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A B S T R A C T   

This paper investigates a ground-cooled organic Rankine cycle (ORC) for waste heat recovery from a diesel 
generator. The ambient and ground temperatures used in the current study are based on real-time data collected 
from experimental measurements. ANSYS Mechanical APDL was used to simulate the effect of the proposed 
system on the ground in order to calculate the soil thermal interference radius. In addition, the simulation study 
compared two scenarios: with and without phase change material. Based on the simulation results, the required 
ground loop size was calculated using the Engineering Equation Solver (EES). The economic feasibility of the 
proposed system was investigated, considering both basic and regenerative ORCs. The original rated output 
power of the diesel generator considered in this study was 30 kW. The results showed that the soil thermal 
interference radius and the ground loop length were 0.32 m and 1480 m, respectively. The ORC system, with a 
design operating temperature of 300 ◦C, enhanced the overall output power by 7.98%, compared to that of diesel 
generator alone. Replacement of the basic ORC with a regenerative ORC increased the enhancement up to 
15.31%. The capital cost and payback period ranges for the basic ORC were £11,945–18,770 and 4.9–7.8 years, 
respectively, while those for the regenerative ORC are £17,062–25,592 and 3.7–5.5 years.   

1. Introduction 

A huge amount of heat is wasted from industrial processes, engines, 
and power generation technologies. This elevates the importance of 
developing waste heat recovery (WHR) systems in order to employ this 
thermal energy instead of being wasted into the environment [1–3]. 
WHR systems can be used in various applications, including trans
portation [4], industrial processes [5], buildings [6], and power plants 
[7]. Endeavors have developed several WHR techniques aiming to fit 
each specific application based on the grade of wasted heat [8–10]. 
These systems can be found in the form of organic Rankine cycle [11], 
Kalina cycle [12], thermoelectric generator [13], regenerative burner 
[14], economizer [15], air preheater [16], heat pipe [17], and phase 
change material [18]. 

One of the most commonly employed WHR systems is the organic 
Rankine cycle (ORC), which uses an organic fluid instead of water 
compared to the conventional Rankine cycle. There are many applica
tions that have been implemented that confirm the suitability of ORC in 
WHR applications [19–21]. The organic fluid has a lower boiling point 
than water, which allows it to evaporate at a lower temperature, making 
it suitable for use in low-temperature heat sources. The ORC can be used 
to generate electricity from various heat sources, such as geothermal 
energy [22], solar energy [23], waste heat from industrial processes 
[24], and biomass combustion [25]. The ORC works by using the heat 
from the heat source to evaporate the organic fluid, which then drives a 
turbine to produce electricity. ORC systems are also more efficient than 
traditional steam turbines at low temperatures, making them well-suited 
for use in renewable energy and low-grade WHR systems. There are 
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several types of ORCs available, including basic [26], reheated [27], 
transcritical [28], supercritical [29], dual pressure [30], dual fluid [31], 
and regenerative cycles [32]. 

One of the main problems facing ORCs is their low efficiency when 
the ambient temperature is high. This makes the expansion of the 
working fluid limited in the turbine, leading to a decrease in the output 
power and efficiency. This problem is also more significant when the 
heat source temperature is low, such as in various WHR systems. 
Another choice for cooling a power cycle is to use a cooling system to 
supply cold water to the condenser. However, this is still not a perfect 
replacement for the air-cooling system since it will consume additional 
amounts of power instead of being supplied. Thus, employing the 
ground as a cooling source is an attractive approach since it is more 

stable and can provide cooling when the ambient air temperature is 
relatively high. On the other hand, there are only few reports that have 
investigated this approach, which represents a notable gap in research. 

Vidhi et al. [33] employed the EAHE as a cooling device for low to 
medium-temperature power generation systems. The power cycle under 
investigation was the supercritical organic Rankine cycle, in which six 
organic fluids were compared: R32, R125, R134a, R143a, R170, and 
R218. The highest efficiency was achieved when using R134a as a 
working fluid. It was observed that the soil temperature surrounding the 
ground heat exchanger (GHE) pipes increased with the penetration 
depth. The results obtained showed that the incorporation of EAHE 
helped in increasing the power cycle by approximately 1% as well as 
reducing the daily power output fluctuations. A novel system with a 

