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Abstract

:

The thermal performance and energy efficiency of buildings are critical factors in achieving sustainable energy systems as energy needs for heating and cooling are expected to represent more than 50% of global final energy consumption. This study analyzes conventional renewable energy systems for heating and cooling in buildings, focusing on strategies for developing net-zero-energy buildings. This review covers the integration of renewable energy, the use of intelligent energy management systems, and the optimization of thermal processes. It also compares various systems based on their advantages and limitations and analyzes emerging trends in the thermal management of buildings in different climate zones. The synthesis of recent literature highlights practical recommendations for achieving high thermal performance in buildings, including the importance of selecting appropriate energy systems based on local climatic conditions, optimizing system efficiency, and taking advantage of new materials and advanced technologies. This review aims to contribute to promoting sustainable construction practices with the integration of renewable energy sources and improving the energy efficiency of buildings.
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1. Introduction


Thermal comfort of buildings is one of the most important human needs. Fifty percent of the energy consumed in residential buildings worldwide is used for this purpose [1]. Figure 1 represents an example of thermal energy (heating/cooling) demand in Switzerland, where heating energy demand is plotted in red and cooling demand in blue. The lighter red and blue areas are due to population growth. While the “Full” use of cooling scenario assumes that every building is equipped with cooling systems, the “High”, “Medium”, and “Low” scenarios assume that cooling systems are used according to the development of cooling degree-days and socioeconomic factors [2]. To improve the thermal processes in buildings, with high thermal performance and high energy saving, important factors should be considered, such as climate change, and the choice of energetic systems depending on environmental conditions [3,4,5,6].



Influencing the thermal mass of buildings can also be economically valuable [7,8]. Many researchers have highlighted the large differences in thermal comfort and energy savings that can be achieved by focusing on a specific design and building materials [9,10,11,12,13,14,15,16,17,18]. The latest technology of data-driven models shows a good reduction in energy consumption, which can be up to 80% [19,20,21,22,23].



The percentage of energy saved in building heating and water heating depends on the system used and its suitability for long life. Solar thermal and geothermal systems have shown high efficiency in residential heating applications, offering significant energy savings and reduced CO2 emissions through innovative configurations such as geothermal heat exchangers and integrated heat pumps [24,25,26]. Daylighting systems and phase change materials (PCMs) significantly contribute to reducing building energy loads by optimizing natural light use and enhancing thermal storage capacity, especially for seasonal energy management [27,28,29]. Meanwhile, these advanced thermal storage solutions, such as phase change materials or other systems for capturing industrial waste heat, offer promising methods to reduce heating demand, although challenges in storage efficiency and heat transfer remain [30,31]. The same is true for the percentage of energy saved in building cooling. Each system has better thermal performance, depending on the climatic conditions, the space in the building, and the performance of the passive technology [32,33,34,35,36,37,38].



To build integrated thermal–solar systems, it is recommended to meet the heat demand in buildings in a sustainable way [39,40]. Another way to improve the thermal comfort of a building is to design and construct a suitable building envelope that also saves energy and has a low environmental impact [41]. Different thermal processes in buildings have been studied individually or in groups [39,40,41,42]. Systematic reviews of cooling/heating systems and thermal processes in buildings are usually combined with renewable energy and electricity generation studies to achieve net-zero buildings, making the study information more general [43].



The main objectives of this study were to highlight cooling/heating systems and the improvement of thermal processes in buildings through the integration of renewable and conventional energy systems, to improve energy savings and thermal performance. Thus, this review focuses on a hybrid approach that combines various systems, such as geothermal heat pumps and photovoltaic systems, to improve energy efficiency and reduce carbon emissions rather than the separate study of each technology [4]. Details are given on the effect of other factors that can contribute to improving the energy efficiency of buildings, such as the materials chosen and even the use of automatic learning algorithms to predict consumption to optimize the overall energy performance of the building [9,19]. This study emphasizes climate adaptability and mentions information on specific solutions in different climatic regions [5].



Despite significant advancements in optimizing thermal energy systems for buildings, there remains a clear research gap in fully understanding and comparing the performance of individual and hybrid systems across diverse climatic conditions and building types. Most studies focus on isolated systems, lacking a comprehensive perspective on integrated approaches that combine multiple renewable and conventional energy sources to achieve net-zero-energy goals effectively. Additionally, while various thermal processes have been examined separately, the interactions and overall impact of combined systems on building energy efficiency and sustainability remain underexplored. This review addresses these gaps by providing a systematic comparison of individual and hybrid thermal systems for heating and cooling, focusing on energy optimization for net-zero-energy buildings. This manuscript contains a structure that starts with Section 2 outlining the methodological approach used in selecting and analyzing the relevant literature. Then, Section 3 explores individual and hybrid thermal systems, discussing their applicability and efficiency in various climates. On the other hand, Section 4 examines improvements in thermal processes, highlighting improvements in building thermal mass and data-driven control models. Section 5 addresses space heating and domestic hot water processes, emphasizing energy-saving solutions and innovative system designs, while Section 6 explores passive and active cooling techniques, focusing on technologies that enhance energy efficiency. Section 7 reviews various energy sources and systems for thermal processes, comparing renewable and conventional sources. Another feature is analyzed in Section 8, which discusses domotics and smart energy management technologies that support sustainable building operations. Lastly, Section 9 covers recent innovations and developments in related technologies, with a focus on the materials and methods that promote energy efficiency. Through this structured approach, this study offers a consolidated analysis of innovative strategies that promote the design and operation of net-zero-energy buildings.




2. Methods


This review followed a systematic approach to identify and evaluate the relevant literature on energy-efficient heating and cooling systems, focusing on technologies that contribute to zero-energy buildings. The selection process followed specific inclusion and exclusion criteria to ensure the relevance and quality of the studies analyzed.



To fulfill the inclusion criteria, only articles published between 2014 and 2023 were considered to ensure that recent advances in the field were covered. Only articles from peer-reviewed journals from reputable databases, including Science Direct, Scopus, and Web of Science, were selected. Priority was given to studies dealing with renewable energy systems, energy-efficient thermal processes, and technologies aimed at achieving zero-energy buildings. Finally, all research examining the performance of individual and hybrid systems for heating and cooling of buildings, as well as thermal energy storage methods, was included.



The exclusion criteria adopted made it possible to exclude from this study all work focused solely on energy generation (e.g., photovoltaic systems) without addressing thermal processes. Articles that did not contain quantitative data on energy savings or the thermal efficiency of heating and cooling systems were also excluded. The exclusion extended to research not related to residential or mixed-use buildings or that did not address thermal processes specific to buildings. Figure 2 presents the annual distribution of the scientific articles used in this review, illustrating the methodological approach in selecting recent and relevant literature across the stated time span. This distribution reflects the progressive developments in the field, ensuring comprehensive coverage of innovations and trends in thermal energy optimization and renewable energy integration for net-zero-energy buildings. This approach enables a robust synthesis of both historical and current research, providing insights that span nearly a decade.




3. Individual and Hybrid Systems of Thermal Processes


Thermal energy (heating and cooling) is expected to account for more than 50% of global final energy consumption in the next few years, with cooling accounting for 50% of local peak electricity demand in many places [1]. Also, according to the dynamic bottom-up building stock model, which combines dynamic material flow analysis with building energy modeling, in the Netherlands, by 2050, space heating demand will decrease by about two-thirds, and energy demand for hot water will increase to 92% of space heating demand [5]. Climate change will increase ambient temperatures, leading to the increased cooling demand in buildings and potentially reducing the effectiveness of the individual passive solutions that could be used to limit this increased demand. According to the study conducted in Portugal, a hybrid scenario that includes a geothermal heat pump, natural ventilation, and personal comfort systems is a robust solution for heating and cooling in a warming climate, as it can reduce final energy consumption by more than 90% compared to a non-hybrid system [3]. In addition, it is important to note that simulations of individual systems and hybrid systems show that individual use of a geothermal heat pump results in a 20 °C increase in ground temperature over 50 years, while the use of the hybrid system mentioned above results in a 6 °C increase in ground temperature over the same number of years [4]. In the Netherlands, the greenhouse gas emissions from operating energy are reduced by about 60–90%, depending on the hybrid energy sources [5].




4. Thermal Processes Improvements


In this section, improvements that control the thermal processes are mentioned.



4.1. Building Thermal Mass


An analysis of five residential buildings in different climatic zones (Seville, Malaga, Madrid, and Canary Islands) has shown that by using the thermal mass of the building as an efficient energy storage (preheating, precooling, and night ventilation), maximum economic savings of 3.2% in heating and 8.5% in cooling can be achieved. If the buildings have been previously renovated, the economic savings can even be doubled [7]. In addition, using data from Chicago neighborhoods in a computational fluid dynamic simulation, researchers were able to demonstrate the importance of building orientation and the number of floors. The results suggest that orientation and number of floors are critical to the intensity of building loads and that neighborhood shape can affect residential building heat loads by up to +27.1% and −18.6%, and office building heat loads by +17.2% and −7.7%. The proposed method and framework by researchers can provide design guidelines for the optimal energy efficiency of the buildings in the neighborhood [8]. Also, the Energy Efficiency Directive requires individual heat balancing in buildings where central heating/cooling systems are present, where this is technically feasible and cost-effective. The different approaches of EU member states to heat balancing and related issues raise several technical, legal, and consumer protection issues. The Directive could provide policymakers with several proposals to improve the transparency and reliability of distribution rules of the building’s thermal mass [44]. One of the main barriers to obtaining the building’s thermal mass for small and medium-sized buildings or low-income households is the high cost of sub-metering and maintenance. The researchers proposed approaches that could reasonably estimate heating and cooling consumption from meter data and show that they can be complementary [45]. However, it is important to combine physically based urban building energy models with uncertainty and sensitivity analyses to obtain reliable urban simulations. In an Italian city as an example, the uncertainty and sensitivity analyses lead to a reduction in the overestimation of peak load in residential buildings from 80% to 25%, and the deviation in the calculation of energy demand decreases from 18% to 10% [22].




4.2. Control Data-Driven Models in Buildings


To control data-driven models that estimate building energy consumption using machine learning algorithms, different types and quantities of sensors can be used to improve the accuracy of the model and minimize the cost of energy consumption for heating, cooling, hot water, and ventilation in residential buildings during heating and cooling days [19]. Applying such an approach with specific characteristics in a case study of a commercial building during the heating and cooling season could result in energy savings of up to 12%, with a mean error of 8% in performance prediction [20]. In another case, a multi-energy system on the campus of the University of Parma allows savings in operating costs of up to 80% compared to the baseline by allowing a variation of ±2 °C around the indoor temperature set point and optimizing the water supply temperature [21].




