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Hydrological and Energy Perspectives of Run-of-River Hydropower: A Phys-
ics-Based Approach to Sustainable Water Resource Utilization
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ABSTRACT

Run-of-river (RoR) hydropower systems offer an eco-friendly alternative to conventional dam-based energy generation by 
harnessing river flow without large-scale water impoundment. This study explores RoR as a sustainable approach to decentralized 
energy generation while maintaining the integrity of natural water systems. Using the principles of classical mechanics, we analyze 
how the kinetic energy and potential energy in flowing water can be effectively converted into electricity with minimal disruption to 
the river’s hydrological regime. A case study from Northern Pakistan is presented, where a 1 MW RoR plant operates in a glacial-fed 
river basin. The study assesses the system’s impact on flow continuity, local water use, and aquatic ecosystem balance. Visual data, 
energy-flow models, and hydrological assessments illustrate the dual role of RoR systems in water resource utilization and renew-
able energy supply. Our study supports the integration of RoR hydropower within broader water management strategies, especially 
in semi-arid and mountainous regions, offering benefits such as year-round electricity, reduced evaporation losses, and preservation 
of downstream water availability. Interdisciplinary insight is fostered at the intersection of applied water science and sustainable 
development, encouraging policymakers to consider RoR in environmentally sensitive hydropower planning.

Keywords: Chitral hydropower project; classical mechanics; energy systems; hydel power generation; kinetic energy; potential energy; 
run-of-river; sustainable energy.

1.　INTRODUCTION

Water is the cornerstone of all life, playing a critical role in 
health, agriculture, industry, and energy systems. As global pop-
ulations grow and freshwater sources are becoming depleted, the 
sustainable use of water has become more essential. At the same 
time, reducing carbon emissions and environmental degradation 
requires a shift toward renewable and eco-friendly energy solu-
tions. Among these, RoR hydropower stands out as a clean energy 
approach that also preserves the continuity of natural river flows. 
Unlike large dams, RoR systems generate electricity with mini-
mal water storage and reduced ecological disruption, offering a 
balance between energy needs and water resource protection. A 
map illustrating the potential for RoR hydropower in small basins 
for sustainable energy is presented in research [1], and it closely 
matched the electrical output and spatial distribution of hydro-
power units that are in operation. Additionally, it is shown that 
the hydropower potential map accurately depicts the hydropower 
advancements that correlate to Japan’s electric power systems his-
tory, demonstrating its excellent dependability. RoR hydropower 
plants have no effect on the water quality index (WQI) and hy-
dro-chemical dynamics, according to research on the Sindh River 

in the Kashmir Himalayas that was published in [2]. This empha-
sizes the significance of thorough evaluations for sustainable RoR 
development. The findings imply that the WQI value was not con-
siderably increased by diverting water for RoR operation to the 
extent that the water in the bypassed reaches might be declared 
unfit for drinking. WQI is a critical parameter for assessing the 
suitability of water for human and ecological use, especially in 
areas influenced by hydropower development. 

In this context, a study presented in [3] emphasizes that 
groundwater quality in the region has deteriorated to a level that 
requires treatment before consumption and proactive measures 
to prevent contamination from both geogenic and anthropogenic 
sources. These findings underscore the need for environmental-
ly responsible energy solutions such as RoR hydropower which 
aim to minimize disruption to natural water systems while ad-
dressing energy demands. River low-flow conditions, which are 
frequently brought on by protracted droughts brought on by less 
precipitation, are becoming more frequent and are problematic for 
ecosystem stability and water availability. Hydropower reservoirs 
have been successfully utilized to alleviate these low-flow times, 
as evidenced by research conducted on Norway’s Glomma River 
presented in [4]. Despite being the biggest source of renewable 
energy worldwide, hydropower frequently results in serious eco-
logical disruptions. Environmental flows, which are required to 
safeguard downstream ecosystems, are usually discharged without 
energy recovery, according to a U.S. based research. Researchers 
who examined more than 200 hydropower plants discovered that 
increasing 730 MW of capacity and generating up to 1.8 TWh of 
electricity annually might be achieved by installing tiny turbines to 
capture these flows [5]. These results demonstrate how enhancing 
current infrastructure may raise energy generation without build-
ing new dams, promoting the development of more sustainable 
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energy systems. According to a thorough analysis presented in [6], 
RoR hydropower systems are becoming more and more popular 
due to their affordability and reduced environmental impact when 
compared to conventional dams; nonetheless, their functionality is 
heavily reliant on technical design criteria. In order to determine 
the best RoR design for grid-connected and microgrid systems, 
the study evaluates several modeling techniques for figuring out 
penstock size, turbine positioning, and energy production.

A thorough grasp of the mechanical principles regulating wa-
ter motion, particularly KE and PE, is necessary to harness the 
inherent energy of flowing water. These two energy sources are 
crucial in establishing the feasibility and efficiency of electricity 
generation in RoR hydropower systems. RoR systems, in contrast 
to traditional huge dams, use the river’s elevation decrease and 
flow velocity without storing a lot of energy, hence accurate ener-
gy calculation is crucial. Through turbines, the kinetic energy from 
the water’s flow velocity and the potential energy from its height 
are transformed into mechanical energy, which is subsequently 
transformed into electrical energy by generators. In [7], a micro 
hydro power plant (MHPP) prototype model for tiny water dis-
charges, the MHPP waterwheel and the “converters” MHPP speed 
converters from the waterwheel to the dynamos is presented, thus 
highlighting the water resources utilization for sustainable energy. 

