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ABSTRACT 

COMPARISON OF PERFORMANCE PARAMETERS OF A BUILDING 
HEATING SYSTEM INCLUDING HEAT PUMP AND UNDERGROUND 

ENERGY STORAGE TANK ASSISTED WITH AND WITHOUT           
SOLAR ENERGY 

CHAHID, Ghadir 
M.Sc. in Mechanical Engineering 

Supervisor: Prof. Dr. Recep YUMRUTAŞ 
Co-Supervisor: Assist. Prof. Dr. Hatem HASAN ISMAEEL 

August 2023 
72 pages 

Underground storage tanks are used to efficiently store thermal energy for domestic 

and commercial heating systems. This study compares two systems; The first consists 

of an underground storage tank, a heat pump, and a building to be heated. The second 

system consists of the same components with adding solar collectors (SC). An 

analytical model of each system is developed to find the performance parameters of 

the heating systems. The Coefficient of Performance (COP), the temperature of water 

in the storage tank, and useful solar energy are part of the main performance 

parameters. A MATLAB program based on the analytical model is prepared for 

computing all performance parameters of the heating systems. In the fifth year of 

operation, the results showed adding the SC led to increasing the temperature of water 

in the tank by at least 10.2 ℃; it also showed an increase in the value of COP around 

1.8. These results were obtained for a tank volume of 400 m3 , a Carnot efficiency of 

40%, and a house in Gaziantep.  

 

Key Words: Energy storage tank, Solar energy, Ground source heat pump, House 

heating. 
  



 
 
 

ÖZET 

ISI POMPASI VE GÜNEŞ ENERJISIYLE VE OLMADAN DESTEKLI 
YERALTI ENERJI DEPOLAMA TANKI DAHIL BIR BINA ISITMA 

SISTEMININ PERFORMANS PARAMETRELERININ 
KARŞILAŞTIRILMASI 

CHAHID, Ghadir 
Yüksek Lisans Tezi, Makine Mühendisliği 
Danışman: Prof. Dr. Recep YUMRUTAŞ 

İkinci Danışman: Assist. Prof. Dr. Hatem HASAN ISMAEEL 
Ağustos 2023 

72 sayfa 

Yeraltı depolama tankları, evsel ve ticari ısınma sistemleri için termal enerjiyi verimli 

bir şekilde depolamak için kullanılır. Bu çalışma, iki sistem arasında karşılaştırma 

yapar; İlk sistem, yeraltı depolama tankı, ısı pompası ve ısıtılacak bir bina içerir. İkinci 

sistem, aynı bileşenlere güneş kolektörleri (SC) eklenerek oluşturulur. Her iki sistem 

için performans parametrelerini bulmak amacıyla analitik bir model geliştirilir. 

Performans parametrelerinin ana unsurları Performans Katsayısı (COP), depolama 

tankındaki su sıcaklığı ve kullanışlı güneş enerjisi içerir. Isıtma sistemlerinin tüm 

performans parametrelerini hesaplamak için bir MATLAB programı hazırlanmıştır. 

Beş yıl boyunca yapılan işletme sonuçları, SC eklemenin tank içindeki su sıcaklığını 

en az 10.2 ℃ artırdığını ve COP değerini yaklaşık olarak 1.8 artırdığını gösterdi. Bu 

sonuçlar, 400 m3 tank hacmi, Carnot verimliliği 40% ve Gaziantep'teki bir ev için elde 

edilmiştir. 

 

Anahtar Kelimeler: Enerji depolama tankı, Güneş enerjisi, Yeraltı kaynaklı ısı 

pompası, Ev ısınması. 
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CHAPTER 1  
INTRODUCTION 

The utilization of renewable energy resources has become crucial due to the increasing 

energy demand, depletion of fossil fuel reserves, unpredictable fuel prices, and 

mounting apprehensions about global warming [1]. The cost of renewable energy 

technologies has declined significantly in recent years, making it an increasingly cost-

effective alternative to fossil fuels. 

Renewable energy sources encompass a variety of options, such as solar power, wind 

energy, hydroelectricity, geothermal heat, bioenergy, and marine energy. These 

sources are characterized by their sustainable and continuous nature, as they rely on 

unlimited and perpetually replenished natural resources. In contrast to fossil fuels, 

which necessitate the extraction and utilization of finite natural reserves, renewable 

energy sources offer a more environmentally friendly alternative. 

Furthermore, the diversification of renewable energy sources plays a significant role 

in enhancing the energy independence of nations and communities. Rather than 

heavily relying on the importation of fossil fuels, countries have the capability to 

generate their own energy through locally available renewable sources. This shift 

reduces reliance on external sources and contributes to bolstering energy security. 

Wind, geothermal, and solar energy are highly practical options among modern 

renewable energies due to their advanced development, widespread adoption, 

abundant availability, and ability to provide base-load or distributed electricity [2]. 

Wind energy involves converting wind power into usable electricity, offering 

significant potential for sustainable and environmentally friendly energy generation. 

Geothermal energy, sourced from the Earth's interior, provides a renewable heat source 

stored in deep hot rocks or hydrothermal reservoirs. Geothermal fluids, such as steam 

and mineral-laden hot water (brine), are extracted from high-temperature reservoirs 

through wells for electricity generation and direct uses. The depths of production wells 

vary depending on the reservoir's characteristics, ranging from 300 meters to over 3000 



2 
 

meters [3]. However, geothermal power faces challenges such as high initial 

investment, long payback periods, resource assessment complexities, and social 

acceptance issues. These disadvantages have contributed to the slower growth of 

geothermal power compared to wind and solar energy [4]. 

Solar energy has garnered significant attention for its cost-effectiveness and 

sustainability. Nevertheless, the challenge of matching energy supply with demand 

remains a critical issue for solar technology. In response to this challenge, the concept 

of energy storage has been proposed as a solution, with a particular focus on thermal 

energy storage (TES) dating back to the 1970s [5]. Energy storage can be categorized 

into short-term and long-term options, where seasonal thermal energy storage (STES) 

falls under the latter category. STES aims to harness surplus summer heat to meet 

winter heating requirements effectively. 

In this regard, underground storage tanks have emerged as a practical solution to 

address the complexities of renewable energy heating systems. By accumulating 

excess thermal energy during periods of abundance and releasing it during high-

demand periods like winter, underground storage tanks ensure a consistent and reliable 

heating supply. This approach outperforms short-term thermal storage systems, which 

are comparatively less efficient and more unstable [6]. 

The fundamental principle of thermal energy storage involves capturing, storing, and 

utilizing heat energy for diverse applications. It enables the conservation of energy by 

storing excess thermal energy generated during periods of low demand or high 

efficiency, only to be released when required, thereby reducing overall energy 

consumption. This concept revolves around storing heat in a medium or substance 

capable of retaining thermal energy for an extended period. Depending on the specific 

application and requirements, common storage mediums such as water, molten salts, 

phase change materials, and compressed air are utilized as solid, liquid, or gas 

mediums to store and retain thermal energy effectively. 

During the charging phase, thermal energy is transferred to the storage medium 

through various means, such as direct contact, heat exchangers, or absorption 

processes. This can involve capturing waste heat from industrial processes, solar 

energy collection, or utilizing excess energy from power generation systems during 
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off-peak periods. The stored heat energy is then held within the storage medium until 

needed. 

Thermal energy can be stored using three different approaches: sensible storage, latent 

storage, and thermochemical storage[7]: 

1.1 Sensible Heat Storage (SHS) 

Thermal energy can be efficiently stored through sensible thermal storage, a technique 

that does not involve any phase change. This method employs materials with high heat 

capacities, such as water or rocks, to absorb and release heat. When surplus heat is 

absorbed during the storage process, the material's temperature rises, and it later 

releases the stored heat when the temperature decreases, making it a valuable and 

versatile source of thermal energy for various applications. 

Dincer et al. [8] conducted an extensive investigation into sensible heat storage (SHS) 

systems and the methodologies to assess their suitability for solar thermal applications. 

The study encompassed various aspects, including the availability and selection 

criteria of SHS systems, economic considerations, evaluation challenges, viability, 

environmental impacts, feasibility study criteria, and energy-saving alternatives. 

Additionally, T. Bauer et al. [9] focused on utilizing Solar Salt, a mixture of sodium 

nitrate (NaNO3) and potassium nitrate (KNO3), for sensible thermal energy storage 

(TES) within a temperature range of 250°C to 550°C. Their research thoroughly 

explored the thermophysical properties of Solar Salt, including density, heat capacity, 

thermal diffusivity, and thermal conductivity. 

1.2 Latent heat storage (LHS) 

One method employed for thermal energy storage involves latent storage, which 

utilizes the latent heat of a phase-change material (PCM). During this storage process, 

the PCM undergoes a phase transition, such as solidification or melting, resulting in 

the absorption or release of a significant amount of heat without any temperature 

change. These latent storage systems are highly effective in compactly storing large 

amounts of energy and are commonly used in various applications, including thermal 

energy storage, heating, and cooling systems. 
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In a comprehensive study conducted by S. Jegadheeswaran and Sanjay D. Pohekar 

[10], they thoroughly investigated the implementation of enhancement techniques in 

different configurations of Latent Heat Thermal Storage (LHTS) systems. Their 

primary focus was on understanding how these techniques impact the thermal response 

of the Phase Change Material (PCM), specifically regarding the phase change rate and 

the amount of latent heat stored or retrieved. Furthermore, they addressed the 

challenges associated with the mathematical modeling of LHTS systems incorporating 

these enhancement techniques. 

Additionally, Eui Guk Jung and Joon Hong Boo [11] developed an analytical model 

to predict the transient thermal behavior of a latent thermal energy storage (LTES) 

system. This model integrated circular fins attached to the heat pipes, with potassium 

nitrate (KNO3) chosen as the phase-change material (PCM) due to its specific phase-

change temperature. The charging and discharging modes were assumed to involve 

pure conduction, and the model provided estimates of heat transfer rates and 

temperature changes for each row of the heat pipe heat exchanger. The simulation 

accounted for both melting and solidification processes, considering row-by-row heat 

transfer. The model's accuracy was thoroughly validated by comparing its predictions 

with experimental findings. 

1.3 Thermochemical storage 

Thermochemical energy storage involves utilizing chemical reactions to store and 

release heat energy. Carefully selected chemical reactions allow heat absorption and 

retention at high temperatures, followed by heat release when the reaction is reversed 

or triggered by specific conditions. This efficient process enables the storage and 

retrieval of substantial amounts of heat energy. Thermochemical energy storage 

systems typically employ materials with high energy density and favorable reaction 

kinetics, ensuring effective heat absorption and release. Leveraging the principles of 

thermochemistry, these systems offer a viable solution for long-term, high-capacity 

thermal energy storage, promoting energy sustainability and minimizing carbon 

emissions. 

In the context of building applications, many thermochemical energy storage devices 

are designed primarily for space heating purposes rather than cooling. This preference 
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is due to the availability of high-quality thermal energy for heating from solar 

radiation, a renewable energy source readily captured by solar collectors for further 

utilization. Additionally, integrating a thermochemical energy storage system with a 

long-term seasonal TES system can be a practical approach to reduce the carbon 

footprint, mitigate greenhouse gas emissions, and contribute to overall environmental 

sustainability [12]. 

1.4 The aim of the study 

This study aims to conduct a comparative analysis of two heating systems' 

performance over ten years. The first system comprises an underground storage tank, 

a heat pump, and a building to be heated. In contrast, the second system includes the 

same components with the addition of solar collectors (SC). To analyze the heat 

transfer problem within the underground storage tank, the researchers employed the 

similarity transformation method and Duhamel's Superposition Technique, which 

resulted in an equation representing the tank's hourly temperature. The study evaluated 

periodic performance parameters for both systems, such as the tank's temperature and 

the heat pump's coefficient of performance, and then compared the results obtained 

over the ten-year timeframe. 

The thesis is structured with several chapters dedicated to investigating and analyzing 

various aspects of the topic. Each chapter focuses on specific components contributing 

to the overall understanding and findings of the research. A brief overview of the main 

components covered in each chapter is provided below: 

Chapter 1 introduces the significance of renewable energies, providing a brief 

overview of the main types, and introduces different types of thermal storage for 

renewable energies. 

