
Accepted Manuscript

Solar combined cooling, heating and power systems based on hybrid PVT, PV or 
solar-thermal collectors for building applications

María Herrando, Antonio M. Pantaleo, Kai Wang, Christos N. Markides

PII: S0960-1481(19)30656-1

DOI: 10.1016/j.renene.2019.05.004

Reference: RENE 11596

To appear in: Renewable Energy

Received Date: 27 November 2018

Accepted Date: 02 May 2019

Please cite this article as: María Herrando, Antonio M. Pantaleo, Kai Wang, Christos N. Markides, 
Solar combined cooling, heating and power systems based on hybrid PVT, PV or solar-thermal 
collectors for building applications,  (2019), doi: 10.1016/j.renene.2019.05.004Renewable Energy

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to 
our customers we are providing this early version of the manuscript. The manuscript will undergo 
copyediting, typesetting, and review of the resulting proof before it is published in its final form. 
Please note that during the production process errors may be discovered which could affect the 
content, and all legal disclaimers that apply to the journal pertain.



ACCEPTED MANUSCRIPT

1

1 Solar combined cooling, heating and power systems based on hybrid 

2 PVT, PV or solar-thermal collectors for building applications

3

4 María Herrandoa,b,*, Antonio M. Pantaleoa,c, Kai Wanga, Christos N. Markidesa

5

6 a Clean Energy Processes (CEP) Laboratory, Department of Chemical Engineering,
7 Imperial College London, London, UK 
8 b Fluid Mechanics Group, University of Zaragoza, Zaragoza, Spain
9 c Department of Agro-Environmental Sciences, University of Bari, Italy

10 * Corresponding author: maria.herrando11@imperial.ac.uk 

11 Abstract

12 A modelling methodology is developed and used to investigate the technoeconomic performance of solar 

13 combined cooling, heating and power (S-CCHP) systems based on hybrid PVT collectors. The building 

14 energy demands are inputs to a transient system model, which couples PVT solar-collectors via thermal-

15 store to commercial absorption chillers. The real energy demands of the University Campus of Bari, 

16 investment costs, relevant electricity and gas prices are used to estimate payback-times. The results are 

17 compared to: evacuated tube collectors (ETCs) for heating and cooling provision; and a PV-system for 

18 electricity provision. A 1.68-MWp S-CCHP system can cover 20.9%, 55.1% and 16.3% of the space-

19 heating, cooling and electrical demands of the Campus, respectively, with roof-space availability being a 

20 major limiting factor. The payback-time is 16.7 years, 2.7-times higher than that of a PV-system. The lack 

21 of electricity generation by the ETC-based system limits its profitability, and leads to 2.3-times longer 

22 payback-time. The environmental benefits arising from the system’s operation are evaluated. The S-CCHP 

23 system can displace 911 tonsCO2/year (16% and 1.4× times more than the PV-system and the ETC-based 

24 system, respectively). The influence of utility prices on the systems’ economics is analysed. It is found that 

25 the sensitivity to these prices is significant.
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28 Nomenclature

29 Abbreviations

30 AbCH Absorption chiller
31 AdCH Adsorption chiller
32 COP Coefficient of performance
33 CPVT Concentrated PVT
34 CS Cost savings
35 DC/AC Direct current/alternating current
36 DHW Domestic hot water
37 ESCO Energy services company
38 ETC Evacuated tube collector
39 FIT Feed-in-tariff
40 FPC Flat plate collector
41 HP/CH Heat-pump/chiller
42 HVAC Heating ventilation and air conditioning 
43 IEA International Energy Agency
44 pc-Si Poly-crystalline silicon PV module
45 O&M Operation and maintenance costs
46 PC Polycarbonate
47 PBT Payback time
48 PTC Parabolic trough collector
49 PV Photovoltaic
50 PVT Photovoltaic-thermal system
51 S-CCHP Solar combined cooling, heating and power
52 S-CHP Solar combined heating and power
53 SH Space heating
54 SHC Solar heating and cooling
55 ST Solar thermal
56 LCC Life cycle cost

57 Symbols

58 Ac PVT collector aperture area (m2)
59 AcT  Total PVT collector area in each parallel system (m2)
60 ce Electricity price (€/kWh)
61 cng Natural gas price (€/kWh)
62 C0 Investment costs (€)
63 CO&M Operation and maintenance (O&M) costs (€/yr)
64 d Discount Rate (%)
65 Ecov Electricity demand covered (kWh)
66 Egrid Electricity exported to the grid (kWh)
67 G Total global solar irradiance (W/m2)
68 iF Fuel inflation rate (%)
69 ISC Open circuit current (A)
70 n Node (-)
71 qu Useful heat (W/m2)
72 Qcov SH demand covered (kWh)
73 Ta Ambient temperature (K)
74 Trfm Fluid mean temperature (K)
75 Tr Reduced temperature (K)
76 Vt Storage tank volume (L)
77 Vsc Open circuit Voltage (V)

78 Greek

79 ηboiler Boiler efficiency (%)
80 ηel Electrical efficiency (%)
81 ηth Thermal efficiency (%)

82 1. Introduction

83 Fossil fuels are considered as primary energy sources to satisfy the growing energy demand worldwide, 
84 which is attributed to population growth and industrialization [1]. It is estimated that in 2035 more than 
85 80% of the energy consumption in developed countries will be satisfied by fossil fuels [2]. Penetration 
86 of renewable energy in current energy infrastructure can play a central role in shifting this trend towards 
87 a more sustainable and cleaner energy future [3]. Building sector takes a significant share of the whole 
88 energy consumption, e.g., it takes over 40% of the total energy consumption while generating 36% of 
89 the greenhouse emissions in Europe [4]. However, the energy demand in buildings still relies heavily on 
90 fossil fuels. For example, only 16% of the energy for heating and cooling is covered by renewable energy, 
91 the majority of which arises from biomass combustion with a smaller contribution from modern 
92 renewables, including solar thermal and geothermal energy [5]. 