A study on Indonesia’s decarbonization goals presented in [8] 
updates RoR hydro maps through a unique approach that incorpo-
rates head, river discharge, gravity, and system efficiency. Accord-
ing to [9], one of the primary causes of the worldwide reduction 
in freshwater biodiversity is thought to be dam-induced impound-
ments, which frequently result in notable alterations to the phys-
ical, chemical, geomorphological, and hydrological features of 
rivers. Although RoR systems are most ecofriendly and have no 
effect on water quality, these changes by river storage negatively 
influence aquatic ecosystems. The study presented in [10] shows 
how thirteen tiny RoR hydropower projects in Nepal affected the 
ecosystem both before and after they were put in place. In addition 
to offering a clean water source for agricultural fields, the land-
scape areas for a few chosen hydroelectric projects were obtained 
using a digital elevation model and superimposed on satellite im-
ages from 2013 and 2019. The effects of RoR dams on reservoirs 
in the tropical South American regions are examined and reported 
in [11]. Yellow-spotted river turtle nesting areas were monitored 
as an indicator of dry season river level changes following RoR 
dam reservoir filling, thus providing a solution for continuous wa-
ter supply to aquatic life. According to research published in [12], 
it is proposed that integrating downstream bypass systems with 
fish guiding structures at RoR locations is a potential mitigating 
method. In addition to highlighting the significance of hydraulic 
modeling for ecological performance, the results offer guidance 
for optimizing RoR design in order to strike a balance between en-
ergy generation and the preservation of aquatic habitat. Small RoR 
water flows may serve as natural water filters by controlling flow 
and promoting the growth of benthic diatom populations, which 
improve water self-purification processes, according to recent re-
search published in [13]. RoR systems, as opposite to vast reser-
voirs, generate clean power with no disturbance to water quality 
while preserving biological continuity.

Using turbines and generators, hydroelectric facilities trans-
form the mechanical energy of flowing water into electrical ener-
gy. A sustainable type of hydropower, RoR use a river’s natural 
flow to provide energy without the need for massive dams or res-
ervoirs. RoR systems are economical, environmentally beneficial, 
and perfect for off-grid or rural locations where a steady source 
of electricity is needed. They use fundamental ideas from clas-

sical mechanics to capture the KE and PE of water. The current 
work in [14] attempts to illustrate various components of small 
hydropower generation in uneven terrains, including site apprais-
al, development and characteristics, the role of micro-hydro in sus-
tainable development, and related aspects. The hybrid pumped 
storage-wind-photovoltaic system’s complementing functioning at 
various time scales is examined in [15], which also assesses the 
system’s energy efficiency and financial advantages. A thorough 
literature assessment on the operation and maintenance aspects of 
hydropower plants has been published in [16]. The Gómes model 
was used in [17] to estimate and include the uncertainty of the wa-
ter inflow status and power price for this producer. A novel coordi-
nation mechanism for a large-scale hybrid energy system compris-
ing wind, solar, and cascade hydropower facilities is established 
in [18]. The overall forecast errors of power output for wind and 
solar facilities are modeled using scenario analysis based on Latin 
hypercube sampling and k-means. The primary goal of [19] is to 
give a thorough review of the potential effects that hydropower 
operations may have on several facets of the fluvial environment 
by altering the natural flow regime. 

This study presented in [20], is the first to incorporate vari-
able-efficiency turbines into a framework for designing hydro-
power plants that takes into consideration deep uncertainty in 
socio-economic and climatic factors in addition to design opti-
mization. In Mediterranean mountainous regions where rainfall 
is the primary source of uncertainty in river flows, the technique 
presented in [21] provides a straightforward and practical means 
of evaluating operational uncertainty in RoR plants. One of the 
first comprehensive, simulation-based studies on the effects of cli-
mate change on Alpine RoR hydel power generation is presented 
in [22]. This study also considers the implications of technological 
advancement potential and environmental flow requirements. In 
order to improve the overall efficiency of the plant, this study [23] 
suggests an innovative way to replace the single-pond model with 
a three-pond model. A three-tank nonlinear hydraulic system with 
the same volume of water as a traditional single pond is the basis 
for the three-pond concept. This study [24] develops a probabi-
listic model using neural networks and the Weibull distribution. 
Seasonal patterns of high and low water flow are estimated using 
the suggested probabilistic model. The simulation of runoff hydro-
power generation based on climatic factors at the European level 
is the focus of this work [25]. Power systems with growing pro-
portions of solar and wind power will be significantly impacted by 
a better understanding of future RoR generation trends. Compared 
to solar or wind, RoR plants are less erratic; yet, they are also less 
deployable than dams with storage capacity.

Given below are the prime objectives of this study:
● To illustrate how RoR is designed and optimized for sustainable 

energy generation using the principles of classical physics.
● To assess the environmental advantages of RoR over conven-

tional hydropower plants in terms of efficiency and environmen-
tal sustainability.

● To investigate how RoR may be incorporated into contemporary 
electrical engineering systems, such as grid interface and power 
electronics.

● Help improve comprehension of RoR mechanisms and their 
practical applications with classical mechanics by using visual 
aids such as flowcharts, tables, and diagrams for better planning 
and decision making in water-energy systems.

Theoretical foundation of classical mechanics, which focus-
es on KE and PE principles, is covered in Section 2. Electrical 
engineering aspects of RoR are covered in Section 3. The socio-
economic and environmental effects are covered in Section 4. A 
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case study from Northern Pakistan is presented in Section 5. The 
conclusion is given in Section 6, and the future recommendations 
are described in Section 7.

2.　THEORETICAL FOUNDATION: CLASSICAL 
MECHANICS

Sir Isaac Newton’s revolutionary work in the 17th century 
gave rise to the fundamental field of physics known as classical 
mechanics. It offers a methodical framework for examining how 
objects move under the influence of applied force [26-28]. A large 
portion of contemporary engineering, particularly in mechanical 
systems, civil constructions, and energy conversion technologies, 
is based on classical mechanics, which is largely governed by 
Newton’s three laws of motion and the law of universal gravita-
tion.

Fundamentally, we can describe and forecast the behavior of 
physical systems, such as turbine blades and planetary orbits. KE 
and PE are the two main types of mechanical energies that are es-
sential in this context. A strong theoretical foundation for compre-
hending and simulating energy dynamics in hydropower systems 
is provided by the combination of Newton’s principles of motion 
and the conservation of mechanical energy. Classical equations of 
motion and energy transformation may be used to quantitatively 
characterize the dynamic interaction of water flow with designed 
components like penstocks and turbines in RoR. 

