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ﬁ mid Pakistan’s evolving energy landscape, characterized by 62.1% reliance on fossil

NOISIAI

fuels and micro hydropower (MHP) systems, provides a cost-effective and sustainable

energy alternative. This review synthesizes technical, economic, and policy dimensions
to assess the present and future role of MHP in Pakistan. It offers a detailed evaluation of
turbine types (Pelton, Cross-flow, Kaplan, Turgo), their performance, and suitability under
varying head and flow conditions. The study presents a comprehensive assessment of
SHP/MHP potential, emphasizing turbine selection, feasibility, and implementation bartiers.
A key contribution is the development of a practical turbine selection framework comprising
a decision-making flow diagram and efficiency table on empirical and field-validated data.
Drawing on case studies from Khyber Pakhtunkhwa, Gilgit-Baltistan, and Punjab, the study
addresses region-specific generation capacities, sedimentation, seasonal variability, and socio-
economic impacts. It also reviews the institutional roles of WAPDA, AEDB, PEPCO, and
IPPs, alongside policy frameworks under CPEC and the Alternative Energy Policy. By
integrating civil, electrical, and social parameters, the study offers actionable insights for
engineers, planners, and policymakers. Despite improvements in turbine efficiency and tariffs,
Pakistan’s MHP capacity remains underexploited. Modular designs, smart grids, and rural
incentives could bridge energy access gaps and support 2030 renewable energy goals.
Keywords: Micro Hydropower Systems, Energy Efficiency, Sustainable Power Generation,
Energy Optimization, Renewable EnerﬁTechnologies
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Introduction:

Energy serves as a fundamental pillar of socio-economic development, fueling
industrial expansion, advancing technological innovation, and enhancing overall quality of life.
However, Pakistan is currently grappling with a severe energy crisis, primarily driven by rapid
population growth, accelerated urbanization, and expanding industrialization [1], all of which
have substantially heightened the country's energy demand. This increasing demand is
straining the country’s already underdeveloped and fossil fuel-dependent power infrastructure,
resulting in widespread energy shortages and frequent load shedding, particularly during peak
hours [2].

The bulk of Pakistan’s electricity generation comes from fossil fuels such as oil, gas,
and coal. As of 2024, thermal sources account for 58.4% of the installed electricity generation
capacity [3]. This dependence on fossil fuels not only exhausts finite non-renewable resources
but also plays a major role in accelerating environmental degradation. In 2017, Pakistan
emitted approximately 54.5 million tonnes of CO; solely from electricity and heat production
[4]. In addition to COg, fossil fuel-based power plants emit other harmful pollutants like sulfur
dioxide (SO5), nitrogen oxides (NOy), carbon monoxide (CO), and particulate matter (PM),
which have direct consequences on human health and ecological systems [5][6][7]. The use of
fossil fuels also places a substantial economic burden on Pakistan, which spends approximately
USD 14.5 billion annually on energy imports, consuming nearly 20% of its foreign exchange
reserves [8].

To mitigate environmental degradation and enhance energy security, countries
worldwide, including Pakistan, are increasingly turning toward renewable energy resources
(RERs), such as solar, wind, and hydropower. Among these, hydropower holds a special place
due to its high efficiency (up to 85%) and capacity for large-scale generation [9][10]. On a
global scale, hydropower accounts for approximately 19% of the total electricity supply [11].
Hydropower is considered a sustainable and indigenous energy source, offering multiple co-
benefits including water storage, flood control, irrigation, and recreational use. In contrast to
large-scale fossil fuel-based projects, small hydropower (SHP) systems are characterized by
their decentralized nature, lower costs, and minimal environmental impact [12].

Table 1 presents the breakdown of Pakistan’s installed power generation capacity in
2024, highlighting the relative contribution of different energy sources to the national energy
mix [3]. The country’s total installed capacity stands at approximately 49,270 MW, with a
dominant reliance on thermal (fossil fuel-based) power, which accounts for 28,766 MW or
58.4% of the total. This heavy dependence on fossil fuels reflects a traditional energy paradigm
and poses significant environmental and economic challenges, including high carbon
emissions and vulnerability to global fuel price fluctuations. Hydropower remains the second-
largest contributor, with an installed capacity of 11,519 MW, representing 23.4% of the
national mix. This underscores the substantial potential of renewable hydro resources in the
country, particularly from the northern river systems and hilly regions. Hydropower also offers
the advantage of lower operational costs and environmental sustainability compared to
thermal power. The share of non-hydro renewables remains relatively modest but growing.
Wind energy contributes 1,838 MW (3.7%), mainly sourced from projects located in the
Gharo—Jhimpir wind corridor in Sindh province. Solar power, with an installed capacity of
780 MW (1.6%), is underutilized despite Pakistan’s high solar irradiance potential. Nuclear
energy accounts for 3,620 MW, making up 7.3% of the mix [13]. Nuclear plants, primarily
operated by the Pakistan Atomic Energy Commission (PAEC), contribute significantly to the
base load and are a key component of Pakistan’s long-term low-carbon energy strategy.
Significantly, net metering, which largely comprises rooftop solar installations supported by
consumer-oriented energy policies, contributes 2,498 MW (5.1%) to the national capacity,

July 2025 | Vol 07 | Issue 03 Page | 1554



International Journal of Innovations in Science & Technology

highlighting an increasing preference for decentralized and user-driven energy solutions.
Bagasse-based co-generation, mainly from sugar industry waste, adds a minor 249 MW (0.5%),
reflecting limited industrial renewable integration.

