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A Multistage Optimization Approach for Cost-Effective Drip Irrigation Design Integrating Life-Cycle Cost Analysis
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ABSTRACT

	[bookmark: _Hlk202363452]This study proposes an optimal design methodology for a pressurized drip irrigation system based on a multistage optimization approach, which sequentially optimizes the selection of lateral, manifold, and mainline pipe diameters. The objective is to minimize the total annualized cost, accounting for both fixed capital costs and energy costs, while ensuring hydraulic feasibility and pressure uniformity across the system. The hydraulic analysis for each pipeline segment is performed using the Hazen–Williams equation to compute frictional head loss, enabling accurate evaluation under varying flow and diameter conditions. A key constraint—maintaining required pressure head at the pump while satisfying pressure-uniformity throughout the network—is integrated into the optimization model, which is explicitly driven by life cycle cost analysis. The model evaluates all feasible single-diameter alternatives for each pipeline segment and systematically selects the most cost-effective configuration. To demonstrate the practical applicability of the proposed approach, it is applied to the design of a drip irrigation system for an apple orchard of size 120 m × 54 m using a Central Manifold Layout (CML). The results show that the optimal hydraulically feasible configuration includes 20 mm laterals, 40 mm manifolds, and 63 mm mainlines, yielding a total annual cost of ₹12,215 (including an annual fixed cost of ₹8,270 and energy cost of ₹3,945), and a cost per unit area of ₹1.82/m². This configuration effectively balances both economic and hydraulic performance, making it a robust and scalable solution for precision irrigation in orchard systems.
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1. INTRODUCTION

Water scarcity and rising energy costs have posed significant challenges to the sustainability of irrigated agriculture, particularly in arid and semi-arid regions (Priyan, 2021; Vishwakarma et al., 2023). Drip irrigation, a pressurized micro-irrigation method, has emerged as a promising solution to enhance water-use efficiency by delivering water directly to the plant root zone with minimal losses (Kandelous et al., 2012; Patel et al., 2023). However, the effectiveness of drip systems largely depends on their hydraulic design and economic feasibility (Kandelous et al., 2012; Baiamonte and Palermo, 2025; Wang et al., 2025). Improper selection of pipe sizes and system layout can lead to excessive pressure variation, high energy consumption, and increased installation costs, ultimately compromising uniformity and system longevity (Seyedzadeh et al., 2021; Sithole et al., 2023). 
Traditionally, the design of drip irrigation networks has relied on heuristic or trial-and-error approaches, which are often inefficient for large-scale systems with multiple pipe segments (Mahar and Singh, 2014). Enumeration-based optimization methods, while exhaustive and capable of identifying global optima, become computationally impractical as the number of decision variables increases. Furthermore, these methods do not easily adapt to real-time decision-making in dynamic field conditions. A comprehensive overview of optimal pipeline design for water supply systems can be found in the works of Mays and Tung (1992), Lansey and Mays (2000), and Bhave (2003). Notably, Lansey and Awumah (1994) applied dynamic programming to optimize pump operation schedules in water distribution networks, with the objective of minimizing energy consumption costs.
The capital cost associated with discrete pipe sizes, along with the operating characteristics of pumps and the energy cost required to overcome pipe friction, exhibit inherent nonlinear behavior (Singh and Mahar, 2003; Mahar and Singh, 2014; Pandey et al., 2020; Sithole et al., 2023). Consequently, a nonlinear programming model is more suitable for selecting the optimal pipe sizes, as it can account for the replacement cost of pumps and their performance characteristics in relation to the required flow rate and pressure head (Sithole et al., 2023). This approach allows for a more accurate and realistic representation of system behavior, leading to cost-effective and hydraulically feasible design solutions.
To address these limitations, the present study proposes a multistage programming approach for the optimal hydraulic and economic design of drip irrigation systems. The method involves decomposing the system into sequential hydraulic segments—laterals, manifolds, submains, and mainlines—and determining the optimal pipe diameter for each segment by minimizing the total annual cost. This cost includes both the annualized fixed cost (material and installation based on pipe length and diameter) and the energy cost, calculated from the hydraulic gradient across each segment. Pressure head and discharge uniformity constraints are also integrated to ensure hydraulic feasibility.
To achieve the objective of this research, a widely used field layouts: Central Manifold Layout (CML) layout was analyzed using different pipe diameter combinations, evaluating hydraulic performance parameters (pressure head, head loss, and discharge deviation) and economic metrics (fixed cost, energy cost, total cost, and cost per unit area). The primary objective of this optimization model is to identify the optimal combination of pipe diameter and pump operation parameters that result in the minimum total annual cost of the system.

2. methodology

The total cost of a pumped water supply system typically comprises the capital costs of the pipeline and pumping unit, their respective replacement costs, the energy cost required to operate the pump, and maintenance and repair expenses associated with system components. Maintenance and repair costs are often estimated as a fixed percentage of the capital cost or excluded from detailed analysis, as their relative impact remains consistent across alternative component selections. Some studies have employed techno-economic analyses that incorporate comprehensive cost assessments, including repair and replacement of failure-prone components within the network. Bhave (2003) outlined several economic evaluation methods for water supply systems, including the present worth method, annual cost method, benefit-cost ratio method, and rate of return method. In the present study, the annual cost method—as described by James and Lee (1971)—is adopted for life-cycle cost analysis, enabling a systematic comparison of design alternatives based on both capital and operational cost components. Maintenance and repair costs are generally considered as a fixed percentage of the system’s capital cost or are omitted from the cost analysis, since their impact is assumed to be uniform across all design alternatives and thus does not influence the comparative selection of components.

2.1 FIXED COST 
The fixed cost is computed according to concept of the life cycle cost analysis mentioned by Keller and Bliesner (1990) as presented below:
The Capital Recovery Factor (CRF) is a financial factor used to calculate the annual equivalent cost of an investment over its useful life, assuming a constant interest rate. It is commonly used in life cycle cost analysis to convert a lump-sum capital cost into an equivalent uniform annual cost. CRF allows us to recover the initial investment over time by converting it into equal annual payments, accounting for the time value of money. The CRF, accounting for interest rate and component lifespan which can be calculated as:
	
	(1)


where  = capital recovery factor (dimensionless);  = number of years in the life cycle of component;  = decimal equivalent annual interest rate.
The total annual fixed cost (FC) is calculated as the sum of the annualized costs of the emitting devices, pipelines (laterals, manifolds, submains, mainlines), and the pumping unit. The Capital Recovery Factor (CRF) has also been explained and applied consistently to convert capital costs into annual values.

2.1.1	Emitter cost

The number of emitting device (Ne) is obtained by dividing the length of the lateral line by the spacing between emitters along the row. The number of emitting devices (Ne​) along a lateral line is calculated using the following formula:
	
	(2)


where Ne ​ = total number of emitting devices in the system; L = length of one lateral line (m); Se​ = emitter spacing along the lateral (m) and Nl​ = number of lateral lines. 
The annual fixed cost of the emitting device is calculated using the following expression:
	
	(3)


where F1 = annual fixed cost of the emitter (₹); Ie​ = initial cost per emitter (₹/unit);  = total number of emitting devices required.
2.1.2	Pipeline Cost

The yearly fixed cost for a pipe segment with a diameter of "d" remains consistent across all segments with evenly spaced outlets. The annual fixed cost of the "d" diameter pipe per unit length is expressed by Eq. (Jensen, 1981; Kale et al., 2008; Mahar and Singh, 2014):
	
	(4)



where F2​ = Annual fixed cost of the pipeline (₹); IP​ = initial capital cost of the pipe (₹/m) for the given diameter; L = length of the pipe segment (m). 

