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ABSTRACT The urgent need for sustainable energy solutions has led to a growing interest in the innovative
integration of hydropower and thermal energy systems for combined heat and power (CHP) production. This
comprehensive review examines the current state of integration techniques, assessing their technical,
economic, and environmental implications. Hydropower, as a renewable resource, provides a reliable and
flexible energy supply, while thermal energy systems enhance overall efficiency and energy security. By
synergizing these two energy sources, the integration maximizes resource utilization and addresses the
intermittent nature of renewable energy. This review highlights the role of such integrated systems in
contributing to global sustainability goals, including the United Nations Sustainable Development Goals
(SDGs), particularly Goal 7 (Affordable and Clean Energy) and Goal 13 (Climate Action). The findings
indicate that hydropower-thermal integration can achieve greenhouse gas emissions reductions of up to 30%,
significantly improving energy efficiency by 20-30% compared to conventional systems. Furthermore,
integrating these systems can lead to cost savings of approximately 15-25% in operational expenses,
primarily through enhanced fuel utilization and reduced reliance on fossil fuels. Through an analysis of case
studies and recent advancements in technology, this review offers valuable insights for policymakers,
researchers, and industry stakeholders aiming to implement sustainable energy solutions. By embracing
innovative integration approaches, we can pave the way for a more resilient and sustainable energy future.

Keywords: Hydropower; Thermal Energy; Combined Heat and Power (CHP); Energy Integration;

Renewable Energy; Sustainability Goals; Greenhouse Gas Emissions

I. INTRODUCTION
Combined heat and power (CHP) systems are integrated
energy solutions that simultaneously generate electricity
and useful heat from a single fuel source, enhancing overall
energy efficiency and reducing greenhouse gas emissions
compared to conventional generation methods [1, 2]. These
systems can be categorized based on their thermodynamic
cycles, including Rankine, Stirling, and gas turbine cycles,
each offering varying efficiencies and applications. CHP
systems are particularly beneficial in settings requiring both
low-grade heat and high-grade power, such as hospitals and
universities, where they can significantly lower operational
costs and energy consumption [3, 4]. Additionally,
advancements in fuel cell technology, particularly proton
membrane fuel cells (PEMFCs) and solid oxide fuel cells
(SOFCs), have expanded the potential of CHP systems by
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improving net efficiency through effective heat Utilization
[5]. The integration of renewable energy sources and
innovative designs further positions CHP systems as a
sustainable solution for future energy needs[6].

Integrating renewable energy sources, particularly
hydropower, with thermal energy systems is crucial for
enhancing energy stability and reducing greenhouse gas
emissions. The hybridization of these systems addresses the
intermittent nature of renewable sources like wind and
solar, which can lead to power quality issues and
operational Challenges. By combining hydropower with
thermal systems, such as gas turbines or boilers, energy
storage solutions can be optimized, ensuring a reliable
power supply while minimizing reliance on fossil Fuels [7-
9]. Furthermore, pumped storage hydropower plants can
effectively mitigate the variability of renewable sources,
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demonstrating lower water losses compared to traditional
thermal power plants. This integrated approach not only
supports a low-carbon energy transition but also enhances
the overall efficiency and resilience of energy systems,
making it a vital strategy for sustainable energy
development[10] [11].

This paper provides useful insights for policymakers,
researchers, and industry stakeholders looking to implement
sustainable energy solutions through an analysis of case
studies and recent technological breakthroughs. We can
create a more robust and sustainable energy future by
adopting creative integration strategies.

