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Abstract: Mini hydropower plants (MHPs) play a vital role in providing sustainable electricity to off-grid rural communities in Indonesia. This study optimizes the hydraulic performance of the penstock system for the Way Melesom MHP in Pesisir Barat, Lampung. Using a conservative design discharge of 0.822 m3/s, derived from the F.J. Mock rainfall–runoff model and Flow Duration Curve (Q70) analysis, hydraulic modeling was conducted using the Darcy–Weisbach and Hazen–Williams equations for four pipe diameters (DN400–DN700). The results show that increasing the pipe diameter reduces headloss and increases net head and power output, with diminishing efficiency gains beyond DN600. The DN600 configuration achieves an optimal balance—yielding a velocity of 2.91 m/s, headloss of 3.45 m, and a net head of 61.81 m, corresponding to an estimated output of 0.45 MW (2.76 GWh/year). This capacity can supply electricity to approximately 2,300 rural households, or up to 3,000 customers (450 VA each), supporting 10–12 small villages under an off-grid distribution network. The analysis confirms that DN600 provides the best technical–economic trade-off, recovering 95% of the gross head (65.26 m) with 90% hydraulic efficiency. The study highlights the importance of integrating hydrological, hydraulic, and energy modeling for optimizing closed-conduit systems in small-scale hydropower, ensuring both engineering efficiency and sustainable rural electrification.
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1 Introduction

As an archipelagic nation, Indonesia still has about 6,700 unelectrified villages without reliable electricity

access [1, 2] (≈ 1.3 million households or 6.5 million people). In this context, Mini hydropower plants (MHPs)

remain a promising and dependable renewable solution, outperforming solar and gas systems in efficiency [3–7].

The performance of MHPs depends strongly on penstock hydraulics [8], which control energy transfer from intake

 

https://doi.org/10.56578/ijepm110102

17

to turbine. Yet few studies have integrated flow analysis, headloss modeling, and power estimation—especially for

closed-conduit systems [9–12].

Compared to previous research in Nepal and India, which primarily emphasizes discharge estimation and hydrological forecasting for run-of-river schemes, this study adopts a more integrated approach by coupling hydrological modeling and hydraulic optimization within a unified analytical framework. Such integration enables quantitative evaluation of efficiency trade-offs between headloss reduction and economic feasibility, particularly under humid tropical conditions where rainfall variability and steep topography strongly influence system performance. This comparative perspective highlights the methodological novelty and regional relevance of the present work for small hydropower applications in Indonesia and Southeast Asia.

This study addresses the gap by analyzing the Way Melesom MHP penstock using a coupled hydrological–hydraulic model to assess design discharge, headloss, and power output across multiple pipe diameters. Using both the

Darcy–Weisbach and Hazen–Williams equations [9, 13–17].

Hopefully, This study fills that gap by coupling hydrological dependable-flow modeling with dual hydraulic loss equations (Darcy–Weisbach and Hazen–Williams) to optimize penstock design—a novel framework for Indonesian mini-hydropower.

The research question is: Which penstock diameter provides the optimal balance between hydraulic efficiency and power output under site-specific conditions? Using steady-state analysis, headloss and energy output were modeled

for several diameters based on design discharge derived from F.J. Mock and NRECA methods [18, 19]. Scientifically, this study advances closed-conduit flow modeling for small hydropower; practically, it supports sustainable rural

electrification through optimized penstock design that maximizes efficiency with minimal losses [20–22].

The hypothesis is that “Increasing pipe diameter decreases frictional headloss and increases power output up to an optimal threshold”. beyond which efficiency gains become negligible.” Beyond hydraulic efficiency, economic feasibility plays a critical role in penstock optimization. In small-scale hydropower systems, even marginal improvements in hydraulic performance must be justified against material and installation costs, which often dominate total project expenses. Therefore, this study not only analyzes the hydraulic performance of the penstock but also evaluates the cost–benefit sensitivity among different pipe diameters to determine the most economically optimal configuration for the Way Melesom MHP.

 

2 Methods

The Methods section is organized systematically, covering site description; (Section 2.1), penstock design parameter (section 2.2), headloss modeling (section 2.3), net head power output estimation (section 2.4), surge transient (2.5), eficiency refinement (section 2.6), economic sensitivity (section 2.7), and the conceptual framework (2.8). this structure hopefully provides a coherent workflow linking field conditions, hydrological analysis, and

hydraulic optimization of the penstock system. The overall research workflow is illustrated in Figure 1, which connects the hydrological, hydraulic, and economic components of the analysis.
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Figure 1. Workflow

 

The process begins with rainfall–runoff modeling and dependable flow estimation, continues through hydraulic simulation and headloss evaluation, and concludes with power output estimation and cost–benefit optimization.

This framework ensures methodological consistency and a clear logical transition across all subsections (2.1–2.7).
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2.1 Site Description

The Way MHP is located in Bambang Village, Lemong District, Pesisir Barat Regency, Lampung Province,

Indonesia (approximately 04°58’11.6”S; 103°45’22”E) (See Figure 2).

[image: ]

 

Figure 2. Way Melesom mini hydropower plants location (1)

 

The project supplies electricity to around 2,300 rural households and utilizes the hydrological potential of the 46.31 km2 Melesom River catchment situated within the western coastal hills of southern Sumatra. The terrain is moderately to steeply hilly (8°–35°), allowing an efficient gravitational flow from the intake to the powerhouse through a short high-head penstock system.