2.1.3	Cost of pumping unit

The capital cost is primarily influenced by the required discharge and pressure head of the system (Pandey et al., 2020). According to Bhave (2003), the capital cost of a pumping unit can be estimated using the following Eq.:
	
	(5)


Where Cp ​ = capital cost of the pump (₹); Q = discharge of the pump (litres per second); HTotal = total head required at the pump (m); Cu​ = cost of the pumping unit = 6000 ₹/kW (Bhave, 2003); η = overall efficiency of the pump (decimal). The annual fixed cost of the pump is calculated using the capital recovery factor (CRF):
	
	(6)


Where  = annual fixed cost of the pump (₹).
Bhave (2003) may appear dated, the equation provided for estimating pump capital cost remains a standard, widely accepted formulation in irrigation and hydraulic engineering literature. The relationship is dimensionally consistent, scalable across system sizes, and expressed in terms of fundamental design variables such as discharge (Q), total pumping head (HTotal), unit cost of pumping power (Cu​), and pump efficiency (η).
2.2 ENERGY COST

The annual energy cost associated with overcoming frictional head loss in the pumping main can be calculated using the formulation provided by Mahar and Singh (2001). This method accounts for the energy required to maintain the desired flow rate against the hydraulic resistance of the pipeline and is integral to accurately estimating the operational costs of pressurized irrigation or water supply systems. The annual energy cost can be estimate using the following Eq.: 
	
	(7)


where, EC = annual energy cost of the to operate the system (₹);  = total lateral discharge (lps);  = number of annual working hours;  = system head requirement (m);  = energy cost (₹/kW/h); and  = over all pump efficiency in %.
2.2.1 System head
The system head requirement can be calculated as: 
	
	(8)


where hst = static head (m); hf = frictional head loss in the total length of the pipe (m); and hm = the minor head loss (m). The value of hf can be calculated using the Hazen-Williams Eq. as:
	
	(9)


where J = head loss – percent of pipe length; Δhf = frictional head loss (m); L = length of the pipe line (m); Q = flow rate through the pipe line (m³/h); C = Hazen–Williams roughness coefficient (dimensionless); D = internal diameter of the lateral pipe (mm); F = unitless reduction factor for multiple outlets. The reduction factor F can be calculated using empirical Eq. 
	
	(10)


where F = dimensionless correction factor for frictional head loss due to multiple outlets; Ne​ = number of outlets along the pipe; i = index of the outlets (from 1 to Ne).
2.2.2 Allowable pressure head variation
If the allowable pressure variation within the subunit is limited to 20% of the average pressure head, then the permissible pressure head loss in the subunit (ΔPs) in drip irrigation can be expressed mathematically as:
	
	(11)


where ΔPs = permissible pressure head loss in the subunit (m);  = average system pressure (m).
The total allowable pressure difference with in the subunit is determined as ΔPs, the value of ΔPs must be satisfy the following relation:
	
	(12)


where ​ = total permissible pressure variation within the subunit (m); ​ = pressure head variation along the lateral line; and ​ = pressure head variation along the manifold or submain line
The cumulative pressure losses in the lateral and manifold lines do not exceed the total allowable variation defined for maintaining emission uniformity. The allowable friction head loss along the lateral is estimated by:
	
	(13)


where ​ = allowable friction head loss along the lateral (m); ​ = total allowable pressure variation within the subunit (m); and ​ = elevation difference along the lateral (m) (ZInlet - Zend); positive if the lateral slope is downward and negative if upward lateral slope.
This equation accounts for both frictional losses and elevation effects, ensuring that pressure variation remains within acceptable limits to maintain emission uniformity.
The allowable friction head loss along the manifold is estimated by:
	
	(14)


where ​ = allowable friction head loss along the manifold (m); ​ = total allowable pressure variation within the subunit (m); ​ = elevation difference along the manifold (m) (ZInlet - Zend); positive if the manifold slope is downward and negative if upward manifold slope.
2.2.3 Pressure distribution 
Designating the nominal pressure by , the inlet pressure by  and the far end pressure by , the pressure distribution and maximum pressure difference along the lateral are as follows:
	
	(15)

	
	(16)


where ΔHl = total frictional head loss along the lateral line (m); Ze, Z1, and Z2 = elevations at the location of the emitter with nominal discharge, lateral inlet and lateral far end respectively (m).
The pressure distribution along the manifold is expressed as:
	
	(17)

	
	(18)


where ​ = pressure head at the inlet of the manifold (m); ​ = pressure head at the end of the manifold (m); ΔHm = total frictional head loss along the manifold (m).
The similar can be used to pressure distribution in submain and mainline. 
2.3 TOTAL ANNUAL COST

The total annual cost of the complete drip irrigation system—including emitting device, the pipeline network (laterals, manifolds, submains, and mainline), and the pumping unit, can be expressed as:
	
	(19)


where  = total annual cost of the irrigation system (₹), including emitting devices, the entire pipeline network, and the pumping unit (e.g., electric motor).

2.4 OPTIMIZATION MODEL
The cost functions associated with the pumping main and pump exhibit nonlinear behavior, as described by Eqs. (3), (4), (6), and (7). The optimal diameter of the lateral, manifold, submain and pumping main and the corresponding operating conditions of the pump that minimize the total system cost. The primary objective of this optimization model is to identify the optimal combination of pipe diameter and pump operation parameters that result in the minimum total annual cost of the system, as expressed in Eq. (19). This optimization is subject to constraints imposed by pump performance characteristics and system head requirements. To achieve the objective, the Dynamic Programming approach (also known as the shortest path model) was adapted and implemented using LINGO 18.0 software. The corresponding objective function can be formulated accordingly: 
	
	(20)


where  is the minimum annual cost from point i (1) to the final point j (158), and  is the cost from point i to point j.
To ensure all feasible routes must pass through point 1, we introduce a binary decision variable δ1k ​, where:
· δ1k = 1, if route from point 1 to node k is included
· δ1k = 0 otherwise
Then the modified objective function incorporating this constraint becomes:
	
	(21)

	subject to:
	

	
	



The constraint  ensure at least one segment must connect from node 1.
Furthermore, to meet the pressure head requirement by the pump, the constraint can be expressed as:
	
	(22)



3. Design Example and Discussion

3.1 DESIGN EXAMPLE
Design a subunit apple orchard under drip irrigation. The field is completely flat so that topography effects do not influence the design. The area are ten rows of trees per subunit, each 120 m long. The spacing of the tree is 4 m in the rows and 6 m between the rows. The two different layouts of lateral and manifold and mainline and pump location of system are shown in Figure 1. The selected drippers had the following characteristics: 
Emitter discharge rate (qe) = 8 lph; average pressure (Pe) = 13 m; emitter exponent (x) = 0.48; one lateral per row with drippers every 1 m in the row, hence emitter spacing (b) = 1 m; lateral to lateral spacing = 6 m and plant to plant spacing (net) = 4 m. The lateral/manifold/submain/mainline cost and pump are given in methodology section 3.4. The data for the design problems are given below:
[bookmark: _Hlk201913503]Emitter and Pipe line data
The emitter cost is 7.30 per nos for 8 lph. The data related to available pipe sizes with their corresponding cost are given in Table 1 and Table 2. The length of lateral, manifold and mainline are 60, 27 and 65 m respectively for layout 1. The Hazen-Williams formula used with Hazen-Williams friction coefficient C = 140.
[bookmark: _Hlk201913526]Life cycle cost analysis data
The economic factors of emitters, pipes and pump are: 
Estimated hours of operation per year = 1000 hr; decimal equivalent annual interest (r) = 0.10, number of years in life cycle (y) of emitter, pipe and pump are 8, 10 and 30 years, overall pump efficiency (ƞ) = 0.75 and electricity cost per unit 6.50 ₹/kWh.