Overall, although fossil fuels still lead the energy mix, a noticeable transition toward
renewable and alternative energy sources is underway. However, the relatively low share of
wind and solar highlights the need for policy reinforcement, investment incentives, and
infrastructure development to accelerate the transition to a cleaner, more diversified energy
mix.

Table 1. Pakistan Power Generation Capacity in 2024 [3]

Energy Source Installed Capacity (MW) | Share (%)
Thermal (Fossil Fuels) 28,766 58.4
Hydropower 11,519 23.4
Wind 1,838 3.7
Solar 780 1.6
Nuclear 3,620 7.3
Bagasse 249 0.5
Net Metering 2,498 5.1

Despite its potential, Pakistan has not fully capitalized on its hydropower capacity due
to regulatory, financial, and infrastructural barriers. However, several significant hydropower
projects are under development as shown Table 2 outlines some of the most significant
hydropower projects in Pakistan, including their installed capacities, current development
status, and expected completion timelines [14][15][16][17]. These projects are critical
components of Pakistan’s long-term strategy to enhance energy security, reduce reliance on
imported fossil fuels, and transition toward a more sustainable and renewable power
generation mix. The Dasu Hydropower Project, with a planned capacity of 4,320 MW, is
currently under construction and is expected to be completed by 2029. Located on the Indus
River in Khyber Pakhtunkhwa, the project is being developed in two stages and represents
one of the country’s largest run-of-the-river hydropower schemes. The Diamer-Bhasha Dam,
another high-profile mega project with a proposed capacity of 4,500 MW, is still in the
planning phase. It is a strategically vital multipurpose dam aimed at electricity generation, water
storage, and flood control. However, its progress has been delayed due to funding,
environmental, and geopolitical challenges, and a firm completion date has yet to be
announced. The Mohmand Dam, currently under construction with a planned capacity of 800
MW, is located on the Swat River. It is designed to fulfill multiple objectives, including
electricity generation, improved irrigation, and flood protection for downstream areas such as
Peshawar. Among the already operational projects, the Karot Hydropower Project became
functional in 2022, adding 720 MW to the national grid. It was developed under the China-
Pakistan Economic Corridor (CPEC) framework and marks a significant step in harnessing
the hydropower potential of the Jhelum River basin. The Neelum—Jhelum Hydropower
Project, delivering 969 MW, became operational in 2018. This run-of-the-river scheme, which
channels water through a complex tunnel system, is located in Azad Jammu and Kashmir
(AJK) and plays a key role in addressing the region’s power deficits.

Lastly, the Kohala Hydropower Project, with a projected capacity of 1,124 MW, has
received final approval and is slated for completion by 2025. As part of the China-Pakistan
Economic Corridor (CPEC), the project is poised to significantly boost clean energy output
from Azad Jammu and Kashmir (AJK).

Table 2. Major Hydropower Projects in Pakistan [14][15][16][17]

Project Name Capacity (MW) Status Expected Completion

Dasu Hydropower Project 4,320 Under Construction 2029
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Diamer-Bhasha Dam 4,500 Planned -

Mohmand Dam 800 Under Construction -

Karot Hydropower Project 720 Operational 2022
Neelum—Jhelum HPP 969 Operational 2018
Kohala Hydropower Project 1,124 Approved 2025

Although Pakistan possesses an estimated renewable energy resource (RER) potential
of nearly 167.7 GW, the hydropower sector remains considerably underdeveloped [18]. This
gap stems from multiple interrelated challenges. Financially, the sector is burdened by
substantial initial capital costs and a lack of investor assurance, both of which hinder large-
scale deployment. On the regulatory front, inconsistencies in energy policies and protracted
tariff approval processes create uncertainty and delay project timelines. The physical
infrastructure necessary to support hydropower expansion is also inadequate, particularly the
absence of transmission systems required to connect remote generation sites to the national
grid. Moreover, environmental and social dimensions pose further barriers. Large dams often
result in the displacement of local populations and adverse impacts on ecosystems. Lastly,
hydropower development is increasingly affected by climate-related risks, such as variable
precipitation patterns and accelerated glacial melting, which influence river flow reliability and
seasonal water availability [19].

Pakistan’s energy governance system is characterized by a multifaceted institutional
architecture that encompasses federal ministries, autonomous regulatory authorities, public-
sector utilities, and private producers. At the helm, the Ministry of Energy, divided into Power
and Petroleum Divisions, formulates national energy policy and oversees implementation
through sector-specific agencies. One of the most critical institutions, the Water and Power
Development Authority (WAPDA), is responsible for the development and management of
hydropower resources and currently operates more than 9,400 MW of installed hydroelectric
capacity. Major projects under WAPDA’s purview include the Diamer-Bhasha Dam (4,500
MW) and the Mohmand Dam (800 MW), both of which are under construction and
strategically vital for long-term energy and water security [20].

Alongside hydropower advancements, the Alternative Energy Development Board
(AEDB) is responsible for fostering the growth of renewable energy sources, including wind,
solar, and biomass. Under the Alternative and Renewable Energy Policy 2019, Pakistan aims
to achieve 30% electricity generation from renewable sources (excluding large hydropower)
by 2030. Despite this target, progress has been limited. By early 2024, only 62% of the
announced solar and wind projects had achieved financial closure, mainly due to regulatory
delays, bureaucratic inertia, and lack of investor confidence [21]. These challenges underscore
a disconnect between policy aspirations and on-ground implementation.

In the realm of nuclear energy, the Pakistan Atomic Energy Commission (PAEC) plays
a leading role. As of 2025, Pakistan operates six nuclear power reactors with a combined
capacity of 3,620 MW, contributing approximately 12.7% to the national electricity mix [22].
These include the Chashma-1 to Chashma-4 units and the Karachi Nuclear Power Plant’s K-
2 and K-3 reactors, which collectively enhance baseload capacity and reduce reliance on fossil
fuels.