4.3. Building Design and Material


To optimize the thermal performance of a building, it is important to quantify the relevance of passive house measures in the early stages of building design [9]. It is recommended to use the environmental performance analysis to build an energy efficiency model for residential buildings, which includes the planning and design strategy, the form design strategy, the construction strategy, the system design strategy, and the equipment strategy, especially the sub-items of form design and space allocation in the formal design strategy. After applying these strategies to a Chinese university building, the requirements of the energy efficiency standard for public buildings (GB 50189-2015 [46]) of 65% energy saving were met [10]. Figure 3 shows the comparison of the indoor temperature of typical dormitory buildings in the south of China in summer. A multilayer perceptron neural network using various optimization methods was used to predict the heating and cooling of energy-efficient buildings. There are eight important and independent factors of the dataset: area, wall area, roof area, relative compactness, total height, orientation, glazing area, and glazing area distribution [23]. Also, an analysis conducted in an Australian school auditorium found that architectural design parameters such as cooling set point temperatures and roof design reduced operating temperatures by up to 14.2% and 20.0%, respectively. This resulted in a significant reduction in hours of thermal discomfort and a 43.7% and 41.0% reduction in energy consumption, respectively [47]. In addition, the building materials and the construction method of the building have a great influence on the energy consumption for heating/cooling. Experience shows that energy consumption can be reduced by up to 3% if the building materials have a higher thermal mass. Furthermore, additional wall insulation contributes to a significant reduction in energy consumption and reduces the impact of non-insulated thermal mass in the building [11].



The thermal processes in a building are many and varied. One important component that affects the building climate is the walls. Therefore, it is important to keep the temperature fluctuation of the walls close to zero compared to the temperature set according to the season (comfort temperature). The use of water as a thermal barrier system installed in the walls of a multi-family house has proven the effectiveness of such systems in stabilizing the indoor climate, with the fluctuation not exceeding 0.8 °C [15]. Another comparative study of a building constructed with straw bales shows satisfactory thermal performance with very low energy consumption and minimal gas emissions [12]. Moreover, a low-density sub-soil and fiber mixture was optimized to maintain the low-carbon materials and thermal insulation of the building walls. The authors suggest using the mixture in two layers for better results [13]. Also, 3D-printed concrete enjoys considerable attention due to its potential to drive the development of the construction industry. Moreover, the thermal behavior of the 3D-printed concrete prototype can be used as a simulator for the thermal behavior of a real building [14]. The measurements showed that the highest temperatures in the perimeter zones were found on the west façade of a building in Korea. In addition, the highest values were measured on the inside of the windows in this façade. However, an air barrier system was used to reduce the cooling loads in the perimeter zones, which helped to keep the temperature stable in the perimeter and core zones [16]. On the other hand, the analysis of both shading and the use of different building envelopes according to typical and future weather scenarios showed a 3.6% reduction in annual overheating hours with a reduction of more than 2.4 °C on the hottest day [17]. Also, one of the most important parameters for heating energy consumption in the building models studied is the U-value of the opaque building envelope, the effective shading, and the most important parameter for cooling energy consumption is the ratio of windows to floors [9]. Moreover, the useful internal heat gain increases slightly when the window-to-wall ratio increases from 0.1 to 0.8, while the useful solar heat gain decreases significantly. For multi-family buildings with a high-performance thermal envelope, minimizing solar heat gain is also important in winter in cold climates [18].





5. Space Heating and Domestic Hot Water


The space heating and domestic hot water processes in buildings vary depending on the type of energy supply (fossil fuel or renewable), and the installation (individual or integrated) [25]. Integrated solar thermal energy systems have high efficiency in heating residential buildings [24]. Also, to optimize building heating, a geothermal heat exchanger is integrated with the heat pumps in a single-family house in Zurich, Switzerland. The results show that the ground temperature is significantly reduced to almost 5 °C in the short term compared to the initial temperature of 11.5 °C. In addition, the temperature rises again above the initial temperature due to solar regeneration because of the excess heat in summer. However, due to insufficient regeneration in long-term operation, the ground temperature continuously decreases to almost 4 °C after 20 years of operation [26]. Also, for space heat demand, the windows retrofit results in a 27.3% reduction in total CO2 emissions at almost no additional cost. Retrofitting the entire building with windows, walls, roofs, and floors is a CO2-optimal reduction solution, but performs worst in terms of cost optimization [26]. Concentrator photovoltaic window systems are also recommended for use in the building, where they can not only significantly improve the uniformity of daylight and active daylight area, but can also significantly improve the use of solar energy and well meet the thermal energy needs of the building [27].



The elaboration of a techno-economic analysis of the hybrid heating system combining solar energy with heat storage (phase change material) allows the evaluation of the thermal efficiency, which was 51.3% for a three-story office building in Tianjin, China. The cost was 2.12 EUR/m2/season. This is significantly lower than the centralized heating rate for non-residential areas in Tianjin, which, as of 2022, was approximately 5.62 USD/m2/season, representing a 61% cost reduction compared to conventional heating [28]. Also, the phase change material was installed in a hut to perform a comparative study with a reference hut. The measurements show the next percentages over the months of use: heating energy savings of 40% in May and 10.3% in June/July 2019 were achieved. The use of phase change materials for space cooling also resulted in cumulative energy savings of 30% in March/April and 10% in January [29]. Moreover, the high melting points of salt hydrates are valuable for heating needs in central buildings. Salt hydrates are used as heat accumulators for the short-term storage of thermal energy. Despite the narrow application scope, imperfect performance evaluation, inefficient heat transfer enhancement, and unclear market prospects, this technology can be optimized from the aspects of material development, performance evaluation, heat transfer enhancement, and application feasibility [31]. Additionally, as an energy source, using waste to heat industrial buildings is an effective solution. One example is a district heating plant in Norway, 90% of its annual heat production comes from recovering heat from the waste gases of a ferrosilicon plant [30]. Table 1 summarizes the above part.




6. Space Cooling


There are several passive cooling techniques. Each system has different thermal performance, depending on the specific climatic conditions, the space in the building, and the performance of the passive technique [32]. The ground-coupled multiple cooling systems achieve an average energy efficiency of 6.516, which is 53.2% higher than the reference air-cooled system and 6.5% higher than the conventional water-cooled system. In addition, a hybrid system combining the geothermal heat exchanger with a cooling tower achieves a 19.5% reduction in make-up water consumption [33]. As an example, to improve thermal conditions in livestock buildings, passive cooling systems are highly recommended, especially if the needs of livestock are taken into account, taking into account environmental conditions and the specific properties of building materials [34]. Moreover, radiant cooling systems (wall and ceiling cooling) are low-energy systems that can help efficiently meet occupant comfort needs [35].



The next section mentions several new trending methods, and more systems will be mentioned later. The use of phase change materials is considered an effective way to improve thermal comfort in buildings and reduce energy consumption. The most important step in selecting a phase change material is to choose the one that offers the best temperature range for optimizing thermal comfort, depending on the climatic conditions [36]. Nonetheless, many critical problems associated with inorganic phase change materials that limit their performance in modern construction applications are identified and discussed. Various proposed solutions to mitigate these problems are discussed in detail [37]. Also, a 3D numerical model simulating the influence of phase change material and nano-phase change material in the soil near the geothermal heat pump. The simulation shows that the addition of phase change materials and nano-phase change materials to the soil reduces the increase in soil temperature from 9.78 °C to 8.72 °C when the system is operated continuously for five years [38].



Earth Pipe Cooling (EPC) is a passive cooling system that uses stable underground temperatures to cool ambient air. This is an approach that requires minimal operational energy, does not require refrigerants, and thus does not promote greenhouse gas emissions. Recent studies highlight the efficiency of EPC systems under various climatic conditions. For instance, Mahdi-Ul-Ishtiaque et al. [48] demonstrate that the inclusion of inlet turbulators can enhance airflow dispersion, which, in turn, optimizes cooling efficiency by maintaining a more uniform temperature distribution. This addition can reduce the temperature by approximately 0.8 °C, resulting in daily energy savings of about 0.84 kWh in a controlled environment. Singh et al. [49] evaluate Earth Air Heat Exchangers (EAHEs) with concrete pipes, demonstrating that EAHE systems provide cooling capacities tailored for hot–dry and hot–humid climates. They found that the cooling potential varied significantly based on parameters such as pipe length and depth, with the highest performance observed at longer lengths and greater depths in hot–humid conditions. Specifically, cooling potentials of up to 24,080 kWh were achievable with 45 m pipes in these climates. These findings reinforce EPC as a feasible alternative for sustainable building cooling, particularly for climates with high cooling demands. Table 2 summarizes the articles mentioned above.




7. Energy Sources and Systems for Thermal Processes in Buildings


The energy sources for thermal processes in buildings are diverse. Among the systems used for thermal processes, there are usually three to four types: conventional, renewable, conventional integrated with renewable, and renewable integrated with other renewable systems.



7.1. Renewable Energy Sources and Energetic Systems


7.1.1. Improving the Thermal Process Using Energetic Systems and Thermodynamic Methods


A variety of renewable energy sources and energetic systems and thermodynamic methods are available for cooling/heating buildings, some of which are mentioned below.



	
Humidification/Dehumidification (HDH) Processes






The hybrid desiccant wheel system can simultaneously meet the building’s cooling, and heating needs [50]. The system is capable of providing a heating capacity of 176.9 kW with a thermal coefficient of performance of 2.223 and a heat recovery efficiency of 87.1%. In addition, this system can recover 115.2 kg/h of water in the form of condensate with a recovery efficiency of 76.36%, and with the design data of the system, a cooling capacity of 9.873 kW can be achieved [51]. Moreover, by modeling the air humidification and dehumidification system in MATLAB, where the inlet relative humidity was assumed to be a constant value of, for example, 45%, while the inlet temperature was assumed to be a variable value from 37 °C to 29 °C, the coefficient of performance has several values from 1.8 to 4.4, where the magnitude of the coefficient of performance depends on the air inlet values of temperature, relative humidity, and recovered energy from the discharge process [1].



Solar chimneys can be used to power humidification/dehumidification (HDH) processes. They leverage solar radiation to create a pressure-driven flow of air that can be used for various purposes, including powering HDH systems. In the context of HDH, solar chimneys provide a natural and sustainable way to induce airflow, improving the circulation of air through the system and thereby increasing the overall water production efficiency [52]. By combining solar chimneys with HDH systems, studies have demonstrated improvements in energy efficiency, as the chimney aids in the natural ventilation process, thus reducing the need for mechanical ventilation [53]. Additionally, the solar chimney setup can reduce operational costs, particularly when applied in arid or semi-arid regions with high solar radiation, as demonstrated in experimental setups and simulation models [54].



Air heaters play a crucial role in HDH processes by preheating the air entering the system. The preheated air has higher moisture-holding capacity, which enhances evaporation rates and subsequently increases the productivity of freshwater output. Different configurations of solar air heaters—flat-plate, parabolic, and evacuated tube designs—have been developed to maximize heat transfer efficiency [55].



