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Abstract 13 

Utilizing the solar and geothermal energy in space heating systems can save 14 

fossil fuels and reduce emissions. In this study, compound parabolic concentrator 15 

(CPC) photovoltaic/thermal collectors (PV/T), absorption and ground source heat 16 

pumps are integrated to a novel space heating system for use in hotel and office 17 

buildings. A full simulation model of the system was constructed and validated. The 18 

Engineering Equation Solver software was used to solve the mathematical equations 19 

of the subsystems. The heating system was analyzed against its energy, environmental, 20 

economic, and flexibility performance using multiple variables including the PV 21 

coverage ratio, ambient temperature, solar beam irradiance, and electricity price. The 22 
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results show that integrating solar and geothermal energy can be effective to 23 

supplement the space heating demand. The best integrated performance point of the 24 

office building gave a 33% energy saving ratio, an annual cost savings ratio of 32%, 25 

23% emission reduction ratio, and 67% excess adjustable ratio compared to a pure 26 

ground heat pump system. For the hotel building, the highest energy saving ratio was 27 

38% and the annual cost saving ratio 10%, respectively. This research provides new 28 

directions of integrated performance evaluation of heating systems assisted by 29 

renewable energy resources. 30 

 31 

Keywords: photovoltaic/thermal collectors, ground source heat pump, multi-criteria 32 

analysis, integrated performance, external variables 33 

 34 

Nomenclature  

AHP Absorption heat pump 

CPC Chilled water 

EES Engineering Equation solver 

GSHP Ground source heat pump 

PV/T Photovoltaic/thermal collectors 

RMSE Root-mean-square error 

TES Thermal energy storage 

Symbols  

A Area, m2 
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ACSR Annual cost saving ratio, % 

AR Adjustable ratio, % 

C Annual cost, $ 

COP Coefficient of performance 

E Electricity, kWh 

EER Emission reduction ratio, % 

ESR Energy saving ratio, % 

F Fossil fuel, kWh 

IP Integrated performance, % 

k Carnot cycle 

m Mass flow, kg/s 

Q Thermal energy, kWh 

R Ratio, % 

T Temperature, K 

  Concentration of LiBr solution 

  Efficiency, % 

  Electrical efficiency of power plant 

  Weight, %  

  Price of electricity, $/kWh 

  Maintenance cost coefficient, % 

Superscript/ Subscript  

fossil Fossil fuel 

u

h

d

µ

gridw

q
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geo Geothermal energy 

grid Power grid 

i i-th hour 

in/ou Inlet/outlet 

invest Investment 

j j-th pollutant 

main Maintenance 

operate Operation 

ref Reference system 

sol Solar energy 

sys/hybrid Hybrid system 

 35 

1 Introduction 36 

Heating systems assisted by renewable energy can utilize local resources, 37 

reduce emissions, and save fossil fuel [1]. Often the research focus of such systems 38 

has been on heating systems assisted by solar [2], wind [3], biomass [4] and 39 

geothermal [5] energy. Among these options, solar energy is a promising alternative 40 

due to its easy utilization, environmental friendliness and economic aspects. 41 

Building heating loads can directly be connected to solar devices with low or 42 

medium temperatures such as evacuated tube collectors [6], flat plate collectors [7], 43 

and parabolic trough collectors [8]. Solar-assisted heat pumps can also be used [9] and 44 

they have demonstrated major environmental [10] and economic [11] improvements 45 
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compared to conventional residential heating systems.  46 

To improve the total efficiency and reduce material needs, photovoltaic/thermal 47 

collectors [12] are proposed by integrating PV modules into conventional flat plate 48 

collectors [13]. The PV/T units can be coupled with air [14] or water heat pumps [15], 49 

and with ground source heat pumps (GSHP) [16]. The heat from the PV/T is then 50 

utilized directly for heating or/and for the evaporator of the heat pump [17], while the 51 

electricity is fed to the heat pump compressor. In a hybrid GSHP and PV/T hybrid 52 

system [18] the performance of both subsystems improved due to the cooling water. 53 