Il. TECHNOLOGICAL FOUNDATIONS AND
INTEGRATION CONCEPTS

Hydropower is recognized as a highly efficient and reliable
renewable energy source, contributing approximately 17%
to the global electricity supply, which is nearly double that
of all other renewable combined. Its technology has
evolved significantly since the 19th century, with modern
systems like pumped storage hydropower (PSH) achieving
operational efficiencies of up to 60.78%. The performance
of hydropower plants is influenced by factors such as
waterfall height and turbine design, with studies indicating
that optimal configurations can enhance power output and
efficiency. Furthermore, hydropower plays a crucial role in
stabilizing energy systems, supporting the integration of
variable renewable like wind and solar, and reducing
greenhouse gas emissions[12]. However, the development
of hydropower must consider environmental impacts and
climate change resilience to ensure sustainable management
and operation [13-15]. Hydropower, while recognized for
its potential to provide flexible energy solutions, faces
significant limitations that can hinder its ability to meet
diverse heat and power needs.

Environmental constraints, such as those imposed
by the EU’s Water Framework Directive, can reduce
operational flexibility and production income, as
demonstrated in studies from Norway and Sweden.
Additionally, the integration of variable renewable energy
sources like wind and solar increases the demand for
hydropower flexibility, yet operational conflicts arise when
hydropower facilities are tasked with balancing these
fluctuations while adhering to ecological and policy
requirements. Furthermore, social and environmental
impacts, particularly in developing regions, pose challenges
to hydropower development, complicating its role as a
reliable energy source. Thus, while hydropower can
contribute to grid stability, its effectiveness is often
constrained by external factors and operational conflicts[16,
17].

First, we will discuss Run-of-river (ROR)
hydropower systems that utilize the natural flow of rivers to
generate electricity. As shown in (Fig. 1) presents a
sustainable alternative with minimal environmental impact
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compared to traditional hydropower methods. In Great
Britain, the hydrological potential for ROR is estimated at
20 GW, with a realizable potential of 290 to 320 MW,
primarily from mini and small schemes located in less
populated areas[18]. However, these systems face
challenges in optimizing power generation due to their
limited storage capacity, which necessitates innovative
control strategies to enhance efficiency and stability.
Recent advancements, such as the HYPER-FORD toolbox,
have improved design optimization while significantly
reducing computational costs, thus promoting sustainability
by minimizing associated greenhouse gas emissions.
Furthermore,  regulatory  frameworks,  particularly
abstraction licenses, can influence power generation
potential, with optimal policies potentially increasing future
generation by over 30% in some regions[19]. Overall, ROR
hydropower represents a viable and environmentally
friendly energy source, contingent on effective management
and regulatory support.
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Fig. 1: Run-of-river (ROR) hydropower system

Second is Pumped-storage hydropower (PSH) which plays
a crucial role in energy storage and grid stability,
particularly as the share of renewable energy sources
increases. As shown in (Fig. 2). PSH accounts for 90% of
global energy storage capacity, providing essential
flexibility to balance supply and demand during peak
periods. Its ability to store excess energy generated from
intermittent sources like wind and solar enhances grid
reliability and operational efficiency. Moreover, PSH
systems can reduce costs and promote energy self-
sufficiency, especially in agricultural settings, by allowing
farms to generate their electricity and sell surplus power
back to the grid. Financial viability can be improved by
integrating existing conventional hydropower resources,
which lowers the levelized cost of energy storage.
Innovative designs, such as multi-reservoir systems
utilizing seawater, further expand the potential applications
of PSH in achieving sustainable energy goals [20-22].
Overall, PSH is integral to a resilient and flexible energy
future.
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Fig. 2: Pumped-storage hydropower system

Gas Combined Cycle (GCC) systems integrate gas turbines
with steam turbines to enhance overall efficiency, achieving
net power plant efficiencies exceeding 64% with natural
gas as fuel. The combination allows for the recovery of
waste heat from the gas turbine, which is then utilized to
generate steam that drives the steam turbine, thereby
maximizing energy output from the same fuel input. As
shown in (Fig. 3). This dual-cycle approach not only

to their lower emissions and operational flexibility[23, 24].
Challenges in commissioning and operational integration,
such as the coupling of steam and gas turbines, have been
documented, highlighting the need for precise control
systems to manage the complex interactions between the
two turbine types. Furthermore, advancements in
technology and the potential incorporation of energy
storage systems can further optimize the operational

