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Abstract 9 

The cost competitiveness of an optimised solar combined heating and power (S-CHP) system based on a 10 

novel PVT collector is assessed in three different locations (Zaragoza, London and Athens). A series of 11 

sensitivity analyses are undertaken to evaluate the extent of the influence of the several economic 12 

parameters on the cost competitiveness of the proposed solar solution, and evaluate the need for financial 13 

incentives to boost the installation of this technology, in particular in the residential sector. From the 14 

different systems components’ costs, the results show that the PVT collector price is the one that influences 15 

more the system economics, as it responsible of the highest share of the total investment (~38%). High 16 

market discount rates and/or low inflation rates significantly and negatively affect the system cost 17 

competitiveness, leading to higher payback times (PBTs). Government incentives, if correctly applied, have 18 

the potential to improve the system economics in the short-term. However, in low latitude locations these 19 

incentives might not be necessary as high irradiance levels and energy prices lead to reasonable PBTs. 20 

Finally, the analysis of potential future scenarios, considering a combination of several economic 21 

parameters, demonstrates that the S-CHP system cost competitiveness is feasible in the short term. 22 

Keywords: 23 

Hybrid PVT solar collector; Solar Combined Heat and Power system; Feed-In-Tariffs; Renewable Heat Incentive; 24 

Payback time 25 

mailto:mherrando@unizar.es


2 

1 Introduction 26 

A strong increase in the uptake of solar technologies in the urban environment has been observed in the 27 

last years. This can be attributed to the decrease in the prices of these technologies in conjunction with the 28 

introduction of relevant financial incentives [1,2]. These solar technologies include not only solar 29 

photovoltaic (PV) systems and solar hot-water heating systems, but also hybrid photovoltaic-thermal 30 

(PVT) systems. Among the different solar technologies, hybrid PVT technologies appear as a particularly 31 

promising solution when roof space is limited or when heat and electricity are required at the same time; 32 

since these systems can deliver both heat and electricity simultaneously from the same installed area, and 33 

at a higher overall efficiency compared to individual solar-thermal and PV collectors installed separately 34 

[3–5]. Moreover, optimised PVT systems coupled with low-carbon heat pumps or absorption refrigeration 35 

units can provide power together with combined heating and cooling in the urban environment. In this line, 36 

previous research [6] concluded that PVT technology has the potential to cover more than 60% of the 37 

heating and between 50-100% (depending on the location) of the cooling demands of a single-family 38 

household.  39 

For the mass deployment of hybrid PVT technologies, the high initial investment cost and administrative 40 

barriers appear as the main barriers to overcome [7]. It is expected that administrative barriers will 41 

disappear with market development and with the adoption of policies that facilitate the development of 42 

these solar hybrid systems [8]. Regarding the technology costs, the cost competitiveness of solar PVT 43 

technologies in the urban environment depends on several factors amongst which the most important ones 44 

are: the availability of solar irradiance, the characteristics of the building’s energy demand, the system 45 

investment cost, and the costs of the available alternatives for heat and electricity provision (utility prices). 46 

In this work, the cost competitiveness of a proposed solar combined heating and power (S-CHP) system 47 

based on a novel hybrid PVT technology is thoroughly studied. 48 

Earlier economic studies on hybrid PVT systems [9–13] considered constant economic parameters such as 49 

the inflation and discount rates, or constant ‘daily average’ profiles for the energy demands. In a more 50 

recent study [14], the International Energy Agency (IEA) considered three different discount rates (3%, 5% 51 

and 7%) to estimate the levelised cost of generating electricity (LCOE) for different baseload power stations 52 

(fossil fuel based and nuclear) and several renewable technologies (solar PV and onshore/offshore wind). 53 

In the aforementioned report, the influence of several parameters in the LCOE of the analysed technologies 54 
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was also assessed; specifically, the variation of the discount rate, overnight costs, lifetime, capacity factor, 55 

fuel cost and lead time. In this line, in the present research, a sensitivity analysis is undertaken to study 56 

explicitly the influence of the utility prices and the inflation and market discount rates on the economics of 57 

the proposed S-CHP system. Furthermore, this work explores variations of financial incentives, both for 58 

electricity micro-generation and renewable hot-water production (including domestic hot water, DHW, 59 

and space heating, SH). Typically, previous studies [11,15,16] did not consider Government support in their 60 

economic analysis. A more recent study [17] analysed the influence of Feed-In-Tariffs (FITs) both 61 

proportional to the electricity produced and based on the primary energy savings, and they concluded that 62 

electricity-related FITs do not incentive the production of the thermal energy by the PVT panel. They also 63 

concluded that a FIT based on primary energy is not practical as primary energy savings are difficult to 64 

measure.  65 

A previous study of the IEA [14] concluded that system costs, market structure and policy measures play 66 

an important role in the LCOE of electricity generating technologies, particularly in renewable systems. 67 

Therefore, the aim of this work is to analyse the influence of different economic parameters on the cost 68 

competitiveness of the proposed S-CHP system for a single-family house in three different climates: 69 

Zaragoza (Spain), Athens (Greece) and London (UK). The reference house was previously modelled in 70 

EnergyPlus software to estimate its annual energy consumption in the aforementioned locations [18]. The 71 

novel S-CHP system was also previously modelled, sized and optimised for the same three locations. It is 72 

worth mentioning that there are methods available for optimization problems where a number of 73 

parameters can be varied, weighed and prioritised, such as meta-heuristic methods and fuzzy optimization 74 

approach [19–21]. However, despite these techniques are no problem specific, they are not considered in 75 

this work since it is not the objective here to obtain the optimal solution from an economical point of view, 76 

or to weigh, rank and prioritize criteria, but to analyse how the different external economic parameters 77 

under study influence the cost competitiveness of proposed S-CHP system when these parameters vary 78 

within a realistic range. 79 

In this work, firstly a review of the investment cost and utility prices within Europe is undertaken, followed 80 

by an outline of current policies and subsidies for solar technologies. In Section 2, the optimised S-CHP 81 

systems for each of the selected locations are presented, together with the methodology followed in the 82 

present study. Then, in Section 3, the influence of the price of the main S-CHP system components (PVT 83 
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collectors, water storage tank and battery storage) and system installation costs are analysed, as well as 84 

the influence of the market and fuel inflation rates, and the utility (electricity and natural gas) prices. 85 

Afterwards, the effect of the implementation of financial incentives on the system economics is studied, 86 

considering both electricity and heating incentives. Finally, a set of different potential future scenarios are 87 

analysed, simultaneously varying several of the aforementioned economic parameters in the different 88 

locations under analysis. The main conclusions are drawn in Section 4.  89 

1.1 Investment cost and cash flow uncertainty 90 

A primary barrier for the accelerated uptake of renewable energy technologies arises from their high 91 

upfront capital costs compared to conventional fossil-fuel systems, in which a significant fraction of the 92 

levelised costs is incurred during operation (fuel costs) [22]. The total investment cost of solar technologies 93 

consists mainly of: system components cost, labour and administration costs.  94 

Figure 1 shows a breakdown of the investment costs (including installation) of a representative solar S-CHP 95 

system for a single-family house based on PVT collectors (8 PVT collectors, 12.4 m2, and 0.72 m3 water 96 

storage tank). The prices considered are from different European retailers, as it is believed they could 97 

supply the components to any country in Europe. For different system sizes (e.g. different number of PVT 98 

collectors or storage tank volume), the cost of those components should be varied proportionally. As shown 99 

in Figure 1, the PVT collectors’ price is the main cost (around 38%) in an S-CHP system, so there is a large 100 

potential for designing and manufacturing cost-competitive PVT collectors. A decreasing trend in the 101 

capital costs of solar technologies is foreseen, along with a growing market size. Indeed, the cost of solar-102 

thermal collectors has decreased by 23% in Europe along with a doubling in the installed capacity [23,24], 103 

which is comparable to the drop in PV module prices that showed a learning rate of 16-30% in global scale 104 

studies [25]. 105 

Currently, the lack of local retailers and trained on-site personnel affects the installation costs [9,26], which 106 

currently account for around 23% of the total fixed costs in a S-CHP system based on PVT collector [27] 107 