93 Solar heating and cooling (SHC) technologies, as part of wider efforts for decarbonisation, can provide 
94 heating, including space heating (SH) and domestic hot water (DHW), as well as cooling, thus increasing 
95 the renewable energy share and reducing the dependence on fossil fuels and the associated emissions. 
96 Recently, they have been gaining increasing attention and research efforts [6]. Different types of solar 
97 thermal (ST) collectors, namely flat plate (FPC), evacuated tube (ETC), parabolic through (PTC), etc., 
98 can be used to harvest solar energy in SHC and/or solar power systems [7,8]. 

99 An alternative to SHC systems based on ST collectors relies on PV systems coupled to electrically-driven 
100 reversible heat-pump/chiller (HP/CH) units [9,10], which can provide both space heating/cooling 
101 depending on the operation mode. Furthermore, the synergistic combination of PV and ST collectors 
102 has given rise to hybrid photovoltaic-thermal (PVT) systems, which appear as highly suitable solutions, 
103 as they combine the advantages of PV and ST systems, generating both electricity and a useful thermal 
104 output simultaneously from the same aperture area [11], with a higher overall efficiency than separate 
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105 stand-alone systems [12,13]. Integration of PVT systems with heating and cooling technologies allows 
106 the simultaneous generation of DHW, SH, cooling and electricity, and thus has the potential to cover a 
107 significant amount of the energy demands of buildings [14].

108 Most of the studies in literature have focused on integrating ETC [15,16], FPC [17,18] or PTC [19,20] 
109 with absorption (AbCH) or adsorption chillers (AdCH). ETC-based SHC systems have attracted more 
110 attention as they have a better temperature match with AbCH (ETCs reach higher fluid temperatures) 
111 [21] with relatively lower costs [22]. Previous studies were mainly focused on component design [23], 
112 system integration [24], technology comparison [25], parametric analyses [26] and optimisation [27], 
113 performance assessment and applications [7]. There are also some studies that have considered 
114 compound parabolic concentrators coupled to single/double effect LiBr-H2O AbCH [28,29] or coupled 
115 to AdCH [30]; while other authors have analysed solar desiccant and evaporative cooling (DEC) systems 
116 [31]. Most of the studies concerned with PVT systems have focused on combining concentrated PVT 
117 (CPVT) collectors with LiBr-H2O AbCH [32,33], while studies on flat-plate PVT collectors are scarcer 
118 [34,35]. However, previous research concluded that the integration of PVT-water collectors with AbCH 
119 or AdCH is very promising [6]. 

120 Despite its potential, there are still very few companies worldwide commercialising PVT collectors [36], 
121 which in most cases do not have optimised designs. In an attempt to overcome this, previous work by 
122 the authors [23] focused on the design and characterisation of novel designs based on a flat-box 
123 structure and polymeric materials for flat-plate PVT collectors. Promising results were obtained, with 
124 a polycarbonate flat-box design achieving ~4% higher optical efficiency and ~16% lower heat-loss 
125 coefficient than those of an equivalent commercial sheet-and-tube PVT collector, also with 10% lower 
126 weight and about 20% lower capital cost. 

127 Previous research on a wider solar combined heating and power (S-CHP) system based on these 
128 polycarbonate flat-box PVT collectors also showed promising results for the simultaneous provision of 
129 SH, DHW and power to single-family homes [37]. Reasonable-to-attractive payback times (PBT) were 
130 obtained for these S-CHP systems installed in Mediterranean cities such as Athens (15.6 years) or 
131 Zaragoza (11.6 years) [37]. Sensitivity analyses on the economics of these systems concluded that in 
132 reasonable future scenarios (e.g. 10% reduction in the PVT collectors’ price and storage tank price, 20% 
133 reduction in the installation costs, fuel inflation rates of 3.5%) the PBT can decrease to ~10 years [38].

134 This research aims to go beyond the aforementioned studies, by investigating the integration of such 
135 polycarbonate flat-box PVT collectors with AbCH units (single-effect LiBr-H2O) via thermal stores in 
136 wider solar systems for the combined provision of SH, cooling and electricity to buildings. As a case 
137 study, the real monthly natural gas consumption and quarter-hourly electricity load profiles of the 
138 University Campus of Bari (Italy) are selected, in order to estimate hourly SH, cooling and electricity 
139 demands. These demands are then used as inputs to a transient model, along with real hourly 
140 weather data, to conduct year-round simulations. The performance data of a commercially available 
141 AbCH unit manufactured by MAYA [39] is also integrated into the transient model. The costs of the 
142 system’s components, the system installation costs, as well as key economic parameters (e.g. 
143 discount rate, fuel inflation rate, utility prices) are considered in order to assess the technoeconomic 
144 feasibility of the proposed solar combined cooling, heating and power (S-CCHP) system. The results 
145 are then compared to two alternative solar systems: i) ETC-based SHC system for the provision of 
146 heating and cooling, but without power generation; and ii) a PV system that matches the electricity 
147 demand of the Campus (including the electricity required to run the current HVAC system for air-
148 conditioning), but without thermal energy generation.
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149 2. Methodology

