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Abstract 14 

Geothermal Energy is a very attractive source of naturally-occurring green renewable energy. 15 

Exploiting this natural resource is straightforward and causes almost no ill effects to the environment. 16 

But, while geothermal does not suffer the intermittence of other renewable sources, its extraction 17 

efficiency is fairly modest as compared to other sources. As a result, there has been significant interest 18 

recently in hybrid systems that integrate geothermal and other forms of energy to increase the output 19 

efficiency. This work will survey the different possible integrations involving geothermal energy. A 20 

review of the literature shows that the most common hybrid systems implementation involve the 21 

integration of geothermal with solar (45% of systems) followed by the integration of a cooling tower 22 

into the geothermal system (30% of systems). This work will also investigate the applications for 23 

geothermal hybrids and show that 44% of systems are designed for heating applications. Another 24 

44% are used for cooling while only 12% are designed for electrical power generation. Complexity 25 

of control remains as the main obstacle facing hybrid multi-source energy systems including those 26 

involving geothermal energy. 27 
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1. Introduction 29 

As the population of our planet increases, so does the need and demand for energy [1]. Until 30 

recently, this demand has been met mostly through the consumption of traditional mainly fossil-based 31 

fuels. The consumption of these carbon based fuels has been shown to be directly linked to global 32 

warming, pollution and a deterioration of air quality. This issue is of particular concern due to its 33 

widespread effect. The latest report by the World Health Organization (WHO) released in May 2018 34 

states that “90 percent of people worldwide breathe polluted air” [1]. Governments around the world 35 

are increasingly investing in renewable energy sources (RES) as possible replacements (to some 36 

extent) for fossil-based fuels and their ill effects on the environment. RES are able to meet a 37 

significant portion of the energy demand without the harmful greenhouse gases and the associated 38 

pollution. All forms of RES are being investigated: solar (both photovoltaic and thermal), wind, 39 

ocean, marine, hydrostatic, hydrokinetichydropower, as well as geothermal and biomass among 40 

others. One of the issues affecting most RES is their stochastic intermittent nature. The energy source 41 

is not available all the time, and sometimes it is not sufficient even when available.  42 

This is where geothermal energy has an advantage over most other RES, its availability is 43 

approximately deterministic and independent of ambient conditions. While it may be geographically 44 

limited, wherever geothermal energy is present it is useable all the time at approximately the same 45 

level. Geothermal energy has the added advantage of actually attaining lower operating cost 46 

compared to traditional systems [3, 4].  47 

Another advantage of geothermal energy is that the energy reservoir (the ground) can act as a 48 

source as well as a sink depending on the need. Compared to air, soil has a much higher heat capacity. 49 

As a result, seasonal variations of soil temperature deep in the ground are much lower than those of 50 

the surrounding ambient air. At depths higher than about 20 meters, soil temperature becomes 51 

approximately constant year-round. This makes deep earth warmer than ambient air in the winter and 52 
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cooler in the summer. Ground heat exchangers have been designed to leverage this air-to-soil 53 

differential to condition the ambient air temperature. 54 

There are three different configurations for a ground heat exchange: vertical, horizontal and 55 

spiral (see Figure 1). The type of configuration depends mainly on available space and soil conditions. 56 

The horizontal configuration is typically constructed at a depth less than 1.5 meters [5], while the 57 

vertical configuration (commonly known as the borehole heat exchanger (BHE)) typically reaches 58 

depths more than 50 meters [6]. Under appropriate circumstances, it is possible to create a 59 

combination of vertical and horizontal configurations that will produce better thermal performance 60 

[2]. The ground heat exchanger is usually surrounded by grout material (such as cement or a mixture 61 

of sand and bentonite) to protect ground water and improve heat transfer. This paper discusses the 62 

applicable combinations of geothermal energy with other sources while presenting the main 63 

differences between these hybrid systems. Adding the geothermal source could serve mainly in 64 

decreasing the operating cost and environmental effects compared to the conventional stand-alone 65 

plants. It is very crucial to study geothermal energy and hybridization because the ground is almost 66 

considered as a low grade source and consequently it is not preferable to stand alone in a plant. 67 

  
 

(a) (b) (c) 
Fig. ure 1.: GHE configurations; (a) vertical, (b) horizontal and (c) spiral 68 
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2. Geothermal Power Plant 69 

Geothermal Energy can be used as a source for power generation plants through the use of an 70 