Fig. 1. (a) Schematic diagram of a ground-cooled organic Rankine cycle and (b) the adjusted T-S diagram [34]. (With permission number 5,511,401,153,610).  
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ground-cooled condenser and a CO2-based transcritical Rankine cycle 
was presented in [34]. The gas temperature ranged from 500⁰C to 
1500⁰C, and the mass flow rate ranged from 100 to 350 kg/hr. The 
investigation addressed a wide variety of conditions at the heat source. 
The study’s objective was to optimize the cycle’s net output power while 
taking into account the smallest possible heat exchanger. According to 
[35], at an expander inlet pressure of 3 MPa, the ground-cooled 
condenser can increase the cycle’s net output power by 7.35%, 
12.13%, and 8.77% for R123, R124, and R245fa, respectively. An 
experimental investigation on the utilization of a ground-cooled ORC 
was conducted by Mahmoud et al. [36]. The results showed that the 
indirect ground cooling system outperformed the direct system due to 
the significant pressure drop inside the ground loop. Additionally, it was 
reported that another heat rejector is required to support the GHE and 
avoid heat accumulation. 

This research is a continuation of our previous studies that were 
published recently [34–36]. The current paper aims to investigate the 
effect of ground-cooled ORC on the ground temperature in order to es
timate the soil thermal interference radius and calculate the ground loop 
size. The effect of the proposed cycle on the ground was first simulated 
in ANSYS Mechanical APDL, including a comparison between two cases: 
with and without phase change material (PCM). The soil thermal 
interference radius was then used to calculate the ground loop size using 
Engineering Equation Solver (EES). This software was also employed to 
compare the thermodynamic performance of the basic and regenerative 
cycles. Finally, a WHR application was taken as a case study in order to 
investigate the economic feasibility of the ground-cooled ORC. 

2. Background 

The purpose of employing a ground-cooled ORC is to improve the 
amount of energy produced by a power cycle, particularly in the summer 
when the ground temperature is essentially independent of the sur
rounding environment. As a result, when the ambient temperature is 
high during the summer, the GHE is a better alternative than the air heat 
exchanger. With the intention of creating favourable heat transfer con
ditions and facilitating the process of heat exchange with the aid of 
underground water, the geothermal condenser in [34] was installed in a 
well. Knowing that the source of heat discussed in [34] was the waste 
heat from an engine exhaust, Fig. 1 illustrates the proposed cycle, 
illustrating all its components. The amount of heat rejected from the 
cycle to the ground was not considered to affect the temperature of the 
subsurface water since it was regarded as remaining constant. This hy
pothesis may only be taken into account in one of two circumstances: 
either when the volume of the well is huge or when the ground-cooled 
condenser is acting as a supplementary condenser. The latter is 
strongly advised to provide stability since the primary condenser, which 
can be either air-cooled or water-cooled, can lessen the amount of heat 
that is rejected to the ground and make up for the coolth energy lost 
during off-periods. As WHR applications were the major focus of the 
proposed system’s design, and since these applications often don’t run 
continuously, ground/underground water can be employed as a cooling 
storage medium in this situation. As shown in Fig. 1a, a helical GHE 
condenser was chosen to reduce the overall GHE’s volume. Fig. 1b shows 
the temperature-entropy diagram of the proposed cycle, displaying the 
enhancement in the cycle’s net output power. 

In [36], the GHE was placed in soil considering the absence of 
shallow underground water in many regions. A comparison between 
direct and indirect ground cooling systems was carried out with the aim 
of optimizing the output power and reducing the effect of critical pa
rameters. The findings reported in [36] demonstrated that pressure 
drop’s influence cannot be disregarded and would in fact have a major 
negative impact and alter the cycle’s settings. So, it was advised to 
include an intermediary water loop between the cycle and the ground in 
order to assure stability, make the system easier to manage, and prevent 
serious problems caused by pressure losses. It is also crucial to note that, 

as shown in [36], an antifreeze liquid must be combined with water in 
order to prevent freezing when the cooling source temperature falls 
below 0 ◦C. 

In comparison to the shallow GHE capacity, the heat rejected from a 
power cycle can be substantial; otherwise, a larger installation would be 
necessary. As a result, the system becomes more expensive and is 
therefore inappropriate for certain applications. Thus, it is preferable to 
incorporate another heat rejector, such as an air-cooled or water-cooled 
heat exchanger, into the hybrid power cycle. The GHE receives cooling 
compensation as another benefit of this integration, which can signifi
cantly improve its performance during operation hours. The water loop 
will be operating throughout the night for this recovery system to 
function, transferring heat from the earth to the ambient air. 