In HDH systems, air heaters often employ solar energy as the primary heat source, which aligns with sustainability goals and reduces dependency on fossil fuels [56]. Experimental studies have shown that incorporating solar air heaters significantly boosts the performance of HDH systems [57]. Abdel-Dayem et al. [58] found that improvement of the evaporation process can significantly improve water production and the overall efficiency of a solar humidification–dehumidification (HDH) system and that higher feed temperatures improve system’s performance but increase the salt scaling. The efficiency of solar air heaters can be further enhanced through innovative designs such as fins, baffles, and selective coating materials, which improve thermal conductivity and heat retention [55,59]. These design improvements have been demonstrated to increase the temperature of the preheated air while minimizing heat losses, thus boosting the overall thermal performance of the HDH system.



	
Thermal Insulation and Storage Processes






In this part of the work, various main processes are considered: thermal storage (high temperature [31], low temperature [36]) and thermal insulation [13]. The use of thermal storage in heating and cooling systems accounts for better energy efficiency and system operation [60]. Even in Arctic settlements, the transition to heating/cooling systems based on renewable energy sources is feasible, taking into account thermal energy storage [61].



For a case study in western Switzerland, it was shown that a single geothermal heat pump can meet up to 63% of cooling and 55% of heating needs in residential buildings by 2050, increasing to 87% and 85%, respectively, when district heating/cooling systems are used [62]. In addition, literature shows that lowering the temperature of geothermal water from 120 °C to 108 °C leads to a reduction in the heating and cooling capacity of a combined cooling–heating power plant by 28.87% and 14.72%, respectively [63]. Even though the unbalanced heating and cooling load in winter and summer, especially in regions with a heating- and cooling-dominant climate, may affect the performance of the geothermal heat pump system in long-term operation, the hybrid system (integrated with solar collectors or cooling towers), according to the simulation developed using a model in TRNSYS with data from Akita city (northern Japan), plays an effective role in both climates to balance the load on the geothermal heat exchanger, keep the ground temperature constant, and consequently improve the long-term performance [64].



Also, the thermal caisson system is a combination of geothermal cycles and a special phase change material. Researchers connected a high-efficiency heat pump to it. The thermal caisson system is expected to reduce overall costs by up to 49% compared to geothermal heat pump systems. In addition, this system could increase the coefficient of performance by up to 16% compared to geothermal heat pump technology (with a mean change from 3.7 to 4.3 in January) [65]. Moreover, the use of a thermal energy storage (TES) system in combination with heat pumps in an industrial building results in increased energy demand. In addition, by integrating this combination with renewable energy generation sources, such as PV panels, the installation of TES becomes thermally and economically attractive regardless of the prevailing electricity tariff [66].



Cold–warm aquifers are natural thermal energy storage systems that can be used as precoolers/preheaters to optimize the heating and cooling process of buildings by integrating them into the conventional system to reduce energy consumption and gas emissions [67]. Also, soil at a shallow depth has a nearly constant temperature throughout the year. The soil at this depth could be used as a heat sink/source. For five years, the soil temperature of a large office building in Hamburg was recorded, and it was found that manual adjustments to operating procedures could eventually bring the soil back to its original temperature level. Long-term, sustainable, and energy-efficient use of the floor temperature is, therefore, possible in principle in this case [68]. The results from the transient model indicate a minimum performance increase of 11% compared to other combined cooling–heating systems that integrate solar thermal and thermal storage components. This improvement applies across typical days in summer, winter, and transitional seasons, demonstrating a consistently higher efficiency level relative to baseline combined cooling, heating, and power (CCHP) systems operating in either the electric-load-following or thermal-load-following modes [69].




7.1.2. Renewable Energy Sources


	
Solar Radiation and Radiant Cooling






Solar thermal is an important renewable source of thermal energy that meets space heating, water heating, process heating, and cooling needs. This energy source can also be used effectively in Nordic countries [70]. Solar energy can be used to improve the thermal performance of another system or even provide it with electricity. One of the systems of interest under the UK’s net-zero target for new and renovated residential buildings by 2050 is a photovoltaic-assisted solar heat pump [71]. A solar-assisted building with a thermal energy system has been proposed to reduce the heating costs of the system and to motivate building owners to adopt this solution as a cost-effective thermal energy system for their buildings. Simulations were performed based on different scenarios for the integration of a district heating system. The comparative simulation analysis of the performance developed using TRNSYS software version 7.1 shows that the maximum overall efficiencies of 74.51%, 62.35%, and 52.35% are achieved for the ultra-low, low, and third-generation district heating models, respectively [72]. The results of a comprehensive analysis of the energy, economic, and environmental potential of hybrid photovoltaic–thermal and conventional solar cogeneration systems show that the hybrid photovoltaic–thermal and solar cogeneration systems outperform the other systems in terms of total energy yield, with annual electrical and thermal energy yields reaching 82.3% and 51.3%, respectively, of the space heating, swimming pool heating, and hot water needs of the University Sports Centre of Bari, Italy [73].



For cold, temperate, and hot climates, four building-integrated photovoltaic systems controlled by solar radiation through windows were presented for energy performance evaluation. The simulation results of the system showed that the energy savings of the building were up to 26% in the Mediterranean climate (Athens) and up to 40% in the hot desert climate (Dubai). While in the cold climate (Prague), there is no significant change in the net energy use of the building, where its savings were 1.7%. The system maintained indoor thermal comfort for up to 54% of the time and ensured visual comfort for up to 83% of the time, for typical usage scenarios without auxiliary heating or cooling. These metrics represent the effectiveness of the system in providing a comfortable indoor environment under varying seasonal conditions [74]. On the other hand, the solar collector could be a good renewable energy system, used as a preheater for domestic water. The combination of a heat pump and solar collector in building heating optimizes the reduction in energy consumption and gas emissions, and experience shows that the renewable system can take 30% of the total work of the heat pump in temperate climates; the energy saved is usually more valuable in a warmer climate than in a colder one [75].



Solar radiation is the main reason for increasing the temperature of the building envelope (windows, roof, walls, etc.), which affects the thermal performance of the building interior and increases the energy demand for air conditioning to ensure satisfactory indoor thermal comfort. Therefore, passive cooling methods are highly recommended, especially in hot climates. Thermochromic smart windows, daylight coolers, and reflective paints are three important technologies for reducing solar gain on the building envelope [76]. Recent research shows that radiant cooling offers high cooling potential in many applications because it is a great low-temperature heat sink. The application of radiant cooling in buildings is more related to its passive integration into the building envelope, which limits its overall effectiveness. The study shows that the maximum temperature drop of the roof exterior varies between 10 and 20 °C almost throughout the year. However, the indoor temperature drop varies between 0 and 3 °C in the closed environment for personnel activities, so this study needs to be further investigated in the future [77].



	
Renewable Energy System Combinations in Buildings






It is recommended to use integrated renewable energy systems as they are sustainable and contribute to the achievement of countries’ energy supply goals [78]. The combination of renewable energy systems, such as photovoltaic/solar thermal and geothermal, results in meeting the building’s cooling, heating, and electricity needs with energy savings of 30.10%, annual cost savings of 26.58%, and overall performance of 39.52% [79]. Renewable energy systems can also help in providing the conventional systems’ need for fuel gas. For example, power-to-gas technology is a very interesting hybrid process for generating gas from renewable sources. In this process, electricity from renewable energy sources is used to produce H2 through water electrolysis, which is combined with carbon to form CH4, with the burnt oxyfuel from the oxyfuel boiler used as the carbon source [80].



The first important step before installing integrated renewable energy systems is to select suitable locations on the map according to the largest number of available renewable energy sources (solar, wind, etc.) to integrate them with conventional systems (powered by diesel, batteries, etc.). In Kenya, for example, the best hybrid and sustainable systems are solar/wind/diesel/battery compared to other feasible alternatives [78]. Also, to further improve the exergy efficiency of the system, it is recommended to use an energy system with multiple temperatures. For example, in geothermal heat pump systems coupled with thermally activated building systems, the higher-temperature chilled water can be supplied to the thermally activated building systems, while the lower-temperature water can be supplied to the air handlers for dehumidification [81].



In some hybrid heating systems with geothermal heat pumps and district heating and cooling, annual operation costs can be reduced by 64 tEUR and CO2 emissions by 92 tons, while the ground temperature remains stable [82]. The importance of introducing improvements in the new requirements for the contribution of renewable energy to water heating, limiting energy demand, and limiting energy consumption will lead to reduce the energy consumption of the residential building stock and promote energy retrofits in buildings to achieve the European targets for 2020 and 2030 [83]. As an example, the integration of fully passive cooling and heating systems with daylighting functions in the hot summer and cold winter zones results in energy savings of 23% compared to conventional cooling and heating systems for courtyard buildings in the Jiangnan region of China [84].



A dynamic simulation model shows that optimizing energy storage capacity and optimizing the strategy of combined cooling, heating, and power systems with photovoltaics increase the reduction in gas emissions by 74.86%, energy savings by 36.83%, and annual cost savings by 13.04% [85]. Also, a hybrid integrated wind-solar energy system with a heat and electricity storage system in a near-zero-energy-consumption building in St. Petersburg, Russia, was evaluated. The dynamic study shows that the system can meet up to 61% of the building’s annual heating load. The system saves 13% of energy, with nearly 69% of the electricity generated by the wind turbine sold to the grid. CO2 emissions are reduced by 13,859 kg/year. The maximum monthly energy and exergy efficiencies are 41% and 11%, respectively. The net present value is positive after 12, 14, and 17 years, assuming interest rates of 1%, 3%, and 5%, respectively [86], while the results of the transient analysis of the hybrid system optimization show an improvement in heat demand of up to 57.9% [87].



An investigation of nearly 90,000 renovated dwellings in the Netherlands with pre- and post-renovation data of actual and calculated energy consumption shows that deep renovations result more often in lower-than-expected energy savings than single renovation measures, but they result in the highest average energy savings compared to other thermal renovation measures [88]. Also, in a residential and commercial building in Krakow, southern Poland, three of four heating systems were fed with renewable energy sources. The largest amounts of heat were supplied by a biomass boiler, with a share of 30% to 50% [89]. Moreover, in the district considered prototypical, advanced district heating systems combined with low-energy building heating and cooling systems achieved 49% lower source energy consumption intensity than conventional systems [90].



Based on future climate changes, centralized district heating and cooling systems, ultra-low-temperature district heating, and fifth-generation bidirectional district heating and cooling systems were evaluated from technical, economic, and environmental perspectives, as well as considering the use of thermal energy storage. It was found that the use of a bidirectional fifth-generation district heating and cooling system is the best economic choice. However, electricity prices are 50% dependent on wind energy, which determines the cost of ultra-low-temperature district heating and fifth-generation bidirectional district heating and cooling systems, while the cost of centralized district heating and cooling systems is determined by nuclear power plants. In addition, the thermal energy storage limitation is inversely proportional to the heat-to-power ratio of the system [91]. The integration of energy geostructures into bidirectional fifth-generation district heating and cooling systems offers a greater share of low-cost geothermal energy. However, it is still in its infancy, and further research is recommended to better evaluate and develop the systems [92].