Organic Rankine Cycle (ORC) as an example. Replacing the conventional plants with geothermal 71 

ones is an attractive methodology to adopt ecofriendly systems [8], because geothermal plants are 72 

able to produce much less emissions for the same given load compared to fossil fuels. However, 73 

geothermal energy is characterized as a low grade energy source and generally suffers from low 74 

energy extraction efficiency. Additional sources of energy can be combined through a hybrid system 75 

to improve the efficiency and meet the requirements that geothermal energy alone may not able to 76 

deliver [3, 4].  77 

Geothermal energy systems used in heating (or cooling) dominated applications suffer an 78 

efficiency degradation due to heat depletion (or accumulation) that may lead to eventual system 79 

failure or ground fouling [5-7]. Adding a hybrid power source will allow time for recovery and 80 

thermal build-up (or dissemination). In addition, hybridization helps in decreasing the required capital 81 

and operating costs,investment and hence shortening the payback period of geothermal energy 82 

installations as well as addressing high peak loads [8, 9]. This could be achieved by taking advantage 83 

of the optimal conditions of each source used whereas the major cost of a geothermal system is its 84 

initial investment, therefore, this will be significantly reduced by the help of another available 85 

abundant one. That’s why hybridization is a solution for the high capital cost of geothermal plants 86 

and operating cost of other sources. 87 

3.0.  Hybrid Ground Source Heat Pump (HGSHP) 88 

Hybrid Geothermal Systems (HGS) used for heating and cooling applications are commonly 89 

encountered in the form of a hybrid ground source heat pump (HGSHP) [10] or a hybrid ground 90 

coupled heat pump (HGCHP) [11, 12]. Figure 2 shows the difference between the conventional and 91 

hybrid ground source heat pump (GSHP) designs. 92 
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 93 
Figure 2: Difference between (a) GSHP and the (b) HGSHP [13] 94 

Another type of ground coupled heat exchanger (GCHE) is the earth air heat exchanger 95 

(EAHE) based on circulating fresh air underground using a blower (as shown in Figure 3) [14]. 96 

 97 
Figure 3: Earth Air Heat Exchanger System 98 

M. Alavy et al. [15] investigated the use of an HGSHP for district heating and cooling through 99 

a common water loop distribution. The system showed high potential that depends mainly on building 100 

size and type as well as weather conditions and location. One of the most important parameters to be 101 

studied in these hybrid systems is the ratio between the heating and cooling loads in order to design 102 

the optimum ground regeneration cycle. Regenerating the ground potential can be achieved by adding 103 

a second energy source as mentioned above, or through a traditional HVAC system based on an air 104 

source heat pump (ASHP). On the other hand, it is possible to achieve the required regeneration using 105 
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a dry cooler. The cooler can be used to inject ambient heat in to the cold bore field in the winter and 106 

extract it from the warm bore field in the summer. This would require the use of a dual bore field 107 

[16]. Choosing the best hybrid system is not straightforward because each HGS has to be considered 108 

from a different perspective such as initial or operating cost [17]. 109 

11.3. Hybrid Geothermal Systems (HGS)s 110 

Hybrid Geothermal Systems (HGS) used for heating and cooling applications are commonly 111 

encountered in the form of a hybrid ground source heat pump (HGSHP) [10] or a hybrid ground 112 

coupled heat pump (HGCHP) [11, 12]. Figure 2 shows the difference between the conventional and 113 

hybrid ground source heat pump (GSHP) designs. 114 

 115 
Fig. 2. Difference between (a) GSHP and the (b) HGSHP [13] 116 

Another type of ground coupled heat exchanger (GCHE) is the earth air heat exchanger 117 

(EAHE) based on circulating fresh air underground using a blower (as shown in Figure 3) [14]. 118 
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 119 
Fig. 3. Earth Air Heat Exchanger System 120 

