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Abstract 

Geothermal heat pumps are one of the most growing and cost-effective renew-
able energy technologies based on the temperature difference between the ground 
and the environment. In the cold seasons, the temperature inside the soil or water is 
higher than the ambient temperature. Therefore, the heat pump is used to extract the 
warm temperature of the ground into the house or any other controlled space. In the 
summer, the air temperature is higher than the temperature of the soil or water. This 
temperature difference is used again to cool the house or any other environment. This 
paper examines the energy and exergy assessments of a hybrid system in Shanghai, 
China, that employs a geothermal heat pump with an economizer for winter heating 
and a wind turbine to provide clean electricity. The complete set of procedures, as well 
as every component and every aspect of the hybrid system, have all been carefully 
examined. The heat pump’s coefficient of performance is 3.916, its net power output is 
22.03 kW, its overall energy efficiency is 77.2%, and its exergy efficiency is 25.49%.
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Graphical Abstract

Introduction
Numerous issues have arisen for humankind because of his ever-increasing desire for 
energy and the rise in the use of fossil fuels. Among these difficulties are environmen-
tal concerns and the impending depletion of natural resources (Dolgun et al. 2023). 
The need for using clean and sustainable energies has been recognized because of 
these problems. As a result, using these kinds of resources for environmental issues 
became widely accepted (Gürbüz et  al. 2022). These sources include novel ener-
gies, such as solar, wind, biomass, and others. The utilization of geothermal energy, 
or power drawn from the earth’s interior, is another source that has long attracted 
attention (Lund et al. 2005). Numerous nations use this affordable, reliable, and pure 
energy source more frequently. The transformation of energy systems involves more 
than just increasing the use of renewable energy (Tang et al. 2022).

The use of heat pumps to electrify space heating is another essential component 
(Barton et al. 2013; Connolly 2017; Jacobson et al. 2017; Ruhnau et al. 2019). Decar-
bonization goals are anticipated to accelerate this trend, because electric heating 
produced with renewable energy has a lower carbon footprint than fossil fuel alterna-
tives. Like power generation from fluctuating renewable sources, decentralized heat 
pumps’ electricity consumption is inherently unstable; it depends on the heat demand 
and heat pump efficiency, which change over time because of the surrounding envi-
ronment and human activities. These oscillations, which exhibit both predictable 
(diurnal, seasonal) and random (weather-related) patterns, are like renewable produc-
tion sources in that they could provide extra difficulties for the energy system. For 
instance, earlier research has shown that heat pumps increase the peak load on elec-
trical systems, necessitating more dispatchable backup generation capacity (Baeten 
et al. 2017; Bloess et al. 2018; Cooper et al. 2016; Fehrenbach et al. 2014; Hedegaard 
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and Münster 2013; Patteeuw et al. 2015; Quiggin and Buswell 2016; Waite and Modi 
2020; Wilson et  al. 2013). Through electrical systems and markets, renewables and 
heat pumps interact in three ways: heat pumps raise the demand for renewable power, 
heat demand and renewable supply is correlated over time, and heat pumps may offer 
flexibility to the electricity system. Heat pumps, which are, in fact, a particular kind of 
demand response, can give the electrical grid flexibility. They can shift their electricity 
consumption to periods of low pricing and abundant renewable energy by adopting 
thermal storage (Fuzhang et  al. 2021; Kandiri et  al. 2022; Wang et  al. 2022). Such a 
flexible functioning of heat pumps can further reduce wind power curtailment com-
pared to an inflexible operation, which ignores electricity pricing and renewable sup-
plies. However, even with a flexible process, heat pumps improve the peak capacity of 
the electrical system compared to not using them at all (Arteconi et al. 2016; Nazar 
et al. 2022).

The conceptualization and techno-economic–environmental analysis of an innovative 
power-to-heat system based on the excess energy from solar photovoltaic (PV) plants 
and open-loop geothermal heat pumps (GHPs) were investigated by Allouhi (2022). 
Numerous scenarios were looked through, and corresponding ideal designs were found. 
The ideal PV capacity to be installed is 26 kWp when considering the annual electric and 
heat demand of 207.46 MWhele and 13.67 MWhth in the residential neighborhood and 
the primary school, respectively. Based on the load characteristics of a shelter under-
neath the streets of Beijing, China, Zeng et  al. (2022) investigated the thermo-eco-
nomic performance of the hybrid system in the two modes. The impact of pipe length, 
multi-modular water-PCM tank matrix, and cooling water flow ratio on the energy and 
economic performance of the components are investigated and optimized using the 
Taguchi design approach. The outcome demonstrates that, when operating for 10 years, 
75% of the base ground heat exchangers (GHE) could ensure that the cooling water 
temperature would remain within a specific range in normal mode. Experimental and 
numerical research was conducted by Rodriguez-Alejandro et  al. (2022) on a vertical 
ground-source heat pump operating as an air conditioner. The geothermal heat pump, 
which has a depth of 100 m and a volume of 41.16 m3, is situated in Mexico. To analyze 
the system’s thermal performance in the weather conditions of Mexico and to determine 
the cost allocation per piece of equipment in the system, a computational fluid dynam-
ics study of the geothermal heat exchanger and a thermoeconomic analysis of the heat 
pump are constructed. According to the findings, a geothermal heat pump offers a com-
fortable temperature and the lowest comfort relative humidity.