Distribution and transmission of electricity remain highly fragmented across the
country. Urban areas such as Karachi benefit from privatized utilities like K-Electric, which
has technical losses of 15.2%—a figure comparable with global norms. However, rural and
underdeveloped regions face chronic energy poverty. For instance, Balochistan experiences
daily load shedding of 12 to 14 hours, with transmission and distribution losses exceeding 38%
due to outdated infrastructure and systemic inefficiencies [23]. The disparity between regions
reflects deeper governance issues and investment imbalances.
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Independent Power Producers (IPPs) constitute a substantial part of the energy
landscape, contributing neatly 49% of the installed generation capacity through long-term
Power Purchase Agreements (PPAs). However, their operational viability is severely hindered
by delayed payments from public-sector power purchasers, leading to a circular debt crisis that
had ballooned to PKR 2.6 trillion (USD 9.2 billion) by the end of 2024 [24]. Moreover, the
geographical concentration of IPPs exacerbates regional inequity, with over 73% of their
capacity located in Punjab, thereby limiting equitable access to electricity across other
provinces.

To address these structural and operational inefficiencies, the government has
introduced strategic frameworks such as the Alternative Energy Policy 2020 and the third
phase of the China-Pakistan Economic Corridor (CPEC). These initiatives aim to diversify the
energy mix, strengthen transmission networks, and promote regional integration, though
progress remains uneven. A significant portion, approximately 68% of CPEC’s energy
investments, remains allocated to coal-fired power plants, raising concerns about
environmental sustainability and international climate commitments [25]. Additionally,
persistent delays in upgrading grid infrastructure continue to restrict the efficient evacuation
of power from renewable and remote generation sites, thereby undermining sectoral resilience
and modernization [20].

This paper presents a comprehensive review of the technical, economic, and policy
dimensions of MHP systems in Pakistan. The study synthesizes national infrastructure data,
turbine technology assessments, and recent empirical studies to assess the viability of MHP as
a scalable energy source. It evaluates various turbine designs, including Pelton, Cross-flow,
Francis, Kaplan, Turgo, and water wheels against site-specific criteria such as head, flow, and
sedimentation. Furthermore, the paper explores the institutional landscape governing energy
deployment, with a focus on WAPDA, AEDB, PEPCO, and the Independent Power
Producers (IPPs), and how current policies under the China-Pakistan Economic Corridor
(CPEC) and the Alternative Energy Development Board (AEDB) influence MHP adoption.
Therefore, the primary objectives of this study are:

To assess SHP/MHP resource potential in Pakistan based on technical, geographical, and
operational parameters.

To evaluate the performance characteristics of various turbine types under site-specific
conditions.

To develop a decision-making framework for turbine selection using a custom-designed
flowchart and comparative table.

To provide real-world insights through field-based case studies and SWOT analysis.

Unlike prior works that either address policy or isolated technical issues, this study
introduces a comprehensive and practical methodology that bridges engineering application
with policy planning. The novelty lies in its integration of hydrological data, turbine typology,
terrain-specific adaptations, and implementation lessons from operational SHP sites, making
it a valuable reference for Pakistan’s sustainable energy roadmap.

Turbine Technologies for Micro Hydro Applications:

Turbine selection plays a pivotal role in the design and performance optimization of
micro hydro power plants. The appropriate choice depends on key hydrological parameters,
namely available head, flow rate, and specific speed. Turbines for small-scale hydropower
systems are broadly classified into impulse turbines and reaction turbines, each suitable for
specific head and discharge conditions. A schematic, as shown in Figure 1, illustrates various
turbine types including Pelton, Cross-flow, Turgo, Francis, Kaplan, Propeller, and Water
Wheels plotted on a head (m) versus flow (L/s) chart, highlighting the efficiency ranges for
each type.
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Figure 1. Operational head and flow ranges of common turbine types for micro hydro
power systems [27]
Impulse Turbines:

Impulse turbines operate by converting the kinetic energy of water into mechanical
energy through high-velocity jets directed onto turbine buckets. These are ideal for high head,
low flow conditions.

Pelton Wheel: Best suited for heads above 300 meters, Pelton turbines achieve efficiencies
of up to 85% under optimal conditions [28][29]. They feature spoon-shaped buckets designed
to absorb the momentum of water jets, minimizing energy loss due to splashing and
turbulence.

Cross-flow Turbine: Also known as the Banki-Mitchell turbine, this design is ideal for heads
ranging from 1.5 to 200 meters and flows up to 100 L/s. It offers greater flexibility for small-
scale and variable-flow systems. High-quality cross-flow turbines can operate at 82—-85%
efficiency [30][31].

Turgo Turbine: A modified version of the Pelton wheel, the Turgo turbine allows for larger
flow volumes and higher rotational speeds. It operates efficiently across 10-300 meters of
head, with reported peak efficiencies reaching 93.7% under experimental setups [32].
Reaction Turbines:

