a&eseam:;, 2,

1= J. of Adv. Res. in Thermal Engineering Perspectives : Emerging Trends
k ; Volume 1, Print Issue 2 - 2025, Pg. No. 30-35
R Peer Reviewed Journal

Review Article
Thermal Systems for Green Technologies: Sus-
tainable Heating, Cooling, and Energy Conver-

sion in the Circular Economy
Nikhil Prajapati’, Shubham Verma®

L2Student, Department of Mechanical Engineering, SRM Institute of Science and Technology, Meerut, India

I NF O A BSTRACT

Corresponding Author: The growing demand for sustainable energy solu
Nikhil Prajapati, Department of Mechanical the rising challenges posed by climate change/a
Engineering, SRM Institute of Science and of natural resources, makes it essential to
Technology, Meerut, India support the principles of a circular econ©

E-mail Id: range of advanced therma

nikhilprajapatiZé @gmail.com heat recovery systems,

Orcid Id: energy processes, can

https://orcid.org/ generation while also r

How to cite this article: unnecessary resource
Prajapati N, Verma S, Thermal Systems for Green progress in system design,
Technologies: Sustainable Heating, Cooling, and integrating thesessolutions into modern energy networks. The discus-

Energy Conversion in the Circular Economy. sion
J Adv Res Therm Eng Perspect : Emerg Trends urb
2025; 1(2): 30-35.

‘ ‘ong with an examination of the key benefits and the

Date of Submission: 2025-08-17

Date of Acceptance: 2025-09-22
combining these technologies in a well planned and coor-

nner can significantly reduce overall energy consumption,
environmental performance, lower emissions, and promote
an,of sustainable and resource efficient energy infrastructure.

erm energy security and environmentally responsible development.

Keywords: Circular economy, waste heat recovery, heat pumps,
thermal energy storage, waste-to-energy, sustainable heating, cooling,
energy conversion, low-carbon buildings, renewable energy integration

Introduction which depend largely on fossil fuels, are now widely consid-
ered unsustainable due to their considerable impact on the
environment, their contribution to the depletion of natural
resources, and their central role in increasing greenhouse
gas emissions. These challenges have intensified global
interest in more efficient, cleaner, and resource conscious
alternatives. Within this broader shift, the circular economy

The rapid expansion of global urbanisation and industriali-
sation has resulted in a sharp rise in energy demand across
all sectors, particularly for heating, cooling, and electricity
generation. As populations grow and cities continue to
develop, the pressure on existing energy systems becomes
increasingly evident. Traditional energy infrastructures,
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paradigm has emerged as a compelling framework for
rethinking how energy systems are designed, operated,
and integrated into society. This approach emphasises
the efficient use of resources, the minimisation of waste,
and the creation of systems in which materials and energy
continually circulate rather than being discarded.

Thermal systems have become particularly important in
advancing this transition, as they offer multiple pathways
for improving the performance, sustainability, and resilience
of energy networks. They enable the recovery and use of
waste heat from industrial, commercial, and domestic pro-
cesses; they support the integration of renewable energy
sources such as solar thermal and geothermal energy;
they allow surplus energy to be stored in the form of heat
for later use; and they provide methods for converting
different types of waste into useful thermal or electrical
energy. These capabilities not only improve overall energy
efficiency but also change the way resources are valued
and managed. By treating waste streams as potential en-
ergy inputs, thermal technologies help shift industries and
urban systems toward circular and regenerative models of
development. This transformation strengthens long term
energy security, reduces dependence on non renewable re-
sources, and supports more sustainable patterns of growth.

This article offers an in depth examination of the essential
role played by advanced thermal technologies in building
energy systems that align with circular economy principles.
The discussion covers a wide range of technologies, includ-
ing heat pumps, thermal energy storage systems, waste
heat recovery mechanisms, and waste to energy co
sion methods. We begin by presenting a thorough revie
of recent literature that highlights the latest innovations,
research trends, and technological advancement

energy infrastructures and newly design
assess the core benefits they provid
efficiency, reduced emissions, cost
system resilience, while also addr
nomic, and policy challenges
implementation.

In the final sectj ey conclusions and
outlines reco e research directions,
technological d supportive policy measures
that can facilitate broader adgption. These include the need
for improved system ration techniques, enhanced
storage materials, better utilisation of industrial waste
heat, and regulatory frameworks that encourage circular

economy practices within the energy sector.
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By adopting a fully integrated and holistic approach, ad-
vanced thermal systems have the potential to make sub-
stantial contributions to reducing primary energy consump-

tion, easing environmental pressures, and supporting the
long-term development of sustainable, resource efficient
urban and industrial ecosystems. Their successful deploy-
ment will play a crucial role in shaping the low carbon
energy systems of the future.