This article studies the energy and exergy analyses of a hybrid system that uses a geo-
thermal heat pump equipped with an economizer for winter heating and a wind turbine 
for environmentally friendly power generation in Shanghai, China. The hybrid system’s 
entire set of processes, as well as all its parts and the whole system, have all been thor-
oughly explored. The innovation of the present work is to propose and then analyze the 
energy and exergy of a hybrid system that includes a geothermal heat pump coupled 
with a wind turbine to supply the heat and power needed for a residential unit in winter 
for the city of Shanghai in China. So far, only a few studies have been done on combined 
heat pump–wind turbine systems, and the research gap in this matter is noticeable. The 
following are the study’s broad goals:
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–	 Designing and simulation of a new hybrid heat and power generation system includ-
ing a geothermal heat pump and a wind turbine.

–	 Investigating the effect of changes condenser pressure, evaporator pressure, interme-
diate pressure, ambient temperature and soil temperature on the energy and exergy 
efficiencies, COP of the heat pump and the system’s net power output

–	 Calculation of exergy destruction of different system components
–	 Exergeoenvironmental analysis of the proposed heat pump system

In the present work, first the proposed hybrid system is explained and the equations 
governing the different parts of the system are presented. The modeling process is car-
ried out in the EES software environment, and the output results are validated with pre-
vious studies. Next, the system is studied from the point of view of Moore’s energy and 
exergy, and the effects of changes in system input parameters on the design parameters 
are studied.

Modeling and cycle description
Figure 1 shows a combined system, including a geothermal heat pump with an interme-
diate economizer and a wind turbine. By producing power, the wind turbine, in addition 
to meeting the demand of the geothermal heat pump, will also provide the electricity 
consumed by the residential unit, and the rest of the generated electricity will be injected 
into the grid. The geothermal evaporator (point 1) heats the refrigerant (R134a) before it 
enters the evaporator at point 4, which produces hot steam. After exiting the evaporator, 
the refrigerant enters the compressor, increasing the pressure in the superheated mode 
at medium pressure. To mark the cycle’s conclusion, the output currents from compres-
sor 1 and the heat exchanger are blended in the mixer at point 11. According to Ma and 
Chai (2004), the thermodynamic conditions at points 9 and 11 must be the same for 
the mixer’s output current and the intake to compressor 2 (point 12) to be saturated or 

Fig. 1  Schematic of geothermal heat pump and wind turbine hybrid system
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superheated. After receiving the mixer’s output current, compressor 2 increases pres-
sure until it reaches point 2, the cycle’s top condenser, where it distributes heat to heat 
the ventilated room. The condenser output current is divided into two halves and is the 
refrigerant (point 3). The remaining fluid enters the heat exchanger (main current). It 
heats the intake to the mixer and the outlet of the pressure expansion valve 1 by raising 
the temperature below the refrigerant at the exit (point 10) (Self et al. 2012). A portion of 
the fluid flows to the pressure expansion valve 1, which lowers the pressure using a con-
stant enthalpy process until it reaches the cycle’s middle pressure (point 13). The fluid 
from the heat exchanger (point 10) ultimately passes the pressure expansion valve 2 and 
enters the evaporator after reaching the cycle’s lower pressure.

The thermodynamic analysis of the ground source heat pump system from the per-
spective of performance coefficient and exergy efficiency is performed using the first and 
second laws of thermodynamics for different components of the cycle and using organic 
fluid R134a, which is a standard fluid for the steam compression cycle. The analysis of 
the first law examines the quantity of energy exchange, and the study of the second law 
examines the quality of energy exchange. Irreversibility in different components of a 
thermodynamic cycle causes system performance to decline. In an actual process, some 
external or internal factors cause entropy production. Internal entropy production in the 
heat pump cycle mainly occurs from pressure drop in the pipes and internal heat trans-
fer due to the specific temperature difference in the system components. In addition, the 
production of external entropy occurs due to heat transfer outside the boundaries of the 
control volume.

