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Abstract

Developments in renewable energy technology, in particular photovoltaics (PV) and solar thermal
systems, have been fueled by a rising demand for energy worldwide and the pressing need to slow down
climate change. These technologies provide greener options for heating, cooling, and energy
production by lowering dependency on fossil fuels and greenhouse gas emissions. This study examines
developments in solar thermal and photovoltaic technologies, their uses in commercial, industrial, and
residential contexts, and how they merge with HVAC (heating, ventilation, and air conditioning)
systems. To increase efficiency, special attention is paid to energy storage options, hybrid photovoltaic-
thermal (PVT) systems, and digital integration. The study also looks at issues which include
infrastructure needs, efficiency constraints, and cost difficulties. Future research will focus on
regulatory structures to speed adoption, Al-driven optimization, and material changes. The shift to a
low-carbon economy can be greatly aided by solar energy if these issues are fixed and technical
synergies are utilized. A key component of the green electricity landscape, photovoltaic (PV) and
thermal solar technologies provide solutions for conditioning, heating, and power generation that
promote sustainable development. There is enormous potential for energy efficiency and emission,
saving money through their integration with heating, cooling, and refrigeration systems. The materials,
layouts, and uses of photovoltaic and thermal energy systems in commercial, industrial, and residential
contexts are all examined in this study. Their ability to work in tandem with HVAC systems to provide
net-zero energy buildings is given particular attention. Future investigation and creation directions are
suggested, and issues including cost, efficiency, and integration into the grid are examined.
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INTRODUCTION

The need to slow global climate change and lessen reliance on fossil fuels is causing a fast transition
in the global energy. Solar energy, one of the most abundant renewable resources, is harnessed through
two primary technologies: photovoltaic (PV)
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OBJECTIVES
Citation: Siddharth Jha. Photovoltaics and Thermal Solar | This study aims to:
Technologies. Journal of Refrigeration, Air Conditioning, 1. Provide an overview of state-of-the-art PV
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and solar thermal technologies.
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2. Explore their integration with refrigeration, air conditioning, and heating systems.
3. ldentify obstacles and provide avenues for further study that could enhance the efficiency and
uptake.

LITERATURE REVIEW
Over the past 10 years, the development of solar energy technologies has grown enormously.

Early silicon-based photovoltaic cells laid the groundwork for solar electricity generation, while
innovations in thermal collectors expanded their use in heating and cooling. Key developments include:

e PV Advancements: Transition from monocrystalline to thin-film and perovskite technologies,
enhancing efficiency and flexibility [1].

o Thermal Collectors: Evolution from flat-plate collectors to evacuated tube designs, enabling
high-efficiency heat transfer [2].

e Hybrid Systems: The advent of photovoltaic-thermal (PVT) systems combining electricity and
heat generation for maximum resource utilization [3].

These technologies have significantly influenced energy efficiency in HVAC applications, paving
the way for net-zero energy systems.

PHOTOVOLTAIC TECHNOLOGIES
Photovoltaic (PV) technologies use materials for semiconductors to directly turn sunlight into power.
They are an essential element of solar energy systems and have greatly evolved as time has passed [4].

The primary classifications of photovoltaic technology are listed below:

Silicon-Based Photovoltaics
These are the most widely used and commercially available photovoltaic technologies.
e Monocrystalline PV Cells: Achieve efficiencies above 22% due to their uniform crystal structure,
suitable for high-performance applications (Figure 1).
o Composed of an instrumental silicon grain.
o High effectiveness (18-22%).
o Itis costly yet long-lasting.
e Polycrystalline PV Cells: Offer a cost-effective alternative with slightly lower efficiencies (15—
18%) (Figure 2).
o Constructed with several silicon grains.
o Efficiency is high (15-18%).
o Although more affordable than monocrystalline, it is almost less efficient.

Figure 1. Monocrystalline PV cells.
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Figure 2. Polycrystalline PV cells.

