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A B S T R A C T   

The world energy sector is going to change over from its present state of centralized energy generation to a future 
state with a larger share of distributed generation. In this respect, an innovative smart energy system based on 
hybrid solar-geothermal energies is proposed in this work, and transient performance assessment and techno- 
economic analysis are presented to evaluate its dynamic performance applying TRNSYS software. The pro
posed system is developed to provide power, heating, and cooling demands for a small urban community as the 
case study. The system consists of PVT panels, thermal energy storage tanks, a turbine, an absorption chiller, and 
a heat pump as the main components. Also, other subsidiary components like controllers and diverters are 
incorporated to guarantee the proposed system performance in a smart manner in various ambient conditions of 
the year. The results show that the system not only provides the annual electrical demand for the considered case 
study but also a considerable amount of excess power is produced, which can be sold to the power grid to 
compensate for some expenses of the system. The highest and the lowest exergy efficiency for the proposed 
system is attained in July and December with the values of 55.9% and 22.8%, respectively. Also, the highest and 
the lowest values of system unit product cost are obtained for January and July, respectively, as 8.38 and 32.77 
$/GJ.   

1. Introduction 

In developing smart cities to improve the lifestyle, the provision of 
energy demand is undoubtedly an essential issue (Zhang et al., 2021; 
Tong et al., 2016). In this regard, Decentralized Energy Systems (DES) 
based on renewable energy resources offer a promising alternative to a 
clean environment and sustainable development (Abusaada & Elshater, 
2021; Xu et al., 2020). Also, attaining sustainable energy-based devel
opment goals requires innovative ideas, among which the Smart Energy 
Systems (SES) are considered as novel practical concepts (Ahmad et al., 
2020; Wang et al., 2021; Xiang et al., 2021). These systems are of further 
particular interest when they are being powered by renewable energy 

resources (Harmouch et al., 2018; Xu et al., 2020). 

1.1. Decentralized energy systems 

Decentralized energy systems are regarded as the systems by which 
the energy (power, heating, cooling, etc.) is generated near to demand 
centers Zhu et al. (2020), mainly focused on meeting local energy de
mands. The World Alliance for Decentralized Energy defines Distributed 
Generation (DG) as the energy generation near the point of use Singh 
and Parida (2017). Many advantages for these systems over the 
centralized energy systems are explained and discussed in the literature, 
including power quality enhancement and reduction of transmission 
losses, enhancing the system security and reliability Pesaran et al. 
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(2020). Also, having low or no carbon emissions for renewable 
energy-based DG systems is another key advantage (Vera & Jurado, 
2018; Duan et al., 2021). With renewable resource utilization, other 
economic benefits are also attainable such as reduction in fuel con
sumption and electricity price. A comprehensive survey on motivations, 
opportunities, and challenges for integration of DES with power systems 
is presented by Singh and Parida (2017). 

Based on the researcher’s findings, the DES and DG would play a 
vital role in the future of electricity networks and systems. These systems 
have been viewed from different standpoints in literature since their 
contribution to social and environmental aspects of urban development 
are diverse Ahmad et al. (2020). Mateo et al. (2019) assessed the in
fluence of natural gas-fueled DG systems on the European electricity 
distribution networks using techno-economic analysis. They studied six 
European networks in Italy, Germany, and France and reported great 
differences in anticipated impact in each considered country. A life cycle 
assessment based on economic and environmental criteria of DG for 
building applications is presented by Safaei et al. (2015). They consid
ered three types of cogeneration technologies using solar PV panels. 
They concluded that, based on the objective of DG employment, a 
particular operational strategy should be adopted for environmental 
impacts reduction. Three technologies, including IC engines, fuel cells, 
and microturbines are compared by Torchio (2015) for CHP systems in 
DG according to the real demand of a Northern Italian town at real 
market conditions like fuel and power prices. They indicated a consid
erable extra electricity generation concerning the users’ demand for all 
the considered CHP options. 

Rehman et al. (2019) proposed and optimized a novel PV-based DES 
for district heating for Nordic conditions. They showed that their pro
posed system could reduce purchased electricity by 22% in comparison 
with a centralized solar-based system. The life cycle assessment and 
conceptual design and of a biomass-fueled PEMFC-based decentralized 
power generation system is conducted by Suwanmanee et al. (2018). 
They reported a significant positive impact on global warming 
compared to the Thai Mixed Electricity Grid. Sun et al. (2019) investi
gated another grid-connected PEMFC-based decentralized power system 
under the constant net power mode. They concluded that for 

transporting more power into the microgrid, the high-load conditions 
are better, while it yields less flexibility in power changing. 

The life cycle assessment for a DG system for CCHP applications 
driven by solar energy is presented by Yan et al. (2020). They made a 
comparison between the DG system and conventional centralized energy 
generation. They used the thermal load following approach and found 
that their proposed DG system results in a reduction by 46% in global 
warming impact compared to centralized energy systems. 