The wind profile over the rotor-swept region is defined to examine wind turbine per-
formance using the Rankine–Froude Actuator disc theory (Esposito 1998; Johnson 1985; 
Khalil 2007). Additional hypotheses are considered in the system modeling, including:

	 (1)	 The soil below the surface is uniform.
	 (2)	 Throughout the investigated temperature range, the thermal characteristics of 

every material remain constant.
	 (3)	 Contact resistance exists between the ground and the boreholes.
	 (4)	 The ground’s temperature is constant above and far below the boreholes.
	 (5)	 The soil’s ability to conduct heat vertically needs to be considered.
	 (6)	 The system works in stable mode.
	 (7)	 The pressure drops in heat exchangers and connecting pipes are negligible.
	 (8)	 The isentropic efficiency of the compressors is 0.8, and the isentropic efficiency 

of the pump is 0.9.
	 (9)	 The geothermal fluid is a mixture of water and ethanol with a mass percentage of 

30% ethanol in water.
	 (10)	 The wind flow is assumed to be homogeneous and incompressible.
	 (11)	 The flow velocity in the disc is assumed to be uniform.
	 (12)	 There are no obstructions to wind flow upstream or downstream of the rotor.
	(13)	 The wind flow passing through the disk is non-rotating.

Figure 2 also shows the temperature–entropy diagram of the heat pump section. The 
working principle of a heat pump is based on a physical property, which increases the 
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boiling point of a fluid with increasing pressure. By reducing the pressure, the refrigerant 
can vaporize at low temperatures, while increasing the pressure will increase its boil-
ing point. The heat pump or heat pump system is a refrigeration cycle that can transfer 
heat to the desired direction through a particular control. This way, the evaporator and 
condenser of this refrigeration cycle will alternately play each other’s roles depending on 
the season. This system is affordable for countries, where electricity is cheaper than fos-
sil fuels and has a unique appeal. All air conditioning systems can be converted into heat 
pump or heat pump systems.

Governing equations
Heat pump section

With constant flow conditions and the assumption of each cycle component as the con-
trol volume, the energy balance and the irreversibility equations in each of the compo-
nents are written as the following (Hepbasli 2005; Huang et al. 2023):

In Eq. 1, Q̇ , Ẇ  , ṁ and h are the rate of heat exchanged, work exchanged, mass flow rate 
and specific enthalpy, respectively, the subscripts in and out are related to the input flows 
to the control volume, and the output flows from the control volume, respectively. In 
Eq. 2, İ , T0 , and s are irreversibility, ambient temperature, and specific entropy, respec-
tively. Equation 2 is expanded as follows (Ural et al. 2021):

In Eq. 3, Tk is the temperature of the heat source, and qk is the amount of heat transfer 
per unit of mass between the heat source and the working fluid; if the system reaches a 
steady state, it becomes dssystemdt

= 0.

(1)Q̇ − Ẇ +
∑

ṁinhin +
∑

ṁouthout = 0

(2)İ = ṁT0
dstotal

dt

(3)İ = ṁT0

(

∑

sout −
∑

sin +
dssystem

dt
+

∑ qk

Tk

)

Fig. 2  T–s diagram for the heat pump



Page 7 of 22Aryanfar and Alcaraz ﻿Geothermal Energy            (2023) 11:9 	

The internal irreversibilities in the system components are calculated using the 
∑

s 
term, and the external irreversibilities are calculated using the 

∑ q
T  term. In addi-

tion, in this research, internal irreversibilities corresponding to pressure drops in sys-
tem components such as heat exchangers and pipes are omitted for simplicity. The 
above equations are written separately for each cycle component to obtain work, 
heat exchange, and irreversibility. In addition, to obtain exergy efficiency and exergy 
destruction fraction in different components of the cycle, Eqs. 4 and 5 are used (Hep-
basli 2005):

In Eq. 4, ηex is the exergy efficiency, Ėxdesired,out is the exergy corresponding to the 
desired output currents, and Ėxused is the exergy corresponding to the input sup-
ply currents, and in Eq. 5, yex is the exergy destruction fraction (Self et al. 2013). To 
obtain the flow rate of different parts of the cycle, the laws of conservation of mass 
and energy result in the following equations (Self et al. 2013):

Which ṁref  , ṁsup and ṁmain are mass flow rates through the condenser, expansion 
valve 1, and evaporator, respectively (Self et  al. 2013), and Q̇cond is the rate of heat 
exchanged in the condenser.

In the present study, the system capacity is assumed to be 100 kW ( Q̇cond = 100kW  ). 
The work of the geothermal pump is obtained from the following equation (Sayyaadi 
et al. 2009):

where V̇w,gl is the volume flow rate of the fluid in the geothermal ring, ηpump is the isen-
tropic efficiency of the pump, and �Pw,gl is the pressure drop of the fluid in the geother-
mal ring, which is obtained from the following equations:

(4)ηex,i =
Ėxdesired,out

Ėxused

(5)yex,i =
İi

İtot

(6)ṁref =
Q̇cond

h2 − h3

(7)ṁsup = ṁref
h10 − h3

h13 + h10 − h3 − h9

(8)ṁmain = ṁref
h9 − h13

h3 + h9 − h13 − h10

(9)Q̇Cond = ṁ2h2 − ṁ2h3

(10)ẇpump,gl =
V̇w,gl�Pw,gl

ηpump
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In the above relationships, ρw,gl is the fluid density, Vw,gl is the fluid velocity, and Rew,gl 
is the Reynolds number of the fluid inside the geothermal exchanger, as well as di,gl and 
lgl , respectively, are the internal diameter and length of the geothermal tube, and the 
length of the geothermal tube is calculated through Eq. 13:

In Eq. 13, Tw,gl is the average temperature of the fluid inside the geothermal tube, Nb 
and do,gl are the number and outer diameter of U-shaped geothermal tubes placed in 
parallel, hw,gl is the heat transfer of the fluid displacement inside the geothermal tube, 
kgl is the heat transfer coefficient of the tube. F is the ratio of the number of hours of 
maximum load to the total number of hours required for heating in the ventilated space. 
In addition, Ts and Us are soil temperature and soil heat transfer coefficient, respectively, 
and Q̇eva is the rate of heat exchanged in the evaporator. Finally, the coefficient of perfor-
mance (COP) and exergy efficiency of the heat pump and the whole system are obtained 
from Eqs. 14, 15, 16 and 17 (Esen et al. 2007):

The works of compressor 1 and compressor 2 is obtained from Eqs. 18 and 19:

Wind turbine section

Using the power curves provided by the manufacturer, technical specifications are 
usually extracted based on the fundamental equation, independent of temperature, 

(11)�Pw,gl = f ∗

(

lglρw,glVw,gl

2di,gl

)

(12)f = (0.79lnRew,gl − 1.64)−2

(13)lgl =

�

Q̇eva
Nb

�

Ts − Tw,gl
.





1

πdi,glhw,gl
+

ln(
do,gl
di,gl

)

2kgl
+

F

Usdo,gl





(14)COPhp =
Q̇cond

Ẇcomp1 + Ẇcomp2

(15)Ẇnet = q(v)− Ẇcomp1 − Ẇcomp2 − Ẇpump,gl

(16)ηen,tot =
Q̇cond + Ẇnet

Q̇geo,in + Ẇwind

(17)ηex,tot =
Ėxcond + Ẇnet

Ėxin,gl + Ẇwind

(18)Ẇcomp1 = ṁmain(h11 − h1)

(19)Ẇcomp2 = ṁref (h2 − h12)
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pressure, humidity, and air density. In this way, the curves introduced by the manu-
facturer do not conform to the actual conditions in which the turbine is installed. 
Therefore, power plants need to model the power curve based on real conditions to 
control the output power of the turbines. In the parametric approach, the types of 
curves that are used to model the nonlinear part of the power curve are:

–	 Quadratic polynomial power curve
–	 Exponential curve
–	 Cube power curve
–	 Approximate cubic power curve

In the quadratic polynomial power curve, the power in terms of speed is approxi-
mated by a second order polynomial in the form of the following equation (Ouyang 
et al. 2017):

So that C1 , C2 and C3 are constants that are obtained based on the information of 
vci , vr and Pr , respectively, using the following equations:

When the exponential power curve in a variable speed wind turbine is used to 
model the power curve, the nonlinear part of the power curve is approximated as the 
following equation (Mathew 2006):

where A equals the area swept by the blades, ρ equals the air density of the area, vci equals 
the cut-in speed, and Kp and β are constant values. The cubic power curve is obtained by 
simplifying Eq. (25), so that β is equal to 3 and vci is assumed to be zero. In this case, the 
power curve is simplified as Eq. (25) (Thiringer and Linders 1993):

where Cp,eq  is the constant of the cubic coefficient, which is equivalent to the power fac-
tor. The approximate cubic power curve is an approximation of Eq. (26), where Cp,eq is 
approximated by its maximum value, which is denoted by Cp,max ; Therefore, the nonlin-
ear part of the power curve is shown according to Eq. (27) (El-Shimy 2010):

(20)q(v) = C1 + C2v + C3v
2

(21)C1 =
1

(vci − vr)
2

[

vci(vci + vr)− 4vcivr(
vci + vr

2vr
)
3
]

(22)C2 =
1

(vci − vr)
2

[

4(vci + vr)(
vci + vr

2vr
)
3

− 4vcivr

(

vci + vr

2vr

)3

− 3vci − vr

]

(23)C3 =
1

(vci − vr)
2

[

2− 4(
vci + vr

2vr
)
3
]

(24)q(v) =
1

2
ρAKp(v

β
− vci

β)

(25)q(v) =
1

2
ρACp,eqv

3
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Exergoenvironmental analysis section

Exergoenvironmental analysis is used to assess system performance from an environ-
mental point of view. The analyses’ guiding principles are formed based on evaluations 
of the thermodynamic and ambient conditions. The following is how the exergoenviron-
ment factor can be expressed (Ahmadi et al. 2020):