Accurate performance forecasts are made possible by this 
mechanistic insight, which also helps with system efficiency op-
timization, turbine type selection, and structural reliability assur-
ance. The whole energy transformation process within an RoR, 
from the natural river source to the end-user electrical consump-
tion, is depicted in the flowchart. The fundamental idea of energy 
conservation in RoR operation is illustrated by the energy transfor-
mation flowchart in Figure 1,which describes the sequential con-
version of natural hydraulic energy both KE and PE into mechan-
ical and subsequently electrical energy.

Flowing River Water
(Kinetic + Potential Energy)

Intake Structure
(Controls and channels water flow)

Penstock Pipe
(Pressurized water conveyance)

Hydro Turbine
(Converts hydraulic energy to 

mechanical rotation)

Generator
(Converts mechanical energy to 

electrical energy)

Transformer
(Adjusts voltage for transmission)

Transmission Lines
(Distributes electricity over distance)

End Users
(Homes, Industries, Agriculture)

Fig. 1　Energy transformation flowchart in a RoR

2.1　Potential Energy in River Water

The energy that a body possesses because of its position 
within the gravitational field is known as PE. The elevation (head) 
differential between the turbine site and the water intake is the 
source of PE in RoR. When building systems with a drop in water 
level, this gravitational energy is a key factor. It is written as fol-
lows for objects close to the earth’s surface;

 　　　　　　　　　　　　　　　　  　 (1)

In Eq. (2), m is the mass in kg, g is the gravitational accelera-
tion which is contant at 9.8 m/s2, h is the height above a reference 
point in meters.

In run-of-river systems, m is proportional to flow rate (Q) 
over a time interval (Δt).

                                                                           (2)

Substituting Eq. (2) in Eq. (1) gives;

                                                                (3)

where P is water density (kg/m3) and Q is discharge (m3/s). 
This formulation explicitly connects potential energy to hydrolog-
ical variables, allowing realistic estimation of instantaneous and 
cumulative energy available at the site.

Key considerations that should be focused for garbing maxi-
mum efficiency from head (P.E) are
● In order to reduce losses and effectively provide water to the 

turbine, pen-stock size is essential.
● Fore-bays, intake channels, and weirs are examples of civil en-

gineering constructions intended to keep the head under control.
● The main metric used in turbine selection and power estimate is 

net head or effective head after considering friction losses.

2.2　Kinetic Energy in Flowing Water

The energy that a body possesses as a result of motion is 
called KE. The water’s flow velocity is the source of KE in RoR. 
Particularly under low head conditions, the significant motion 
based energy carried by gravity driven water movement down-
stream can be harnessed by hydro turbines like Kaplan or Cross-
flow turbines. In terms of mathematics, it is provided by

                                                                         (4)

In Eq. (4),  m is denoting the mass of water in kg and v is 
denoting its velocity in m/s.

For flowing water in a river we have

                                                                   (5)

where v is the mean flow velocity. Unlike static potential en-
ergy, K.E depends on river hydraulics, including cross-sectional 
geometry, flow regime (laminar or turbulent), and velocity distri-
bution. For open-channel flows, the velocity can be approximated 
using the Manning equation given in Eq. (6) as

                                                                          
(6)
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where:
● R= hydraulic radius (m)
● S= channel slope
● n= Manning roughness coefficient
This allows the kinetic energy to be expressed as a function 

of measurable channel properties, bridging classical mechanics 
and river hydraulics. This type of energy is obtained directly from 
the water’s flow velocity in RoR. Hydro turbines can use the sub-
stantial KE of swiftly flowing water to generate power. Following 
are some key considerations while using KE for power generation
● Power generation is directly impacted by flow velocity v. A 

slight increase in velocity greatly increases energy, as per Eq. 
(4).

● To enhance energy extraction, turbine blade design is tailored to 
the water flow profile.

● The dynamics of open channel flow are examined through the 
use of conservation of momentum and fluid mechanics concepts.

This is equivalent to the elevation differential or head be-
tween the turbine and the water intake point in RoR. Significant PE 
may be produced by very little variations in river gradient height. 
Figure 2 depicts the basic description of KE and PE dynamics, 
encapsulating their crucial functions in energy transformation.

Kinetic 
Energy

Potential 
Energy

Kinetic 
Energy

Fig. 2　Pictorial illustration of KE and PE

2.3　Total Mechanical Energy and Turbine Conversion

Since RoR depend on the elevation and natural motion of 
river water to generate electricity, they are heavily reliant on the 
core ideas of PE and KE. The mechanical energy present at the 
turbine inlet, which is subsequently transformed into electrical en-
ergy via a generator, is a result of both types of energy. A chain 
based on classical mechanics [29-30] governs the transformation 
of this mechanical energy (KE + PE) into electrical energy in RoR 
is represented mathematically as

                             (7)

The total mechanical energy per unit mass of river water 
combines potential and kinetic contributions as below

                                                                  (8)

In hydro-power systems, the turbine converts a fraction η of 
this mechanical energy into electrical energy as represented below

                                                           (9)

Here, η is turbine-generator efficiency, which depends on tur-
bine type, flow conditions, and design operating point. For exam-
ple Kaplan turbines are suited for low-head, high-flow rivers with 
efficiency ~90% and Pelton turbines are suitable for high-head, 
low-flow sites.

By integrating P over the operational time and considering 
seasonal flow variability, annual energy production can be esti-
mated, providing a direct link between classical mechanics and 
practical hydro-power output.

The hydro turbine uses all of this total mechanical energy 
to turn a generator, which generates electricity. A thorough grasp 
of classical mechanics is necessary to balance turbine characteris-
tics, head, and flow rate in order to optimize this process. Figure 
3 shows hydro turbine coupled to a generator in an RoR using 
both PE from an elevation difference and KE from flowing water 
to generate electricity.