Reaction turbines, which operate through the combined utilization of kinetic and
pressure energy, must remain fully submerged during operation. These turbines are particulatly
effective in applications involving medium to low hydraulic head and high volumetric flow
rates. Among the most widely used reaction turbines is the Francis turbine, which is suitable
for head ranges between 20 and 180 meters. It incorporates a mixed-flow design that blends
radial and axial flow, enabling it to achieve efficiency levels of up to 90%, making it a preferred
choice for municipal-scale and medium-capacity hydroelectric installations [33]. The Kaplan
turbine, on the other hand, is optimized for low-head conditions, typically between 10 and 70
meters, and accommodates high flow rates. Its distinctive feature is the use of adjustable
runner blades, which allow the turbine to sustain high efficiency across varying load and flow
conditions; experimental studies have confirmed efficiencies approaching 90% under optimal
configurations [34]. The propeller turbine, a fixed-blade variant similar in design to the Kaplan
turbine, is best suited for installations with heads below 30 meters. While it can attain
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efficiencies up to 90.4%, its performance is highly dependent on precise alignhment with site-
specific hydraulic characteristics [35].
Traditional Turbine Alternatives: Water Wheels:
Water wheels, although largely outdated for grid-scale systems, remain viable for ultra-
low head sites. They are categorized as in Table 3:
Table 3. Comparison of Traditional Water Wheel Types Based on Head and Efficiency [36]

Types of Water Wheel | Typical Head Range (m) | Approx. Efficiency (%.)
Overshot Greater than 4.5 85
Breastshot 1.8-2.4 60-80
Undershot Less than 1.5 75

Their continued use in off-grid rural electrification programs is attributed to their
simplicity, cost-effectiveness, and minimal environmental impact.
Turbine Selection Considerations:

Table 4 summarizes the key operational characteristics of various turbine types
commonly used in micro-hydropower (MHP) systems. The selection of a turbine is primarily
influenced by site-specific conditions, such as the available head (vertical water drop), flow
rate, and system scalability [37]. These parameters directly impact the efficiency, cost-
effectiveness, and technical feasibility of the MHP installation [37][38]. The Pelton wheel
turbine is best suited for high head (>300 m) and low flow conditions. With an efficiency of
around 85%, it operates on the impulse principle, making it ideal for mountainous terrains
where vertical drops are significant but water volumes are limited [37]. It is commonly used in
isolated or remote high-altitude sites. The Cross-flow turbine, also known as the Banki or
Ossberger turbine, operates efficiently over a wide range of heads (1.5-200 m) and flows. With
efficiencies ranging from 82% to 85%, it is highly versatile and particularly well-suited for
small- to medium-scale applications in rural or off-grid areas. Its simple construction and ease
of maintenance make it a popular choice in developing countries [37][38]. The Turgo turbine
bridges the operational gap between Pelton and Francis turbines. It is efficient under medium
head conditions (10-300 m) and larger flows, offering a high efficiency of up to 93.7%. Its
ability to handle higher flow volumes with a compact design makes it suitable for sites with
fluctuating or moderate water availability. The Francis turbine is among the most widely used
turbines globally and performs best under medium head conditions (20-180 m) with stable
and high flows. It operates at approximately 90% efficiency, making it ideal for grid-connected
small hydro installations or continuous operation schemes with consistent water supply [37].
The Kaplan turbine is designed for low head environments (10-70 m) with high flow rates,
achieving up to 90% efficiency. Its adjustable blades allow for efficient operation even with
fluctuating water levels, making it suitable for river-based MHP systems or irrigation canals
with limited head [37]. The Propeller turbine, similar to the Kaplan but with fixed blades,
functions efficiently under very low head conditions (<30 m) with high water flows. With a
typical efficiency of 90.4%, it is used in site-specific applications where cost and complexity
need to be minimized.

Finally, the Overshot water wheel, though technologically simple, remains a viable
solution for ultra-low head (>4.5 m) and medium flow conditions. With around 85%
efficiency, it is favored in low-tech or heritage-based off-grid applications, offering a
sustainable solution with minimal environmental impact.

Table 4. Operational Characteristics of Turbines for MHP Systems [37][38]

Turbine Type | Head Range (m) | Flow Range (I./s) | Efficiency (%) Suitable Conditions
Pelton Wheel >300 Low 85%* High head, low flow
Cross-Flow 1.5-200 Variable 82—-85* Small-scale, moderate head
Turgo 10-300 Medium 90-93.7* Medium head, larger flow
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Francis 20-180 High 90* Medium head, stable flow
Kaplan 10-70 High 90* Low head, high flow
Propeller <30 High 90.4* Site-specific, low head
Water Wheel >45 Medium ~85% Low-tech, off-grid sites
(Overshot)

*Peak efficiencies - intended to represent the upper performance limit of each turbine under
ideal operational conditions

Proper turbine selection, combined with site-specific optimization and policy
incentives, can significantly increase MHP adoption in underserved areas.
The decision flow diagram (Figure 2) offers a structured approach to selecting hydropower
turbines by aligning net head, flow rate, and site-specific parameters with appropriate turbine
technologies. By categorizing hydraulic conditions into standard head and flow classes, the
framework streamlines the preliminary design process for SHP/MHP systems and aids in the
practical matching of turbine types such as Pelton, Kaplan, or Cross-Flow with operational

requirements.
START:
Site Survey

What is the Net Head?

Head <10 m
(Low Head)

Head >300n
(High Head)

Flow Kaplan
Yes High? Propeller

1 Is it for

Tiirds small-scale
d g. use?
Turbine

Cross-
-Flow
Sitac
Turbine

Figure 2. Flow diagram for turbine type selection based on site-specific head, flow rate, and
hydrological conditions
Case Studies and Applications of Micro Hydro Power in Pakistan:

The deployment of micro hydro power (MHP) systems across Pakistan has gained
traction due to the country’s varied topography, abundant surface water resources, and rising
rural electrification demands. From 2020 to 2025, more than 127 new micro-hydropower
(MHP) installations were developed across Pakistan, with a strong focus on areas like Khyber
Pakhtunkhwa (KPK), Gilgit-Baltistan (GB), and Azad Jammu & Kashmir (AJK), where
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conventional grid connectivity is still lacking [39][40] 3.1 Regional Deployment and Output
Analysis