Thin-Film Solar Cells
Thin-film PVs, such as CIGS (copper indium gallium selenide and cadmium telluride (CdTe), offer
lightweight and flexible solutions for a range of applications [5, 6].
e Cadmium Telluride (CdTe)
o Most common thin-film technology.
o Efficiency around 10-12%.
o Cost-effective but contains toxic cadmium.
e Amorphous Silicon (a-Si)
o Non-crystalline form of silicon.
o Efficiency around 6-9%.
o Often used in small applications like calculators.
e Copper Indium Gallium Selenide (CIGS)
o The yield in thin-film modern technology has risen (13-16%).
o Flexible and lightweight.
e Advantages: Adaptability for curved surfaces and lower production costs.
e Challenges: Lower efficiency compared to crystalline silicon.

Emerging PV Technologies

e Perovskite Solar Cells: Show promise with efficiencies nearing 25%, although stability and
longevity remain challenges.
o Rapidly improving efficiency (above 25% in labs).
o Potentially low-cost but has stability issues [7].

e Organic PV Cells: Lightweight and semi-transparent, ideal for building-integrated photovoltaic
(BIPV) applications.
o Uses organic molecules to absorb sunlight.
o Lightweight and flexible but has low efficiency (5-10%).

Quantum Dot Solar Cells
. Uses nanotechnology for enhanced efficiency.
. Still in experimental stages.

Multi-Junction Solar Cells
e  Stacks multiple layers of semiconductors for very high efficiency (40%+).
. Used in space applications.
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SOLAR THERMAL TECHNOLOGIES

Utilizing solar energy, solar thermal panels generate heat that may be utilized for industrial
operations, space heating, water heating, and electricity generation [8]. The primary categories of solar
thermal inventions are listed below:

Low-Temperature Solar Thermal Technologies
These are mostly utilized in professional and household settings and run at temperatures lower than
100°C.

Solar Water Heating (SWH) Systems
o Heats water for either residential or commercial usage using photovoltaic panels (Figure 3).

Types of Collectors
. Flat plate collectors (FPC): are appropriate for moderate temperatures.
. Evacuated Tube Collectors (ETC): greater insulation makes them safer in colder climates.
e  Common applications: Domestic hot water, swimming pool heating.

Solar Air Heating
e Heats air instead of water for space heating in buildings.
e Used in homes, greenhouses, and industrial drying applications [9].

Medium-Temperature Solar Thermal Technologies
These are frequently utilized in business heating applications and act at temperatures which vary
from 100 to 250°C.

Solar Drying
e Used in agriculture to dry crops, grains, and fruits efficiently.
¢ Reduces dependency on conventional fuel-based dryers.

Solar Cooling
e Absorption chillers for heating and cooling are powered by daylight.
e Reduces electricity consumption from grid-based cooling systems [10, 11].

HIGH-TEMPERATURE SOLAR THERMAL TECHNOLOGIES
These operate at above 250°C and are used for electricity generation and industrial processes.

Concentrated Solar Power (CSP) Systems
o Daylight activates absorption chillers used for cooling as well as heating.
e Heat creates liquid steam which powers a turbine to create energy.
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Figure 3. SWH syster;ls.
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Types of CSP Technologies

Parabolic Trough Collectors (PTC)

Sunlight aims onto a receiving tube by long, curved reflections.
o Can reach temperatures of 400°C.
o Most widely used CSP technology (Figure 4).

Solar Power Tower (Central Receiver System)
Sunlight is focused on a central tower by a vast array of lenses called heliostats.
e Can reach temperatures above 1000°C.
o Allows for thermal energy storage, enabling electricity generation even at night.

Linear Fresnel Reflectors (LFR)
e Uses flat or slightly curved mirrors to focus light on receiver tubes [12-15].
e Lower cost but less efficient than parabolic troughs (Figure 5).

Dish Stirling System
e A parabolic dish focuses sunlight onto a Stirling engine.
e High efficiency but complex and expensive.