1.2. Renewable energy-based DG systems 

The world energy sector is going to change over from its present state 
of centralized energy production to a future state with a larger share of 
DG for its benefits, as explained above. In this regard, utilization of 
renewable resources to run these systems would result in further envi
ronmental and sustainability advantages. Hybrid Renewable Energy 
Systems (HRES) are inter-connected with more than one energy source 
and energy conversion units (Bet Sarkis & Zare, 2018). These systems 
can be powered by various types of power generation technologies, 
including photovoltaic systems, wind turbines, geothermal energy, fuel 
cells, micro-turbines, combustion engines, etc. Wind, solar and 
geothermal energies have been considered as the most preferred 
renewable energy sources for these purposes (Das et al., 2021; Karami 
et al., 2014). However, the solar-based HRES is of great interest to which 
many research works have been devoted Alshammari and Asumadu 
(2020). Zubi et al. (2020) have indicated significant benefits in terms of 
economics, sustainability, and emission reductions for a hybrid energy 
system incorporated with solar collectors, PV panels, and district heat
ing networks in central Europe. In another study conducted in Latvia 
conditions, it is shown that solar energy could supply 10–78% of total 
heating energy demand in a district heating system for an urban area 
with 20,000 inhabitants Soloha et al. (2017). Also, the hybridization of 
solar energy with other energy resources such as geothermal one is of 
great importance in the context of HRES Ren et al. (2019). 

Recently, these systems are considered promising options to afford 
power, cooling, heating, and freshwater to the local load connected to 
local grid networks. In this context, many research works are conducted 

Nomenclature 

A Area, m2 

c Product cost, $/GJ 
cP Specific heat capacity, kJ/(kg.K) 
CRF Capital recovery factor 
Ė Exergy rate, kW 
G Total incident solar radiation (W/m2) 
h Enthalpy (kJ/kg) 
h Convective heat transfer coefficient, W/m2 K 
ir Interest rate 
ṁ Mass flow rate, kg/s 
n Number of system’s operating year 
NC Number of cells in the stack 
P Pressure 
Q̇a Heat absorbed by the panel (kW) 
Q̇h Heat received from the source (kW) 
Q̇L Heat transferred to load (kW) 
Q̇U Useful heat gain (kW) 
Ẇ Power (kW) 
T Temperature (K) 
T The temperature of the sun (K) 
U loss coefficient between the tank and its environment, kJ/ 

(kg.K.m2) 

Ż Cost rate of components, $/h 

Subscripts and abbreviations 
Aux Auxiliary 
CCHP Combined Cooling, heating, and power 
Ch Chiller 
DES Decentralized Energy System 
DG Distribute Generation 
DHW Domestic hot water 
F Fuel 
FC Fuel cell 
IC Internal combustion 
HRES Hybrid Renewable Energy Systems 
LCOE Levelized cost of electricity 
P Product 
PEM Proton exchange membrane 
PVT Photovoltaic/Thermal 
SES Smart Energy System 
tot Total 
SES Smart energy system 

Greek letters 
τα transmittance-absorptance product for the PVT panel 
ηPVT PVT panels efficiency 
ηex Exergy efficiency  

Y. Cao et al.                                                                                                                                                                                                                                     



Sustainable Cities and Society 76 (2022) 103425

3

mainly focused on CCHP systems since they have been identified as 
high-efficiency technologies to provide cooling, heating, and power 
simultaneously Lin et al. (2020). Wang et al. (2019) analyzed a hybrid 
solar-based CCHP system consisting of solar panels, IC engine, absorp
tion heat pumps, and storage. They reported that the hybrid system 
integrated with solar energy saves 11.3% of natural gas as compared 
with the conventional system. Another integrated CCHP system is pro
posed by Gholamian et al. (2020b) comprised of PVT panels, a micro-GT, 
and an absorption chiller for an urban building. They conducted a dy
namic simulation using TRNSYS software on the system and found that 
the system has an exergy efficiency of 48.0% with a total product cost of 
8.39€/MWh. Nami et al. (2019); Sadi and Arabkoohsar (2019) presented 
a steady-state simulation of a hybrid solar/municipal waste-fired CCHP 
system for DG purposes for the energy market of Denmark. They pre
sented thermodynamic and environmental analyzes for their system and 
reported an exergy efficiency of 28.58%, with a CO2 emission reduction 
of 445.935 kg-CO2/GJ. For an energy hub in Canada, Ghorab et al. 
(2019) indicated that the integration of PV panels would result in a 
reduction of CO2 emissions by 43%, with an approximate 80% cost 
saving. Li et al. (2019) proposed an innovative solar-powered 

multi-generation system to provide energy demands for a residential 
building. They showed that the proposed solar integrated 
multi-generation system yields 38% higher energy efficiency compared 
to a single-generation system. Another HRES based on solar energy in
tegrated with a gas turbine is proposed by Yang et al. (2017) for DG 
purposes. They indicated that the integration of their proposed hybrid 
system with solar collectors and compressed air energy storage brings 
about an efficiency increment of 1.02 %. Yang & Zhai (2019) incorpo
rated PV panels and thermal collectors into a conventional CCHP system 
to build a DG system. They studied the system performance for seven 
different climate zones and reported the system efficiency as 22.7–29 % 
for different building types, including hotels, hospitals, and offices. 
Another solar PV-based CCHP system to provide cooling, heating and 
electricity demands as a solar-based DG system in southern Italy is 
investigated by Roselli & Sasso (2016) using dynamic modeling. They 
found that their proposed system yields primary energy saving by 
around 40% compared to the conventional fossil fuel-based system. 
Dynamic techno-economic modeling and optimization of a PVT-based 
smart energy system for building applications are presented by Beh
zadi et al. (2020) using TRNSYS software. They showed that their 