The map of Pakistan presented in Figure 3 highlights the geographic distribution of
micro hydro power (MHP) projects across the country. It shows major provinces and regions
where MHP has been deployed or planned, including Khyber Pakhtunkhwa, Gilgit-Baltistan,
Azad Jammu & Kashmir, and parts of Punjab. Each region is marked with symbols or color-
coded indicators representing the installed capacity in megawatts (MW) for individual or
grouped MHP sites. The map visually emphasizes clusters of MHP activity in mountainous
and rural areas with suitable hydrological conditions, reflecting the natural advantages and
strategic focus areas for micro hydro development. This spatial representation aids in
understanding regional disparities, potential for future expansion, and the contribution of

MHP to decentralized energy access in Pakistan.
_ Khyber Pukhtunkhwa
4303MW

e

Thermal n )
Igit-Balt
16305MW Gi g;; ::,1 xtan
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o w. _AJ &K
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[ Renewable Energy 1697MW
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@ Renewable Energy ® Nucdlear ® Thermal ® Punjab B Khyber Pukhtunkhwa & Gilgit-Baitistan BAJ & K

Figure 3. Regional distribution of micro hydro power capacity in Pakistan (2020-2025),
highlighting major sites and ongoing projects [41].
Khyber Pakhtunkhwa:

KPK leads national deployment with 318 MW operational capacity, 240 MW under
construction, and an additional 420 MW in advanced stages. The regional terrain supports
both run-of-river and canal-based hybrid systems. A 2.5 m head system near Charsadda
demonstrated peak output of 82.3 kW, with an efficiency factor of 0.8 [42].

Gilgit-Baltistan (GB):

Leveraging steep head gradients and glacial melt streams, GB has 154 MW operational
and 310 MW in development. The use of cross-flow turbines and sediment filtration systems
has been critical due to river turbidity exceeding 15,000 ppm in Swat and Kunar tributaries
[42].

Punjab and AJK:

Punjab (72 MW) and AJK (84 MW) have focused on developing canal-based micro-
hydropower (MHP) systems, with one notable installation in AJK operating at an 8-meter head
and 5600 L/s flow rate, producing a theoretical output of 109 kW as confirmed by
hydrodynamic modeling [43]. 3.2 Empirical Performance Studies
Several academic and field-based evaluations have demonstrated the feasibility and challenges
of small-scale hydro deployments:

University of Bristol (UK):

Williamson et al. tested a Turgo turbine at 1-3.5 m heads with flows of 0.00055-0.0079
m?®/s. The experiment showed a 93.7% peak efficiency, validating its potential for medium
head sites in Pakistan [44].

Universiti Kebangsaan Malaysia:

A 450 mm diameter cross-flow turbine system generated 69 W at 1 m head, with
potential scaling to 100 W at 1.2 m. Such configurations align with Pakistan’s irrigation-fed
canal systems [45].
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UNITEN (Malaysia):
A Pelton system using rooftop rainwater (19 m head, 0.97 m?/s flow) achieved 150

kW output, emphasizing urban MHP applications in buildings—a concept that could extend

to northern Pakistan’s dense educational clusters [46].

Nigeria Case Study:

A plastic-tank-fed Pelton turbine generated 5 W at 2.4 m head. Though rudimentary,
this highlights how low-cost setups can serve educational or backup loads in remote Pakistani
schools [47].

Policy-Driven Expansion and Incentive Mechanisms:

Pakistan’s Mini-Hydro Incentive Program (2024) introduced feed-in tariffs (PKR
2.8/kWh) for systems below 5 MW. As a result, 58 new projects were launched under CPEC
Phase III, targeting 622 MW of new capacity along Indus tributaries [37][47].

However, several challenges persist:

Sedimentation reduces turbine lifespan by 40% in northern rivers. Localized filtration
systems and anti-abrasive coatings are under trial.

Financing gaps limit access to green bonds for projects below PKR 500 million in revenue.
Regulatory delays: The NEPRA licensing period averages 14 months, impeding rapid rollout
compared to more agile provincial frameworks.

Summary of Site-Specific Output:

Table 5 summarizes key operational parameters from a selection of small hydropower
(SHP) installations across various regions, providing insights into the diversity of site
conditions, turbine technologies, and power outputs. The sites range from experimental setups
in developed countries to functional, high-output installations in South Asia.

Table 5. Output Characteristics from Sample Sites [4][48][49][50][51]]52]]53][54]

Rewion Head | Flow | Output | Turbine Notes Estimated Cost
8 (m) | (@/s)| (W) | Type per kW (USD)
Charsadda (KPK) 2.5 4200 | 823 | Cross-flow | High capacity factor 1,700-2,200
GB (example site) 12 [ 1742 | 164 | Pelton Medium head, 2,000-2,800
sediment filtration
AJK 2.5 | 5600 109 | Kaplan Canal-fed 1,800-2,400
Bristol (UK) 3.5 ~8 | ~0.75 | Turgo Experimental setup 6,000-8,000
Malaysia (UNTTEN) | 19 | 970 | 150 | Pelton Urban rainwater 2,500-3,200
application

These examples demonstrate the adaptability of various turbine technologies and
highlight the feasibility of micro-hydropower (MHP) across diverse environmental and
infrastructural settings in Pakistan.

Discussion:
Strategic Role of Micro Hydro Power in Pakistan’s Energy Transition:

Micro-hydropower (MHP) systems offer a highly adaptable and sustainable energy
solution for addressing Pakistan’s energy access disparities, with their scalability, high capacity
factors (often exceeding 80%), and independence from fossil fuel supply chains making them
particulatly well-suited for rural and peri-urban electrification. Pakistan’s northern regions,
particularly Khyber Pakhtunkhwa, Gilgit-Baltistan, and Azad Jammu & Kashmir, offer natural
conditions conducive to MHP deployment: perennial river systems, steep gradients, and
decentralized settlement patterns. These features reduce the need for expensive grid extension
while supporting localized energy independence [55][56].