Even if the share of renewable energy systems in the environment is lower in mild and Mediterranean climates, in the Republic of Croatia, for example, up to 73% of the total electricity demand for heating/cooling could be met by variable renewable energy sources such as wind and photovoltaics [93]. To provide air conditioning and hot water to a small residential building in cold climates (Helsinki, Berlin, and Strasbourg), the use of hybrid energy systems connected to the power grid (high-efficiency geothermal heat pump, rooftop photovoltaic panels, thermopane) is recommended. TRNSYS version 18 and NeMo were used to create detailed dynamic models for the long-term operation of the energy system. The simulation shows a high coefficient of performance, reaching values of 5.4, with an electrical self-consumption of 71% at the coldest site [94,95].





7.2. Conventional Energy Sources and Systems


It is important to highlight that, in a large complex building, the heating, ventilation, and air conditioning (HVAC) systems can meet energy performance regulations, achieving a high energy efficiency of 122.6% due to effective energy recovery processes. However, despite this high energy efficiency, the system’s exergetic efficiency remains very low at only 3.68%. Thus, while the system uses energy efficiently from a quantity perspective, it does so with minimal alignment to the quality and utility of energy for specific processes, which results in significant losses in energy quality relative to ideal thermodynamic conditions [94]. This condition highlights the importance of exergy analysis in buildings to improve the quality of matching between energy supply and demand and consequently increase the sustainability of the building energy system. From the exergy point of view, the reason could be the energy conversion systems, energy distribution level, and energy released to the environment, which accounted for 54, 21, and 16% of the total exergy outflow consumed, respectively. Another reason is probably that the energy efficiency of the system decreases when the exergy demand decreases but the same energy sources are used to meet the demand [95]. For that, the use of geothermal heat pumps offers only limited system benefits, since their advantages are less than the peak demand and the fluctuations of the electric heating load are reduced [96]. Another conventional energy source is natural gas, which is used in a boiler for domestic heat supply [97].



According to researchers, some conventional energy sources used to heat/cool the building are economically better than others. For example, a comparison of the profitability of fuel cells and internal combustion engines as cogeneration systems in supermarkets shows that the payback period for installing a fuel cell system can be 5.9 years, compared to 5.6 years for internal combustion engines, when policies are considered. If no incentives are considered, the payback period for fuel cells as cogeneration systems could be 10 years, compared to 8.5 years for internal combustion engine systems [98]. In addition, it was explained that heating and cooling systems that use fossil fuels are very efficient [99].



Traditional HVAC systems in buildings typically operate based on fixed schedules and setpoints, providing heating or cooling at a constant rate regardless of actual occupancy levels or real-time environmental conditions. This approach, although functional, often leads to inefficiencies and increased energy costs. HVAC systems generally use time-based controls that are not responsive to variations in occupancy, indoor air quality, or external climate conditions, which can result in overuse of energy. Additionally, conventional systems rely heavily on fossil fuels and are not optimized for integration with renewable energy sources, such as solar or wind power, which can lead to missed opportunities for reducing carbon emissions. Improving traditional systems can involve the integration of smart technologies, such as sensors and Internet of Things (IoT) solutions, to enable demand-based control. This could allow HVAC systems to respond dynamically to real-time data from occupancy sensors, indoor temperature, and air quality monitors. For instance, smart sensors can adjust heating or cooling output based on the number of occupants and their specific location within a building, optimizing thermal comfort while conserving energy. Additionally, using predictive algorithms powered by machine learning can help anticipate changes in temperature or occupancy, further reducing energy waste. Furthermore, integrating renewable energy sources directly into HVAC systems through hybrid solutions, such as combining ground-source heat pumps with solar energy, can significantly reduce dependency on fossil fuels and enhance the overall sustainability of building operations.





8. Domotics Technological Solutions


Home automation, often referred to as smart home or building automation systems, offers a range of technologies that can integrate renewable energy sources, optimize energy use, and improve the overall energy efficiency of buildings. These technologies go beyond basic energy management and can enable real-time control, monitoring, and automation of building systems, including heating, cooling, lighting, and appliances. As energy demand grows and the drive to integrate renewable energies intensifies, home automation can make an essential contribution to achieving sustainable and energy-efficient buildings.



8.1. Advanced Smart Energy Management Systems (SEMS)


Powered by AI and IoT, Smart Energy Management Systems (SEMSs) represent a key point of home automation. These systems analyze data from various sources, including weather forecasts, building occupancy rates, and energy tariffs, to adjust energy consumption in real time. SEMSs can accommodate renewable energy systems, such as photovoltaic (PV) panels and wind turbines, with traditional energy sources to create hybrid energy systems that optimize energy flow.



By using advanced algorithms and automatic learning models, SEMSs allow the prediction of energy consumption patterns and enable dynamic management of energy storage and consumption components. Combining SEMSs with renewable energy systems in commercial buildings can reduce energy consumption by 25%, improving thermal comfort by continuously adjusting HVAC systems based on real-time occupancy data [2,100]. Additionally, IoT-enabled predictive maintenance within SEMSs can further cut energy usage by approximately 15% by ensuring systems operate at peak efficiency and proactively identifying maintenance needs to avoid energy-intensive repairs [5]. Another critical advantage of SEMSs is their capacity for peak load management, where excess energy is stored during off-peak times and used during peak demand hours, stabilizing grid loads and yielding substantial cost savings for building operations [1]. These energy management capabilities make SEMSs an essential component for achieving net-zero-energy goals in modern sustainable buildings.




8.2. IoT-Enabled Predictive Maintenance and Energy Efficiency


The IoT plays a key role in predictive maintenance and energy optimization in home automation. IoT sensors monitor the performance of HVAC, thermal, and photovoltaic systems, as well as other appliances, allowing the building manager to predict when maintenance is required before equipment failure occurs. This predictive maintenance approach reduces downtime and extends the useful life of energy systems. For example, Yang et al. [5] demonstrated that IoT-based predictive maintenance of energy systems, integrated with SEMSs, reduced overall energy consumption by 15% in a residential complex. The system achieved this result by ensuring that equipment operates at optimum efficiency and reducing the need for energy-intensive repairs. The IoT also enables energy conservation by accurately monitoring building conditions and adjusting the energy supply accordingly, ensuring that energy is only used when it is needed.




8.3. Integration of Renewable Energy and Home Energy Storage Systems (HESSs)


Home automation can increase the efficiency of renewable energy sources by integrating home energy storage systems (HESSs). These systems store excess renewable energy produced during peak production periods (e.g., sunny days for solar thermal and photovoltaic panels) and release it during periods of high demand or when renewable energy production is low (e.g., during the night or cloudy weather). As well as improving energy reliability, HESSs can be programmed to store energy during low-cost periods and release it when energy prices are higher, further reducing energy costs for homeowners. Ahmad and Ding [1] pointed out that integrating HESSs with smart home systems makes it possible to increase energy self-sufficiency by up to 60% in residential buildings with photovoltaic systems, ensuring that buildings rely less on grid electricity and more on locally stored renewable energy.




8.4. Automated Smart Climate Control and HVAC Systems


Control systems are important for optimizing energy consumption in buildings, and smart thermostats and HVAC systems are examples of the most common home automation technologies in this area. These systems can learn user behavior, monitor indoor environmental conditions, and adjust heating and cooling to maintain comfort and minimize energy consumption. Integrating SEMSs with smart thermostats ensures that energy is only used when necessary and that renewable energies are prioritized.



According to Mutschler et al. [2] the automation of climate control through SEMSs in combination with a ground source heat pump and photovoltaic panels can reduce energy consumption for heating and cooling by up to 44%. What is more, intelligent HVAC systems can also adjust their operations based on energy tariffs, maximizing cost savings by shifting energy use to off-peak periods.



In addition, HVAC systems with predictive climate control algorithms can precool or preheat spaces based on weather forecasts or occupancy schedules, further reducing energy consumption and dependence on grid electricity. Zero-energy buildings in particular benefit from these intelligent climate control technologies, as they can manage energy in such a way as to ensure that renewable sources are fully used, reducing carbon footprints and energy bills.




8.5. Smart Lighting and Appliance Control Systems


Intelligent or smart lighting systems are an important component of home automation, and make it possible to adjust the intensity of lighting based on the building’s occupancy rate, daylight levels, and time of day. By incorporating sensors that detect movement and ambient light, these systems can automatically switch off lights in unoccupied rooms or reduce them when natural light is available, leading to substantial energy savings.



The work of Liu et al. [101] points out that buildings equipped with intelligent lighting control systems and integrated with renewable energy systems have reduced energy consumption for lighting by up to 30%. Integration with photovoltaic systems also allowed buildings to use stored energy for lighting during periods when grid power was expensive, further increasing energy savings.



In addition, smart appliances connected to home automation systems can be programmed to operate during periods of low energy demand or when renewable energy is available. This form of demand management is particularly effective in reducing peak demand and ensuring that renewable energy is fully used.




8.6. Integration of Radiative Sky Cooling in Domotics Systems


Radiative sky cooling is an emerging technology that allows buildings to be cooled passively by radiating heat into the cold sky at night. When integrated into smart home systems, radiative cooling panels can be optimized to cool buildings without resorting to active systems such as energy-intensive HVAC systems. These systems can automatically open or close the cooling panels based on outside temperatures and the building’s thermal loads. Wu et al. [77] showed that integrating radiative cooling panels into SEMSs enables a 20% reduction in cooling energy demand in buildings located in hot climates. By allowing the intelligent system to decide when to activate passive cooling, buildings can maintain comfortable temperatures without relying on active cooling systems, thus reducing energy consumption.



Home automation technological solutions are essential tools for achieving energy efficiency and optimizing the integration of renewable energies in modern buildings.



Through intelligent energy management, the integration of IoT, the possibility of using energy storage, automatic climate control, and radiative cooling, buildings can significantly reduce their energy consumption, take greater advantage of renewable energy sources, and reduce their dependence on the energy grid. Future research should focus on improving the adaptability of these technologies to different climatic conditions, advancing AI-driven predictive maintenance, and exploiting renewable hybrid systems to improve the energy sustainability of buildings.





9. Advancements in Related Technologies


The thermal process developments intended to reach high thermal performance with energy consumption reduction in buildings, where the new trend is to achieve net-zero buildings by using various renewable energy sources in the thermal processes. This leads to reductions in (a) energy consumption, (b) gas emissions, (c) global warming, and (d) the costs of space heating/cooling and water heating [43]. Table 3 shows the energy saving in buildings using different cooling/heating systems and thermal processes in different countries, from published studies since 2017.