Compared to a PV-GSHP system, a GSHP coupled to PV/T [19] reduces the 54 

installation cost and roof area needed. The PV/T can be utilized as an evaporator [20], 55 

and the electrical output from the PV/T drives the compressor. The PV/T-assisted heat 56 

pumps can be more cost-effective [21] and sustainable [22] than other heating 57 

systems.  58 

A PV/T system can also linked to a absorption heat pump (AHP) to supply the 59 

space heating demand [23]. Here we propose a hybrid heating system which consists 60 

of a PV/T-unit employing compound parabolic concentrator technology (CPC) with a 61 

concentration ratio of 2 [24] coupled to both absorption heat pump and vapor 62 

compression GSHP. The aim is to assess the usefulness of such systems, not reported 63 

previously.  64 

Compared to previous works, the present study expands published literature [24] 65 

by incorporating the following new system features: (1) An AHP is also employed for 66 

increased utilization of renewable energy; (2) The proposed system is used to meet the 67 
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heating demand for different building types; (3) a multi-criteria evaluation of the 68 

proposed system is performed. 69 

To assess the integrated performance of the proposed hybrid system, a simulation 70 

model based on the Engineering Equation Solver (EES) [25] software is used to with 71 

representative cases of sample buildings. Original contributions presented here 72 

include the following ones: (1) Novel hybrid system integrated with PV/T, AHP, and 73 

GSHP for effective utilization of local renewable resources; (2) Evaluation of the 74 

integrated performance of the hybrid system based on energy, environment, economy 75 

and flexibility analysis for a hotel and an office building; (3) A combination of solar 76 

and geothermal energy sources is employed. 77 

The paper is organized as follows: Section 2 shows the energy flowchart, 78 

thermodynamic models, and evaluation criteria of theproposed system. Section 3 79 

gives the main results of the analyses. Section 4 provides a discussion on the 80 

sensitivity of the results against the key parameters. Section 5 gives the conclusions. 81 

 82 

2 Hybrid heating system and evaluation criteria 83 

2.1 Layout of hybrid system 84 

The energy flow of proposed system is illustrated in Fig. 1, including the flows 85 

of CPC-PV/T, AHP, GSHP, and thermal energy storage (TES) units. The  86 

temperature levels of the states in the simulation are summarized in Table 1. 87 

A CPC-PV/T cconverts the solar irradiance into solar electricity and solar 88 

thermal energy [26]. The solar thermal energy is spilt into two parts, which are fed to 89 
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the TES and AHP units, while the solar electricity supplies the electricity of the 90 

GSHP. 91 

A single-effect AHP is selected to generate the first part of the space heating 92 

(states 9/13) by absorbing solar heat (in the generator of the AHP) and ground source 93 

water (in evaporator of AHP). The internal working principle of the AHP can be found 94 

in [27]. The GSHP [28] can supply the space heating (states 10/12) by utilizing the 95 

solar electricity (state 1) from the solar device and heat from the ground soil (states 96 

15/19). 97 

In total, the heating (states 8/11) from the AHP and GSHP is utilized to fulfill the 98 

space heating load. The heating demand of the hotel and office building types (Fig. 2) 99 

are considered here for the simulation. The TES -unit can store the excess solar heat 100 

during higher solar irradiance conditions, and discharge heat during lower solar access. 101 

Moreover, the GSHP can use grid electricity (state 14) to compensate for a power 102 

shortage, when solar is insufficient. It is assumed that the grid electricity is based on 103 

coal-fired supercritical power plant with a the total electrical efficiency of3 8% [29].   104 

In this study, a separate GSHP system is selected as the reference system 105 

employing grid electricity [29]. Compared to the reference system, the proposed 106 

heating system can effectively save fossil fuel, because of the utilizations of solar 107 

thermal energy in AHP and solar electricity in GSHP to generate the space heating, 108 

and reduce the grid electricity consumption. 109 

The models of each unit constructed by EES [25] are summarized in Table 2, and 110 

during the simulation. The losses in transferring and transforming electricity from the 111 
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CPC-PV/T as well as the temperature drop of the ground soil are neglected here,  112 