Subscripts in and tot.des stand for system input and total exergy destruction, respec-
tively, while Ėx is the exergy rate. The exergy stability factor can be determined using 
Eq. 29 (Ahmadi et al. 2020):

where the subscript tot.out denotes the system’s total energy destruction. As a result, 
the total exergy destruction rate is directly correlated with the exergoenvironment and 
exergy stability factors. The following equation yields the exergoenvironmental effect 
coefficient (Ahmadi et al. 2020):

where ηex denotes the system’s exergy efficiency. The following equation is how the effi-
cacy factor for environmental damage is calculated (Ahmadi et al. 2020):

However, the impact of exergoenviornmental enhancement can be estimated 
as(Ahmadi et al. 2020):

Figure 3 presents the solution flowchart of the proposed system. Algorithms are writ-
ten to solve problems. The most challenging part of solving the problem is designing its 
algorithm. In developing the algorithm, first, determine the general steps of doing the 
work, and by solving each primary stage, the whole problem is solved. Algorithms often 
have the following steps:

1.	 Read data
2.	 Perform calculations
3.	 Print the results

(26)q(v) =
1

2
ρACp,maxv

3

(27)q(v) = Cp,maxẆwind

(28)fei =
Ėxtot.des
∑

Ėxin

(29)fes =
Ėxtot.des

Ėxtot.out + Ėxtot.des + 1

(30)Cei = 1
/

ηex

(31)θei = fei.Cei

(32)θeii =
1

θei
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With careful consideration, each step of the algorithm may be divided into smaller 
parts. For example, performing calculations is a general stage that, by addressing the 
problem, turns into mathematical relationships that solve the problem. In principle, to 
solve a problem and design an algorithm for it, the following must be specified:

•	 A precise definition of the problem to determine its requirements
•	 Problem inputs
•	 Outputs of the problem
•	 Examining different solutions to the problem
•	 The relationship between the inputs and outputs of the problem
•	 Choosing a suitable solution and preparing an algorithm for that solution
•	 Algorithm debugger

Working fluid and initial condition
R134a has been selected as the investigation’s working fluid. The working fluid’s param-
eters are shown in Table  1. Standard Boiling Point, Critical Temperature, and Critical 
Pressure are three of the most important factors influencing fluid choice. The table 
below includes each refrigerant gas’ chemical name and formula, which were taken from 
the ANSI/ASHRAE standard 34-2010 for refrigerant gases (refrigerant compressor gas). 
Table 2 provides a list of the main input variables for the simulation of the current heat 
pump.

Fig. 3  Process flowchart for solving problems
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Figure 4 shows the aerial view of Shanghai, China. This image is taken from RetScreen 
software. Shanghai is one of the largest cities in China and the second largest city in 
the world after Tokyo, which is China’s economic and most populous capital. China is 
the world’s largest and most polluting country in terms of production and use of clean 
energy. However, the growth rate of renewable energy consumption in China is faster 
than of fossil fuel consumption. The share of renewable energy production in the coun-
try’s total energy production is about 28%, which is higher than the average production 
in Europe. If the current trend continues, this share is expected to be at the world’s top 
in a decade.

Figure 5a, b shows the minimum and maximum temperatures for different months in 
Shanghai, China. These outputs are taken from Meteonorm software, and Table 3 shows 
the characteristics and input data of the wind turbine.

Results and discussion
Using the heat pump mechanism, you can prepare hot water, cold water, or hot and 
cold air, depending on the season, with a refrigeration machine without needing a 
boiler. The use of this system reduces the initial cost of the installation and the space 

Table 1  Properties of the refrigerant (Ata et al. 2020; Devecioğlu and Oruç 2017)

Refrigerant Molecular 
formula

Molecular 
weight 
[kg/kmol]

Normal 
boiling 
point (°C)

Critical 
temperature 
(°C)

Critical 
pressure 
(MPa)

Safety 
class

ODP GWP

R134a CH2FCF3 102 −26.4 101.1 4.059 A1 0 1430

Table 2  Initial conditions for Shanghai city in winter

Sign Definition Amount References

P0[kPa] Ambient pressure 101.2 –

T0[°C] Ambient temperature 6 (Huang et al. 2021)

P1[kPa] Evaporator pressure 200 (Pishkariahmadabad et al. 2021)

P2[kPa] Condenser pressure 400 (Pishkariahmadabad et al. 2021)

P9[kPa] Heat exchanger temperature 1200 (Pishkariahmadabad et al. 2021)

Tsoil[°C] Soil temperature 15 (Zhai and Yang 2011)

ηcomp1 Compressor 1 efficiency 0.8 (Pishkariahmadabad et al. 2021)

ηcomp2 Compressor 2 efficiency 0.8 (Pishkariahmadabad et al. 2021)

ηgeopump Geothermal pump efficiency 0.9 (Pishkariahmadabad et al. 2021)