The gross head between the forebay (275.5 m) and the tailwater (210.2 m) is approximately 65 m, with a total penstock length of 160 m. The longitudinal alignment—from the intake, headrace, and forebay to the powerhouse—is

summarized in Table 1 and Figure 3 as follow. These site characteristics provide the physical basis for hydraulic modelling and energy estimation.

 

Table 1. Elevation profile and geographic coordinates of the penstock alignment

 

Station    Cumulative    Longitude   Latitude        Ground       Pipe Centreline    Description

Distance (m)       (E)          (S)        Elevation (m)      Elevation (m)

0+000        0        10.375.258   –4.97036       ∼ 278.0           ∼ 276.5       Weir / Intake

0+050        50       10.374.600   –4.97200       ∼ 272.0           ∼ 269.5         Headrace

Channel

0+100       100       10.374.244   –4.97428         275.5             274.0         Head pond /

Forebay

0+160       160       10.374.153   –4.97500         210.2             209.0         Powerhouse

 

Dependable Flow and Design Discharge Estimation [11, 23, 24]. The dependable flow (Q70) was derived from the Flow Duration Curve (FDC) constructed using Mock-simulated monthly runoff data, representing the discharge available 70% of the time in an average year. Field measurements at the site indicated a mean discharge of 3.44 m3/s, which aligns with the simplified gross water balance estimation. Using the rainfall–area–time relationship (See Eq. (1)):
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P(P × A)

Q dep = (1)

T

 

where, P = precipitation (m) = 3.281 m/year, A= catchment area (km2             2                 2 ) = 46.31 km = 46,310,000 m, and T = time period (seconds per year) = 31,536,000 s, yields                3 Q = 4.81 m/s , representing the theoretical upper limit if all

dep

rainfall became direct runoff.

The Mock water-balance simulation produced a more realistic mean discharge of 1.54 m3/s, confirming that infiltration and evapotranspiration were properly accounted for. From the FDC, the dependable flow at 70%

exceedance was determined as              3 Q = 4.02 m/s. For design purposes, a safety factor (SF = 4) was applied to obtain 70

a conservative design discharge, see Eq. (2):

 

Qdesign = Q70/SF (2)

 

where, Qdesign serves as the hydrological basis for all subsequent penstock analyses (DN400–DN700), ensuring that the design remains technically robust and statistically consistent under site-specific hydrological conditions.

Following the determination of the design discharge, the next step defines the geometric and hydraulic parameters required for penstock analysis, linking the hydrological input to the mechanical design domain.

[image: ]

 

Figure 3. Way Melesom mini hydropower plants location (2)

 

2.2 Penstock Design Parameters

After defining the design discharge, the relevant hydrological parameters are summarized in Section 2.2.1. The subsequent analyses include the gross head determination (Section 2.2.1), penstock alignment description (Section 2.2.2), and evaluation of four pipe diameters—DN400, DN500, DN600, and DN700 (Section 2.2.3). Flow characteristics such as velocity, Reynolds number, and friction factor (Section 2.2.4) were then derived to assess energy transfer efficiency and head loss potential (Section 2.2.5). This stage integrates the hydrological modeling results with the hydraulic design process, providing the foundation for the subsequent head loss and power output analyses.

Having established the physical geometry, this subsection specifies the governing hydraulic parameters and constants used in modeling the flow behavior along the penstock.

2.2.1 Hydraulic modeling parameters

Fundamental assumptions and key parameters—covering hydrological inputs, topographic characteristics, and

hydraulic constants (Table 2 to Table 4)—were established to ensure that the penstock modeling accurately represents
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site-specific conditions for runoff estimation, head determination, and hydraulic performance analysis of the Way Melesom Mini Hydropower Plant.

Collectively, these parameters ensure that the hydraulic computations—including head loss, flow velocity, and power output—are grounded in consistent hydrological conditions, accurate site geometry, and standardized physical properties, thereby providing a reliable framework for penstock design and performance evaluation.

 

Table 2. Hydrological parameters

 

No.     Parameter     Symbol   Value      Unit                    Description

1     Annual rainfall       P       3,281     mm/year    Derived from long-term rainfall records (Lemong

and Lombok Stations), representing the mean

hydrological input to the catchment.

2                                            2 Catchment area A 46.31 km        Determined through topographic delineation

(GIS) and field verification; used as basis for

runoff and discharge estimation.

3                                           3 Field-measured Q 3.44 m/s       Mean discharge measured at the intake during

field

discharge April–May 2024 under natural flow conditions.

4                                           3 Dependable flow Q 4.02 m/s       Discharge exceeded 70% of the time from the 70

(70%)                                       FDC based on Mock runoff simulation.

5                                           3 Design discharge Q 0.822 m/s       Derived from Q   with a safety factor (SF = 4); design                                                           70

used for penstock hydraulic modelling.

6                                         3       2 Specific q 0.0177 m /( s · km)      Discharge normalized by catchment area;

discharge                                             represents runoff yield of the watershed.

 

Table 3. Topographic and geometric parameters

 

No.     Parameter     Symbol   Value      Unit                    Description

1    Forebay elevation     Zf      275.5        m         Obtained from detailed topographic survey at

intake/headpond.

2      Powerhouse       Zp     210.2       m          Elevation of tailrace or turbine centreline.

elevation

3       Gross head      Hgross    65.26        m         Elevation difference between forebay (Zf) and

powerhouse (Zp).

4     Penstock length       L       160         m          Based on surveyed alignment following the

terrain profile.

5      Average slope       S      0.408        –             Dimensionless slope ratio (Hgross/L).

6       Slope (%)         –       40.8        %            Converted from dimensionless slope to

percentage form.