Chapter 2 emphasizes the importance of heat pumps and their integration with heat 

storage, discussing previous studies that have explored this integration in different 

contexts. 

Chapter 3 presents a detailed modeling of each component of the two heating systems 

discussed in this study. Separate equations are developed for each component, 

allowing for a comprehensive analysis of their behavior and interactions. 
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Chapter 4 describes the input data used for analysis, specific computation procedures 

employed to assess the heating systems' performance, and validation procedures to 

ensure the accuracy and reliability of the findings. 

Chapter 5 showcases the results and conducts in-depth discussions. It presents the 

outcomes of the analysis and modeling of the heating systems, followed by a 

comprehensive examination and interpretation of these results. 

Chapter 6 presents the study's conclusion, summarizing the essential findings and 

outcomes. It highlights the main contributions and implications of the research, 

drawing conclusions from the analysis, modeling, and discussions presented in earlier 

chapters. 
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CHAPTER 2  
LITERATURE REVIEW 

Heat pumps serve as highly efficient heating and cooling systems that harness heat 

from readily available natural sources like outside air, groundwater, or land. They 

convert this heat into thermal energy, which can be utilized to warm buildings during 

winter or cool them in the summer. Compared to traditional heating and cooling 

systems, heat pumps boast impressive energy-saving capabilities, reducing energy 

consumption by up to 50-60%. Not only do they contribute to significant energy 

savings, but they also present an eco-friendly alternative by decreasing dependence on 

fossil fuels and minimizing harmful emissions. Furthermore, heat pumps require 

minimal maintenance, translating to time and cost savings for users. 

Reducing the extensive consumption of fossil fuels is essential for mitigating harmful 

emissions, as these sources are constrained by depletion, environmental consequences, 

and economic factors. In response, governments are intensifying their endeavors to 

encourage energy conservation and the adoption of renewable sources. However, 

solely relying on these measures cannot fully satisfy the overall energy demand. To 

bridge the gap between energy supply and demand, heat storage for solar thermal 

applications plays a crucial role. By implementing heat storage, the efficient utilization 

of renewable sources is enhanced, resulting in improved energy conservation [5]. 

Numerous research studies available in the literature delve into the foundational 

aspects of system design, the modeling and optimization of performance 

characteristics, and the experimental analysis of pilot-scale methodologies. 

Ucar and Inalli [13] conducted a comparison between three different central solar 

heating systems featuring seasonal storage. They found that the system with a buried 

storage tank demonstrated the highest thermal performance and economic savings. 

Insulating the storage tank and utilizing evacuated tube collectors contributed to 

increased solar fraction and savings compared to non-insulated storage tanks and flat 

plate collectors with black paint. The study highlighted that the system with an 
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underground storage tank achieved the highest solar fraction and had more significant 

solar savings compared to the other two storage systems. In addition, insulation on the 

tank reduced heat loss, resulting in considerable cost savings for the insulated 

configuration. Based on the research by Dincer and Rosen [14], it has been indicated 

by two studies that bermed tanks offer greater economic efficiency compared to fully 

buried tanks, despite potentially having lower performance in minimizing thermal 

losses. A bermed tank is partially buried and covered with soil from the top down to 

ground level, with the top portion being insulated. These tanks require less excavation, 

leading to reduced initial expenses and facilitating convenient maintenance access. H. 

Huang et al. [15] show that improving the insulation of the top and lateral surfaces of 

an underground water tank can increase its storage capacity and reduce the required 

collector area in a seasonal storage system. In a study conducted by Caliskan et al. 

[16], various types of thermal energy storage (TES) systems, such as Latent, 

Thermochemical, and Sensible systems, were examined to evaluate their exergetic, 

energetic, environmental, and sustainability impacts on building applications under 

diverse environmental temperatures. The results indicated that among the analyzed 

TES systems, the aquifer TES demonstrated the highest level of sustainability, whereas 

the latent TES system exhibited the lowest sustainability. 

In their study, M.C. Rodríguez-Hidalgo et al. [17] determined that the size of the 

storage tank plays a critical role in the performance of a solar plant, particularly when 

the ratio of the tank's volume (V) to the aperture area of the solar collector (A) is below 

0.05 m. They further identified that the optimal size for the storage tank is when the 

ratio V/A equals 0.08m. In their work, R. Yumrutaş et al. [18] developed a model 

combining analysis and computing for a solar-assisted heat pump system with an 

underground seasonal cylindrical storage tank. The model utilizes intricate finite 

Fourier and integral transform techniques to address the transient temperature field 

problem. The outcomes highlight the system's feasibility as an alternative to fossil fuel-

based systems, with peak water temperatures attained towards the end of summer and 

lower temperatures observed towards the end of winter. Notably, the type of earth and 

system size exert a considerable influence on the system's performance, with coarse 

graveled earth yielding the highest storage temperatures. 
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Chung et al. [19] utilized a TRNSYS simulation program to assess the thermal and 

economic performance of a Central Solar Heating Plant with Seasonal Storage. The 

simulation findings indicated that the system had the potential to meet 39% of the total 

heat energy demand for the greenhouse and office building. Zhang et al. [20] present 

a model for a space heating and cooling system that incorporates surface water 

seasonal energy storage. The performance of the system was evaluated by considering 

factors such as the building's heat load, the vapor compression heat pump cycle, and 

the seasonal energy storage in a water pond. According to the study, the volume of the 

water pond and the thickness of the insulating cover are important design factors that 

have an impact on how well the system works. The suggested approach has been 

demonstrated to be energy-efficient and can prevent roughly 16% of compressor work 

throughout the year. Kuang et al. [21] present an investigation of a solar-assisted heat 

pump system. To mitigate excessive heat loss from the storage tank, the study suggests 

including an auxiliary energy source at the load point to minimize energy wastage. 

Additionally, the study recommends employing radiant coils or other low-temperature 

heating equipment to enhance the thermal efficiency of solar heat pump combination 

systems. In their study, Wang and Qi [22] examined the performance of underground 

thermal storage in an (SGCHPS) for residential buildings using a combination of 

experimentation and simulation. The efficiency of underground thermal storage was 

found to be significantly influenced by solar radiation intensity and the ratio between 

the volume of the water tank and the area of the solar collectors. The study 

recommended maintaining a reasonable balance between the tank volume and 

collector area, suggesting an optimal range of 20-40 L/m2 for achieving the best 

performance. Based on total radiation and solar energy absorbed, the effectiveness of 

underground thermal storage was found to exceed 40% and 70%, respectively. In their 

study, Qu and Yin [23] introduce an efficient solar cooling and heating system 

designed for the Intelligent Workplace. The system incorporates a 4 m3 storage tank 

and implements constant temperature control. With a north-south (NS) orientation, the 

system achieves a cooling efficiency of 39% and a heating efficiency of 20%, resulting 

in annual savings of 100 kW h/m2 for cooling and 34 kW h/m2 for heating. Similarly, 

an east-west (EW) orientation yields 37% cooling efficiency and 29% heating 

efficiency, leading to annual savings of 74 kW h/m2 for cooling and 61 kW h/m2 for 

heating. 
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Yumrutas and Ünsal [24] conducted a study focusing on the annual performance 

analysis of a solar-assisted ground-coupled heat pump system featuring seasonal 

energy storage within a hemispherical surface tank. To predict the system's behavior 

and effectiveness, they developed a computational model. The results revealed that the 

composition of the surrounding soil had a minimal impact on energy fractions but did 

affect transient temperature and the annual coefficient of performance (COP). 

However, the benefits of increasing the tank's radius and burial depth were found to 

be limited. These findings suggest that shallow surface tanks, when properly insulated, 

are technically feasible for implementing seasonal energy storage. 

M. Inalli [25] developed a numerical model for a cylindrical, two-dimensional 

underground tank. In their review, Y. Zhang et al. [26] examine the recent 

advancements in utilizing phase change materials (PCMs) for latent heat thermal 

energy storage (TES) in building applications. The review emphasizes the significance 

of carefully selecting PCMs with phase change temperatures that closely match the 

average room temperature, along with appropriate latent heat and thermal conductivity 

values. The article suggests that PCM walls, floors, and ceilings could effectively 

reduce peak electricity periods. P. Hoes et al. [27] employ building performance 

simulation to explore the potential of the innovative hybrid adaptable thermal storage 

(HATS) concept. The findings indicate that the HATS concept offers the capability to 

reduce energy demand and minimize underheating/overheating hours when compared 

to conventional permanent high/low thermal mass concepts. Moreover, the HATS 

concept demonstrates potential applicability in moderate climates beyond the scope of 

this study. The Vanhoudt et al. study [28] concentrated on employing a heat pump and 

an aquifer thermal energy storage system for heating and cooling the ventilation air in 

a hospital in Belgium during a three-year period. A total of 1280 tons of CO2 were 

saved throughout the course of the system's three-year operation, or 71% more primary 

energy savings than a reference installation. J. Kim et al. [29] studied aThermo-

hydraulic modeling of an aquifer thermal energy storage (ATES) system to investigate 

thermal interference. The modeling results revealed that thermal interference is 

predominantly influenced by factors such as the distance between boreholes, hydraulic 

conductivity, and pumping/injection rates. The study found that thermal interference 

can cause a decrease in system performance of up to 22%. E. Mohamed et al. [30] 

examined a solar-assisted heat pump system with retrofitted collectors, utilizing black 
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paint, for both domestic hot water and space heating purposes in quasi-static 

conditions. The findings indicated that the system effectively delivered sufficient 

space heating during winter, achieving an average coefficient of performance (COP) 

ranging from 3 to 4, along with a solar collector efficiency ranging from 40% to 75%. 

Z. Han et al. [31] proposed a solar-assisted transcritical CO2 heat pump system with 

phase change energy storage (STCHPS-PCES) to address energy waste and air 

pollution from heating rural buildings. Simulation results show that the system can 

meet building heating and hot water demands, with a seasonal COP of 2.56. In 

addition, the system has an energy-saving rate of 43.55% compared to traditional coal-

fired heating in rural areas. 

A 500 m2 residential building in Shenyang, China, was used as a case study. Shilin 

Qu et al. has discussed the benefits of using a solar heat-pump heating system with 

dual-tank latent heat storage (SHPHS-DLHS) [32]. The study proposed using a 

combination of COP and a new metric called "η" to assess energy efficiency. The 

results show that SHPHS-DLHS with latent heat storage has better energy 

performance than a system with sensible heat storage, with a 50% increase in η and a 

peak COP of 10.03, 3.5 times greater than that of the water-energy storage system. The 

paper concluded that operational strategy is critical for storing thermal energy. 

Tzivanidis et al. [33] conducted a comparative analysis of three heating systems (solar-

driven heat pump, air source heat pump, and fan coil heating system with solar 

collectors) for a well-insulated building located in Athens. The findings revealed that 

a solar collector area of 25 m2, combined with a 1 m3 storage tank, was sufficient to 

supply the heat pump. Alternatively, a larger system comprising 40 m2 of solar 

collectors and a 1.25 m3 storage tank achieved solar coverage exceeding 70%. 

Financial evaluation demonstrated that the air-source heat pump represented the most 

favorable investment option. However, the solar-driven heat pump outperformed in 

terms of energy efficiency and offered improved thermal comfort conditions. Y. Qiu 

et al. [34] introduced an innovative solar-assisted heat pump drying system that 

incorporates a condenser, integrated evaporator,  and water storage tank. The system 

operated in three different modes according to solar radiation intensity levels. 

Experimental findings demonstrated that the system achieved a coefficient of 

performance ranging from 3.21 to 3.49, resulting in significant energy savings of 
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40.53% in terms of energy consumption. In their proposal, T. Kim et al. [35] 

introduced a hybrid solar collector capable of functioning as a fin-tube exchanger with 

fans, even in the absence of solar radiation. A simple thermodynamic model was 

developed to assess the solar-assisted heat pump (SAHP) system, and the 

implementation of the SAHP system incorporating hybrid solar collectors 

demonstrated remarkable performance, operating for 7036 hours per year. The system 

demonstrated feasibility as an independent solution for hot water supply due to its 

capability to extend the yearly operation duration, its straightforward configuration, 

and its economic viability with reduced capital expenses. 