T5[°C] Heated water temperature 35 (Pishkariahmadabad et al. 2021)

T6[°C] Entrance water temperature 30 (Pishkariahmadabad et al. 2021)

T7[°C] Geothermal pump entrance temperature 7 (Pishkariahmadabad et al. 2021)

T8[°C] Geothermal pump exit temperature 11 (Pishkariahmadabad et al. 2021)

Q̇cond[kW] Condenser capacity 100 (Pishkariahmadabad et al. 2021)

Us[
W
m2k

] Soil heat transfer coefficient 12 (Sanaye and Niroomand 2009)

F The ratio of the number of hours of maximum 
load to the total number of hours

0.4 (Sanaye and Niroomand 2009)

kgl[
W
mk

] Heat transfer coefficient of the tube 0.45 (Sayyaadi et al. 2009)

di[m] Internal diameter 0.0218 (Sayyaadi et al. 2009)

do[m] Outer diameter 0.0267 (Sayyaadi et al. 2009)

V [m
s
] Fluid speed inside the geothermal tube 1 (Sayyaadi et al. 2009)
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required in the engine room. In addition, reducing fossil fuel consumption reduces air 
pollution and increases building safety in the face of risks, such as fire, etc.

EES software simulated all equations for mass and energy conservation in parts and 
irreversibility relations in various parts of the heat pump cycle. This software provides 
a subset of several fluid parameters that can be used to model the cycle (in this case, 
using R134a fluid). To study the parameter in the fundamental working mode, the 
cycle’s high, middle, and low pressures are taken as 1200, 400, and 200 kPa, respec-
tively. It is anticipated that there will be a 5 °C difference between the output of the 
condenser and evaporator. The simulation results are shown in Table  4, along with 
values for mass flow rate, pressure, temperature, enthalpy, and entropy at various sys-
tem sites.

To corroborate the findings, the effects of high-pressure changes on the heat pump’s 
coefficient of performance with identical input cases have been compared with those of 
Self et al. The standard deviation of the results is acceptable. Figure 6 shows the valida-
tion of the present work.

Table  5 displays the modeling results for the system under investigation. Based on 
Table  5, an estimate of the heat pump’s COP and overall system energy efficiency is 
made. Environmental parameters are also calculated and reported in the table, including 
the Exergoenvironment factor, Exergy stability factor, Exergoenvironmental impact coef-
ficient, Environmental damage effectiveness factor, and Exergoenvironmental impact 
improvement factor. According to Table 3, the total turbine production power is equal 
to 49.33 kW according to the wind turbine’s specifications and the average wind speed 
in Shanghai. This production power provides the heat pump components, and the rest is 
transferred to the network.

Fig. 5  Shanghai city temperature during the year

Table 3  Wind turbine features

Sign Definition Amount References

D[m] Turbine diameter 34 –

V[m/s] Wind speed in Shanghai 5.5 (Huang et al. 2021)

ηwt[-] Wind turbine efficiency 0.9 (Pishkariahmadabad et al. 2021)

Cpwt[-] Max efficiency 0.59 (Pishkariahmadabad et al. 2021)

ρair[kg/m3] Density of air 1.23 (Pishkariahmadabad et al. 2021)
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Figure 7a shows the effects of condenser pressure changes on energy efficiency and 
exergy efficiency. By increasing the condenser pressure from about 1050 to 1550 kPa, 
the energy efficiency of the proposed system decreases from 77.5 to 76.5%. In the 
case of exergy efficiency, it drops from 25.85 to 24.85%. Therefore, increasing the 
condenser pressure will harm the system’s efficiency. The reason for this will be the 
increase in the work of the compressors.

Figure  7b also shows the effects of condenser pressure changes on the net power 
output and coefficient of performance (COP) of the heat pump. By increasing the con-
denser pressure from about 1050 to 1550 kPa, the net power output of the proposed 
system is reduced from 24.5 to 17.5  kW. In the case of coefficient of performance 
of the heat pump, it is reduced from 4.3 to 3.2. Therefore, increasing the condenser 

Table 4  Properties of system’s different points

State Working fluid Mass flow 
rate (kg/s)

Pressure (kPa) Temperature (°C) Enthalpy (kJ/kg) Entropy (kJ/kg)

1 R134a 0.5101 200 −5.093 248.7 0.9538

2 R134a 0.5343 1200 66.99 297.3 0.9843

3 R134a 0.5343 1200 41.29 110.2 0.4004

4 R134a 0.5101 200 −10.09 102.7 0.399

5 water 4.782 250 35 146.8 0.5049

6 water 4.782 250 30 125.9 0.4365

7 Geo-fluid 4.432 250 7 28.47 –

8 Geo-fluid 4.432 250 11 45.27 –

9 R134a 0.02421 400 21.1 266.9 0.9662

10 R134a 0.5101 1200 36.29 102.7 0.3766

11 R134a 0.5101 400 21.1 266.9 0.9662

12 R134a 0.5343 400 21.1 266.9 0.9662

13 R134a 0.02421 400 8.91 110.2 0.4115

Fig. 6  Comparison of the results of the present work with the results of Self et al. (Self et al. 2013, 2012) (The 
effect of condensation pressure changes on the heat pump coefficient of performance)
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pressure harms these two performance parameters of the system. As mentioned, the 
reason for this will be the increase in the work of the compressors.