(Figure 1). However, these costs significantly vary from country to country and increase further if solar 108 

installations require permits, which also create delays and additional costs [28]. The International Energy 109 

Agency (IEA), in its Task 35, indicates a potential cost reduction of roughly 10% for PVT installations 110 

compared to the combination of separate systems with market development [29].  111 
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 112 

Figure 1. Breakdown of the investment costs (including installation) of a representative solar S-CHP system for a single-113 
family house based on PVT collectors (8 PVT collectors and 0.72 m3 water storage tank) [27,30–35]. 114 

On the other hand, the cash generated over a system’s lifetime depends on variable external factors such 115 

as utility prices. As a consequence, incoming cash flows are uncertain, while the expenditure is certain and 116 

immediate. Investors need to hedge this risk through adequate financial structures. In Spain, for example, 117 

if SH and DHW are provided by a natural gas boiler, the cost is ~0.11 €/kWh, while if it is provided by 118 

electric heaters, a much higher cost is incurred, ~0.23 €/kWh. Meanwhile, in the UK those numbers are 119 

~0.05 €/kWh and ~0.18 €/kWh; and in Greece ~0.10/kWh and ~0.17 €/kWh, respectively. The 120 

aforementioned values are the prices when all taxes and levies are included, and are values as of the second 121 

half of 2016 [36]. For electricity prices, the band DC1 (2,500 kWh < consumption < 5,000 kWh) is selected 122 

[36], as the total household electricity consumption is ~2,800-3,500 kWh [18]. For the natural gas prices, 123 

the band D1 (consumption < 20 GJ, 5,555 kWh) is considered for Zaragoza and Athens, as the total natural 124 

gas consumption to satisfy the SH and DHW demand is ~3,800 kWh and ~2,400 kWh respectively, 125 

assuming a boiler efficiency of ~90% [37]; while for London a band D2 (20 GJ, 5,555 kWh < consumption 126 

< 200 GJ, 55,555 kWh) is selected [36], as the total natural gas consumption is ~7,000 kWh [18]. It should 127 

be noted that the natural gas price for London is significantly lower than in the other cases due to the band 128 

that should be selected according to the household thermal energy demand. If the demand was lower than 129 

5,555 kWh, the natural gas price would increase to 0.0768 €/kWh. 130 

                                                                    
1The electricity and natural gas prices vary depending on the annual energy consumption within different bands: D1, 

D2 and D3 for natural gas consumption and DA, DB, DC, DD and DE for electricity consumption. 
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The following figures show the trends of the utility prices from 2007 to 2017 in different EU countries and 131 

the EU (28 countries) average. It is observed that the natural gas prices have fluctuated at higher or lower 132 

extent in the different EU countries in the last ten years, and that there is a significant difference in the 133 

natural gas prices between the different countries. Specifically, the natural gas prices in Sweden are almost 134 

6 times higher than the corresponding prices in Romania (Figure 2). Countries such as France, Italy, Spain 135 

or Greece show very fluctuating prices, while others such as Croatia, Bulgaria or Romania are more regular 136 

throughout the different years. In general, an increasing trend in the natural gas prices is glimpsed.   137 

 138 

Figure 2. Trends of natural gas prices from 2007 to 2017 in different EU countries and the EU (28 countries) average for 139 
band D1 (consumption < 20 GJ, 5,555 kWh) [36]. 140 

Looking specifically at the trends in the countries under study, Figure 3 shows that since approximately 141 

2012, the natural gas prices in Spain and Greece have fluctuated significantly and at higher extent that the 142 

EU average (continuous lines). It should be noted that natural gas prices in Greece are only available from 143 

December 2012 in the selected database [36]. The natural gas prices in the UK are considerably lower 144 

because the band D2 should be selected for the household located in London according to its thermal 145 

energy demand. As shown in the EU average, the prices of band D2 (dashed lines) are considerable lower 146 

than those of band D1, which are the ones applicable to the households located in Zaragoza and Athens. 147 
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 148 

Figure 3. Trends of the natural gas prices from 2007 to 2017 in the countries considered in this research and the EU (28 149 
countries) average. The dash lines refer to the prices of band D2 (20 GJ, 5,555 kWh < consumption < 200 GJ, 55,555 kWh), 150 
which are applicable to the household in London, while the continuous lines correspond to band D1 (consumption < 20 GJ, 151 
5,555 kWh), considered for Zaragoza and Athens [36]. 152 

Figure 4 shows the trends of the electricity prices from 2007 to 2017 in different EU countries and the EU 153 

(28 countries) average. Similarly, as before, in general, an increasing trend is observed, at higher or lower 154 

extent depending on the specific country. There are also considerable differences between the country with 155 

the highest electricity prices (Denmark) and the one with the lowest prices (Bulgaria), having the former 3 156 

times higher electricity price than the latter. It is observed that electricity prices fluctuate less than natural 157 

gas prices, and in general a higher increasing trend is observed. 158 

 159 

Figure 4. Trends of the electricity prices for band BC (2,500 kWh < consumption < 5,000 kWh), considering all taxes and 160 
levies, from 2007 to 2017 for different EU countries [36]. 161 
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Figure 5 shows that the electricity prices in Spain have increased at significantly higher rate than the EU 162 

average, with considerably higher values than the average since 2011. The electricity prices in the UK have 163 

also notably increased in the last 10 years but, except in a few occasions, the prices are below the EU 164 

average. Similar trends are observed in Greece, but in this case the prices are considerably lower than the 165 

EU average (16%), as well as than the prices in Spain (25% lower).  166 

 167 

Figure 5. Trends of the electricity prices for band BC (2,500 kWh < consumption < 5,000 kWh), considering all taxes and 168 
levies, from 2007 to 2017 for the countries analysed in this research [36]. 169 

The inflation rate has also significantly varied in the last 10 years in the three countries analysed in this 170 

research (Greece, Spain and UK). Table 1 shows the mean value, standard deviation (σ), and mix/max 171 

values of the inflation rate, as well as of the electricity and natural gas prices, estimated considering the 172 

historical values of the last 10 years [36,38,39]. Therefore, it can be concluded that there is a high volatility 173 

in the utility prices and inflation rates which leads to a high uncertainty when projected cash flows from 174 

renewable energies should be estimated.  175 

Table 1. Statistical analysis of the inflation rate, electricity price and natural gas price over the last 10 years in the three 176 
countries analysed in this research. 177 

 Inflation rate (%) Electricity price (€/kWh) Natural gas price (€/kWh) 

 Greece Spain UK Greece Spain UK Greece Spain UK 

mean 0.92 1.24 2.38 0.141 0.199 0.170 0.104 0.087 0.051 

σ 2.26 1.29 1.31 0.030 0.034 0.025 0.026 0.019 0.009 

min -2.61 -1.04 0.20 0.098 0.137 0.139 0.068 0.068 0.036 

max 5.17 2.99 4.20 0.179 0.237 0.218 0.147 0.122 0.067 
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1.2 Policies and subsidies 178 

A previous report of the IEA [14] concluded that Governments should play a major role to boost the 179 

deployment of renewable technologies, through their support in innovative research and development, but 180 

more importantly through the development of policies that support market creation and the cooperation 181 

with industry, in order to develop appropriate market conditions that allow renewable technologies to 182 

overcome current barriers.  183 

In Europe, there are two main financial incentive mechanisms to promote renewable energies: grants or 184 

subsidies, and tax credits or reductions. The incentives are usually removed once a technology becomes 185 

mature, as demonstrated by the experience of the solar-thermal market in countries such as Greece and 186 

Austria. However, in some cases, financial incentives led to increased costs as consequence of increased 187 

demand, such as in France and in Sweden, where the cost of solar water heaters started to rise with 188 

increasing market penetration after financial support schemes were adopted [40,41]. 189 