Fig. 2, which presents the optimal system proposed in [36], shows 
the two different types of heat exchangers connected in series. To pre
vent heat exchange with the ground when the surrounding air temper
ature is lower than the temperature of the ground, a shortcut link is 
connected in parallel with the GHE. The primary heat rejector, on the 
other hand, will constantly be in use to lessen the amount of heat that is 
transmitted to the ground from the cycle, reducing heat buildup and the 
requirement for substantial GHE installations. Due to this, a directional 
control valve (DCV) was installed at the primary heat rejector’s output 
to regulate the water’s flow route, allowing it to either pass through the 
GHE or bypass it entirely to enter the circulating pump. In order to 
bypass the cycle’s condenser at night while the system is in recovery 
cooling mode, another DCV was installed at state 8. Consequently, by 
removing heat from the ground and transferring it to the surrounding 
air, the two bypass lines assist the earth in recovering its cooling energy 
by lowering its temperature while the power cycle is off. Moreover, a 
DCV must be used at the primary heat rejector’s intake to aid the heat 
exchanger overtake when the water leaving the condenser is below 
ambient. 

According to [35], a regenerator would be an interesting way to 
improve the thermodynamic efficiency of the cycle in the optimized 
system shown in Fig. 2, particularly when there is a significant tem
perature difference between states 2 and 4. Fig. 3 shows the regenerative 
cycle presented in [35], which intends to use the energy still present in 
the working fluid leaving the expander. On the other hand, it’s impor
tant to determine whether this integration has any unfavourable effects, 
such as the quantity of heat that is rejected to the ground, which was 
addressed in [35]. 

3. System description 

The schematic diagrams presented in Fig. 2 and Fig. 3 are both 
considered in the current study, which aims to compare their thermo
dynamic performance and cost effectiveness. This comparison will be 
based on the below design conditions and material properties that will 
be used to evaluate the soil thermal interference radius and ground loop 
size. In addition, another comparison will be conducted to determine if it 
is useful to incorporate phase change material (PCM) in this case or not. 
A schematic representation of the ground heat exchanger is presented in 
Fig. 4. 

3.1. Design conditions 

As presented in our previous study [36], there are three operating 
cases based on the ground and ambient temperatures. In this study, the 
first case is chosen to ascertain the design conditions since the ground 
cooling system is assumed to be operating 8 h/day. This corresponds to 
the maximum amount of heat injected into the ground in a day 
compared to the other two cases. The highest temperature reported at 2 
m depth was 19 ◦C, which can be considered the initial temperature of 
the soil in the current simulations. The detailed variation of the ambient 
and ground temperatures in the current case study is presented in Fig. 5, 
which was collected experimentally. Taking a minimum temperature 
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difference of 8 ◦C between the cooling source and working fluid, the 
condensation temperature can be assumed to be 27 ◦C. Thus, the water 
circulating through the GHE must have a temperature varying between 
19 ◦C and 27 ◦C. Table 1 summarizes the design conditions needed for 

the numerical simulations, and Fig. 6 presents the boundary conditions 
of the system. 

The diesel generator’s exhaust gas conditions presented in this paper 
are estimates and should be taken as average values due to the high 

Fig. 2. (a) Schematic diagram of the optimized system and (b) temperature variation in the cooling system; directional control valve (DCV) [35,36]. (With 
permission numbers 5,511,401,358,421 and 5,511,410,203,697). 
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fluctuations in supply and demand. To avoid the effect of such signifi
cant variations, a diesel generator of 30 kW capacity with a diesel 
consumption of ~11 L/hr is investigated. This choice makes it easy to 
compare and compromise between the information provided by the 
manufacturer and the details reported by the generator’s owner. The 
exhaust mass flow rate of gas can be estimated as 150 kg/hr, assuming 
an air to fuel ratio of 15. The specifications and design conditions of the 
diesel generator and ORC are presented in Table 2. 

3.2. Material properties 

The properties of soil, pipe, and phase change material are presented 
in Table 3. The values related to the soil are taken as averages since there 
are different types of soil. The inner and outer radii represent the 

thickness of each material, such that the pipe and PCM have a thickness 
of 2.3 mm. However, the soil has two values for its inner radius 
considering the two investigated cases, with and without PCM. Rubi
therm (RT 21HC) is used as the latent storage material since its melting/ 
solidification temperature is between the highest and lowest tempera
tures of the fluid circulating through the pipes. It has a latent heat of 190 
kJ/kg and densities of 770 and 880 kg/m3 for the liquid and solid 
phases, respectively. The specific heat of both phases is approximated as 
2 kJ/m. ◦C; however, during the change of phase, it varies significantly. 
This rise in its specific heat represents the latent heat of fusion in the 
ANSYS software. RT 21HC also has an advantage in the sensible storage 
since its specific heat in both phases is higher than that of soil and high- 
density polyethylene (HDPE). The corresponding values of the latter 
materials are 0.8 and 1.865 kJ/m. ◦C. 