 113 

Table 1. Basic temperatures of the heating system in Fig. 1 [24]. 114 

Parameters Value, K 
Inlet temperature of solar unit 353  
Outlet temperature of space heating 323 
Inlet temperature of space heating 313 
Outlet temperature of ground water 310 
Inlet temperature of ground water 292 
Temperature difference of inlet (T3) and outlet (T6) states of TES 278 

 115 

 116 

Fig. 1 Energy flows of the proposed heating system. 117 

Table 2. Subsystem models.  118 

Unit Mainly equations Reference 
PV/T   [26] 
GSHP  [28] 
   
AHP  [27] 
     

Ground source 
heat pump

(GSHP)

Absorption
Heat pump

(AHP)

1

photovoltaic/thermal 
collector (CPC-PV/T)

Thermal energy
Storage (TES)

Ground
Soil

Power
Grid

2
3

4
5

6

7

8

9

1011
12

13
14

15

16
17

18
19

20

V1/1

V1/2 V2/1 V2/2

V3/1

V3/2

V4/1

V4/2
Space heating 

water
Solar hot 

water Electricity Geothermal water

Space Heating

2/5 1 , /sol lo PV TQ Q E Q= + +

10/12 15/19 1/14 ,lo GSHPQ Q E Q= + +

10/12 1/14GSHPQ COP E= ×

9/13 4/5 6/7 16/18 ,lo AHPQ Q Q Q Q= + + +
t t t
in out loQ Q Q= + t t

in oum m=
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TES  [30] 
   

where , , , ,  are thermal energy, electricity, mass flow, efficiency, 119 

concentration of LiBr solution, respectively.  is the coefficient of performance. 120 

The subscripts sol, lo represent the solar irradiance and loss, in, and ou represent the 121 

inlet and outlet. The subscript numbers refer to the states in Fig. 1. 122 

The models of the subsystems were validated by comparing the simulation 123 

results with literature [24], the RMSEs of PV temperature in PV/T, capacities of AHP, 124 

and COP of GSHP are 7%, 2%, and 5%, respectively. The heat transfer efficiency of 125 

TES is set at 80% based on [30]. 126 

2.2 Evaluation criteria 127 

A set of evaluation criteria are proposed against energy, environment, economy, 128 

and flexibility analysis, to access the performance of hybrid heating system. 129 

2.2.1 Energy 130 

The energy resource, energy efficiency and energy saving potential criteria are 131 

constructed in the next. 132 

(1) Ratio of utilized electricity from PV/T 133 

Because of intermittency and lower density of solar energy, the electricity 134 

consumed in GSHP is met by power grid and PV/T. The ratio of utilized electricity 135 

from PV/T is defined [24]: 136 

                          (1) 137 

where , and  are the electricity from PV/T and power grid, respectively. 138 

t t t t
in in ou oum mu u= 9/13 4/5 6/7/ ( )AHPCOP Q Q Q= +

3/5 6/7 ,lo TESQ Q Q= +

6/7 4/5/TES Q Qh =

Q E m h u

COP

/
, / 100%PV T
E PV T

grid

ER
E

= ´

/PV TE gridE
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 is the ratio of utilized electricity from PV/T to grid electricity consumption of 139 

GSHP. 140 

 (2) Energy efficiency  141 

The energy efficiency ( ) is defined as the ratio of energy total output to 142 

energy consumption [31]: 143 

                  (2) 144 

                         (3) 145 

where , , and  are the consumption of fossil fuel, geothermal energy 146 

and solar energy, respectively.  is the total electric efficiency of the coal fired 147 

supercritical power plant, 38% [29]. i is the ith of the whole year (8760 hours). 148 

(3) Energy saving benefit 149 

The energy saving benefit of proposed system can be expressed by the energy 150 

saving ratio ( ). Relied on the levelized principles of renewable resources to 151 

equivalent fossil fuels in [24]. The energy saving benefit ( ) is related to the 152 

performance of reference and proposed heating systems, and can be calculated [26] 153 

