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The energy revolution considering renewable power is indispensable and inevi-
table in the development of modern power industry, yet has been restricted by 
many practical problems. The instability of renewable energy makes the whole 
power generation system unable to maintain stable output, which causes fluctua-
tions in the power grid system, and ultimately affects the user side. Also, there 
are few researches on hybrid heat and power co-generation system and when ap-
plied to the regional power supply, current systems converse electric energy to 
thermal energy to meet the heating demand of users, which reduces the energy 
quality. Hybrid two or more kinds of renewable energy is a way to eliminate in-
stability of renewable energy power generation system. In this paper, a hybrid 
heat and power co-generation system is designed to reach both heat and power 
demands of users, a solar-geothermal power generation system was simulated on 
ASPEN PLUS platform. The output power, entropy and energy efficiency are an-
alyzed to optimize the system. Based on the solar-geothermal power generation 
system, exergy analysis shows that the parallel heating and power generating 
system is much more efficient than the original system. 

Key words: solar energy, geothermal energy, hybrid heat and power,  
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Introduction 

The high use of fossil fuels has led to environmental issues such as GHG emission 
and climate changes in the recent years, therefore, renewable energy is proposed as an alterna-
tive to replace fossil fuels [1]. The use of sustainable energy has become ever important and 
increasing necessary in the 21st century [2]. Hybridization of solar thermal and geothermal 
energy has been considered in [3]. The renewable and sustainable energy resources have re-
ceived enormous interest in the last decade due to their potential of sustainability. Individual 
renewable energy technologies have their own unique characteristics. Hybridization of differ-
ent technologies may result in a more efficient and cost-effective system than simply co-
locating individual technologies [4]. Rosato et al. [5] used software TRNSYS to simulate a 
centralized solar hybrid heating and cooling system. The results show that energy consump-
tion can be saved up to 40.2%. Gimellia et al. [6] have done a lot of work in the field of com-
bined heat and power (CHP). A method for grid-connected co-generation devices assisted by 
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battery energy storage is proposed and the energy and economic performance are evaluated in 
detail. The performance of a waste heat recovery device was evaluated, a system for matching 
the temperature level required by the user with the temperature level provided by the power 
plant is introduced [7]. The reliability of the gas turbine thermodynamic model is verified and 
compared it with experimental data [8]. Kilkis et al. [9] have developed an exergy-based ho-
listic model for district energy system and determined the optimum mix of renewables. Calise 
et al. [10] established a dynamic simulation model of the cogeneration system on TRNSYS, 
and carried out a detailed economic analysis. Torres et al. [11] redesigned the reflector geom-
etry in hybrid concentrating collectors to improve the energy efficiency of the solar collectors. 
The results show its performance is significantly improved compared with the current stand-
ard concentrating solar collector system. Heberle et al. [12] presented a thermo-economic 
analysis for a low-temperature organic Rankine cycle (ORC) in a combined CHP generation 
case. Lee et al. [13] compared the heating performance of hybrid ground-source heat pump in 
series and parallel configurations and conducted an experimental analysis on the heating per-
formance of hybrid heat pumps with a series-parallel hybrid structure. He et al. [14] proposed 
a hybrid power supply system with a high proportion of renewable energy and analyzed the 
rationality and functionality of the hybrid power system in detail. Yucer et al. [15] analyzed a 
steam heating system based on the Second law of thermodynamics to explore its potential for 
improvement in reducing exergy consumption, fuel consumption and cost. Through the use of 
exergy parameters to improve the heating system, provides relatively simple solutions and in-
vestment advice to reduce heat loss, fuel consumption and costs. Zhang et al. [16] combined 
the advantages of solar and geothermal heat pump hybrid system and analyzed the energy-
saving potential of the system. 

It can be known from the aforementioned paper review that the existing system only 
aims at the demand of power generation, while the current user demand is the coexistence of 
heating demand and power supply demand. If the system only supplies power and converts 
electric energy into heat, there will be energy grade decline in the intermediate process, result-
ing in irreversible loss, and energy utilization is neither scientific nor efficient. 

In this paper, a hybrid solar-geothermal power generation system was modeled on 
ASPEN PLUS platform, which is shown in fig. 1. On the basis of this model, the system is 
optimized to make the hybrid solar-geothermal power generation system changed from a sin-
gle electrical power generation system to a parallel heating electrical power generation sys-
tem. According to the efficiency analysis and exergy analysis, the efficiency of the system 
and the work done by the system can be obtained to analyzed the advantages of the system.  