Strategic Benefits:
Energy Access and Equity:
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MHP can close energy access gaps for the 43 million Pakistanis currently unserved by
the national grid, providing decentralized solutions that enhance social equity and reduce rural-
urban disparities [57].

Environmental Sustainability:

Unlike large-scale hydro projects, MHP installations impose minimal ecological
disruption. They do not require large reservoirs, mitigating impacts on aquatic ecosystems and
community displacement [58].

High Efficiency and Reliability:

Technologies such as cross-flow, Kaplan, and Turgo turbines offer 82—93% efficiency
even at low to medium heads. Their high capacity factors, particularly during monsoon
seasons, provide a more stable output compared to intermittent solar and wind generation
[59][60].

Long Operational Lifespan:

With proper maintenance, MHP systems can operate reliably for 30-50 years, offering
a strong return on investment, especially when combined with carbon credit monetization
[61].

Systemic and Operational Challenges:

Despite these benefits, the sector faces critical barriers:

Seasonal Flow Variability: Inconsistent water availability during dry months can impair
output. Hybridization with other renewable systems or storage is required for consistent
service delivery [61].

Sedimentation: River systems in northern Pakistan carry high turbidity, particularly during
floods. Without proper sediment filtration, turbine wear can reduce lifespans by up to 40%
[62].

Technical Capacity: Installation and O&M in remote regions require trained personnel.
Currently, technical support is limited outside major cities, necessitating skill development
programs alongside deployment [63].

Financing and Regulation: MHP systems below 5 MW often fall short of green bond
thresholds and face delays in NEPRA licensing, averaging 12—14 months. Simplified provincial
policies and pooled financing schemes could address these gaps [64].

Strategic Alignment with National Energy Policy:

The Government of Pakistan’s Alternative Energy Development Policy (2020) aims
for 30% renewable generation by 2030. However, less than 10% of proposed solar/wind
projects have achieved financial closure as of 2025 [65]. MHP provides an opportunity to meet
renewable targets through faster deployment, lower grid dependency, and higher output
stability.

Additionally, MHP aligns with the goals of CPEC Phase I1I, which includes 622 MW
of planned mini-hydro capacity, as well as the broader development agenda outlined in SDG
7 (Affordable and Clean Energy) and SDG 13 (Climate Action). As an economically viable
and socially inclusive solution, MHP systems deserve greater prioritization in national and
regional energy frameworks. Their integration into rural development programs and grid
modernization efforts can accelerate Pakistan’s energy transition while reducing long-term
carbon intensity.

Conclusion and Policy Recommendations:

This review highlights the pivotal role that micro hydro power (MHP) systems can
play in addressing Pakistan’s persistent rural electrification challenges, grid dependency, and
renewable energy targets. With over 60 GW of untapped hydro potential and favorable
topographical conditions in regions like Khyber Pakhtunkhwa, Gilgit-Baltistan, and Azad
Jammu & Kashmir, Pakistan is well-positioned to scale decentralized hydropower solutions.
The deployment of high-efficiency turbines—such as Pelton, Turgo, and Kaplan has
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demonstrated the technical viability of small-scale hydro systems across a wide range of head

and flow conditions.

Empirical case studies from Pakistan and international contexts show that even low-
head, moderate-flow installations can deliver meaningful energy output, particularly when
integrated with modern turbine designs and local grid infrastructure. Strategic programs like
the Mini-Hydro Incentive Scheme and CPEC Phase III have already initiated momentum, but
further scaling requires institutional coordination, regulatory streamlining, and financial
innovation.

Policy Recommendations:

Streamline Licensing Procedures: Reduce the average 12-14 month NEPRA licensing

timeframe for sub-5 MW MHP projects through provincial fast-track pathways and digital

permit systems.

Establish Decentralized Energy Funds: Create pooled financing instruments to support

MHP projects that do not meet green bond thresholds but demonstrate community benefit

and emissions reductions.

Promote Hybrid Models: Encourage integration of MHP systems with solar PV or battery

storage to mitigate seasonal flow variability and improve load balancing in off-grid zones.

Localize Manufacturing and Skill Development: Mandate local turbine fabrication

standards and support vocational training centers to ensure technical maintenance capabilities

in remote deployment zones.

Leverage International Carbon Finance: Expand participation in UNFCCC Clean

Development Mechanism (CDM) and similar programs to monetize the emissions savings

from micro hydro installations.

Data availability: Not applicable

Competing interests: The author declares that they have no competing interests.

Funding: The authors declare that no funds, grants, or other support were received during

the preparation of this manuscript.

Authors’ contributions: All the Authors confirm contribution to the paper as follows: TU

and ASK are the primary authors responsible for drafting, literature review, concept

development, peer review of the draft, and getting the article submission ready. SSK, MIK,
and AMA provided critical revisions of the version to be published. All authors read and
approved the final manuscript.

Acknowledgements: I would like to take this opportunity to acknowledge that there are no

individuals or organizations that require acknowledgment for their contributions to this work

References:

[1] N. M. Farooq, Muzammil, Khan, Junaid, Hussain, Mirza Naseem, and Sheikh,
“Hydropower development in Pakistan: Past trends, current status and future
development,” Renew. Sustain. Energy Rev., vol. 81, pp. 897-915, 2018.