In their research article, M. Pinamonti and P. Baggio [36] investigated the utilization 

of energy storage technologies in solar-assisted heat pump (SAHP) systems to reduce 

energy demand and installation costs, while improving the self-consumption of solar 

energy. The study encompassed heating and cooling applications in three buildings 

with different energy performance levels. The findings indicated that in highly 

insulated buildings, the combination of photovoltaic (PV) panels and battery storage 

achieved the highest energy reduction of 30%. For medium-insulated buildings, PV 

installation was identified as the most cost-effective solution, resulting in a 25% 

decrease in energy consumption. In contrast, for low-insulated buildings, the 

integration of solar thermal (ST) panels emerged as the most profitable option, leading 

to a 26% reduction in energy usage. Additionally, the study identified key factors 

influencing the performance of SAHP systems. In their work, P. Wu et al. [37] 

introduced a heating system that incorporates an air source heat pump (ASHP) along 

with a water storage tank to enhance its efficiency in low ambient temperatures. The 

system operates on a unique strategy of charging the tank during the day and 

discharging it at night, resulting in notable energy savings. Monitoring data revealed 

that the system achieved an average performance coefficient of 2.35 on the coldest 

day, while the seasonal COP reached 2.95. These values were 14.0% and 26.1% 

higher, respectively, compared to the continuous operation mode. Additionally, J. Wu 

et al. [38] experimented with a cascade air-source heat pump water heater that used 

thermal storage made of phase change material. The heating COP values in the cascade 

mode ranged from 1.74 to 2.55, whereas the single-stage mode's values ranged from 

1.5 to 3.05. Moreover, the water tank equipped with PCM achieved an efficiency of 
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97.85%, supplying an additional 407 kJ of energy compared to the tank without PCM, 

which had an efficiency of 94.23%. 

Ioan Sarbu and Calin Sebarchievici [39] conducted a comprehensive study on various 

aspects of Ground Source Heat Pump (GSHP) technology. Their research covered 

topics such as the utilization of Ground Water Heat Pumps (GWHPs) and their 

limitations, the introduction of the "Geotherm" system as a potential solution, thorough 

reviews of heat transfer simulation models and ground thermal response tests for 

vertical Ground Heat Exchangers (GHEs), discussions on hybrid Ground Coupled 

Heat Pump (GCHP) systems, and an analysis of the energy, economic, and 

environmental performance of a hybrid closed-loop GCHP system. The study 

emphasized the importance of considering heat pump systems during the design 

process and highlighted the challenges and opportunities involved in replacing 

traditional heating systems with GSHPs in existing buildings. 

Sharma et al. [40] focused on thermal energy storage technology utilizing phase 

change materials (PCMs) in various applications, including solar water-heating 

systems, space heating and cooling, and off-peak electricity storage. It highlights the 

advantages of PCMs, such as high-energy storage density and isothermal storage 

process, and discusses their wide temperature range suitability for different 

applications. Finally, the paper provides an overview of current research, assessing the 

thermal properties of PCMs and melt fraction studies, emphasizing their potential in 

energy conservation and diverse storage systems. 

Hepbasli and Akdemir [41] presented an energy and exergy analysis of a ground 

source heat pump (GSHP) system applied to a 65 m2 room. The study evaluates the 

performance and efficiency of the system components using exergy balance equations, 

providing quantitative insights into inefficiencies and the impact of component 

modifications. The results highlight areas of high exergy destruction and demonstrate 

system components' interconnectedness in performance optimization. In a study 

conducted by Esen et al. [42], performance experiments and economic analysis were 

carried out on a horizontal ground source heat pump (GSHP) system located in Elazığ, 

Turkey. The GSHP system demonstrated favorable performance, achieving average 

coefficient of performance (COP) values of 2.68 and 2.82 for the two heat exchangers, 

as well as average COP values of 3.13 and 3.42 for the heat pumps. From an economic 
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standpoint, the GSHP system offered advantages over heating methods involving 

electric resistance, fuel oil, liquid petroleum gas, coal, and oil. However, it was not 

competitive with natural gas due to the region's relatively low natural gas costs. 

A. Amini et al. [43] studied the use of Phase Change Material (PCM) in a Thermal 

Energy Storage (TES) system to store and release industrial wasted heat. By 

incorporating finned water-charged heat pipes into the PCM bulk, the low conductivity 

issue of PCMs was addressed. The experimental results demonstrate the feasibility of 

using PCM as a thermal storage medium and recovering wasted heat through a heat 

pipe-based TES heat exchanger. Z. Li et al. [44] comprehensively reviewed latent 

thermal energy storage (LTES) technology, focusing on medium-high temperature 

phase change materials for heat recovery, storage, and utilization. Their review 

covered various aspects, including the thermophysical properties of different PCMs, 

thermal conductivity enhancement techniques, heat transfer enhancement methods, 

and applications in different heat recovery systems. 

M. Joybari et al. [45] compared the performance of single-tube (SHTX) and multiple-

tube (MTHX) shell-and-tube heat exchangers for thermal energy storage using phase 

change materials (PCMs). The MTHX, which had five HTF tubes, exhibited shorter 

process times due to a larger heat transfer surface area and more intense natural 

convection during the melting process. However, increasing the HTF flow rate did not 

significantly enhance performance, indicating that other heat transfer enhancement 

techniques are necessary within the PCM. 

A polymeric composite for thermal energy storage, utilizing phase change materials 

(PCMs) with low melt temperature paraffin, was developed by S. Peng et al. [46]. The 

paraffin was encapsulated within epoxy matrices to form the composite material. The 

researchers conducted measurements on several properties of the composites, 

including particle size distribution, thermal conductivity, contact resistance, thermal 

diffusivity, and latent heat. The results revealed that when the PCM transitioned to a 

liquid state, the thermal conductivity of the composites increased due to improved 

wetting of the epoxy by the liquid paraffin. Furthermore, the volume expansion of the 

paraffin liquid within the composite contributed to the enhanced conductivity. The 

study examined different epoxy systems as well as a thermoplastic SEBS/paraffin 

system with varying glass transition temperatures. The findings demonstrated that the 
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interaction between the paraffin and epoxy components yielded satisfactory thermal 

and mechanical performance in the paraffin/epoxy composite. 

In their overview, D. Lefebvre and F.H. Tezel [47] discuss the potential of thermal 

energy storage through adsorption. While still in the early stages of development, 

adsorption processes show promise. Successful adsorbents such as zeolite 13X, 

activated alumina hybrids, silica gel, and alkaline-treated activated alumina have been 

identified. However, challenges related to adsorbent instability and system variability 

must be addressed. 

Thermal storage has also been used in drying systems where excess heat can be stored 

and used during periods of low heat availability. This ensures a stable and controlled 

heat source for the drying process. This approach optimizes energy use, allows better 

integration of intermittent heat sources, and enhances process control in drying 

systems. Using Phase Change Materials (PCMs) as a thermal storage medium, large 

amounts of heat can be stored and released during its transition, providing a reliable 

and regulated heat source for drying processes. Integrating thermal storage into drying 

systems improves energy efficiency, reduces energy consumption, and optimizes 

drying processes. 

H. Atalay et al. [48] developed a solar air heater for drying apple slices, and a packed 

bed thermal energy storage system was designed to ensure continuous drying. In 

addition, a recuperator unit was utilized for waste heat recovery, allowing the 

reutilization of 50-60% of waste heat in the drying process. The system demonstrated 

a significant energy consumption reduction of 76.8% compared to other drying 

technologies. Experimental tests were conducted twice a day, and the drying kinetics 

of apple slices at constant temperatures were determined. 

H. Hasan Ismaeel and R. Yumrutaş [49] investigated a wheat drying system that 

utilizes solar energy storage in an underground TES tank. The study shows that the 

system works periodically after the fifth year, with performance parameters gradually 

increasing over time. In addition, the surrounding geological structure's 

thermophysical properties affect the system's functioning. 

In a study conducted by E. Baniasadi et al. [50], the performance of a forced 

convection mixed-mode solar dryer with thermal energy storage was analyzed. The 
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results of the study showed enhanced performance of the solar collector and the ability 

to extend the drying process practically when solar energy is not available. 

Additionally, it was observed that the drying rate remained relatively consistent across 

the drying chamber. The moisture pick-up efficiency of the dryer was approximately 

10%, while the overall thermal efficiency reached around 11%. 

G. Srinivasan et al. [51] focused on integrating sensible and latent heat storage units 

in solar dryers. It highlighted the advantages of using heat storage materials such as 

rocks, pebbles, sand, bricks, water, and paraffin wax for continuous drying and 

temperature control. Desiccant materials were also explored for sensible heat 

generation. The review emphasized the need for further research on heat transfer 

enhancement techniques, such as nano materials, and integrating heat pumps, auxiliary 

heaters, and solar collectors to ensure continuous operation in all weather conditions. 

D. Jain and P. Tewari [52] developed a state-of-the-art solar crop dryer with thermal 

energy storage to ensure the continuous drying of herbs. The solar crop dryer offers an 

alternative to traditional open sun drying and effectively utilizes solar radiation for 

drying. It extended the drying period by maintaining temperatures between 40 and 

45°C, and the thermal efficiency of the dryer was found to be 28.2%. With reasonable 

cost and product prices, the solar dryer proved to be financially viable with a payback 

period of 1.5 years. 

H. Hasan Ismaeel and R. Yumrutaş [53] investigated the thermal performance of a 

drying system with thermal energy storage (TES) tank and heat recovery unit (HRU). 

The results indicated that the TES tank volume and collector area depend on the 

wheat's mass flow rate and moisture content. The COP, COPs, SMER, and TES tank 

water temperatures are influenced by the wheat's moisture content and solar collector 

area. Including the HRU reduces energy consumption, and the geological structure 

around the TES tank affects system performance. The drying system operates 

periodically after the fifth year, and the system COPs are slightly lower than the heat 

pump COP. 
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CHAPTER 3  
MODELING OF THE SYSTEM 

Air heat pumps are essential components of modern building heating systems, and 

understanding their behavior is crucial for optimizing energy efficiency and 

sustainability. These systems operate by transferring heat from a hot source to a cold 

source using a thermal compressor and a cooling medium. While they work effectively 

in areas with moderate temperatures, their performance can vary significantly based 

on various factors. 

In the context of this thesis, we delve into the modeling aspect of building heating 

systems, specifically those that incorporate heat pumps and underground energy 

storage tanks, both with and without the addition of solar energy. This thesis will study 

two systems, as depicted in Figure (3.1) and Figure (3.2), providing a comprehensive 

analysis of their efficiency and effectiveness in meeting heating and cooling 

requirements.

 

Figure 3.1. Heating system with ground-coupled heat pump. 
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Figure 3.2. Heating system with solar assisted and ground coupled heat pump. 