Solar Thermal Storage

e Molten Salt Storage: Stores heat from CSP systems for consumption at night or during overcast
weather.

e Phase Change Compounds (PCM): Effectively retains and releases power.
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Figure 4. Parabolic trough collectors.
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INTEGRATION WITH HVAC SYSTEMS
Photovoltaic Integration
o Net-Zero Energy Buildings (NZEBs): PV systems power HVAC systems, achieving energy-
neutral operations. A Net-Zero Energy Building (NZEB) is an exceptionally efficient structure
that, mostly from on-site green power sources, produces as much energy as it uses over the course
of a year.
e NZEBs reduce environmental impact and lower energy costs while promoting sustainability.

Key Characteristics of NZEBs
Energy Efficiency First
o High-performance building envelope (walls, roof, windows, insulation).
e Smart design to optimize natural lighting and ventilation.
e Advanced energy-efficient appliances and lighting (e.g., LED, motion sensors).

Renewable Energy Generation
¢ Rooftop solar thermal systems or photovoltaic (PV) panels installed on-site.
e Small-scale hydro or wind turbines, if practicable.
e Biomass energy or geothermal heating/cooling.

Energy Management and Storage
o Battery storage systems (e.g., lithium-ion batteries) for excess solar energy.
e Smart grid interaction to feed excess energy back to the grid.
e Advanced energy monitoring and automation for real-time energy tracking.

Water and Resource Efficiency
e The recycling of gray and collection of rainwater.
e Rainfall and graywater recovery.
e Sustainable building materials with low embodied energy.

Battery Storage: Improves reliability by storing excess solar energy for nighttime use.

Thermal Solar Integration
e Solar-Assisted Heating: Supplies hot water and supports space heating, reducing reliance on
fossil fuels.
e Solar Cooling: Paired with thermal chillers to meet cooling demands sustainably.

Hybrid Solutions in HYAC
e Case Study: A PVT-HVAC system deployed in a commercial building demonstrated a 40%
reduction in energy consumption (Smith et al., 2020) [16].
o Digital Integration: Advanced control systems optimize energy use and system performance.

APPLICATIONS OF PHOTOVOLTAIC AND THERMAL SOLAR TECHNOLOGIES
Residential Applications

o Roof-Integrated PV Systems: Generate electricity and support water heating.

e Solar Air Conditioners: Provide cooling in energy-efficient ways.

Commercial Applications
e Large-Scale Solar Installations: Power office buildings and malls while supporting HVAC
operations.
e Solar-Assisted Ventilation: Enhances indoor air quality and reduces energy costs.
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Industrial Applications
o Process Heating: High-temperature heat is provided for the manufacturing procedures by
thermal solar systems.
e Distributed Energy Systems: Enable decentralized energy generation for factories and
warehouses.

CHALLENGES

Cost and Accessibility
e PV Systems: The main roadblock to their greater adoption is their high price tag at first.
e Thermal Systems: Complex installation and maintenance deter uptake.

Efficiency Limitations
e PV Performance: Efficiency drops under high temperatures; cooling mechanisms are required.
e Thermal Losses: Heat loss in solar collectors reduces system performance.

Integration Challenges
e Compatibility: Seamless integration with HVAC systems demands advanced design and control.
o Infrastructure: Existing buildings may require retrofitting to accommodate solar technologies.

Environmental Concerns
o Material Recycling: PV production involves energy-intensive processes and waste management
challenges.
o Refrigerants: Use of refrigerants in solar cooling raises environmental concerns.

FUTURE DIRECTIONS
Advanced Materials
e Tandem Cells: Combining multiple materials for higher PV efficiencies.
e Coated Collectors: Self-cleaning and anti-reflective coatings for thermal systems.

Energy Storage Innovations
e Thermal Storage: Heat can be stored for later use via the use of phase-change materials.
o Battery Storage: Enhancing energy storage for photovoltaic systems.