The most widespread subsidy for renewable electricity generation is the Feed-In Tariff (FIT), which, if 190 

appropriately designed, is capable of driving technological development and market expansion [27]. In 191 

order to be successful, FITs should include a yearly reduction in accordance with the technical, industrial 192 

and market progress [4]. It should be noted that this subsidy is a temporary measure and will no longer be 193 

necessary once grid parity is reached or surpassed by a particular technology, since at that point the market 194 

becomes self-sustained. Loans to help customers pay the high initial investment cost may be kept for about 195 

30 years [42]. Currently, there are still some European countries with FIT for distributed renewable energy 196 

generation, specifically for small scale PV installations, such as in the UK (0.048 €/kWh) [43] and Greece 197 

(0.105 €/kWh) [44].  198 

On the other side, Government incentives to support renewable heat generation are not as common within 199 

Europe. An example of these incentives can be found in the UK, where there is also a financial support, the 200 

domestic Renewable Heat Incentive (RHI), which can be claimed for biomass boilers, solar water heating 201 

and certain heat pumps. This incentive consists of payments for 7 years based on the amount of renewable 202 

heat generated by the heating system [45].  203 

In line with previous studies [8,27], it is believed that policies such as obligations, incentives and financing 204 

schemes to support private customers in accessing capital, as well as fast and transparent procedures in 205 
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response to regulatory frameworks, are key components for the further development of solar-thermal 206 

technologies and, in particular, hybrid PVT systems. 207 

Currently, in Spain there is a renewable heat obligation scheme which sets a minimum contribution of 208 

solar-thermal energy for DHW provision in new or highly refurbished buildings (section HE4 of the 209 

“Documento Básico de Ahorro de Energía”, Basic Document of Energy Savings in English) [46]. Furthermore, 210 

the Spanish Building Technical Code also establishes a minimum contribution of PV energy in new or highly 211 

refurbished buildings of more than 5,000 m2 constructed area (section HE5 of the “Documento Básico de 212 

Ahorro de Energía”, Basic Document of Energy Savings in English) [46]. To boost the installation of 213 

solar-thermal systems in buildings, IDAE (which stands for “Instituto para la Diversificación y Ahorro de la 214 

Energía” in Spanish) established a funding scheme, SOLCASA program, in the framework of the Renewable 215 

Energy Plan 2005-2010, with the European Funding for Regional Development. The aim of this financing 216 

scheme is to improve the quality and adaptability of the commercial offer to satisfy the DHW and SH needs 217 

in buildings using solar-thermal energy [47].  218 

The combined electrical and thermal energy yield of S-CHP systems based on PVT collectors make them 219 

eligible for a range of subsidies, including FITs for the electricity generated by the PV module and RHI for 220 

the hot water produced by the thermal collector component. Therefore, to encourage the uptake of these 221 

systems and thus to fully harness their potential contribution to the reduction in primary energy and 222 

emissions, it may beneficial to consider possible modifications to these incentives or to implement 223 

additional ones. For example, a full solar-thermal subsidy [4] would act to incentivise PVT installers, 224 

facilitate the deployment of this technology, and accelerate the commercialisation of PVT systems [4,42]. 225 

Furthermore, the dual (thermal and electrical) generation of S-CHP systems based on PVT collectors makes 226 

them an interesting alternative to meet renewable obligations such as the ones mentioned above while at 227 

the same time makes them eligible to different funding schemes such as SOLCASA program. 228 

2 Methodology 229 

The core components of the complete S-CHP system are (see Figure 6): i) the PVT collectors, ii) a stratified 230 

water storage tank, iii) a closed loop with a water circulator pump that connects the PVT collector with the 231 

storage tank through an internal heat exchanger, iv) electrical storage (by means of a number of batteries 232 

connected to the PVT collector and to the grid), and v) an auxiliary heater. It should be noted that detailed 233 
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energy balance equations of all of these system components were integrated in the overall system model 234 

developed in the EES  software [18]. The energy demand of a reference house was also previously modelled 235 

in EnergyPlus, considering a single-family house (2 floors of ~58 m2 floor area each) of new construction 236 

that meets the actual standards on energy efficiency according to the Energy Performance of Buildings 237 

Directive [48]. It is assumed that the household consumes natural gas for SH and DHW, with the former 238 

provided via underfloor radiant heating; and electricity is consumed for lighting, cooling and home 239 

appliances. The energy demand breakdown is then integrated as an input of the one dimensional (1-D) 240 

S-CHP model together with the weather conditions [18].  241 

 242 

Figure 6. Schematic diagram of the main components of the S-CHP system: i) PVT collectors, ii) stratified water storage 243 
tank, iii) PVT-tank closed loop, iv) electrical storage and v) an auxiliary heater. 244 

The S-CHP system is based on the most promising PVT collector previously identified, 3×2 polycarbonate 245 

(PC) flat-box PVT collector [30]. The optimised S-CHP configurations for each of the locations under study 246 

(Zaragoza, London and Athens) are used as a starting point for the sensitivity analysis. The optimum system 247 

size (number of PVT collectors and storage tank volume) and operating conditions selected for each 248 

location were those that minimised the system payback time as well as its associated Levelised Production 249 

Cost (in terms of costs per kWh of household energy covered). It is worth mentioning that the selected 250 

S-CHP system size in each case also minimised the interaction with the grid (energy imported vs. energy 251 

exported) and aimed at limiting the amount of excess heat dumped to the atmosphere to avoid tank 252 

overheating. 253 

Table 2 summarises the S-CHP system size (number of PVT collectors, N, and storage tank volume, Vt), the 254 

annual energy results (electricity generated, EPVT, covered, Ecov, exported, Eexp, imported, Egrid, the thermal 255 

energy covered, Qcov, and auxiliary heat, Qaux) and the Payback Time (PBT) (obtained from previous 256 

research); when the S-CHP systems are installed in a single-family house located in each of the cities under 257 

study. To obtain the aforementioned values, the economic parameters were set constant. The utility prices 258 
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were the actual prices in each country (Subsection 1.1) [36]. The market discount rate was estimated to 259 

3.5%, for projects of 0-30 years lifetime [49], while the fuel inflation rate was set to 2.7% based on the 260 

inflation rates in the different countries under study [38,39], which is in line with the 3% average inflation 261 

rate over the last 50 years in the OECD countries [14]. No FITs were considered for any location, despite 262 

nowadays both UK and Greece have FITs applicable to small scale PV installations [43,44]. The reason for 263 

this is to start in all locations from the same starting point and be able to estimate the FIT that would be 264 

required in each particular case to make the proposed S-CHP system cost-competitive.  265 

Table 2. S-CHP system size (number of PVT collectors, N, and storage tank volume, Vt), annual energy (electrical and thermal) 266 
generation and payback time (PBT) (when all taxes and levies are included in the utility prices) for each of the locations under 267 
study (Zaragoza, London and Athens). 268 

 
N 

 (-) 
Vt 

(m3) 

EPVT 
(kWh/ 
year) 

Ecov 

(kWh/ 
year) 

Egrid 

(kWh/ 
year) 

Eexp 

(kWh/ 
year) 

Qcov 

(kWh/ 
year) 

Qaux 

(kWh/ 
year) 

PBT 
(years) 

Zaragoza 8 0.72 3,487 2,096 1,058 1,044 1,600 1,931 11.62 

London 11 0.825 3,025 1,823 957 909 1,634 3,939 22.70 

Athens 9 0.675 3,674 2,263 1,249 1057 1,283 811 15.59 

Regarding the system economics, Table 3 details the price breakdown of the S-CHP system components 269 

estimated from price lists available from solar retailers in the EU (VAT included). The cost of the storage 270 

tank is estimated using a correlation based on market prices of existing tanks across a range of storage 271 

volumes. The total installation costs are also considered [27]. The auxiliary heater price is not considered 272 

as it is assumed that the households already have one installed.  273 

Table 3. Price breakdown of S-CHP components. 274 

Component Value Unit  Reference 

Benchmark (S&T) PVT collector 380 €/Collector [50] 