4. Methodology 

In this study, two software tools are used: ANSYS and EES. The 
former is used to simulate the thermal response of the ground in order to 
calculate the soil thermal interference radius. The data collected from 
ANSYS will then be introduced to the EES model to evaluate the size of 
the ground loop. A stress analysis was also conducted in EES to ensure 
that the pressure inside the pipes is not exceeding the allowable stress. 
Additionally, EES was also used to compare the thermodynamic per
formance of the basic and regenerative cycles based on the WHR 
application that will be presented below. 

4.1. ANSYS 

The simulations were carried out using ANSYS software to investi
gate the thermal distribution. This software has been selected since it is 
simple, robust, available, and cheap. The study covers a circular area 
with a radius of 0.6 m since it is expected that the thermal interference 
will not exceed this radius and the results will be more precise and 
reliable. The areas created in ANSYS represent different materials; three 
areas were created in the case of using phase change materials: soil, 
pipe, and RT 21HC. However, only two areas were created in the other 
case when the phase change material was not added. The inner and outer 
radii of each area are taken as presented in Table 3. The procedure used 
to conduct the simulations on ANSYS is presented below: 

Preferences: Thermal 
Preprocessor:  

• Element type → Solid Quad 3node 55 
• Material properties → Material models (Thermal conductivity, den

sity, and specific heat)  
• Modelling:  

○ Create → Areas → Circle → Annulus  
○ Operate → Booleans → Glue → Areas  

• Meshing:  
○ Mesh attributes  
○ Size controls  
○ Mesh 

Solution:  

• Analysis:  
○ New analysis → Transient  
○ Solution Controls: Enter the time of load step and number of sub 

steps  
• Define loads → Apply:  

○ Thermal: Convection  
○ Initial Condition: Enter the initial temperature  

• Solve 

General postprocessor: Plot and list the results 

Fig. 3. Schematic diagram of the regenerative ground-cooled organic Rankine 
cycle [35]. (With permission number 5,511,410,203,697). 

Fig. 4. Cross-sectional view of the ground heat exchanger with phase 
change material. 
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4.1.1. Meshing 
The materials used in this study were created using the Solid (Quad 

4node 55) as the thermal element type. These were all modelled as areas 
in which they were glued, allowing the user to use different types of 
material properties. The created meshes are almost the same in both 
cases (with and without PCM) due to the large relative radius of the area 
under study compared to that of PCM and HDPE (see Fig. 7). The size of 
elements was kept as the default since it is found to be suitable for the 
accuracy of thermal distribution (small elements near the centre). The 
size of elements created at the peripheries is not a constraint because the 
soil thermal interference radius will not spread to reach these elements. 

4.1.2. Sensitivity analysis 
As mentioned previously (section 4.1.1), the size of the element edge 

was set by the software automatically (the default size). On the other 
hand, similar results could be obtained if the size is added manually by 
the user. Thus, a sensitivity analysis based on the size of meshing was 
done to determine the maximum acceptable element edge length and 
avoid high computational durations. In this particular case, the 
convergence criteria method was used to determine the maximum 
acceptable element edge length for a sensitivity analysis based on mesh 
size. By varying the size of the meshing elements and examining the 
resulting nodal thermal distribution, the analysis seeks to identify the 
element edge length that produces stable, reliable results without 
excessive computational time. The sensitivity analysis was carried out 
by comparing the nodal thermal distribution after 8 h of operation. At 
first, the size of the element’s edge was taken as 150 mm. It was noticed 
that the results are not acceptable for the cases where the element edge 
size is greater than 75 mm since the soil thermal interference radius was 
not steady. At 75 mm, the soil thermal interference radius was almost 
clear and agreed well with the simulation results of 50 mm and those of 
section 5.1. However, it does not provide detailed results regarding the 
thermal distribution in the HDPE pipe, where the inner edge of the pipe 
is presented as a square. Thus, the size of the element edge must not 
exceed 50 mm, where the results are steady and provide a detailed and 
clear image of the thermal distribution and soil thermal interference 
radius. 