M. Alavy et al. [15] investigated the use of an HGSHP for district heating and cooling through 121 

a common water loop distribution. The system showed high potential that depends mainly on building 122 

size and type as well as weather conditions and location. One of the most important parameters to be 123 

studied in these hybrid systems is the ratio between the heating and cooling loads in order to design 124 

the optimum ground regeneration cycle. Regenerating the ground potential can be achieved by adding 125 

a second energy source as mentioned above, or through a traditional heating, ventilating and air 126 

conditioning (HVAC) system based on an air source heat pump (ASHP). On the other hand, it is 127 

possible to achieve the required regeneration using a dry cooler. The cooler can be used to inject 128 

ambient heat in to the cold bore field in the winter and extract it from the warm bore field in the 129 

summer. This would require the use of a dual bore field [16]. Choosing the best hybrid system is not 130 

straightforward because each HGS has to be considered from a different perspective such as initial or 131 

operating cost [17]. 132 

Geothermal energy can be coupled with many different energy sources depending mainly on 133 

availability and effect on system’s performance. In the following sub-sections, we will discuss a 134 

number of possible integrations that involve geothermal energy systems. 135 

11.1. 3.1.  Integration of Geothermal and Solar Energy Systems 136 

There is a number of ways that solar and geothermal energies can be integrated to form a 137 

hybrid energy system [18]. For example, thermal solar collectors can be used to generate additional 138 
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heat energy to shore-up any deficit from the geothermal system. A common hybrid solar-geothermal 139 

combination is the solar assisted ground source heat pump (SAGSHP) [19]. While there may be 140 

different implementations, the main objective of this combination is the reduction in annual operating 141 

costs and CO2 emissions. Thermal solar collectors can also be used for ground heat recovery and help 142 

stabilize the geothermal system. Conversely, a geothermal heat exchanger can be used as a second 143 

heat source to support a solar thermal plant [20-22]. This combination has the ability to increase the 144 

overall efficiency by 3.6% compared to the combined individual systems [32]. Another motivation 145 

for integrating geothermal and solar thermal systems might be the need to increase the steam flow in 146 

the geothermal cycle [23]. Researchers have been able to reduce the initial costs associated with a 147 

geothermal system by using a solar assisted ground source heat pump to reduce the required borehole 148 

heat exchanger field size. It is also possible to use a supercritical ORC based on a geothermal system 149 

integrated with a concentrated solar power system to increase peak loads for demand-side 150 

management [24, 25]. While most hybrid systems are designed for heating applications, it is also 151 

possible to integrate a ground heat exchanger with a solar cooling system to improve its performance 152 

[26]. 153 

Solar thermal systems suffer from seasonal deterioration in energy output depending on the 154 

sun’s position and ambient air temperatures. One way to improve the seasonal coefficients of 155 

performance is to use the geothermal system as a seasonal energy storage. A vertical ground heat 156 

exchanger may be used to store seasonal excess energy generated by a solar thermal system. The 157 

system would be composed of solar collectors, short-term thermal storage devices, a heat pump, and 158 

a borehole heat exchanger for long-term storage. A staged series of ground heat exchangers can be 159 

used to reduce temperature differences and maintain the effectiveness of the storage system for an 160 

elongated period [27]. Ground water flow may be the main limiting factor against the use of such an 161 

integration [28]. Ground water flow levels at the site must be low enough to ensure that the induced 162 

thermal plume is not dissipated. Researchers have determined that seasonal heat storage is not reliable 163 

for solving the thermal imbalance if ground water seepage velocity is large. 164 
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As can be seen from the above examples, integrating a solar thermal system with a geothermal 165 

plant can either assist in producing additional power, or reducing the consumed geothermal energy 166 

[29]. An essential factor to consider in the design of hybrid solar-geothermal systems is the state of 167 

the available ground fluid. If the available fluid is in the steam-liquid state, then a flash cycle (see 168 

Figure 4 and Figure 5) would be the preferred design [30, 31]. Incorporating the solar system 169 

contributes to superheating and evaporating the geothermal fluid and therefore boosting the generated 170 

power [32]. 171 

 172 
Fig.ure 4.: Single-Flash Hybrid Power Plant [30] 173 

 174 

Formatted: Font: Times New Roman



10 
 
 

 175 
Fig.ure 5.: Double-Flash Hybrid Power Plant [30] 176 

A photovoltaic thermal hybrid system (PVT) can be integrated with a GSHP to produce 177 

different forms of energy at the same time (as shown in Figure 6). While the GSHP system works on 178 

extracting thermal energy from the ground, the PVT system produces electrical energy from the 179 

incident sun light and at the same time extracts additional thermal energy from the sun’s heat. Careful 180 

consideration for the working fluid is necessary to ensure best results from these systems. Most 181 

designs have concentrated on using organic fluids [33]. However, it is also possible to use a refrigerant 182 

fluid like CO2 in which case the cycle would require some modification such as the incorporation of 183 

a reverse trans-critical cycle [34-36]. Other studies have also investigated the use of hybrid systems 184 

for water distillation in addition to energy generation [37]. Recently, poly-generation and tri-185 

generation systems are more widely spreading to gain extra benefits from the used sources such as in 186 