                    (4) 154 

                       (5) 155 

                       (6) 156 

, /E PV TR

sysh

8760

0
8760

0

( )
100%

( )

i i
AHP GSHP

i
sys

i i i
fossil geo sol

i

Q Q

Q Q Q
h =

=

+
= ´

+ +

å

å

/i i
fossil gridQ E d=

fossilQ geoQ solQ

d

ESR

ESR

8760

0
8760

0

( )
100%

i i
ref hybrid

i

i
ref

i

F F
ESR

F

=

=

-
= ´
å

å

2(1 )
ref
grid ref

ref geo

E
F Q k

d
= + ´ -

hybrid
grid

hybrid geo sol

E
F F F

g
= + +
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                  (7) 157 

                           (8) 158 

where , , and ,  are the consumption of fuels for proposed 159 

system, reference system and equivalent consumption of solar and geothermal 160 

resources, respectively. is the PV coverage ratio, which defined as 161 

the ratio of PV module area ( ) to area of PV/T ( ).  is the Carnot cycle 162 

efficiency.  163 

2.2.2 Environment 164 

In this study, the life-cycle chain emissions of CO2, SO2, NOx, and PM2.5 are 165 

considered. The emission reduction ratio of hybrid system is calculated [24]:  166 

                          (9) 167 

                              (10) 168 

where  is the emission reduction ratio for jth pollutant in life cycle period,  169 

is the weight of each pollutant. 170 

2.2.3 Flexibility  171 

Due to the heat and electricity output from the CPC-PV/T subsystem, the hybrid 172 

system has a larger ability to adjust to the space heating output. Here, an excess 173 

adjustable ratio, , is defined as a ratio of the total space heating output from 174 

CPC-PV/T to the space heating load [32]:  175 

               (11) 176 

/
/ 1(1 ) (1 ) PV T

sol PV PV T
EF R Q k
d

= - ´ ´ - +

2(1 )hybrid
geo geoF Q k= ´ -

hybridF refF solF geoF

//PV PV PV TR A A=

PVA /PV TA k

j jERR ERRµ=å

1jµ =å

jERR jµ

AR

8760

/
0

8760

0

( )
100%

( )

i i
AHP PV T GSHP

i

i i
AHP GSHP

i

Q E COP
AR

Q Q

=

=

+ ´
= ´

+

å

å
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where  is the adjustable ratio of hybrid system.  177 

2.2.4 Economy  178 

The annual cost saving ratio ( ) is used to evaluate the economic benefit of 179 

hybrid system [33]: 180 

                    (12) 181 

where  and  are the yearly cost of reference and hybrid systems, 182 

respectively. 183 

The annual cost  is the sum of annual investment cost ( ), annual 184 

operation cost ( ) and annual maintenance cost ( ):  185 

                      (13) 186 

                       (14) 187 

                          (15) 188 

where  is price of electricity [24].  is the maintenance cost factor (3%) [34]  189 

2.2.5 Integrated performance 190 

The integrated performance of proposed system ( ) is chosen to assess the 191 

performance of hybrid heating system. The integrated performance can be described 192 

by the following equation [35]: 193 

            (16) 194 

where , ,  and  are the respective weights of ESR, ERR, ACSR and 195 

AR, which are set to 25% each [35]. 196 

 197 

AR

ACSR

100%ref hybrid

ref

C C
ACSR

C
-

= ´

refC hybridC

C investC

operateC mainC

invest operate mainC C C C= + +

8760

0
( )i

operate grid grid
i

C Ew
=

= ´å

main investC Cq= ´

gridw q

IP

1 2 3 4IP ESR ERR ACSR ARµ µ µ µ= ´ + ´ + ´ + ´

1µ 2µ 3µ 4µ
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3 Results  198 

The main results on the building load and performance of the hybrid heating 199 

system are described in the next. 200 

3.1 Building loads 201 

A hotel building and an office building each with rooftop area of 500 m2 in 202 

Beijing, China were selected as the cases. The building structures have the following 203 

features: (1) The aggregate stature of building is nearly 11 m. (2) 30% of perimeter is 204 

covered by windows. (3) The average heating setpoint temperature is 296 K [36]. The 205 

hotel building is operated for 24 hours a day while the office building operates from 8 206 

am to 8 pm. The heating load of the buildings varies from 0 to 300 kW is displayed in 207 