150 The proposed PVT-based S-CCHP system, as well as the alternative ETC-based SHC system, have been 
151 modelled in TRNSYS [40], in transient simulations considering real weather data [41], conducted in 
152 hourly time-steps over a year. The main outputs are the energy generated by the solar collectors 
153 (electricity and thermal energy in the case of PVT collectors, and thermal energy in the case of the 
154 ETCs), the SH, cooling and electricity demands that can be covered by the systems, and the auxiliary 
155 heating (natural gas) needs. Current electricity and natural gas prices are considered in order to 
156 estimate the annual cost savings which, together with the investment cost and the operation and 
157 maintenance costs (O&M), allow an estimation of the system’s payback time (PBT). The existing 
158 scenario of gas-fired boilers operated within an Energy Service Contract by an ESCO for the provision 
159 of SH is considered to estimate the avoided costs of thermal energy with the S-CCHP/SHC systems. 
160 The electricity generation surplus of the S-CCHP system at any time step is fed to the grid at a feed-
161 in tariff (FIT) guaranteed by the distribution system operator according to current Italian regulations 
162 [42]. The annual CO2 emission reductions and primary energy savings that arise from the proposed 
163 system’s operation are evaluated based on the corresponding CO2 emission and primary energy 
164 factors for electricity and natural gas in Italy.

165 A limiting factor for the size of the systems is the available roof-space in the Campus’ buildings (23,600 m2). 
166 For comparison purposes, the proposed PVT-based S-CCHP system and the PV system have the same 
167 installed electrical capacity. The maximum number of PVT collectors that can be installed is 7,020, which 
168 corresponds to a total area of 10,850 m2 and an installed electrical capacity of 1.68 MWp. Based on previous 
169 studies [43] and preliminary analysis, the selected Vt/AcT ratio for the storage tank volume is 50 L/m2. The 
170 PV system of the same installed power (1.68 MWp), comprises 8,830 m2 of PV modules. For the ETC-based 
171 SHC system, the same installed area as the PVT-based S-CCHP system is considered for comparison 
172 purposes, which corresponds to 3,920 ETCs (ETC unitary size of 2.77 m2 [44]). 

173 2.1  Energy demand of the University Campus of Bari

174 The Campus consists of 12 university buildings with a heated area of 127,300 m2 and a heated volume 
175 of 495,300 m3 (Figure 3 left). The SH demand is 28.8 kWh/m2-year, currently covered by gas-fired 
176 boilers of 82% efficiency and a hot water delivery temperature of 80 °C, with an annual consumption 
177 of 393,000 Nm3 of natural gas. The DHW demand is negligible. The cooling demand is estimated to 
178 be 11.9 kWh/m2-year, currently covered by HVAC systems. The total electricity demand of the 
179 Campus is about 11 GWh/year. Subtracting the electricity consumed by the HVAC systems for air-
180 conditioning, the rest of the electricity consumption is 85.2 kWh/m2-year. Figure 1 shows the 
181 monthly energy demand breakdown of the Campus. It should be noted that space heating (SH) and 
182 cooling demands shown in Figure 1 refer to thermal-energy demands (e.g. without considering the 
183 HVAC and gas boiler systems’ efficiency).

184 Only monthly natural gas bills are available, so based on the information provided by the Campus 
185 heating system operator (Enel Distribuzione), a flat profile from 8 a.m. to 6 p.m. (10 hours/day) from 
186 Monday to Friday is assumed to estimate the hourly SH demand, from November to March. Quarterly-
187 hour data is available for the total electricity consumption from the local distribution system operator 
188 (Enel Distribuzione), which is aggregated to estimate the hourly electricity consumption. To estimate 
189 the cooling demand, based on previous studies [45,46], it is assumed that during summer (June to 
190 September), around 35% of the total electricity consumption is consumed by the HVAC systems for air-
191 conditioning from 8 a.m. to 8 p.m. (12 hours/day). A COP of 3 is assumed when converting the 
192 electricity consumed by HVAC systems to cooling demand. Instead of using a flat profile, the hourly 
193 cooling demand is estimated following a distribution profile correlated to the ambient temperature 
194 (e.g. higher cooling needs around midday, 11 a.m. – 3 p.m., when ambient temperatures are higher). 
195 These hourly SH, cooling and electricity demands are inputs to the transient model.



ACCEPTED MANUSCRIPT

5

196 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0

200

400

600

800

1000

1200 Space heating Cooling Electricity

En
er

gy
 d

em
an

d 
(M

W
h/

m
on

th
)

197 Figure 1. Monthly space heating, cooling and electricity demands of the University Campus of Bari.

198 2.2 PVT-based combined cooling, heating and power system

199 Due to the considerable size and energy demand of the University Campus of Bari (12 buildings 
200 throughout the city of Bari, as shown in Figure 3), the total number of PVT collectors is divided in 45 
201 parallel solar combined cooling, heating and power (S-CCHP) sections of the same size, each of them 
202 with its DC/AC inverter and connected to the internal MV grid of the Campus. This facilitates 
203 operation and maintenance, and allows the systems to run according to the Campus needs while 
204 limiting the sizes of the different components (e.g. storage tanks and absorption chillers). 
205 Considering the latitude of Bari, the PVT collectors are titled at 35°, facing South, and are connected 
206 in parallel so that all of them have the same inlet water temperature and water flow-rate. Based on 
207 previous studies [14,37], a constant PVT collector flow-rate of 50 L/h is assumed.