 

3.1 Modeling of the heating system connected to an underground TES tank only 

3.1.1 Solution of the transient heat transfer problem for the TES tank 

In this study, it is assumed that the thermal energy storage (TES) tank has a spherical 

shape and is filled with water. Initially, the water temperature is considered to be equal 

to the deep underground temperature, denoted as 𝑇ஶ . Since the TES tank is located 

significantly deep below the ground surface, the complex three-dimensional transient 

heat transfer problem is simplified into a one-dimensional transient heat transfer 

problem. This simplification enables the analysis of the problem as a one-dimensional 

unsteady heat transfer problem in spherical coordinates. The temperature of the ground 

far away from the storage tank is assumed to be constant and equal to 𝑇ஶ , allowing 

for simplification of the analysis. It is assumed that the surrounding Earth's surface has 

a uniform structure and consistent thermophysical properties. 
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This section aims to develop an equation for calculating the water temperature inside 

the TES tank as a function of time, as well as determining the net heat extraction from 

the TES tank. The initial and boundary conditions of the transient temperature field 

problem outside the spherical TES tank within the Earth are expressed in spherical 

coordinates as follows: ∂ଶT∂rଶ ൅ 2r  ∂T∂r ൌ  1α ∂T∂t  (3.1)TሺR, tሻ ൌ  T୵ሺtሻ (3.2)Tሺ∞, tሻ ൌ  Tஶ (3.3)Tሺr, 0ሻ ൌ  Tஶ (3.4)

By using following dimensionless radial distance (𝑥) , time(𝜏) and temperature (∅) we 

can obtain the dimensionless form of Eq. (3.1): 

x ൌ  rR (3.5) 

ϕ ൌ  T െ  TஶTஶ  (3.6) 

ϕ୵  ൌ  T୵ െ  TஶTஶ  (3.7) 

ϕୟ ൌ  Tୟ െ  TஶTஶ  (3.8) 

τ ൌ  αtRଶ (3.9) ∂ଶϕ∂xଶ  ൅  2x  ∂ϕ∂x ൌ  ∂ϕ∂τ  (3.10)

Boundary conditions are : ϕሺ1, τሻ ൌ ϕ୵ሺτሻ (3.11)ϕሺ∞, τሻ ൌ  0 (3.12)ϕሺx, 0ሻ ൌ  0 (3.13)

The energy balance for the storage tank is defined as: 
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Q ൌ  ρ୵ c୵ V୵ dT୵dt െ kA ∂T∂r ሺR, tሻ (3.14)

Using dimensionless parameters in Eq. (3.5-3.9) gives: 

Q ൌ  α. ρ. cሺ4πRሻ Tஶሾρ୵ c୵3ρ. c dϕ୵dτ െ ∂ϕ∂x ሺ1, τሻሿ (3.15)

, where ( 𝑘 ൌ  𝛼. 𝜌. 𝑐 ) represents conductivity of the ground ,𝑉௪ and A are the volume 

and area of the TES tank. 

 q ൌ p dϕ୵dτ െ ∂ϕ∂x ሺ1, τሻ   (3.16)∂ϕ∂x ሺ1, τሻ ൌ   p dϕ୵dτ െ q (3.17)

, where ; q ൌ  Q/kሺ4πRሻTஶ   and  p ൌ ρ୵ c୵/3ρ. c . 

Eq. (3.10) can be further simplified by applying the following transformation:  ψሺx, τሻ ൌ  x. ϕሺx, τሻ (3.18)∂ଶψ∂xଶ  ൌ ∂ψ∂τ  (3.19)ψሺ1, τሻ ൌ ϕ୵ሺτሻ (3.20)ψሺ∞, τሻ ൌ  0 (3.21)ψሺx, 0ሻ ൌ  0 (3.22)

Using Eq.(3.18) in Eq.(3.17) gives: 

 q ൌ p dϕ୵dτ െ ∂ψ∂x ሺ1, τሻ ൅ ψሺ1, τሻ (3.23)

The following similarity transformation is used to solve this dimensionless transient 

heat transfer problem: 
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η ൌ x െ 12√τ  (3.24)

The solution for the constant 𝜙଴ is: 

ψሺx, τሻ ൌ ϕ଴ ൜1 െ Erf ൤x െ 12√τ ൨ൠ (3.25)

The general solution is obtaind as: 

ψሺx, τሻ ൌ ϕ୵ሺ0ሻ ൜1 െ Erf ൤x െ 12√τ ൨ൠ ൅ න ቊdϕ୵ሺξሻdξ ቋத
଴ ቊ x െ 12ඥτ െ ξቋ (3.26)

The following integro-differential equation can be obtained by differentiating the 

general solution with respect to dimensionless variable x, evaluating the result at x=1, 

and substituting it into (3.23): 

q ൌ p dϕ୵dτ ൅ ϕ୵ሺτሻ ൅ න ቊdϕ୵ሺξሻdξ ቋத
଴ ቊ dξπඥτ െ ξቋ  (3.27)

The finite difference form of Eq.(3.27) is given as follows: 

ϕ୵ሺτ୬ሻ ൌ qሺτ୬ሻ ൅ ቂ ୮୼த ൅ ଵ√஠∆தቃ ϕ୵ሺτ୬ିଵሻ െ ∑ ம౭ሺத౤శభሻିம౭ሺத౟ሻඥ஠∆தሺ୬ି୧ሻ୬ିଶ୧ୀଵ1 ൅ ୮୼த ൅ ଵ√஠∆த  (3.28)

The dimensionless water temperature in the TES tank can be determined using Eq. 

(3.28). 

The q(τ) term in Eq. (3.28) is equal to the difference between heat pump work and the 

heat requirement of the house, which can be given as: 

qሺτሻ ൌ wሺτሻγ െ q୦ሺτሻ (3.29)

, where 𝑤ሺ𝜏ሻ and 𝑞௛ሺ𝜏ሻ represent the dimensionless heat pump work and heat 

requirement of the house during heating season. (𝛾 ൌ ሺ4𝜋𝑅ሻ𝑘/ሺ𝑈𝐴ሻ௛)is a 

dimensionless parameter. 
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3.1.2 Energy requirement of the house 

Energy needs of the house in heating season can be expressed as: Q୦ሺtሻ ൌ  ሺUAሻ୦ሾT୧ െ Tୟሺtሻሿ (3.30)

, where ሺ𝑈𝐴ሻ௛ represents the product of heat transfer coefficient and house’s area, 𝑇௜ 
represents the inside design air temperature, 𝑇௔ሺ𝑡ሻ represents the hourly ambient air 

temperature.  

The energy requirment of the house can also be expressed as: Q୦ሺtሻ ൌ  ሺUAሻ୦ୣሾT୦ሺtሻ െ T୧ሿ (3.31)

, where ሺ𝑈𝐴ሻ௛௘ represents the product of the load side heat exchanger's area employed 

in the home and heat transfer coefficient, 𝑇௛ the temperature of the load side heat 

exchanger utilized within the house.        
 

Figure 3.3. Heat pump 

 

3.1.3 Energy requirement of the heat pump 

The heat loss in the condenser can be expressed as: Q୦ሺtሻ ൌ Wሺtሻ. COP (3.32)Wሺtሻ ൌ Q୦ሺtሻCOP  (3.33)

Source QL , Tw 

Sink Qh , Th 

HP
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COP ൌ Q୦ሺtሻWሺtሻ ൌ  Q୦ሺtሻQ୦ሺtሻ െ Q୐ሺtሻ (3.34)

, where 𝐶𝑂𝑃 represents the coefficient of performance of the heat pump for space 

heating. 𝐶𝑂𝑃 can be also given as: COP ൌ  ηୡ. COPୡ (3.35)

, where 𝜂௖ is known as a ratio of actual COP of a pump to Carnot COP. 

Carnot COP at any time is given as a function of source temperature Ta and sink 

temperature Th: COPୡ ൌ  T୦ሺtሻT୦ሺtሻ െ Tୟሺtሻ (3.36)

COP ൌ  ηୡ. T୦ሺtሻT୦ሺtሻ െ Tୟሺtሻ (3.37)

Using (u) parameter: 

u ൌ   ሺUAሻ୦ሺUAሻ୦ୣ  ൌ  T୦ሺtሻ െ T୧T୧ െ Tୟሺtሻ (3.38)

Eq. (37) becomes:  𝐶𝑂𝑃= 𝜂𝑐. 𝑢𝑇𝑖−𝑇𝑎𝑡+𝑇𝑖[𝑢𝑇𝑖−𝑇𝑎𝑡+𝑇𝑖]−𝑇𝑎𝑡 (3.39)

To find the work of the heat pump, we can rewrite Eq. (3.33) using dimensionless 

forms of the temperatures, which are given as: 

ϕୟሺτሻ ൌ  Tୟሺtሻ െ TஶTஶ  (3.40)

ϕ୧ ൌ   T୧ െ TஶTஶ  (3.41)

ϕ୵ሺτሻ  ൌ T୵ሺtሻ െ TஶTஶ  (3.42)
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Q୦ሺtሻ ൌ  ሺUAሻ୦Tஶሾϕ୧ െ ϕୟሺτሻሿ (3.43)

Combining Eq. (3.33) and Eq. (3.43) gives: 

Wሺtሻ ൌ ሺUAሻ୦Tஶሾϕ୧ െ ϕୟሺτሻሿ. ሼuሾϕ୧ െ ϕୟሺτሻሿ ൅ ϕ୧ െ ϕୟሺτሻሽηୡሼuሾϕ୧ െ ϕୟሺτሻሿ ൅ ϕ୧ ൅ 1ሽ  (3.44)

The dimensionless form of the heat pump work 𝑤ሺ𝜏ሻ is defined as : 

wሺτሻ ൌ WሺtሻሺUAሻ୦Tஶ (3.45)

wሺτሻ ൌ ሾϕ୧ െ ϕୟሺτሻሿ. ሼuሾϕ୧ െ ϕୟሺτሻሿ ൅ ϕ୧ െ ϕୟሺτሻሽηୡሼuሾϕ୧ െ ϕୟሺτሻሿ ൅ ϕ୧ ൅ 1ሽ  
(3.46)

3.2 Modeling of the heating system connected to an underground TES tank with 
using solar collectors 

For modeling the underground TES tank, heat pump, and the building to be heated, the 

same equations as in the previous section are followed, with the addition of solar 

collectors modeling in this section, so the net heat extract from the TES tank is 

changed. 

3.2.1 Solar energy collection rate 

The hourly useful energy collection rate Q୳ሺtሻ can be calculated by: Q୳ሺtሻ ൌ  ηୡ୭୪ሺtሻ. I୘ሺtሻ (3.46)

𝐼்ሺ𝑡ሻ is the hourly radiation on the tilted solar collector which is given by: I୘ሺtሻ ൌ R. Iሺtሻ (3.47)

, where R is the ratio of total radiation on the tilted surface to that on a horizontal 

surface. It can be estimated by: 

R ൌ ቆ1 െ IୠሺtሻIሺtሻ ቇ Rୠ ൅  IୢሺtሻIሺtሻ ൬1 ൅ cos β2 ൰ ൅ ρ ൬1 െ cos β2 ൰ (3.48)
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, where 𝛽 represents the slope angle of the surface (𝛽 ൌ 37.1°), 𝜌 represents the ground 

albedo which is usually taken 0.2 when there is no snow and 0.7 when there is a fresh 

snow cover [54]. 𝑅௕ represents the ratio of beam radiation on a tilted surface to the radiation on a 

horizontal surface, which is given as: 

Rୠ ൌ  cosሺ∅ ൅ βሻ . cos δ . cosω ൅ sinሺ∅ ൅ βሻ . sinδcos∅ . cosδ . cosω ൅ sin∅. sin δ  (3.49)

, where 𝜙 represents the latitude angle ( 𝜙 ൌ 37°ሻ , 𝜔 represents the hour angle (15°per 

hour of local noon), and 𝛿 is the declination angle, it is calculated by: 

δ ൌ 23.45 sin ൬360 284 ൅ n365 ൰  (3.50)

୍ౚሺ୲ሻ୍ሺ୲ሻ  is the ratio of diffuse radiation to total radiation on horizontal surface. It is given 

by [55]: 

IୢሺtሻIሺtሻ ൌ ൝ 1.0 െ 0.249K୘01.557 െ 1.84K୘0.177 for K୘ ൑ 0for 0.35 ൏ K୘ ൑ 0.75for K୘ ൐ 0.75  (3.51)

, where 𝐾்  represents the hourly clearness index, and is calculated by: 

K୘ ൌ  IሺtሻI୭ሺtሻ (3.52)

I୭ሺtሻ represents the extraterrestrial radiation on a horizontal surface for an hour period 

and is given as:  

I୭ሺtሻ ൌ 12 ൈ 3600π Gୱୡ ൬1 ൅ 0.33 cos 360 n365 ൰
ൈ ቈcos ϕ cos δ ሺsin ωଶ െ sin ωଵሻ
൅ πሺωଶ െ ωଵሻ180 sin ϕ sin δ቉ 

(3.53)
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, where 𝐺௦௖ represents the solar constant (Gୱୡ ൌ 1353 w/mଶ), 𝐼ሺ𝑡) represents the 

hourly solar radiation on a horizontal surface which is taken from measurements. 