Table 1. Jain Tough Hose-Twin-Line® Drip Polytube as per IS:12786.
	Nominal outside diameter (mm)
	Inside diameter (mm)
	Minimum wall thickness (mm)
	Cost (₹/m)

	12
	10.80
	0.60
	6.00

	16
	14.40
	0.80
	10.70

	20
	18.20
	0.90
	14.00

	25
	22.60
	1.20
	22.05

	32
	29.00
	1.50
	35.15


Nominal Diameter: 12 mm to 32 mm; Working Pressure: 2.0 kg/cm² to 4 kg/cm² 
Table 2. PVC pipes of various nominal outside diameters and their corresponding minimum wall thickness under different pressure ratings (as per IS:4985), used in lateral lines, manifolds, submains, and mainlines in pressurized irrigation systems.
	Nominal outside diameter (mm)
	Minimum wall thickness (mm)
	Inside Diameter (mm)
	Cost (₹/m)

	25
	1.20
	22.60
	26.60

	32
	1.50
	29.00
	41.40

	40
	1.80
	36.40
	59.80

	50
	2.30
	45.40
	95.45

	63
	2.80
	57.40
	138.55

	75
	3.40
	68.20
	199.80

	90
	4.00
	82.00
	279.25

	110
	4.90
	100.20
	420.30

	125
	5.60
	113.80
	556.30

	140
	6.30
	127.40
	693.60


Pressure Rating = 8 kg/cm².

[image: ]
Figure 1. Central Manifold Layout (CML) of a Drip Irrigation System for an Orchard of Size 120 m × 54 m.

3.2 ALLOWABLE PRESSURE VARIATION AND FEASIBILITY 
The given data were used to estimate the permissible head loss in the subunit and head loss in the subunit. The total head loss along the lateral ΔHl was 6.150 m, 1.515 m, 0.484 m, 0.169 m, and 0.050 m for the 12 mm, 16 mm, 20 mm, 25 mm, and 32 mm lateral size. The analysis of pressure variation revealed that laterals with diameters of 12 mm and 16 mm exceed the permissible head loss limit (ΔHl > ΔHl max), rendering them unsuitable for design. Conversely, the 20 mm, 25 mm, and 32 mm lateral options maintained acceptable pressure variations (ΔHl < ΔHl max) and are considered hydraulically feasible. The variation in head loss and its implications for lateral selection are illustrated in Figure 2. Pipe sizes 12 mm and 16 mm are infeasible due to excessive head loss, while sizes 20 mm, 25 mm, and 32 mm fall within the acceptable range for system performance.
Since, ΔHl is 6.150, 1.515, 0.484, 0.169 and 0.050 m then, we can adjust the ΔHm as ΔHm max = Ps - ΔHl (i.e., 2.6 - ΔHl) and shown in Figure 3. The ΔHm along half of the length of the manifold- from centre to the end. The results clearly indicate that smaller pipe diameters such as 25 mm and 32 mm result in excessive head losses (ΔHm = 9.378 m and 2.786 m, respectively), both exceeding their corresponding maximum allowable limits (ΔHm max​). The manifold diameters of 40 mm, 50 mm, and 63 mm show significantly reduced head losses of 0.940 m, 0.313 m, and 0.102 m, respectively—well within the permissible thresholds. These results confirm that manifold sizes of 40 mm and above are hydraulically suitable for the given layout.
	
	

	Figure 2. Head losses for different lateral sizes.  
	Figure 3. Head losses for different manifold sizes.  



3.3	Optimal Design Solution
To achieve a cost-effective design of the drip irrigation system, a multistage optimization approach was implemented with the objective of minimizing the total annual cost, comprising both annualized fixed costs (based on per-meter pipe costs for available diameters) and energy costs (estimated from hydraulic gradients). The system layout—illustrated schematically in Figure 4—follows a hierarchical route structure from emitter selection to lateral, manifold, and mainline components. Each stage includes multiple pipe diameter options (12 mm to 125 mm), allowing for a comprehensive evaluation of hydraulic and economic performance.
A total of 125 possible route combinations were simulated to assess the complete system from emitter to pump. Each route represents a unique combination of pipe sizes, with corresponding total costs calculated. This structure facilitates selection of the most cost-effective and hydraulically feasible layout.
Appendix Table A1 presents pressure losses and head values (ΔH, PLateral, PManifold, PMainline) for each route to assess hydraulic feasibility. Routes using 12–16 mm laterals and 25–32 mm manifolds were found infeasible due to excessive head loss. Table A2 summarizes the fixed cost, energy cost, total cost, and unit cost (₹/m²), along with the feasibility status for each configuration.

[image: ]
Figure 4. Hierarchical representation of route-wise annual costs and pipe size configurations for drip irrigation network optimization.
The cost analysis across 125 design alternatives reveals a clear trade-off between fixed costs and energy costs, governed primarily by pipe diameter selection. In general, smaller diameter pipes (e.g., 12 mm, 16 mm laterals; 25 mm, 32 mm manifolds; 63 mm mainlines) result in lower fixed costs due to reduced material expenses. However, these configurations exhibit higher energy costs, as increased frictional head losses require more power input to maintain the desired pressure throughout the system.
Conversely, configurations using larger diameter pipes (e.g., 90 mm, 110 mm, and 125 mm) show significantly higher fixed costs, yet offer lower energy costs due to reduced head loss and more efficient flow. For instance, some combinations with 25 mm lateral lines and 40 mm manifolds result in lower initial investment but yield higher total costs due to excessive energy requirements.
The results highlight the importance of balancing hydraulic feasibility with economic performance. Several configurations, particularly those involving 12 mm and 16 mm lateral lines and 25–32 mm manifolds, are hydraulically infeasible due to head losses exceeding permissible limits, despite appearing cost-effective from a material standpoint.
The optimal design (20 mm lateral, 40 mm manifold, 63 mm mainline) achieves the lowest total annual cost (₹12215) and minimum unit cost (₹1.82/m²) while maintaining hydraulic feasibility, demonstrating the strength of the multistage optimization approach in identifying the best trade-off between cost and performance.
Table 3 show the total annual cost analysis for all 125 possible combinations of lateral, manifold, and mainline pipe sizes in a drip irrigation system, based on the hierarchical layout depicted in Figure 4.
Table 3. Total annual cost (₹) of drip irrigation system configurations for various combinations of laterals, manifolds, and mainline sizes.
	Manifold Size (mm)
	Mainline Size (mm)
	Total Annual Cost (₹)