[44] where solar-geothermal system is used for generating electricity, cooling and hydrogen 187 

production. The energy and exergy efficiencies were found to be 19.6% and 19.1% respectively. 188 
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 189 
Fig.ure 6.: (PVT) – GSHP [38] 190 

Because of inherent uncertainties and nonlinearities, all of the mentioned hybrid systems 191 

suffer from issues related to control. This has motivated researchers to find new control methods such 192 

as fuzzy logic (FL) controllers [38] and model predictive control (MPC) [39].  193 

11.2. 3.2.  Integration of a Cooling Tower into the Geothermal System 194 

It has been shown that it is advantageous to incorporate a cooling tower with the ground source 195 

heat pump (as shown in Figure 7) to improve the cooling efficiency [13]. This hybrid system is able 196 

to maintain soil thermal balance such that in  [48], the annual overall COP of the system was found 197 

to be 3.96 (3.93 for cooling and 4.09 for heating). The capacity of the cooling tower needs to be 198 

chosen taking into consideration the difference between peak and average load values or the cooling 199 

load percentages [40, 41]. Simulation models have shown that the cooling tower needs to be activated 200 

two years after initial heat pump operation. An optimal auxiliary cooling ratio (ACR) needs to be 201 

chosen based on the system’s configuration (as demonstrated in Figure 8) [42]. 202 
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 203 
Fig.ure 7.: GSHP Coupled with a Cooling Tower [43] 204 

It has been recommended in the literature that the cooling tower be integrated in a serial 205 

configuration (as depicted in Figure 8) to avoid heat accumulation [44]. In addition, it is necessary to 206 

keep the temperature of the water circulating in the cooling tower as low as possible in order to 207 

increase the coefficient of performance (COP) [45]. If the cooling load is very high for a standard 208 

cooling tower, then a traditional HVAC system can be added to meet the cooling demand [46]. It is 209 

also possible to incorporate a second cooling tower that has the same capacity as the ground heat 210 

exchanger to serve as an alternator or accumulator [47]. 211 

 

(a) (b) 

Fig.ure 8.: Parallel (a) vs. Serial (b) Hybrid GSHP Configurations 212 
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After studying three different strategies for controlling the geothermal-CT system, researchers 213 

have determined that the most optimal was the wet bulb temperature control method. This method is 214 

based on the difference between outlet fluid temperature and the temperature of wet bulb [48]. The 215 

aim of this method is to make full use of heat exchange between air and soil [49]. It concentrates on 216 

deriving the most benefit from ambient capacity by prioritizing the use of ambient air as the cooling 217 

source. Artificial Neural Network (ANN) models were developed to predict the temperature of the 218 

water existing the GHE in comparison to that of the cooling tower. The ANN showed an absolute 219 

error of about 0.2 °C [50]. 220 

Another control method that has been suggested for hybrid geothermal-CT systems is 221 

extremum seeking control (ESC) [43]. This feedback based method (depicted in Figure 9) is based 222 

on a comparison between the total power consumption, flow rate entering the CT, and pump speed. 223 

ESC has been shown to provide 9.3% energy savings as compared to other methods. This method 224 

will be very helpful in applications where the system consists of multiple bore hole exchangers. In 225 

such a system, it would be advisable to normally operate only some of the BHEs and limit operation 226 

of all BHEs together to peak load periods only [51]. 227 
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 228 
Fig.ure 9.: ESC Control for Optimizing Efficiency of HGSHP System [43] 229 

11.3. 3.3.  Less-common Hybrid Geothermal Systems 230 

There are some less common hybridization techniques that can integrate geothermal energy 231 

with other sources of energy. For example, it is possible to integrate geothermal with waste heat 232 

recovery (another source of low grade energy) in an electricity generation system. Another example 233 

would be the injection of industrial waste heat into geothermal boreholes. This integration exploits 234 

the thermal storage characteristics of the boreholes and allows the extraction of waste energy 235 

exhausted by industrial processes.  236 

A geothermal installation can be integrated into an existing coal fired power plant to improve 237 

efficiency and lower costs. The geothermal system can be used to preheat the boiler’s feed water and 238 