The valuation or quantification of energy saving in thermal processes of net-zero building systems depends on the calculation method, type of renewable energy, building characteristics, and energy conversion, where the valuation methods are important in understanding and improving valuable systems [102]. By applying the recommendations of the emergent-based optimization model to the design of the building’s energy systems, energy, economic, and environmental benefits are achieved [103]. In addition, better-insulated buildings equipped with efficient heating and ventilation technologies have lower energy requirements for space heating and cooling [104]. Moreover, the energy storage of the phase change material saves about 30% of the consumed energy in thermal processes when the volumetric thermal energy storage density is up to 430 MJ/m3. In contrast, the thermochemical energy storage density is up to 1510 MJ/m3, which promises higher energy savings. However, further research efforts are needed to optimize the operating conditions, efficiency, cost, and system design [105].



To achieve sustainable thermal processes in buildings, various combinations of energetic systems are used. The following are some examples of thermal processes in net-zero buildings. In British Columbia, Canada, the optimal combination of geothermal heat pumps and photovoltaic systems covers 44% of the building’s heating needs [106]. Also, in Seoul, Korea, 30% of the total thermal energy demand in buildings is met by integrated renewable energy. The optimal renewable energy system varies. In various residential buildings, the percentage of thermal energy can exceed 70% for photovoltaic systems or geothermal heat pumps. Consequently, electricity and gas deliveries to all buildings in the area decreased by a total of 17% [107]. Moreover, for a virtually energy-free building in Benevento (southern Italy, Mediterranean climate), the use of model predictive control of the room cooling system enabled optimal values to be determined for the set point temperatures, which in this case were 26 °C, resulting in a cost saving of around 28% [108].





 





Table 3. Saving energy using different cooling/heating systems and thermal processes in different countries, from published studies since 2017.
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	Reference
	Cooling/Heating System or Thermal Process
	City or Country
	Energy and Cost Saving





	Frank et al. [104]
	better-insulated buildings
	//
	lower energy requirements for space heating and cooling (1.4% reduction in total energy consumption and an approximate 62% reduction in energy consumption for appliance operation)



	Lizana, Chacartegui [105]
	phase change material with up to 430 MJ/m3 of volumetric thermal energy storage density
	//
	saves about 30%



	Karunathilake, Hewage [106]
	geothermal heat pumps and photovoltaic systems
	British Columbia, Canada
	covers 44% of the building’s heating needs



	Song, Oh [107]
	photovoltaic systems or geothermal heat pumps
	Seoul, Korea
	electricity and gas deliveries to all buildings in the area decreased by a total of 17%



	Ascione, De Masi [108]
	model predictive control of the room cooling system for the set point temperatures, which in this case were 26 °C
	Benevento (southern Italy, Mediterranean climate)
	cost saving of around 28%



	Du, Li [109]
	The heating/cooling flexibility of a smart residential energy management system
	the hot summer and cold winter zones of China
	energy savings of 34.4% in Nanjing



	Shin, Baltazar [110]
	high-efficiency heating, ventilation, and air conditioning systems, a high-performance building envelope, energy-efficient lighting, and a solar system
	the hot and humid climate of the United States
	the renovated portion has 37–50% higher energy savings



	Reda and Fatima [111]
	the development of thermal solar technologies is necessary for thermal processes in net-zero buildings
	from Finland and other northern European countries such as Sweden, Norway, and Estonia
	on-site thermal energy production by conventional solar technologies is not sufficient to achieve the net-zero-energy target, and thermal performance is also not satisfactory








The heating/cooling flexibility of a smart residential energy management system was investigated using 13,005 datasets from a nationwide field study in the hot summer and cold winter zones of China. The flexibility was demonstrated where a large energy savings potential was suspected (e.g., 34.4% in Nanjing), and it was found to be reliable in avoiding excessive cooling/heating demand [109]. Also, for the hot and humid climate of the United States, the army has designed and built a net-zero-energy building at Army Base Fort Hood in Texas. Several energy-efficient building technologies have been developed to reduce the energy consumption of the entire installation by 30% by 2030. The technologies used are high-efficiency heating, ventilation, and air conditioning systems, a high-performance building envelope, energy-efficient lighting, and a solar system. A comparative analysis between the renovated portion and the non-renovated portion shows that the renovated portion has 37–50% higher energy savings [110]. In addition, detailed analyses from Finland and other northern European countries such as Sweden, Norway, and Estonia show that the development of thermal solar technologies is necessary for thermal processes in net-zero buildings. However, in northern latitudes, on-site thermal energy production by conventional solar technologies is not sufficient to achieve the net-zero-energy target, and thermal performance is also not satisfactory [111].



The thermal energy efficiency of buildings depends on the thermal energy policy factors, building definition, regional policy, standard, technology, and the relationship between these factors. Based on more than 400 cases in cold regions, the United States is closer to achieving zero-energy buildings than the European Union and China. In general, the achievement of zero-energy buildings needs to be further advanced [112].



The use of combined cooling, heating, and power systems to save energy may lead to an imbalance between energy supply and demand in the future. For this, it is important to provide an optimization method that is characterized by good economics, stability, and accuracy and supports the preparation of operating plans for individual buildings [113].



Despite significant advances in the energy efficiency of buildings and the optimization of thermal processes, there are still several areas where further research is needed. Below are some key areas that could serve as a focus for future research:




	
Thermochemical Energy Storage Optimization








Thermochemical energy storage (TES) systems offer high energy densities, but their efficiency and cost-effectiveness need further improvement. Future research could focus on optimizing the operating conditions, material development, and system design to increase their thermal energy storage capacity and reduce system costs. Investigating novel materials and improving heat transfer efficiency will also be crucial for scaling TES systems for widespread use [105].



	
Integration of Smart Energy Management Systems






While smart energy management systems have demonstrated significant potential for reducing energy consumption, future work could explore integrating these systems with advanced data analytics, artificial intelligence (AI), and Internet of Things (IoT) technologies. This would allow for real-time optimization of energy use in buildings, predicting energy demand, and dynamically adjusting thermal processes to reduce wastage. Expanding this concept to large-scale buildings or entire urban areas could provide more comprehensive energy savings [109].



	
Improved Model Predictive Control (MPC)






Model predictive control (MPC) systems have shown promising results in optimizing thermal comfort and energy savings in buildings. However, future work could address the limitations in predictive accuracy by incorporating more sophisticated climate modeling and user behavior analytics. MPC could be further refined to better adapt to extreme weather conditions, especially in areas experiencing rapid climate change, making it more robust for global applications [108].



	
Hybrid Renewable Systems for Net-Zero Buildings






While hybrid systems that combine photovoltaic (PV), solar thermal, and geothermal systems have proven effective, future research can explore the potential of integrating other renewable energy sources, such as wind power and energy storage systems, for achieving net-zero buildings. The optimization of energy storage in these hybrid systems, particularly in urban settings where space is limited, would be an area of significant interest. Research could also focus on the economic feasibility and lifecycle costs of these hybrid systems [79,106].



	
Building Envelope and Material Innovation






Future work can explore the development of advanced building materials that provide better thermal insulation and lower carbon footprints. For instance, research into materials with phase change properties, nano-materials, and bio-based materials could enhance the thermal performance of building envelopes. The potential for 3D-printed concrete and other modern construction techniques to revolutionize thermal performance is also a promising field of study [92].



	
Radiative Sky Cooling Technologies






Although radiative cooling technologies have been increasingly studied, their practical application in buildings remains limited. Future research could focus on enhancing the cooling efficiency of radiative materials and their integration into existing buildings. In particular, passive cooling strategies in tropical and desert climates require further investigation to determine how best to deploy these technologies to reduce cooling demand [77].




10. Conclusions


This review provides a detailed analysis of hybrid energy systems, smart management solutions, and advanced thermal materials, to improve the energy efficiency of buildings. By integrating renewable energy sources with advanced thermal management systems such as geothermal heat pumps and intelligent energy management systems (SEMSs), significant improvements in energy consumption and energy performance have been observed globally. Key findings include the benefits of combining multiple renewable energy sources, which can achieve better thermal performance and greater efficiency compared to using stand-alone systems. This work highlights several key areas relating to thermal processes and energy efficiency in buildings, particularly in the context of integrating renewable energy systems to achieve net-zero-energy targets:




	
With the increase in global temperatures as a result of climate change, a greater demand for cooling in buildings and also a reduction in the effectiveness of passive thermal solutions, especially in regions experiencing extreme heat, are expected. Consequently, it will be necessary to use more advanced, building-integrated renewable energy systems, such as geothermal heat pumps or photovoltaic (PV) systems, to maintain good energy efficiency while meeting the growing demand for cooling.



	
It is necessary to develop comprehensive energy efficiency models that incorporate diverse strategies, including design, construction, and adaptation strategies for systems and equipment. In this way, energy consumption savings of more than 60% can be achieved compared to the current situation, particularly in residential buildings where configuration and design are critical to overall energy performance.



	
Taking advantage of the dynamic behavior of the thermal mass of buildings constitutes an effective strategy for improving energy efficiency. By utilizing the mass of the building as a thermal energy storage mechanism, particularly during preheating or precooling cycles, buildings can achieve significant energy savings. This strategy can be optimized by combining it with advanced energy management systems that use real-time data from multiple sensors to regulate the temperatures of indoor spaces.



	
The comparison between conventional energy systems and systems based on renewable energy sources indicates that although conventional systems are efficient and may have lower installation costs, they are dependent on fossil fuels and produce greenhouse gases; consequently, they are less environmentally sustainable. Combining multiple renewable systems produces better thermal performance than relying on a single solution, although the integration process can increase initial costs.



	
The potential for using energy storage systems, in particular thermochemical energy storage, that offer higher energy densities is dependent on their optimization. It is necessary to continue research work on this topic, focusing on improving operational efficiency, reducing costs, and refining the system design. TES systems unlock significant energy savings, especially in dense urban areas where energy storage capabilities are crucial to balancing energy demand with renewable energy supply.



	
Adapting energy systems to regional climates, such as selecting efficient heating methods in colder climates or adopting passive cooling strategies in hot, dry regions, ensures maximum energy efficiency. Insulating buildings and implementing advanced heating and ventilation technologies also contribute to significantly reducing energy demand for either heating or cooling.








In summary, data-driven optimization models and IoT-based sensor integration improve the flexibility and adaptability of these systems, especially in predicting energy demand and optimizing its use in real time. Additionally, advanced building materials, such as those incorporating phase change materials, as well as the use of thermal mass for energy storage, present an opportunity to further reduce energy consumption in heating and cooling processes.