3×2 PC flat-box PVT collector 301 €/Collector [30] 

Pump station 265 € [31] 

Controller 110 € [32] 

Expansion vessel 140 € [31] 

Water storage tank 0.874·Vt (L)+ 763.5 € [33] 

Pipes (including insulation) 11 €/m [31] 

Heat transfer fluid 3.3 €/L [34] 

Mounting 59 €/Collector [31] 

Lead-acid batteries 69/840·CTa € [35] 

System installation 1,800 € [27] 
aCT = Battery energy capacity (Wh) 275 
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To analyse the cost competitiveness of the S-CHP system, two main economic parameters are estimated: 276 

the Payback Time (PBT), and the Levelised Production Cost (LPC), in terms of both the total (electrical and 277 

thermal) energy generated (LPCgen), and the total (electrical and thermal) energy covered in the household 278 

(LPCcov) [51].  279 

To estimate the fuel savings (electricity and natural gas in this particular case), the annual savings, FSS-CHP, 280 

are estimated, which refer to the total utility (electricity and natural gas) costs saved in the household due 281 

to the electricity and thermal (SH and DHW) energy demand covered by the S-CHP system (Eq. (1)). Then, 282 

these values, are converted into present worth values and added to obtain the Life Cycle Savings (LCS), 283 

considering the market discount rate (d) and the fuel inflation rate (iF), as follows, 284 

𝐹𝑆S−CHP = 𝐸cov ∙ 𝑐e +
𝑄cov

𝜂boiler
∙ 𝑐ng , (1) 

𝐹𝑆LCS = ∑
𝐹𝑆S−CHP ∙ (1 + 𝑖F)𝑛−1

(1 + 𝑑)𝑛

𝑁

𝑛=1

 , (2) 

where ce is the electricity price (€/kWh) and cng is the natural gas price (€/kWh).  285 

Similarly, the net present value (NPV) of the S-CHP system can be estimated as follows, 286 

𝑁𝑃𝑉 = 𝐶0 + 𝐹𝑆S−CHP ∙
1

𝑑 − 𝑖F
∙ [1 + (

1 + 𝑖𝐹

1 + 𝑑
)

𝑛

] , (3) 

where C0 is the total investment cost of system, n is the system’s lifetime (assumed to be 25 years) 287 

[14,52,53].  288 

The PBT can be then calculated as the time (n) when the NPV = 0.  289 

On the other hand, Levelised Production Cost (LPC) is calculated as the total cost per kWh incurred by the 290 

S-CHP system installed in the household throughout its lifetime. Therefore, it considers the investment cost 291 

(C0) and the operation and maintenance (O&M) costs (CO&M) of the system, as well as the utility (electricity 292 

and natural gas) costs that are incurred to satisfy the rest of the electrical (Egrid) and thermal (Qaux) demand 293 

of the household that cannot be covered by the system (AS-CHP, in €/year), 294 

𝐴S−CHP = 𝐸grid ∙ 𝑐e +
𝑄aux

𝜂boiler
∙ 𝑐ng + 𝐶O&M , (4) 
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In this case, the NPV is calculated substituting FSS-CHP by AS-CHP in Eq. (3), an annualising it to estimate the 295 

levelised cost (Le),  296 

𝐿e =
𝑁𝑃𝑉

1
𝑑 − 𝑖𝐹

[1 + (
1 + 𝑖𝐹
1 + 𝑑 )

𝑛

]
 , 

(5) 

which is used to calculate the LPC, 297 

𝐿𝑃𝐶 =
𝐿e

𝐸Teeq
 , (6) 

where ETeeq refers to the total “equivalent” electrical energy (in kWheeq) so as these results can be compared 298 

with other renewable energy technologies. This term is calculated converting the total primary energy (ETpe) 299 

with the electricity conversion factors specific for each country where the analysis is undertaken [54–56]. To 300 

estimate the LPC per energy generated (LPCgen), the total electricity (EPVT) and thermal (Qcov) energy 301 

generated are converted to primary energy through the corresponding conversion factors, so as they can be 302 

added up. Meanwhile, to estimate the LPC per energy covered in the household (LPCcov), only the electricity 303 

(Ecov) and thermal (DHW and SH) energy (Qcov) covered are considered.  304 

Based on the S-CHP system presented in Table 1 in each location, the influence of the following parameters 305 

in the PBT, LPCcov and LPCgen is assessed through sensitivity analyses (these analyses are conducted varying 306 

one parameter at a time, maintaining the rest of them constant with the aforementioned values): 307 

 System components’ costs: PVT collector, water storage tank and battery storage. 308 

 System installation costs. 309 

 Market discount rate and fuel inflation rate. 310 

 Utility (electricity and natural gas) prices. 311 

 Financial incentives: FIT for electricity generation and RHI for thermal energy covered. 312 

A summary of the methodology followed in this work is presented in Figure 7 in the form of a blocks 313 

diagram. The authors would like to clarify that the work presented here does not comprise any optimisation 314 

analysis. The aim of the present effort is to analyse the influence of the aforementioned parameters on the 315 

cost competitiveness of the proposed S-CHP system (PBT, LPCcov, LPCgen) in three different locations.  316 
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 317 

Figure 7. Blocks diagram of the methodology approach followed in the present research. 318 

3 Results and Discussion 319 

In this section, a detailed analysis of the influence on the cost competitiveness of the proposed S-CHP 320 

system of the parameters mentioned above is presented. Moreover, different potential future scenarios in 321 

the near future (considering reasonable assumptions) are also proposed and the system cost 322 

competitiveness is analysed, in an attempt to outline the potential of hybrid PVT systems in the urban 323 

environment.  324 

3.1 Influence of the system components’ costs and installation costs 325 

As shown in Figure 1, aside from the system installation costs, the main S-CHP system costs are due to the 326 

PVT collectors, the water storage tank and the battery storage. The cost of the PVT collectors is the highest 327 

cost (around 38%); thus, the effect of a reduction of the PVT collector price, from 0% (no reduction) to 50% 328 

(half of the actual price), on the cost competitiveness of this technology is analysed for the three locations 329 

under study (Zaragoza, London and Athens). 330 

The results of the influence of the PVT collector price on the payback time (PBT) and on the Levelised 331 

Production Cost per energy covered (LPCcov) and per energy generated (LPCgen) of the S-CHP system are 332 

presented in Figure 8. As expected, for any of the locations, the reduction of the PVT collector price leads 333 

to a decrease in the PBT (Figure 8 left) as well as in the LPCcov and LPCgen (Figure 8 right). In particular, a 334 

reduction of 10% in the PVT collector price leads to a decrease of 3.3-3.9% in the total S-CHP system cost 335 

Optimised S-CHP configurations in terms of PBT and LPC
(Athens, London , Zaragoza): 

 Annual energy results (Table 1)
 Current S-CHP component costs (Table 2)

electricity prices

market discount rate

fuel inflation rate

natural gas prices

financial incentives

Estimated results: 
PBT & LPC

Potential future scenarios: Variation of economic 
parameters (combined variation, Table 3) in Eqs. (1-6)

14 scenarios 
results: PBT & LPC

system components & installation costs

START:

STEP 1: Parameters:

Sensitivity analysis: Variation of economic 
parameters (one at a time) in Eqs. (1-6)

STEP 2:

STEP 3:

Initial PBT & LPC
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(depending on the S-CHP configuration). As a result, the PBT is reduced by 3.4-4.2%, while the LPCcov and 336 

LPCgen only decrease by 1.5-2.4%. To achieve a reduction of 10% in the PBT, the PVT collector price should 337 

decrease by 30% in the case of Zaragoza, by 24% in London and by 27% in Athens. It is observed that to 338 

obtain a similar PBT in London than in Athens (~15 years), the PVT collector price should be reduced by 339 

~80%; and even if the PVT collector cost was zero, for example if there was a full-subsidy for the PVT 340 

collectors, the PBT of the S-CHP system installed in London would still be higher than for the S-CHP system 341 

installed in Zaragoza (~13 years vs. ~12 years for the S-CHP system with no-reductions in Zaragoza).  342 