Literature Review

Waste-Heat Recovery And Energy Recovery
From Thermal Processes

A considerable portion of the world’s primary energy supply
is lost in the form of unused thermal waste. According to a
detailed review by Xue and colleagues (2022), an estimated
63 per cent of the primary energy consumed globally is
ultimately wasted during combustion, conversionyand heat

that actual adoption rates remain
what is technologically feasible. Limited deploy-

far

s in matching heat supply with demand, high
ment costs, low energy prices in some regions,

the need for coordinated policy support, improved system
design, and stronger industry participation to unlock the
full benefits of waste heat utilisation.?

eat Pumps And Thermal Energy Storage (Tes)
For Buildings

Heat pumps have become one of the most important
technologies for reducing carbon emissions associated
with heating and cooling in residential, commercial, and
industrial buildings. As highlighted by Yan and colleagues
(2024), modern heat pump systems are capable of operat-
ing in both heating and cooling modes, which makes them
highly versatile and suitable for use throughout different
seasons and across a wide range of climatic conditions.*
Their ability to move heat rather than generate it directly
allows them to achieve significantly higher efficiency than
conventional fossil fuel based heating systems.

The performance and flexibility of heat pump systems can
be greatly improved when they are integrated with thermal
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energy storage (TES). TES technologies include sensible
heat storage and latent heat storage, the latter often
using phase change materials that are able to store large
amounts of energy within a small volume. These storage
options enable heat pumps to shift loads, manage peak
demand more effectively, and operate more efficiently
by taking advantage of off peak energy availability.> Such
system combinations help stabilise energy consumption
and reduce stress on electrical grids during periods of
high demand.

Ground source heat pumps (GSHPs), especially when paired
with TES, have shown particularly strong advantages. By
utilising the relatively stable temperatures beneath the
earth’s surface, GSHPs maintain high efficiency throughout
the year and offer more reliable performance than many
conventional heating, ventilation, and air conditioning sys-
tems. Their widespread adoption can substantially reduce
dependence on fossil fuel based heating solutions, con-
tributing significantly to long term decarbonisation goals.®

In addition to these technologies, Earth to Air Heat
Exchangers (EAHESs) are receiving increasing attention as
passive solutions for reducing heating and cooling loads
in buildings. Reviews of EAHE systems show that they can
significantly cut energy requirements by pre heating or
pre cooling incoming air using stable underground tem-
peratures. Their environmental impact is minimal, and
when these systems are combined with renewable energy
sources, they form an effective strategy for improving
building energy efficiency and lowering operational carbon
emissions.’

Waste-to-Energy (WtE) and Thermochemical
Conversion of Waste

The waste to energy approach, which involves can
municipal, industrial, and agricultural waste int
heat, electricity, or fuel, is increasingly r i
essential component of circular econ

in landfills or open dumping sites,
help reduce environmental polluti

for countries
management

Recent technological devel@pments have significantly
enhanced the perfor of waste to energy processes.
Advanced thermochemital conversion methods, including
pyrolysis and gasification, now enable more efficient and
cleaner conversion of waste into energy rich gases, oils,
and solid residues.’ The use of refuse derived fuel (RDF),
produced by processing mixed waste into a uniform fuel,
has further contributed to improved combustion stability,

higher energy yields, and better overall system efficiency.
These innovations have made modern waste to energy
facilities far more flexible and capable of handling diverse
waste streams compared with earlier technologies.

However, despite these advancements, several challeng-
es continue to limit large scale deployment. Maintaining
strict control over emissions remains a major concern, as
waste composition can vary significantly and affect com-
bustion quality. Variability in fuel properties, especially
in RDF, can lead to fluctuations in energy output and op-
erational inconsistency. In addition, some technologies,
while promising, are still in early stages of development
and require further testing and optimisation before they
can be widely adopted. Regulatory frameworks

planning strategies.®

Thermal Systems In The Co

thermal power p jon through the lens of the circular
encourages the adoption of eco innovative prac-

energy recovery options, and reduce environmental impacts
associated with traditional power generation.®

ew and emerging system configurations are also being
explored to further advance this transition. These include
integrated arrangements that combine renewable heat
sources such as solar thermal or geothermal energy with
recovered waste heat, waste to energy inputs, and various
forms of thermal energy storage. When applied together,
these components can support tri generation systems that
produce heating, cooling, and electricity simultaneously,
enabling more efficient utilisation of available resources
and reducing overall energy losses. Such configurations
demonstrate strong potential for creating flexible, resilient,
and low carbon energy networks suitable for both urban
and industrial environments.