Finally, the integration of renewable energy systems with smart energy management and advanced thermal processes presents the most viable path to achieving net-zero-energy buildings. However, future research should focus on making these technologies more profitable and scalable, particularly through advances in thermochemical energy storage and hybrid renewable energy systems. Furthermore, climate-specific adaptations and early-stage energy planning will be key to ensuring the success of these systems on a global scale.







Author Contributions


Conceptualization, S.H., L.C.P., P.D.G. and P.D.S.; methodology, S.H., L.C.P., P.D.G. and P.D.S.; resources, L.C.P., P.D.G. and P.D.S.; data curation, S.H.; writing—original draft preparation, S.H.; writing—review and editing, S.H., L.C.P., P.D.G. and P.D.S.; supervision, L.C.P., P.D.G. and P.D.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported in part by the Fundação para a Ciência e Tecnologia (FCT) and C-MAST (Centre for Mechanical and Aerospace Science and Technologies), under project UIDB/00151/2020 (https://doi.org/10.54499/UIDB/00151/2020; https://doi.org/10.54499/UIDP/00151/2020, accessed on 18 October 2024).




Data Availability Statement


The authors confirm that the data supporting the findings of this study are available within the article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Ahmad, A.; Ding, Y. A thermochemical energy storage based cooling and heating system: Modelling, experimental validation and lab-scale demonstration. Energy Convers. Manag. 2021, 247, 114748. [Google Scholar] [CrossRef]

	



Mutschler, R.; Rüdisüli, M.; Heer, P.; Eggimann, S. Benchmarking cooling and heating energy demands considering climate change, population growth and cooling device uptake. Appl. Energy 2021, 288, 116636. [Google Scholar] [CrossRef]

	



Martins, N.R.; Bourne–Webb, P.J. Discussion on “Providing renewable cooling in an office building with a Ground–Source heat pump system hybridized with natural ventilation & personal comfort systems”, energy and buildings 261 (2022), 111,982. Energy Build. 2022, 273, 112396. [Google Scholar] [CrossRef]

	



Martins, N.R.; Bourne–Webb, P.J. Providing renewable cooling in an office building with a Ground–Source heat pump system hybridized with natural ventilation & personal comfort systems. Energy Build. 2022, 261, 111982. [Google Scholar] [CrossRef]

	



Yang, X.; Hu, M.; Tukker, A.; Zhang, C.; Huo, T.; Steubing, B. A bottom-up dynamic building stock model for residential energy transition: A case study for the Netherlands. Appl. Energy 2022, 306, 118060. [Google Scholar] [CrossRef]

	



Ma, W.; Fan, J.; Fang, S.; Hassan, N.M.S.; Zhang, Y.; Wu, X.; Li, Y.; Hu, R.; Liu, G. Energy efficiency indicators for combined cooling, heating and power systems. Energy Convers. Manag. 2021, 239, 114187. [Google Scholar] [CrossRef]

	



Sánchez Ramos, J.; Pavón Moreno, M.; Guerrero Delgado, M.; Álvarez Domínguez, S.; Cabeza, L.F. Potential of energy flexible buildings: Evaluation of DSM strategies using building thermal mass. Energy Build. 2019, 203, 109442. [Google Scholar] [CrossRef]

	



Shen, P.; Dai, M.; Xu, P.; Dong, W. Building heating and cooling load under different neighbourhood forms: Assessing the effect of external convective heat transfer. Energy 2019, 173, 75–91. [Google Scholar] [CrossRef]

	



Pajek, L.; Potočnik, J.; Košir, M. The effect of a warming climate on the relevance of passive design measures for heating and cooling of European single-family detached buildings. Energy Build. 2022, 261, 111947. [Google Scholar] [CrossRef]

	



Liu, Q.; Ren, J. Research on the building energy efficiency design strategy of Chinese universities based on green performance analysis. Energy Build. 2020, 224, 110242. [Google Scholar] [CrossRef]

	



Zilberberg, E.; Trapper, P.; Meir, I.A.; Isaac, S. The impact of thermal mass and insulation of building structure on energy efficiency. Energy Build. 2021, 241, 110954. [Google Scholar] [CrossRef]

	



Koh, C.H.; Kraniotis, D. Hygrothermal performance, energy use and embodied emissions in straw bale buildings. Energy Build. 2021, 245, 111091. [Google Scholar] [CrossRef]

	



Goodhew, S.; Boutouil, M.; Streiff, F.; Le Guern, M.; Carfrae, J.; Fox, M. Improving the thermal performance of earthen walls to satisfy current building regulations. Energy Build. 2021, 240, 110873. [Google Scholar] [CrossRef]

	



Sun, J.; Xiao, J.; Li, Z.; Feng, X. Experimental study on the thermal performance of a 3D printed concrete prototype building. Energy Build. 2021, 241, 110965. [Google Scholar] [CrossRef]

	



Krzaczek, M.; Florczuk, J.; Tejchman, J. Improved energy management technique in pipe-embedded wall heating/cooling system in residential buildings. Appl. Energy 2019, 254, 113711. [Google Scholar] [CrossRef]

	



Lim, T.; Yim, W.-S.; Kim, D.-D. Analysis of the Thermal and Cooling Energy Performance of the Perimeter Zones in an Office Building. Buildings 2022, 12, 141. [Google Scholar] [CrossRef]

	



Zune, M.; Tubelo, R.; Rodrigues, L.; Gillott, M. Improving building thermal performance through an integration of Passivhaus envelope and shading in a tropical climate. Energy Build. 2021, 253, 111521. [Google Scholar] [CrossRef]

	



Harvey, L.D.D. Using modified multiple heating-degree-day (HDD) and cooling-degree-day (CDD) indices to estimate building heating and cooling loads. Energy Build. 2020, 229, 110475. [Google Scholar] [CrossRef]

	



Kamel, E.; Sheikh, S.; Huang, X. Data-driven predictive models for residential building energy use based on the segregation of heating and cooling days. Energy 2020, 206, 118045. [Google Scholar] [CrossRef]

	



Sampaio, P.R.; Salvazet, R.; Mandel, P.; Becker, G.; Chenu, D. Simulation and optimal control of heating and cooling systems: A case study of a commercial building. Energy Build. 2021, 246, 111102. [Google Scholar] [CrossRef]

	



Ghilardi, L.M.P.; Castelli, A.F.; Moretti, L.; Morini, M.; Martelli, E. Co-optimization of multi-energy system operation, district heating/cooling network and thermal comfort management for buildings. Appl. Energy 2021, 302, 117480. [Google Scholar] [CrossRef]

	



Prataviera, E.; Vivian, J.; Lombardo, G.; Zarrella, A. Evaluation of the impact of input uncertainty on urban building energy simulations using uncertainty and sensitivity analysis. Appl. Energy 2022, 311, 118691. [Google Scholar] [CrossRef]

	



Xu, Y.; Li, F.; Asgari, A. Prediction and optimization of heating and cooling loads in a residential building based on multi-layer perceptron neural network and different optimization algorithms. Energy 2022, 240, 122692. [Google Scholar] [CrossRef]

	



Ravi Kumar, K.; Krishna Chaitanya, N.V.V.; Sendhil Kumar, N. Solar thermal energy technologies and its applications for process heating and power generation—A review. J. Clean. Prod. 2021, 282, 125296. [Google Scholar] [CrossRef]

	



Hamdane, S.; Mahboub, C.; Moummi, A. Numerical approach to predict the outlet temperature of earth-to-air-heat-exchanger. Therm. Sci. Eng. Prog. 2021, 21, 100806. [Google Scholar] [CrossRef]

	



Miglani, S.; Orehounig, K.; Carmeliet, J. Integrating a thermal model of ground source heat pumps and solar regeneration within building energy system optimization. Appl. Energy 2018, 218, 78–94. [Google Scholar] [CrossRef]

	



Xuan, Q.; Li, G.; Lu, Y.; Zhao, B.; Wang, F.; Pei, G. Daylighting utilization and uniformity comparison for a concentrator-photovoltaic window in energy saving application on the building. Energy 2021, 214, 118932. [Google Scholar] [CrossRef]

	



Wang, L.; Guo, L.; Ren, J.; Kong, X. Using of heat thermal storage of PCM and solar energy for distributed clean building heating: A multi-level scale-up research. Appl. Energy 2022, 321, 119345. [Google Scholar] [CrossRef]

	



Gholamibozanjani, G.; Farid, M. Application of an active PCM storage system into a building for heating/cooling load reduction. Energy 2020, 210, 118572. [Google Scholar] [CrossRef]

	



Knudsen, B.R.; Rohde, D.; Kauko, H. Thermal energy storage sizing for industrial waste-heat utilization in district heating: A model predictive control approach. Energy 2021, 234, 121200. [Google Scholar] [CrossRef]

	



Zhao, B.C.; Wang, R.Z. Perspectives for short-term thermal energy storage using salt hydrates for building heating. Energy 2019, 189, 116139. [Google Scholar] [CrossRef]

	



Bhamare, D.K.; Rathod, M.K.; Banerjee, J. Passive cooling techniques for building and their applicability in different climatic zones—The state of art. Energy Build. 2019, 198, 467–490. [Google Scholar] [CrossRef]

	



Buscemi, A.; Catrini, P.; Piacentino, A.; Cardona, F.; Munith Kumar, D. Energy-saving potential of ground source multiple chillers in simple and hybrid configurations for Mediterranean climates. Energy Convers. Manag. 2022, 263, 115721. [Google Scholar] [CrossRef]

	



Firfiris, V.K.; Martzopoulou, A.G.; Kotsopoulos, T.A. Passive cooling systems in livestock buildings towards energy saving: A critical review. Energy Build. 2019, 202, 109368. [Google Scholar] [CrossRef]

	



Szabó, G.L.; Kalmár, F. Investigation of energy and exergy performances of radiant cooling systems in buildings—A design approach. Energy 2019, 185, 449–462. [Google Scholar] [CrossRef]

	



Park, J.H.; Lee, J.; Wi, S.; Jeon, J.; Chang, S.J.; Chang, J.D.; Kim, S. Optimization of phase change materials to improve energy performance within thermal comfort range in the South Korean climate. Energy Build. 2019, 185, 12–25. [Google Scholar] [CrossRef]

	



Junaid, M.F.; Rehman, Z.u.; Čekon, M.; Čurpek, J.; Farooq, R.; Cui, H.; Khan, I. Inorganic phase change materials in thermal energy storage: A review on perspectives and technological advances in building applications. Energy Build. 2021, 252, 111443. [Google Scholar] [CrossRef]

	



Daneshazarian, R.; Bayomy, A.M.; Dworkin, S.B. NanoPCM based thermal energy storage system for a residential building. Energy Convers. Manag. 2022, 254, 115208. [Google Scholar] [CrossRef]

	



Yin, H.; Zadshir, M.; Pao, F. Building Integrated Photovoltaic Thermal Systems; Royal Society of Chemistry: Cambridge, UK, 2021. [Google Scholar]

	



Chwieduk, D. Solar Energy in Buildings; Academic Press: New York, NY, USA, 2014. [Google Scholar]

	



Stazi, F. Thermal Inertia in Energy Efficient Building Envelopes; Butterworth-Heinemann: Oxford, UK, 2017. [Google Scholar]

	



Attia, S. Net Zero Energy Buildings (NZEB); Butterworth-Heinemann: Oxford, UK, 2018. [Google Scholar]

	



Zhang, S.; Ocłoń, P.; Klemeš, J.J.; Michorczyk, P.; Pielichowska, K.; Pielichowski, K. Renewable energy systems for building heating, cooling and electricity production with thermal energy storage. Renew. Sustain. Energy Rev. 2022, 165, 112560. [Google Scholar] [CrossRef]

	



Canale, L.; Dell’Isola, M.; Ficco, G.; Cholewa, T.; Siggelsten, S.; Balen, I. A comprehensive review on heat accounting and cost allocation in residential buildings in EU. Energy Build. 2019, 202, 109398. [Google Scholar] [CrossRef]

	



Kim, D.-W.; Ahn, K.-U.; Shin, H.; Lee, S.-E. Simplified Weather-Related Building Energy Disaggregation and Change-Point Regression: Heating and Cooling Energy Use Perspective. Buildings 2022, 12, 1717. [Google Scholar] [CrossRef]

	



GB 50189-2015; Design Standard for Energy Efficiency of Public Buildings. International Energy Agency: Paris, France, 2021.