Integration with Smart Technologies
o Al and loT: Make the possibility to monitor and optimize solar-HVAC gadgets in real time.
o Facilitates decentralized energy trading and improves resource management.

Policy and Incentives
e Subsidies and Tax Benefits: Encourage adoption by reducing upfront costs.
¢ International Collaboration: Improves technological transfer as well as expertise exchange.

CONCLUSION

Photovoltaics and thermal solar technologies represent critical components of the sustainable energy
transition. Their integration with refrigeration, air conditioning, and heating systems not only enhances
energy efficiency but also contributes to reducing greenhouse gas emissions. Continued advancements
in materials, designs, and integration strategies, supported by robust policies and international
cooperation, will drive their widespread adoption. By overcoming existing challenges and exploring
new frontiers, these technologies can significantly contribute to a low-carbon future. The future of
solar energy is promising, with the potential to transform energy consumption and production on a
global scale.

© STM Journals 2025. All Rights Reserved 36



Photovoltaics and Thermal Solar Technologies Siddharth Jha

REFERENCES

1.

2.

3.

10.

11.
12.

13.

14.

15.

16.

Green MA, Bremner SP. Energy conversion approaches and materials for high-efficiency
photovoltaics. Nat Mater. 2017; 16(1): 23-34.

Duffie JA, Beckman WA, Blair N. Solar engineering of thermal processes, photovoltaics and wind.
John Wiley & Sons; U.S. 2020 Mar 24.

Chow TT, Fong KF, Pei G, Ji J, He M. Potential use of photovoltaic-integrated solar heat pump
system in Hong Kong. Appl Therm Eng. 2010 Jun 1; 30(8-9): 1066-72.

Hossain MS, et al. A comprehensive review on optical properties and concentrator-based solar
thermal systems. Renew Sustain Energy Rev. 2016; 66: 110-125.

Markvart T, Castafier L. Practical Handbook of Photovoltaics: Fundamentals and Applications.
Academic Press; United States. 2012.

Tyagi VV, Wang SC, Kaushik SC, Park SR. Thermal performance evaluation of solar energy
storage systems. Renew Energy. 2012; 57: 379-395.

Goswami DY, Kreith F. Principles of Solar Engineering. CRC Press; United States. 2015.

Zhang X, Zhao X, Smith S, et al. Review of R&D progress and practical applications of solar
photovoltaic-thermal (PV/T) technologies. Renew Sustain Energy Rev. 2012; 16(1): 599-617.
Haegel NM, et al. Terawatt-scale photovoltaics: Transform global energy. Science. 2017;
356(6334): 141-143.

Bahaj AS, James PAB. Urban energy generation: The added value of photovoltaics in social
housing. Renew Sustain Energy Rev. 2007; 11(9): 2121-2136.

Mills DR. Advances in solar thermal electricity technology. Sol Energy. 2004; 76(1-3): 19-31.
Wang Z, et al. Emerging perovskite solar cells: Advances and challenges. Nano Energy. 2018; 44
1-22.

Mekhilef S, Saidur R, Safari A. A review on solar energy use in industries. Renew Sustain Energy
Rev. 2011; 15(4): 1777-1790.

Lovegrove K, Stein W. Concentrating solar power technology: Principles, developments, and
applications. Woodhead Publishing New Delhi; Series in Energy. 2012.

Tyagi SK, Wang RZ, Kaushik SC. Solar energy: Trends and future scope. Int J Green Energy. 2012;
9(8): 685-708.

Kotevska O, Munk J, Kurte K, Du Y, Amasyali K, Smith RW, et al. Methodology for interpretable
reinforcement learning model for HVAC energy control. 2020 IEEE International Conference on
Big Data (Big Data), Atlanta, GA, USA. 2020. pp. 1555-64. doi: 10.1109/BigData50022.2020.
9377735.

© STM Journals 2025. All Rights Reserved 37