Figure 8a shows the effects of evaporator pressure changes on energy efficiency and 
exergy efficiency. By increasing the condenser pressure from 153 to 300 kPa, the energy 
efficiency of the proposed system rises from 76.76 to 77.86%. In the case of exergy effi-
ciency, it rises from 24.4 to 27.21%. Therefore, increasing the condenser pressure will 
have a positive effect on the efficiency of the system. The reason for this will be the 
reduction of compressors. Figure  8b also shows the impact of evaporator pressure 
changes on the total output work and heat pump performance coefficient. By increas-
ing the condenser pressure from 153 to 300 kPa, the net power output of the proposed 
system increases from 18.8 to 27.18 kW. Regarding the heat pump performance factor, 
it increases from 3.466 to 4.935. Therefore, increasing the condenser pressure positively 
affects these two performance parameters of the system. As mentioned, the reason for 
this will also be the reduction of the work of the compressors.

Table 5  System output results

Parameters Definition Value

ṁ sup (kg/s) The mass flow rate through expansion valve 1 0.02421

ṁ main (kg/s) The mass flow rate through the evaporator 0.5101

Ẇ comp1 (kW) Compressor 1 work 9.26

Ẇ comp2 (kW) Compressor 2 work 16.28

COPhp Performance coefficient of heat pump 3.916

Ẇnet(kW) Wind turbine work 49.33

Ẇnet(kW) Net power output 22.03

ηen,total The exergy efficiency of the total system 77.2%

ηex,total The exergy efficiency of the total system 25.49%

fei Exergoenvironment factor 0.9704

fes Exergy stability factor 0.56

Cei Exergoenvironmental impact coefficient 3.923

θei Environmental damage effectiveness factor 3.806

θeii Exergoenvironmental impact improvement factor 0.2627

Fig. 7  Effect of condenser pressure changes on a energy efficiency and exergy efficiency, b net power 
output and coefficient of performance of the heat pump
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Figure  9a shows the effects of system intermediate pressure changes on energy and 
exergy efficiency. By increasing the condenser pressure from 350 to 500 kPa, the energy 
efficiency of the proposed system increases from 77.19 to 77.22%. In the case of exergy 
efficiency, it rises from 25.46 to 25.55%. Therefore, increasing the condenser pressure 
will have a positive effect on the efficiency of the system. The reason for this will be the 
reduction of compressors. Figure 9b also shows the impact of changes in the medium 
pressure of the system on the total output work and the coefficient of performance of 
the heat pump. By increasing the condenser pressure from 350 to 500 kPa, the net power 
output of the proposed system increases from 21.98 to 22.14 kW. In the case of the heat 
pump coefficient of performance, it rises from 3.907 to 3.933. Therefore, increasing the 
condenser pressure positively affects these two performance parameters of the system. 
As mentioned, the reason for this will also be the reduction of the work of the compres-
sors. Of course, the effect of changes in the mean pressure on these four parameters is 
minimal.

Figure 10a shows the effects of ambient temperature changes on energy efficiency 
and exergy efficiency. As the ambient temperature increases from 1 to 11 °C, the sys-
tem’s energy efficiency remains constant at 77.2%. However, in the case of exergy 

Fig. 8  Effect of evaporator pressure changes on a energy efficiency and exergy efficiency, b net power 
output and coefficient of performance of the heat pump

Fig. 9  Effect of intermediate pressure changes on a energy efficiency and exergy efficiency, b net power 
output and coefficient of performance of the heat pump
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efficiency, it decreases from 26.65 to 24.35%. Therefore, increasing the ambient tem-
perature will have a negative effect on the system’s efficiency. Figure 10b also shows 
the effects of ambient temperature changes on the total output work and the heat 
pump performance factor. As the ambient temperature increases from 1 to 11  °C, 
both system performance parameters remain constant and do not change.

Figure 11a shows the effects of soil temperature changes on energy efficiency and 
exergy efficiency. As the soil temperature increases from 10 degrees Celsius to 20 
degrees Celsius, the energy efficiency of the proposed system increases from 71.64 to 
77.71%. In the case of exergy efficiency, it increases from 19.88 to 26%. Therefore, the 
increase in soil temperature will have a positive effect on the efficiency of the system. 
The reason for this is the increase in the enthalpy of the geothermal fluid entering the 
evaporator. Figure  11b also shows the effects of changes in soil temperature on the 
total output work and the coefficient of performance of the heat pump. As the soil 
temperature increases from 10 to 20 °C, the net power output of the proposed system 
increases from 13.24 to 22.83  kW. In the case of the heat pump performance coef-
ficient, it is not affected by soil temperature changes and remains constant at 3.916. 
As mentioned, the enthalpy increases of the geothermal fluid entering the evaporator.