Fig. 2(a). The hourly ambient parameters (year 2015) in Fig. 2(b), are obtained from 208 

the Energy plus software [37]. 209 

 210 
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     211 

Fig. 2 Yearly building loads and ambient parameters: (a) Heating load of hotel and office buildings 212 

(b) ambient temperature and solar beam irradiance.  213 

 214 

The simulation procedure of the proposed heating system is illustrated in Fig. 3. 215 

Firstly, the weather, building and technical parameters are calculated in the 216 

thermodynamic models of the heating system to assess the energy consumption. Then 217 

the evaluation criteria are used to check the multi-criteria performance to determine 218 

the integrated performance of the hybrid heating system. The technical parameters are 219 

mainly containing the capacities of subsystems, the installation areas of solar devices, 220 

electricity price of grid electricity and other skills. 221 
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 222 

Fig. 3 Simulation procedure of the proposed heating system. 223 

 224 

3.2 Nominal capacities of subsystems 225 

The nominal capacity of the GSHP is determined by the largest heating load, 300 226 

kW. Taken the shading and maintenance area into consideration, the installation area 227 

of CPC-PV/T is 328 m2, two PV/Ts are installed in series, while 82 sets of units are 228 

connected in parallel, based on the installation parameters in [26]. 229 

The TES tank is an essential component to charge or discharge thermal energy. 230 

In this study, the capacity of TES is determined by the average daily demand and 231 

ambient parameters of yearly parameters in Fig. 2(b).  232 

The thermal capacities of TES for the office and hotel buildings are 30% and 233 

20% times that of the thermal output from CPC-PV/T in standard conditions. As Fig. 234 
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4(b) shows, the contributions of AHP quickly increase to maximum values, (16% for 235 

hotel building and 33% for office building) and are then constant with an increasing 236 

capacity of TES. The lower capacity of the TES tank corresponds to higher loss of 237 

solar thermal energy, because excess heat cannot be charged into the TES, and it 238 

therefore corresponds to a lower space heating output and a lower contribution of 239 

AHP. When the capacity of the TES is larger than the critical values, the investment 240 

cost is higher due to the higher capacity. Compared to the hotel building, the share of 241 

AHP is almost 2 times higher for the office building compared to the hotel. This can 242 

be explained by the operating schedule of the office building. 243 

On the other hand, the capacities of the AHP are 70% and 80% of the solar 244 

thermal output in standard conditions (solar irradiance 1000 W/m2, ambient 245 

temperature 298 K) for the office and hotel building types. In higher irradiance and 246 

lower demand conditions, the AHP can supply the whole load, while in lower 247 

irradiance and higher load conditions, AHP can meet the load by absorbing heat from 248 

CPC-PV/T and TES units, the shortages being fulfilled by the GSHP. 249 

 250 



17 
 

 251 

      252 

Fig. 4 Building and environment parameters of typical days and share of output from AHP with a 253 

capacity of TES for a typical day. 254 

 255 

3.3 Performance over a whole year 256 

The performance indicators of the hybrid system for the two building are listed 257 

in Table 3, based on the PV/T with 100% PV coverage ratio. For the hotel building, 258 

 is 7%, with a yearly total space heating output of 84.6 MWh from the 259 

CPC-PV/T. The share of GSHP is 93%, i.e. 15 times higher than . This is mainly 260 
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because of the intermittency and lower power density of the solar irradiance.  261 

is around one fifth (22%) of the total electricity consumption. The  is 27%, and 262 

slightly lower than the energy saving ratio calculated by the method in [33], 30%. The 263 

environmental and economic performance expressed by the  and  are 264 

13% and 10%, indicating environmentally-friendly performance of the hybrid system. 265 

The  is 28% (Eq. 11), which shows excellent adjustable performance of the 266 

proposed system, because the system can cover more higher load conditions caused 267 

by other uncertain parameters, while the reference system can only fulfill the 268 

conditions when the load is lower than 300 kW. [38].  269 

Because of the operating schedule of the office building, the  (17%) is 270 

higher than that of the hotel building. Owing to the higher contribution of CPC-PV/T, 271 

the  is lower than in the case of the hotel. Compared to the hotel building, the 272 

sample office obtains higher energy, environmental, and flexible benefits, but a lower 273 

economic performance, due to the higher investment cost and lower operation period. 274 