	



Alghamdi, S.; Tang, W.; Kanjanabootra, S.; Alterman, D. Effect of Architectural Building Design Parameters on Thermal Comfort and Energy Consumption in Higher Education Buildings. Buildings 2022, 12, 329. [Google Scholar] [CrossRef]

	



Mahdi-Ul-Ishtiaque, M.; Saha, P.; Sutradhar, A.; Galib, M.; Hannan, M.A. A Sustainable Approach to Improve the Efficiency of Earth Pipe Cooling System. Int. J. Sustain. Eng. 2020, 13, 387–397. [Google Scholar] [CrossRef]

	



Singh, B.; Asati, A.K.; Kumar, R. Evaluation of the Cooling Potential of Earth Air Heat Exchanger Using Concrete Pipes. Int. J. Thermophys. 2021, 42, 19. [Google Scholar] [CrossRef]

	



Meng, N.; Li, T.; Wang, J.; Jia, Y.; Liu, Q.; Qin, H. Synergetic cascade-evaporation mechanism of a novel building distributed energy supply system with cogeneration and temperature and humidity independent control characteristics. Energy Convers. Manag. 2020, 209, 112620. [Google Scholar] [CrossRef]

	



Shahzad, M.K.; Ding, Y.; Xuan, Y.; Gao, N.; Chen, G. Energy efficiency analysis of a multifunctional hybrid open absorption system for dehumidification, heating, and cooling: An industrial waste heat recovery application. Energy Convers. Manag. 2021, 243, 114356. [Google Scholar] [CrossRef]

	



Kasaeian, A.; Heidari, A.; Azarian, R. A review on solar chimney systems. Renew. Sustain. Energy Rev. 2017, 67, 954–987. [Google Scholar] [CrossRef]

	



Sharon, H. A detailed review on sole and hybrid solar chimney based sustainable ventilation, power generation, and potable water production system. Energy Nexus 2023, 10, 100184. [Google Scholar] [CrossRef]

	



Moreno, S.; Hinojosa, J.F.; Dévora-Isiordia, G.E. Exploring water desalination in an arid climate: An experimental and numerical analysis of a compact solar chimney. Desalination 2024, 583, 117671. [Google Scholar] [CrossRef]

	



Arunkumar, H.S.; Vasudeva-Karanth, K.; Kumar, S. Review on the design modifications of a solar air heater for improvement in the thermal performance. Sustain. Energy Technol. Assess. 2020, 39, 100685. [Google Scholar] [CrossRef]

	



Chang, Z.; Zheng, H.; Yang, Y.; Su, Y.; Duan, Z. Experimental investigation of a novel multi-effect solar desalination system based on humidification–dehumidification process. Renew. Energy 2014, 69, 253–259. [Google Scholar] [CrossRef]

	



Alnaimat, F.; Ziauddin, M.; Mathew, B. A review of recent advances in humidification and dehumidification desalination technologies using solar energy. Desalination 2021, 499, 114860. [Google Scholar] [CrossRef]

	



Abdel-Dayem, A.M.; AlZahrani, A. Psychometric study and performance investigation of an efficient evaporative solar HDH water desalination system. Sustain. Energy Technol. Assess. 2022, 52, 102030. [Google Scholar] [CrossRef]

	



Abedi, M.; Tan, X.; Saha, P.; Klausner, J.F.; Bénard, A.; Alaoui, M.; Gharbi, S.; Alami, A. Design of a solar air heater for a direct-contact packed-bed humidification–dehumidification desalination system. Appl. Therm. Eng. Energy 2024, 244, 122700. [Google Scholar] [CrossRef]

	



Shin, D.U.; Ryu, S.R.; Kim, K.W. Simultaneous heating and cooling system with thermal storage tanks considering energy efficiency and operation method of the system. Energy Build. 2019, 205, 109518. [Google Scholar] [CrossRef]

	



Ringkjøb, H.-K.; Haugan, P.M.; Nybø, A. Transitioning remote Arctic settlements to renewable energy systems—A modelling study of Longyearbyen, Svalbard. Appl. Energy 2020, 258, 114079. [Google Scholar] [CrossRef]

	



Walch, A.; Li, X.; Chambers, J.; Mohajeri, N.; Yilmaz, S.; Patel, M.; Scartezzini, J.-L. Shallow geothermal energy potential for heating and cooling of buildings with regeneration under climate change scenarios. Energy 2022, 244, 123086. [Google Scholar] [CrossRef]

	



Cao, L.; Wang, J.; Yang, Y.; Wang, Y.; Li, H.; Lou, J.; Rao, Q.; Li, Y. Dynamic analysis and operation simulation for a combined cooling heating and power system driven by geothermal energy. Energy Convers. Manag. 2021, 228, 113656. [Google Scholar] [CrossRef]

	



Mohammadzadeh Bina, S.; Fujii, H.; Tsuya, S.; Kosukegawa, H. Comparative study of hybrid ground source heat pump in cooling and heating dominant climates. Energy Convers. Manag. 2022, 252, 115122. [Google Scholar] [CrossRef]

	



Alavy, M.; Peiris, M.; Wang, J.; Rosen, M.A. Assessment of a novel phase change material-based thermal caisson for geothermal heating and cooling. Energy Convers. Manag. 2021, 234, 113928. [Google Scholar] [CrossRef]

	



Arteconi, A.; Ciarrocchi, E.; Pan, Q.; Carducci, F.; Comodi, G.; Polonara, F.; Wang, R. Thermal energy storage coupled with PV panels for demand side management of industrial building cooling loads. Appl. Energy 2017, 185, 1984–1993. [Google Scholar] [CrossRef]

	



Beernink, S.; Bloemendal, M.; Kleinlugtenbelt, R.; Hartog, N. Maximizing the use of aquifer thermal energy storage systems in urban areas: Effects on individual system primary energy use and overall GHG emissions. Appl. Energy 2022, 311, 118587. [Google Scholar] [CrossRef]

	



Duus, K.; Schmitz, G. Experimental investigation of sustainable and energy efficient management of a geothermal field as a heat source and heat sink for a large office building. Energy Build. 2021, 235, 110726. [Google Scholar] [CrossRef]

	



Liu, L.; Wang, R.; Wang, Y.; Li, W.; Sun, J.; Guo, Y.; Qu, W.; Li, W.; Zhao, C. Comprehensive analysis and optimization of combined cooling heating and power system integrated with solar thermal energy and thermal energy storage. Energy Convers. Manag. 2023, 275, 116464. [Google Scholar] [CrossRef]

	



Reda, F.; Viot, M.; Sipilä, K.; Helm, M. Energy assessment of solar cooling thermally driven system configurations for an office building in a Nordic country. Appl. Energy 2016, 166, 27–43. [Google Scholar] [CrossRef]

	



Kanteh Sakiliba, S.; Wu, J.; Bolton, N.; Sooriyabandara, M. The Energy Performance and Techno-Economic Analysis of Zero Energy Bill Homes. Energy Build. 2020, 228, 110426. [Google Scholar] [CrossRef]

	



Behzadi, A.; Arabkoohsar, A. Comparative performance assessment of a novel cogeneration solar-driven building energy system integrating with various district heating designs. Energy Convers. Manag. 2020, 220, 113101. [Google Scholar] [CrossRef]

	



Wang, K.; Herrando, M.; Pantaleo, A.M.; Markides, C.N. Technoeconomic assessments of hybrid photovoltaic-thermal vs. conventional solar-energy systems: Case studies in heat and power provision to sports centres. Appl. Energy 2019, 254, 113657. [Google Scholar] [CrossRef]

	



Skandalos, N.; Karamanis, D. An optimization approach to photovoltaic building integration towards low energy buildings in different climate zones. Appl. Energy 2021, 295, 117017. [Google Scholar] [CrossRef]

	



Bock, M. A building integrated solar thermal collector with active steel skins. Energy Build. 2019, 201, 134–147. [Google Scholar] [CrossRef]

	



Chan, Y.H.; Zhang, Y.; Tennakoon, T.; Fu, S.C.; Chan, K.C.; Tso, C.Y.; Yu, K.M.; Wan, M.P.; Huang, B.L.; Yao, S.; et al. Potential passive cooling methods based on radiation controls in buildings. Energy Convers. Manag. 2022, 272, 116342. [Google Scholar] [CrossRef]

	



Wu, Y.; Zhao, H.; Sun, H.; Duan, M.; Lin, B.; Wu, S. A review of the application of radiative sky cooling in buildings: Challenges and optimization. Energy Convers. Manag. 2022, 265, 115768. [Google Scholar] [CrossRef]

	



Elkadeem, M.R.; Younes, A.; Sharshir, S.W.; Campana, P.E.; Wang, S. Sustainable siting and design optimization of hybrid renewable energy system: A geospatial multi-criteria analysis. Appl. Energy 2021, 295, 117071. [Google Scholar] [CrossRef]

	



Zeng, R.; Zhang, X.; Deng, Y.; Li, H.; Zhang, G. Optimization and performance comparison of combined cooling, heating and power/ground source heat pump/photovoltaic/solar thermal system under different load ratio for two operation strategies. Energy Convers. Manag. 2020, 208, 112579. [Google Scholar] [CrossRef]

	