improves efficiency but also positions GCCs as efficiency of GCCs, addressing issues related to non-linear
economically better solutions for electricity generation due cost curves in electricity markets[25, 26].
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Fig. 3: Combined cycle power plant model
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Biomass and waste heat recovery systems are increasingly
recognized for their potential to enhance energy efficiency
and sustainability. Various technologies, such as
thermoelectric generator (TEG) systems, have been
developed to effectively harvest waste heat from biomass
engines, achieving notable performance improvements by
minimizing thermal resistances. As shown in (Fig. 4).
Additionally, aerobic and anaerobic digestion techniques
facilitate the conversion of biomass waste into bio-energy,
contributing to a circular economy by recovering valuable
resources and reducing environmental impact[27, 28]. The

Waste heat
from the process
(flue gas)

Heat
recovery
boiler

Turbine

integration of absorption heat pumps in biomass
cogeneration  plants has demonstrated significant
operational flexibility and energy savings, enhancing
thermoelectric output by 13.2%. Furthermore, innovative
tri-generation systems utilizing biomass can simultaneously
produce power, heat, and hydrogen, achieving energy
efficiencies exceeding 57%. Lastly, bio-drying processes in
biomass power plants have been shown to reduce energy
requirements  significantly, further emphasizing the
importance of waste heat recovery in optimizing biomass
Utilization.
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Fig. 4: Heat waste recovery system

Geothermal energy, when combined with hydropower,
presents a promising solution for providing base load
thermal energy in select regions, leveraging the strengths of
both renewable sources. Geothermal energy is recognized
for its reliability and ability to deliver consistent power,
contributing significantly to energy independence and
sustainability, with the potential for multi-generation
applications such as power generation and seawater
desalination. As shown in (Fig. 5). While hydropower
currently dominates the renewable energy landscape,
accounting for approximately 48% of global capacity,
geothermal energy remains underutilized, representing only
about 0.5%. However, advancements in technology and
supportive policy frameworks could enhance the efficiency
and deployment of geothermal systems, making them
integral to future energy mixes alongside hydropower[29,
30]. This synergy could address both energy demands and
environmental concerns, fostering a more sustainable
energy future.
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Cascading systems in energy production, particularly
hydropower and thermal systems, exemplify the integration
of renewable and supplementary energy sources.
Hydropower plants utilize cascading turbines to efficiently
convert the kinetic energy of flowing water into electricity,
optimizing water flow management and minimizing
environmental  impact.  Additionally,  hydroelectric
cogeneration systems enhance this process by utilizing
exhaust steam from thermal systems, such as coal-fired
power plants, to generate electricity and provide heat for
desalination, thereby improving overall system efficiency.
The concept of cascading extends beyond energy
generation; it also encompasses the potential for cascading
impacts in climate change scenarios, highlighting the
interconnectedness of human-environment systems and the
need for robust methodologies to assess these interactions.
Furthermore, cascading bio-energy systems illustrate the
integration of biological and thermochemical technologies
for sustainable biofuel production, emphasizing the
importance of resource efficiency in energy systems[31,
32]. Thus, cascading systems represent a multifaceted
approach to energy production and resource management.

Fuel

Gas Turbine

Electricity

Cogeneration systems, also known as combined heat and
power (CHP) systems efficiently produce both thermal and
electrical energy from a single fuel source, significantly
enhancing energy efficiency compared to separate
generation methods. These systems are particularly
beneficial in industrial settings, such as chemical and steel
production, where simultaneous heat and power are
essential. Recent advancements include integrating
renewable energy sources and energy storage, which further
optimize cogeneration efficiency and reduce reliance on
fossil fuels[33, 34]. As shown in (Fig 6) additionally, the
application of Power-to-Heat technologies in district
heating systems, as demonstrated in Sofia, illustrates the
potential for hybrid systems to displace gas demand and
improve overall energy management. Furthermore, the
integration of industrial waste heat into district heating
networks presents opportunities for enhanced energy
utilization, although challenges remain in data availability
and system coupling. Overall, cogeneration systems
represent a pivotal strategy for achieving sustainable energy
and environmental goals.
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Fig. 6: CHP system arrangement example of incorporating combustion turbine and generator set with the turbine exhaust recovered