The integrated performance of the hotel building is lower than the performance 275 

of the office building, which shows the higher overall performance obtained by office 276 

building. 277 

Table 3. Performance of the hybrid system with hotel and office buildings. 278 

Parameter Hotel, % Office, % Parameter Hotel, % Office, % 
RE,PV/T 22 58 ACSR 10 9 
ηsys 38 34 AR 28 67 
ESR 27 32 IP 19 33 
ERR 13 23    

   279 

, /E PV TR

ESR

ERR ACSR

AR

AHPR

sysh
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 280 

Fig. 5. Energy loss ratio of the subsystems. 281 

 282 

For the whole year, the CPC-PV/T subsystem converts 13% of the beam solar 283 

irradiance (459 MWh) to solar electricity (61 MWh), and 9% to solar thermal energy 284 

(43 MWh). Compared to the energy efficiency of the CPC-PV/T in [39] with the inlet 285 

temperature, 343 K , a 26%, higher efficiency was achieved in this study due to a 286 

higher inlet temperature to the CPC-PV/T subsystem, 353 K in Table 1. The energy 287 

losses of each component expressed in terms of an energy loss ratio (the ratio of 288 

losses of each component to the total losses), are illustrated in Fig. 5, ranked in 289 

decreasing order GSHP, CPC-PV/T, AHP and TES for both the hotel and office 290 

buildings. However, the energy efficiency of the GSHP (50% for office and 48% for 291 

hotel) is higher than the efficiency of CPC-PV/T, due to the longer operation period of 292 

the GSHP. Compared to the hotel building, the losses of the GSHP in the office 293 

building are lower, while other ratios for the office are higher, which results from the 294 

different operation schedule of the sample buildings.  295 
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4 Sensitivity analyses 296 

In the next, the sensitivity of the performance against external conditions 297 

including PV coverage ratio, weather parameters and off-grid price of electricity are 298 

discussed to address the dynamic characteristics of the hybrid heating system. 299 

4.1 Impact of the PV coverage ratio 300 

The variation of the performance of the hybrid system with PV coverage ratio is 301 

displayed in Fig. 6. From Fig. 6(a) as the PV coverage ratio increases from 0 to 1, the 302 

, , and  increase steeply for both the hotel and office buildings, 303 

while the contribution of the AHP decreases because of the dropping thermal output 304 

from solar unit. Compared to the hotel building (0%-22%), the  (0%-58%) of 305 

the office increases faster, because the office building only operates in the daytime. 306 

The value of for hotel is larger than that of the office building with the same PV 307 

coverage ratio, due to the lower energy density of solar irradiance. Analyzing the 308 

levelized  for the hybrid system, when the PV coverage ratio decreases to 10%, 309 

the  decreases almost 1% and 2% for the hotel and office building, respectively.  310 

The environmental, economic benefits and flexible performance of the hybrid 311 

heating system in Fig. 6(b) expressed by the life-cycle , ACSR and . The 312 

trends of , ACSR and  are similar for both buildings, increasing slowly at 313 

first and then rapidly. When the PV coverage ratio varies from 0 to 1, the , 314 

ACSR and  increase by 6%, 8% and 7% for the hotel, and raise 12%, 11%, and 315 

18% for the office, respectively. Compared to the conventional environment criterion 316 

in [22], the  (7% to 13%) in this study is higher than the  (7% to 13%) in 317 

, /E PV TR sysh ESR

, /E PV TR

sysh

ESR

ESR

EER AR

EER AR

EER

AR

EER EER



21 
 

[27] due to the differences in pollutant emissions in material and construction 318 

processes. The share of emissions in the material and construction process is 1% of 319 

the emissions in operation and maintenance stages of the hotel. It is noted that when 320 

the PV coverage ratio is < 25%, the ACSR is < 0 for the office. This means that the 321 

proposed system has no economic benefit, which results from the higher initial 322 

investment cost and lower contribution of the CPC-PV/T subsystem. The hybrid 323 

system obtains the highest , 67% and 72% for different buildings, respectively, 324 