After finding  𝐾் and then  ୍ౚሺ୲ሻ୍ሺ୲ሻ  we can find ୍ౘሺ୲ሻ୍ሺ୲ሻ  [56]:  

Iୠሺtሻ ൌ  I െ  Iୢሺtሻ (3.54)

 IୠሺtሻIሺtሻ ൌ 1 െ  IୢሺtሻIሺtሻ  (3.55)

After finding those values, it can be substituted into Eq.(3.48) to find the value of R 

and then find the hourly solar radiation on the tilted surface 𝐼்ሺ𝑡ሻ, Eq.(3.47). 

The efficiency of the flat plate solar collector  𝜂௖௢௟ሺ𝑡ሻ in Eq. (3.46) is estimated [56]: 

ηୡ୭୪ሺtሻ ൌ 0.72 െ 6.4 T୵ሺtሻ െ TୟሺtሻI୘ሺtሻ  (3.56)

, where 𝑇௪ሺ𝑡ሻ represents the inlet fluid temperature which is equal to the storage tank 

temperature. (𝑇௪ሺ0ሻ ൌ 15 ℃) and 𝑇௔ሺ𝑡ሻ represents the ambient air temperature. 

Finally, we can calculate Q୳ሺtሻthe useful solar energy by Eq.(3.46). 

Dimensionless form of the useful solar energy is expressed as: 

q୳ ൌ  Q୳kሺ4πRሻTஶ (3.57)

By adding the solar collectors SC, the dimensionless net heat input rate to the TES 

tank in Eq. (3.29) becomes: 

qሺτሻ ൌ q୳ሺτሻ ൅ wሺτሻγ െ q୦ሺτሻ (3.58)

Which will be used in Eq. (3.28) in order to calculate the hourly water temperature in 

the TES tank. 
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3.3 Input Data  

The system information sources have been validated through scientific references and 

certified meteorological data. These data were compiled into databases, inputted using 

their respective identifiers, and subsequently analyzed, ensuring accuracy and the 

absence of any anomalies. The information was then incorporated into the MATLAB 

program for analysis and application. 

3.3.1  Heat pump parameters and house heating load 

CE values ranging from 0.30 to 0.50 for small electric heat pumps were reported by 

Zogou and Stamatelos [57]. As a result, the present study took into account three CE 

values (0.30, 0.40, and 0.50) in accordance with their findings. The overall heat 

transfer coefficient, is considered to be 345W/℃ and designed heating load of the 

house is considered 10 kW. The value of (u) mentioned in Eq. (3.38) was considered 

equal to 1.2.  The inside design temperature is set at 20℃, while the outside design 

temperature is -9℃. 

3.3.2 Thermal storage tank 

In this study, the tank volume was assumed to be 400 m3, with an initial water 

temperature equal to the ground temperature, Tw (0) = 15°C. A density of 1000 kg/m3 

and a specific heat of 4.18 kJ/kg.°C were assigned to the water. The soil surrounding 

the tank was assumed to be granite, and its physical properties are listed in Table 3. 

3.3.3 Solar collectors 

The purpose of connecting the system to the solar collectors is to compare its 

parameters with the other system. The solar collectors are directly connected to the 

storage tank, with an area of 20 m2 and a slope angle of β = 37.1°, which is equivalent 

to the angle of latitude. The solar constant is 1353 W/m2. Hourly outside temperatures 

and solar radiation were obtained from the Meteorological Authority in Gaziantep. 
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Table 3. Thermophysical characteristics of geological formations as described by 

Ozisik [58]. 

Ground Type Conductivity 
(W/m K)  

Diffusivity 
(×10-7) 
m2 /s

Specific Heat 
J/kg K 

Heat Capacity 
kJ/m3 K 

Coarse 0.519 1.39 1842 3772 
Limestone 1.3 5.75 900 2250 
Granite 3.0 14.00 820 2164.8 
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CHAPTER 4  
VALIDATION AND COMPUTATION PROCEDURE 

4.1 Computation Procedure 

In the first heating system which is connected to the underground TES tank without 

solar collectors (SC), the heat requirement for the house is calculated using Eq. (3.43) 

along with the pump work through Eq.(3.46) and depending on the initial tank 

temperature (Tw (0) = 15°C). Next, the dimensionless net heat input to the tank is 

calculated using Eq. (3.29). The dimensionless water temperature in the TES tank is 

calculated using Eq. (3.28), and finally, the coefficient of performance COP is 

calculated over ten years to evaluate and analyze the annual periodic operating 

condition. 

In the second heating system, when solar collectors (SC) are added, the net heat input 

to the tank is calculated using a different equation (3.58), and the same process is 

repeated to obtain the required system parameters. 

The heat pump operates when the ambient temperature is lower than the inside design 

temperature in the house. 

Figure 4.1 displays the flowchart of the process in MATLAB code used in the system 

connected to an underground TES tank without using solar collectors (SC). 

Additionally, Figure 4.2 represents the flowchart of the process in MATLAB code 

used in the second heating system, which incorporates heat pump, connected to an 

underground TES tank with solar collectors (SC). 

4.2 Validation Procedures 

The validation phase in research plays an important role in thoroughly examining the 

accuracy and reliability of findings. In this section, the process of validation is 

undertaken to confirm the strength and precision of the modeling and analysis. 
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In this validation section, a thorough comparison of figures and results from the present 

study and the previous ones conducted independently, yet yielding remarkably similar 

outcomes, is carried out. 

This section establishes the credibility and significance of the research and the 

formulas used. It focuses on the validation procedure of the study, involving a 

comparison between the figures obtained from this study and those we got from 

previous studies. The equations were applied in the MATLAB program and compared 

with the results of previous studies, which were applied in the Fortran 90 program, and 

a match was obtained in the diagrams for both systems. 
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 Figure 4.1.  Flowchart of MATLAB Code Steps for Heating System connected to an 

                     underground TES tank only (Validation Procedure [59]). 

 

 

Start

Input data for heat pump and the 
house CE, (UA)h , u , Ti   

Input  thermophysical data 
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T∞,Tw(0),k,V 

Calculate Φi ,Φw(0),p,∆τ,γ 

i = 0 , m = 0 

Calculate Φa(i), w(i), qh(i), q(i) 

Metrological Inputs Ta(i) 

Φw(i)  ≥ u(Φi-Φa(i))+Φi 

Calculate Φw(i)  

Calculate COP(i) 

i= 8760

Calculate COP(m)

m=10

      End
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Figure 4.2. Flowchart of  MATLAB Code Steps for Heating System connected to an 

underground TES tank with SC (Validation Procedure [60]). 

Start 

Input data for heat pump 

and the house CE, 

(UA)h , u , Ti   

Input  thermophysical 
data for the water and the 

soil ρw , cw, ρ, c, α, 
k, V, T∞, Tw(0)  

Input  data for solar 
collectors 

Ac , β , Φ , Gsc  
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4.2.1 Validation figures of an underground heat pump system 

The obtained figures were compared with those in the study titled (Modeling and 

performance analysis of a house heating system with a ground-coupled heat pump) 

[59]. The results from this comparison showed consistency with the findings of the 

referenced study [59]. Consequently, the MATLAB program utilized for this system 

has been validated. 

Validated figure Figure from [59] 

Figure 4.3. Effect of CE on the storage temperature during operation time. 

Validated figure 
 

Figure from [59] 
 

Figure 4.4. Effect of CE on the heat pump COP during the seven years. 

Validated figure Figure from [59] 

Figure 4.5. Variation of TES tank temperature with operation time. 
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Validated figure 

 

Figure from [59] 

Figure 4.6. Variation of storage temperature during ten years. 

Validated figure 

 

Figure from [59] 

Figure 4.7. Variation of annual storage temperature with tank volume during operation 
                   time. 
 

Validated figure 

 

Figure from [59] 

Figure 4.8. Variation of storage temperature with operation time during March. 
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Validated figure 

 

Figure from [59] 

Figure 4.9. Effect of storage tank volume on the heat pump COP. 

 

4.2.2 Validation figures of the heating system connected to an underground TES 
tank with using solar collectors 

The figures obtained were compared to those presented in the study titled (Energy 

analysis and modeling of a solar assisted house heating system with a heat pump and 

an underground energy storage tank) [60]. The comparison showed consistent results, 

confirming the validity of the MATLAB program used for this system. 

 

Validated figure 

 

Figure from [60] 

Figure 4.10. Annual temperature variation of water in the TES tank for Septempe. 
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Validated figure 

 

Figure from [60] 

Figure 4.11. Annual temperature variation of water in the TES tank with number of  
                     operation years 

 

 

Validated figure 

 

Figure from [60] 

Figure 4.12. Effect of earth type on annual temperature variation of water in the TES  
                     tank during fifth year of operation  

 

Validated figure 

 

Figure from [60] 

Figure 4.13. Effect of CE on annual temperature variation of water in the TES tank  
                     during fifth year of operation (limestone, Ac = 20 m2 , V = 300 m3 ). 
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Validated figure 

 

Figure from [60] 

Figure 4.14. Effect of CE on COP of the heat pump (limestone, Ac = 20 m2 , V = 

                     300 m3 ). 

Validated figure 

 

Figure from [60] 

Figure 4.15. Effect of storage volume on annual temperature variation of water 
                     temperature in the TES tank during fifth year of operation (limestone, 
                     Ac = 20 m2 , CE = 40%) 

Validated figure 

 

Figure from [60] 

Figure 4.16. Variation of COP with TES tank volume and operation time (limestone, 

                     Ac = 20 m2 , CE = 40%). 
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Validated figure 

 

Figure from [60] 

Figure 4.17. Effect of collector area on annual temperature of water temperature in 

                     the TES tank during fifth year of operation. (limestone, CE = 40%, V =  

                    300 m3 ) 

 

Validated figure Figure from [60] 

Figure 4.18. Effect of collector area on heat pump COP (limestone, CE = 40%, 

                     V=300 m3 ). 

 

The validation figures presented for the 'Underground Heat Pump System' and the 

'Heating System Connected to an Underground TES Tank with Solar Collectors' 

systems reveal a remarkable conformity. This consistency, where modeled figures 

closely match those of a previous study conducted under the same specifications, 

underscores the reliability of the modeling and analysis. The validation figures, as 

showcased in subsections (4.2.1) and (4.2.2), not only match but also confirm the 

stability and reliability of the research findings, instilling confidence in the accuracy 

of the models and the credibility of the insights they offer. 

 



39 
 

 

 

CHAPTER 5  
RESULTS AND DISCUSSIONS 

In this chapter, this study explores how the Carnot coefficient impacts the performance 

of a heat pump connected to an underground storage tank with and without using solar 

collectors. The study examines factors like Carnot efficiency, the volume of the water 

tank, and the earth type of the surrounding land. 

The study also investigates the optimal balance between the tank's volume and the 

solar collectors' area to maximize system performance. By analyzing these factors, this 

study aims to uncover insights for improving the design and operation of similar 

systems. The results were obtained through detailed calculations using MATLAB. The 

following section provides a comprehensive discussion of these findings and their 

interpretations. 

5.1. Impact of various parameters on the performance of the heating system 
connected to underground energy storage tank assisted with and without solar 
collectors 

5.1.1 Impact of Carnot efficiency 

Figure 5.1. and Figure 5.2. display the impact of the Carnot efficiency CE on tank 

temperature variations and coefficient of performances in the fifth year of operation 

for both systems with and without adding SC. Figure 5.1. illustrates the results 

showcasing the inverse relationship between Carnot Efficiency’s values and the tank 

temperature in the system without SC. As the CE value of the heat pump increases, the 

water temperature decreases while maintaining a constant heat load. However, in the 

system connected to solar collectors (SC), the energy gained from solar radiation 

compensates for the temperature decrease caused by the higher CE. 

Consequently, the effect of CE on the tank water temperature is minimal when SC is 

integrated into the system, highlighting the advantages of incorporating solar 
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collectors into the heating system. Notably, adding SC resulted in a temperature 

increase in the tank of at least 10.2 ℃.  