Methods 

Modeling of the holistic system: the solar-geothermal power generation system basi-
cally contains photovoltaic generating set and geothermal generating set. The system includes 
conversion devises and storage with the input and output of multiple energy carriers such as 
electricity, gas, heating, and cooling.  

Structure of solar-geothermal power generation system is shown in fig. 1.  
The thermal conductive oil flows through the ET150 solar collector plate, and is 

used as a heat source to exchange heat with the geothermal fluid in the heat exchanger SH, 
and then flows through the pump SP to pressurize into the solar collector plate, forming a cir-
culation as an auxiliary heat source for geothermal energy. The geothermal fluid first ex-
changes heat with the thermal oil through the heat exchanger SH, the temperature increases, 
and then flows through the flash valve. After flashing, it enters the gas-liquid separator DIV.  
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Figure 1. Structure of solar-
geothermal power generation 
system; PTC – solar collector,  

SP – solar pump, GP – geothermal 
energy pump, SH – solar heat 
exchanger, DIV – flash tank,  

ST – steam turbine, FV – flash valve,  
LST – liquid storage tank,  

H1 – upper heat exchanger,  
PH1 – upper preheater, T1 – upper 

turbine, C1 – upper condenser,  
P1 – upper pressure pump,  

H2 – lower heat exchanger,  
PH2 – lower preheater,  

T2 – turbine, C2 – lower condenser, 
P2 – lower pressure pump  

  
The fluid in the gas-liquid separator is divided into two paths: high temperature and high pres-
sure steam – 4 flows in the first path. The high-temperature and high-pressure steam flows 
from the outlet of the gas-liquid separator into the steam turbine ST to perform work, and then 
flows through the heater H1 as the heat source of the upper ORC, and then flows through the 
preheater PH1, then back to the ground. The high temperature water – 6 flows in the second 
path. As the heat source of the lower ORC, the high temperature and high-pressure water di-
rectly enters the superheater H2, then enters the preheater PH2, and then flows to under-
ground.  

The upper ORC uses isopentane (i-C5H12) as the working fluid. The working fluid is 
first preheated by the preheater PH1, then enters the superheater H1 to be superheated to high 
temperature and high pressure steam, and then enters the turbine T1 for work, and then enters 
the condensers C1 for condensation. The condensed liquid enters the pump P1 for pressuriza-
tion and then enters the preheater to complete a cycle. The lower ORC uses butane (C4H10) as 
the working fluid. The cycle process of lower part is the same as the upper part. The working 
fluid is first preheated by the preheater PH2, then enters the superheater H2 to be superheated 
to high temperature and high pressure steam, then enters the turbine T2 for work, then enters 
the condensers C2 for condensation, and the condensed liquid working fluid enters the pump 
P2 for pressurization and then enters the preheater to complete a cycle. 

The T-s diagram of the solar preheating system and the upper ORC is shown in 
fig. 2. In the preheating process, the working fluid is heated to saturated liquid state by the 
thermal conductive oil (1-2). The saturated liquid undergoes the flash evaporation process  
(2-3) to reach the liquid-vapor saturation state, then it undergoes the liquid-vapor separator 
process and separates into saturated steam (4) and saturated liquid (6) and saturated steam ex-
pands in the turbine to produce work (4-5). The upper ORC is 9-10-11-12-13-14-9, which is 
made up of the following six processes: organic working fluid pressurization process  
(9-10), preheating process (10-11), evaporation process (11-12), overheating process (12-13), 
work process (13-14), and condensation process (14-9). 

Figure 3 shows the T-s diagram of the lower ORC of the geothermal energy, which is 
made up of the following six processes: organic working fluid pressurization process (16-17), 
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preheating process (17-18), evaporation process (18-19), overheating process (19-20), work 
process (20-21), and condensation process (21-16). 