4.2. Engineering equation solver (EES) 

As this research is part of a continuation study, only the additional 
equations required to complete the current modelling are provided in 
this section. As a result, it is advised to refer to the previously mentioned 
studies for further illustration of the developed model [34–36]. Ac
cording to the theory of modelling presented in [34], the convection 
heat transfer coefficient depends significantly on the mass flow rate of 
the circulating fluid. The following equation can be used to evaluate the 
mass flow rate of water: 

Fig. 5. Comparison between the ambient and ground temperatures in Lebanon during 2020 (experimental measurements).  

Table 1 
The design conditions for ANSYS simulations.  

Parameters Values Units 

Initial ground temperature 1 9 ◦C 
Water inlet temperature 2 5 ◦C 
Water outlet temperature 2 1 ◦C 
Water mass flow rate 0.85 kg/s 
Specific heat of water 4.18 kJ/kg.K  

Fig. 6. Boundary conditions.  

Table 2 
The design conditions of organic Rankine cycle and exhaust gas of diesel 
generator.  

Parameters Values Units 

Gas mass flow rate 150 kg/hr 
Gas inlet temperature 5 00 ◦C 
Gas exit temperature 1 00 ◦C 
Diesel generator capacity 30 kW 
ORC working fluid R123 – 
Expander inlet pressure 5 MPa 
Expander isentropic efficiency 70 % 
Pump isentropic efficiency 90 % 
ORC generator efficiency 90 %  

Table 3 
The properties of the materials considered for the current simulations [37–39].  

Materials Soil High-density 
polyethylene pipe 

Phase change 
material (RT 21HC) 

Thermal 
conductivity (W/ 
m.K) 

2 0.5 0.2 

Density (kg/m3) 1500 953 770–880 
Specific heat (kJ/m. 

◦C) 
0.8 1.865 2 

Latent heat (kJ/kg) – – 190 
Inner radius (mm) 34.3–36.6 32 34.3 
Outer radius (mm) 600 34.3 36.6  
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Q̇rej = ṁwcpwΔTw (1)  

where ṁw is the mass flow rate of water, cpw is the specific heat and ΔTw 
is the temperature difference of water. 

Three resistances are considered in the calculation of ground loop 
size that correspond to the convection between the coolant and pipe, 
conduction in the HDPE pipe, and conduction in the soil. The following 
equation can be used to calculate the size of the ground loop based on 
the value of heat rejected computed using Eq. (1): 

Q̇rej =
ΔTlm

Req
(2)  

where Q̇rej is the heat rejected from the coolant, ΔTlm is the log mean 
temperature difference and Req is the equivalent resistance of the three 
materials considered. 

The equation used for the calculation of net output power in [34,35] 
has been adjusted in this section to include the effect of the GHE’s length 
and water pump. Eq. (3) shows the adjusted form for the calculation of 
net output power. 

Ẇnet = Ẇt ηg − Ẇpo − Ẇpw (3)  

where Ẇnet is the net output power, Ẇpo is the power consumed by the 
ORC pump, and Ẇpw is the power consumed by the water pump. The 
latter depends mainly on the length of the GHE and mass flow rate of 
circulating water. The following equation can be used to evaluate the 
amount of power consumed by the water pump: 

Ẇpw = ΔP.Q (4)  

where ΔP is the pressure drop, as evaluated by Mahmoud et al. [36], and 
Q is the volumetric flow rate of water. 

One of the most important studies that needs to be considered is the 
assessment of the heat exchanger’s mechanical design. Based on the 
American Society of Mechanical Engineers (ASME), the minimum 
required thickness of the pipe can be calculated using the following 
equation [40]: 

thickness =
pr
σ (5)  

where p is the internal pressure, r is the inner radius, and σ is the 
maximum allowable tensile stress. 

Fig. 7. The meshing of areas in ANSYS (a) with and (b) without phase change materials.  

M. Mahmoud et al.                                                                                                                                                                                                                             



International Journal of Thermofluids 18 (2023) 100348

8

5. Results and discussion 

5.1. Simulation results 

The first run of simulations was carried out in the absence of latent 
storage material. Based on the nodal thermal distribution analysis, the 
temperature at the boundaries of the pipe immediately increased to 
reach approximately the same temperature as the circulating fluid 
(25 ◦C) after one hour (see Fig. 8). However, the soil thermal interfer
ence radius increases slowly with time, reaching a value of ~0.32 m 
after 8 h, which is the maximum operating duration. This means that the 
distance between the horizontal pipes must be equal to or greater than 
0.64 m to avoid heat accumulation. 