can also be used as a carbon capture storage. Researchers have determined that a serial configuration 239 

for geothermal preheating is better at temperatures below 140 °C [52]. A detailed analysis of available 240 

conditions with regards to coal sufficiency and availability of geothermal hot water are needed before 241 

such a system can be contemplated [53]. Another integration can see the utilization of the coal plant 242 
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for electricity generation and the geothermal system for providing additional capacity to meet high 243 

heating demands [54, 55].  244 

Geothermal energy can be used to preheat the organic fluid in a dual-fluid biomass system to 245 

achieve the highest possible output power (see Figure 10) [56]. Researchers have determined that it 246 

is advisable to integrate a pre-heater and evaporator into the geothermal system to achieve the 247 

combined heat and power system improvements [57]. 248 

 249 
Fig.ure 10.: Dual Fluid Hybrid Geothermal-Biomass Power Plant [56] 250 

One of the main issues affecting geothermal sourced heat pumps is the thermal imbalance. It 251 

has been shown that increasing the size of the heat exchanger can alleviate this issue. However, this 252 

may not be always feasible if the available space is limited. If the load is cooling dominated, then a 253 

chiller can be integrated into the geothermal system to improve the system’s performance [58]. 254 

Adequate consideration should be given to factors affecting the chiller’s design such as required 255 

cooling, compressor efficiency, and climate conditions. 256 
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A geothermal system can be integrated with a floor cooling system to provide a secondary 257 

cooling source [59]. The geothermal system would provide elimination of the floor condensation due 258 

to excessive heat that would be generated if the floor radiator is used by itself. 259 

Several studies have shown that hybrid systems integrating geothermal energy into existing 260 

energy systems can provide improvements in efficiency as well as economics. P. Cui et al. have 261 

shown that coupling a geothermal source with an electric heater could produce 3.4% savings in energy 262 

used for heating and provision of domestic hot water [60].  263 

Variousseveral studies have been performed to compare the performance of traditional 264 

geothermal systems with hybrids. It was shown that it would be more beneficial to control the 265 

temperature of the fluid entering the system when a geothermal system is integrated with a gas boiler 266 

and electric air-conditioning system [61]. In [61], a COP of 2.79 was achieved while combining the 267 

gas boiler with the GSHP to provide heating. On the other hand, it would be more beneficial to vary 268 

the temperature of the fluid exiting the system when a geothermal system is integrated with a cooling 269 

tower and a boiler [62]. 270 

12. Geothermal energy and materials used 271 

Ground thermal conductivity is constant and depends only on the borehole location. The variables 272 

affecting the performance of ground heat exchangers are those associated with their construction and 273 

the materials utilized. Bore holes are made up of pipes buried in the ground, fluid refrigerant, and 274 

backfill material. Enhancing the heat exchange between the ground and refrigerant is a pragmatic 275 

approach that can be adopted in increasing the efficiency of the borehole heat exchanger. One of the 276 

main models used for determining the thermal ground properties is the thermal response test (TRT). 277 

It is recommended to perform a TRT to ascertain the average thermal conductivity of the ground [63]. 278 

The most appropriate analytical too used is the line source model [64]. It is the best tool for 279 

determining the data for the thermal response.  280 
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 281 

The process affecting the efficiency of boreholes the most is the exchange of heat from the pipes to 282 

the backfill material, and then to the ground itself. One needs to understand the characteristics of the 283 

different materials in order to determine where improvements can be made.  284 

The most predominant material used in the production of pipes for GHE’s is high-density 285 

Polyethylene (HDPE). Spacers are typically placed surrounding the pipes to create a gap from the 286 

borehole wall and curb the interference between the pipes. These spaces are filled with backfill 287 

material making the material characteristics of the backfill one of the most important parameters 288 

affecting the performance of borehole heat exchangers. The smaller the particle size of the grout, the 289 

more heat it is able to hold. This implies that thermal performance is largely dependent on the size of 290 

the particles. Clay, silt, coarse sand etc. are some notable categorize of soil sizes. If a back-fill material 291 

with low thermal conductivity us used, this may result in the need for a longer borehole [65, 66]. On 292 

the other hand, it has been shown that efficiency increases by up to 49% when a standard bentonite 293 

grout is utilized instead of sand. A study conducted TRT on 6 different boreholes with double U-pipe 294 

exchangers [67]. Backfill materials were made up of bentonite, cement and quartz sand. The study 295 