208 In the proposed S-CCHP system, the thermal output of the PVT collectors is connected, through a 
209 water storage tank, to the current gas-fired boilers and is used to preheat the water to satisfy the SH 
210 demand, reducing the gas consumption. In normal operation, the collector outlet flow enters the heat 
211 exchanger coil located inside the storage tank, heats the water in the tank, exits from the lower part 
212 of the tank and returns to the PVT collector inlet to be heated again. As shown in Figure 2, a bypass 
213 valve is required to control the outlet temperature of the cooling fluid to ensure that this stream only 
214 heats (and does not cool) the water in the tank [11,37]. A differential temperature controller (Type 
215 2b) controls the valve position by comparing the temperature at the entrance of the heat exchanger 
216 coil at the top of the water storage tank with the temperature of the cooling fluid at the PVT collector 
217 outlet. The electricity required to run the circulator pump of this active closed loop system is 
218 extracted from the electricity generated by the PVT collectors. 

219
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220 Figure 2. Schematic diagram of an S-CCHP system based on PVT collectors integrated with a single-
221 effect LiBr-H2O AbCH through a thermal store.

222 In cooling mode, a single-effect LiBr-H2O AbCH unit is fed by the thermal output of the PVT collectors 
223 (through the backup gas-fired boilers when required) in order to provide cooling (see Figure 2). The 
224 electrical output of the PVT collectors is used to match the Campus’s annual electricity demand. 

225 2.2.1 PVT collector

226 Polycarbonate flat-box PVT collectors proposed by the authors are used in this work, in which the heat 
227 transfer from the absorber to the fluid is improved by means of 3×2 mm channels [23]. The PVT 
228 collectors are implemented in a transient model developed in TRNSYS with the modified Type 560 [14] 
229 to match the thermal performance (ηth) curve shown in Eqs. (1-2). The PVT collector has a nominal 
230 electrical power of 240 Wp and an aperture area (Ac) of 1.55 m2. The nominal electrical efficiency (ηel) of 
231 the PVT collector is 14.7%, and the temperature coefficient of the PV cells is 0.45 %/K [23],

𝜂th =
𝑞u

𝐺 = 0.726 ― 3.325·𝑇r ― 0.0176·𝐺·𝑇r
2, (1)

𝑇r =
𝑇fm ― 𝑇a

𝐺  , (2)

232 where G (W/m2) is the total global solar irradiance on the surface at a tilted angle, Tfm is the mean 
233 fluid temperature, Ta is the ambient temperature and Tr is the reduced temperature.

234 2.2.2 Stratified water storage tank.

235 The tank is modelled using 6 fully mixed equal-volume segments that divide the cylinder along its 
236 vertical axis (Type 534). The total mass of fluid in the tank is assumed constant. For the stratification, a 
237 temperature gradient is preserved in the tank by ensuring that preheated water for SH demand is 
238 supplied via a port at the top of the tank (at node n = 1), and returns at a lower temperature at the 
239 middle (n = 4). The currently available gas-fired auxiliary heaters (nominal efficiency of 82%) are used 
240 to heat the water up to the delivery temperature for SH (80 °C). An immersed heat exchanger connected 
241 to the PVT collector runs from the top (n = 1) to the bottom (n = 6) of the tank to heat the water inside 
242 the tank (see Figure 1). To satisfy the cooling demand, the AbCH generator is connected to a second 
243 port leaving the tank at the top (n = 1) and entering at the bottom node (n = 6). 

244 The storage tank volume is varied by changing the value of the ratio Vt/AcT, where Vt is the tank 
245 volume in litres and AcT is the total PVT collector area in each parallel system in square meters. The 
246 size of the solar immersed heat exchanger coil also varies with the tank size, through the variation of 
247 the tank height, such that the ratio between the coil heat transfer area, and the total PVT collector 
248 area, is not lower than 0.15 [47] to ensure adequate heat transfer. More details of the stratified water 
249 storage tank model can be found in previous work [37].

250 2.2.3 Absorption chiller

251 Considering that the cooling demand of the Campus is met by 45 absorption chillers running in 
252 parallel, the commercial WFC-SC-20 AbCH unit by MAYA [39] is selected with a cooling capacity of 
253 70 kW and a nominal COP of 0.70. The performance data of this commercial AbCH (i.e. the variation 
254 of the cooling capacity factor and heat input factor with hot water temperature and cooling water 
255 temperature) is considered in Type 107 AbCH model, of which the data file is modified accordingly.



ACCEPTED MANUSCRIPT

7

256 The AbCH generator is connected with the top of the storage tank through the currently available gas-
257 fired auxiliary heaters to ensure that the water enters the AbCH at 72.5 °C at least (70 °C is the minimum 
258 temperature to start the cycle). Chilled water is provided at 7 °C and returns at 12.5 °C. The nominal 
259 cooling water flow-rate of the AbCH is used, along with an inlet cooling water temperature of 27 °C. At 
260 each time step, the heat rejection is estimated by considering the above parameters along with the outlet 
261 cooling water temperature. The cooling tower capacity is calculated from the maximum heat rejection 
262 at any time step (140 kW). The electricity consumption of the AbCH specified in the manufacturer’s 
263 technical data [39] is extracted from the electricity generated by the PVT collectors.

264 2.3 Alternative ETC-based solar heating and cooling system

265 An SHC system based on direct-flow ETCs is proposed as an alternative to the PVT-based S-CCHP system 
266 for the provision of heating and cooling. An equivalent system to Figure 1 is proposed but, in this case, 
267 the PVT collectors are replaced by ETCs, and there is no electricity generation. The same AbCH and 
268 stratified water storage tank as for the S-CCHP system are used. For the ETCs, the commercially available 
269 Thermomax DF400 is selected [44], as it has higher optical efficiency and lower heat loss coefficients 
270 than the proposed PVT collectors (see Eq. 3). The selected ETC has an absorber area of 2 m2, an aperture 
271 area of 2.16 m2 and the nominal flow-rate is used (120 L/h). The performance data of the ETC provided 
272 by the manufacturer is implemented in Type 71 in TRNSYS. 