	
	
	Lateral line

	
	
	12mm
	16mm
	20mm
	25mm
	32mm

	25 mm
	63 mm
	13561
	13534
	13968
	15476
	18010

	
	75 mm
	14190
	14163
	14599
	16106
	18640

	
	90 mm
	15467
	15440
	15876
	17383
	19916

	
	110 mm
	17708
	17681
	18115
	19623
	22157

	
	125 mm
	19825
	19798
	20233
	21741
	24274

	32 mm
	63 mm
	12015
	11988
	12422
	13930
	16464

	
	75 mm
	12645
	12618
	13052
	14560
	17094

	
	90 mm
	13922
	13894
	14329
	15837
	18371

	
	110 mm
	16162
	16135
	16569
	18077
	20611

	
	125 mm
	18280
	18253
	18687
	20195
	22729

	40 mm
	63 mm
	11808
	11781*
	12215**
	13723
	16257

	
	75 mm
	12438
	12411
	12845
	14353
	16887

	
	90 mm
	13714
	13687
	14123
	15630
	18164

	
	110 mm
	15955
	15928
	16362
	17870
	20404

	
	125 mm
	18073
	18045
	18480
	19988
	22522

	50 mm
	63 mm
	12054
	12027
	12461
	13969
	16503

	
	75 mm
	12601
	12657
	13092
	14599
	17133

	
	90 mm
	13877
	13933
	14369
	15876
	18410

	
	110 mm
	16118
	16174
	16608
	18116
	20650

	
	125 mm
	18235
	18291
	18726
	20234
	22768

	63 mm
	63 mm
	12674
	12647
	13082
	14589
	17123

	
	75 mm
	13305
	13276
	13712
	15219
	17753

	
	90 mm
	14581
	14554
	14989
	16497
	19030

	
	110 mm
	16822
	16794
	17229
	18736
	21270

	
	125 mm
	18938
	18911
	19347
	20854
	23388


*Infeasible Minimum Cost/Cost-wise optimal but hydraulically infeasible. 
**Optimal cost/Hydraulically Feasible Minimum Cost.
Table 4. Hydraulic performance and cost analysis of optimal pipe sizing in a drip irrigation system.
	Optimal pipe size (mm)
	Pressure head (m)
	Head loss, ΔH (m)
	Discharge deviation, ΔQ (%)
	Annual cost (₹)
	Cost per unit area (₹/m2)

	
	
	
	
	FCb
	ECc
	TCa
	

	
	Inlet
	End
	
	
	
	
	
	

	Lateral
	20
	13.37
	12.89
	0.48
	1.78
	8270
	3945
	12215
	1.82

	Manifold
	40
	14.31
	13.37
	0.94
	3.31
	
	
	
	

	Mainline
	63
	16.26
	14.31
	1.95
	6.32
	
	
	
	



Table 4 presents the optimal pipe size selection and corresponding hydraulic and cost performance metrics. The optimized configuration includes 20 mm laterals, 40 mm manifolds, and 63 mm mainlines. The pressure heads at the inlet and end of each section demonstrate that the system operates within acceptable pressure limits, with moderate head losses of 0.48 m, 0.94 m, and 1.95 m for lateral, manifold, and mainline segments, respectively. Discharge deviation remains within permissible limits, with 1.78% in laterals, 3.31% in manifolds, and 6.32% in the mainline—indicating satisfactory uniformity. The associated annual costs are ₹8270 (fixed cost), ₹3945 (energy cost), summing to a total annual cost of ₹12215. The resulting cost per unit area is ₹1.82/m², suggesting that the selected configuration provides a hydraulically feasible and cost-effective design solution for the given field conditions. 
This work tackles critical water energy challenges in precision agriculture by presenting a multistage optimization model that jointly minimizes lifecycle cost and ensures hydraulic uniformity. By decomposing the network into laterals, manifolds, submains, and mainlines, it provides a systematic, computationally efficient alternative to traditional heuristics. The case study on an apple orchard layout demonstrates practical cost savings (₹12215/year; ₹1.82/m2) under realistic constraints, making it highly relevant for researchers and practitioners in arid regions. The results of the illustrative design example demonstrate that the developed optimization model can be universally applied to design a complete drip irrigation system using data from any field condition and manufacturer specifications. The model systematically selects the optimal combination of system components—including emitter type, lateral diameter, manifold, submain, mainline pipe sizes, and pump capacity—such that the total cost is minimized while maintaining pressure variation, uniformity and application efficiency throughout the system.

4. Conclusion

A multistage optimization-based optimal design approach is proposed for complete drip irrigation system. The model minimizes fixed cost, energy cost, or total annual cost for any uniform ground slope. It uses segment-wise annual costs of available pipe sizes to determine optimal pipe diameter combinations, ensuring outlet pressures remain within acceptable limits. The method ensures that the designed pipeline delivers pressures that meet the required operating conditions at all outlets. The findings reveal that hydraulic balance and economic performance, achieving the lowest total annual cost ₹12215 and ₹1.82/m². Overall, this study contributes a computationally efficient and hydraulically robust framework for optimizing drip irrigation systems. The proposed method supports design engineers and practitioners in selecting layout configurations and pipe sizes that minimize costs while ensuring uniform water delivery, thereby promoting sustainable water resource management in agriculture.
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Appendix
[bookmark: _Hlk201863459]Table A1. Hydraulic performance analysis for various pipe size combinations in the lateral, manifold, and mainline components. 
	Pipe Size (mm)
	ΔHLateral
	PLateral
	ΔHManifold
	PManifold
	ΔHMainline
	PMainline

	Lateral
	Manifold
	Mainline
	
	Inlet
	End
	
	Inlet
	End
	
	Inlet
	End

	12 mm
	25 mm
	63 mm
	6.15
	17.74
	11.59
	9.38
	27.11
	17.74
	1.95
	29.06
	27.11

	
	
	75 mm
	
	
	
	
	
	
	0.83
	27.95
	27.11

	
	
	90 mm
	
	
	
	
	
	
	0.34
	27.46
	27.11

	
	
	110 mm
	
	
	
	
	
	
	0.11
	27.22
	27.11

	
	
	125 mm
	
	
	
	
	
	
	0.06
	27.17
	27.11

	
	32 mm
	63 mm
	
	
	
	2.79
	20.52
	17.74
	1.95
	22.47
	20.52

	
	
	75 mm
	
	
	
	
	
	
	0.83
	21.36
	20.52

	
	
	90 mm
	
	
	
	
	
	
	0.34
	20.86
	20.52

	
	
	110 mm
	
	
	
	
	
	
	0.11
	20.63
	20.52

	
	
	125 mm
	
	
	
	
	
	
	0.06
	20.58
	20.52

	
	40 mm
	63 mm
	
	
	
	0.94
	18.68
	17.74
	1.95
	20.62
	18.68

	
	
	75 mm
	
	
	
	
	
	
	0.83
	19.51
	18.68

	
	
	90 mm
	
	
	
	
	
	
	0.34
	19.02
	18.68

	
	
	110 mm
	
	
	
	
	
	
	0.11
	18.78
	18.68

	
	