  
Figure 2. The T-s diagram of the solar preheating 
system and the upper ORC 

Figure 3. The T-s diagram of the lower ORC of 
the geothermal energy 

In the solar preheated geothermal fluid system, the trough solar collector performs 
heat conversion by absorbing solar energy. The solar energy is concentrated on the heat ex-
change tube through the reflection of the heat collector plate, and the heat transfer is carried 
out with the heat transfer oil in the heat exchange tube. The absorbed heat of the trough solar 
system can be mainly defined [17]:  
 abs a (cos )bQ A I    (1) 
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where Aa [m2] is the area of the solar field, Ib [kJh–1m–2] – the direct solar radiation intensity, 
θ [°] – the angle of incidence, η [–] – the absorption efficiency, K [–] – the incident angle 
modification factor, M [–] – the final loss factor, and N [–] – the factor considering parallel 
shadows, A, B, C, DW are empirical coefficients, and T  [K] – the difference between the 
thermal oil temperature and the ambient temperature. 

The heat transfer model of the solar heat collector can be simplified: 

 solar solarQ DNI A  (3) 

 collector solar opt lossQ DNI A Q   (4) 

where Qsolar [kJ] is the total solar radiation energy obtained by the radiation in the solar collec-
tor, DNI [kJm–2] – the direct irradiation intensity of solar radiation, Asolar [m2] – the heat ex-
change area of the solar collector, Qcollector [kJ] – the actual heat that can be obtained by the 
heat transfer oil in the heat exchange pipe of the solar collector, Qloss [kJ] – the heat loss gen-
erated by solar energy in the process of photothermal conversion, and ηopi [–] – the absorption 
coefficient. 
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where ηsolar is the heat collection efficiency of the solar collector and ηsystem – the ratio of the 
solar energy input energy in the system to the total input energy of the system. 

The adiabatic compression process in the solar preheating system leads to entropy 
increase. The isentropic efficiency and power consumption are: 
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where ηis,SP and ηis,GP are the isentropic efficiency of SP and GP, respectively, ηme,pump – the 
mechanical efficiency of the pump, and WSP, WGP – the power consumption of solar circulat-
ing pumps and geothermal water pumps, respectively. 

The system exergy balance equation can be expressed: 
 )0 0 0[( ( )]i i i iE m h h T S S     (11) 

 solar geothermal GP SP 2 collector,d GP,d exchanger,dE E E E E E E E        (12) 

 0
solar opt

s
( ) 1 T

E DNI A IAM
T

 
 

  
 

 (13) 

where Si [kJK–1kg–1] and hi [kJkg–1] are the entropy and enthalpy at state i, respectively, S0 
and h0 – the entropy and enthalpy of working fluid at the environment state, Ei – the exergy at 
the state point i, mi – the mass flow at the state point i, Esolar [kJ] – the exergy obtained by the 
solar collector, Egeothermal [kJ] – the geothermal energy input exergy, EGP [kJ] – the input exer-
gy of the geothermal fluid pump, ESP [kJ] – the input exergy of the pump solar circulation 
pump, E2 [kJ] – the exergy of of the fluid in state 2 in fig. 1, ΔEcollector,d [kJ] – the exergy de-
struction of the solar collector, ΔEGP,d [kJ] – the exergy destruction of the geothermal fluid 
pump, ΔEexchanger,d [kJ] – the heat exchanger exergy destruction, ηopt – the optical loss efficien-
cy of the solar collector, IAM(θ) – the incident angle correction coefficient, T0 and Ts [K] – 
the ambient temperature and solar surface temperature respectively. 

In the upper ORC, the high temperature and high pressure steam flowing out of the 
upper part of the gas-liquid separator passes through the turbine to work. The isentropic effi-
ciency of the turbine, the turbine for the amount of work and the exergy balance for flash ex-
pansion work can be expressed: 
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where WST [kJ] is the work done by the turbine, ηm,ST and ηi,ST – the isentropic and mechanical 
efficiencies of the turbine, respectively, and his – the isentropy at the state point i. 

The upper ORC uses the exhaust heat of the turbine as a heat source to provide heat 
for the organic working fluid. Therefore, the work done in the ORC, the pump power con-
sumption in the ORC and the exergy balance model of the ORC can be expressed: 

 P2 P2 10 9 ,P2( ) mW m h h    (17) 
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where WP2 and WT2 are the power of pump P2 and turbine T2 in the upper ORC system, re-
spectively, ηi,T2 is the efficiency of the turbine T2 in the upper ORC. 

In the lower ORC, the high temperature saturated water flowing out of the lower part 
of the gas-liquid separator is used as the heat source to work. The flow rate of the organic 
working fluid can be calculated by eq. (21). The two parameters are superheat and 
pinch point temperature difference, which can be calculated by eqs. (22) and (23), respective-
ly. The work and efficiency of the system can be calculated by eqs. (24)-(26): 
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where WP1 and WT1 are the power of the pump P1 and the turbine T1 in the upper ORC sys-
tem, respectively, ηi,T1 is the efficiency of the turbine T1 in the upper ORC. 