 

Table 4. Hydraulic and physical constants

 

No.     Parameter     Symbol   Value      Unit                    Description

1                                             3                                           ◦ Water density ρ 1 kg/m Standard freshwater density at ∼ 20C; used in

power and head loss equations.

2                                             2 Gravitational g 9.81 m/s        Physical constant applied in head and energy

acceleration                                                          computations.

3                                           2                                              ◦ Kinematic ν 1 × m /s Represents viscosity of water at ∼ 20C; used for

viscosity                      −6 10                            Reynolds number calculation.

4      Initial friction        f        0.03          –         Assumed for preliminary head loss in steel pipes

factor                                                    under turbulent flow; refined using the

Colebrook–White equation [25].

5        Turbine–          η       0.85        –         Combined mechanical and electrical efficiency

generator                                             typical for crossflow or Pelton turbines. efficiency
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2.2.2 Gross head determination

Based on the topographic survey, the geometric and hydraulic parameters of the penstock are summarized in

Table 3 above. The calculated slope of 40.8% indicates a steep hydraulic gradient along the 160 m alignment, enabling efficient gravitational flow toward the turbine. The gross head, representing the total elevation difference between the forebay and the powerhouse, is 65.26 m, providing the available head before accounting for friction and turbulence losses in subsequent analyses.

2.2.3 Penstock length and alignment

The penstock length (L) yielding a total length of 160 m. The selected route represents an optimal balance between hydraulic efficiency and constructability, then provides a favorable descent for efficient gravitational energy conversion.

2.2.4 Pipe diameter variants (DN400–DN700)

Four commercially available steel pipe diameters available were evaluated: DN400, DN500, DN600, and DN700. These options were selected to represent a realistic range of pipe sizes used in small hydropower applications while capturing the non-linear relationship between diameter and frictional loss. The cross-sectional area (A) and mean velocity (V) for each diameter were calculated using equation as follows:

 

µD 2     Q   4Q

A =    , V =   =                             (3) 2 4 A µD

 

where, (1) D = Pipe Diameter (m); (2) A = Cross-sectional Area (m2); (3) V = Flow Velocity (m/s); (4) Q = Design Discharge (m3/s)

Design guidelines for micro-hydro penstocks recommend a flow velocity between 2–4 m/s to minimize frictional

losses [5, 11], erosion, and cavitation while maintaining economical pipe sizing. Values below this range may lead to sediment deposition, whereas higher velocities can accelerate pipe wear and increase head loss.

2.2.5 Hydraulic properties (Reynolds number, velocity)

The Reynolds number (Re) was calculated to determine the flow regime within the penstock and to justify the

use of turbulent-flow head loss models [26–28]. It is expressed as:

 

V D

Re = (4)

v

 

where, (1) V = mean flow velocity (m/s); (2) D = pipe diameter (m); (3) v = kinematic viscosity of water, taken as 11 ×   −6   2 10 m/s at approximately 20 ℃.

For all evaluated diameters (DN400–DN700), the resulting Reynolds numbers exceeded 106, confirming fully turbulent flow conditions (Re ≫ 4000). This validates the use of the Darcy–Weisbach equation and Colebrook–White formulation for friction factor estimation in subsequent head loss modelling.

2.2.6 Friction factor and assumptions

An initial baseline friction factor (f) of 0.03 was adopted, which is a reasonable approximation for turbulent flow in commercial steel pipes. The absolute roughness (ε) of steel was assumed to be 0.045 mm. For more precise

analysis, the friction factor can be refined iteratively using the Colebrook–White equation [25, 29]:

 

√ = −20 log       +   √ 10                           (5) f 1                       ε/D 2 . 51 3.7     Re   f

 

where, (1) f = Darcy–Weisbach friction factor (dimensionless); (2) ε = absolute roughness of the pipe wall (m); (3) D = pipe diameter (m); (4) Re = Reynolds number (dimensionless), representing flow regime.

Although Colebrook iteration is recommended for detailed or final design, in this study f = 0.03 was retained for sensitivity and comparative analysis among different pipe diameters.

With the hydraulic parameters defined, the analysis proceeds to quantify frictional energy losses using two established approaches: the Darcy–Weisbach and Hazen–Williams equations.
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2.3 Head Loss Modeling

Head loss analysis was conducted to quantify the energy losses due to pipe friction, which directly influence the hydraulic efficiency of the penstock. To ensure both precision and comparability, two established empirical–analytical

models were applied: the Darcy–Weisbach [30] equation as the primary method (Section 2.4.1), and the Hazen–William’s equation as a secondary benchmark (2.4.2). The Darcy–Weisbach approach provides a physically based estimate suitable for turbulent flow and variable roughness conditions, while the Hazen–William’s equation serves as a simplified empirical check to validate the overall results. Together, these models yield head loss values for each pipe diameter scenario, forming the analytical foundation for evaluating the penstock’s hydraulic performance.

2.3.1 Darcy–Weisbach

The Darcy–Weisbach [30] equation was used as the primary analytical method for calculating head loss along the penstock, as it provides a physically based representation of frictional energy losses under turbulent flow

conditions [31]. The general form of the equation is expressed as:

 

L 2 V

h DW = f (6)

f        D 2g

 

where, (1)   DW h                                                         h                   f f                                                                     f = headloss according to the Darcy-Weisbach equation (m); (2) : head loss (m); (3) : friction factor; (4)                                                                                                            2 L : pipe length (m); (5) D : pipe diameter (m); (6) V : flow velocity (m/s); (7) g : gravity (9.81 m/s).