Water 
Intake

Head

Potential 
energy of 

Water

Kinetic 
energy of 

Water

Turbine

Power Lines

Fig. 3　Diagram showing how KE and PE are converted into 
electrical energy in an RoR.

2.4　Incorporation of Advanced Hydrodynamics

To address spatial and temporal variability in real rivers:
Bernoulli’s equation is used to relate velocity head, pressure 

head, and elevation head along streamlines as given in below

                                                      
(10)

where; 
● v= flow velocity (m/s)
● g= gravitational acceleration (9.8m/s2)  
● z= elevation head relative to a refrence datum (m)
● P= pressure of the flowing fluid (Pa)
● ρ= density of water (kg/m3) 
In hydropower applications, the three terms used above rep-

resenting velocity head, pressure head, and elevation head respec-
tively, defines total hydraulic head available in the system.

However, in real hydraulic systems the available head is re-
duced due to frictional and turbulence related energy losses oc-
curring in penstocks, channels, and other hydraulic components. 
These losses are commonly represented as head losses (hf). The 
effective head i.e.  obtained after the head losses due to 
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friction and turbulence are considered using Darcy–Weisbach or 
Chezy–Manning formulas as below

                                                                   (11)

Also H is the gross hydraulic head between upstream and 
downstream water levels in (m). Turbine-specific power curves 
can then be applied to predict instantaneous efficiency based on 
flow rate Q and net head  .

The frictional head loss (hf) can be estimated using the Dar-
cy-Weisbach equation

                                                                       
(12)

where:
● f= Darcy friction factor (Dimensionless) 
● L= length of the length of the conduit or penstock (m)
● D= hydraulic diameter of the conduit (m)
● v= average flow velocity (m/s)

3.　ELECTRICAL ENGINEERING ASPECTS

For efficient energy conversion, control, transmission, and 
use, RoR not only relies on the physical behavior of water as 
determined by classical mechanics, but also on strong electrical 
engineering concepts. One of the primary purposes of electrical 
machines, particularly alternators or generators, is to perform ef-
fectively under the changing load conditions typical of RoR sys-
tems. These machines convert the mechanical energy produced 
by turbine movement into electrical energy.

3.1　Turbine Generator Pairing

The most suitable turbine-generator coupling in RoR is de-
termined by the hydraulic head, flow rate, and required power 
output, all of which are closely related to the turbine selection. 
To guarantee system stability and efficiency, electrical generators 
must be synchronized in terms of electrical output characteristics 
in addition to mechanical coupling and speed.

In hydropower applications, specification of three main tur-
bines are often employed, each of which is appropriate for a vari-
ety of operating environments is presented in Table 1[31-32].

Table 1　Comparison of Kaplan, Francis, and Pelton turbines 
for optimal turbine generator pairing

Turbine Suitable Head (m) Flow Rate (m3 /s) Efficiency (%)
Kaplan 2-20 High 85-90
Francis 10-300 Medium 90-95
Pelton >300 Low 85-90

Kaplan turbines are appropriate for rivers with mild slopes 
because they are perfect for RoR installations with low head and 
high flow. Dynamic efficiency optimization is made possible by 
their movable blades. Francis turbines are adaptable and appropri-
ate for settings with medium head and moderate flow. Both RoR 
and storage based hydropower plants make extensive use of them. 
Pelton turbines work best in environments with high head and low 
flow, which are usually found in hilly areas. They work by using 
high velocity jets to transform PE into KE. The schematic diagram 
of a turbine generator pairing is presented in Figure 4.

Upper Guide 
Bearing

Upper 
Shaft

Rotor

Thrust Bearing

Main Shaft

Turbine Guide 
Bearing

Fig. 4　Schematic diagram of turbine generator pairing in a 
RoR

3.2　Generator Operation and Selection

Depending on the system size and grid connectivity, synchro-
nous or asynchronous generators are frequently employed in RoR. 
These generators need to be properly chosen using factors like:
● Head and flow rate (which impact power generation).
● Turbine’s rotational speed.
● Requirements for frequency (50/60 Hz).
● The ability to synchronize with the grid.

According to Faraday’s Law, generators use electromagnet-
ic induction to transform the mechanical rotational energy of tur-
bines into alternating current (AC) electrical energy.

3.3　Power Conditioning and Voltage Regulation

After generation, electricity typically needs to be syn-
chronised to meet local consumption or transmission require-
ments. This includes:
● When there is variable frequency generation, rectifiers and in-

verters are used.
● Transformers are used to step down voltage for local distribution 

and step up voltage for long distance transmission.
● Automatic load controllers and voltage regulators are used to 

keep the system stable.
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3.4　Grid Integration and Synchronization

Synchronization is essential for RoR systems that are linked 
to the national grid. Before connecting, electrical engineers must 
make sure that the generated power’s voltage, frequency, and 
phase angle fit the grid’s specifications. This might entail:
● Correction of power factor.
● Phase locked loops.
● Relays for protection against damage or back feeding during 

malfunctions.

3.5　Monitoring, Control, and SCADA Systems

Microcontroller based digital control units and Supervisory 
Control and Data Acquisition (SCADA) systems are integrated in 
contemporary RoR installations to:
● Keep an eye on the generator output, head, turbine speed, and 

flow rate.
● Automatically modify load levels or gate openings.
● Identify and address issues or variations in the supply of water.

3.6　Electrical Load Management

In order to maximize performance, load management mea-
sures are used since RoR may be susceptible to seasonal or diurnal 
flow fluctuation. These consist of:
● Systems for storing batteries for load balancing and peak shav-

ing.
● To deal with surplus generation, dump loads.
● Demand side management used to match supply and demand.

The integration of electrical components is essential to the 
effective and dependable generation and distribution of electricity 
in a RoR. Every part, from the generator to the load controller, has 
a distinct role in preserving electrical performance, protection, and 
control, as indicated in Table 2. For example, transformers control 
voltage levels for safe transmission, and the generator transforms 
the mechanical output of the turbine into electrical power. The AC/
DC flow is controlled by inverters and converters, and real time 
monitoring is made possible via SCADA systems. System stability 
and operational safety are guaranteed by extra components such as 
load controllers and protective relays.