	125 mm
	
	
	
	
	
	
	0.06
	18.73
	18.68

	
	50 mm
	63 mm
	
	
	
	0.31
	18.05
	17.74
	1.95
	20.00
	18.05

	
	
	75 mm
	
	
	
	
	
	
	0.83
	18.88
	18.05

	
	
	90 mm
	
	
	
	
	
	
	0.34
	18.39
	18.05

	
	
	110 mm
	
	
	
	
	
	
	0.11
	18.16
	18.05

	
	
	125 mm
	
	
	
	
	
	
	0.06
	18.11
	18.05

	
	63 mm
	63 mm
	
	
	
	0.10
	17.84
	17.74
	1.95
	19.79
	17.84

	
	
	75 mm
	
	
	
	
	
	
	0.83
	18.67
	17.84

	
	
	90 mm
	
	
	
	
	
	
	0.34
	18.18
	17.84

	
	
	110 mm
	
	
	
	
	
	
	0.11
	17.95
	17.84

	
	
	125 mm
	
	
	
	
	
	
	0.06
	17.90
	17.84

	16 mm
	25 mm
	63 mm
	1.52
	14.17
	12.65
	9.38
	23.54
	14.17
	1.95
	25.49
	23.54

	
	
	75 mm
	
	
	
	
	
	
	0.83
	24.38
	23.54

	
	
	90 mm
	
	
	
	
	
	
	0.34
	23.89
	23.54

	
	
	110 mm
	
	
	
	
	
	
	0.11
	23.65
	23.54

	
	
	125 mm
	
	
	
	
	
	
	0.06
	23.60
	23.54

	
	32 mm
	63 mm
	
	
	
	2.79
	16.95
	14.17
	1.95
	18.90
	16.95

	
	
	75 mm
	
	
	
	
	
	
	0.83
	17.79
	16.95

	
	
	90 mm
	
	
	
	
	
	
	0.34
	17.30
	16.95

	
	
	110 mm
	
	
	
	
	
	
	0.11
	17.06
	16.95

	
	
	125 mm
	
	
	
	
	
	
	0.06
	17.01
	16.95

	
	40 mm
	63 mm
	
	
	
	0.94
	15.11
	14.17
	1.95
	17.05
	15.11

	
	
	75 mm
	
	
	
	
	
	
	0.83
	15.94
	15.11

	
	
	90 mm
	
	
	
	
	
	
	0.34
	15.45
	15.11

	
	
	110 mm
	
	
	
	
	
	
	0.11
	15.22
	15.11

	
	
	125 mm
	
	
	
	
	
	
	0.06
	15.16
	15.11

	
	50 mm
	63 mm
	
	
	
	0.31
	14.48
	14.17
	1.95
	16.43
	14.48

	
	
	75 mm
	
	
	
	
	
	
	0.83
	15.31
	14.48

	
	
	90 mm
	
	
	
	
	
	
	0.34
	14.82
	14.48

	
	
	110 mm
	
	
	
	
	
	
	0.11
	14.59
	14.48

	
	
	125 mm
	
	
	
	
	
	
	0.06
	14.54
	14.48

	
	63 mm
	63 mm
	
	
	
	0.10
	14.27
	14.17
	1.95
	16.22
	14.27

	
	
	75 mm
	
	
	
	
	
	
	0.83
	15.10
	14.27

	
	
	90 mm
	
	
	
	
	
	
	0.34
	14.61
	14.27

	
	
	110 mm
	
	
	
	
	
	
	0.11
	14.38
	14.27

	
	
	125 mm
	
	
	
	
	
	
	0.06
	14.33
	14.27

	20 mm
	25 mm
	63 mm
	0.48
	13.37
	12.89
	9.38
	22.75
	13.37
	1.95
	24.70
	22.75

	
	
	75 mm
	
	
	
	
	
	
	0.83
	23.58
	22.75

	
	
	90 mm
	
	
	
	
	
	
	0.34
	23.09
	22.75

	
	
	110 mm
	
	
	
	
	
	
	0.11
	22.86
	22.75

	
	
	125 mm
	
	
	
	
	
	
	0.06
	22.81
	22.75

	
	32 mm
	63 mm
	
	
	
	2.79
	16.16
	13.37
	1.95
	18.11
	16.16

	
	
	75 mm
	
	
	
	
	
	
	0.83
	16.99
	16.16

	
	
	90 mm
	
	
	
	
	
	
	0.34
	16.50
	16.16

	
	
	110 mm
	
	
	
	
	
	
	0.11
	16.27
	16.16

	
	
	125 mm
	
	
	
	
	
	
	0.06
	16.22
	16.16

	
	40 mm
	63 mm
	
	
	
	0.94
	14.31
	13.37
	1.95
	16.26
	14.31

	
	
	75 mm
	
	
	
	
	
	
	0.83
	15.15
	14.31

	
	
	90 mm
	
	
	
	
	
	
	0.34
	14.66
	14.31

	
	
	110 mm
	
	
	
	
	
	
	0.11
	14.42
	14.31

	
	
	125 mm
	
	
	
	
	
	
	0.06
	14.37
	14.31

	
	50 mm
	63 mm
	
	
	
	0.31
	13.69
	13.37
	1.95
	15.63
	13.69

	
	
	75 mm
	
	
	
	
	
	
	0.83
	14.52
	13.69

	
	
	90 mm
	
	
	
	
	
	
	0.34
	14.03
	13.69

	
	
	110 mm
	
	
	
	
	
	
	0.11
	13.80
	13.69

	
	
	125 mm
	
	
	
	
	
	
	0.06
	13.74
	13.69

	
	63 mm
	63 mm
	
	
	
	0.10
	13.48
	13.37
	1.95
	15.42
	13.48

	
	
	75 mm
	
	
	
	
	
	
	0.83
	14.31
	13.48

	
	
	90 mm
	
	
	
	
	
	
	0.34
	13.82
	13.48

	
	
	110 mm
	
	
	
	
	
	
	0.11
	13.58
	13.48

	
	
	125 mm
	
	
	
	
	
	
	0.06
	13.53
	13.48

	25 mm
	25 mm
	63 mm
	0.17
	13.13
	12.96
	9.38
	22.51
	13.13
	1.95
	24.46
	22.51

	
	
	75 mm
	
	
	
	
	
	
	0.83
	23.34
	22.51

	
	
	90 mm
	
	
	
	
	
	
	0.34
	22.85
	22.51

	
	
	110 mm
	
	
	
	
	
	
	0.11
	22.62
	22.51

	
	
	125 mm
	
	
	
	
	
	
	0.06
	22.57
	22.51

	
	32 mm
	63 mm
	
	
	
	2.79
	15.92
	13.13
	1.95
	17.86
	15.92

	
	
	75 mm
	
	
	
	
	
	
	0.83
	16.75
	15.92

	
	
	90 mm
	
	
	
	
	
	
	0.34
	16.26
	15.92

	
	
	110 mm
	
	
	
	
	
	
	0.11
	16.03
	15.92

	
	
	125 mm
	
	
	
	
	
	
	0.06
	15.97
	15.92

	
	40 mm
	63 mm
	
	
	
	0.94
	14.07
	13.13
	1.95
	16.02
	14.07

	
	
	75 mm
	
	
	
	
	