In Figure 5.2., the rise in COP values when solar collectors are added to the heating 

system is clearly visible, as the values increased by no less than 1.8. It shows that 

when using a pump with CE = 0.4, the COP value for the system with SC was 4.75 

in the first year of operation. The value continued to increase until it settled at 

approximately 5.41 in the fifth year of operation, While in the system without SC, 

the COP values continued to decrease for the exact pump specifications after the first 

year of operation until it settled at approximately 3.6 in the fifth year of operation. 

An increase in the CE value leads to an increase in the COP value, which leads to an 

increase in the amount of heat extracted from the tank QL for the same required heat 

load QH; therefore, the tank's temperature decreases. 

 

Figure 5.1. The effect of CE on the annual variation of water temperature in the TES 

                    tank in the fifth year of operation. (v=400 m3, granite) 
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Figure 5.2. The effect of CE on the COP of the heat pump. (v=400 m3, Granite) 

5.1.2 Impact of the volume of the storage tank  

The relationship between the volume of the storage tank surrounded by the Earth and 

the thermal conductivity of the earth is an essential element in the design and 

performance of heating systems based on thermal energy storage. 

The volume of the storage tank enclosed by the Earth determines the amount of thermal 

energy that can be stored. It, therefore, affects the system's operation period and its 

sustainability. In general, the larger the tank's volume, the greater its ability to hold 

more heat. This can lead to an increase in the period of heat availability in the system 

and reduce the dependence on additional energy. 

Figure 5.3. shows the effect of the tank's volume on the water temperatures of the tank, 

as the results show a slight effect of it, especially in the heating season, for volumes 

that exceed 300 m3. However, it is also clear that using volumes below 300 m3 is 

ineffective for the system without SC, as the results approached zero degrees and 

reached below zero when using a tank of 200 m3. 
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Figure 5.3. Effect of storage tank volume on the annual temperature variation of 

                   water temperature in the TES tank during tenth year (Granite, CE=0.4). 

 

Figure 5.4. Variation of the water temperature in the TES tank with TES tank 

                    volume and operation time (Granite, CE=0.4, December). 
 

Figure 5.4. illustrates the annual tank temperatures in the system with and without solar 

collectors (SC) in December. It shows a steady increase in the system with SC until it 

reaches a constant value after the fifth year of operation, indicating stabilization. In 

contrast, the temperatures in the other system initially decreased after the first year of 
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operation and also stabilized at a constant value after the fifth year. These observations 

indicate that both systems exhibit annual periodic operational conditions. The system 

incorporating solar collectors experiences an increase in tank temperatures over time, 

while the other system experiences a decrease followed by stabilization. 

 

Figure 5.5. Variation of COP with TES tank volume and operation time (Granite, 

                   CE=0.4). 

Figure 5.5. shows the effect of the volume of the tank on COP, where it is shown that 

the larger the volume, the higher the COP value for both systems. From the energy 

balance of the storage tank, we know that increasing the volume of the tank means 

increasing the amount of sensible energy of the water times the amount of energy lost 

through thermal conductivity, and thus increasing the net energy of the tank Eq. ( 3.14), 

which is the heat source of the heat pump. This increase leads to an increase in the 

COP of the heat pump for the same required heat load (sink). 

The second observation in Figure 5.5. is that at the beginning of the operation, the tank 

volume of 500 m3 recorded the highest COP value in both systems, as the COP value 

in the system with SC in the first year of operation was 4.8 and continued to increase 

until it stabilized in the fifth year at approximately 5.45. Also, in the system without 

SC, the tank volume of 500 m3 recorded the highest value of COP in the first year of 

operation at the value of 4.1. Still, it continued to decrease until it stabilized at a value 

of 3.7 in the fifth year of operation. The addition of SC to the system compensates for 



44 
 

the decrease in the temperature of the tank water, which helps to increase the COP 

value in the first years of operation, unlike what happened in the other system. 

 

Figure 5.6. Effect of storage tank volume on the annual variation of COP during the 

                   tenth year in heating months (Granite, CE=0.4). 

Figure 5.6. shows the effect of changing the tank's volume on the COP values during 

the heating season and in the tenth year of operation. In the system without solar 

collectors, the tank's volume had no significant effect after ten years of operation, as 

the increase in COP was very slight, and the values had a smooth variation throughout 

the months of heating. As for the system that contains solar collectors, the COP values 

decreased at the beginning of the heating season in October and reached the lowest 

value in January and February, with a slight improvement in the COP values with 

increasing the volume of the tank. To compare the two systems with each other, when 

solar collectors were added to the system, the COP values increased to no less than 4.4 

in October of operation and up to 0.66 in February. 

5.1.3 Impact of the earth type surrounding the storage tank  

In addition to the volume of the storage tank, the thermal conductivity between the 

tank and the soil plays an essential role in transferring heat between them. Thermal 

conductivity depends on factors such as soil quality and tank surface area. The greater 

the thermal conductivity, the more efficiently the system can use the heat stored in the 
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ground. Furthermore, soils are usually different thermal conductors, as some soils can 

be more heat-conductive than others. Thus, the earth type affects the heat transfer rate 

between the tank and the soil, which in turn affects the system's efficiency and 

performance. 

 

Figure 5.7. The effect of earth type on Tw in the first year of operating with V = 700 

                   m3 and CE = 0.4. 

Figure 5.7. demonstrates the influence of different types of Earth on the temperature 

of the storage tank in both systems. The impact was more pronounced in the system 

without solar collectors (SC), where the type of Earth, mainly granite with the highest 

thermal conductivity coefficient (Table 4.), resulted in the most elevated temperatures 

during cold months compared to other soil types. This is because the tank primarily 

relies on heat acquired from the surrounding Earth, and higher thermal conductivity 

coefficients lead to increased heat conduction. In the system with SC, the effect of 

Earth type was less significant. The tank's most elevated temperatures were observed 

with coarse soil with the lowest conductivity coefficient. This characteristic allows the 

tank to retain heat gained from solar collectors. After the cold winter months, the tank 

utilizes both Earth's heat and solar radiation, explaining why coarse soil recorded the 

lowest temperatures in March and April despite a slight temperature difference 

compared to other soil types. 
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Figure 5.8. The effect of earth type on Tw in ten years of operating with V = 700 m3  

                    and CE = 0.4. 

Figure 5.8. illustrates the impact of different types of Earth on the annual water 

temperature of the tank. In the system with solar collectors (SC), it is observed that the 

temperature values experienced an increase after the first year of operation. The tank 

temperature started at 16°C in the first year and continued to rise until stabilizing at 

approximately 23°C after the seventh year of operation. This increase is attributed to 

the presence of coarse soil, which has a low thermal conductivity coefficient. The low 

conductivity coefficient allows the tank to retain heat gained from solar collectors, 

gradually increasing temperature over time. 

On the other hand, in the system without solar collectors, granite soil exhibited stable 

and decreased temperatures over the years of operation. The periodic operating 

temperature stabilized at 6.5°C after the fifth year. However, both coarse and limestone 

soils recorded a sharp temperature drop to below zero. This drop in temperature is due 

to their low thermal conductivity coefficient, which limits the tank's ability to 

compensate for heat loss during cold months that would typically be gained from the 

surrounding ground. 

In summary, the type of Earth has a notable influence on the annual water temperature 

of the tank, with the system containing solar collectors benefiting from the heat 

retention capability of coarse soil. In contrast, the system without solar collectors 
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experiences temperature stability in granite soil but encounters significant temperature 

drops in coarse and limestone soils. 

Figure 5.9. Variation of COP with earth type and operation time (Granite,CE=0.4). 

Figure 5.9. illustrates that the coarse soil type achieved the highest COP value of 9.5 

in October. After that, however, the COP value started to decrease and reached 2.9 in 

the February before rising again. Coarse is characterized by a low coefficient of 

thermal conductivity, and therefore the heat of conduction with the surrounding Earth 

is low, which makes the amount of heat extracted from the storage tank and gained 

from solar energy is higher than the other soil types. 

With the beginning of the heating months, the heat of the tank, which was obtained in 

the summer season, is consumed. With a decrease in the conductivity coefficient of 

the Earth, it is difficult for the tank to compensate for the lack of heat from the 

surrounding heat, which leads to a decrease in the amount of heat extracted from the 

tank, and as the heating months progress, the values of cop decrease, where the 

relationship between COP and the amount of heat removed from the tank is a direct 

relationship (Eq. 3.34). After the month of February, the cop values return to rise, 

taking advantage of the heat of solar radiation and taking advantage of the heat of the 

Earth, so it is noticed from Figure 5.9. that the COP values of Granite are higher at the 

end of the heating season, as Granite is characterized by a high conductivity coefficient 

compared to the other two types of soil. 
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It is also noted from the figure that the COP values in the system with SC and the 

months of October and November rise by at least (1.5) and the values in the cold winter 

months (December - January - February) converge with the values obtained by the 

other system, the difference between them does not exceed (0.5) in February. 

 

Figure 5.10. The effect of earth type on COP in ten years of operating with V= 400  

                      m3 and CE = 0.4. 

Unlike the variations observed in the previous figure, the COP values in Figure 5.10. 

exhibit a consistent trend over the years of operation, either increasing in the system 

with solar collectors (SC) or decreasing in the other system. 

The results depicted in Figure 5.8. indicate that the lower thermal conductivity and 

thermal diffusivity coefficients of the soil surrounding the thermal storage tank 

contribute to a higher coefficient of performance in the system with SC. The lower 

thermal conductivity coefficient slows down heat transfer, allowing the storage tank 

to maintain the temperature obtained from solar energy for an extended period. This 

positively impacts the efficiency of the heat pump. 

Conversely, in the system without solar collectors, the decrease in thermal 

conductivity and thermal diffusivity coefficients of the surrounding soil reduces its 

ability to transfer heat to the storage tank. Thus, the coefficient of performance (COP) 

of the heat pump decreases, as illustrated in Figure 5.10. 
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5.1.4 Monthly and annually periodic conditions of the system's parameter 

The results of this study were analyzed and discussed based on the monthly and annual 

operating conditions. The discussion focused on the temperature of the tank and the 

coefficient of performance (COP) of the system under different conditions. 

It is evident from Figure 5.11. that the tank temperatures follow a consistent pattern 

throughout the year when the variables associated with the pump and storage tank 

remain constant. The highest temperatures are observed before the start of the heating 

season, while the lowest temperatures are recorded during the colder months of 

January and February. After the fifth year of the operation, the system reaches a state 

of periodic operating conditions where temperature fluctuations in the tank remain 

relatively constant across the years in both systems. This is supported by Figure 5.12, 

which depicts changes in the coefficient of performance COP during the heating 

months over multiple years. 

The figure demonstrates the stability of COP values after the fifth year of the operation 

in the both systems. Furthermore, it is noticeable that the lowest COP values occur 

during the cold heating months of December, January, and February. In terms of COP 

variability throughout the year, the system without solar collectors exhibits a more 

stable pattern compared to the other system. 

 
Figure 5.11. Annual temperature variation of water in the tank with number of  

                     operation years considering Granite, V = 400 m3 and CE = 0.4. 
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Figure 5.12. Annual variation of COP with number of operation years considering  

                     the earth type of Granite, V = 400 m3 and CE = 0.4. 

Figure 5.13. Variation of water temperature of the tank in ten operation years with 
                        heating months considering Granite, V = 400 m3 and CE = 0.4. 
 

To investigate the long-term behavior of the system, a comprehensive analysis was 

conducted to study the variations in water temperature and coefficient of performance 

(COP) over multiple years. This long-term analysis provides valuable insights into the 

overall trends and patterns exhibited by these parameters throughout the studied 



51 
 

period. In addition, by examining the annual variations, a more comprehensive 

understanding of the system's performance and its changes over time can be obtained. 

Figures 5.13. and 5.14. confirm what the results showed in the previous figures, where 

the COP recorded the highest value in October, the lowest value in the cold months, 

and stability in annual Values after the fifth year of the operation, as well as the 

temperature change of the tank. 

