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Abstract 

The global demand for refrigeration, air conditioning, heating, and ventilation (HVAC) systems has 

increased rapidly due to population growth, urbanization, industrialization, and rising expectations for 

indoor thermal comfort. These systems account for a substantial share of global energy consumption 

and greenhouse gas emissions, primarily because they rely heavily on fossil-fuel-based electricity and 

thermal energy. Consequently, the decarbonization of HVAC and refrigeration sectors has become a 

critical component of global climate mitigation strategies. Renewable energy technologies—including 

solar, wind, bioenergy, geothermal, and hydropower—offer viable pathways to reduce emissions while 

ensuring reliable and efficient heating and cooling services. This paper presents a comprehensive 

review of the current status, technological advancements, and sustainability aspects of renewable 

energy systems with specific emphasis on their application in refrigeration, air conditioning, heating, 

and ventilation. Recent progress in renewable-powered heat pumps, solar-assisted cooling 

technologies, geothermal heating systems, and district heating and cooling networks is discussed. The 

review also examines key challenges such as intermittency, thermal energy storage, system integration, 

material sustainability, and economic feasibility. Emerging solutions including advanced thermal 

storage, digitalized HVAC systems, and green hydrogen for heating and cooling applications are 

highlighted. The findings aim to support researchers, engineers, and policymakers in developing 

sustainable, energy-efficient HVAC systems aligned with long-term climate and energy goals. 
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INTRODUCTION 

Refrigeration, air conditioning, heating, and ventilation systems are indispensable for modern 

society, providing thermal comfort, food preservation, industrial process control, and indoor air 

quality. Collectively, heating and cooling account for nearly half of global final energy consumption, 

while refrigeration and air conditioning represent one of the fastest-growing sources of electricity 

demand worldwide. This rapid growth has been driven by increasing urbanization, climate change–

induced temperature extremes, rising living 

standards, and expanding cold-chain infrastructure. 

However, the energy required to operate HVAC 

and refrigeration systems is predominantly derived 

from fossil fuels, resulting in significant 

greenhouse gas (GHG) emissions and 

environmental degradation. 

 

In addition to indirect emissions from electricity 

consumption, HVAC and refrigeration systems 

have historically contributed to climate change 

through the use of high global warming potential 

(GWP) refrigerants. Although international 
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agreements such as the Montreal Protocol and Kigali Amendment have addressed refrigerant-related 

emissions, energy-related emissions from HVAC systems remain a major challenge. Therefore, 

transitioning HVAC and refrigeration systems toward renewable energy–based solutions is essential 

for achieving global decarbonization targets [1–3]. 

 

Renewable energy technologies provide sustainable alternatives for powering HVAC and 

refrigeration systems. Solar energy can be utilized directly through solar thermal collectors for space 

and water heating, absorption cooling, and desiccant-based air conditioning, or indirectly through 

photovoltaic (PV) systems supplying electricity to compressors and heat pumps. Wind and 

hydropower contribute low-carbon electricity for large-scale HVAC installations and district cooling 

systems. Biomass and bioenergy are widely applied in district heating and combined heat and power 

(CHP) plants, particularly in colder regions. Geothermal energy is uniquely suited for heating and 

cooling due to its stable subsurface temperatures, enabling highly efficient ground-source heat pump 

systems [4–7]. 

 

Over the past two decades, significant technological advancements have improved the performance, 

efficiency, and cost-effectiveness of renewable-powered HVAC systems. The levelized cost of 

renewable electricity has declined sharply, while innovations in heat pump design, thermal energy 

storage, and smart control systems have enhanced system reliability. Despite this progress, challenges 

such as intermittency, integration with existing infrastructure, high initial investment costs, and 

sustainability of materials remain barriers to widespread adoption. 
 

This review aims to provide a comprehensive assessment of renewable energy technologies for 

refrigeration, air conditioning, heating, and ventilation applications. The paper evaluates current 

deployment trends, examines recent technological advances, analyzes sustainability dimensions, and 

discusses future prospects for renewable-based HVAC systems. 

 

CURRENT STATUS OF RENEWABLE ENERGY IN HVAC APPLICATIONS 

Global Overview 

Renewable energy has transitioned from a supplementary energy source to a central element of 

modern energy systems. While renewables account for nearly 30% of global electricity generation, 

their penetration in heating, cooling, and refrigeration remains comparatively low. Heating and 

cooling applications still rely heavily on fossil fuels such as natural gas, coal, and oil, particularly in 

residential and industrial sectors. 
 