𝜂th =
𝑞u

𝐺 = 0.768 ― 1.36·𝑇r ― 0.0053·𝐺·𝑇r
2, (3)

273 2.4 Alternative PV system

274 The PV system consists of a set of modules tilted at 30° and 10°, according to the available possibilities for 
275 building integration, with an aperture area of 1.44 m2 and PV modules whose technical specifications are 
276 reported in Table 1. Assuming adequate distances between PV modules to maximise yield, it is estimated 
277 that a unitary area of 14 m2/kW would be required, thus the maximum installed power of the PV system 
278 is 1.68 MWp (total available roof-space of 23,600 m2).

279 The planimetry of the University Campus and the layout of the PV system are reported in Figure 2. The 
280 figure on the right shows the roof areas covered by the proposed PV system (striped-blue areas). 
281 According to the Italian legislation, the integration of the PV modules on the building’s roof is required to 
282 facilitate the permitting procedures and, on the other side, it is the only option due to the scarcity of 
283 ground area for PV modules. The location of the PV modules on top of each building also requires a 
284 distributed type of installation with 11 DC/AC inverters which connect the PV generators to the internal 
285 electricity network. This slightly increases the investment and maintenance costs and it has been included 
286 in the cost figures considered in the economic analysis. 

287 Table 1. Technical specifications of the PV system.

Max. voltage 1,000 VDC
Max. power 275 Wp
Voltage at nominal power 31.7 V
Current at nominal power 8.69 A
Open circuit Voltage (VOC) 38.7 V
Open circuit current (ISC) 9.17 A
Nominal electrical efficiency (ηel) 16.9%
Temperature coefficients VOC : 0.31%/°C; ISC : 0.06%/°C
Efficiency losses < 0.7%/year
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289 Figure 3. (Left) University Campus planimetry, where red dots indicate the Campus’ buildings with roof-
290 space available for this analysis; and (right) layout of the proposed standard PV system, where striped-
291 blue areas indicate roof areas covered by the proposed PV system.

292 2.5 Economic analysis

293 The investment costs (C0) of all proposed solar systems have been estimated from price lists available 
294 from solar retailers in the EU [48–50]. As shown in Figure 4, the main costs of the system are 
295 associated with the PVT collectors (43%) [23] or ETC collectors (38%) [44,51], storage tank (9-10%) 
296 [52] and absorption chiller (18-21%) [6]. The cost of the storage tank is estimated using a correlation 
297 based on market prices of existing tanks across a range of storage volumes [37,38]. The total 
298 installation costs are also considered [11]. The auxiliary heater price is not considered as the 
299 University Campus, which forms the present case study, already has gas-fired boilers available.

300
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301 Figure 4. Breakdown of the investment costs (including installation) of (left) the proposed PVT-based S-
302 CCHP system and (right) the ETC-based SHC system for the University Campus of Bari. Details of these 
303 configurations (e.g. total solar field area and total investment cost) are shown in Table 2.

304 The system’s payback time (PBT) is defined as the period of time required to recover the investment 
305 of the S-CCHP system, and it can be calculated as follows [37,53], 
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𝑃𝐵𝑇 =

ln[𝐶0·(𝑖F ― 𝑑)
𝐶𝑆S ― CCHP

+ 1]
ln[1 + 𝑖F

1 + 𝑑 ]
(4)

306 where d is the discount rate (5%) [54,55] and iF refers to the fuel inflation rate (3.5%) considered for 
307 the annual cost savings, CSS-CCHP [56]. In turn, the annual cost savings (CSS-CCHP) are estimated by 
308 accounting for the total electricity and natural gas fuel savings due to the electricity and thermal (SH 
309 and cooling) energy demand covered by the S-CCHP system, along with the O&M costs of the system 
310 (CO&M), and the income for the electricity exported to the grid, as follows [37],

𝐶𝑆S ― CCHP = 𝐸cov·𝑐e +
𝑄cov

𝜂boiler
·𝑐ng + 𝐸grid·𝐹𝐼𝑇 ― 𝐶O&M (5)

311 where Ecov and Qcov are the electricity and SH demand covered, Egrid is the electricity exported to the 
312 grid, ce is the component of the electricity price that is avoided/saved by the onsite generation and 
313 consumption (0.145 €/kWh), cng is the natural gas price (0.098 €/kWh) and FIT is the current feed-in 
314 tariff applicable to the excess electricity fed into the grid with the net metering option [42] (0.073 
315 €/kWh). These values correspond to the current tariffs for the University Campus of Bari. It should be 
316 noted that the University Campus has a 15-years heating service contract with the local energy 
317 provider for the natural gas supply, maintenance of boilers and related distribution system, and for 
318 the repowering of inefficient and old boilers. This results in a unitary heating service cost which also 
319 includes the depreciation of investment costs incurred by the ESCO and system’s maintenance. In 
320 particular, the global service contract does not allow a reduction of the demand (or likewise a 
321 reduction of the gas consumption with the proposed solar systems) of more than 20% relative to 
322 reference values without incurring penalties. The cooling demand is currently satisfied by electricity-
323 driven HVAC units in the University Campus, so the associated energy savings by the S-CCHP system 
324 are included in the electricity term in the economic analyses.

325 The O&M costs amount to 1% of the total equipment costs for the PVT-based S-CCHP system, 0.6% for 
326 the ETC-based SHC system, and 150 €/MWp for the PV system [57]. The PV and ETC-based SHC system 
327 PBTs are estimated using the same equations, considering their investments and cost savings.