Table 2　Electrical Components and Their Functions in RoR

Component Function

Generator Changes mechanical energy into electrical 
energy.

Transformer Steps up and down voltage levels for transmis-
sion and distribution.

Inverter/Converter Regulates frequency and converts AC/DC as 
essential.

SCADA System Real time observing and control.
Protection Relays Prevents faults and overloads.
Load Controller Balances generation and demand.

4.　ENVIRONMENTAL AND SOCIOECONOMIC 
IMPACT

By using the KE and PE of flowing water without need for 
enormous reservoirs or significant structural changes, RoR pro-
vides a sustainable and flexible alternative to traditional hydro-
power systems that generates electricity with a comparatively 

minimal effect. This design offers significant advantages to human 
groups, especially in rural and isolated areas, while minimizing 
disturbance to ecosystems.

4.1　Environmental Impact

RoR’s design features, which eliminate the need for signifi-
cant damming or land flooding, make it an environmentally favor-
able option. Methane emissions from submerged plants, habitat 
damage, and changes to the natural water cycle are all greatly de-
creased as a result.

4.1.1　Biodiversity Preservation

The preservation of both terrestrial and aquatic biodiversi-
ty is one of RoR’s main benefits. Riverine ecosystems and fish 
migration are unaffected since the water flow remains mainly un-
hindered. Additionally, the lack of big dams prevents habitat frag-
mentation and permits organic flow of nutrients and sediments.

4.1.2　Water Quality and Flow Regulation

By maintaining river’s natural flow regime, RoR protects the 
purity of the water. RoR guarantees continuous water circulation, 
which is essential for aquatic health, in contrast to convention-
al hydropower dams, which might result in thermal stratification 
or standstill. This raises dissolved oxygen levels and lowers the 
chance of algae blooms.

4.1.3　Carbon Footprint and Climate Impact

RoR significantly lowers the carbon footprint by removing 
emissions linked to extensive building projects, reservoir main-
tenance, and vegetation deterioration, even though hydroelectric 
power is already a low-carbon energy source. Small scale hydro-
power systems like RoR release less than 15 g CO₂/kWh, while 
coal based systems emit more than 500 g CO₂/kWh, according to 
the International Energy Agency (IEA) (IEA, 2022) [33].

The average carbon dioxide (CO₂) emissions per kWh for 
several energy generating sources are shown in Figure 5. Signifi-
cantly lower than conventional fossil fuel based sources like coal 
and natural gas, RoR have some of the lowest emission levels, on 
par with wind energy. This demonstrates that RoR is an environ-
mentally friendly option for producing power, especially in places 
that want to lessen their carbon impact.

The National Renewable Energy Laboratory (NREL, 2020), 
the Intergovernmental Panel on Climate Change (IPCC, 2021), 
and the International Energy Agency (IEA, 2022) are among the 
reliable sources from which the emission numbers are obtained 
[34-37].

Fig. 5　CO2 Emission per KWh by Energy Sources
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4.2　Socioeconomic Impact

RoR initiatives provide major social benefits in addition to 
environmental ones, especially in areas with poor access to pow-
er. They are perfect for localized energy independence and rural 
electrification because of their modular and decentralized design.

4.2.1　Community Empowerment and Local Employment

RoR installations can be owned and run by the communi-
ty, providing jobs while they are being built, run, and maintained. 
Local worker participation lowers project costs and improves en-
gineering, project management, and electrical system skill devel-
opment.

4.2.2　Rural Electrification and Quality of Life

The quality of life in off-grid settlements is enhanced by RoR, 
which offers a reliable and sustainable power supply. Improved ed-
ucation, healthcare, and economic growth are all directly impacted 
by the growth of schools, clinics, communication networks, and 
small businesses.

4.2.3　Economic Viability and Cost Savings

When compared to microgrids that rely on fossil fuels, RoR 
systems are often less expensive over the course of their lifetime. 
Because they don’t require fuel or large moving components, they 
have low operational expenses once installed. There are significant 
financial benefits in the form of lower energy costs, increased agri-
cultural output (such as through irrigation powered by solar or hy-
dropower), and new business prospects. Some major contibutions 
of RoR are tabulated in Table 3 for Rural Community.

Table 3　RoR’s socioeconomic advantages in rural communi-
ty

Impact Area RoR Contibution

Employment Generation of local jobs in maintenance and 
construction.

Education Internet connectivity, digital instructional resourc-
es, and lights are all made possible by electricity.

Healthcare Power for emergency illumination, diagnostic 
devices, and refrigeration.

Agriculture Supports agro processing facilities and irrigation 
systems.

Communication Permits internet access and mobile network 
functioning.

Gender Equality Lessens household chores (like gathering fire-
wood), allowing women to pursue education.

4.3　Challenges, Limitations and Mitigation Strategies

Notwithstanding RoR’s encouraging promise, a number of 
obstacles prevent its best use. Seasonal and climatic variations 
in water flow can cause irregular power generation, which com-
promises grid stability. Furthermore, rigorous technical and envi-
ronmental design are needed to address site specific restrictions 
including topography, sedimentation, and biological limits. Con-
cerns about integration with current electrical infrastructure, main-
tenance in distant locations, and turbine performance at low flows 
are other persistent technical challenges.

Smart grid solutions, adaptive flow control technologies, and 
hybrid energy systems such as integrating RoR with solar or bat-

tery storage are being investigated more and more in an effort to 
address these issues. Sustainable development and the long-term 
acceptance of such projects may also be ensured by routine envi-
ronmental reviews and community involvement.