Fig. 1. Flowchart (TRANSYS diagram) of the proposed smart energy system.  
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proposed system could lead to 16.7 €/MWh lower costs for buildings 
compared to the case if the energy is supplied from the electricity grid. 
Ferreira et al. (2020) conducted a thermoeconomic analysis for a DG 
solar energy-powered system with a Stirling engine prime mover and 
calculated a payback period of around ten years. A comparison between 
solar thermal collectors and PV arrays in a hybrid CCHP system is made 
by Wang et al. (2016), who found that the incorporation of thermal 
collectors more efficiently enhances energy efficiency, while utilization 
of PV panels improves more efficiently the exergy efficiency. A 
multi-source DG plant powered by both fossil and renewable resources 
for CCHP applications is proposed and assessed by Barbieri et al. (2014), 
who found that the optimal component sizing is significantly related to 
climatic conditions such as ambient temperature and solar radiation. 
Khalid et al. (2017) proposed an HRES utilizing hybrid solar and 
biomass energies for multi-generation purposes (to provide electricity, 
hot water, cooling, and heating) in a DG system. They calculated exergy 
efficiency as 34.9% and the LCOE as 0.117 $/kWh. 

Some studies have indicated the advantages of the integration of PV 
panels with heat pumps for DG purposes based on HRES to provide 
cooling or heating in addition to electricity. Franco and Fantozzi (2016) 
investigated the feasibility of small-scale integrated PV arrays with a 

heat pump for a residential building in Pisa, Italy. An HRES system 
consisting of solar collectors, a district heating network, and a heat 
pump is proposed and investigated by Kim et al. (2019) to provide the 
energy demands of a community in Jincheon, South Korea. Their pro
posed system results in up to 73% of primary energy savings compared 
to conventional gas-fired boiler systems. Buonomano et al. (2017) 
studied a CHP plant based on PVT, coupled with office buildings for 
different weather conditions in Italy. The momentous share of electricity 
and hot water demand in building is covered by their proposed system. 
The results indicated a reduction in energy saving and GHG emission 
respectively around 58.5% and 76.3%. Ibrahim et al. (2014). assessed 
the thermodynamic investigation of a BIPVT system integrated with a 
commercial building in Malaysia. The results highlighted that the hourly 
variation of PVT energy and exergy efficiencies are 55-62% and 12-14%, 
respectively. 

Based on a comprehensive literature survey on HRES for DG pur
poses, many research works are devoted to solar-powered CCHP sys
tems, and most of these works are focused on small-scale systems for 
single building applications. Hybridization of solar energy with another 
qualified renewable resource, namely geothermal one, is rarely noticed 
in literature for DG purposes. 

Fig. 2. Schematics of the smart hybrid system.  
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1.3. Research motivation and contributions 

Recent studies on DG systems have revealed that the incorporation of 
CCHP systems with hybrid renewable resources can help to enhance 
local power grid sustainability and reliability. Despite the environ
mental benefits, the economic and technical aspects of such an inte
gration of DG systems to the power grid should be evaluated, as 
renewable resources are intermittent naturally and strongly depends on 
weather conditions Ekanayake (2020). Considering these points, the 
contributions and objective of this paper can be summarized as:  

• Proposal of a novel hybrid solar-geothermal driven DG system to 
meet electricity, cooling, and heating demands for a small commu
nity as a case study.  

• Employment of adequate controllers in proper parts of the proposed 
system to monitor the energy production and consumption rates 
smartly to switch between appropriate operational modes and proper 
interaction with the local electricity grid  

• Dynamic modeling and transient performance simulation of the 
system 

• Analyzing the overall system and its components considering ther
modynamic, technical, and economic performance criteria. 

2. System description 

The benefits of DG systems and renewable energy resources can be 
more marked with appropriate integration to provide various energy 
demands, including electricity, heating, and cooling in various hours of 
a day and various days/seasons in a year. Fig. 1 illustrates the TRANSYS 
diagram of the proposed grid-connected CCHP system for a small urban 
area. As seen, the system consists of two main subsystems: the solar loop 
and the geothermal loop. In the solar loop via the PVT panels, the solar 
irradiation is transformed into electricity, and the waste heat of the PV 
panels is exploited for thermal applications as they are linked to a heat 
storage tank (Tank 1). The installed Pump 1 sends the water through the 
PVTs by receiving the control signal from Controller 3 when the ambient 
temperature is above 26∘C, while for lower ambient temperatures, Pump 
1 is off since the gained thermal energy from the PVT panels is not 
considerable. As can be seen, the PVT-generated power is a part of the 
net Power provided by the overall system. 