when the PV coverage ratio is 1, and the system can easily be adjusted to the different 325 

loads.  326 

The variation of integrated performance (IP) has similar trends with economic 327 

and environmental performance: The IP increases with higher gradient as the PV 328 

modules increase for both hotel and office buildings (Fig.6(c)). For the considered 329 

rang of PV ratio, the IPs increase 56% and 85% for hotel and office building types, 330 

respectively.   331 

AR
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 334 

Fig. 6 Variation of performance of the hybrid system with PV coverage ratio (a) Energy 335 

performance, (b) Environmental, economic and flexible performance, (c) Integrated performance.  336 

 337 

4.2 Impact of ambient temperature  338 

The ambient temperature has a major influence on the performance of the 339 

CPC-PV/T subsystem and also indirectly on the hybrid system. The performance of 340 

the hybrid system as a function of the ambient temperature is displayed in Fig. 7.  341 

Increasing ambient temperature reduces the heat losses of the solar thermal 342 

system, but it has a negative impact on solar electricity through the increased PV 343 

module temperature. For each 1 K increase in the ambient temperature, the solar 344 

thermal energy output raises by 4%, while the solar electricity decreases slightly (< 345 

1%). Similarly, the share of AHP increases by 4% and the output of GSHP decreases 346 

slightly for the hotel case.  347 

In Fig. 7(a), the ambient temperature has an opposite effect on  and , 348 sysh ,E PVTR



24 
 

but a positive influence on the ESR: With decreasing ambient temperature (10K), the 349 

 linearly increases from 37% to 38% for the hotel case, and from 33% to 34% for 350 

the office, because of decreasing geothermal energy consumption, which results from 351 

the dropping output from AHP, although the fossil fuel demand is increased. The 352 

office building is more sensitive to ambient temperature fluctuations for the whole 353 

temperature range considered. 354 

In Fig. 7(b), an increasing ambient temperature improves the environmental and 355 

economic performance, while having a negative impact on the flexibility criterion 356 

(AR). The ERR is increased which can be explained by decreasing fossil fuel 357 

consumption. On the other hand, the ACSR decreases due to the increasing cost of 358 

thermal utilization units (TES, AHP) resulting from the increasing thermal solar 359 

output. The AR raises from 28% to 30% for the hotel, and from 67% to 72% for the 360 

office. The variation is higher in the office building case due to the lower operating 361 

period. 362 

Based on both energy, environment, economy, and flexibility analysis mentioned 363 

above, the ambient temperature change has a positive influence of the IP for the both 364 

building types. With a +10 K change in Fig. 7(c), the IPs increase by 1% and 2%, 365 

respectively. 366 

         367 

sysh
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 370 

Fig. 7. Performance of the heating system with a change in the ambient temperature. (a) Energy 371 

performance, (b) environmental, economic and flexible performance, (c) integrated performance. 372 

 373 

4.3 Impact of solar irradiance 374 

The solar irradiance has a strong impact on the output of the solar collecting 375 

device (CPC-PV/T in this study). The solar irradiance is varied here by +/- 20% in Fig. 376 

8 to see how the system performance responds to the change. 377 

When the solar irradiance increases 20%, the share of the AHP and solar 378 

electricity reach their maximum values of 12% and 27% for the hotel, and 30% and 379 

78% for the office, respectively, due to higher thermal and electricity outputs from the 380 

solar energy system, which increase by 65% and 15%, respectively. Consequently, the 381 

share of the GSHP decreases by 10%. The fossil fuel usage and the geothermal energy 382 

consumed (GSHP and AHP) decrease at the same time, because of the higher output 383 

of CPC-PV/T. The energy efficiency of the CPC-PV/T subsystem varies from 19% to 384 