 

Figure 5.14. Variation of COP in ten operation years with heating months. (Granite, 

                     V = 400 m3 and CE = 0.4) 

 

These results demonstrate the importance of studying and analyzing the monthly and 

annual operating conditions on the tank temperature and the coefficient of performance 

of the heat pump system connected to a ground tank and solar collectors. In addition, 

this discussion helps to understand how the surrounding conditions affect the system's 

performance and provide appropriate solutions to improve its efficiency and 

sustainability. 
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5.2 Solar collector area to storage tank volume ratio for enhanced performance of 
the heating system connected to underground energy storage tank assisted with 
solar collectors 

One critical aspect of optimizing the performance of such a hybrid system is 

determining the ideal ratio between the area of solar collectors and the volume of the 

underground storage tank. This ratio plays a pivotal role in harnessing and utilizing 

solar energy effectively, ultimately impacting the coefficient of performance (COP) of 

the heat pump system. Achieving an optimal balance between collector area and 

storage tank volume can significantly enhance the system's energy efficiency and 

economic viability. 

To determine the optimal ratio between solar collector area (Ac) and storage tank 

volume (V), we conducted a series of simulations and experiments while keeping other 

system parameters constant, such as the type of earth and Carnot efficiency of the heat 

pump. 

Figure 5.15 illustrates the relationship between COP and solar collector area at various 

tank volumes. The figure reveals that the optimal collector area, resulting in the highest 

coefficient of performance (COP), is 30 m2, corresponding to a tank volume of 200 

m3. This yields a ratio of 0.15, as demonstrated in Figure 5.16, which also presents the 

relationship between COP and the (Ac /V) ratio. The Results indicate that, for a 10 kW 

heat load, the most effective configuration for achieving the highest COP value 

consists of a 200 m3 tank and a 30 m2 solar collector area. Additionally, Figure 5.16 

highlights that when dealing with a 10 kW heat load, utilizing collector areas 

exceeding 30 m2 in conjunction with tank volumes exceeding 200 m3 does not confer 

significant additional benefits to the system. 
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Figure 5.15. COP variation with solar collector area for different storage tank 

                    volumes. 

 

Figure 5.16. COP variation with solar collector area to storage tank volume ratio 



54 
 

 

Figure 5.17. Temperature Values of the storage tank in Optimal solar collector area to  
                      storage tank volume ratio. 

 

To comprehend the impact of the optimal ratio between tank volume and solar 

collector area on the heating system, Figure 5.17 illustrates the variations in the tank's 

temperature throughout an entire heating season, with Ac=30 m2 and V=200 m3, for a 

house with a 10 kW heat load. These observations emphasize the critical importance 

of considering this factor when designing and operating hybrid systems of this nature. 

Such consideration has the potential to significantly enhance the efficiency and 

environmental friendliness of these systems. 
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CHAPTER 6  
 CONCLUSION 

This thesis involved conducting a thorough analysis of two heat pump systems: one 

linked to an underground storage tank and the other integrated with an underground 

storage tank alongside solar collectors. The objective was to evaluate these systems' 

performance under various operational conditions. The study specifically concentrated 

on two vital parameters - tank temperature and coefficient of performance (COP) - to 

gauge the systems' efficiency and sustainability. By exploring monthly and annual 

variations, valuable insights were gleaned regarding the systems' behavior over time. 

The subsequent points present a concise summary of the main findings and their 

potential implications for enhancing the performance of comparable systems: 

1. The addition of solar collectors (SC) resulted in a significant temperature 

increase in the tank of at least 10.2 ℃. Additionally, it led to an increase in the 

coefficient of performance (COP) by at least 1.8. These improvements were 

observed for a tank volume of 400 m3, a pump with a Carnot coefficient of 0.4, 

and when using granite as the surrounding of the tank. 

2. The increase in the Carnot efficiency positively affected the coefficient of 

performance of both systems. However, its impact on the tank temperature was 

negligible in the system with solar collectors. 

3. The tank volume had a mild effect on the tank temperatures in both systems, 

particularly for volumes above 300 m3. It was found that using a tank with sizes 

less than 300 m3 in a system without solar collectors was ineffective. Similarly, 

the effect of increasing the tank volume on the coefficient of performance was 

minor in both systems. 

4. When incorporating solar collectors into the heating system, it is advisable to 

utilize soils with low thermal conductivity. This choice helps maintain high 

temperatures in the tank and achieve the highest values of the system's 

performance coefficient. 
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5. Over time, both systems show stable COP values. The system with solar 

collectors has higher COP values. The analysis of tank temperature and COP 

values over several years reveals consistent patterns and stability after the fifth 

year of operation. 

6. Through simulations and experiments, the study determined the optimal ratio 

for achieving the highest COP. For a 10 kW heat load, the optimal 

configuration entails a 30 m² collector area and a 200 m³ tank volume, resulting 

in a ratio of 0.15. 

7. Beyond this ideal configuration, the results demonstrate that increasing 

collector areas beyond 30 m² and tank volumes beyond 200 m³ does not yield 

significant additional benefits for a 10 kW heat load. 

8. The significance of the optimal ratio is further illustrated by variations in the 

tank's temperature throughout a heating season. This emphasizes the crucial 

factor of considering this ratio in the design and operation of such hybrid 

systems. 

Incorporating these findings into the design and operation of hybrid heating 

systems utilizing solar collectors and underground energy storage tanks has the 

potential to yield substantial enhancements in both energy efficiency and 

environmental sustainability. To conclude, in light of the insights gained from this 

study, we recommend further research in the domain of hybrid thermal systems. 

Such investigations can explore optimal configurations and outcomes, thereby 

fostering advancements in this field.  
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APPENDIX : MATLAB Code 

MATLAB is a widely used programming and numerical computing environment that 

offers powerful tools and features for engineers. One of the key advantages of 

MATLAB is its flexibility and wide range of applications. It can be used in diverse 

engineering fields such as mechanical, electrical, civil, chemical, and more. 

MATLAB software was used to perform simulations and obtain results for extended 

periods. The following is the code that was utilized. 

 

The code that was used in the system without solar collectors 
 
clc 
clear 
close all 
load('IITO','to'); 
rhow = 1000;    %rho water density 
cpw = 4.187;    %water heat capacity 
tinf = 288;     %tinf soil tempreture 
fi = 0.01736;    
u=1.2; 
uah = 345; 

  
%%%%carnot efficiency%%%% 
% ce=0.3; 
 ce=0.4;        
% ce=0.5; 
nohome = 1; 
%%%%%%%%%%%% 

  
%%%%tank radius%%%% 
% r=2.8794;    %v100 
% r=3.6278;    %v200 
% r = 4.1528;    %tank radius at v=300m3 
 r=4.570;     %v400 
% r=4.924;     %v500 
% r=5.232;     %v600 
% r=5.508;     %v700 
v = 4/3 * pi * r^3; 

  
%%%%%%%%soil types%%%%%%%% 
%%%%%limstone propetities 
  rhos = 2500;      %rhos is soil density 
  cps = 0.9;        %soil specific heat  
  con = 1.3;        %soil conductivity 
  alpha = 5.75e-7;  %diffusivity 

  
%%%%%Coarse 
% rhos = 2050;      
% cps = 1.842;       
% con = 0.519;       
% alpha =1.39E-7;   
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%%%%%Granit 
% rhos = 2640;      
% cps = 0.82;       
% con = 3;       
% alpha =1.4E-6; 
%%%%%%%%%%%%%%%%%%%%%%%%% 

  
p= rhow * cpw / (3 * rhos *cps); 
dt = 3600 * alpha / r^2; 
p1=p/dt; 
rt=1/(sqrt(pi*dt)); 
gama = 4 * pi *r* con / (nohome * uah); 

  
sbt2=(nohome * uah) / (4 * pi * r * con * 288); 
crp = [0 0 0 1 1 1 1 1 1 1 0 0]; 
ido = [31 31 30 31 30 31 31 28 31 30 31 30]; 
day=0; 
ihr = zeros(1,12); 
tay=zeros(10,8760); 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
lg=zeros(1,12); 
n=zeros(1,12); 
n(1)=ido(1); 
lg(1)=ido(1); 
for i=2:12 
    lg(i)=n(i-1)+ido(i); 
    n(i)=lg(i); 
end 

  
n=182; 
nn=n-182; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i = 1:12 
    day = day + ido(i); 
    ihr(i)= day * 24; 
end 
k=1; 
fa = zeros(1,8760); 
c1 = zeros(1,8760); 
h  = zeros(1,8760); 
for i = 1: 8760 
    h(i) = crp(k) * sbt2*(20 - to(i)); 
    fa(i) = ((to(i) + 273) /288)-1; 
    c1(i) = (u * (fi - fa(i)))+fi; 
    if (h(i) <= 0) 
        h(i) =0; 
    end 
    if (i == ihr(k)), k=k+1; end 
end 
fw= zeros(10,8760); 
tdg= zeros(10,8760); 
fw(1,1) = 0; 
tdg(1,1) = 15; %TES water temperature at starting point 
k=1; 
cop=zeros(1,10); 
coph=zeros(10,8760); 
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for m=1:10 

     
    qly=0;  %qly is an annual dimensionless energy required of house 
    wy=0;   %wy is an annual dimensionless compressor work 
    qy=0;   %qy is heat input to TES tank 
    tdg(m,1) = ((fw(m,1) + 1) * 288) - 273; 
    wo(1) = (fi - fa(1)) * (c1(1) - fw(m,1)) / (ce* (c1(1) +1) * 

gama); 

 
    if (fw(m,1) >= c1(1)), wo(1) =0; coph(m,1)=0; end 

     
    qn(1) = - h(1) + wo(1); 
    tdg(m,2)=((fw(m,2)+1)*288)-273; 
    wo(2)=(fi-fa(2))*(c1(2)-fw(m,1))/(ce*(c1(2)+1)*gama); 

 
    if (fw(m,2)>=c1(2)),wo(2)=0;coph(m,2)=0; end  
    qn(2) = - h(2) + wo(2); 

  
    for i=3:8760 
        s1=0; 
        for n=1:i-2; 
            s1=s1+(fw(m,n+1)-fw(m,n))/(sqrt(pi*dt*(i-n))); 
        end 
        wo(i)=(fi-fa(i))*(c1(i)-fw(m,i-1))/(ce*(c1(i)+1)*gama); 

 
        if (fw(m,i-1)>=c1(i)),wo(i)=0;coph(m,i)=0; end 

         
        qn(i) = - h(i) + wo(i); 
        tdg(m,i)=((fw(m,i)+1)*288)-273; 

      
        wy=wy+wo(i)*dt; 
        qly=qly+h(i)*dt; 
        qy=qy+qn(i)*dt; 
        if (i~=ihr(k)), continue; end 

         
        tay(m,k)=tdg(m,i); 
        k=k+1; 
        if (i==8760),fw(1,1)=fw(m,8760); end 
    end        
    if (m~=1) 
        qst=p*(fw(m,8760)-fw(m,1)); 
    else 
        qst=p*(fw(m,8760)-0); 
    end 

        
    cop(m)=qly/wy; 
    k=1; 
end 
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The code that was used in the system with solar collectors 
 
clc 
clear 
close all 
%load('toit','ii','to'); 
load('IITO','ii','to'); 
%(to & ii) are external data to be imported 
rhow = 1000;    %rho water density 
cpw = 4.187;     %water heat capacity 
tinf = 288;     %273 + 15 , tinf = 15 c, tinf soil tempreture 
fi = 0.01736;   %fi = (293 - 288) / 288 = 0.01736 
u=1.2; 
uah = 345; 
uahe = uah / u; 
 ac = 20;        %collector area 
% ac=25; 
% ac=30; 
% ce=0.3; 
ce = 0.4;       %carnot efficiency 
% ce=0.5; 
nohome = 1; 
%%%%%%%%%%%% 
% r=2.8794;    %v100 
% r=3.6278;    %v200 
% r = 4.1528;    %tank radius at v=300m3 
 r=4.570;     %v400 
% r=4.924;     %v500 
% r=5.232;     %v600 
% r=5.508;     %v700 
v = 4/3 * pi * r^3; 

 