showed that mixing sand with quartz produced the lowest heat resistance. 296 

The line source model was also adopted in finding thermal conductivity of grout mix. It was proposed 297 

that in the absence of ground water, the grout mix must be made higher compared to the ground 298 

thermal conductivity [68]. Thermal resistance tends to decrease when the grout’s thermal conductivity 299 

increases. Using coaxial borehole heat exchanger made up of grouting material has also been 300 

investigated from literature [69]. It was determined that using galvanized steel for the outside coaxial 301 

tube instead of polyethylene produced the best results. However, galvanized steel has a shorter life 302 

span. The resistance of the borehole reduced to nearly 35% compared to the case study factored into 303 

the investigation. These characteristics in terms of the performance are attributed to low material 304 

thermal resistance. The borehole resistance (BR) reduced gain by 34% when a mixture of drilling 305 
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rests was used as grouting material. Using sand mixed with standard cement – bentonite mixture also 306 

gave similar results. The application of thermally enhanced grouts did not contribute significantly to 307 

the performance compared to the addition of sand to the standard mixture.  308 

Reducing the borehole length for GHEs in cooled climates has also been investigated [70]. The 309 

application of a single U-tube borehole with ring made up of thermally enhanced phase material 310 

(PCM) mixed with sand has also been researched. The PCM sand ring went through a melting process 311 

in order to harness its high energy content. The length of the borehole reduced by 7.3% when the 312 

PCM sand ring was used. There was an increase in the heat pump energy consumption by 2% due to 313 

the borehole length being reduced. Increasing the thickness of the ring by 4.1cm causes melting not 314 

to exceed the radius of the ring at peak conditions and this also decreases the borehole length by 9.3%. 315 

This phenomenon causes a 2.7% increase in the pump energy usage. Using natural and recycled 316 

materials as backfill for boreholes has also been investigated [71]. The investigation used grouting 317 

made of cement in place of bentonite based grouts. The mortars used were made up of water, cement, 318 

plasticizer as well as different types of aggregates. Construction/demolishing waste, electric arc 319 

furnace slag, silica and limestone were some composition of the aggregates used in the investigation. 320 

The thermal conductivity for the 4 aggregates being investigated improved compared to the pure 321 

cement material with the silica giving the highest thermal conductivity [72-74]. 322 

12.1.  Modelling Systems for ground heat systems 323 

12.1.1. Thermal resistance and response analysis for boreholes 324 

The cost of the system as well as performance is dependent on the length of the ground heat 325 

exchangers. Failing to determine the exact result for the thermal response of the system will lead to 326 

an increase in the cost of the system or a reduction in the overall efficiency. The method for the 327 

determination of the borehole length becomes easy when the maximum as well as minimum fluid 328 

temperature is known [75]. The minimum and maximum fluid temperature are determined from the 329 

thermal resistance (Rb) as shown in Eq. 1. 330 
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𝑇𝑇𝑓𝑓 −  𝑇𝑇𝑏𝑏 =  𝑅𝑅𝑏𝑏�̇�𝑞                                                                                                                                    (1) 331 

Where; 332 

𝑇𝑇𝑓𝑓 : Average temperature of the fluid for the 2 borehole legs temperatures in Kelvin [K] 333 

𝑇𝑇𝑏𝑏 : Borehole wall temperature 334 

�̇�𝑞 : The heat transfer rate per unit length 335 

From literature [76], the usage of the average fluid temperature is not a reflection of all the cases since 336 

a constant transfer of heat is considered. The method of fitting the approximate average into the line 337 

– source model results in an increase in the manufacturing cost because of an overestimation of the 338 

borehole resistance.  Marcotte and Pasquier rather suggest that a p – linear average is considered for 339 

estimating the average fluid temperature. The p – linear average was developed based on Incropera 340 

and Dewitt’s [77] logarithmic mean temperature between water at the entrance and exit. This 341 

approach considers a constant temperature around the borehole wall and this is not the real-life 342 

scenarios as these temperatures tend to vary on the borehole wall. The 𝑝𝑝(𝑡𝑡) − linear average approach 343 

was also developed for estimating the thermal properties for ground heat exchangers [78]. Lingfeng 344 

et al [78] stated in their investigation that the existing 𝑝𝑝(𝑡𝑡) − linear approach never considered the 345 

fact that using undisturbed soil temperature as the reference temperature resulted in the water 346 