Darcy–Weisbach equation can also be expressed in expanded form as:

 

L    2 × V

hf = f × (7)

2gD

 

This formulation demonstrates that head loss increases proportionally with pipe length and the square of flow velocity, while it decreases with larger pipe diameter and lower friction factor. The Darcy–Weisbach model is therefore particularly suitable for turbulent flow conditions where the effects of pipe roughness and Reynolds number are significant, making it the preferred approach for detailed hydraulic design and performance evaluation of the Melesom penstock.

2.3.2 Hazen–Williams

For comparative purposes, the Hazen–equation Williams [32, 33] was also applied to estimate headloss empirically. This approach is widely used in practical hydropower and water conveyance systems due to its simplicity, though it is less precise for fully turbulent or high-Reynolds-number conditions. The equation is expressed as:

 

Q1.852

h HW = 10.67L f                1.852   4.87 C                                         (8) D

 

where, (1) HW h                                                       f = head loss calculated by the Hazen-Williams method (m); (2) = friction constant; (3) Q = flow

f

(m3/s); (4) L = lenght (m); (5) D: pipe diameter (m); (6) C = Hazen-Williams roughness coefficient (dimensionless), taken as 120 for commercial steel pipes:

 

L     1.852 Q

hf = 10.67 ·        ·                                          (9) 1 . 852 4 . 87 C D

 

The resulting value   HW h represents the head loss along the penstock wall in meters of water column (m). While

f

the Darcy-Weisbach model remains the preferred approach for turbulent flow conditions and when the effect of pipe roughness (ε/D) is significant, the Hazen-William’s method was retained here as a sanity check to validate the overall magnitude of head loss estimates and ensure model consistency.

The computed head losses are then applied to determine the effective net head, forming the basis for estimating power output and overall system efficiency.

 

2.4 Net Head and Power Output Estimation

This section establishes the relationship between hydraulic losses and the effective energy delivered to the turbine. After determining the gross head and headlosses along the penstock, the net head (Hnet) represents the

usable hydraulic head available for power generation [25, 34].
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H net = Hgross − hf × η (10)

 

where, (1) Hnet = net head available for power generation (m); (2) Hgross = gross head or total elevation difference between forebay and powerhouse (m); (3) hf = total head loss due to pipe friction and minor losses (m).

Net Head is fundamental in quantifying the overall efficiency of the system, as it directly influences the power output and determines how effectively the penstock transfers potential energy into mechanical energy at the turbine shaft. To ensure operational safety under variable flow conditions, surge and transient analyses are conducted to evaluate potential pressure fluctuations along the penstock.

Power Output Estimation (P) [34]

 

P = ρ × g × Q × hf × η (11)

 

where, 3 3  P  = power generated (Watt/KiloWatt/KVA);  ρ  = density of the fluid (kg/m  ); Q = volumetric flow rate (m/s);

hf = head loss (m); η = Turbine-generator efficiency (0–1), dimensionless.

 

2.5 Surge (Transient)

Surge or transient flow analysis was also considered to assess the potential for water hammer effects that may occur during rapid flow changes, such as valve closure or sudden turbine shutdown. A simplified Joukowsky formulation

was used for preliminary evaluation [35]. Using the Joukowsky equation:

 

a∆V

∆H = (12)

q

 

where, (1) ∆H = transient head rise (m); (2) a = wave velocity in the pipe material and fluid (m/s); (3) ∆V = change in flow velocity during valve closure or turbine shutdown (m/s); (4)                                        2 g : gravitational acceleration (9.81 m/s).

With a typical wave velocity of a = 1000 m/s (steel pipe), an instantaneous valve closure would generate surge heads of approximately ∆H = 296.5 m (DN600) and ∆H = 217.8 m (DN700)-equivalent to 4–5 times the gross head. While these represent theoretical upper limits, controlled valve closure (5–10 s) can reduce surge pressures to within 1.5 × Hgross, maintaining pipe stresses within safe design margins. Refinement of the friction factor using the Colebrook-White formulation is introduced to improve model accuracy and assess sensitivity under turbulent

flow conditions [25, 34].

 

2.6 Efficiency Refinement

To validate the robustness of the model, the friction factor (f) was refined using the Colebrook–White equation [32,

36], which accounts for pipe roughness and flow regime, See Eq. (5), where ε = 0.045 mm (steel pipe roughness).

 

2.7 Economic Sensitivity Framework

To complement the hydraulic performance modeling, a simplified cost–benefit assessment was carried out to quantify the relationship between power gain and material cost for each pipe diameter. The analysis considers unit pipe cost (USD/m), installation cost factor (20% of material cost), and estimated energy output (kWh/year) derived from the net head and discharge calculations. The economic sensitivity index (ESI) was defined as:

 

∆P/Pref

ESI = (13)

∆C/C ref

 

where, ∆P/Pref represents the relative gain in power output compared to the reference diameter (DN600), and ∆C/Cref represents the relative increase in total cost. An ESI < 1 indicates an economically inefficient design, as the power gain is smaller than the proportional increase in cost.

Cost data were estimated from regional supplier quotations (2024) for steel penstocks of 400–700 mm diameters (unit cost ≈ USD 450–610 per meter). The DN600 configuration served as the reference case for both hydraulic and economic comparisons.

Finally, the hydraulic results are coupled with a cost–benefit evaluation to determine the most economically

feasible penstock diameter, completing the optimization workflow introduced in Figure 1.
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Figure 4. Conceptual model

 

2.8 Conceptual Model

The conceptual framework in Figure 4 illustrates the relationship between pipediameter ( ∅), head loss (hf ), net head (Hnet), and power output (P), showing how these hydraulic parameters interact to determine the overall system performance.