	
	0.83
	14.90
	14.07

	
	
	90 mm
	
	
	
	
	
	
	0.34
	14.41
	14.07

	
	
	110 mm
	
	
	
	
	
	
	0.11
	14.18
	14.07

	
	
	125 mm
	
	
	
	
	
	
	0.06
	14.13
	14.07

	
	50 mm
	63 mm
	
	
	
	0.31
	13.44
	13.13
	1.95
	15.39
	13.44

	
	
	75 mm
	
	
	
	
	
	
	0.83
	14.28
	13.44

	
	
	90 mm
	
	
	
	
	
	
	0.34
	13.79
	13.44

	
	
	110 mm
	
	
	
	
	
	
	0.11
	13.55
	13.44

	
	
	125 mm
	
	
	
	
	
	
	0.06
	13.50
	13.44

	
	63 mm
	63 mm
	
	
	
	0.10
	13.23
	13.13
	1.95
	15.18
	13.23

	
	
	75 mm
	
	
	
	
	
	
	0.83
	14.07
	13.23

	
	
	90 mm
	
	
	
	
	
	
	0.34
	13.57
	13.23

	
	
	110 mm
	
	
	
	
	
	
	0.11
	13.34
	13.23

	
	
	125 mm
	
	
	
	
	
	
	0.06
	13.29
	13.23

	32 mm
	25 mm
	63 mm
	0.05
	13.04
	12.99
	9.38
	22.42
	13.04
	1.95
	24.36
	22.42

	
	
	75 mm
	
	
	
	
	
	
	0.83
	23.25
	22.42

	
	
	90 mm
	
	
	
	
	
	
	0.34
	22.76
	22.42

	
	
	110 mm
	
	
	
	
	
	
	0.11
	22.53
	22.42

	
	
	125 mm
	
	
	
	
	
	
	0.06
	22.48
	22.42

	
	32 mm
	63 mm
	
	
	
	2.79
	15.82
	13.04
	1.95
	17.77
	15.82

	
	
	75 mm
	
	
	
	
	
	
	0.83
	16.66
	15.82

	
	
	90 mm
	
	
	
	
	
	
	0.34
	16.17
	15.82

	
	
	110 mm
	
	
	
	
	
	
	0.11
	15.93
	15.82

	
	
	125 mm
	
	
	
	
	
	
	0.06
	15.88
	15.82

	
	40 mm
	63 mm
	
	
	
	0.94
	13.98
	13.04
	1.95
	15.93
	13.98

	
	
	75 mm
	
	
	
	
	
	
	0.83
	14.81
	13.98

	
	
	90 mm
	
	
	
	
	
	
	0.34
	14.32
	13.98

	
	
	110 mm
	
	
	
	
	
	
	0.11
	14.09
	13.98

	
	
	125 mm
	
	
	
	
	
	
	0.06
	14.04
	13.98

	
	50 mm
	63 mm
	
	
	
	0.31
	13.35
	13.04
	1.95
	15.30
	13.35

	
	
	75 mm
	
	
	
	
	
	
	0.83
	14.19
	13.35

	
	
	90 mm
	
	
	
	
	
	
	0.34
	13.69
	13.35

	
	
	110 mm
	
	
	
	
	
	
	0.11
	13.46
	13.35

	
	
	125 mm
	
	
	
	
	
	
	0.06
	13.41
	13.35

	
	63 mm
	63 mm
	
	
	
	0.10
	13.14
	13.04
	1.95
	15.09
	13.14

	
	
	75 mm
	
	
	
	
	
	
	0.83
	13.97
	13.14

	
	
	90 mm
	
	
	
	
	
	
	0.34
	13.48
	13.14

	
	
	110 mm
	
	
	
	
	
	
	0.11
	13.25
	13.14

	
	
	125 mm
	
	
	
	
	
	
	0.06
	13.20
	13.14





Table A2.	Comprehensive annual cost analysis and corresponding pipe size configurations for 125 design alternatives, including lateral, manifold, and mainline diameters, along with fixed cost components and total annual cost per unit area.
	S.  No.
	Pipe Size (mm)
	Fixed Cost, FC (₹)
	Annual cost (₹)
	Cost per unit area (₹/m2)

	
	Lateral
	Manifold
	Mainline
	Emitter
	Lateral
	Manifold
	Mainline
	Pump
	FCb
	ECc
	TCa
	