temperature profile being varied. The  𝑝𝑝(𝑡𝑡) − linear approach developed by Lingfeng et al [78] shows 347 

a relative error of 5% when p = 1, indicating an improvement in existing 𝑝𝑝(𝑡𝑡) − linear method. This 348 

approach is ideal for determining borehole thermal resistance. Two critical parameters must be 349 

considered as discussed earlier (soil thermal conductivity and borehole resistance). The borehole 350 

thermal resistance is directly proportional to the borehole’s diameter, pipe size and configuration, 351 

material used in making the pipes, as well as the backfill material. It has been deduced that when the 352 

soil’s thermal conductivity is high, but the borehole’s thermal resistance is low, the heat exchange 353 

rate will be high [79]. It is therefore imperative that the thermal characteristics of the ground is known 354 
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before designing the system. The common method for determining ground thermal resistance include 355 

soil and rock identification [80], testing of drill cuttings experimentally [81] and inverse heat 356 

conduction model [82].  Mogensen in 1983 used the thermal response test to predict ground thermal 357 

characteristics [83]. The first design concept was made up of carrier fluid and this was later substituted 358 

for a heater. Thermal response test implies injecting heat to the borehole at constant power when the 359 

average borehole temperature is specified on the output. The temperature generated over a period of 360 

time is reordered as the fluid temperature. This is later evaluated to generate the thermal 361 

characteristics of the borehole like the thermal resistance, volumetric specific heat capacity and the 362 

conductivity of the soil using inverse heat transfer analysis [84]. There has been several investigations 363 

conducted in terms of the number of hours the thermal response test should last. For instance, it is 364 

stated from literature that the test con be conducted within 12 – 40h [85, 86]. The ASHARE handbook 365 

also stipulates that the investigation is conducted between 36 – 48h [86]. It must be noted that the 366 

longer the thermal response test, the more cost involved in the investigation but reducing the timings 367 

for the test often produces results that do not reflect the actual thermal conductivity. Further 368 

investigations have also contributed to equipment used for thermal response test being reduced [87]. 369 

The international ground source heat pump association is responsible for determining guidelines for 370 

the design and installation of these technologies [87]. A research conducted also showed the TRT for 371 

9 types of boreholes [87].   372 

12.2.  Analytical and Numerical models for GHEs 373 

There has been several models developed over the last few years to determine the exact 374 

performance of ground heat exchangers. Fourier’s law for heat conduction formed the basis for most 375 

of these models [87].  Calculating borehole length through the prediction of long term performance 376 

of the GHE as well as the short term model are the two main methods for modelling GHE. The main 377 

disparity between the two is the fact that the long term model makes use of steady state solutions in 378 

calculating heat transfer in the GHE whiles the short term model uses hourly time step variant in a 379 



21 
 
 

transient solution. The model is also determined based on the source of heat (infinite or finite, linear 380 

or not.  381 

13.4. Discussion 382 

It has been found that it is best to use geothermal energy in hybrid systems. The combination 383 

of geothermal energy with other sources provides various advantages especially associated with cost 384 

of energy. Table 1 highlights the advantages and disadvantages of hybrids as compared to 385 

conventional geothermal systems.  386 

Table 1: Advantages/Disadvantages of Geothermal Hybrids 387 

Advantages Disadvantages 
Low energy consumption More complex 
Lower cost of electricity Control problems 
Support higher peak loads Connection troubles 
Low capital cost  
Low operating cost  
No ground fouling  
Smaller bore field area 
required  

 388 

There has been increasing interest in research related to the hybridization of geothermal 389 

energy systems. Figure 11 presents the trend of publications in the literature related to hybrid 390 

geothermal systems. It can be seen that interest in such systems has increased tremendously during 391 

the past five to six years. 392 
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 393 
Fig.ure 11.: Evolution of Research in Hybrid Geothermal System 394 

 395 

Hybrid systems involving geothermal energy are capable of providing different forms of 396 

energy. The diagram in Figure 12 shows that hybrid geothermal systems are utilized mostly in the 397 

form of heat pumps with approximately equal share (44% each) for heating and cooling applications. 398 

The remaining 12% of hybrids reported in the literature are utilized for generation of electrical energy. 399 

The tendency to use these systems for thermal applications (heating and cooling) is directly related 400 

to the thermal nature of the energy source. 401 
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 402 
Fig.ure 12.: Different Applications of Geothermal Hybrids 403 