In the geothermal loop, the geothermal brine firstly enters the flash 

chamber through which the steam is separated from the saturated water. 
The former goes to Diverter 1 while the latter is reinjected via the 
reinjection well. For the summer operational mode (Tambient > 26∘C), the 
Diverter 1 receives a signal from Controller 1 and sends the exiting 
steam from the chamber into the Turbine 2 (chiller). The outlet pressure 
of this turbine is fixed at 100 kPa to provide the steam with a temper
ature of higher than 90∘C to drive the absorption chiller to meet the 
cooling in the summer mode. For operation in heating mode 
(Tambient < 26∘C), the exiting steam from the chamber is sent into Tur
bine 1 by the Diverter 1 via receiving a control signal from Controller 1. 
The outlet pressure of Turbine 2 is fixed at 60∘C, with a higher pressure 
compared to Turbine 1, to attain a higher power amount compared to 
Turbine 1. The exiting stream from Turbine 1 flows to Diverter 2, which 
receives ambient temperature signals from Controller 2. For winter 
mode, when the ambient temperature is below 10∘C, Diverter 2 sends 
the stream to the Heat pump to provide the heating effect for district 
heating demand. However, for the case when: 10∘C < Tambient < 26∘C), 
the Diverter 2 sends the steam into Tank 2 to provide domestic hot 
water. The modeling and operating strategy in this work is based on the 
fact that the produced power is firstly utilized to meet real-time demand. 
If there is no demand at the moment, it is then consumed to heat the 
water in the storage tank by the electrical coils. When the storage tank is 
fully charged, and there is no electricity demand, the extra power is 
transferred to the electricity grid. The operational process of the pro
posed system is demonstrated more clearly by its schematic diagram in 
Fig. 2. 

The main assumptions to model and analyze the system are as fol
lows (Gholamian et al., 2020b; Wang et al., 2018; Zhang et al., 2016):  

1 The pressure losses in the pipelines and the heat losses from the 
system are neglected.  

2 Changes in kinetic and potential energies are neglected.  
3 The weather conditions for a Chinese location are considered as the 

case study in this work.  
4 To absorb the rejected heat of condensation and absorption processes 

in the absorption chiller, a separate cooling tower is not considered. 

The given values in Table 1 are assumed for input data and param
eters for the system components. 

2.1. The weather data and case study 

Applying the real site data for solar and ambient conditions is a key 
factor to achieve the analytical and practical results for the proposed 
system. The weather conditions of a Chinese location are considered in 
this work. The hourly ambient temperature throughout the year and its 
duration curve are shown in Fig. 3. Also, the solar radiation and its 
duration curve are illustrated in Fig. 4. Fig. 3(a) indicates that the 
coldest and the hottest days of the year have temperatures of around 
–15.0

◦

C and 37.4
◦

C, respectively, indicating the necessity of providing 
both the cooling and heating energies. Fig. 3(b) shows the necessity for 
providing heating energy for more than 40% of the year, for which the 
temperature is below 10∘C. Also, Fig. 4(b) indicates that there exists the 
potential of solar energy for about 50% of the year, while for around 
30% of the year, the intensity of solar radiation exceeds around 200 W. 
h/m2. These data are taken from type 109 of TRNSYS software for a 
typical meteorological year (TMY2) (Compton & Rezaie, 2018; Ghola
mian et al., 2020b). 

As the case study, an urban area containing apartment complexes 
with 100 units, each of which has the power and hot water demands 
given in Fig. 5 and Table 2, is considered in this work. 

3. System modeling and analysis 

The performance of the proposed system is analyzed from exergy, 
energy, and economic viewpoints. In order to conduct a dynamic 

Table 1 
Input data (Compton & Rezaie, 2018; Gholamian et al., 2020b)  

Parameter Value 
PVT panel numbers 40 
PVT area (m2) 4 
Number of tubes 20 
Tube diameter (m) 0.01 
Bound thickness 0.01 
Bound width 0.01 
Emissivity 0.9 
Reflectance 0.15 
Reference electrical efficiency (%) 20 
PV cell reference temperature (◦C) 20 
Reference thermal efficiency (%) 50 
Modifier-temperature (%/◦C) –0.5 
Loss coefficient of heat storage tank (kJ/h.m2.K) 2.5 
Thermal efficiency modifier-temperature (%/◦C) – 0.2 
Set point temperature for storage tank (◦C) 60 
Pump efficiency (%) 70 
Chilled water temperature (◦C) 6.67 
Cooling water inlet temperature (◦C) 30 
Turbine efficiency (%) 90 
The total airflow rate of the heat pump (Lit/s) 100 
Fresh air Humidity ratio 0.008 
Maximum Blower Power for heat pump (kJ/hr) 671.1 
Interest rate (%) 20 
System economic life (year) 20  
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simulation on the system performance, the TRNSYS software is used as a 
transient modeling program with a modular structure. This software 
solves thermodynamic equations in a transient form based on the 
considered local weather conditions. Every system in TRNSYS contains 
several components interacting with each other Song et al. (2017). The 
components are identified by individual “Type” in this software. For the 
considered system, the components’ types are outlined in Table 3. De
tails on modeling equations for components in TRNSYS are available in 
TRNSYS mathematical reference (Reference, n.d.). 