	1
	12 mm
	25 mm
	63 mm
	2125
	1171
	308
	2261
	644
	6509
	7052
	13561
	2.09

	2
	
	
	75 mm
	2125
	1171
	308
	3186
	619
	7409
	6781
	14190
	2.19

	3
	
	
	90 mm
	2125
	1171
	308
	4593
	608
	8805
	6662
	15467
	2.39

	4
	
	
	110 mm
	2125
	1171
	308
	6895
	603
	11102
	6606
	17708
	2.73

	5
	
	
	125 mm
	2125
	1171
	308
	9026
	602
	13232
	6593
	19825
	3.06

	6
	
	32 mm
	63 mm
	2125
	1171
	508
	2261
	498
	6563
	5452
	12015
	1.85

	7
	
	
	75 mm
	2125
	1171
	508
	3186
	473
	7463
	5182
	12645
	1.95

	8
	
	
	90 mm
	2125
	1171
	508
	4593
	462
	8859
	5063
	13922
	2.15

	9
	
	
	110 mm
	2125
	1171
	508
	6895
	457
	11156
	5006
	16162
	2.49

	10
	
	
	125 mm
	2125
	1171
	508
	9026
	456
	13286
	4994
	18280
	2.82

	11
	
	40 mm
	63 mm
	2125
	1171
	790
	2261
	457
	6804
	5004
	11808
	1.82

	12
	
	
	75 mm
	2125
	1171
	790
	3186
	432
	7704
	4734
	12438
	1.92

	13
	
	
	90 mm
	2125
	1171
	790
	4593
	421
	9100
	4614
	13714
	2.12

	14
	
	
	110 mm
	2125
	1171
	790
	6895
	416
	11397
	4558
	15955
	2.46

	15
	
	
	125 mm
	2125
	1171
	790
	9026
	415
	13527
	4546
	18073
	2.79

	16
	
	50 mm
	63 mm
	2125
	1171
	1202
	2261
	443
	7202
	4852
	12054
	1.86

	17
	
	
	75 mm
	2125
	1171
	1202
	3186
	411
	8095
	4506
	12601
	1.94

	18
	
	
	90 mm
	2125
	1171
	1202
	4593
	400
	9491
	4386
	13877
	2.14

	19
	
	
	110 mm
	2125
	1171
	1202
	6895
	395
	11788
	4330
	16118
	2.49

	20
	
	
	125 mm
	2125
	1171
	1202
	9026
	394
	13918
	4317
	18235
	2.81

	21
	
	63 mm
	63 mm
	2125
	1171
	1878
	2261
	438
	7873
	4801
	12674
	1.96

	22
	
	
	75 mm
	2125
	1171
	1878
	3186
	414
	8774
	4531
	13305
	2.05

	23
	
	
	90 mm
	2125
	1171
	1878
	4593
	403
	10170
	4411
	14581
	2.25

	24
	
	
	110 mm
	2125
	1171
	1878
	6895
	398
	12467
	4355
	16822
	2.60

	25
	
	
	125 mm
	2125
	1171
	1878
	9026
	396
	14596
	4342
	18938
	2.92

	26
	16 mm
	25 mm
	63 mm
	2125
	2089
	308
	2261
	565
	7348
	6186
	13534
	2.09

	27
	
	
	75 mm
	2125
	2089
	308
	3186
	540
	8248
	5915
	14163
	2.19

	28
	
	
	90 mm
	2125
	2089
	308
	4593
	529
	9644
	5796
	15440
	2.38

	29
	
	
	110 mm
	2125
	2089
	308
	6895
	524
	11941
	5740
	17681
	2.73

	30
	
	
	125 mm
	2125
	2089
	308
	9026
	523
	14071
	5727
	19798
	3.06

	31
	
	32 mm
	63 mm
	2125
	2089
	508
	2261
	419
	7402
	4586
	11988
	1.85

	32
	
	
	75 mm
	2125
	2089
	508
	3186
	394
	8302
	4316
	12618
	1.95

	33
	
	
	90 mm
	2125
	2089
	508
	4593
	383
	9698
	4196
	13894
	2.14

	34
	
	
	110 mm
	2125
	2089
	508
	6895
	378
	11995
	4140
	16135
	2.49

	35
	
	
	125 mm
	2125
	2089
	508
	9026
	377
	14125
	4128
	18253
	2.82

	36
	
	40 mm
	63 mm
	2125
	2089
	790
	2261
	378
	7643
	4138
	11781
	1.82

	37
	
	
	75 mm
	2125
	2089
	790
	3186
	353
	8543
	3868
	12411
	1.92

	38
	
	
	90 mm
	2125
	2089
	790
	4593
	342
	9939
	3748
	13687
	2.11

	39
	
	
	110 mm
	2125
	2089
	790
	6895
	337
	12236
	3692
	15928
	2.46

	40
	
	
	125 mm
	2125
	2089
	790
	9026
	336
	14366
	3679
	18045
	2.78

	41
	
	50 mm
	63 mm
	2125
	2089
	1202
	2261
	364
	8041
	3986
	12027
	1.86

	42
	
	
	75 mm
	2125
	2089
	1202
	3186
	339
	8941
	3716
	12657
	1.95

	43
	
	
	90 mm
	2125
	2089
	1202
	4593
	328
	10337
	3596
	13933
	2.15

	44
	
	
	110 mm
	2125
	2089
	1202
	6895
	323
	12634
	3540
	16174
	2.50

	45
	
	
	125 mm
	2125
	2089
	1202
	9026
	322
	14764
	3527
	18291
	2.82

	46
	
	63 mm
	63 mm
	2125
	2089
	1878
	2261
	359
	8712
	3935
	12647
	1.95

	47
	
	
	75 mm
	2125
	2089
	1878
	3186
	334
	9612
	3664
	13276
	2.05

	48
	
	
	90 mm
	2125
	2089
	1878
	4593
	324
	11009
	3545
	14554
	2.25

	49
	
	
	110 mm
	2125
	2089
	1878
	6895
	318
	13305
	3489
	16794
	2.59

	50
	
	
	125 mm
	2125
	2089
	1878
	9026
	317
	15435
	3476
	18911
	2.92

	51
	20 mm
	25 mm
	63 mm
	2125
	2734
	308
	2261
	547
	7975
	5993
	13968
	2.16

	52
	
	
	75 mm
	2125
	2734
	308
	3186
	523
	8876
	5723
	14599
	2.25

	53
	
	
	90 mm
	2125
	2734
	308
	4593
	512
	10272
	5604
	15876
	2.45

	54
	
	
	110 mm
	2125
	2734
	308
	6895
	506
	12568
	5547
	18115
	2.80

	55
	
	
	125 mm
	2125
	2734
	308
	9026
	505
	14698
	5535
	20233
	3.12

	56
	
	32 mm
	63 mm
	2125
	2734
	508
	2261
	401
	8029
	4393
	12422
	1.92

	57
	
	
	75 mm
	2125
	2734
	508
	3186
	376
	8929
	4123
	13052
	2.01

	58
	
	
	90 mm
	2125
	2734
	508
	4593
	365
	10325
	4004
	14329
	2.21

	59
	
	
	110 mm
	2125
	2734
	508
	6895
	360
	12622
	3947
	16569
	2.56

	60
	
	
	125 mm
	2125
	2734
	508
	9026
	359
	14752
	3935
	18687
	2.88

	61
	
	40 mm
	63 mm
	2125
	2734
	790
	2261
	360
	8270
	3945
	12215
	1.89

	62
	
	
	75 mm
	2125
	2734
	790
	3186
	335
	9170
	3675
	12845
	1.98

	63
	
	
	90 mm
	2125
	2734
	790
	4593
	325
	10567
	3556
	14123
	2.18

	64
	
	
	110 mm
	2125
	2734
	790
	6895
	319
	12863
	3499
	16362
	2.53

	65
	
	
	125 mm
	2125
	2734
	790
	9026
	318
	14993
	3487
	18480
	2.85

	66
	
	50 mm
	63 mm
	2125
	2734
	1202
	2261
	346
	8668
	3793
	12461
	1.92

	67
	
	
	75 mm
	2125
	2734
	1202
	3186
	322
	9569
	3523
	13092
	2.02

	68
	
	
	90 mm
	2125
	2734
	1202
	4593
	311
	10965
	3404
	14369
	2.22

	69
	
	
	110 mm
	2125
	2734
	1202
	6895
	305
	13261
	3347
	16608
	2.56

	70
	
	
	125 mm
	2125
	2734
	1202
	9026
	304
	15391
	3335
	18726
	2.89

	71
	
	63 mm
	63 mm
	2125
	2734
	1878
	2261
	342
	9340
	3742
	13082
	2.02

	72
	
	
	75 mm
	2125
	2734
	1878
	3186
	317
	10240
	3472
	13712
	2.12

	73
	
	
	90 mm
	2125
	2734
	1878
	4593
	306
	11636
	3353
	14989
	2.31

	74
	
	
	110 mm
	2125
	2734
	1878
	6895
	301
	13933
	3296
	17229
	2.66

	75
	
	
	125 mm
	2125
	2734
	1878
	9026