328 3. Results and Discussion

329 3.1 Transient PVT-based combined cooling, heating and power system results 

330 This section presents detailed results obtained in TRNSYS on an hourly basis with the aim of 
331 understanding the operation and performance of the proposed PVT-based S-CCHP system. Nine 
332 representative days from Saturday to the following Sunday are selected in this analysis to assess the 
333 influence of the weekend (when there is no SH or cooling demands) on the system’s performance. 
334 Figures 5 and 6 show the results from the 4th to the 12th of February. 

335 It is observed that the SH and electricity demands (purple lines with diamonds) are much higher than 
336 the thermal and electrical energy generated by the S-CCHP system, so only a limited amount of the 
337 Campus energy demands is expected to be covered, due to the limitation of the available roof-space 
338 discussed before. The results show that in days with high irradiance levels (dashed-dotted yellow 
339 line with triangles in Figure 5), more electricity and SH demand are covered (dashed blue lines with 
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340 squares). Figure 5 shows that in the particular week considered here, all the electricity generated by 
341 the system (red lines with circles) is directly consumed onsite (ES-CCHP = Ecov). 
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343 Figure 5. Electricity generated (EPVTnet), electrical demand covered (ECov), electrical demand (EDem) and 
344 total solar irradiance at a tilted angle (Itot) for the S-CCHP system during 4-12 February.

345 Figure 6 shows that the temperature at the top of the hot-water storage tank (dotted lines with 
346 triangles) increases considerably during the weekends (first two and last two days shown in this 
347 plot) as there is no SH demand, so no water is extracted from the storage tank. This allows covering 
348 a higher amount of SH demand on the following Monday.
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350 Figure 6. Total SH demand (QSH,Dem), SH demand covered (QSH,PVT), and water temperature at the top of 
351 the storage tank (TTtop) for the S-CCHP system during 4-12 February.
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352 Figures 7 and 8 show results from the 15th to the 23rd of July. Similar electricity results than for the 
353 winter week (Figure 5) are obtained, with all the electricity generated directly consumed onsite. 
354 From these figures, it is observed that, similar to the winter operation, the temperature at the top of 
355 the tank (dotted lines with triangles) increases considerably during the weekends (first two and last 
356 two days) reaching almost 90 °C (see Figure 8), as there is no cooling demand, so no water is 
357 extracted from the storage tank. This enables a situation, on the following Monday, wherein the 
358 temperature reached at the top of the tank is high enough to run the AbCH, so all the cooling demand 
359 can be satisfied until the end of the day (blue lines with squares), when some auxiliary heat is needed 
360 (yellow line with crosses) to increase the temperature of the water entering the AbCH to 72.5 °C 
361 (dashed-dotted green line with pluses), required to run the unit.
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363 Figure 7. Electricity generated (EPVTnet), electrical demand covered (ECov), electrical demand (EDem) and 
364 total solar irradiance at a tilted angle (Itot) for the S-CCHP system during 15-23 July.

365 Conversely, in the rest of the days, more auxiliary heat is needed, specially at the beginning and end of 
366 the day. Here, it should be highlighted that the improved thermal performance of the PVT collectors in 
367 summer, especially during the main hours of the day (12-5 p.m.), due to higher solar irradiance levels, 
368 matches the higher hot water requirements of the AbCH owing to higher cooling demand at those 
369 periods. Therefore, there is a double benefit: on the one hand, hot water from the top of the tank is 
370 extracted to run the AbCH, avoiding overheating problems, and on the other, the water returning to the 
371 tank is at a lower temperature which maintains the bottom of the tank at a lower temperature, thus 
372 lowering also the temperature of the water entering the PVT collectors.
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374 Figure 8. Thermal energy required by the AbCH (QCool,Dem), thermal energy provided by the proposed S-
375 CCHP system (QCool,PVT) and auxiliary energy required (QCool,aux) to satisfy the cooling demand for the S-
376 CCHP system during 15-23 July.

377 3.2 Technoeconomic assessment 

378 In this section, the annual technoeconomic results of the proposed PVT-based S-CCHP system are 
379 compared with two solar alternatives: i) ETC-based SHC system for the provision of heating and cooling 
380 (Section 3.2.1); and ii) a standard PV system to provide the electricity demand of the Campus (including 
381 the electricity required to run the current HVAC system for air-conditioning) (Section 3.2.2). 

382 3.2.1 Comparison of the PVT-based S-CCHP with an ETC-based SHC system

383 Table 2 shows annual performance and economic results for the proposed PVT-based S-CCHP system 
384 and for the equivalent ETC-based SHC system. It is observed that the ETC-based SHC system covers a 
385 higher percentage of the SH (27.7% vs. 20.9%) and cooling (74.2% vs. 55.1%) demands. However, the 
386 annual CO2 emission reduction and primary energy savings achieved by the PVT-based S-CCHP system 
387 are considerable higher (911 vs. 386 tons CO2/year, and 5,460 vs. 1,320 MWhpe/year, respectively), 
388 which is attributed to the electricity generation by the S-CCHP system since the electrical output 
389 accounts for 68% of the total CO2 emission reduction, and 71% of the primary energy savings. Here it 
390 should be noted that only the CO2 emissions associated with the system’s operation are considered in 
391 the present work. Given the indicated promise of this technology in terms of its potential 
392 environmental benefits, a complete environmental impact assessment in the form of life cycle analyses 
393 appears useful, which is proposed as an avenue for further work.