In summary, the existing body of literature consistent-
ly highlights the technical feasibility and environmental
benefits of adopting circular economy aligned thermal
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systems. However, it also draws attention to several ongo-
ing challenges. These include the complexity of integrating
multiple technologies into cohesive systems, high initial
investment costs, the lack of clear policy incentives, and
difficulties associated with optimising system performance
across varying operational conditions. Addressing these
barriers will be essential for unlocking the full potential
of thermal systems within future circular and sustainable
energy infrastructures.?

Discussion: Integration And Implementation
Strategies

System Integration: Multi-Modal Thermal
Infrastructure

To fully realise the potential of thermal systems within
a circular economy, it is essential to integrate multiple
technologies so that they operate as a coordinated and
complementary whole. One effective approach involves
coupling heat pumps with thermal energy storage systems,
which may include sensible storage materials such as water
or rock, as well as latent storage options that utilise phase
change materials. When these systems are connected to
district level thermal networks, they enable large scale
energy storage, load shifting, and improved balancing
between supply and demand. This makes it possible to
align variable renewable energy sources and captured
waste heat with the actual heating and cooling needs of
buildings throughout the day and across different seasons.

Ground source heat pumps combined with thermal energy
storage have consistently demonstrated strong perfor-
mance and operational stability. Because they draw
the naturally stable temperatures below the earth’s surfac
these systems offer an attractive low carbon solution for
both urban and rural building stock helplng to red

heat pumps or as part of passive building d
provide an effective means of deliverin

grating waste heat
eration cycles such as
rs additional opportunities
to enhance energy ef‘ﬁuenc These systems can convert
low grade waste h electrical power while also
supporting heating and%cooling needs. Waste to energy
technologies further expand the potential of integrated
thermal systems by converting municipal and industrial
waste streams into useful thermal energy, effectively clos-
ing loops of material and energy flow. Such configurations
are increasingly viewed as practical realisations of circular
economy principles, where waste is minimised and energy

is continuously recovered, reused, and reintegrated into
the system.

Environmental And Energy Efficiency Benefits

The adoption of integrated thermal systems has the po-
tential to deliver substantial reductions in primary energy
use and greenhouse gas emissions across a wide range of
applications. Heat pumps present one of the most effective
examples of thisimprovement. Because they transfer heat
rather than generate it directly, they are able to supply
several units of heat for every single unit of electricity
consumed. In many cases, their coefficient of performance
exceeds 3, meaning they can achieve overall energy effi-
ciencies of more than 300 per cent when compared with

at would nor-
e, recovered

reduce fu
a result, w
efficiency im
environmental i

ry supports not only energy
ut also cost savings and lower
or industrial sectors.

In ar way, waste to energy systems contribute to
s nability by addressing two issues simultaneously:
al and energy supply. By converting municipal,
, or agricultural waste into usable heat, electric-
fuel, these systems transform materials that would
otlerwise require landfilling or incineration into valuable
energy resources. This dual role helps ease pressure on
waste management infrastructure while contributing to
leaner and more efficient energy generation within a
circular economy framework.

Challenges And Barriers

Despite the clear benefits, several challenges continue
to impede large-scale deployment of integrated thermal
systems:

e Economic and financial viability: Many technologies
such as heat pumps, thermal energy storage, waste
heat recovery units, and waste to energy plants require
high initial capital investment. Long payback periods
further discourage adoption, particularly in sectors
with limited financial flexibility.

e Technical complexity and integration issues:
Integrating multiple thermal technologies (HP + TES
+ WHR + WtE) requires sophisticated system design,
advanced control strategies, and reliable maintenance.
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Temperature mismatches, fluctuating loads, and re-
al-world variability can significantly affect system per-
formance.

e Policy and regulatory gaps: In several regions, the
absence of comprehensive policies, incentives, and
regulatory frameworks slows down the adoption of
sustainable thermal technologies. For instance, incen-
tives for high-temperature industrial heat pumps are
still limited or only recently introduced.

e Resource and environmental concerns: Waste-to-
energy processes can generate emissions (CO,, partic-
ulate matter, and other pollutants) if not adequately
controlled. Additionally, the heterogeneous nature of
waste streams affects combustion characteristics and
overall energy conversion efficiency.

e Limitations of thermal energy storage: TES systems
face challenges such as thermal losses, capacity lim-
itations, performance degradation over time, and geo-
logical constraints in ground-based storage systems.
These factors reduce their long-term effectiveness
and reliability.

Pathways Forward: Framework For Deployment
In Circular Economy Contexts

To address these challenges and fully harness the potential
of thermal systems for sustainable energy infrastructures,
the following strategies are recommended:

e Policy support and incentives: Governments should
promote the deployment of heat pumps, TES, waste-
heat recovery systems, and waste-to-energy faciliti
through financial incentives such as subsidie
reductions, and carbon-pricing mechanisms. Clea
regulatory frameworks aligned with circular-ecopem
principles can further accelerate adoption.

e Holistic planning and system-level design:
ners and engineers should prioritise in
system design at district or communit
district heating and cooling netw
ergy communities—rather tha
building-level interventions.