 343 

Figure 8. PBT (left) and LPCcov and LPCgen (right) when the PVT collector price is reduced from 0% to 50% for the three 344 
optimised S-CHP systems in each respective location: Zaragoza (Zgz), London (Lnd) and Athens (Ath).  345 

As mentioned above, the water storage tank price also accounts for a significant share (around 18%) of the 346 

total S-CHP system cost. Thus, similarly as before, the effect of a reduction of this price, from 0% to 50%, 347 

on the cost competitiveness of this technology is analysed for the three locations under study. Similar 348 

trends as in Figure 8 are observed, as expected. However, in this case, the storage tank price should 349 

decrease by 50% in the three locations to achieve a reduction of ~10% in the PBT. The LPCcov and LPCgen 350 

only decrease by up to 4-5%, so it can be concluded that a reduction in the water storage tank price, 351 

although beneficial, it is not as critical as the PVT collector costs reduction. 352 

The battery storage price is around 5% of the total S-CHP system cost (Figure 1). As previously, the effect 353 

of a reduction of this cost, from 0% to 50% is analysed for the studied locations. The results show that 354 

battery storage price do not have an important influence of the overall S-CHP system economics. The PBT 355 

is only reduced by up to 2.8-3.5% and the LPCcov and LPCgen by up to 1.2-1.8% when the batteries’ price is 356 

halved in all the locations. Therefore, in the cases considered in the present research, it can be concluded 357 
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that this component is not critical to enhance the cost competitiveness to S-CHP systems; since the effect 358 

of the reduction of the different components’ costs on the PBT and LPC of the S-CHP system is proportional 359 

to the share of the corresponding component on the total system cost, as expected.  360 

As discussed in Section 1.1, the system installation costs accounts for the second highest cost of the S-CHP 361 

system (around 23%), being these costs significantly variable from country to country. Furthermore, it is 362 

expected that the widespread installation of these systems will lead to a reduction in the associated costs, 363 

as local retailers and trained on-site personnel will most probably increase accordingly. Therefore, 364 

similarly as before, the effect of a reduction of system installation costs from 0% to 50% is analysed for the 365 

three locations. The results show that, to achieve a 10% reduction of the PBT, the system installation costs 366 

should decrease by 38% in Zaragoza, by 40% in Athens and by 44% in London. The LPCcov and LPCgen only 367 

decrease by up to 5.7-8.1% when the system installation costs are halved in all the locations. Therefore, it 368 

can be concluded that, even though a reduction in the system installation costs is indeed necessary, it is not 369 

sufficient to achieve cost-competitive S-CHP systems, particularly in countries such as the UK with low 370 

irradiance levels and low natural gas prices. 371 

3.2 Influence of the market discount rate and fuel inflation rate 372 

In literature, different authors consider different market discount rates, ranging from 5% [11,15], 8% [57] 373 

and even 10% [58], which depend on several factors such as the time and location when/where the study 374 

was undertaken, and the type of technology under study. More recently, the IEA in the Solar Heating and 375 

Cooling technology roadmap [59] assumed a discount rate between 3-6% for solar heat cost calculations. 376 

Other reports of the IEA [14,60] of “Projected Cost of Generating Electricity” considered in the 2010 edition 377 

two different discount rates (5% and 10%), while in the 2015 edition estimated the LCOE of different 378 

electricity generation technologies with three different discount rates: 3% which according to the study 379 

would approximately correspond to the “social cost of capital”, 7% which would correspond to the “market 380 

rate in deregulated or restructured markets” and 10% which would correspond to an investment in a “high-381 

risk investment”. Bearing in mind these studies, the influence of the market discount rate (d), on the system 382 

economics (PBT and LPC) is analysed here, to assess the extent to which the system cost effectiveness is 383 

affected. To this end, d is varied from 0.25% to 10%, being 0.25% a very low value which would imply that 384 

future cash flows almost do not depreciate with time and 10% the highest value used for the analysis of 385 

this type of systems found in literature.  386 
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As shown in Figure 9 left, the PBT increases exponentially with the increase in the market discount rate. 387 

The reason is that, as the market discount rate increases, the present worth of future household fuel savings 388 

decreases. As a consequence, more time is required to pay back the initial investment cost. It is observed 389 

that, to reach a PBT of ~20 years in the S-CHP system located in London, to be able to at least recover the 390 

investment in the system’s lifetime, the market discount rate would need to be ~2.5%. In this location, only 391 

when the market discount rate is set to 0.25%, the PBT reached (16.6 years) is similar to the one of the 392 

optimised S-CHP system located in Athens. 393 

Similarly, although at much lower extent, the LPCcov and LPCgen increase with the market discount rate, as 394 

the Levelised Cost (Le, in €/year) of the S-CHP system increases at higher d. The grey vertical line and dark 395 

red arrow indicate the initial starting point. Similar trends are found in a previous study [14], where the 396 

LCOE of different electricity generation technologies is estimated as a function of the discount rate. 397 

 398 

Figure 9. PBT (left) and LPCcov and (LPCgen (right) when the market discount rate is varied between 0.25-10% for the three 399 
optimised S-CHP systems in each respective location: Zaragoza (Zgz), London (Lnd) and Athens (Ath). The vertical line and 400 
arrow indicate the value considered to obtain the results presented in Table 1. 401 

The fuel inflation rate refers to the inflation rate that the annual household fuel savings achieved thanks to 402 

the installation of the S-CHP system suffer. Historical values of this rate in the different countries 403 

significantly vary, e.g., between 0.25-4.2% in Spain, 0.8-5.2% in Greece and 0.2-4.2% in the UK, from 2007 404 

to 2016 [38,39], so a specific value that might look reasonable today might considerably differ in a few 405 

years’ time. Therefore, similarly as before, the fuel inflation rate, iF, is varied from 0.25% to 5.25% and the 406 

PBT, LPCcov and LPCgen are estimated for the optimised S-CHP systems installed in the three locations under 407 

study. As before, the grey vertical line and dark red arrow indicate the initial starting point. 408 
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Figure 10 left shows that the PBT decreases with the increase in the fuel inflation rate. The reason is that, 409 

as the fuel inflation rate increases the present worth of future household fuel savings increases, so less time 410 

is required to pay back the initial investment cost. In other words, the proposed S-CHP system replaces 411 

energy otherwise generated from more expensive fuel. It is observed that, increasing the iF from 0.25% to 412 

1.25% leads to a decrease of the PBT of 7% in the system located in Zaragoza, while this number is 413 

increased to 18% and 9% for London and Athens respectively. If the inflation rate is increased by 2% 414 

absolute points from 0.25% to 2.25%, the PBT decreases by 12%, 29% and 17% for Zaragoza, London and 415 

Athens; while if iF is further increased to 5.25%, those numbers become 24%, 46% and 32%, respectively 416 

(all compared to the iF = 0.25% values). The PBT achieved when iF = 5.25% are 10.3 years, 18.0 years and 417 

13.3 years in the aforementioned locations respectively. The different results obtained for the different 418 

case studies are attributed to the different starting points regarding annual fuel savings (FSS-CHP, €/year) 419 

and total initial investment cost (C0). The S-CHP system located in London has the highest C0, and a much 420 

lower FSS-CHP than in the case of Zaragoza. As consequence, the system economics are more affected by the 421 

variation of the fuel inflation and market discount rates (Figures 9 and 10). The LPCcov and LPCgen also 422 

decrease with the fuel inflation rate, although at much lower extent. This trend is due to the lower Levelised 423 

Cost (Le, in €/year) of the S-CHP system at higher iF.  424 

 425 

Figure 10. PBT (left) and LPCcov and LPCgen (right) when the fuel inflation rate is varied between 0.25-3.5% for the three 426 
optimised S-CHP systems in each respective location: Zaragoza (Zgz), London (Lnd) and Athens (Ath). The vertical line and 427 
arrow indicate the value considered to obtain the results presented in Table 1. 428 
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3.3 Influence of utility prices 429 