Exergy calculation model of the heating and power generation system is: 
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where Wnet [kJ] is the net work of the heating and power generation system, ηth [–] – the ther-
mal efficiency of the system, ηex [–] – the exergy efficiency of the system, Qs and Qg – the 
heat input to the solar and geothermal energy systems, respectively, and Es and Eg – the exer-
gy values of solar and geothermal energy input systems, respectively. 

The initial parameters of the solar-geothermal power generation system is shown in 
tab. 1. 

Table 1. The initial parameters of the solar-geothermal power generation system 

Warm-up cycle Parameters  Flash work part Parameters 

Geothermal fluid temperature [℃] 200 Flash valve pressure [MPa] 2 

Solar thermal conductive  
oil temperature [℃] 

395 Gas-liquid separator  
tank pressure [MPa] 

2 

Preheat pump pressure [MPa] 4 Steam turbine back pressure [MPa] 0.5 

Geothermal fluid preheat  
pump pressure [MPa] 

6   

Upper circulation  Lower circulation  

Turbine back pressure [MPa] 0.15 Turbine back pressure [MPa] 0.2 

Pump pressure [MPa] 1 Pump pressure [MPa] 1.5 

 
In order to better meet the needs of users and improve energy efficiency, Configura-

tion 1 is proposed, as shown in fig. 4. The working fluid (water) from the condenser outlet of 

 
Figure 4. Parallel heating and power generating system, plant Configuration 1 
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the upper cycle is reheated in the lower cycle, thus increasing the temperature of the working 
fluid (water). Configuration 1 transformation does not involve reforming turbine, so there is 
no change in the amount of work done by the system. Due to the waste heat utilization of the 
system, the efficiency of the system is naturally improved. 

For the greater heating demand in winter, a high temperature and high pressure fluid 
is drawn from the upper turbine middle section to heat the hydraulic working medium that has 
been reheated in Configuration 1, thus increasing the temperature of the hydraulic working 
medium again. An additional heat exchanger is placed in the lower ORC to heat water from 
the outlet of the upper heat exchanger. The working medium water flows through the four 
heat exchangers in turn, increasing the temperature of the water and finally reaching the water 
supply temperature, as shown in fig. 5, where C3 is upper heat exchanger, C4 is lower heat 
exchanger. 

 
Figure 5. Parallel heating and power generating system, plant Configuration 2 

Results 

Through the simulation of solar-geothermal power generation system, the thermody-
namic parameters of each unit of the system and the thermodynamic characteristics of the 
overall system are obtained. The net output power of the system was 12.76 MWh, thermal ef-
ficiency was 14.5% and exergy efficiency was 22.1%. Through the established thermodynam-
ic model and according to the initial parameters and operating parameters of the system for 
mathematical calculation, the net output power of the system was 12.45 MWh, thermal effi-
ciency was 14.2% and exergy efficiency was 21.8%. The maximum exergy loss of system ex-
ergy loss of solar collector is 16,377 kW, accounting for 47%. The second is the heat loss of 
preheater, 4105 kW, accounting for 12%. Exergy loss is mainly caused by condensation and 
heat transfer at the top and in the low and medium ORC, accounting for 7% to 9%. 

Table 2 shows that the outlet working fluid temperature of the lower cycle turbine is 
about 110 °C, the outlet working fluid temperature of the upper cycle turbine is around 90 °C, 
the inlet water working fluid temperature of the upper condenser is around 5 °C, and the inlet 
water working fluid temperature of the lower condenser is 62.7 ℃, water temperature at the 
outlet of the ORC condenser in the lower part of the system is 95.2 °C. Therefore, the Config-
uration 1 of the hybrid heat and power co-generation system can meet the requirements of 
heating users in winter. Table 3 shows that when the system is optimized, the final outlet tem-
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perature of the wage water in the system after four heat exchangers is 110.1 °C. As cold 
stream exchanges heat multiple times, the heat exchange temperature difference is reduced, 
thereby the heat exchange loss of the heat exchanger is reduced. The water temperature in-
creases greatly. It can meet the heating requirements for high temperature heating in winter. 