(e.g.,, HP + TES +
proves resilience,

e Research, development; and innovation: Continued
investment is ne n advanced storage materials
(such as next-generation phase-change materials),
low-emission waste-to-energy conversion technologies,
and intelligent control systems capable of optimising
performance under dynamic operating conditions.

e  Publicawareness and multi-stakeholder collaboration:
Raising awareness among consumers, industries, and

policymakers can support broader acceptance of cir-
cular-economy-driven thermal solutions. Collaboration
among sectors—including waste management, building
infrastructure, energy services, and environmental
agencies—is essential for successful implementation.

Conclusion

Thermal systems including heat pumps, waste heat recov-
ery technologies, thermal energy storage, and waste to
energy conversion constitute a robust toolkit for enabling
sustainable heating, cooling, and power generation with-
in a circular economy paradigm. The reviewed literature
affirms that when these technologies are integrated into
well designed, synergistic systems, they can substantially
reduce energy consumption, decrease gree
emissions, divert waste from landfills, and ephan
resource efficiency.

However, their widespread adoptio
economic, technical, and policy rel

| incentives,
district scale

and energy works begome more intelligent and in-
terconnected, stems particularly when paired
with advanced storage and smart control mechanisms are
e to play a central role in building sustainable, resil-
ie nd low carbon urban and industrial infrastructures.
Fo ers, engineers, and policymakers advancing
i nomy and sustainability initiatives, these thermal
logies present a promising pathway toward efficient,

decarbonised, and resource circular energy systems.

References

1. Chen W, HuangZ, Chua KJ. Sustainable energy recovery
from thermal processes: a review. Energy, Sustainability
and Society. 2022 Nov 15;12(1):46.

2. Kumar A, Rakshit D. A critical review on waste heat re-
covery utilization with special focus on Organic Rankine
Cycle applications. Cleaner Engineering and Technology.
2021 Dec 1;5:100292.

3. Kuah CT, Koh QY, Rajoo S, Wong KY. Waste heat re-
covery research—a systematic bibliometric analysis
(1991 to 2020). Environmental Science and Pollution
Research. 2023 Jun;30(28):72074-100.

4. Yan H, Ahrens MU, Hertwich E, Eikevik TM, Wang R.
Heat pumps as a sustainable bridge for global heating
and cooling at multi-scale. Energy & Environmental
Science. 2024;17(6):2081-7.

5. Saleem A, Ambreen T, Ugalde-Loo CE. Energy stor-

age-integrated ground-source heat pumps for heating




10.

11.

12.

Prajapati N & Verma S

J. Adv. Res. Therm. Eng. Perspect.: Emerg. Trends. 2025; 1(2)

and cooling applications: A systematic review. Journal
of Energy Storage. 2024 Nov 20;102:114097.

Saleem A, Ambreen T, Ugalde-Loo CE. Energy stor-
age-integrated ground-source heat pumps for heating
and cooling applications: A systematic review. Journal
of Energy Storage. 2024 Nov 20;102:114097.
Mihalakakou G, Souliotis M, Papadaki M, Halkos G,
Paravantis J, Makridis S, Papaefthimiou S. Applications
of earth-to-air heat exchangers: A holistic review.
Renewable and Sustainable Energy Reviews. 2022
Mar 1;155:111921.

Brunner PH, Morf LS. Waste to energy, indispensable
cornerstone for circular economy: A mini-review. Waste
Management & Research. 2025 Jan;43(1):26-38.
Quan C, Ravelomanantsoa VS, Olazar L, Santamaria L,
Lopez G, Liu L, Gao N. Thermochemical conversion of
waste into energy: a review. Environmental Chemistry
Letters. 2025 Nov 3:1-26.

da Silva Fonseca AJ, Diniz FF, Gehrke CS, Nunes AM,
Junior EP, Junior LM. Thermal power plants in the
energy transition and circular economy: A review.
Sustainable Futures. 2025 Dec 1;10:101302.
Al-Sayyab AK, Mota-Babiloni A, Navarro-Esbri J.
Renewable and waste heat applications for heating,
cooling, and power generation based on advanced
configurations. Energy Conversion and Management.
2023 Sep 1;291:117253.

Saleem A, Ambreen T, Ugalde-Loo CE. Energy stor-
age-integrated ground-source heat pumps for heating

and cooling applications: A systematic review. Jougnal
of Energy Storage. 2024 Nov 20;102:114097. \

L