25% as the solar irradiance changes by -20% to +20%.  385 
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Because of the higher solar thermal energy output, the  of the hybrid system 386 

drops by almost 1% for both two building types, when the solar irradiance changes 387 

from -20% to +20% (Fig. 8(a)). Simultaneously the consumption of fossil fuel and 388 

geothermal energy drops, and the ESR raises from 25% to 30% (hotel) and from 28% 389 

to 37% (office), although the levelized solar energy increases with increasing solar 390 

irradiance.  391 

The higher solar beam irradiance level improves the ACSR and ERR by 6% for 392 

the hotel, respectively. This is because the cost of fossil fuel consumption decreases 393 

faster than the annual investment cost of the TES and the AHP increases. Analyzing 394 

the AR in Fig. 8, the solar irradiance has similar impacts on the trend of AR: when the 395 

irradiance varies from +20% to -20%, the AR decreases by 16% for the hotel, and 396 

39% for the office. 397 

The IP increase linearly for both two buildings in Fig. 8(c): the IP raise from 398 

15% to 23% (hotel) and from 25% to 48% (office). It can also be concluded that the 399 

office is more sensitivity on the IP with variable irradiance than hotel building. 400 

sysh
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 403 

Fig. 8. Variation of performance of the hybrid system with solar beam irradiance. (a) Energy 404 

performance, (b) environmental, economic and flexible performance, (c) integrated performance. 405 

4.4 Impact of electricity price 406 

The price of electricity consumed by the GSHP has a major impact on the 407 

economic performance of the hybrid heating system. Based on the electricity price in 408 

[24], the electricity price is here varied by +/-30% in Fig. 9 to explore the changes in 409 

performance. 410 

The electricity price has no impact on the energy, environmental and flexible 411 

performance, but it will influence the ACSR and IP. For the hotel, the reference GSHP 412 

system consumes slightly more (< 1%) electricity than the proposed heating system 413 

for the specific conditions. When the  changes +10% in the hotel case, the 414 

operation cost of the hybrid system changes 7%, but is lower than the operation cost 415 

of reference system (9%). Additionally, the  raises from 6% to 12% (hotel), 416 

and 2% to 12% (office) when the  varies from -30% to +30% from the reference 417 

values. For the office case, ACSR may become more unfavorable when  is low. 418 

gridw

ACSR

gridw

gridw
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Analyzing the variation of IP with price change from Fig. 9(c): Owing to the 419 

increasing economic performance and static values of ESR, EER and AR, the IP 420 

calculated by Eq.(16) increases steeply with a price change. Using the price changes 421 

of electricity in Fig. 9, the IP increases 9% and 8% for the hotel and office types. 422 

 423 

Fig. 9 Variation of economic and integrated performance of the hybrid system with electricity 424 

price. 425 

5 Conclusions 426 

Here, a hybrid heating system assisted by photovoltaic/thermal collectors and 427 

ground source heat pump for hotel and office building types is proposed. The 428 

integrated performance analysis against energy, economic, environmental, and 429 

flexibility benefits, provides a new direction for performance evaluation of heating 430 

systems coupled to renewable resources. 431 

The results of this study for the case show that: 432 

(1) The hybrid systems gives an energy savings ratio of 33% for the office 433 

building compared to 19% of the hotel building due to different operating schedules 434 

of these building types. This also emphasizes the importance of considering different 435 



31 
 

building types in integrated performance analysis. 436 

(2) Variations in the PV coverage ratio, solar irradiance and ambient temperature 437 

influence the thermal and electricity output of the solar energy system, thus also 438 

influencing the overall performance factors.. Increasing the values of these parameters  439 

typically improves the integrated performance, but a higher ambient temperature 440 

reduces the economic benefit of the proposed hybrid heating syste, due to a higher 441 

investment cost of the absorption heat pump and thermal energy storage. 442 

(3) The electricity price has no impact on the energy, environmental and flexible 443 

performance, but influences the economic and integrated performance. With the 444 

considered price variation, -30% to +30%, the office building is more sensitive on the 445 

variation due to lower grid electricity consumption and the ACSR and IP increases 446 

397% and 8%, respectively.  447 

We conclude that the integrated performance analysis method used to evaluate 448 

the novel hybrid heating system is a helpful tool for comprehensive performance 449 

assessment of heating systems assisted by renewable resources. Future recommended 450 

work could include more detailed sustainability analysis of such systems as well as 451 

studying the effects of operating strategies and intelligent control systems. 452 
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