The second run of simulations was carried out considering the 
insertion of RT 21HC as a PCM around the HDPE pipe. Based on the 
contour plot of temperature distribution, it can be noticed that the soil 
thermal interference radius (~0.32 m) is insignificantly affected by the 
incorporation of PCM (see Fig. 9, Fig. 9). However, high temperatures 
were more confined to the centre in this case. Additionally, the tem
perature near the pipe is lower than that without PCM at all instants, 
revealing the effect of PCM’s melting during the charging process. 

5.2. Ground loop sizing 

The length of the GHE will be calculated in the case where no PCM is 
used. This is mainly due to the insignificant effect of PCM on the soil 
thermal interference radius and the high capital cost of PCM incorpo
ration. As reported in previous studies, the material surrounding the 
GHE has a significant effect on the system’s performance [41–45]. Thus, 
it would be recommended to investigate modern types of PCM in future 
studies that may further enhance the thermal performance of the GHE, 
such as nano-enhanced [46–49], foam-based [50–52], bio-based 
[53–55], micro-encapsulated [56–58], and macro-encapsulated PCM 
[59–61]. To estimate the length of the GHE, the exhaust gas of a diesel 
generator is taken as the source of energy, which will be presented 
completely in the next section. The flue gas has a constant mass flow rate 
and temperature of 150 kg/hr and 500 ◦C, respectively. The selected 
working fluid is R123 based on the analysis presented in [35], and the 
heat added to the cycle is evaluated as 17.72 kW when the expander 
inlet temperature is fixed at 300 ◦C. At these values, the heat rejected 
from the cycle varies between 14.13 and 14.58 kW depending on the 
cooling source temperature, with an average value of 14.45 kW. Based 
on Eq. (2), the length of GHE can be calculated as 1423 m for the basic 
ORC and the regenerative cycle, considering the same expander inlet 
temperature. However, if the temperature increases to match the 
optimal operating conditions of the regenerative cycle [35], the length 

will also increase, albeit insignificantly, to a value of 1480 m. This is the 
case for the regenerative cycle when it is running at its highest perfor
mance. The increase in size is mainly due to the rise in the amount of 
heat rejected from the cycle, which will increase from 14.45 to 15.72 
kW. Table 4 summarizes the results obtained from the conducted 
simulations. 

5.3. Case study 

This section aims to present a real-world application on the use of the 
proposed technology (hybrid cooling system). This will be based on the 
results and analyses of our previous studies that investigated ground 
temperature variation [36] and working fluid selection [35]. In 
Lebanon, electricity outages are a common problem that occur daily. For 
this reason, the private sector managed to overcome this problem by 
providing electricity via diesel engine generators. The capacities of these 
generators are usually very small, avoiding high capital costs. Here 
comes another problem, which is the low efficiency of the old generators 
that are mostly used. The proposed system presented in the current 
paper suits well such an application which can be used as a WHR system 
to provide an additional amount of power. This can be easily adopted in 
rural areas such as Bekaa, where there are enough spaces for installing 
horizontal GHEs. In Bekaa, the maximum operating duration of diesel 
generators is 8 h/day, but this is randomly distributed between 06:00 
and 24:00. The upcoming sections will present the contribution of the 
ground cooling system to reducing fuel consumption and increasing the 
net output power. 

5.3.1. Stress analysis 
As shown in Table 2, the highest pressure in the cycle is 5 MPa, which 

is the pressure inside the gas heater. It is recommended to use copper 
pipes for the ORC since they have a very high thermal conductivity. The 
maximum allowable tensile stress for copper is 90 MPa. Based on the 
previous sections, the inner radius varied between 0.005 and 0.01 m. 
Thus, according to Eq. (5), the minimum required thickness can be 
calculated as 0.278 and 0.556 mm, respectively. These correspond to 
outer diameters of 10.56 and 21.11 mm. 

5.3.2. Optimal operation 
As reported in [35], each working fluid has an optimal expander inlet 

temperature at a given pressure. Thus, it is essential to first find this 
temperature before installation to achieve the highest possible perfor
mance. Fig. 10 shows the variation of net output power for R123 while 
varying the expander inlet temperature. This result was obtained at an 
expander inlet pressure of 5 MPa and a condensation temperature of 
18 ◦C. It can be noticed that the maximum net output power is 

Fig. 8. The thermal distribution in soil without using phase change material during 8 h of operation.  
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approximately 3.8 kW, which was achieved at an expander inlet tem
perature of ~300 ◦C. For this reason, the expander inlet conditions will 
be fixed in the upcoming sections. However, the other cycle’s conditions 
will vary based on the cooling source temperature, which is assumed to 
fluctuate daily. 