3.1. Energy modeling 

The energy balance equation as the first-law principle, for a control 

volume that receives heat and generates power, can be written as (htt 
ps://www.sciencedirect.com/science/article/abs/pii/S095965262 
0350563, https://www.sciencedirect.com/science/article/abs/pii/S1 
359431120336577): 

dECV

dt
= Q̇ − Ẇ +

∑
ṁinhin −

∑
ṁouthout (1)  

3.1.1. PVT panels 
The energy balance relation can be applied for any point along the 

collector surface as Gholamian et al. (2020b): 

Q̇absorbed = Q̇loss,top,conv + Q̇loss,top,rad + Q̇loss, back + Q̇u (2)  

where Q̇loss,top,conv, Q̇loss,top,rad and Q̇loss, back denote for heat loss from the 
top and back of the panels. Also, Q̇u is the useful heat being added to the 
flow stream inside the collector. These parameters can be calculated as 
(Arabkoohsar et al., 2021; Luo et al., 2018): 

Fig. 3. Yearly variation of real ambient temperature for the considered location.  

Fig. 4. Annual variation of the solar irradiation for the considered location.  

Fig. 5. Load profile of power demand for the considered case study.  

Table 2 
Hot water demand for the considered case study (Arabkoohsar, 2019)  

Time Volume (Lit/s) Duration (min) 

10:00 218.4 15 
10:30 26.25 10 
11:15 218.4 2.5 
11:25 26.25 5 
11:40 73.5 7.5 
12:00 73.5 8 
22:00 218.4 15 
22:30 26.25 10 
23:15 218.4 2.5 
23:25 26.25 5 
23:40 73.5 7.5 
24:00 73.5 8  
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Q̇loss,top,conv = houterA
(

TPVT − Tamb

)

(3)  

Q̇loss,top,rad = hradA
(

TPVT − Tsky

)

(4)  

Q̇loss, back = A
Tabs − Tinside

RB
(5)  

Q̇u = ṁ10cP(T12 − T10) (6)  

The absorbed energy expressed by Eq. (2) can also be calculated as 
Behzadi & Arabkoohsar (2020): 

Q̇absorbed = GA(τα)(1 − ηPV) (7)  

In which G and A indicate total incident radiation and panel area. Also, 
τα is the transmittance-absorbance product for the PVT. 

The PVT power capacity can be expressed as Gholamian et al. 
(2020b): 

ẆPVT = GA(τα)ηPV (8)  

3.1.2. Absorption chiller 
An absorption chiller (single-effect) is used in the considered system 

to provide cooling. Referring to Fig. 2, the chiller is powered by the 
exiting hot stream from the turbine. The value of this input energy can 
be calculated as Gholamian et al. (2020b): 

Q̇Generator = ṁ4a(h4a − h5a) (9)  

The cooling capacity, which is assumed to be provided by entering 12
◦

C 
chilled water to the evaporator, can be calculated by: 

Q̇Cooling = Q̇Evaporator = ṁCh.W
(
hCh.W,i − hCh.W,o

)
(10)  

where hCh.W,i and hCh.W,o denote for the enthalpy of chilled water 
entering and exiting the evaporator. 

3.1.3. Heat pump 
In order to provide space heating, a heat pump with an air-cooled 

condenser is employed in which the inlet fluid (water) temperature to 
the evaporator is known. As indicated in Fig. 2, for winter operational 
mode, the exiting stream from the geothermal turbine flows to the heat 

Table 3 
Considered component types in TRNSYS for the main components (Gholamian 
et al., 2020b; Klein, 1988)  

Components Type Description 

Weather data Type 
109 

This component is applied to indicate the yearly 
weather information based on the typical 
meteorological year (TMY2) format 

PVT panels Type 
563 

Type 563 model the PVT panel with the highest 
efficiency that produces electricity, heat, and 
cooling simultaneously 

Pump Type 3 This component models a constant flow pump 
based on user-defined maximum mass flow rate 
ad power consumption 

Storage tank Type 4 Type 4 models the thermal storage tank 
integrated with an electrical coil for supplying 
the building’s hot water demand 

Absorption chiller Type 
107 

This component simulates the thermal-driven 
absorption chiller to generate cooling from hot 
water steam 

Flow diverter Type 
11 

Flow diverter valve works based on an external 
control signal to specify the split ratio of outlets 
to obtain a particular temperature 

Controller Type 2 Type 2 models the differential controllers chosen 
as a function of the difference between upper 
and lower temperatures 

Flow mixer Type 
11 

This type of valve mix two inlet streams into an 
outlet stream 

Heat pump Type 
505 

Type 505 models a single-stage liquid source 
heat pump working according to the user- 
defined input electricity and entering water 
temperature 

Turbine Type 
592 

This component simulates a steam turbine based 
on an isentropic efficiency approach to find the 
outlet stream’s properties 

Flash Chamber Type 
611 

Type 611 separates the liquid and vapor 
exhausted from the condenser/expansion valve 

Thermodynamic 
Properties 

Type 
58 

Type 58 delivers two unique independent state 
properties and calculate the remaining 
properties  

Table 4 
cost relations (Aali et al., 2017; Gholamian et al., 2020b)  

Component Cost relation 

PVT panel Z = c1APVT 

c1 = 1060.3 $/m2  

Heat storage tank Z = c2VTank 
c2 = 8945.7 $/m3  

Pump ZPump = c3 ẆPump
0.71 

c3= 3753.5 $/kWh0.71  

Valve (Diverter, tee 
piece, tempering 
valve) 