The independent variable, pipe diameter (DN), directly affects flow velocity and frictional losses. Larger

diameters reduce friction and improve flow efficiency, but increase cost. Four commercial diameters—DN400, DN500, DN600, and DN700—were evaluated to capture the non-linear relationship between diameter and head loss.

The intervening variables consist of: (1) head loss (hf ), representing energy loss due to friction along the penstock; and (2) net head (Hnet), the effective head available after subtracting head loss from the gross head. Both are direct outcomes of pipe diameter and determine hydraulic efficiency.

The dependent variable, power output (P ), represents the electrical energy generated based on net head, discharge, and turbine efficiency. Higher (Hnet) and lower hf result in greater P .

The evaluative criterion, system performance, measures how effectively the penstock converts hydraulic potential into power. Positive performance (+) indicates efficient operation with minimal losses, while negative (–) reflects underperformance due to high head loss or poor diameter selection.

Output Indicators are the specific measurable outcomes that reflect the system’s performance. Based on System Performance, the key indicators include pipe diameter, head loss, net head, power output, and flow rate. These

variables and their roles within the evaluative framework are summarized in Table 5, here’s how Outcome Indicators would work: (1) Power Output (P): If the power output is high, this would indicate positive performance. If it’s low, it suggests negative performance, potentially due to factors like inappropriate pipe diameter or inefficiencies in flow; (2) Head loss (hf ): If headloss is minimized, performance is positive. High head loss indicates poor design or operational inefficiency, leading to negative performance; (3) Net Head (Hnet): The greater the net head, the better the system’s performance, contributing to a positive result. Lower net head means the system is less efficient and could be rated negative.

 

Table 5. The output indicators

 

Evaluative Criteria     Variable     No   Outcome Indicator   Unit

Independent    1       Diameter (∅)        m

1      Head loss (hf)       m

Intervening

(-) or (+)                             2       Net head (Hnet)       m

 

Dependent                              3 2 1     Power output ( P)     kW Flow rate (Q)       m /s

 

3 Results

3.1 Longitudinal Profile

Figure 5 illustrates the longitudinal profile of the penstock for the Way Melesom MHP. The alignment extends approximately 160 meters from the forebay to the powerhouse, following the natural terrain slope. The penstock has been redesigned with a nominal diameter of 0.6 meters (DN600), selected as the most hydraulically efficient and economically viable configuration according to the optimization analysis. The alignment includes four major anchor blocks (AB-01 to AB-04) to ensure structural stability against internal pressure and external loads, particularly given the steep slope of about 40.8%.
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As shown in the longitudinal section, the penstock begins at the intake structure near elevation +275.5 m and terminates at the powerhouse around +210.2 m, yielding a gross head of approximately 65 m. The consistent 0.6 m diameter ensures uniform velocity and reduced frictional losses throughout the conduit, while the anchor block placements maintain hydraulic and structural safety along the steep descent. This configuration supports stable flow conveyance toward the turbine and forms the geometric foundation for the hydraulic modeling and headloss analysis discussed in subsequent sections.

 

3.2 Hydraulic Results by Pipe Diameter

The evaluation of hydraulic and energy performance across four penstock diameters (DN400–DN700) was conducted to identify the configuration that provides the best balance between hydraulic efficiency, power output.

The resulting values of flow velocity (V), headloss (hf), net head (Hnet), and power output (P) were assessed and categorized as negative, moderate, or positive in terms of overall system performance. The comparative results are

presented in Table 6, summarizing the evaluative criteria and outcome indicators for each variable and performance parameter used in the hydraulic optimization of the Way Melesom penstock.

[image: ]

 

Figure 5. Penstock design

 

The Head loss calculations were performed using Darcy–Weisbach (primary) and Hazen–Williams (comparative).

Hydraulic efficiency η = 0.90 assumed. Table 6 summarizes the hydraulic and energy parameters calculated for each penstock diameter. The results illustrate how pipe size affects flow velocity, head loss, and power output.

 

Table 6.                                                                          3 Head loss, net head, and power output for tested diameters ( Q = 0.822 m/s, L = 160 m: f = 0.030, C design

= 120)

 

Type                 2                                            (DW)       (HW) D (m) V 2

A (m )    V (m/s)      Re (–)          (m)    h      (m)    h      (m)    Hnet (m)    P            P (kW) f f loss (kW) 2 g

DN400                                 6 0.400 0.12566 6.541 2 . 62 × 10     2.181       26.17        14.52       39.09       211.03      283.69

DN500                                 6 0.500 0.19635 4.186 2 . 09 × 10     0.893       8.58         4.90        56.68       69.20      411.41

DN600                                 6 0.600 0.28274 2.907 1 . 74 × 10     0.431       3.45         2.02        61.81       27.79      448.61

DN700                                 6 0.700 0.38485 2.136 1 . 50 × 10     0.233       1.59         0.95        63.67       12.86      462.05

 

3.3 Worked Example for DN600

As an illustrative case, the following calculation demonstrates the derivation of hydraulic parameters for the DN600 configuration (design discharge = 0.822 m3/s):

 

µD 2           2 µ (0 . 6)

A                  2 = = = 0 . 283 m                      (14)

4        4
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Eq. (3) defines the pipe’s cross-sectional area (A) as a function of its internal diameter (D). For DN600, this yields an effective flow area of approximately 0.283 m2.