5.　CASE STUDY: RUN-OF-RIVER HYDROPOW-
ER IMPLEMENTATION IN NORTHERN PA-
KISTAN

Located in northern Pakistan’s Hindu Kush Mountains, the 
Chitral district is distinguished by its untamed landscape and riv-
ers that are fed by glaciers. The area is perfect for RoR because of 
these rivers’ significant potential for RoR hydropower plants. One 
promising location for such improvements has been found to be 
the Lutkho River.

5.1　The Chitral Hydropower Project

Located on the right bank of the Lutkho river, the Chitral 
hydropower plant was first put into service in June 1975 and had a 
1 MW capacity. Its capacity is planned to be increased to 5 MW in 
recognition of the region’s increasing energy demands [38]. Uti-
lizing a flow rate of around 27 m³/s and operating with a net head 
of about 270 meters, the updated plant uses the Lutkho river’s KE 
and PE to produce power.

5.2.　Technical Specifications

By using a RoR system, the upgraded Chitral hydropower 
plant reduces its environmental effect and does away with the need 
for enormous reservoirs. A diversion weir, a headrace channel, a 
fore bay, penstocks, and a powerhouse with turbines and genera-
tors appropriate for the hydraulic characteristics of the site are all 
features of the plant’s design. Some major technical specifications 
of Chitral hydropower plant are described in Table 4.

Table 4　Technical Specifications of the Chitral Hydropower 
Plant

Parameter Specification
Installed Capacity 1 MW (Planned: 5 MW)

Net Head ∼269-280 meters (estimated)
Design Flow Rate ∼27 m3/s (estimated)

Turbine Type Francis
Generator Type Synchronous AC

Operational Since 1975 updated in 2020

5.3　Environmental and Socioeconomic Impact

There have been notable social and environmental advantag-
es to Chitral’s adoption of the RoR:

The main environmental benefits of this project are:
● Decreased greenhouse gas emissions as a result of less depen-

dence on fossil fuels.
● Minimal ecological disruption due to the RoR design.

Some important socioeconomic benefits are listed below;
● Supplying local populations with dependable power, improving 

their standard of living.
● Boosting regional companies and industries by providing better 

access to electricity.
● Creation of jobs during the periods of building and operation.
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According to research presented in [39], rural communities 
in northern Pakistan have been changed by micro hydropower 
projects that have improved educational outcomes, enabled the use 
of domestic equipment, and provided electricity.

5.4　Challenges and Mitigation Strategies

Based on the extreme remote location and tough weather 
and high mountain ranges, Notwithstanding the achievements, the 
project encountered a number of difficulties. Some main difficul-
ties and their mitigation strategies are tabulated below in Table 5.

Table 5　Main challenges and mitigation strategies of Chitral 
Hydropower Plant

Challenge 
Type Challenge Mitigation Strategy

Seasonal 
Variability

Seasonal variations in 
glacial meltwater flow 
impact the reliability of 
electricity generation.

Mitigation strategies 
include integrating 

other renewable energy 
sources and putting flow 
regulating measures into 

place.

Technical 
Constraints

Transportation and 
maintenance of the 

equipment were logisti-
cally complicated by the 

remote location.

Using modular equip-
ment and providing 

local staff with opera-
tions and maintenance 

training.

Environmental 
Concerns

Possible effects of water 
diversion on aquatic 

ecosystems.

Evaluations of environ-
mental flow to make 
sure there is enough 
water in the river to 
support ecosystems.

The basic parts of the Chitral hydropower plant, a RoR that 
uses rivers fed by glaciers in northern Pakistan, are depicted in 
the schematic Figure 6. The operational cycle from water diver-
sion to energy generation is clearly shown. To guarantee a constant 
water flow into the penstocks, water is sent via a headrace canal 
from the diversion weir to a forebay tank. KE and PE are trans-
formed into mechanical energy by the penstocks, which guide the 
high-pressure water to the powerhouse’s turbine. A linked gener-
ator is then used to convert this energy into electrical power. The 
cycle is eventually completed when the tailrace returns the used 
water to the river.

This design ensures energy generation while causing the least 
amount of environmental disturbance possible and maintaining the 
river’s natural path. It also makes it easier to see how RoR designs 
are small and effective in harsh, isolated areas.

Power House

Diversion 
Weir

Lutkho 
River

Lutkho 
River

Headrace 
Channel

Penstocks

Tailrace 

Fig. 6　Schematic Diagram of the Chitral Hydropower Plant

6.　CONCLUSION

The deep connection between basic physics and practical 
engineering is demonstrated by the incorporation of classical me-
chanics, namely the concepts of KE and PE, into the architecture 
and functioning of RoR. In physically varied areas like northern 
Pakistan, RoR serves as an example of how sustainable energy 
solutions may be successfully implemented. These technologies 
ensure dependable power generation while minimizing ecologi-
cal disturbance by utilizing natural water flows without the need 
for large reservoirs. Advanced electrical components, automation, 
and theoretical understanding of energy transformation highlight 
RoR’s multidisciplinary character, spanning from engineering and 
physics to the social and environmental sciences. Furthermore, the 
Chitral case study demonstrates the socioeconomic improvement 
that such systems provide in isolated areas in addition to their 
technological feasibility. The RoR concept is a shining example 
of sustainable and contextually aware development as the world’s 
energy demands grow. Following are the key takeaway points list-
ed below
● By using gravity fed water systems to transform KE and PE into 

electrical power, RoR makes use of classical mechanics.
● These systems are perfect for ecologically sensitive areas since 

they have less impact on the environment than traditional large-
scale hydropower.

● From turbines to SCADA systems, RoR components exhibit a 
high level of technical integration, improving dependability and 
efficiency.

● With year-round performance, the Chitral case study illustrates 
the feasibility of RoR in high-altitude, glacier fed locations.

● A multifaceted solution, RoR offers social advantages such local 
jobs, energy availability, and lower carbon emissions.

● Because of their adaptability and scalability, RoR models pro-
vide a blueprint for sustainable development in comparable en-
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vironments around the globe.