Z =159.8 $/unit 

Controller Z =314.4 $/unit 
Chiller Z = Q̇cooling(4253.7 × Q̇cooling

− 0.4662
)

Heat pump Z = 100× 2677× ẆHP
0.68  

Turbine Z = 6000× ẆTurbine
0.7  

Flash Chamber Z = 5.93×

exp(3.49 + 0.488 × Ln(VChamber) + 0.107 × Ln(VChamber))
2   

Fig. 6. Verification of the PVT panel’s power output (Kanyarusoke et al., 2016)  
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pump evaporator to evaporate the refrigerant. The refrigerant rejects 
heat in the condenser to the airflow, which comes from the ambient at 
the ambient temperature. Therefore, this heating capacity can be 
calculated by Gholamian et al. (2020a): 

Q̇Heating = Q̇Condenser = ṁair
(
hair,o − hair,i

)
(11)  

The air mass flow rate would be determined by applying the energy 
balance principle. 

3.1.4. Storage tank 
In order to provide a steady stream of hot water with the required 

temperature to the end-user, a tank integrated with an electrical heater 
using a multi-node strategy is employed. For the ith segment of the 
storage tank, the energy balance in time-basis mode can be expressed as 
Gholamian et al. (2020b): 

miCP
dTi

dt
=αiṁhCP(Th − Ti)+βiṁLCP(TL − Ti)+UAi(Tenv − Ti)

+ γiCP(Ti− 1 − Ti)+ γiCP(Ti − Ti+1)+ Q̇i (12)  

where αi, βi, and γi are the various control functions. Also, the ṁL and ṁh 
denote for the mass flow rate of water to the load and from the PVT. Th 
and TL indicate the water temperature entering the tank and the water 
temperature extracted to supply the load/grid. The U coefficient denotes 

for the heat loss coefficient from the tank to the surroundings and Q̇i is 
the heat input rate by the electrical heater to the ith tank node. 

The sensible heat rate which is provided by the tank for supplying the 
load can be explained as: 

Q̇L = ṁLcP(T12 − TL) (13)  

Also, the input heat rate to the tank via the hot stream is: 

Q̇h = ṁhcP(Th − TN) (14)  

Based on these relations, the water towards the load always comes out 
from the top node, while, the return water from the PVT enters the 
bottom node (the Nth node). 

3.2. Exergy modeling 

The exergy analysis is an essential investigation to evaluate the 
feasibility of novel thermodynamic systems based on the second law. 
With negligible variations in velocity and elevation and when no 
chemical reaction occurs, the only part of the exergy of a fluid stream is 
the physical one, defined as Gholamian et al. (2020b) (https://www.sci 
encedirect.com/science/article/abs/pii/S036054422031971X): 

Ė = Ėph = ṁ[(h − h0) − T0(s − s0)] (15) 

Fig. 7. Annually variation of the generated energy by the system.  
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The exergy destruction, as an indicator to show the correct inefficiencies 
in thermal systems’ components, is calculated from exergy balance 
relation as Behzadi et al. (2021) (https://onlinelibrary.wiley.com/doi/ 
abs/10.1002/er.6114): 

ĖD,k =
∑

Ėin −
∑

Ėout (16)  

where, Ėin and Ėout show the entering and exiting exergy flows to the 
component. 

To conduct the exergy analysis on the proposed hybrid system, the 
exergy input accompanying the solar irradiation is calculated by Hab
ibollahzade et al. (2018): 

Ėsolar irradiation =

[

1+
1
3

(
T0

Ts

)4

−
4
3

(
T0

Ts

)]

Q̇Sun (17)  

In which the T0 and Ts denote for the ambient and equivalent sun 
temperatures. 

3.3. Economic evaluation 

Economic considerations and system economic performance can be 
considered as vital aspects of energy systems. The aim of such an eco
nomic evaluation is usually to calculate the system product cost, which 
can be accomplished by combining conventional economic assessment 

and exergy analysis. (Bejan, n.d.). To conduct such an evaluation, the 
investment costs of the system, along with the operational costs, must be 
assessed. For the kth component, the overall cost rate can be expressed 
as Anvari et al. (2018) (https://www.sciencedirect.com/science/artic 
le/pii/S2772427121000127): 

Żk = ŻCI
k + ŻOM

k (18)  

where, ŻCI
k and ŻOM

k denote the investment and OM costs of the 
component. 

The capital recovery factor (CRF) can be used to convert the in
vestment cost of a constituent to the annual cost rate Behzadi et al. 
(2018) (https://www.sciencedirect.com/science/article/abs/pii/S0360 
319921023338): 

CRF =
ir(1 + ir)

n

(1 + ir)
n
− 1

(19)  

To estimate the investment cost of system constituents the relations 
given in Table 4 are used. 