As shown in Section 1.1, utility (electricity and natural gas) prices have suffered a considerable variation in 430 

the last 10 years, with no clear trends for future prices, although an increasing trend in the prices, in 431 

particular in electricity prices, is outlined in Figures 2-5. Specifically, electricity prices have varied from 432 

0.098 €/kWh (lower limit in Greece) to 0.237 €/kWh (upper limit in Spain), while natural gas prices have 433 

varied from 0.036 €/kWh (lower limit in UK) to 0.146 €/kWh (upper limit in Greece), from 2007 to 2016. 434 

This high volatility in the utility prices leads to a large uncertainty about the future household savings over 435 

the S-CHP system’s lifetime, referred to as annual fuel savings in this research; as they come from the fuel 436 

(electricity and natural gas) that the household does not buy thanks to the generation of electricity and 437 

thermal energy by the installed S-CHP system. Therefore, this section analyses the influence of the utility 438 

prices on the system economics (PBT and LPC). To this end, both the electricity and natural gas prices are 439 

varied (one after the other one) from 0.05 €/kWh to 0.5 €/kWh, maintaining the fuel inflation rate, iF, 440 

constant at 2.7% (initial value), so the current utility prices are varied, but not their future variation which 441 

has been already considered in the previous section.  442 

Figure 11 left shows that the PBT decreases logarithmically with the increase of the electricity price, as the 443 

annual fuel savings (FSS-CHP) are larger for the same initial investment cost (C0). The results show that to 444 

obtain a PBT for the system located in London comparable to the one of Athens (~16 years), the electricity 445 

price should be ~0.28 €/kWh, while to lower it down to ~12 years (as in Zaragoza), the electricity price 446 

should be ~0.37 €/kWh. Higher electricity price is required in London than in the other countries, as the 447 

initial investment cost is higher, and the amount of electricity covered, Ecov, is lower than for the other cases. 448 

In the case of the system located in Athens, the electricity price should be ~0.24 €/kWh to achieve the same 449 

PBT than the system located in Zaragoza. The grey vertical lines and dark red arrows indicate the initial 450 

starting points for each location.  451 

On the other hand, Figure 11 right shows that, as expected, the LPCcov and LPCgen increase with the 452 

electricity price, as to cover the household electricity demand that cannot be covered with the S-CHP 453 

system, Egrid, more money should be spent (higher AS-CHP), so the Levelised Cost (Le, in €/year) increase for 454 

the same total energy covered or generated. These results are in line with the findings of the IEA report 455 

[14], which concluded that solar remains the most capital-intensive technology, and thus it is more 456 

sensitive to volatile electricity prices. 457 
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 458 

Figure 11. PBT (left) and LPCcov and LPCgen (right) when the electricity price is varied between 0.05-0.5 €/kWh for the 459 
three optimised S-CHP systems in each respective location: Zaragoza (Zgz), London (Lnd) and Athens (Ath). The vertical 460 
line and arrow indicate the values considered to obtain the results presented in Table 1. 461 

Regarding the influence of the natural gas price, which is used to cover the household thermal (DHW and 462 

SH) demand, similar trends as before are found (see Figure 12). However, in this case, the variation range 463 

of the PBT is significantly lower (from 60 to 9 years for electricity prices and from 23 to 7 years for natural 464 

gas prices in the case of London). The reason is the higher influence of electricity prices on the annual fuel 465 

savings, as in this case the electricity price is fixed at the current value which is significantly higher than 466 

the current natural price fixed for the previous analysis (~0.17-0.23 €/kWh in the former vs. ~0.05-467 

0.11 €/kWh in the latter). It is also observed that the PBT for the system located in London decreases at 468 

higher extent than for the system located in Athens, reaching a similar PBT at high natural gas prices (Figure 469 

12 left), which is attributed to the higher thermal energy covered, Qcov, in the former. 470 

In this line, the LPCcov and LPCgen results show that the S-CHP system located in London is the one more 471 

affected by the natural gas prices, which is due to the significantly higher auxiliary heating energy, Qaux, 472 

required to cover the total household thermal energy demand (see Table 1). As consequence, the household 473 

annual running costs (AS-CHP) increase at much higher extent than in the other cases, leading to a higher the 474 

Levelised Cost (Le, €/year) and hence LPCcov and LPCgen (Figure 10 right). 475 
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 476 

Figure 12. PBT (left) and LPCcov and LPCgen (right) when the natural gas price is varied between 0.05-0.5 €/kWh for the 477 
three optimised S-CHP systems in each respective location: Zaragoza (Zgz), London (Lnd) and Athens (Ath). The vertical 478 
line and arrow indicate the values considered to obtain the results presented in Table 1. 479 

3.4 Influence of financial incentives 480 

Finally, the last sensitivity analysis undertaken in the present research aims to analyse the influence that 481 

Government incentives, specifically subsidies, have on the cost competitiveness of the proposed S-CHP 482 

system in the three locations under study.  483 

As mentioned above, the most widespread subsidy within Europe is the FIT for renewable electricity 484 

generation, while subsidies for thermal energy generation are scarcer. As detailed in Section 1.2, the 485 

combined electrical and thermal energy generated by the proposed S-CHP systems based on PVT collectors 486 

make them eligible for both FITs for the electricity generated and a thermal subsidy for the thermal energy 487 

generated, such as the domestic RHIs available in the UK. Therefore, in this section, the FITs and RHIs are 488 

varied (one after the other one) between 0-0.25 €/kWh, being the upper limit slightly higher than the actual 489 

electricity price in Spain; and the PBT, LPCcov and LPCgen are estimated. 490 

As shown in Figure 13 left, the PBT considerably decreases with FITs, as expected. It is believed that in the 491 

case of Zaragoza, the S-CHP system has an acceptable PBT (11.6 years) without incentives, so FITs are not 492 

essential. The system located in Athens has also a reasonable PBT without incentives (15.6 years), so it can 493 

be concluded that FITs are not crucial for the cost competitiveness of this technology. If the actual FIT 494 

available nowadays for small roof-PV installations (vertical line in Figure 13 left) are considered, the PBT 495 

decreases down to 12.7 years, so these incentives could be used to incentivise its wider installation. Finally, 496 

it is observed that the PBT of the S-CHP located in London is still considerable when the actual FIT available 497 
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for rooftop PV installations in the UK are considered (20.4 years, see vertical line in Figure 13 left). The 498 

main reason is the higher cost of PVT collectors vs. PV modules, as well as the costs of other S-CHP system 499 

components such as the water storage tank; so a higher incentive would be required to make S-CHP PVT-500 

based systems competitive with conventional PV installations. Specifically, it is estimated that, to obtain a 501 

similar PBT than in Athens (~15.6 years), a FIT of 0.19 €/kWh would be required, while to lower the PBT 502 

down ~12 years such as in Zaragoza, a FIT of ~0.38 €/kWh is estimated.  503 

 504 

Figure 13. PBT (left) and LPCcov and LPCgen (right) when the FITs are varied between 0-0.25 €/kWh for the three optimised 505 
S-CHP systems in each respective location: Zaragoza (Zgz), London (Lnd) and Athens (Ath). The vertical line and arrow 506 
indicate the values considered to obtain the results presented in Table 1 (in London FIT = 0.048 €/kWh and in Athens FIT 507 
= 0.105 €/kWh). 508 

Figure 13 right shows that, as expected, the LPCcov and LPCgen decrease as the FIT increase, as the incomes 509 

received for the electricity sold to the grid reduce the annual running costs (AS-CHP) incurred to satisfy the 510 

overall household energy demand. Similar trends are found in the three different case studies analysed. 511 

Similar results are found when a RHI is applied to the household thermal energy covered, Qcov (Figure 14). 512 

The S-CHP system located in London is the one more affected by this incentive, as it is also the one with 513 

higher thermal energy demand covered (see Table 1). In this case, a RHI of ~0.11 €/kWh would decrease 514 

the PBT to 15 years. If a RHI of ~0.19 €/kWh is applied, a similar PBT than in Zaragoza is achieved 515 