394 Despite the lower investment cost of the ETC-based SHC system (13% lower), its PBT is considerably 
395 (2.3 times) higher than the S-CCHP system, which is again due to the electricity demand covered by 
396 the S-CCHP system (and, at lesser extent, excess electricity sold to the grid), which accounts for 66% 
397 of the total cost savings. The reason is the higher (1.5 times) price of electricity than natural gas (see 
398 Table 2). As a consequence, it can be concluded that in this particular case where there are 
399 simultaneous SH/cooling and electricity demands, a system capable of simultaneously generating 
400 electrical and thermal energy such as the proposed S-CCHP system appears as a more suitable 
401 alternative than an SHC system. 
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402 Table 2. Energetic and economic results of a PVT-based S-CCHP system and an ETC-based SHC system 
403 for different utility-price scenarios.

PVT-based S-CCHP system ETC-based SHC system
Utility prices Current 

prices
National 

prices
Danish 
prices

Current 
prices

National 
prices

Danish 
prices

Installed area (m2) 10,850 10,850
Total investment (C0, M€) 4.88 4,24
SH demand covered (%) 20.9 27.7

Cooling demand covered (%) 55.1 74.2
Electricity demand covered (%) 16.3 -

Annual CO2 emission reduction (tons 
CO2/year)

911 386

Primary energy savings 
(MWhpe/year)

5,460 1,320

Natural gas price (cng, €/kWh) 0.098 0.032 0.071 0.098 0.032 0.071
Electricity price (ce, €/kWh) 0.145 0.133 0.252 0.145 0.133 0.252
Payback time (PBT, years) 16.7 23.2 10.2 37.8 >100 35.8

404 In order to understand the influence of utility (electricity, natural gas) prices on the systems’ 
405 economics, two additional scenarios are assessed: i) the current national utility prices in Italy where 
406 the University Campus is located; and ii) the current national utility prices in Denmark, which has the 
407 highest combined rates (cng + ce) in the EU [58]. The results show that the cost-competitiveness of the 
408 analysed solar systems is very sensitive to the utility prices. In the case of the SHC system, Table 2 shows 
409 that the natural gas price should be considerably higher this system to become an interesting 
410 alternative. In turn, it is observed that the proposed S-CCHP system has a PBT below the system’s 
411 lifetime (~25 years) [59,60] when considering the current utility prices applicable to the University 
412 Campus (16.7 years), so the system is expected to generate profits during the last ~8 years of its life. It 
413 is also observed that the S-CCHP system emerges as a promising decarbonisation solution if utility 
414 prices increase, which is likely to occur given recent trends [38]. Specifically, if utility prices in Italy 
415 approach those currently in Denmark, the PBT more than halves to 10.2 years.

416 3.2.2 Comparison of the PVT-based S-CCHP system with a PV system

417 Table 3 shows the annual performance and economic results for the proposed PVT-based S-CCHP 
418 system with three different sizes, as well as for the equivalent PV system. With the S-CCHP system 
419 presented in Section 3.1 (same installed power as the PV system, 1.68 MWp) it is possible to cover 
420 20.9% of SH, 55.1% of cooling and 16.3% of electricity demands of the University Campus of Bari. It 
421 should be noted that the percentage of onsite electricity consumption is very high (>99% of the 
422 electricity generated by the PVT collectors is directly consumed), and the surplus electricity at any time 
423 step is exported to the grid with the feed in tariff FIT reported in Eq. (5).

424 In the PV system, 7.7% of the electricity generated is fed into the grid and the electricity demand 
425 covered increases up to 20.7%. However, this influences the profitability of the investment, because the 
426 current avoided cost from onsite generation (0.145 €/kWh) is applied to the electricity generated and 
427 consumed onsite, while a lower tariff (a FIT of 0.073 €/kWh) is applied to the excess electricity 
428 exported to the grid with the net metering option. As discussed before, the limited amount of energy 
429 demand coverage is due to the restraint roof-space availability in the buildings.

430 The PVT-based system PBT is 16.7 years, which is considerable longer (2.7 times) than the PBT of the 
431 equivalent PV system (6.1 years). This is attributed to the much higher investment cost of the S-CCHP 
432 system. Another handicap that hinders the potential of the proposed S-CCHP system is the lower 
433 price of natural gas than the electricity price. If the natural gas price was the same (cng = ce = 
434 0.145 €/kWh), the S-CCHP system’s PBT would decrease down to 14.6 years. An incentive of the 
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435 proposed S-CCHP system is high potential CO2 emission reduction and primary energy savings (911 
436 tons CO2/year and 5,460 MWhpe/year), which are 16% and 12% higher than for the PV system. As 
437 noted above, a complete lifecycle analysis is proposed as further work to evaluate the full 
438 environmental impact of these solar alternatives from cradle-to-grave.

439 Table 3. Energetic and economic results of different-sized PVT-based S-CCHP and PV-only systems.

S-CCHP system PV system
Installed power (MWp) 1.68 1.37 1.84 1.68

Installed area (m2) 10,850 8,830 11,800 8,830
Total investment (C0, M€) 4.88 4.17 5.22 1.60
SH demand covered (%) 20.9 17.8 22.4 -

Cooling demand covered (%) 55.1 45.9 58.8 -
Electricity demand covered (%) 16.3 13.3 17.7 19.1

Payback time (PBT, years) 16.7 17.5 16.5 6.1
Annual CO2 emission reduction (tons CO2/year) 911 752 986 784

Primary energy savings (MWhpe/year) 5,460 4,500 5,910 4,880

440 For comparison purposes, two additional S-CCHP system sizes were analysed: i) a system with the 
441 same installed area as the PV system (8,830 m2, 1.37 MWp); and ii) assuming that half of the available 
442 roof-space is covered by PVT collectors (11,800 m2, 1.84 MWp). Table 3 shows that in the former case, 
443 the lower amount of energy demand covered due to the lower PVT collectors installed area leads to 
444 a higher PBT and a lower CO2 emission reduction. Conversely, the results show that if more PVT 
445 collectors are installed, the higher energy demand covered compensates the higher investment cost, 
446 obtaining a lower PBT (16.5 years). Therefore, these results confirm that in this case, the limiting 
447 factor for the optimum system’s sizing is the roof-space availability.