7.　FUTURE RECOMMENDATIONS

The foundation of engineering and technology is still clas-
sical mechanics. Its ideas support the design and optimization of 
systems that transform natural forces into useful energy, such as 
RoR, in addition to aiding in the explanation of natural events. En-
gineers can create greener and more sustainable power solutions 
by efficiently using KE and PE. The following next directions are 
suggested in order to optimize the potential of RoR and promote 
their broad adoption:
● Multi physics Modeling and Simulation: To maximize RoR 

performance from a physics-based design standpoint, future re-
search should use sophisticated simulation tools that combine 
fluid dynamics, structural mechanics, and electromagnetic anal-
ysis.

● Hybrid Energy Integration: Particularly in isolated or off-grid ar-
eas, RoR can be combined with other renewable energy sources 
like solar or wind to provide a more reliable and regular energy 
supply.

● Implementation of the Smart Grid and IoT: RoR can improve 
efficiency, fault detection, and adaptive load management when 
integrated into smart grid frameworks and supplemented by re-
al-time monitoring via IoT devices.

● Financial and Policy Incentives: Government assistance in the 
form of microfinance, feed-in tariffs, and subsidies can hasten 
the development of RoR, particularly in rural and impoverished 
areas.

● Community Based Ownership Models: Promoting sustain-
able energy access and socioeconomic empowerment may be 
achieved by enlisting the help of local communities in the oper-
ation and ownership of RoR.

● Environmental Impact Studies: To continually assess and reduce 
the ecological imprint of RoR installations, long-term, site-spe-
cific studies should be carried out.

● Educational Integration: To encourage students’ research and 
progress, RoR should be included as a case study in universi-
ty-level physics and engineering curricula.

Data Availability Statement 
The data supporting the findings of this study are derived 

from publicly available sources cited throughout the manuscript. 
No new datasets were generated during the current study. 

Conflict of Interest
All authors declare no conflict of interest.

REFERENCES

[1]	 Arai, Ryosuke, Yasushi Toyoda, and So Kazama. “Stream-
flow maps for run-of-river hydropower developments in Ja-
pan.” Journal of Hydrology 607 (2022): 127512.

[2]	 Sofi, M. S., Hamid, A., Bhat, S. U., Rashid, I., & Kuniyal, J. 
C. (2022). “Impact evaluation of the run-of-river hydropower 
projects on the water quality dynamics of the Sindh River in the 
Northwestern Himalayas.” Environmental Monitoring and As-
sessment, 194(9), 626.

[3]	 Ram, A., Tiwari, S. K., Pandey, H. K., Chaurasia, A. K., Singh, 
S., & Singh, Y. V. (2021). “Groundwater quality assessment us-
ing water quality index (WQI) under GIS framework.” Applied 

Water Science, 11, 1-20.
[4]	 Olabiwonnu, F. O., Bakken, T. H., & Anthony Jr, B. (2022). 

“Achieving sustainable low flow using hydropower reservoir for 
ecological water management in Glomma River Norway.” Sus-
tainable Water Resources Management, 8(2), 53.

[5]	 Garrett, K. P., McManamay, R. A., & Witt, A. (2023). “Harness-
ing the power of environmental flows: Sustaining river ecosys-
tem integrity while increasing energy potential at hydropower 
dams.” Renewable and sustainable energy reviews, 173, 113049.

[6]	 Tsuanyo, D., Amougou, B., Aziz, A., Nka Nnomo, B., Fioriti, D., 
& Kenfack, J. (2023). “Design models for small run-of-river hy-
dropower plants: a review.” Sustainable Energy Research, 10(1), 
3.

[7]	 Suryatna, B. S., & Agustina, T. (2021, March). “Prototype de-
sign of waterwheel micro hydro power plants for small water 
discharge.” In IOP Conference Series: Earth and Environmental 
Science (Vol. 700, No. 1, p. 012032). IOP Publishing.

[8]	 Pranoto, B., Soekarno, H., Cendrawati, D. G., Akrom, I. F., 
Irsyad, M. I. A., Hesty, N. W., ... & Aman, M. (2021, Novem-
ber). “Indonesian hydro energy potential map with run-off river 
system.” In IOP Conference Series: Earth and Environmental 
Science (Vol. 926, No. 1, p. 012003). IOP Publishing.

[9]	 Ticiani, D., Larentis, C., de Carvalho, D. R., Ribeiro, A. C., & 
Delariva, R. L. (2023). “Dam cascade in run‐of‐river systems 
promotes homogenisation of fish functional traits in a plateau 
river.” Ecology of Freshwater Fish, 32(1), 147-165.

[10]	 Neupane, S., Das, B., Velvizhi, G., Neupane, S., & Pradhan, 
P. M. (2023). “Impact of thirteen run-of-river hydroelectric 
projects on land use land cover and ecosystem services in 
Nepal.” International Journal of Energy and Water Resourc-
es, 7(4), 513-533.

[11]	 Bárcenas‐García, A., Michalski, F., Gibbs, J. P., & Norris, D. 
(2022). “Amazonian run‐of‐river dam reservoir impacts under-
estimated: Evidence from a before–after control–impact study 
of freshwater turtle nesting areas.” Aquatic Conservation: Ma-
rine and Freshwater Ecosystems, 32(3), 508-522.

[12]	 Zöschg, H., Dobler, W., Aufleger, M., & Zeiringer, B. (2023). 
“Evaluation of hydraulics and downstream fish migration at 
run-of-river hydropower plants with horizontal bar rack bypass 
systems by using CFD.” Water, 15(6), 1042.

[13]	 Wang, Y., Wu, N., Tang, T., Wang, Y., & Cai, Q. (2022). “Small 
run-of-river hydropower dams and associated water regulation 
filter benthic diatom traits and affect functional diversity.” Sci-
ence of the Total Environment, 813, 152566.

[14]	 Karre, R. K., Srinivas, K., Mannan, K., Prashanth, B., & 
Prasad, C. R. (2022, May). “A review on hydro power plants 
and turbines.” In AIP Conference Proceedings (Vol. 2418, No. 
1). AIP Publishing.