[2] M. J. Usman, Muhammad, and Khan, “Small hydropower potential and development
in Pakistan,” Renew. Sustain. Energy Rev., vol. 72, pp. 186—196, 2017.

[3] M. Igbal, Muhammad Tariq, and Ali, “Design and implementation of pico hydro power
plant for remote areas in Pakistan,” Renew. Energy, vol. 60, pp. 107-115, 2013.

[4] H.J. K. Waqar Uddin, Ayesha, Kamran Zeb, Aun Haider, Bilal Khan, Saif ul Islam, M.
Ishfaq, Imran Khan, M. Adil, “Current and future prospects of small hydro power in
Pakistan: A survey,” Energy Strateg. Rev., vol. 24, pp. 166-177, 2019, doi:
https://doi.org/10.1016/j.esr.2019.03.002.

[5] M. A. Sheikh, “Energy and renewable energy scenario of Pakistan,” Renew Sust Energ
Ren, vol. 14, no. 1, pp. 354-363, Jan. 2010, doi: 10.1016/j.rser.2009.07.037.

[6] Government of Pakistan, “National Electric Power Regulatory Authority (NEPRA)
Annual Report 2023, Islam. Pakistan, 2024.

July 2025 | Vol 07 | Issue 03 Page | 1564




OPEN

ﬁ%}

yACCESS . . . .
' International Journal of Innovations in Science & Technology

[34]

Pakistan Bureau of Statistics, “Statistical Year Book 2024.” Islam. Pakistan, 2024.
United Nations Development Programme (UNDP), “Sustainable Energy for All:
Pakistan Status Report,” Islam. Pakistan, 2023.

Ministry of Energy (Power Division), “Power Sector Yearbook 2024, Islamabad, 2024.
L. R. E. A. IRENA), “Renewable Capacity Statistics 2024,” Abu Dhabi, UAE, 2024.
A. D. B. (ADB), “Pakistan: Power System Expansion and Strengthening Investment
Program,” Manila, Philipp., 2023.

F. Zhang, “In the Dark: How Much Do Power Sector Distortions Cost South Asia?,”
Dark How Much Do Power Sect. Distortions Cost South Asia?, 2019, doi: 10.1596/978-1-
4648-1154-8.

S. Wali, Muhammad, and Noor, “Pakistan’s Energy Dilemma: From Crisis to
Sustainability,” Energy Policy, vol. 146, 2020.

M. Haider, Muhammad, and Waseem, “Decentralized energy generation and rural
electrification in Pakistan,” Energy Strateg. Rev., vol. 30, 2020.

T. Sarfraz, Muhammad, and Khan, “Hydropower energy resources of Pakistan,” ].
Clean. Prod.,vol. 170, pp. 1011-1023, 2018.

National Transmission and Dispatch Company, “Ten Year Transmission Network
Expansion Plan (2023-2032) Pakistan,” (NTDC), 2023.

M. of C. Change, “Pakistan’s Climate Risk Profile,” Islamabad, 2023.

F. Akhtar, Sajjad, and Saleem, “A Review on Environmental Impacts of Hydropower
Projects in Pakistan,” Environ. Sci. Pollut. Res., vol. 28, pp. 1132-1140, 2021.

M. Gul, Raheel, and Niazi, “Water-energy nexus in Pakistan: Opportunities and
challenges,” J. Water Clim. Chang., vol. 13, no. 1, pp. 123—134, 2022.

D. Sangal, Saurabh, Garg, Ashish, and Kumar, “Review of Optimal Selection of
Turbines for Hydroelectric Projects,” Int. |. Eng. Res. Appl., vol. 3, pp. 424-430, 2012.
“WAPDA - Water and Power Development Authority.” Accessed: Jul. 24, 2025.
[Online]. Available: https://www.wapda.gov.pk/

N. Shah, Waqgas Ahmad, and Tariq, “Hydroelectric Potential and Development in
Pakistan: A Review,” Renew. Sustain. Energy Rev., vol. 113, 2019.

National Electric Power Regulatory Authority (NEPRA), “State of Industry Report,”
2023, [Online]. Available: https://www.nepra.org.pk/publications/State of Industry
Reports/State of Industry Report 2023.pdf

I. M. F. (IMF), “Pakistan Energy Sector Diagnostic,” Washington, D.C, 204AD.

A. Gul, Hammad, and Zia, “Circular Debt and Power Sector Reforms in Pakistan,”
Pak. Dey. Rev., vol. 61, no. 2, 2022.

Private Power Infrastructure Board (PPIB), “Private Sector Power Generation
Projects,” Islamabad, 2024.

S. Ahmad, Waqas, and Sadiq, “Technical and Financial Viability of Small Hydropower
Plants in Northern Pakistan,” Renew. Energy, vol. 130, pp. 341-349, 2019.

UNIDO, “Small Hydropower Development Report,” VVienna, Austria, 2023, [Online].
Auvailable: https://www.unido.org/WSHPDR2022

G. of K. P. Energy Department, “Mini/Micro Hydro Projects Summary,” Peshawar,
2024,

F. Agha, Hassan, and Shah, “Decentralized Power Generation and Off-grid Solutions
in Pakistan,” Energy Reports, vol. 6, pp. 165-172, 2020.

WWTF Pakistan, “Clean Energy Transition in Pakistan,” Is/amabad, 2022.

C. Authority, “CPEC Phase II Energy Sector Brief,” Gov. Pakistan, Islam. Pakistan, 2024.
F. Ahmed, Shaista, and Nasir, “Indigenous Hydropower Technologies for Rural
Electrification,” |. Renew. Energy Smart Grid, vol. 5, no. 2, pp. 44-52, 2022.