448 Finally, it is noted that this technoeconomic assessment does not include the subsidies available in 
449 the Italian framework for energy saving measures (‘White certificates’ or ‘conto energia termico’ in 
450 particular). These subsidies would provide a further income for the solar based generation of heating, 
451 power and cooling, based on the avoided fossil fuels’ consumption, that would increase the 
452 investment profitability. However, these were not considered due to the uncertainty on their 
453 continuing availability and also in order to make the results more transferable to other countries.

454 4. Further Discussion and Conclusions

455 A modelling methodology has been developed and used to examine the technoeconomic performance 
456 of solar combined cooling, heating and power (S-CCHP) systems based on PVT collectors. The 
457 University Campus of Bari is selected as a case study to demonstrate how the methodology can be used 
458 to analyse the suitability and value of the proposed systems when providing space heating (SH), cooling 
459 and electricity to the Campus buildings. The hourly energy demand profiles of the Campus have been 
460 estimated based on real consumption data provided by Campus managers, and have been used as 
461 inputs to the transient S-CCHP model developed in TRNSYS, which features an array of novel hybrid 
462 flat-box PVT collectors coupled via a thermal store to a commercial single-effect LiBr-H2O AbCH unit. 
463 The current gas-fired boilers are used as a backup heating system. Three alternative solar systems are 
464 analysed and compared based on the following technologies: PV panels with an electrical output only, 
465 PVT collectors, and evacuated tube collectors (ETCs) with no electricity generation.

466 Transient simulations are run over a full year on an hourly basis, for which real performance data for 
467 the different system components are implemented (e.g. commercial AbCH and ETC). The investment 
468 costs of the solar systems in each case, and current electricity and gas prices are considered for the 
469 economic analyses. The hourly results are summed to obtain the annual energy yields and energy 
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470 demands covered by each system, which are then used to estimate the systems’ PBT, CO2 emission 
471 reduction potential, and primary energy savings potential. 

472 The results show that, due to the high hot water delivery temperature (80 °C) and the limited roof-
473 space availability, the proposed S-CCHP system only covers 20.9% of the SH demand of the Campus, 
474 when it is used to preheat the water to satisfy the SH demand. However, the hot water generated by 
475 the PVT collectors can be used in summer to run the commercial AbCH units, with which 55.1% of 
476 cooling demand is covered. Thus, the proposed S-CCHP system has the potential to considerably 
477 reduce the electricity needs in summer used by the current HVAC systems for air-conditioning. 
478 Furthermore, the proposed system covers an additional 16.3% of the electricity demand. Still, due to 
479 the considerably higher investment cost of the S-CCHP system compared to a PV system of the same 
480 installed power, the PBT of the former is significantly higher (16.7 years vs. 6.1 years). 

481 Furthermore, an alternative SHC system has also been assessed, in which the PVT collectors have 
482 been replaced by evacuated tube collectors (ETCs), for the provision of heating and cooling to the 
483 University Campus, but without electricity generation. The results show that, in this case, the no 
484 generation of electricity limits the profitability of the ETC-based SHC system, which has 2.3 times 
485 longer PBT than the S-CCHP system. Therefore, it can be concluded that the lower price of natural gas 
486 compared to the electricity price hinders the potential of the solar thermal solutions when these 
487 systems are proposed to substitute current gas-fired boilers.

488 In order to understand the influence of utility prices on the economics of S-CCHP/SHC systems, two 
489 scenarios with current national utility prices of two countries are assessed: Italy, where the study is based, 
490 and Denmark, which was selected as it is the EU country with the highest combined utility prices. The 
491 results show that the cost-competitiveness of the solar systems considered here is very sensitive to these 
492 prices and that the proposed S-CCHP systems could become a promising decarbonisation solution, 
493 achieving a PBT of 10.2 years, if utility prices increase, which is likely to occur given recent trends.

494 In terms of the systems’ potential for CO2 emission reductions and primary energy savings, the 
495 results show that the PVT-based S-CCHP system has the potential to displace around 911 tons of CO2 
496 and to save around 5,460 MWhpe of primary energy per year. By comparison, these values are 16% 
497 and 12% greater than those associated with the equivalent PV system, and 1.4 times and 3 times 
498 greater than those associated with the ETC-based SHC system. This promising environmental 
499 performance suggests that a useful avenue for further work involves complete environmental impact 
500 assessments through lifecycle analyses, which can provide a more holistic picture of the benefits of 
501 the proposed PVT-based S-CCHP system and any alternatives.

502 This work suggests that PVT-based S-CCHP systems have an important potential to decarbonise 
503 urban areas, in particular where space is at a premium since both electrical and thermal outputs are 
504 generated from the same area. Additional research on solar heating and cooling technologies is 
505 required to enhance efficiency and reduce investment costs, in order to make these solutions cost-
506 competitive with other mature renewable energy alternatives such as commercial PV panels.
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Highlights

 Solar system based on novel PVT panels coupled with commercial absorption chillers

 Analysed case study of a University with real yearly measured energy consumptions

 The influence of utility prices on the economics of the solar systems is analysed

 A payback time of 16.7 years is found vs. 6.1 years of a conventional PV system

 An ETC-based SHC system has 2.3 times higher payback time than the PVT-based one