3.4. Performance assessment 

The system performance is assessed from energy, exergy, and eco
nomic viewpoints. From the energy perspective, the net output power, 

Fig. 8. Annually variation of the generated energy by PVT panels.  
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output cooling, and output heating are the important performance pa
rameters. The net output power can be calculated as: 

Ẇnet = Ẇnet,PV + ẆTurbine − ẆAux (20)  

where, ẆAux denotes for the consumed power in the system by the 

pumps (PVT system and chiller) and compressor (heat pump) and the 
electric heater of the storage tank. Also, by the following relation the 
value of excess power which can be sold to the power grid can be 
determined: 

Ẇexcess = Ẇnet − Ẇdemand (21)  

The exergetic efficiency is the most important performance indicator 
from the second law perspective which can be expressed as Gholamian 
et al. (2020b): 

ηex =
Ẇnet + Ėcooling + Ėheating

Ėsolar irradiation + Ėgeothermal
(22)  

where, Ėcooling and Ėheating are the accompanying exergy with the pro
duced cooling and heating. Also, Ėsolar irradiation is the input exergy with 
solar energy as defined by Eq. (17) and Ėgeothermal is the input exergy with 
geothermal energy. 

From the economic standpoint, the unit cost of system products can 
be taken into account as a key performance indicator. For the considered 
CCHP system, this parameter is defined as Gholamian et al. (2020b): 

cp,tot =

∑nk
i=1Żk +

∑nF
i=1ĊF

∑np
i=1Ėp

(23)  

where ĊF denotes for the cost rate of entering fuels to the overall system 

Fig. 9. Annually variation of the generated electrical energy by the turbine.  

Fig. 10. System efficiency in different months.  
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and 
∑nk

i=1Ėp indicates the exergy rate of system products, including 
power, cooling, and heating. 

4. Results and discussion 

To validate the accuracy of developed models, a benchmark of PVT 
panels modeled in TRNSYS software is used in dynamic form. Fig. 6 
shows a good accuracy between the present model and the work carried 
out by Kanyarusoke et al. (2016) in which the maximum error reaches 
5%. 

The values of electrical energy, heating, and cooling production by 
the proposed smart energy system can be considered as the primary 
performance parameters. The hourly averaged values (along the year) of 
these parameters are plotted in Fig. 7. Fig. 7(a) indicates that the 
average generated electrical energy in the summer months is lower 

compared to winter/fall seasons, despite the higher electrical energy 
generation by PVT panels in summer for the sake of higher solar radi
ation. This is due to the lower produced power by the turbine in the 
summer months as its outlet stream is set to have a higher pressure (and 
temperature) to run the chiller in hot seasons. The proposed system can 
generate maximum electrical energy of around 28.7 kW.h, while its 
minimum value is around 6.1 kW.h in the summer months. Fig. 7(b) 
indicates that the proposed system can provide 153.9 kW.h cooling 
energy in the summer months, which is produced by the absorption 
chiller. Also, from Fig. 7(c) it is found that the average generated heating 
energy is higher in spring/summer seasons as the solar radiation is 
higher in these seasons. The chiller exiting stream provides a higher 
value of heating for domestic hot water (in Tank 1), as represented by 
Fig. 2. Of course, as shown in Fig. 7(c), in these seasons, lower heating is 
produced in night hours because no solar radiation exists and the heat 
pump is not operating. 

Fig. 11. System generated power in different months.  

Fig. 12. Yearly and monthly average unit product cost and of the system.  
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The PVT performance is undoubtedly a crucial factor affecting the 
overall system performance. Fig. 8 shows the annual variations of heat 
and power generation by the PVT panels. Also, the duration curves are 
indicated in this figure. As Fig. 8(a) and 8(c) indicate, the highest values 
of electrical energy and heat are generated during the summer days 
when the solar radiation energy is higher. The corresponding maximum 
values can reach around 12.5 and 43.4 kWh for the power and heat at 
the 3550 − 3600th hour of the year, respectively. Fig. 8(b) indicates the 
ability of PVTs to provide electricity for around 50% of the year. How
ever, the efficient heat generation by the panels is limited to around 27% 
of the year, for which the ambient temperature is high enough. 
Regarding these results, the standalone PVT system cannot provide total 
energy demand for the considered case study throughout the year. 
Therefore the hybrid solar-geothermal energy system is proposed. 

Fig. 9 represents the annual variation and duration curve of the 
generated electrical energy by the turbine, which is powered via 
geothermal energy. As can be seen, more electrical energy is generated 
when the system operates in heating mode compared to the operation in 
cooling mode. This is due to the higher turbine outlet pressure in cooling 
mode, which is necessary to provide the required higher temperature 
flow for running the chiller. Therefore in this mode, the turbine gener
ates lower energy. It can be seen from Figs. 9(a) and 9(b) that the turbine 
maximum electrical energy generation is around 16 and 6 kW.h, 
respectively, in winter and summer operational modes. Also, Fig. 9(c) 
indicates that the turbine generates lower power when the overall sys
tem operates under the cooling mode for around 10% of the time of the 
year (for higher ambient temperatures than 26∘C) and the rest of the 
year, the turbine generates higher power values which in this case the 
overall system operates in heating mode. 

The system exergy efficiency is shown in Fig. 10 for all the months of 
the year. Referring to this figure, lower efficiency values are obtained for 
cold climates and the winter season. This is rational because by 
decreasing the ambient temperature, the PVT panels generate lower 
electrical and heating energies. So, the rate of useful energy transferred 
from the sun to the working fluid reduces (please see Eq. (22)). The 
figure indicates the highest efficiency occurs in July with 55.9%, while 
its lowest value is obtained as 22.8% for December. 