Fig. 10  Effect of ambient temperature changes on a energy efficiency and exergy efficiency, b net power 
output and coefficient of performance of the heat pump

Fig. 11  Effect of soil temperature changes on a energy efficiency and exergy efficiency, b net power output 
and coefficient of performance of the heat pump
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Hybrid renewable energy systems (HRES) for power generation in remote areas are 
becoming widespread due to the advancement in renewable energy technology and the 
price of petroleum products. A hybrid energy system usually uses two or more renew-
able energy sources that work together to increase system efficiency and balance the 
energy supply. Geothermal heat is considered a sustainable energy source with sig-
nificant global potential. A geothermal heat pump can provide clean thermal (cooling) 
energy for individual and commercial consumers. However, in the conditions of peak 
electricity demand in the power grid, the need to use an independent and preferably 
renewable power generation source can be an excellent idea to provide stable and clean 
electricity for this system. The proposed method investigates how the wind turbine can 
act as an energy source to supply the required electricity for a geothermal district heat-
ing system. The generated electricity is directly transferred to private and commercial 
consumer units. The results show that wind power can be a suitable complement to a 
geothermal heat source to provide energy for heating.

Conclusion
In general, a heat pump is a device that transfers energy from the point of origin (low 
temperature) to the destination point that has a higher temperature. The transfer is done 
with the help of high thermal energy of the issue with higher temperature or mechanical 
energy. The difference between the heat pump and conventional air conditioning devices 
is that the heat pump can transfer heat for cooling and heating. A heat pump can pro-
duce cold-like chiller or evaporative systems, which can be done with a cooling cycle 
(like a refrigerator). In cold regions, heat pumps are used more for heating. Geothermal 
source heat pumps (GSHP) are central devices that extract heat from deep within the 
earth and use the earth as a heat source in winter and for heat rejection in summer. This 
method is one of the optimal heat and cold methods, which is a great help in saving heat 
and cold costs, which is one of the advantages of this higher productivity system. The 
general results of the present work are:

–	 The suggested system’s energy efficiency drops from 77.5% to 76.5% by increasing 
condenser pressure from 1050 to 1550 kPa. Exergy efficiency drops from 25.85% to 
24.85%. Increasing condenser pressure reduces system efficiency and, compressor 
work will boost this. The suggested system’s net power production drops from 24.5 
to 17.5 kW by increasing condenser pressure from 1050 to 1550 kPa. Heat pump effi-
ciency drops from 4.3 to 3.2. Thus, raising condenser pressure decreases these sys-
tem performance metrics. This is due to compressors working harder.

–	 The suggested system’s energy efficiency increases from 76.76 to 77.86% by increas-
ing condenser pressure from 153 to 300 kPa. Exergy efficiency rises from 24.4% to 
27.21%. Thus, condenser pressure increases system efficiency and, compressor 
reduction will cause this. The suggested system’s net power production improves 
from 18.8 to 27.18 kW by increasing condenser pressure from 153 to 300 kPa. The 
heat pump performance factor rises from 3.466 to 4.935. Thus, increasing condenser 
pressure improves system performance parameters. This is also due to the compres-
sor work decrease.



Page 20 of 22Aryanfar and Alcaraz ﻿Geothermal Energy            (2023) 11:9 

–	 The suggested system’s energy efficiency increases from 77.19 to 77.22% by increas-
ing condenser pressure from 350 to 500 kPa. 25.46% to 25.55% for exergy efficiency. 
Thus, condenser pressure increases system efficiency and compressor reduction will 
cause this. The suggested system’s net power production improves from 21.98 to 
22.14 kW by increasing condenser pressure from 350 to 500 kPa. The heat pump per-
formance coefficient rises from 3.907 to 3.933. Thus, increasing condenser pressure 
improves system performance parameters. This is also due to the compressor work 
decrease. Naturally, mean pressure variations have little effect on these four param-
eters.

In Shanghai, China, a hybrid system that employs a geothermal heat pump outfit-
ted with an economizer for winter heating and a wind turbine for ecologically friendly 
power generation was evaluated for its energy and exergy analyses. The hybrid system’s 
processes, as well as every component and the overall design, have been carefully exam-
ined. The novel aspect of the current work was the proposal and analysis of the energy 
and efficiency of a hybrid system that combines a geothermal heat pump with a wind 
turbine to provide the heat and electricity required for a residential unit in Shanghai, 
China, during the winter. The research gap on combined heat pump–wind turbine sys-
tems is apparent, because so few studies have been conducted thus far.
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