Nevertheless, renewable-based HVAC technologies are gaining momentum. Electrification of 

heating through air-source and ground-source heat pumps has expanded rapidly, especially in Europe, 

North America, and parts of Asia. Heat pumps powered by renewable electricity offer efficiencies 

three to five times higher than conventional heating systems, making them a cornerstone of low-

carbon HVAC strategies. Similarly, solar thermal systems are increasingly deployed for domestic hot 

water, space heating, and solar-assisted cooling applications. 
 

District heating and cooling networks integrating renewable sources—such as biomass, geothermal 

energy, large-scale heat pumps, and waste heat—are also expanding. These systems enable 

centralized production of thermal energy with high efficiency and reduced emissions, particularly in 

dense urban environments [8–10]. 

 

Regional Developments 

Asia leads global growth in renewable energy deployment, with China playing a dominant role. 

China has expanded renewable electricity generation while simultaneously promoting electric heat 

pumps, solar district heating, and renewable-powered cooling systems. Large-scale solar thermal 

installations for space heating and industrial processes have been implemented alongside rapid growth 

in air conditioning demand. 
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India has prioritized solar energy as part of its decarbonization strategy, with increasing integration 

of solar PV into building HVAC systems, cold storage facilities, and agricultural refrigeration. Solar-

assisted cooling and solar-powered cold chains are particularly relevant in hot climatic regions where 

cooling demand is high. 

 

Europe has emerged as a global leader in renewable heating and cooling integration. Policies under 

the European Green Deal and REPowerEU framework strongly promote heat pumps, district heating 

modernization, and renewable thermal energy. Countries such as Sweden, Denmark, and Germany 

have successfully integrated biomass, geothermal energy, and large-scale heat pumps into district 

heating networks. The electrification of heating using renewable electricity has significantly reduced 

emissions from the building sector. 

 

In North America, the United States has accelerated renewable HVAC deployment through 

incentives under the Inflation Reduction Act, supporting heat pump adoption, renewable electricity 

generation, and grid modernization (Figures 1–3). Canada benefits from abundant hydropower, which 

provides low-carbon electricity for HVAC systems, while also expanding geothermal heat pump 

installations [11–14]. 

 

 
Figure 1. Global renewable energy share in electricity generation (2022)[11]. 
 

 
Figure 2. Installed renewable capacity trends (2010–2022)[12]. 
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Figure 3. Technology readiness levels of renewable energy technologies [16]. 

 

TECHNOLOGICAL ADVANCES IN RENEWABLE-BASED HVAC SYSTEMS 

Solar Energy for Heating and Cooling 

Solar energy represents one of the most promising and versatile renewable resources for heating 

and cooling applications due to its wide availability, modularity, and compatibility with both thermal 

and electrical HVAC systems. The utilization of solar energy in HVAC applications can be broadly 

classified into two categories: solar thermal systems, which convert solar radiation directly into usable 

heat, and solar photovoltaic (PV) systems, which generate electricity to power conventional and 

advanced heating and cooling equipment. Both approaches have gained significant attention as 

effective pathways to reduce fossil fuel dependence and operational carbon emissions in residential, 

commercial, and industrial buildings. 

 

Solar thermal technologies are extensively applied in space heating, domestic hot water production, 

and solar-assisted cooling systems. Flat-plate collectors and evacuated tube collectors are the most 

commonly deployed solar thermal devices, with evacuated tube collectors offering higher efficiencies 

at elevated operating temperatures, making them particularly suitable for space heating and absorption 

cooling applications. In colder climates, solar thermal systems are often integrated with auxiliary 

heating sources or thermal storage units to ensure reliability during periods of low solar irradiance 

(Tables 1–3). Large-scale solar thermal installations are increasingly being incorporated into district 

heating networks, where centralized solar fields supply thermal energy to multiple buildings, 

improving system efficiency and reducing overall emissions.[15–17]. 

 

Heat Pumps and Geothermal Systems 

Heat pumps represent one of the most efficient technologies for renewable heating and cooling. 

Air-source heat pumps have become widely adopted due to their relatively low installation cost, while 

ground-source heat pumps offer higher efficiency and stable performance. Advances in compressor 

technology, refrigerants, and system controls have significantly improved heat pump performance 

across a wide range of climatic conditions. 