Table 2. Fluid temperature of Configuration 1 system [°C] 

Heat source Condenser inlet Condenser outlet 

Upper 90 Upper 5 Upper 63.4 

Lower 110 Lower 62.7 Lower 95.2 

Table 3. Fluid temperature of Configuration 2 system [°C] 

Heat source Condenser inlet Condenser outlet Heat exchanger heat source Outlet water 

Upper 90 Upper 5 Upper 56.3 Upper 111 Upper 96.7 

Lower 110 Lower 56.3 Lower 81.4 Lower 134 Lower 110.1 

 
As shown in tab. 4, after the system is optimized according to plant Configuration 1, 

as the high temperature and high pressure fluid in the turbine works normally, the exergy val-
ue of the turbine in the system does not change. Because the system uses waste heat to con-
tinuously heat water through the heat exchanger, the utilization of waste heat is more fully, so 
the utilization of waste heat in the system leads to the increase of thermal exergy value of 
2987.268 kW. As shown in tab. 5, after optimization of the system according to plant Config-
uration 2, exergy value of the steam turbine in the system decreased by 3101.27 kW because 
15% high temperature and high pressure hot fluid is extracted from the upper and lower steam 
turbines in the system as the heat source to heat water without complete work. As the system 
uses waste heat for multistage heating of water, the utilization of waste heat makes the utiliza-
tion of surplus heat in the system more fully, resulting in an increase of exergy value of 
5485.75 kW. 

Table 4. Plant Configuration 1 compared with the original system 

 Work of original system [kW] Work of work of plant configuration 1 [kW] 

Upper –6123.48 –6123.48 

Lower –4891.62 –4891.62 

Total work –11015.11 –11015.11 

Waste heat utilization exergy [kW] Exergy enhancement [kW] Work difference [kW] 

5674.384 2687.11 2987.26 0 

 
Table 6 shows that work and exergy efficiency of Configuration 1 and Configuration 

2. Exergy efficiency of parallel heating and power generating system, plant Configuration 1 is 
28.4%. Exergy efficiency increases by 4%-5% compared to the solar-geothermal power gen-
eration system. Exergy efficiency of parallel heating and power generating system, plant Con-
figuration 2 is 27.3%. Exergy efficiency increases by 3%-4% compared to the solar-
geothermal power generation system. 
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Table 5. Plant Configuration 2 compared with the original system 

 Work of original system [kW] Work of work of plant configuration 2 [kW] 

Upper –6123.48 –1648.91 –2080.12 

Lower –4891.62 –1850.24 –2334.54 

Total work –11015.11 –7913.83 

Waste heat utilization exergy [kW] Exergy enhancement [kW] Work difference [kW] 

8172.874 2687.11 5485.75 3101.27 

Table 6. Work and exergy efficiency of Configuration 1 and Configuration 2 

Item 
System  Work [kW] Input exergy [kW] Exergy efficiency [%] 

Configuration 1 11015.12 57547.8 28.35602404 

Configuration 2 7913.84 57547.8 27.30857906 

Conclusions 

Exergy loss is calculated for solar-geothermal power generation system and the 
changes of exergy loss in each part are obtained. Based on the calculation, it can be concluded 
that the greatest exergy loss in the system occurred in the solar preheating system, accounting 
for 47%. The second is solar preheater, exergy loss accounted for 12%. 

After the transformation of system through the two Configurations, it is shown that 
the two configurations could not only provide heating, but also significantly increase the ex-
ergy utilization of the system. After optimization in Configuration 1, exergy efficiency of the 
system increases by 4-5%, resulting in water temperature of 95.2 ℃. After the system is op-
timized in Configuration 2, exergy usage of the system increases by 3-4% and higher water 
temperature is obtained, which is 110.1 ℃. 

After the comparison of plant Configurations 1 and 2, it can be seen that Configura-
tion 1 has a more significant improvement in exergy efficiency. However, the outlet water 
temperature obtained in Configuration 1 is low, which can only meet the requirements of or-
dinary heating but cannot meet the requirements of high temperature heating. Configuration 2 
can meet the requirements of high temperature heating and water temperature, but the exergy 
efficiency is less improved than Configuration 1. Therefore, both Configurations 1 and 2 are 
ideal renovation schemes of heating parallel system. If the output temperature of Configura-
tion 1 meets requirements, Configuration 1 is used as the preferred configuration. If the output 
temperature does not meet the requirements, Configuration 2 is preferred. 
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