On the other hand, if the regenerative cycle is to be adopted, the best 
point temperature will change since the net output power of the cycle 
will be directly proportional to the expander inlet temperature [35]. 
However, to make a good comparison between the basic and regenera
tive ORC, the same conditions as the basic ORC with an expander inlet 
temperature of 300 ◦C will be considered. 

5.3.3. Thermodynamic performance 
According to calculations and simulations carried out in the previous 

studies [34–36], the mass flow rate of water can be approximated as 
0.85 kg/s and the length of the GHE can vary between 1423 and 1480 m. 
Thus, the amount of power consumed by the water pump could be 

estimated as 0.55 kW for the basic and regenerative ORC at an expander 
inlet temperature of 300 ◦C. 

The daily average effective cooling source temperature varies based 
on the ambient air and ground temperatures, as shown in [36]. 
Assuming a constant temperature difference (8 ◦C) between the cooling 
source and condensation temperatures, both should vary similarly. Ac
cording to this variation, the daily ORC net output power has been 
calculated and presented in Fig. 11. 

The average power generated by the ORC is 2.395 kW, which cor
responds to an enhancement of 7.98%. This means that the owner can 
increase the supply capacity from 30 kW to 32.395 kW. The second 
method that could be used is to fix the generator’s capacity at 30 kW and 
reduce the diesel consumption. However, the first method would be 
better considering the difference between the levelized cost of electricity 
and fuel consumption cost per unit of energy. The overall system’s ef
ficiency varies between 12.89% and 15%, with an average value of 
13.52% (see Table 5). The total energy generated per year from the ORC 
is approximately 7011 kWh. 

Based on the same model used in the previous section, the net output 
power for the regenerative cycle can be evaluated at two different 
expander inlet temperatures (see Fig. 12). A considerable extra amount 
of power can be generated if the expander inlet temperature increased, 
as reported in [35]. However, this may be accompanied by a significant 
increase in the capital cost which will be discussed in the next section. 

The average power of the regenerative cycle is significantly higher 
than that of the basic ORC, with an enhancement of 15.31% compared to 
the original power supplied by the diesel engine generator (30 kW). This 
value corresponds to the regenerative cycle running at an expander inlet 
temperature of 300 ◦C. Table 6 summarizes the regenerative cycle’s 

Fig. 9. The thermal distribution in soil using RT 21HC as a phase change material.  

Table 4 
Summary of the results obtained from ANSYS simulations and analytical 
calculations for ground loop sizing.  

Parameters Values 

Maximum operating duration 8 h 
Soil thermal interference radius ~0.32 m 
Heat rejected from the cycle 14.45 – 15.72 kW 
Ground loop length 1480 m  

Fig. 10. The variation of net output power as function of expander inlet tem
perature for R123 at 5 MPa. 

Fig. 11. The annual energy generated by the organic Rankine cycle.  
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performance with respect to its net output power and power enhance
ment compared to the basic power generated by the diesel generator (30 
kW). If the system operates 8 h/day, the annual energy generated by the 
regenerative ORC could be estimated as 13,447 kWh at expander inlet 
temperatures of 300 ◦C. 

5.3.4. Cost analysis 
The levelized cost of electricity supplied by the private sector (£0.35/ 

kWh) is approximately twice that of the government. This makes the use 
of WHR system highly attractive since it is expected to have an 
acceptable payback period. The operating cost of diesel generator is 
calculated as £0.188/kWh since the cost of diesel in Lebanon is £0.5/L 
and the fuel consumption per unit of energy is 0.37 L/kWh. Concerning 
the capital cost, it can be divided into three main parts that are the ORC, 
groundwork and GHE pipes. The groundwork has been presented as a 
range based on the shallow geothermal conditions, however the cost of 
ground loop depends on the diameter, thickness and material used. High 
density polyethylene is selected in this case with a 32 mm diameter for 
several reasons: corrosion resistance, durability, resistance to pressure, 
easy mounting, and low friction. Table 7 presents all details required for 
estimating the capital and operating costs. 

According to the same levelized cost of electricity (£0.35/kWh), the 

entire plant becomes more profitable when the operating cost decreases 
from £0.188/kWh to £0.173/kWh while using the proposed system. This 
is due to the extra amount of power produced for the same diesel con
sumption per hour. However, the diesel consumption per unit of energy 
is also reduced, from 0.37 to 0.34 L/kWh. The detailed cost assessment 
of the proposed system is presented in Table 8, in which the capital and 
operating costs are £11,945–18,770 and £0.173/kWh, respectively. As 
mentioned previously, the proposed system is expected to work 8 h/day 
at a rated average power of 2.395 kW. This means that the total gain can 
be estimated as £2419/year considering the levelized cost of electricity 
as £0.35/kWh. Thus, the payback period of the system is expected to be 
between 4.9 and 7.8 years, depending on three main factors: the oper
ating hours, diesel generator load operation, and shallow geothermal 
conditions. 