(12 years). Meanwhile, in Athens, with a RHI of ~0.10 €/kWh, the PBT drops down to 12 years.  516 
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 517 

Figure 14. PBT (left) and LPCcov and LPCgen (right) when the RHIs are varied between 0-0.25 €/kWh for the three optimised 518 
S-CHP systems in each respective location: Zaragoza (Zgz), London (Lnd) and Athens (Ath). The vertical line and arrow 519 
indicate the values considered to obtain the results presented in Table 1. 520 

In general, it is observed that lower PBT are achieved for lower incentives when those are applied to the 521 

thermal part (RHI) than to the electrical one (FIT). The reason is that in the case of the RHI, all the household 522 

thermal energy covered, Qcov, is considered, while the FIT only applies to the electricity exported, Eexp, which 523 

is considerably lower (Table 1). Regarding the LPCcov and LPCgen, Figure 14 right shows that, in this case, 524 

the results for the system located in London are more affected than in the other two locations, due to the 525 

higher thermal energy covered, Qcov, in this case. 526 

Bearing in mind these results, it can be concluded that for the type of technology considered in this 527 

research, with which a combined electrical and thermal energy output is obtained, the current incentives 528 

would need to be revised to adapt them to this type of technology. 529 

3.5 Potential future scenarios 530 

In the near future, it is more likely that more than one of the economic parameters studied above vary 531 

simultaneously; for example, the reduction of more than one of the S-CHP components or the variation of 532 

both the market discount rate and the fuel inflation rate. Therefore, in this section, the effect of the 533 

simultaneous variation of several of the above studied parameters on the S-CHP system economics is 534 

analysed. In particular, 14 different scenarios are assessed, starting with the initial conditions that provide 535 

the economic results of Table 1. 536 

Table 4 summarises the values for the different parameters considered in each proposed scenario. The 537 

utility prices have not been considered in this analysis as both the market discount rate and fuel inflation 538 
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rate already have an effect on the annual fuel savings and annual running costs. Besides, both 539 

aforementioned rates are parameters that should be selected for the economic analysis, while the utility 540 

prices are imposed by external factors (i.e. the country where the system is installed). The scenarios are 541 

ordered from less optimistic (scenario 0, initial case) to more optimistic (scenario 14). In the first scenario, 542 

it is assumed that the three main costs of the total S-CHP system (PVT collectors, storage tank and 543 

installation costs) are reduced by 10% each. Then, scenario 2 considers a further reduction in the 544 

installation costs (20%), although also a higher market discount and fuel inflation rates. In this line, 545 

scenarios 3 to 6 consider different percentages of cost reduction (10-25%) in the aforementioned system 546 

components, as well as different market discount rates (2.5-4.5%) and fuel inflation rates (2.7-4%). The 547 

former rates have been previously considered in other studies, and the latter selected are based on 548 

historical inflation rates in the countries under analysis. From scenario 7 to 14, different combinations of 549 

RHI and FIT values are also implemented. 550 

Table 4. Values for the different parameters considered in each of the 14 scenarios analysed (“No.” in the table). 551 

No. 
% PVT 
price 

reduction 

% tank 
price 

reduction 

% installation 
costs 

reduction 

Market 
discount 
rate (d) 

Fuel 
inflation 
rate (iF) 

RHI 
(€/kWh) 

FIT 
(€/kWh) 

0 0% 0% 0% 3.5% 2.7% 0 0 

1 10% 10% 10% 3.5% 2.7% 0 0 

2 10% 10% 20% 4.0% 3.5% 0 0 

3 15% 10% 25% 4.5% 4.0% 0 0 

4 10% 10% 20% 3.5% 4.0% 0 0 

5 15% 10% 25% 3.5% 4.0% 0 0 

6 10% 10% 20% 2.5% 3.5% 0 0 

7 10% 10% 20% 3.5% 3.5% 0.00 0.10 

8 10% 10% 20% 3.5% 3.5% 0.05 0.05 

9 10% 10% 20% 3.5% 4.0% 0.05 0.05 

10 10% 10% 20% 3.5% 3.5% 0.10 0 

11 10% 10% 20% 3.5% 4.0% 0.10 0.05 

12 15% 10% 25% 3.5% 4.0% 0.10 0.10 

13 15% 10% 25% 3.5% 4.5% 0.10 0.10 

14 15% 10% 25% 3.5% 4.5% 0.15 0.05 

The results show that for the S-CHP system located in Zaragoza, it would only be required a modest 552 

reduction of the costs of the main system components (PVT collectors and storage tank) as well as of the 553 

installation costs (between 10% and 25%) to have a PBT lower than 11 years. If in addition the fuel inflation 554 

rate increases, which is likely to happen given the utility prices trends (see Figures 2-5), it is possible to 555 
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obtain a PBT of ~10 years or lower, even if the market discount rate increases. This is demonstrated from 556 

scenario 2, where a PBT of 10.3 is achieved, onwards (see Figure 15). 557 

 558 

Figure 15. PBT in the different potential future scenarios (see Table 4) for the three optimised S-CHP systems in each 559 
respective location: Zaragoza (Zgz), London (Lnd) and Athens (Ath). 560 

In the case of Athens, as shown in Figure 15, it is possible to decrease the PBT down to 11 years with a 10% 561 

reduction in the PVT collectors’ price and storage tank price, as well as 20% reduction in the installation 562 

costs, together with an increase in the fuel inflation rate up to 3.5% (which is within the historical inflation 563 

rates), considering also the actual FIT available in Greece for small PV rooftop installations (scenario 7 in 564 

Table 4). It is believed that this is a realistic scenario in a few years’ time. Furthermore, if instead of 565 

incentivising the electricity generated through FITs, the same incentive is given to the thermal energy 566 

generated (by means of the RHI), then the PBT drops to 10.5 years (scenario 10). 567 

For the S-CHP system installed in London, a reasonable PBT of ~14-15 years can be achieved with the 568 

conditions set in scenarios 7 and 8. Those are: a 10% reduction in the PVT collectors’ price and storage tank 569 

price, a 20% reduction in the installation costs, an increase in the fuel inflation rate up to 3.5% (which is 570 

within the historical inflation rates) and either a FIT of 0.10 €/kWh (scenario 7), which is double of the 571 

current FIT available in the UK for small PV rooftop installations, or a FIT of 0.05 €/kWh as the actual one, 572 

together with a RHI of 0.05 €/kWh (scenario 8). As shown in Figure 15, scenario 14, to achieve a PBT of 573 

~10 years, further components’ cost reductions are required, as well as a higher fuel inflation rate (of 4.5%) 574 

and larger financial incentives (FIT = 0.05 €/kWh, RHI = 0.15 €/kWh). 575 
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In conclusion, the analysis undertaken demonstrate that the S-CHP systems proposed in this research 576 

appear as a promising and cost-competitive alternative under different realistic and feasible scenarios such 577 

as the ones proposed in this section, even in countries with low irradiance levels and ambient temperatures 578 

such as UK.   579 

4 Further Discussion and Conclusions 580 

Previous research concluded that the economic parameters significantly influence the cost competitiveness 581 

of solar PVT technologies. Particularly, a previous report of the IEA concluded highlighted that capital 582 

intensive technologies such as solar energy, are more sensitive to volatile utility prices. To verify the extent 583 

of these effects, a sensitivity analysis is undertaken on the following parameters: main system components’ 584 

costs, system installation costs, market discount and fuel inflation rates, utility prices, and financial 585 

incentives (FIT for electricity generation and RHI for thermal energy covered). The optimised S-CHP system 586 

configurations based on the most promising novel PC 3×2 PVT collector for each of the locations under 587 

study (Zaragoza, London and Athens) are used as a starting point.  588 

From the different systems components’ costs, the results show that the PVT collector price is the one that 589 

influences more the system economics, as it is also the highest share of the total S-CHP system investment 590 