 

Geothermal energy is particularly suitable for HVAC applications due to its stable thermal 

characteristics. Enhanced geothermal systems and shallow geothermal installations expand 

applicability beyond geologically active regions, enabling district heating and cooling solutions [18]. 

9 9 9

7

6

7

0

2

4

6

8

10

Solar PV Wind Hydropower Bioenergy Geothermal Storage

T
ec

h
n
o

lo
g
y
 r

ea
d

in
es

s 
le

v
el

s 
(1

-9
)



 

Journal of Refrigeration, Air Conditioning, Heating and Ventilation 

Volume 13, Issue 1 

ISSN: 2394-1952 

 

© STM Journals 2026. All Rights Reserved 30  
 

Table 1. Advantages and Limitations of Renewable Energy Technologies[14] 

Technology Advantages Limitations 

Solar PV Abundant, scalable, rapidly falling costs, 

low operating emissions 

Intermittent, land-intensive, resource use in PV 

materials 

Wind High efficiency in suitable sites, mature 

technology, zero emissions in operation 

Intermittent, visual/noise impacts, reliance on 

rare earth elements 

Hydropower Reliable, large-scale baseload power, 

energy storage (pumped hydro) 

Ecological disruption, resettlement issues, 

limited new sites 

Bioenergy Utilizes waste biomass, versatile (power, 

heat, fuels) 

Food vs fuel debate, emissions if not managed 

sustainably 

Geothermal Continuous base-load supply, small land 

footprint 

Limited to geologically active regions, high 

drilling costs 

Storage 

(Batteries/H2) 

Addresses intermittency, supports grid 

stability 

High cost, material supply chain challenges 

 

Table 2. Emerging Technologies and Their Potential Applications 

Technology Description Potential Application 

Perovskite Solar 

Cells 

High efficiency (>25%), low-cost 

materials 

Next-generation PV modules, building-

integrated PV 

Floating Wind 

Turbines 

Offshore wind platforms for deep-water 

regions 

Expansion of wind capacity in coastal and 

deep-water areas 

Green Hydrogen Renewable-powered electrolysis for H2 

production 

Industry (steel, cement), heavy transport, 

energy storage 

Solid-State 

Batteries 

Higher energy density, improved safety 

vs Li-ion 

EVs, grid storage 

Hybrid RE Systems Integration of solar, wind, storage, 

hydropower 

Grid reliability, rural electrification 

 

Table 3. Policy Targets for Renewable Energy Adoption [5] 

Country/Region Target Focus areas 

European Union 

(EU) 

42.5% renewable share in final energy 

consumption by 2030 

Offshore wind, hydrogen, solar PV expansion 

United States 

(USA) 

Net-zero emissions by 2050, 100% clean 

electricity by 2035 

Solar, wind, grid modernization, IRA 

incentives 

China 33% renewable electricity share by 2030; 

carbon neutrality by 2060 

Solar PV, wind, large-scale hydro, storage 

India 500 GW non-fossil fuel capacity by 2030 Solar (National Solar Mission), wind, bioenergy 

Japan 36–38% renewable electricity by 2030 Offshore wind, hydrogen, energy efficiency 

 

Bioenergy and District Heating 

Bioenergy plays a significant role in renewable-based heating systems, particularly within district 

heating and combined heat and power (CHP) applications. Unlike variable renewable sources such as 

solar and wind, bioenergy provides a dispatchable and controllable source of thermal energy, making 

it highly suitable for meeting continuous heating demand in residential, commercial, and industrial 

sectors. Biomass-based heating systems are especially prevalent in regions with cold climates and 

abundant forestry or agricultural resources, where they contribute substantially to space heating, 

domestic hot water production, and industrial process heat. 

 

District heating systems powered by bioenergy enable centralized generation of thermal energy, 

which is then distributed to multiple end users through insulated pipe networks. This centralized 

approach allows for higher efficiency, lower emissions per unit of heat delivered, and improved 

integration of pollution control technologies compared to decentralized fossil-fuel-based boilers. 

Biomass fuels used in district heating include wood chips, wood pellets, agricultural residues, energy 
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crops, and organic waste. When sourced sustainably, these fuels can achieve near-carbon-neutral 

operation, as the carbon dioxide released during combustion is offset by carbon uptake during 

biomass growth. 
 