Considering the adoption of the regenerative cycle running at an 
expander inlet temperature of 300 ◦C, it can be noticed that the capital 
cost of the system is approximately 1.4 times greater than that of the 
basic ORC (see Table 9). On the other hand, the payback period de
creases significantly in the case of the regenerative cycle, in which it has 
an average value of 4.6 years. This makes the regenerative cycle more 
attractive than the basic ORC since the latter has a minimum expected 
payback period of 6.4 years. This is due to the drop in operating cost, 
which decreased from 0.173 to £0.165/kWh. Therefore, the regenera
tive cycle is more preferable, as it has an annual net profit of £4640, 
which is considerably higher than that of the basic cycle (£2419). 

6. Conclusions 

This paper presented an investigation on a ground-cooled ORC 
aiming to calculate the soil thermal interference radius, ground loop 
size, capital cost, operating cost, and payback period. This investigation 
contributes to the field by providing a comprehensive analysis of the 
mentioned system, which can be useful for researchers and practitioners 
working in this area to design more efficient and effective GHEs, opti
mize ground loop systems, compare different scenarios to reduce capital 
and operating costs, and determine the limitations and feasibility of 
using ground-cooled ORC systems. The soil thermal interference radius 
is one of the most crucial parameters related to GHEs. It depends mainly 
on the amount of heat rejected to the ground, mass flow rate, operating 
duration, fluid temperature, and initial ground temperature. In the 
proposed system, the heat rejected to the ground was evaluated as 
14.45–15.72 kW. Under the investigated conditions, the soil thermal 
interference radius was estimated using ANSYS and found to be 
approximately 0.32 m, considering a maximum operating duration of 8 
h/day. Based on this finding, the length of the ground loop was calcu
lated using EES, with a corresponding value of 1480 m. The proposed 
system was applied as a waste heat recovery system on the exhaust of a 
diesel generator with a capacity of 30 kW. Based on the design condi
tions, it was found that the best operating temperature of the basic ORC 
is 300 ◦C. This cycle was able to enhance the output power by 7.98%. 
However, this value can increase up to 15.31% when it is replaced by the 
regenerative ORC. The basic ORC had capital cost and payback period 
ranges of £11,945–18,770 and 4.9–7.8 years, respectively, while those 

Table 5 
The performance of organic Rankine cycle; power and efficiency.  

Performance Minimum Maximum Average 

Net output power (kW) 2.285 2.658 2.395 
Efficiency (%) 12.89 15 13.52  

Fig. 12. The annual energy generated by the regenerative organic 
Rankine cycle. 

Table 6 
The performance of the regenerative organic Rankine cycle.  

Performance Minimum Maximum Average 

Net output power (kW) 4.449 4.932 4.592 
Power enhancement (%) 14.83 16.44 15.31  

Table 7 
The average cost of system’s components and operation.  

Component/operation Cost 

Organic Rankine cycle (£/kW) [62] 2250–3000 
Diesel consumption (L/kWh) 0.37 
Levelized cost of electricity (£/kWh) 0.35 
Diesel cost (£/L) 0.50 
Operating cost (£/kWh) 0.188 
High density polyethylene - 32 mm inner diameter (£/m) 1.25 
Groundwork (£/m) 2.07–5.18  

Table 8 
Final estimates for the basic organic Rankine cycle’s capital and oper
ating cost.  

Parameter Value 

Organic Rankine cycle (£) 7218–9624 
High density polyethylene (£) 1782 
Groundwork (£) 2945–7364 
Total capital cost (£) 11,945–18,770 
Operating cost (£/kWh) 0.173 
Diesel consumption (L/kWh) 0.34 
Net profit (£/year) 2419 
Payback period (years) 4.9–7.8  
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of the regenerative ORC were £17,062–25,592 and 3.7–5.5 years. 
The proposed system was applied to a specific case study (diesel 

generator) in this paper. However, testing this system on further appli
cations is critical for figuring out the limitations of the system and 
determining where it can be feasible. The feasibility of using the pro
posed system in other regions could also be investigated in future 
studies. This is very crucial since the system is highly affected by the 
ambient air and ground temperatures, which indeed vary based on the 
location. This work would encourage the use of shallow geothermal 
energy systems. 
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