 

Q       3 0 . 822 m/s

V =   =        = 2.91 m/s                        (15) 2 A 0 . 283 m

 

According to the continuity relation (rearranging Eq. (3)), the mean flow velocity (V) is obtained by dividing the discharge by the cross-sectional area. The calculated velocity (2.91 m/s) lies within the recommended design range of 2–4 m/s for mini-hydropower penstocks, ensuring stable flow without excessive friction or cavitation.

 

Re   V D    2.91.0.6             6 = = = 1 . 74 × 10                            (16) − v 1 × 6 10

 

Following Eq. (4), the Reynolds number (Re) confirms the flow regime inside the pipe. The computed Re ≈ 1.7 ×   6 10 ≫ 4000 indicates fully turbulent flow, validating the use of turbulent-flow head loss models (Darcy–Weisbach and Colebrook–White).

 

L 2                    2 V 160 (2 . 91)

h DW = f     = 0.03         = 3.45 m                     (17)

f         D 2g         0.6 2.9.8

 

Finally, applying the Darcy–Weisbach equation (Eq. (17)) with a friction factor (f = 0.03), a pipe length (L = 160 m), and gravitational acceleration (g = 9.81 m/s2), the head loss (h ) for DN600 is obtained as 3.45 m. x

This head loss value matches the result presented in Table 6, confirming consistency between analytical formulation and tabulated computation. The stepwise derivation also illustrates the physical relationships among discharge, velocity, and energy loss, providing a transparent link between the governing equations and the final hydraulic results used for system optimization.

To complement the quantitative results, Table 7 provides a qualitative evaluation of the hydraulic performance for each pipe diameter (DN400–DN700). The table integrates the independent (diameter), intervening (head loss and net head), and dependent (power output) variables, together with their performance classification and interpretation. This assessment highlights how system efficiency and energy recovery improve with increasing pipe diameter until an optimal point is reached at DN600, beyond which performance gains become marginal compared to cost escalation.

 

Table 7. Qualitative evaluation of system performance for each diameter

 

Independent    Intervening     Dependent     Performance      Evaluation         System Performance

Interpretation

DN    V    hf   Hnet    P     Q

(m)                                   3 (m/s) (m) (m) (kW) (m /s)

DN400 6.54   26.17   39.09   283.7   0.822     Negative (–)      High velocity     Very high flow velocity causes

and excessive excessive frictional losses,

energy loss; significantly reducing

poor efficiency. efficiency and power output.

DN500 4.19    8.58   56.68   411.4   0.822   Moderate (+/–)      Acceptable       Moderate flow velocity and

hydraulically frictional loss; efficiency

but close to the improved but not optimal.

upper design

velocity.

DN600 2.91    3.45   61.81   448.6   0.822     Positive (+)         Optimal        Ideal velocity (2–4 m/s) with

efficiency and low head loss ( 3.45 m) and

stable operation; 95% gross head recovery  →

recommended optimal technical–economic

configuration.                 balance.

DN700 2.14    1.59   63.67   462.0   0.822     Positive (+)      Hydraulically     Very low head loss and highest

superior, but power output, but only 3%

economically gain compared to DN600;

inefficient.          increased material cost [37]

makes it less feasible.

 

27

3.4 Analysis of Intervening Variables

The analysis revealed that DN400 exhibits the poorest hydraulic performance, with a high flow velocity of 6.54 m/s causing excessive head loss (26.17 m), which reduces the net head to 39.09 m and results in a power output of ≈ 283.7 kW. This velocity exceeds the recommended design limit (> 4 m/s), creating a risk of erosion and abrasion along pipe joints, thus rendering DN400 unsuitable for sustained operation.

A moderate improvement is observed with DN500, where head loss is reduced to 8.58 m, yielding a net head of 56.68 m and a power output of ≈ 411.4 kW. However, its velocity of 4.19 m/s remains close to the design threshold, suggesting the need for additional erosion protection at bends and fittings.

The DN600 configuration represents the most balanced and optimal design, achieving an ideal velocity of 2.91 m/s, minimal head loss (3.45 m), and a power output of ≈ 448.6 kW. This configuration ensures high hydraulic efficiency, stable operation, and reasonable material cost.

Finally, DN700 achieves the lowest head loss (1.59 m) and highest output (≈ 462.0 kW), yet the marginal gain of only 3% compared to DN600 does not justify the significantly higher construction cost—especially given the hilly terrain at the Way Melesom site.

Overall, head loss decreases non-linearly with increasing diameter, stabilizing beyond DN600, while net head shows a corresponding increase approaching the gross head limit. This confirms the diminishing-returns effect of enlarging pipe diameter in hydraulic systems.

 

3.5 Energy Performance and System Evaluation

 

The system performance improves consistently with increasing pipe diameter, primarily due to reduced frictional energy losses and the resulting increase in effective head. The relationship among the variables can be expressed as

 

DN ↑⇒ Velocity ↓⇒ Head Loss ↓

⇒ Net Head ↑⇒ Power Output ↑

 

However, the benefit curve flattens beyond DN600, where the incremental power gain becomes insignificant relative to the increase in pipe cost. The intervening variables—head loss (hf ) and net head (Hnet)—show strong inverse and proportional correlations, respectively, validating the theoretical hydraulic model applied.

Among all configurations, DN600 provides the most favourable trade-off between technical efficiency and economic feasibility. It maintains an ideal flow velocity ( 2.9 m/s), low head loss (3.45 m), and high net head utilization ( 95% of the gross head), producing ≈ 448.6 kW of power with an overall hydraulic efficiency near 90%.