Smart grid integration plays a crucial role in optimizing
power and heat distribution in real time, effectively
balancing supply and demand. By leveraging modern
information and communication technologies, smart grids
facilitate dynamic monitoring and control of energy
production and consumption, enhancing overall system
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resilience and efficiency. The incorporation of demand
flexibility, particularly through technologies like heat
pumps and electric vehicles, allows for better management
of intermittent renewable energy sources, ensuring that both
heat and electric demands are met efficiently. Additionally,
decentralized control methods utilizing agent-based systems
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optimize microgrid operations, leading to significant cost
reductions and improved performance in energy
distribution. Furthermore, load flow analysis demonstrates
that integrating distributed generation and intelligent
control systems enhances voltage regulation and system
stability, underscoring the necessity of smart grid
technologies in modern power systems[35].

lll. Benefits of Hybrid Hydropower-Thermal CHP
Systems
Hybrid Hydropower-Thermal Combined Heat and Power
(CHP) systems effectively utilize both electricity and
thermal energy through various innovative strategies. The
integration of heat recovery (HR) and thermal load control
(TLC) significantly enhances the efficiency of these
systems, as demonstrated in studies where these strategies
reduced costs and emissions while increasing renewable
energy utilization[36]. Additionally, the use of proton
exchange membrane fuel cells (PEMFC) in CHP systems
showcases high electrical generation efficiency and the
potential to recover substantial amounts of thermal energy,
thus addressing power shortages while minimizing waste.
Furthermore, thermoacoustic micro-CHP systems illustrate
the effective recovery of low-grade thermal energy,
achieving high exergy efficiency and substantial annual

energy savings and emissions reductions. Collectively,
these approaches highlight the potential of hybrid systems
to optimize energy use and contribute to sustainable energy
solutions[37].

The integration of renewable hydropower and
thermal sources, such as biomass, significantly reduces
reliance on fossil fuels and mitigates carbon footprints.
Renewable energy sources, including hydropower, solar,
and biomass, can potentially eliminate up to 90% of carbon
emissions from electricity generation by 2050, addressing
over 75% of global greenhouse gas emissions attributed to
fossil fuels. As shown in (Fig. 7). Biomass, in particular,
offers a sustainable alternative by utilizing waste bio-
resources, which not only generate energy but also absorb
carbon dioxide during photosynthesis, thereby lowering
greenhouse gas emissions. Additionally, the combination of
biomass and solar thermal systems has been shown to
reduce environmental impacts by approximately 43%
compared to conventional fossil fuel systems, highlighting
the effectiveness of these renewable technologies in
achieving energy efficiency and sustainability in residential
applications. Overall, the transition to renewable energy
sources is crucial for combating global warming and
fostering a cleaner energy future [38].
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Fig. 7: worldwide CO2and CH4 Emissions for the past years [46]
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Through efficient resource use and operating tactics, hybrid
hydropower-thermal combined heat and power (CHP)
systems dramatically lower fuel costs and increase
profitability. Simulations demonstrate that the cost of
power from RES is lower while considering health and
environmental ~ effects from  thermal  emissions,
demonstrating that integrating RES with thermal plants
decreases lifecycle costs and environmental consequences.
Furthermore, despite an increase in capital expenses, a two-
layer optimization model showed that expanding the use of
renewable energy can boost the efficiency of fossil fuels
and generate income from surplus electricity sales[39].
Additionally, it has been demonstrated that incorporating
heat recovery and thermal load control techniques into CHP
systems can lower expenses by as much as 25% while
raising the proportion of renewable energy, improving
overall economic performance. Overall, these systems use
resource management and strategy optimization to optimize
profitability while reducing operating expenses[40].