[15]	 Wang, Z., Fang, G., Wen, X., Tan, Q., Zhang, P., & Liu, Z. 
(2023). “Coordinated operation of conventional hydropow-
er plants as hybrid pumped storage hydropower with wind 
and photovoltaic plants.” Energy Conversion and Manage-
ment, 277, 116654.

[16]	 Kumar, K., & Saini, R. P. (2022). “A review on operation and 
maintenance of hydropower plants.” Sustainable Energy Tech-



Journal of Innovative Technology, Vol. 8, No. 2, September 2026                                                             68

nologies and Assessments, 49, 101704.
[17]	 Daneshgar, S., & Zahedi, R. (2022). “Investigating the hydro-

power plants production and profitability using system dynam-
ics approach.” Journal of Energy Storage, 46, 103919.

[18]	 Lu, L., Yuan, W., Su, C., Wang, P., Cheng, C., Yan, D., & Wu, 
Z. (2021). “Optimization model for the short-term joint oper-
ation of a grid-connected wind-photovoltaic-hydro hybrid en-
ergy system with cascade hydropower plants.” Energy Conver-
sion and Management, 236, 114055.

[19]	 Kuriqi, A., Pinheiro, A. N., Sordo-Ward, A., Bejarano, M. D., 
& Garrote, L. (2021). “Ecological impacts of run-of-river hy-
dropower plants—Current status and future prospects on the 
brink of energy transition.” Renewable and Sustainable Energy 
Reviews, 142, 110833.

[20]	 Yildiz, V., Brown, S., & Rougé, C. (2024). “Importance of 
variable turbine efficiency in run‐of‐river hydropower design 
under deep uncertainty.” Water Resources Research, 60(6), 
e2023WR035713.

[21]	 Gómez-Beas, R., Contreras, E., Polo, M. J., & Aguilar, C. 
(2024). “Stochastic flow analysis for optimization of the op-
erationality in run-of-river hydroelectric plants in mountain 
areas.” Energies, 17(7), 1705.

[22]	 Tobias, W., Manfred, S., Klaus, J., Massimiliano, Z., & Betti-
na, S. (2023). “The future of Alpine Run-of-River hydropower 
production: climate change, environmental flow requirements, 
and technical production potential.” Science of the Total Envi-
ronment, 890, 163934.

[23]	 Saeed, A., Shahzad, E., Khan, A. U., Waseem, A., Iqbal, M., 
Ullah, K., & Aslam, S. (2023). “Three-Pond Model with Fuzzy 
Inference System-Based Water Level Regulation Scheme for 
Run-of-River Hydropower Plant.” Energies, 16(6), 2678.

[24]	 Afzaal, M. U., Khan, M. H., & Elahi, A. (2022, June). “Water 
flow patterns generation model for grid connected run-of-river 
hydro power plant.” In 2022 IEEE International Conference 
on Environment and Electrical Engineering and 2022 IEEE 
Industrial and Commercial Power Systems Europe (EEE-
IC/I&CPS Europe) (pp. 1-6). IEEE.

[25]	 Sessa, V., Assoumou, E., Bossy, M., & Simões, S. G. (2021). 
“Analyzing the applicability of random forest-based models 
for the forecast of run-of-river hydropower generation.” Clean 
Technologies, 3(4), 858-880.

[26]	 Halliday, D., Resnick, R., & Walker, J. (2013). “Fundamentals 
of physics.” John Wiley & Sons.

[27]	 Suárez, Á., Martí, A. C., Zuza, K., & Guisasola, J. (2023). 
“Electromagnetic field presented in introductory physics text-
books and consequences for its teaching.” Physical Review 
Physics Education Research, 19(2), 020113.

[28]	 Munson, B. R., Young, D. F., & Okiishi, T. H. (2013). “Funda-
mentals of fluid mechanics (7th ed.).” Wiley.

[29]	 Khan, M. J., & Iqbal, M. T. (2005). “Preliminary design of 
a run-of-river micro-hydro plant.” Renewable Energy, 30(5), 
671–682 . https://doi.org/10.1016/j.renene.2004.07.001

[30]	 U.S. Department of Energy. (2016). “Hydropower vision: A 
new chapter for America’s 1st renewable electricity source. 
U.S.” Department of Energy. https://www.energy.gov/eere/wa-
ter/articles/hydropower-vision-report.

[31]	 U.S. Department of Energy. (2001). “Hydropower Program: 
Turbine Selection for Small Hydropower.” Office of Energy Ef-
ficiency and Renewable Energy. https://www.energy.gov/sites/
default/files/2014/05/f16/2001_smallhydro_turbine_selection.
pdf 

[32]	 Paish, O. (2002). “Small hydro power: Technology and cur-
rent status.” Renewable and Sustainable Energy Reviews, 6(6), 
537–556. https://doi.org/10.1016/S1364-0321(02)00006-0

[33]	 International Energy Agency. (2022). “World Energy Outlook 
2022.” OECD Publishing. 

[34]	 Intergovernmental Panel on Climate Change. (2021). “Climate 
Change 2021: The Physical Science Basis.” Contribution of 
Working Group I to the Sixth Assessment Report.

[35]	 National Renewable Energy Laboratory. (2020). Life Cy-
cle Greenhouse Gas Emissions from Electricity Generation. 
NREL/TP-6A20-80580.

[36]	 World Bank. (2019). Hydropower Sustainability Guidelines on 
Good International Industry Practice.

[37]	 Kumar, A., Schei, T., Ahenkorah, A., Caceres Rodriguez, R., 
Devernay, J. M., Freitas, M., & Wang, Z. (2011). “Hydropow-
er. In IPCC Special Report on Renewable Energy Sources and 
Climate Change Mitigation (pp. 437–496).

[38]	 Water and Power Development Authority (WAPDA). (n.d.). 
Chitral Power Enhancement.

[39]	 Cheema, A. R. (2016). The “smart villages” of northern Paki-
stan. Dialogue Earth.