Fig. 11 shows the values of generated power for 12 months of the 
year. Also, the figure represents the demand power and the power to/ 
from the grid. The last parameter indicates the surplus or shortage 
values for electrical energy, which can be transmitted to/from the grid. 
Referring to Fig. 11, in two months of the year, namely January and 
December, the generated electrical power by the proposed system is not 
enough to provide the demand for the considered community as the case 
study. This is due to the lower power generation by PVT panels in these 
months. Therefore, in these months, the shortage values of power as 

3076.6 and 4173.8 W.h should be bought from the grid. However, for 
the rest ten months of the year, the proposed system generates more 
extra power than that is required for the considered case study. This 
surplus power can be sold to the grid to compensate for some of the 
expenses of the considered energy system. The maximum value of extra 
power is obtained in May and September by more than 97000 kW.h. This 
is why in these months, the ambient temperature is around the indoor 
comfort temperature, and the heating/cooling subsystems operate with 
lower capacity and consumes low power. 

To indicate and evaluate the system’s economic performance, the 
unit product cost of the system is calculated and illustrated in Fig. 12. 
The figure shows higher cost values in the summer season, which can 
mainly be attributed to the higher cost of cooling production in summer 
and also the lower value of net power produced in summer. Also, the 
lower values for unit product cost obtained in winter are mainly due to 
the higher power production by the turbine, as shown in Fig. 9(a). From 
Fig. 12(b), the highest and the lowest values of unit product cost is 
obtained for January and July, respectively, as 8.38 and 32.77 $/GJ. 

To have e better view of component-level system performance, the 
components’ cost rate (Żk) and exergy destructions are outlined in 
Table 5. These results are presented for the coldest and hottest hour of 
the year as the most critical operating cases. Based on the 2nd law of 
thermodynamics, the main sources of exergy destruction are mixing, the 
high-temperature difference between the fluids, and chemical reaction. 
It can be seen that the highest exergy destruction value is obtained for 
the turbine. The turbine operating in winter mode (heating mode) has a 
higher exergy destruction value as it works with a higher load in this 
case. The table further reveals that PVT panels are another source of 
irreversibility due to the high-temperature difference between the sun 
and the working fluid. Also, referring to Table 5, the chiller and PVT 
panels have the most significant values of cost rates among the system 
components. The higher value for the chiller’s cost rate is the main 
responsible for having a higher overall system cost rate, as a result of 
which a higher value for unit product cost is attained for the hottest hour 
of the year. 

5. Conclusions and recommendations 

In this paper, a novel hybrid renewable energy-based smart energy 
system is proposed to meet the power, heating, and cooling demands of a 
small community as the case study. The system consists of solar PVT 
panels, thermal storage tanks, a turbine, an absorption chiller, and a 
heat pump. No battery is incorporated into the system to make it 
cheaper, while the system has a two-way interaction with the local 
electricity grid. Transient performance analysis is conducted based on 
technical, thermodynamic, and economic criteria using TRNSYS soft
ware. It is concluded that the standalone PVT system cannot provide 
total energy demand for the considered case study throughout the year. 
Therefore the hybrid solar-geothermal energy system is proposed. The 
results also revealed that the system not only provides the annual 
electrical demand for the considered case study but also a considerable 
amount of excess power is produced, which can be sold to the power grid 
to compensate for some expenses of the system. Other essential findings 
can be summarized as:  

• The highest and the lowest exergy efficiency for the proposed system 
is attained in July and December with the values of 55.9% and 
22.8%, respectively.  

• In January and December, the generated electrical power by the 
proposed system is not enough to provide the demand for the 
considered case study. However, for the rest ten months of the year, 
the proposed system generates considerable extra power than the 
case study demand.  

• The highest and the lowest values of system unit product cost are 
obtained for January and July, respectively, as 8.38 and 32.77 $/GJ. 

Table 5 
Components cost rates and exergy destruction  

Component Żk for the coldest 
hour of the year 
($/h)  

Żk for the hottest 
hour of the year 
($/h)  

Exergy 
destruction (kW. 
h) 

Flash chamber 6.368 6.368 2354.9 
Valves 1.1 1.1 510.38 
Turbine (in 

cooling mode) 
0 9.5 13179 

Turbine (in 
heating mode) 

19.2 0 21965 

Pump 0 1.2 94.1 
PVTs 36.3 36.3 2670.1 
Tanks 25.7 25.7 1817 
Chiller 0 44.2 1660 
Heat Pump 8.36 0 2540 
Controller 2.3 2.3 0 
Overall system 99.33 126.67 46790.5 
Unit product 

cost ($/GJ) 
7.89 48.1 -  
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• The highest exergy destruction values are obtained for the turbine 
and the PVT panels.  

• The absorption chiller and PVT panels have the largest values of cost 
rates among the system components. 

Eventually, some recommendations for future extension of the 
studied research can be suggested as below: 

• Analyzing and comparing techno-economic-environmental in
dicators of the studied system against the same system equipped with 
other types of chiller or solar collector.  

• Studying the feasibility of adding PVTC (Photovoltaic thermal 
cooling) panels that works based on radiative cooling at night for 
multi-generation of electricity, heat, and cooling.  

• Applying multi-objective optimization to the proposed system to 
ascertain the most operating condition from various facets 
simultaneously. 
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