	300
	16063
	3284
	19347
	2.99

	76
	25 mm
	25 mm
	63 mm
	2125
	4306
	308
	2261
	542
	9542
	5934
	15476
	2.39

	77
	
	
	75 mm
	2125
	4306
	308
	3186
	517
	10442
	5664
	16106
	2.49

	78
	
	
	90 mm
	2125
	4306
	308
	4593
	506
	11838
	5545
	17383
	2.68

	79
	
	
	110 mm
	2125
	4306
	308
	6895
	501
	14135
	5488
	19623
	3.03

	80
	
	
	125 mm
	2125
	4306
	308
	9026
	500
	16265
	5476
	21741
	3.36

	81
	
	32 mm
	63 mm
	2125
	4306
	508
	2261
	396
	9596
	4334
	13930
	2.15

	82
	
	
	75 mm
	2125
	4306
	508
	3186
	371
	10496
	4064
	14560
	2.25

	83
	
	
	90 mm
	2125
	4306
	508
	4593
	360
	11892
	3945
	15837
	2.44

	84
	
	
	110 mm
	2125
	4306
	508
	6895
	355
	14189
	3888
	18077
	2.79

	85
	
	
	125 mm
	2125
	4306
	508
	9026
	354
	16319
	3876
	20195
	3.12

	86
	
	40 mm
	63 mm
	2125
	4306
	790
	2261
	355
	9837
	3886
	13723
	2.12

	87
	
	
	75 mm
	2125
	4306
	790
	3186
	330
	10737
	3616
	14353
	2.21

	88
	
	
	90 mm
	2125
	4306
	790
	4593
	319
	12133
	3497
	15630
	2.41

	89
	
	
	110 mm
	2125
	4306
	790
	6895
	314
	14430
	3440
	17870
	2.76

	90
	
	
	125 mm
	2125
	4306
	790
	9026
	313
	16560
	3428
	19988
	3.08

	91
	
	50 mm
	63 mm
	2125
	4306
	1202
	2261
	341
	10235
	3734
	13969
	2.16

	92
	
	
	75 mm
	2125
	4306
	1202
	3186
	316
	11135
	3464
	14599
	2.25

	93
	
	
	90 mm
	2125
	4306
	1202
	4593
	305
	12531
	3345
	15876
	2.45

	94
	
	
	110 mm
	2125
	4306
	1202
	6895
	300
	14828
	3288
	18116
	2.80

	95
	
	
	125 mm
	2125
	4306
	1202
	9026
	299
	16958
	3276
	20234
	3.12

	96
	
	63 mm
	63 mm
	2125
	4306
	1878
	2261
	336
	10906
	3683
	14589
	2.25

	97
	
	
	75 mm
	2125
	4306
	1878
	3186
	311
	11806
	3413
	15219
	2.35

	98
	
	
	90 mm
	2125
	4306
	1878
	4593
	301
	13203
	3294
	16497
	2.55

	99
	
	
	110 mm
	2125
	4306
	1878
	6895
	295
	15499
	3237
	18736
	2.89

	100
	
	
	125 mm
	2125
	4306
	1878
	9026
	294
	17629
	3225
	20854
	3.22

	101
	32 mm
	25 mm
	63 mm
	2125
	6864
	308
	2261
	540
	12098
	5912
	18010
	2.78

	102
	
	
	75 mm
	2125
	6864
	308
	3186
	515
	12998
	5642
	18640
	2.88

	103
	
	
	90 mm
	2125
	6864
	308
	4593
	504
	14394
	5522
	19916
	3.07

	104
	
	
	110 mm
	2125
	6864
	308
	6895
	499
	16691
	5466
	22157
	3.42

	105
	
	
	125 mm
	2125
	6864
	308
	9026
	498
	18821
	5453
	24274
	3.75

	106
	
	32 mm
	63 mm
	2125
	6864
	508
	2261
	394
	12152
	4312
	16464
	2.54

	107
	
	
	75 mm
	2125
	6864
	508
	3186
	369
	13052
	4042
	17094
	2.64

	108
	
	
	90 mm
	2125
	6864
	508
	4593
	358
	14448
	3923
	18371
	2.84

	109
	
	
	110 mm
	2125
	6864
	508
	6895
	353
	16745
	3866
	20611
	3.18

	110
	
	
	125 mm
	2125
	6864
	508
	9026
	352
	18875
	3854
	22729
	3.51

	111
	
	40 mm
	63 mm
	2125
	6864
	790
	2261
	353
	12393
	3864
	16257
	2.51

	112
	
	
	75 mm
	2125
	6864
	790
	3186
	328
	13293
	3594
	16887
	2.61

	113
	
	
	90 mm
	2125
	6864
	790
	4593
	317
	14689
	3475
	18164
	2.80

	114
	
	
	110 mm
	2125
	6864
	790
	6895
	312
	16986
	3418
	20404
	3.15

	115
	
	
	125 mm
	2125
	6864
	790
	9026
	311
	19116
	3406
	22522
	3.48

	116
	
	50 mm
	63 mm
	2125
	6864
	1202
	2261
	339
	12791
	3712
	16503
	2.55

	117
	
	
	75 mm
	2125
	6864
	1202
	3186
	314
	13691
	3442
	17133
	2.64

	118
	
	
	90 mm
	2125
	6864
	1202
	4593
	303
	15087
	3323
	18410
	2.84

	119
	
	
	110 mm
	2125
	6864
	1202
	6895
	298
	17384
	3266
	20650
	3.19

	120
	
	
	125 mm
	2125
	6864
	1202
	9026
	297
	19514
	3254
	22768
	3.51

	121
	
	63 mm
	63 mm
	2125
	6864
	1878
	2261
	334
	13462
	3661
	17123
	2.64

	122
	
	
	75 mm
	2125
	6864
	1878
	3186
	309
	14362
	3391
	17753
	2.74

	123
	
	
	90 mm
	2125
	6864
	1878
	4593
	299
	15759
	3271
	19030
	2.94

	124
	
	
	110 mm
	2125
	6864
	1878
	6895
	293
	18055
	3215
	21270
	3.28

	125
	
	
	125 mm
	2125
	6864
	1878
	9026
	292
	20185
	3203
	23388
	3.61


FC = fixed cost, EC = energy cost, and TC = sum of the fixed and energy costs.
[bookmark: _Hlk201851533]aSum of the annual fixed and energy costs. 
bAnnual fixed cost. 
cAnnual energy cost.
* Infeasible Minimum Cost/Cost-wise optimal but hydraulically infeasible. 
**Optimal cost/Hydraulically Feasible Minimum Cost.
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1.43 m

Head loss, ΔH Lateral (m)	[CELLRANGE], [VALUE]
[CELLRANGE], [VALUE]
[CELLRANGE], [VALUE]
[CELLRANGE], [VALUE]
[CELLRANGE], [VALUE]

12	16	20	25	32	6.1501601631558707	1.5150772555578	0.48429775472880304	0.16871434742119223	5.0093556369046048E-2	Infeasible	Infeasible	Feasible	Feasible	Feasible	Maximum permitted head loss along a lateral, ΔH Lateral Max (m)	1.43	1.43	1.43	1.43	1.43	Head loss, ΔH Manifold (m)	9.3782704653860893	2.7862997342736464	0.9398879250982779	0.31343944419945091	0.10241082632877851	Maximum permitted head loss along a manifold, ΔH Manifold Max (m)	-3.5501601631558706	1.0849227444421992	2.1157022452711969	2.4312856525788078	2.5499064436309542	Lateral piep size (mm)


Head loss, ΔHLateral (m)




Head loss, ΔH Manifold (m)	[CELLRANGE], [VALUE]
[CELLRANGE], [VALUE]
[CELLRANGE], [VALUE]
[CELLRANGE], [VALUE]
[CELLRANGE], [VALUE]

25	32	40	50	63	9.3782704653860893	2.7862997342736464	0.9398879250982779	0.31343944419945091	0.10241082632877851	Infeasible	Infeasible	Feasible	Feasible	Feasible	Maximum permitted head loss along a manifold, ΔH Manifold Max (m)	
-3.5501601631558706	1.0849227444421992	2.1157022452711969	2.4312856525788078	2.5499064436309542	Manifold pipe size (mm)


Head loss, ΔHManifold (m)
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