Thermal Energy Storage and Smart HVAC Systems 

Thermal energy storage is essential for balancing variable renewable energy supply with heating 

and cooling demand. Sensible heat storage, latent heat storage using phase-change materials, and 

thermochemical storage systems are increasingly integrated into HVAC systems. These technologies 

improve system flexibility, reduce peak loads, and enhance energy efficiency. 
 

Digitalization, artificial intelligence, and smart control systems enable optimized HVAC operation 

through predictive control, real-time monitoring, and demand response. Smart HVAC systems 

improve energy efficiency while maintaining indoor thermal comfort [19–21]. 

 

SUSTAINABILITY ASPECTS OF RENEWABLE HVAC SYSTEMS 

Renewable-based HVAC systems significantly reduce operational carbon emissions compared to 

fossil-fuel-based alternatives. However, life-cycle assessments reveal environmental challenges 

related to material extraction, manufacturing, and end-of-life disposal of components such as PV 

panels, batteries, and heat pumps. Circular economy approaches, recycling, and sustainable material 

substitution are essential for improving long-term sustainability. 
 

From a socio-economic perspective, renewable HVAC deployment generates employment in 

manufacturing, installation, and maintenance. However, ensuring equitable access to clean heating 

and cooling remains a challenge, particularly in developing regions. Policy frameworks promoting 

decentralized and community-based systems can enhance energy equity. 

 

CHALLENGES AND BARRIERS 

Key challenges in renewable HVAC adoption include intermittency of renewable energy sources, 

high upfront costs, integration with existing building infrastructure, and dependence on critical 

materials. Retrofitting existing buildings with renewable HVAC systems can be technically complex 

and financially demanding. Addressing these challenges requires supportive policies, innovative 

financing mechanisms, and continued technological innovation [22–27]. 

 

FUTURE PROSPECTS 

The future of renewable HVAC systems is closely linked to advances in green hydrogen, hybrid 

renewable systems, and next-generation materials. Green hydrogen offers potential for high-

temperature heating and seasonal energy storage. Hybrid systems combining solar, wind, and thermal 

storage can deliver reliable heating and cooling. Continued research in advanced refrigerants, smart 

controls, and sustainable materials will further enhance system performance. 

 

CONCLUSION 

The integration of renewable energy into refrigeration, air conditioning, heating, and ventilation 

systems has evolved from a conceptual sustainability goal into a practical and increasingly necessary 

engineering solution for modern energy systems. As global demand for thermal comfort, cold storage, 

and controlled indoor environments continues to rise, particularly in rapidly urbanizing and warming 

regions, the HVAC and refrigeration sectors have emerged as critical focal points for decarbonization 

efforts. This review demonstrates that renewable energy technologies—when strategically combined 

with advanced HVAC systems—offer a robust pathway to significantly reduce greenhouse gas 

emissions, enhance energy efficiency, and improve long-term energy security. 
 

Technological advancements over the past decade have substantially strengthened the feasibility of 

renewable-based HVAC systems. The rapid improvements in heat pump performance, solar-assisted 

heating and cooling technologies, geothermal systems, and district heating and cooling networks have 



 

Journal of Refrigeration, Air Conditioning, Heating and Ventilation 

Volume 13, Issue 1 

ISSN: 2394-1952 

 

© STM Journals 2026. All Rights Reserved 32  
 

enabled renewable energy to meet a growing share of space conditioning and refrigeration demand. 

Concurrently, declining costs of renewable electricity and thermal technologies have improved 

economic competitiveness, making renewable HVAC solutions increasingly viable not only in new 

constructions but also in retrofitting existing buildings. The expanding role of thermal energy 

storage—through sensible, latent, and thermochemical methods—has further enhanced system 

flexibility by mitigating intermittency and aligning renewable energy availability with heating and 

cooling demand profiles. 

 

Despite these achievements, the transition toward fully sustainable HVAC and refrigeration 

systems remains complex and multifaceted. Challenges persist in the form of high upfront capital 

costs, technical barriers in retrofitting legacy infrastructure, and material sustainability concerns 

associated with renewable energy components. In addition, the variability of renewable energy supply 

necessitates continued advancements in smart grid integration, predictive control strategies, and 

demand-response mechanisms. Addressing these challenges requires not only technological 

innovation but also coordinated policy support, standardized design practices, and capacity building 

among engineers, planners, and technicians. 
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