Thus, the DN600 steel penstock is identified as the optimal configuration, combining stable operation, efficient energy conversion, and long-term structural reliability for the Way Melesom Mini Hydro Power Plant.

 

3.6 Summary of System Performance

The performance classification—negative (DN400), moderate (DN500), and positive (DN600–DN700)—confirms that system efficiency increases with pipe diameter up to DN600, after which the improvement becomes marginal.

The DN600 configuration achieves 95% head recovery and approximately 90% hydraulic efficiency, offering the best balance between technical and economic considerations. While DN700 provides slightly higher hydraulic performance, its higher material and transportation costs make it less feasible for the project’s scale and terrain conditions.

 

Table 8. Comparative cost–benefit assessment for penstock diameters

 

Diameter   Unit Cost   Total Cost       Power        Power         Cost          ESI          Evaluation

(USD/m)     (USD)     Output (kW)   Gain (%)   Increase (%)   (∆P/∆C)

DN400      360       57,600        283.7        –36.8        –20.0        1.84         Undersized,

hydraulically

inefficient

DN500      420       67,200        411.4         –8.3         –6.7         1.24     Acceptable, but close

to limit

DN600      450       72,000        448.6      Reference   Reference (0)     1.00       Optimal baseline

(0) configuration

DN700      610       97,600        462.0        +3.0         +35.6        0.08        Hydraulically

superior but

economically

inefficient
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3.7 Economic Sensitivity Analysis

In addition to the hydraulic evaluation, an economic sensitivity analysis was performed to compare the cost–performance

trade-offs among the tested diameters. Table 8 summarizes the relative cost per meter, total pipe investment, annual energy output, and cost–benefit ratio.

The results reveal that while DN700 yields a 3% increase in power output compared to DN600, its cost rises by over 30%. The resulting ESI ≈ 0.08 indicates poor economic efficiency. Therefore, DN600 achieves the optimal balance between hydraulic performance and construction cost, maximizing power recovery without excessive capital expenditure.

This finding corroborates the diminishing-returns principle observed in the hydraulic domain, confirming that beyond a certain diameter threshold, additional energy gain no longer compensates for the exponential rise in material cost.

 

4 Discussion

4.1 Head lLoss and Hydraulic Efficiency

The results confirm a strong inverse correlation between pipe diameter and head loss, consistent with theoretical expectations. The DN400 configuration exhibits excessive frictional losses (26.17 m), resulting in low effective head utilization. In contrast, DN500 and DN600 progressively reduce head loss, improving flow stability and energy recovery.

Among all configurations, DN600 achieves near-optimal hydraulic efficiency, maintaining an ideal velocity range (2–4 m/s), minimal head loss (3.45 m), and high net head utilization (61.81 m), recovering about 95% of the gross head. This configuration offers the best balance between energy conversion and system economy.

While DN700 provides the lowest head loss (1.59 m), the hydraulic gain of only 3% over DN600 is offset by a ¿30% increase in material and transport costs, especially in the steep terrain of Way Melesom. Thus, DN600 marks the threshold of diminishing returns, where further diameter increases yield minor hydraulic benefits but significant economic penalties.

These findings confirm the diminishing-return relationship between pipe diameter and hydraulic efficiency [31], who demonstrated that increasing conduit diameter reduces headloss non-linearly until an economic optimum is reached. The hydraulic and energy efficiencies in pressurized water systems tend to plateau beyond a critical

diameter due to cost escalation [15].

Hydraulic–economic trade-off principle in energy-distribution design for Indonesia’s new capital, underscoring

that performance optimization must integrate both fluid-mechanical and cost parameters [7].

Together, these comparisons strengthen the analytical depth of this study, showing that the Way Melesom DN600 configuration conforms with established optimization theory linking energy recovery and economic feasibility in small-scale hydropower systems.

 

4.2 Power Output and Design Trade-offs

Power output correlates directly with the effective head, increasing from 283.7 kW (DN400) to 462.0 kW (DN700). However, the incremental 3% gain from DN700 is economically unjustified given its 35% higher cost (USD 610 m−1 vs USD 450 m−1 for DN600).

When normalized by lifetime energy production, DN700’s cost of energy (USD/kWh) is approximately 25% higher than DN600’s.

Accordingly, DN600 represents the most technically efficient and economically viable configuration, ensuring stable energy delivery, low maintenance risk, and favorable long-term performance.

This confirms the design hypothesis that the optimal penstock diameter lies at the balance point between hydraulic efficiency and cost feasibility, a principle verified by both hydraulic and economic sensitivity analyses.

 

4.3 Efficiency Refinement

For DN600, the refined model increased net head from 61.8 m to ≈ 63.8 m and power output from 448.6 kW to ≈ 463.1 kW.

These results confirm that the initial design was conservative and that DN600 remains hydraulically optimal even under refined turbulent flow conditions. Presenting both assumed and refined friction cases strengthens design transparency and enables sensitivity analysis for future audits and optimization.

Refinement using the Colebrook–White equation reduced friction factors to f ≈ 0.0125–0.0129, corresponding to 60–70% lower head loss than the initial assumption (f = 0.03). For DN600, the refined model increased the net head from 61.8 m to ≈ 63.8 m and power output from 448.6 kW to ≈ 463.1 kW. These findings confirm that the initial design was conservative and that DN600 remains hydraulically optimal even under refined turbulent-flow conditions. Presenting both cases improves transparency and supports sensitivity analyses for future optimization.
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4.4 Surge and Operational Safety

Although the penstock is short (160 m) and conveys moderate discharge (0.822 m 3/s), the 65 m gross head warrants consideration of transient effects. Joukowsky analysis indicated that controlled valve closures (≥ 5 s) maintain surge heads within 1.5 × Hgross, ensuring structural safety.