  
%%%%%%%%soil types%%%%%%%% 
%limstone propetities 
% rhos = 2500;      %rhos is soil density 
% cps = 0.9;        %soil specific heat  
% con = 1.3;        %soil conductivity 
% alpha = 5.75e-7;  %diffusivity 
%%%%%%Coarse 
% rhos = 2050;      
 %cps = 1.842;       
 %con = 0.519;       
 %alpha =1.39E-7;   
%%%%%%Granit 
  rhos = 2640;      
  cps = 0.82;       
  con = 3;       
  alpha =1.4E-6; 
%%%%%%%%%%%%%%%%%%%%%%%%% 
fr=0.9; 
taln=0.8; 
tgalf=taln; 
ul=8;    %ul or UL its  overall loss coefficient of the collector 
p= rhow * cpw / (3 * rhos *cps); 
dt = 3600 * alpha / r^2; 
p1=p/dt; 
rt=1/(sqrt(pi*dt)); 
gama = 4 * pi *r* con / (nohome * uah); 
sbt1=(nohome * ac) / (4 * pi * r * con * 288); 
sbt2=(nohome * uah) / (4 * pi * r * con * 288); 
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crp = [0 0 0 1 1 1 1 1 1 1 0 0]; 
ido = [31 31 30 31 30 31 31 28 31 30 31 30]; 
ef=[0.56 0.55 0.49 0.39 0.32 0.27 0.29 0.35 0.40 0.47 0.5 0.55]; 
re=[0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.7 0.5 0.3 0.1 0.1]; %re is monthly 

average reflectivity of earth 
day=0; 
ihr = zeros(1,12); 
tay=zeros(10,8760); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
lg=zeros(1,12); 
del=zeros(1,365); 
n=zeros(1,12); 
n(1)=ido(1); 
lg(1)=ido(1); 
for i=2:12 
    lg(i)=n(i-1)+ido(i); 
    n(i)=lg(i); 
end 
cr1=2*pi/365; 
cr2=pi/180; 
 pir = zeros(1,365); 
 delta=zeros(1,365); 
for i=1:365 
    pir(i)=cr1*(284+i); 
    delta(i)=23.45*sin(pir(i)); 
    del(i)=cr2*delta(i);       
end 
bt=37.1; 
fai=37; 
fii=fai*pi/180; 
btt=bt*pi/180; 
j1=1; 
dec=2; 
ihd=0; 
itd=0; 
ihm=0; 
itm=0; 
ihy=0; 
ity=0; 
n=182; 
t=0; 
tem=0; 
tsum=0; 
gs=1353; 
kt= zeros(1,8760); 
iio=zeros(1,8760); 
idi=zeros(1,8760); 
rb=zeros(1,8760); 
it=zeros(1,8760); 
iih=zeros(1,8760); 
itdav=zeros(1,365); 
ihdav=zeros(1,365); 
ihmav=zeros(1,12); 
itmav=zeros(1,12); 
tam=zeros(1,12); 
tal=zeros(1,8760); 
w=zeros(1,8760); 
w1=zeros(1,8760); 
w2=zeros(1,8760); 
nn=n-182; 
for i=1:8760 
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    if (n==365),n=0; end 
        n=n+1;                     
        if (nn==365),nn=0; end 
        nn=nn+1;   
        l=floor(((i-1)/24)+1);    %floor is used to make L integer 

number 
        w1(i)=15*(t-12)*pi/180; 
        w2(i)=15*(t-11)*pi/180; 
        w(i)=(w1(i)+w2(i))/2; 
        rin(nn)=2*pi*n/365; 
        

rq(nn)=(43200.*(gs./pi)).*(1+(0.033.*cos(rin(nn)))).*(cos(fii).*cos(

del(n)).*(sin(w2(i))-sin(w1(i)))+((w2(i)-

w1(i)).*sin(fii).*sin(del(n)))); %iq represent I_0 in the equations 
        iio(i)=abs(rq(nn)); 

         
        kt(i)=ii(i)/iio(i)*41870; 

     
    if (kt(i)<=0.35) 
        idi(i)=1-0.249*kt(i); 
    elseif (kt(i)<=0.75) 
        idi(i)=1.557-1.84*kt(i); 
    else 
        idi(i)=0.177; 
    end 
    rbc(i)=((cos(fii-btt)*cos(del(n))*cos(w1(i)))+(sin(fii-

btt)*sin(del(n))))/((cos(fii)*cos(del(n))*cos(w1(i)))+(sin(fii)*sin(

del(n))));  % to calculate Rb 
    bs(i)=abs(rbc(i)); 
    if(bs(i)>=2) 
        rb(i)=0.4; 
    else 
        rb(i)=bs(i); 
    end 
    ar1(i)=(1-idi(i))*rb(i); 
    ar2(i)=idi(i)*((1+cos(btt))/2); 
    ar3(i)=re(j1)*((1-cos(btt))/2); 
    rcf(i)=ar1(i)+ar2(i)+ar3(i); 
    it(i)=rcf(i)*ii(i)*41870/3600;  %% where rcf (represent R in the 

article) is the ratio of total radiation on the tilted surface to that 

on a horizontal surface. 
    iih(i)=ii(i)*41870/3600;        % This (iih(i)) is to transfer ii 

unit to w/m2 to unity with it for comparison between them only 
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
    tetaz=acos(sin(fii)*sin(del(n))+cos(fii)*cos(del(n))*cos(w(i))); 
    tq=abs(rb(i)*cos(tetaz)); 
    if (tq>1) 
        tal(i)=taln; 
    else  
       teta=acos(tq); 
    end 
    if (dec==1) 
       bo=-0.10; 
    else  
       bo=-0.17; 
    end  
        amod=1+bo*(1/cos(teta)-1); 
    if (amod<=0.2) 
       amod=0.9-0.01*teta*180/pi; 
   end 
    if (amod>=1), tal(i)=taln; 
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    else 
       tal(i)=taln*amod; 
    end 
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
    k1=floor(i/24); 
    k2=24*k1; 
    if (i==k2),t=-1;end 
    t=t+1; 
    ihd=ihd+ii(i); 
    itd=itd+it(i); 
    tem=tem+to(i); 
    m1=i/24; 
    m2=24*m1; 
    if (i~=m2), continue; end 
    ihdav(l)=ihd/24*41870/3600; 
    itdav(l)=itd/24; 
    ihm=ihm+ihd; 
    itm=itm+itd; 
    ihd=0; 
    itd=0; 
    km=lg(j1)*24; 
    kl=ido(j1)*24; 
    if (i~=km), continue; end 
    ihmav(j1)=ihm/kl*41870/3600; 
    itmav(j1)=itm/kl; 
    tam(j1)=tem/kl; 
    ihy=ihy+ihm; 
    ity=ity+itm; 
    tsum=tsum+tam(j1); 
    tdif=20-tam(j1); 
    j1=j1+1; 
    ihm=0; 
    itm=0; 
    tem=0; 
end 
ihory=ihy*41870/(8760*3600); 
itily=ity/8760; 

  
% save('result','fw'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i = 1:12 
    day = day + ido(i); 
    ihr(i)= day * 24; 
end 
k=1; 
fa = zeros(1,8760); 
c1 = zeros(1,8760); 
h = zeros(1,8760); 
for i = 1: 8760 
    h(i) = crp(k) * sbt2*(20 - to(i)); 
    fa(i) = ((to(i) + 273) /288)-1; 
    c1(i) = (u * (fi - fa(i)))+fi; 
    if (h(i) <= 0) 
        h(i) =0; 
    end 
    if (i == ihr(k)), k=k+1; end 
end 
fw= zeros(10,8760); 
tdg= zeros(10,8760); 
del=zeros(365); 
fw(1,1) = 0; 
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tdg(1,1) = 15; %TES water temperature at start point 
v = 4/3 * pi * r^3; 
k=1; 
cop=zeros(1,10); 
r1=zeros(1,10); 
r2=zeros(1,10); 
r3=zeros(1,10); 
r4=zeros(1,10); 
r5=zeros(1,10); 
qls = zeros(1,8760); 
e =zeros(1,8760); 
coph=zeros(10,8760); 

  
for m=1:10 
    efc=0;  %efc is efficiency of a flat plate solar collector 
    qsy=0;  %qsy is an annual dimensionless solar heat gain 
    qly=0;  %qly is an annual dimensionless energy required of house 
    wy=0;   %wy is an annual dimensionless compressor work 
    qy=0;   %qy is heat input to TES tank 
    tdg(m,1) = ((fw(m,1) + 1) * 288) - 273; 
    wo(1) = (fi - fa(1)) * (c1(1) - fw(m,1)) / (ce* (c1(1) +1) * 

gama); 

     
    if (fw(m,1) >= c1(1)), wo(1) =0 ; coph(m,1)=0 ; end 
    if ( it(1) <= 0) 
        e(1)=0; 
    else 
        qls = (tdg(m,1) - to(1)) / it(1); 
        if(qls >= 0.72) 
            e(1) = 0; 
        else 
            e(1) = 0.72 - 6.4 * qls; 
            if(e(1) <= 0 ) 
                e(1) = 0; 
            elseif (e(1) > 0.72 ) 
                e(1) = 0.72; 
            end 
        end 
    end 
    s(1) = sbt1 * e(1) * it(1); % sbt1 is Q in eqn.6, q 
    qn(1) = s(1) - h(1) + wo(1); 
    tdg(m,2)=((fw(m,2)+1)*288)-273; 
    wo(2)=(fi-fa(2))*(c1(2)-fw(m,1))/(ce*(c1(2)+1)*gama); 

     
    if (fw(m,2)>=c1(2)),wo(2)=0; coph(m,2)=0; end 
    if(it(2)<=0) 
        e(2)=0; 
    else qls = (tdg(m,1) - to(2)) / it(2); 
        if(qls >= 0.72) 
            e(2) = 0; 
        else 
            e(2) = 0.72 - 6.4 * qls; 
            if(e(2) <= 0 ) 
                e(2) = 0; 
            elseif (e(2) > 0.72) 
                e(2) = 0.72; 
            end 
        end 
    end 
    s(2) = sbt1 * e(2) * it(2); 
    qn(2) = s(2) - h(2) + wo(2); 
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    for i=3:8760 
        s1=0; 
        for n=1:i-2; 
            s1=s1+(fw(m,n+1)-fw(m,n))/(sqrt(pi*dt*(i-n))); 
        end 
        wo(i)=(fi-fa(i))*(c1(i)-fw(m,i-1))/(ce*(c1(i)+1)*gama); 

         
        if (fw(m,i-1)>=c1(i)),wo(i)=0; coph(m,i)=0; end 
        if(it(i)<=0) 
            e(i)=0; 
        else 
            qls = (tdg(m,i-1) - to(i)) / it(i); 
            if(qls > 0.72) 
                e(i) = 0; 
            else     e(i) = 0.72 - (6.4 * qls); 
                if(e(i) <= 0 ) 
                    e(i) = 0; 
                elseif (e(i) > 0.72) 
                    e(i) = 0.72; 
                end 
            end 
        end 
        s(i) = sbt1 * e(i) * it(i); 
        qn(i) = s(i) - h(i) + wo(i); 
        tdg(m,i)=((fw(m,i)+1)*288)-273;  %tdg(m,i)=hourly TES water 

temperature for 10 years in C 
        qsy=qsy+s(i)*dt; 
        wy=wy+wo(i)*dt; 
        qly=qly+h(i)*dt; 
        qy=qy+qn(i)*dt; 
        if (i~=ihr(k)), continue; end 
        efc=efc/(ido(k)*24); 
        tay(m,k)=tdg(m,i); 
        k=k+1; 
        if (i==8760),fw(1,1)=fw(m,8760); end 
    end       
    if (m~=1) 
        qst=p*(fw(m,8760)-fw(m,1)); 
    else 
        qst=p*(fw(m,8760)-0); 
    end 
        qt=qsy+wy; 
        r1(m)=qsy*100/qt;  % r1 yearly (solar fraction) charged to 

the system 
        r2(m)=wy*100/qt;   % r2 yearly heat pump (work fraction) 
        r3(m)=qst*100/qt;  % r3 yearly (stored energy) fraction 
        r4(m)=qly*100/qt;  % r4 yearly house heat (load fraction) 
        r5(m)=(qy-qst)*100/qt; %r5 yearly heat (lost fraction) 

charged to the system, 
    cop(m)=qly/wy; 
    k=1; 
end   
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