Bailera, M.; Lisbona, P.; Llera, E.; Peña, B.; Romeo, L.M. Renewable energy sources and power-to-gas aided cogeneration for non-residential buildings. Energy 2019, 181, 226–238. [Google Scholar] [CrossRef]

	



Hu, R.; Li, X.; Liang, J.; Wang, H.; Liu, G. Field study on cooling performance of a heat recovery ground source heat pump system coupled with thermally activated building systems (TABSs). Energy Convers. Manag. 2022, 262, 115678. [Google Scholar] [CrossRef]

	



Puttige, A.R.; Andersson, S.; Östin, R.; Olofsson, T. Modeling and optimization of hybrid ground source heat pump with district heating and cooling. Energy Build. 2022, 264, 112065. [Google Scholar] [CrossRef]

	



López-Ochoa, L.M.; Las-Heras-Casas, J.; López-González, L.M.; Olasolo-Alonso, P. Towards nearly zero-energy buildings in Mediterranean countries: Energy Performance of Buildings Directive evolution and the energy rehabilitation challenge in the Spanish residential sector. Energy 2019, 176, 335–352. [Google Scholar] [CrossRef]

	



Chi, F.a.; Xu, L.; Peng, C. Integration of completely passive cooling and heating systems with daylighting function into courtyard building towards energy saving. Appl. Energy 2020, 266, 114865. [Google Scholar] [CrossRef]

	



Wang, Z.; Cai, W.; Tao, H.; Wu, D.; Meng, J. Research on capacity and strategy optimization of combined cooling, heating and power systems with solar photovoltaic and multiple energy storage. Energy Convers. Manag. 2022, 268, 115965. [Google Scholar] [CrossRef]

	



Deymi-Dashtebayaz, M.; Baranov, I.V.; Nikitin, A.; Davoodi, V.; Sulin, A.; Norani, M.; Nikitina, V. An investigation of a hybrid wind-solar integrated energy system with heat and power energy storage system in a near-zero energy building-A dynamic study. Energy Convers. Manag. 2022, 269, 116085. [Google Scholar] [CrossRef]

	



Deymi-Dashtebayaz, M.; Nikitin, A.; Davoodi, V.; Nikitina, V.; Hekmatshoar, M.; Shein, V. A new multigenerational solar energy system integrated with near-zero energy building including energy storage–A dynamic energy, exergy, and economic-environmental analyses. Energy Convers. Manag. 2022, 261, 115653. [Google Scholar] [CrossRef]

	



van den Brom, P.; Meijer, A.; Visscher, H. Actual energy saving effects of thermal renovations in dwellings—Longitudinal data analysis including building and occupant characteristics. Energy Build. 2019, 182, 251–263. [Google Scholar] [CrossRef]

	



Pater, S. Field measurements and energy performance analysis of renewable energy source devices in a heating and cooling system in a residential building in southern Poland. Energy Build. 2019, 199, 115–125. [Google Scholar] [CrossRef]

	



Allen, A.; Henze, G.; Baker, K.; Pavlak, G. Evaluation of low-exergy heating and cooling systems and topology optimization for deep energy savings at the urban district level. Energy Convers. Manag. 2020, 222, 113106. [Google Scholar] [CrossRef]

	



Zhang, Y.; Johansson, P.; Sasic Kalagasidis, A. Assessment of district heating and cooling systems transition with respect to future changes in demand profiles and renewable energy supplies. Energy Convers. Manag. 2022, 268, 116038. [Google Scholar] [CrossRef]

	



Meibodi, S.S.; Loveridge, F. The future role of energy geostructures in fifth generation district heating and cooling networks. Energy 2022, 240, 122481. [Google Scholar] [CrossRef]

	



Novosel, T.; Feijoo, F.; Duić, N.; Domac, J. Impact of district heating and cooling on the potential for the integration of variable renewable energy sources in mild and Mediterranean climates. Energy Convers. Manag. 2022, 272, 116374. [Google Scholar] [CrossRef]

	



Bordignon, S.; Quaggiotto, D.; Vivian, J.; Emmi, G.; De Carli, M.; Zarrella, A. A solar-assisted low-temperature district heating and cooling network coupled with a ground-source heat pump. Energy Convers. Manag. 2022, 267, 115838. [Google Scholar] [CrossRef]

	



Sayadi, S.; Tsatsaronis, G.; Morosuk, T. Dynamic exergetic assessment of heating and cooling systems in a complex building. Energy Convers. Manag. 2019, 183, 561–576. [Google Scholar] [CrossRef]

	



Hoseinpoori, P.; Olympios, A.V.; Markides, C.N.; Woods, J.; Shah, N. A whole-system approach for quantifying the value of smart electrification for decarbonising heating in buildings. Energy Convers. Manag. 2022, 268, 115952. [Google Scholar] [CrossRef]

	



Sarabia Escriva, E.J.; Hart, M.; Acha, S.; Soto Francés, V.; Shah, N.; Markides, C.N. Techno-economic evaluation of integrated energy systems for heat recovery applications in food retail buildings. Appl. Energy 2022, 305, 117799. [Google Scholar] [CrossRef]

	



Acha, S.; Le Brun, N.; Damaskou, M.; Fubara, T.C.; Mulgundmath, V.; Markides, C.N.; Shah, N. Fuel cells as combined heat and power systems in commercial buildings: A case study in the food-retail sector. Energy 2020, 206, 118046. [Google Scholar] [CrossRef]

	



Ryan, E.; McDaniel, B.; Kosanovic, D. Application of thermal energy storage with electrified heating and cooling in a cold climate. Appl. Energy 2022, 328, 120147. [Google Scholar] [CrossRef]

	



Junior, R.; Ochoa, A.; Leite, G.; Silva, H.; Costa, J.; Tiba, C.; Oliveira, E.; Michima, P. Real-time energy and economic performance of the multi-zone photovoltaic-drive air conditioning system for an office building in a tropical climate. Energy Convers. Manag. 2023, 297, 117713. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhang, X.; Sun, Y.; Zhou, Y. Advanced controls on energy reliability, flexibility and occupant-centric control for smart and energy-efficient buildings. Energy Build. 2023, 297, 113436. [Google Scholar] [CrossRef]

	



Zhang, C.; Cui, C.; Zhang, Y.; Yuan, J.; Luo, Y.; Gang, W. A review of renewable energy assessment methods in green building and green neighborhood rating systems. Energy Build. 2019, 195, 68–81. [Google Scholar] [CrossRef]

	



Wang, J.; Wang, J.; Yang, X.; Xie, K.; Wang, D. A novel emergy-based optimization model of a building cooling, heating and power system. Energy Convers. Manag. 2022, 268, 115987. [Google Scholar] [CrossRef]

	



Frank, L.; Rödder, M.; Neef, M.; Adam, M. Heating, ventilation, domestic appliances—An energy integrated system concept for the household of the future. Energy 2021, 234, 121303. [Google Scholar] [CrossRef]

	



Lizana, J.; Chacartegui, R.; Barrios-Padura, A.; Valverde, J.M. Advances in thermal energy storage materials and their applications towards zero energy buildings: A critical review. Appl. Energy 2017, 203, 219–239. [Google Scholar] [CrossRef]

	



Karunathilake, H.; Hewage, K.; Brinkerhoff, J.; Sadiq, R. Optimal renewable energy supply choices for net-zero ready buildings: A life cycle thinking approach under uncertainty. Energy Build. 2019, 201, 70–89. [Google Scholar] [CrossRef]

	



Song, J.; Oh, S.-D.; Song, S.J. Effect of increased building-integrated renewable energy on building energy portfolio and energy flows in an urban district of Korea. Energy 2019, 189, 116132. [Google Scholar] [CrossRef]

	



Ascione, F.; De Masi, R.F.; Festa, V.; Mauro, G.M.; Vanoli, G.P. Optimizing space cooling of a nearly zero energy building via model predictive control: Energy cost vs comfort. Energy Build. 2023, 278, 112664. [Google Scholar] [CrossRef]

	



Du, C.; Li, B.; Yu, W.; Liu, H.; Yao, R. Energy flexibility for heating and cooling based on seasonal occupant thermal adaptation in mixed-mode residential buildings. Energy 2019, 189, 116339. [Google Scholar] [CrossRef]

	



Shin, M.; Baltazar, J.-C.; Haberl, J.S.; Frazier, E.; Lynn, B. Evaluation of the energy performance of a net zero energy building in a hot and humid climate. Energy Build. 2019, 204, 109531. [Google Scholar] [CrossRef]

	



Reda, F.; Fatima, Z. Northern European nearly zero energy building concepts for apartment buildings using integrated solar technologies and dynamic occupancy profile: Focus on Finland and other Northern European countries. Appl. Energy 2019, 237, 598–617. [Google Scholar] [CrossRef]

	



Wang, R.; Feng, W.; Wang, L.; Lu, S. A comprehensive evaluation of zero energy buildings in cold regions: Actual performance and key technologies of cases from China, the US, and the European Union. Energy 2021, 215, 118992. [Google Scholar] [CrossRef]

	



Wang, Z.; Tao, H.; Cai, W.; Duan, Y.; Wu, D.; Zhang, L. Study on the multitime scale rolling optimization operation of a near-zero energy building energy supply system. Energy Convers. Manag. 2022, 270, 116255. [Google Scholar] [CrossRef]








[image: Energies 17 05664 g001] 





Figure 1. Annual heating and cooling energy demand of Switzerland for different climate zones and assuming the best-case energy strategy with high-efficiency buildings [2]. 
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Figure 2. Annual distribution of the scientific articles used in this review. 
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Figure 3. Comparison of indoor temperature of typical dormitory buildings in the south of China in summer [10]. 
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Table 1. Examples of the energy supply, installation, thermal storage, and the efficiency of building heating methods.
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	Reference
	Energy Supply
	Installation
	Efficiency





	Ravi Kumar, Krishna Chaitanya [24]
	(Fossil fuel and renewable energies)
	Integrated solar thermal energy systems
	have high efficiency in heating residential buildings



	Miglani, Orehounig [26]
	(Fossil fuel and renewable energies)
	A geothermal heat exchanger is integrated with heat pumps
	27.3% reduction in total CO2 emissions at almost no additional cost



	Xuan, Li [27]
	(Renewable energies)
	Concentrator photovoltaic window systems
	improve the use of solar energy and well meet the thermal energy needs of the building



	Wang, Guo [28]
	(Renewable energies)
	A hybrid heating system combining solar energy with heat storage (phase change material)
	thermal efficiency, which was 51.3%



	Gholamibozanjani and Farid [29]
	//
	Phase change material
	heating energy savings of 40% in May and 10.3% in June/July 2019 were achieved.



	Knudsen, Rohde [30]
	//
	Heat exchange (annual heat production comes from recovering heat from the waste gases of a ferrosilicon plant)
	district heating 90%



	Zhao and Wang [31]
	//
	Salt hydrates (short-term s