through installation of meters to (to promote need base) policy and the water saving efficiency of 1.2% annually.

	WS2.1
	Change in Human Behavior
	Water-saving awareness program will be started and the water-saving efficiency will be adjusted to 1%.

	WS3
	Agriculture Water Transmission Scenario
	The agriculture sector is the largest water consumer, and water-saving plans are considered without affecting crop productivity. (National Water Policy 2018) 12th and 13th year plan, (National Climate Change Policy 2021), (National Water Conservation Strategy 2023-2027). (The State of Pakistan’s Agriculture 2023)

	WS3.1
	Modern Technologies Usage
	Introduction of drip watering technology Which has an efficiency of saving water up to 6 %.

	WS3.2
	Land Use and Non-conventional Water Source Use
	Up-scale land leveling, which enables 1% annual water saving with corresponding increases in productivity.  Domestic wastewater reuse for agriculture after treatment totals 3.06 BCM annually, which is equal to 1.78% of total water usage for agriculture annually.

	WS4
	Industrial Water Optimization Scenario
	Based on the wastewater treatment plants installation and to promote “Zero Liquid Discharge” Policy in industries. National Water Policy 2018) 12th and 13th-year plan, (National Climate Change Policy 2021), (National Water Conservation Strategy 2023-2027). (IGCEP 2021-2030), (ARE Policy 2019)

	WS4.1
	Waste Water Reuse
	Currently, 1% of wastewater is treated which will be promoted to 100% treatment. Based on the wastewater treatment plants installation and to promote “Zero Liquid Discharge” Policy in industries. Current water consumption without reuse of wastewater with an average rate of 3.9%. Currently, 1% of wastewater is treated which will be promoted to 100% treatment.

	WS4.2
	Green Energy Generation
	Based on future renewable energy projections given by the IGCEP 2021-2030. ARE technologies by 2025 and 30% by 2030 (20X25 and 30X30 target). Based on ARE Policy 2019, over 20% generation of Hydropower by 2030.


Section 5: 
	Table S3. Analysis of nexus interaction  


	[bookmark: RANGE!C80]Energy-Water Nexus
	Water-Energy Nexus

	Scenarios
	Energy Saving Through Energy Saving Measures (Mtoe)
	Water Saving Through Energy Saving Measures (BCM)
	Scenarios
	Energy Saving Through Water Saving Measures (Mtoe)
	Water Saving Through Water Saving Measures (BCM)

	ES1
	475
	x
	WS1
	x
	284.06

	ES2
	-101.2
	-6.45
	WS2
	-18.1
	-14.84

	ES2.1
	26
	x
	WS2.1
	-8
	-7.27

	ES2.2
	-51
	-2.58
	WS2.2
	-10.1
	-7.57

	ES2.3
	-76.2
	-3.87
	WS3
	2.8
	-117.36

	ES3
	-144.9
	x
	WS3.1
	-1
	-40.82

	ES3.1
	-43.2
	x
	WS3.2
	3.8
	-76.54

	ES3.2
	-44.7
	x
	WS4
	0.01012
	-4.97

	ES3.3
	-37.3
	x
	WS4.1
	0.01012
	-4.79

	ES3.4
	-19.7
	x
	WS4.2
	x
	-0.18

	ES4
	-6.5
	-18.45
	
	
	

	ES4.1
	-2.5
	x
	
	
	

	ES4.2
	-1.6
	x
	
	
	

	ES4.3
	-2.4
	-18.45
	
	
	

	ES5
	-126.4
	-2.89
	
	
	

	ES5.1
	-22.4
	x
	
	
	

	ES5.2
	-1.6
	x
	
	
	

	ES5.3
	-41.2
	-2.89
	
	
	

	ES5.4
	-32
	x
	
	
	

	ES5.5
	-6.9
	x
	
	
	

	ES5.6
	-7.1
	x
	
	
	

	ES5.7
	-15.2
	x
	
	
	

	ES6
	x
	x
	
	
	

	ES6.1
	x
	x
	
	
	



Section 6:
A6.1 In models’ validation for future energy and water forecasting
The first dimension of the energy and water trend analysis is to compare the reference value representing current energy five-year data from 2015 to 2020 taken from the energy yearbook, for water forecasting the reference value represents the data from the World Bank and sectorial data for the power industry and domestic/municipal are taken from the Ministry of Water Resources and Water and Power Development Authority (WAPDA) to check the tendency and accuracy of the model for future energy forecasting based on the previous year’s energy consumption inclination. The below (Figs. S1 and S3) shows the in-model validation data analysis for the BAU scenario, which gives a clear trend of the energy and water consumption in contrast to the energy consumption in the previous years. The model validation is checked to run the data from the year 2015 to the base year 2020, meanwhile, the future for the end year 2050 prediction is been shown in below (Figs. S1 and S3).  

[image: ]
Fig. S1. In-model data validation and energy future projection
[image: ]
Fig. S2. Energy consumption prediction and comparison


[image: ]
Fig. S3. In-model data validation and water future projection

[image: ]
Fig. S4. Water consumption prediction and comparison


References
[1] HDIP, 2019. Pakistan Energy Year Book 2019-2020. Hydrocarbon Development Institute of Pakistan, Ministry of Energy, Government of Pakistan. https://petroleum.gov.pk/SiteImage/Downloads/yearbook2019-20.pdf
[2] Fan J, Kong L, Zhang X. (2018). Synergetic effects of water and climate policy on energy-water nexus in China: a computable general equilibrium analysis. Energy Pol ; 123:308–17.

image3.tif
300

»
0
3

»
S
3

Billio Cubic Meters
5 &
g 2

g

o
2010 2015 2020 2025 2030 2035 2040 2045 2050 2055

Years

—8—BAU —&—Reference Value




image4.tif
Billion Cubic Meters

W

% &
3% o

o

300
280 =1
260=
2404

|
220 1
200~ : -48%
180 = |
160 1
140

s
120 20
100 A N %

2020 2030 2040 2050
Years
—o— BAU -® CWPS
Agriculture Domestic Other Power

Sector ®  Sector Industries Industries




image1.tif
MTOE

150
100
50

0
2010

2015

2020 2025 2030 2035 2040
Years

~—®—BAU —®—Reference Value

2045

2050




image2.tif
MTOE

= Domestic Sector = Transport Sector « Commercial Sector n
© OthersSector = Agriculture Sector » Industrial Sector 9 o

4501

1 -0

2504

-80%

200 =4

150 =4
100~
504

0=

2020 2030 2040 2050

Years

-® BAU B NESG