IV. CHALLENGES WE MUST OVERCOME
The integration of various energy sources and the
requirement for advanced optimization approaches lead to

the complexity of system design for hybrid hydropower-
thermal combined heat and power (CHP) systems. As
shown in (Fig. 8) The difficulties of integrating hydropower
with thermal and renewable components are demonstrated
by hybrid systems, like the Magat HYPP in the Philippines,
which necessitate rigorous regulatory compliance and
creative energy management systems to maximize
efficiency and income generation[41]. Furthermore, to
reduce costs and emissions, the design and operational
management of these systems require sophisticated
optimization models, such as two-layer stochastic
techniques that consider uncertainty in renewable energy
and load demands. Because it entails managing start-up
costs and operating restrictions that cannot be resolved by
conventional approaches, the integration of mixed integer
programming for hydro and thermal plants further
complicates the planning process. The complex character of
these energy solutions is highlighted by the need to balance
operating  efficiency, regulatory requirements, and
environmental implications in the design of an effective
hybrid system.
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Fig. 8: Complexity of combined heat and power CHP system [45].

Advanced techniques that integrate various energy sources
and maximize their interactions are required for the design
and coordination of complex systems for hydropower and
thermal energy in combined heat and power (CHP)
generation. To efficiently meet consumer demands using a
variety of energy carriers, such as natural gas and electricity
from renewable sources, the idea of energy hubs (EH)
makes it easier to plan electrical and thermal networks
simultaneously. Furthermore, scheduling CHP systems can
be greatly improved by combining pumped storage
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hydropower (PSH) with wind and PV systems. This lowers
carbon emissions and operating expenses while enhancing
the use of renewable energy sources[42]. Moreover, a
multiparametric programming technique improves the
operational efficiency of CHP systems by enabling the
unification of design, scheduling, and control strategies
across several time scales. Overall, resolving the intricate
restrictions present in power system scheduling requires
efficient coordination between hydro-thermal-gas systems.

35



PcS]

Medhat Elkelawy Pharos Engineering Science Journal (PESJ)

The use of thermal energy and hydropower for combined
heat and power (CHP) generation is severely hampered by
their high capital costs and dependence on government
subsidies. CHP systems require a significant initial
investment, which frequently calls for financial assistance
in the form of tax credits or subsidies to make projects
financially feasible[43]. For example, research found that a
16% subsidy was necessary for new CHP plants in Finland
to be profitable. Additionally, these difficulties are made
worse by market opposition and regulatory restrictions,
especially from utilities, which can make it more difficult to
install and run decentralized CHP systems[44]. The overall
effectiveness of federal measures to increase CHP
implementation through better data collecting and
supportive legislation depends on continued government
support and the removal of regulatory barriers. Therefore,
the potential of CHP technologies can go mostly unrealized
if these financial and legal obstacles are not addressed.

V. CONCLUSION

A viable way to improve the effectiveness, dependability,
and sustainability of energy generation is to combine
hydropower and thermal energy systems for the production
of Combined Heat and Power (CHP). Hybrid systems can
optimize energy utilization and enhance grid stability by
fusing the adaptability of thermal power with the
renewable, low-emission advantages of hydropower.
Compared to conventional fossil-fuel plants, these systems
can help reduce greenhouse gas emissions, reduce waste
through heat recovery, and lessen the unpredictability of
renewable energy sources like solar and wind. They also
provide increased operating efficiency and possible cost
savings, especially when hydropower is combined with
greener fuels like biomass or natural gas. However, there
are obstacles to the adoption of hybrid hydropower-thermal
CHP systems, including high initial costs, technical
complexity, and problems with water availability for
hydropower generation. These hybrid systems are
becoming increasingly practical and affordable despite
these obstacles thanks to developments in energy storage,
smart grid technology, and digital control systems. Hybrid
hydropower-thermal systems have the potential to be a key
component of the global shift to a more resilient and
sustainable energy future, helping to meet rising energy
demands while minimizing environmental impact, provided
that supportive policy frameworks, financial incentives, and
ongoing technological innovation are in place.
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