 404 

The previous section discussed numerous possible integrations of geothermal and traditional 405 

or renewable energy systems. These combinations depend on many factors including resource 406 

availability, environmental effects, desired performance, energy price target, capital costs, 407 

operational costs, etc. The diagram in Figure 13 shows the prevalence of the different types of systems 408 

integrated with geothermal installations as reported in the literature. The most common combination 409 

is geothermal-solar (about 45% of reported systems) followed by geothermal with a cooling tower 410 

(about 30%) of systems. 411 
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 412 
Fig.ure 13.: Types of Systems Integrated into Geothermal Hybrids 413 

There are several factors that could affect the geothermal hybrid system’s efficiency and 414 

economic feasibility (see Fig. 14). This depends highly on the consistency between the ground and 415 

the other source used in both cases; power generation and heat pump. That’s why it is very important 416 

to pre-study the two combined sources to check out if they could fit as one system from a 417 

thermodynamic point of view while examining the energy that could be generated with respect to 418 

time. This will highlight the expected problems that could mainly be solved by the help of energy 419 

storage systems. Actually, the initial and operating costs vary significantly from one country to the 420 

other based on the availability and abundancy of energy sources and equipment. 421 
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 422 

Fig. 14. Factors affecting the HGS characteristics 423 

Recommendations 424 

Based on the literature, it is recommended first to determine the dominant load (cooling, heating 425 

or power) in order to specify the preferable supplementary source in addition to the geothermal one. 426 

With this in mind, geothermal energy is prioritized over the other energy sources while avoiding 427 

thermal imbalance or heat accumulation. Moreover, the supporting source must be highly abundant 428 

and has low impact on the environment. Therefore, increasing renewable energy and waste heat 429 

recovery utilizations is the most favorable method to encourage people toward ecofriendly systems. 430 

14.5. Keys for Future Work 431 

Nowadays hybrid system design and development is one of the most significant areas of 432 

contribution towards the increased utilization of renewable energy. There is a lot of room where 433 

significant research contributions can be made. The following are some key areas for further 434 

investigation: 435 
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1. Potential of specific types of hybrid geothermal systems and especially the most common 436 

integrations such as geothermal and solar. 437 

2. Hybrid system optimizations. 438 

3. New hybrid geothermal system combinations such as the integration of geothermal and wind 439 

systems or the integration of geothermal and wave energy systems. 440 

15.6. Conclusion 441 

The use of renewable energy sources helps in reducing pollution and gas emissions associated 442 

with traditional fossil based fuels. In particular, geothermal energy has not been reported to have any 443 

significant negative impact. Geothermal energy is characterized by an almost steady supply as 444 

compared to the intermittent and fluctuating nature of most other types of renewable energy sources. 445 

However, geothermal energy is considered a low grade source of energy and cannot independently 446 

support high load applications. Therefore, hybrid systems have been studied to overcome the inherent 447 

weakness of geothermal systems. In this work we have discussed numerous integration possibilities 448 

of geothermal into hybrid systems. We have shown that geothermal can be integrated with solar 449 

energy systems, cooling towers, gas boilers, biomass reactors, electric heaters and chillers, among 450 

others. 451 

A review of the available literature on geothermal hybrids has shown significant growth in 452 

interest since about 2013. The literature showed that the most frequent combination involved 453 

geothermal and solar energies. This was followed by geothermal systems integrated with a cooling 454 

tower. Hybrid systems have been shown to be utilized for heating and cooling with equal proportions 455 

(about 44% each) and to a much lesser extent for power generation (12%). The comparison between 456 

the different HGSs have showed that each system has its own characteristics. Definitely, the 457 

combination of geothermal energy with other renewable sources is the most preferable hybridization 458 

followed by waste heat recovery and especially from an environmental point of view. On the other 459 

hand, it is very necessary to mention that the efficiency, COP and plant capital and operating costs 460 
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aren’t only related to the energy sources used. There are other several factors such as soil properties, 461 

ambient conditions, drilling cost, materials, equipment and cycle conditions. 462 

The main deterrent against the implementation of geothermal hybrids is control complexity. 463 

When different energy sources are combined into a hybrid system, a flexible adaptive control method 464 

should be selected to maximize the overall energy production. The control method should take into 465 

consideration the characteristics of each energy source. This is the most crucial aspect of the 466 

integration problem and this is where research effort is significantly lacking. 467 
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