This highlights that the optimized DN600 not only achieves high hydraulic efficiency but also ensures operational reliability under transient conditions. The configuration provides sufficient structural resistance against pressure surges, minimizing risks of fatigue and cavitation during load variations or turbine shutdowns.

Therefore, the DN600 system represents a balanced design that combines steady-state efficiency, surge safety, and long-term durability, confirming its suitability for the steep and high-head environment of the Way Melesom Mini Hydropower Plant.

 

5 Conclusion

This study demonstrates that the DN600 steel penstock provides the most favorable balance between hydraulic performance, cost efficiency, and structural feasibility for the Way Melesom Mini Hydropower Plant.

By integrating hydrological simulation, hydraulic modeling, and economic sensitivity analysis, the research confirms that increasing diameter beyond DN600 yields diminishing hydraulic returns while substantially escalating project costs.

The DN600 configuration ensures reliable operation within the ideal velocity range (2–4 m/s), maintains approximately 95% head recovery, and supports efficient energy conversion with moderate construction investment.

Its cost–benefit ratio outperforms DN700, offering nearly identical power output at significantly lower cost, making it the technical–economic optimum for the site’s terrain and budget constraints. In addition to achieving optimal hydraulic efficiency, DN600 also demonstrates the best economic performance, producing nearly the same power as DN700 but at substantially lower cost (USD 450 m                      −1 − 1 versus USD 610 m). This confirms DN600 as the most cost-effective configuration for sustainable implementation under the budgetary limitations typical of rural mini-hydropower projects.

Overall, the analysis reinforces the principle that hydraulic optimization in small hydropower systems must be integrated with economic feasibility assessment.

The methodological framework developed in this study can guide future MHP designs in Indonesia and other regions with similar topographic and financial limitations—ensuring sustainable, efficient, and affordable rural electrification.

Future studies should include transient-flow and life-cycle cost analysis to extend this steady-state model toward dynamic optimization.

 

6 Recommendation

For the Way Melesom MHP, DN600 is recommended as the most efficient and cost-effective penstock configuration, offering an optimal balance between hydraulic performance and material feasibility. To enhance system stability and protect against transient pressures, several operational and structural measures are recommended. These include implementing controlled turbine shut-off sequences to prevent sudden velocity changes, installing air or vacuum valves at critical high points and downstream sections to relieve pressure fluctuations, and considering a small surge tank or standpipe near the powerhouse if numerical transient modeling indicates pressure peaks exceeding allowable limits. Additionally, it is essential to verify pipe wall thickness, anchoring systems, and structural supports to ensure resistance against short-term dynamic loads. The refined friction factor derived from the Colebrook analysis further improves the accuracy of damping coefficients in transient simulations, effectively linking steady-state headloss characteristics to the system’s dynamic surge response.
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Nomenclature

 

A                     2 Cross-sectional area of pipe, m

D    Internal pipe diameter, m

f       Darcy–Weisbach friction factor

g                                 2 Gravitational acceleration, m/s

Hgross   Gross head (forebay – powerhouse), m

Hnet    Net head after friction loss, m

hf      Head loss due to pipe friction, m

L     Total penstock length, m

P     Power output, kW

Q             3 Flow discharge, m/s

Q                          3 Dependable flow (available 70% of time), m/s 70

Q                   3 Design discharge ( Q / SF ), m/s

design                        70

Re    Reynolds number

S     Hydraulic slope (= H/L)

SF    Safety factor

V     Mean velocity in pipe, m/s

ρ                       3 Density of water, kg/m

ν                                  2 Kinematic viscosity of water, m/s

ε       Pipe wall roughness, m

η       Turbine–generator efficiency

 

32


index-1_1.jpg





index-10_1.png
Headpond

Original Ground Level

Anchor Block

Original Ground Level

Anchor Block

i Tailrace Channel
Longiludinal Section of Penstock Anchor Block

Scale 1: 600






index-2_1.png





index-1_3.jpg
®

Check for
updates






index-1_2.jpg
ACADLORE

A VIBRANT HUB OF ACADEMIC KNOWLEDGE

JAN






index-3_1.png
L) Bumiagung )i
| £ + |
| / Uawangagling | Negarabati
gl ot N R Sy b . @& i |l i garsbat
Gyntung Yaya * | Blambangan

’ Poslauberingin- - S4°30"
Sukarena

[
i
)

IS4

North Kotat

Djepara

. S454N Lo AL
MHP Way:Mel N |
\ wasgre g eesen

| J

206 (~E103°18'  E103°30" E1032}&;JE103°5~4\ E104°06" E104°18'  E104°30' E104°42' E10¢
P Negarabatin |

S5°06-

;~
Kefbang
Ky
Wainapal

Legend

MHP Way Melesom
? PLTMMelesom 2 - Power House

| Taadjungb:
R

Biha

Way Melesom Mi

Hydropower Plants — | e

Way Melesom MHP is located in Bambang [
Village, Lemong District, within the Pesisir

Barat Regency, Lampung Province, Indonesia. i ——S-5°30"
Thesite is stuated at an approximate laitude of
04° 58' 116" S and longitude of 103° 45' 22" E

Google Earth

Image Landsat / Copernicus

X M |
Sobih Bukif Barisaniaticaaspark - | ‘
|

\L ¥

AEYED






index-4_1.png





index-9_1.png