PCSIR, “Testing and Evaluation of Small Hydro Equipment,” Lahore pakistan, 2023.

July 2025 | Vol 07 | Issue 03 Page | 1565



OPEN

ﬁ%}

yACCESS . . . .
' International Journal of Innovations in Science & Technology

[51]

[52]

[53]

[57]

Planning Commission of Pakistan, “Vision 2025: Energy Sector Roadmap,” Islam.
Pafkistan, 2024.

U. ESCAP, “Sustainable Energy Transition Framework for Asia-Pacific,” Bangkok,
Thail., 2023.

Alternative Energy Development Board (AEDB), “Progress Brief: Mini-Hydro
Deployment 2025, Isiamabad, 2025.

China—Pakistan Economic Corridor Authority, “Phase III Energy Project Summary,”
CPEC, 2024.

M. Khan, Saeed, and Anwar, “Performance Evaluation of Micro Hydropower Plants
in Northern Pakistan,” Energy Sustain. Dev., vol. 57, pp. 75-83, 2020.

L. E. A. IEA), “Hydropower Special Report,” Paris, Fr., 2023.

JICA, “Renewable Energy Master Plan: Pakistan Final Report,” Tokyo, Japan, 2022.
National Engineering Services Pakistan (NESPAK), “Hydropower Resource
Mapping,” Lahore pakistan, 2023.

Pakistan Council of Renewable Energy Technologies (PCRET), “Status of Small Hydro
Installations,” Islamabad, 2024.

Energy & Power Magazine, “Hydropower Investments in South Asia,” vol. 11, pp. 48—
55, 2023.

A. Gul, Asim, and Shahid, “Assessment of Hydropower Sustainability Indicators in
Pakistan,” Water Resour. Manag., vol. 34, pp. 2995-3012, 2012.

Pakistan Institute of Development Economics (PIDE), “Policy Brief: Restructuring the
Energy Sector,” Islamabad, 2023.

United States Agency for International Development (USAID), “Power Sector Reform
Roadmap,” Washington, D.C, 2023.

European Small Hydropower Association (ESHA), “Guide on how to develop a small
hydropower plant,” Brussels, Belgium ESH.A, 2004.

E. C. Edwin Gallego, Ainhoa Rubio-Clemente, Juan Pineda, Laura Velasquez,
“Experimental analysis on the performance of a pico-hydro Turgo turbine,” J. King Saud
Univ. - Eng.  Sa, vol. 33, no. 4, pp. 266-275, 2021, doi
https://doi.org/10.1016/j.jksues.2020.04.011.

E. Soekarno, 1., Nugroho, B. A., & Handoko, “Reservoir-based MHP systems in
tropical environments: Urban applications and challenges,” IOP Conf. Ser. Earth Environ.
Sci., 2024.

B. Ralf, “United Nations Industrial Development Organization (UNIDO),” Max
Planck Eneyel. Public Int. Law, Jul. 2017, doi:
10.1093/LAW:EPIL/9780199231690/E557.

C. Yiyang, “Project Case: Integrated Elderly Care Project in Yichang City,” Sustain.
Aging  Cases  Coop.  China  Ger., vol. 1, pp. 293-295 2025, doi:
https://doi.org/10.1007 /978-3-662-69139-7_25.

W. B. E. S. M. A. P. (ESMAP), “Search for Clean Cooking Energy: Pros and Cons of
Bottled Gas"World Bank:” Washington, DC, 2022. Accessed: Jul. 24, 2025. [Online].
Auvailable: https://hdl.handle.net/10986/38509

O. Paish, “Small hydro power: technology and current status,” Renew. Sustain. Energy
Rer., vol. 6, no. 6, pp. 537-556, 2002, doi: https://doi.org/10.1016/S1364-
0321(02)00006-0.

N. E. P. R. A. NEPRA), “Performance Evaluation Reports of IPPs,” Islamabad, 2024.
H. Fazal, Usman, and Rahman, “GIS-Based Analysis of Hydropower Potential in Swat
Valley,” J. Mt Sci., vol. 71, pp. 44-56, 2021.

G.-B. Planning & Development Department, “Hydro Resource Feasibility Studies,”
Gilgit, 2023.

July 2025 | Vol 07 | Issue 03 Page | 1566



(o ) ACCESS . . . .
International Journal of Innovations in Science & Technology

[58] U. Khan, Hassan, and Javed, “Public-Private Partnership in Renewable Energy in
Pakistan,” Energy Policy, vol. 112, pp. 34—42, 2018.

[59] German Development Bank (KfW), “Pakistan Hydropower Programme Progress
Report,” Frankfurt, Ger., 2023.

[60] M. Shahid, Imran, and Khalil, “Policy and Institutional Framework for Renewable
Energy in Pakistan,” . Energy Environ., vol. 31, no. 1, pp. 12-19, 2021.

[61] L H.A. (IHA), “Pakistan Hydropower Sustainability Report,” London, UK, 2023.

[62] Government of Azad Jammu & Kashmir, “Mini-Hydel Projects Progress,”
Muzaffarabad, 2023.

[63] Energy and Research Center, “Micro-Hydro Innovation Projects Summary,” UET
Peshawar, 2023.

[64] D. & S. 1. Ministry of Planning, “Pakistan Energy Outlook 2040,” Is/amabad, 2023.

[65] 1. Haq, Muhammad Usman, and Raza, “Long-term Hydropower Planning for Climate
Resilience in Pakistan,” Clim. Change, vol. 163, no. 3, pp. 711-728, 2021.

@ Copyright © by authors and 50Sea. This work is licensed under
Creative Commons Attribution 4.0 International License.

July 2025 | Vol 07 | Issue 03 Page | 1567