(around 38%). However, for the S-CHP systems located in London, the PVT collector price should be 591 

reduced by ~80% to obtain a similar than in Athens (~15 years), and even if the PVT collector cost was 592 

zero, e.g. if there was a full-subsidy for the PVT collectors, the PBT would still be higher than for the S-CHP 593 

system installed in Zaragoza (~13 years vs. ~12 years for the system in Zaragoza). Certainly, lowering also 594 

the costs of the water storage tank and the battery storage leads to a PBT reduction, but a much lower 595 

extent. Therefore, it can be concluded that lowering the total investment cost of an S-CHP system, for 596 

example through partial-subsidy, is a potential and interesting measure to improve the cost 597 

competitiveness of the proposed technology, particularly in locations with low irradiance levels such as the 598 

UK. However, it is believed that in conjunction with this potential subsidy, other additional measures 599 

should be put in place. For example, the results show that a reduction in the system installation costs, which 600 

accounts for the second highest cost of the S-CHP system (around 23%), has the potential to shorten the 601 

system’s PBT. It is believed that if the installation of this technology is widespread, for instance through the 602 

implementation of policies and subsidies such as those analysed in this research, the number of local 603 
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retailers and trained on-site personnel would increase, which would lead to a decrease of the system 604 

installation costs. 605 

It is observed that both the market discount rate and the fuel inflation rate, which depend on several factors 606 

such as the time when the study is undertaken, the location and the type of technology under study, 607 

significantly influence the S-CHP system economics. Therefore, it is very important to select reasonable 608 

values when this technology is analysed, as different conclusions can be extracted. Specifically, if high 609 

market discount rates and/or low fuel inflation rates are considered, the cost competitiveness of the system 610 

is negatively affected, leading to PBT times higher than the system’s lifetime, which would make this 611 

technology non-attractive. Conversely, if low market discount rates and/or high fuel inflation rates are 612 

considered, the proposed S-CHP systems become an interesting alternative even in the locations where the 613 

external determinants (such as solar irradiance levels and/or utility prices) are not beneficial for solar 614 

technologies.  615 

The utility prices are also decisive for the cost competitiveness of this technology, while they are an external 616 

factor that cannot be acted on. A clear example is the S-CHP system installed in Athens, with which it is 617 

possible to cover a significant part of the household energy demand, and has the highest amount of 618 

electricity exported, but which has a higher PBT (~4 years more) than the S-CHP system installed in 619 

Zaragoza, despite the energy generation/covered is similar. This is attributed to the significantly lower 620 

(~25% lower) electricity price in Athens than in Zaragoza. In the case of London, due to the higher 621 

investment cost and less electricity covered, the electricity price should be ~0.28 €/kWh to achieve a 622 

similar PBT than in Athens (~16 years), and ~0.37 €/kWh to achieve a similar PBT than in Zaragoza 623 

(~12 years). Regarding the natural gas price, it is observed that if a similar value than the electricity price 624 

is considered, the PBT of the S-CHP systems considerably decreases. Specifically, in Zaragoza the PBT drops 625 

to ~9 years (for a ~0.23 €/kWh natural gas and electricity prices), in London it drops to ~14 years (for a 626 

~0.18 €/kWh natural gas and electricity prices) and in Athens to ~12 years (for a ~0.17 €/kWh natural 627 

gas and electricity prices). Therefore, it can be concluded that the significantly lower price of natural gas 628 

than electricity hinders the widespread adoption of S-CHP technologies over other technologies such as PV 629 

whose only output is electrical and are more economic (as less components are required). 630 

The results regarding the influence of Government incentives on the cost competitiveness of the proposed 631 

S-CHP systems show that subsidies, if correctly applied, have the potential to improve the system 632 
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economics in the short-term, as they can help to reduce the uncertainty of future cash flows, while 633 

decreasing the PBT. It should be noted that in some locations (such as Zaragoza and Athens in this study), 634 

these incentives might not be necessary as thanks to the external factors (like high utility prices and/or 635 

high irradiance levels), among others, the PBT of the proposed technology is already reasonable (11.6 years 636 

and 15.6 years respectively). In addition, if in Athens the actual FIT available nowadays for small roof-PV 637 

installations are considered, the PBT decreases down to 12.7 years, so these incentives could be used to 638 

incentivise its wider installation. Conversely, the results show that the currently available FITs in London 639 

for rooftop PV installations are not enough for the S-CHP systems proposed in this research. The main 640 

reason is the higher cost of PVT collectors vs. PV modules, as well as the costs of other S-CHP components 641 

such as the water storage tank. It is estimated that, to obtain a similar PBT than in Athens (~15.6 years), a 642 

FIT of ~0.19 €/kWh should be implemented, while to achieve the PBT obtained in Zaragoza (~12 years), a 643 

FIT of ~0.38 €/kWh is estimated.   644 

Another (complimentary) option analysed is the implementation of a RHI for the household thermal energy 645 

covered. The results show that is this is a very interesting alternative, in particular in locations such as 646 

London where the thermal energy demand is a significant share of the total household demand. It is 647 

observed that with a RHI of ~0.11 €/kWh, the PBT of the system located in London drops down to 15 years, 648 

while if RHI is ~0.19 €/kWh, a similar PBT than in Zaragoza is achieved (12 years). Therefore, it can be 649 

concluded that this subsidy is also a very promising alternative not only to improve the cost 650 

competitiveness of S-CHP systems but also to incentivise the technologies that generate heat to help 651 

decarbonising the urban sector. In the studied S-CHP system locations, the results show that it is more 652 

beneficial for the system cost competitiveness to implement incentives on the thermal energy generation 653 

rather than on the electricity exported. That is, a lower PBT is obtained when a fixed amount (€/kWh) of 654 

incentive is implemented as RHI rather than equally split that amount for RHI and FIT.  655 

Finally, the effect of the simultaneous variation of several of the above studied parameters on the S-CHP 656 

system economics is analysed. In particular, 14 different scenarios are assessed for each particular location. 657 

For the S-CHP system located in Zaragoza, the PBT has the potential to decrease down to ~10 years with a 658 

10% reduction in the PVT collectors’ price and storage tank price, as well as 20% reduction in the 659 

installation costs, together with an increase in the fuel inflation rate up to 3.5% (which is within the 660 

historical inflation rates), considering also that the market discount rate increases from 3.5% to 4%. In the 661 
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case of Athens, considering the actual FIT available in Greece for small PV rooftop installations, when the 662 

aforementioned cost reductions and fuel inflation rates are considered, and the market discount rate is 663 

maintained at 3.5%, a PBT of 11 years is achieved. Furthermore, if instead of incentivising the electricity 664 

generated through FITs, the same incentive is given as the RHI, then the PBT drops to 10.5 years. It is 665 

believed that both cases are realistic scenarios in these countries in a few years’ time. For the system 666 

located in London, further components’ cost reductions are required (10-25%), as well as a higher fuel 667 

inflation rate (of 4.5%) and larger financial incentives (FIT = 0.05 €/kWh, RHI = 0.15 €/kWh), to achieve a 668 

PBT of ~10 years. Still, considering the historical inflation rates in the UK, the current financial incentives 669 

for small-scale PV installations (0.048 €/kWh), and the existence of a domestic RHI scheme, the proposed 670 

scenario is considered a realistic and feasible scenario in the near future. 671 

5 References 672 

[1] Panwar NL, Kaushik SC, Surendra K. Role of renewable energy sources in environmental protection: 673 

A review. Renew Sustain Energy Rev 2011;15:1513–24. doi:10.1016/J.RSER.2010.11.037. 674 

[2] REN21. Renewables 2016 global status report. Renewable Energy Policy Network for the 21st 675 

Century, 2016. 676 

[3] Herrando M, Markides CN, Hellgardt K. A UK-based assessment of hybrid PV and solar-thermal 677 

systems for domestic heating and power: System performance. Appl Energy 2014;122:288–309. 678 

doi:10.1016/j.apenergy.2014.01.061. 679 

[4] Affolter P, Eisenmann W, Fechner H, Rommel M, Schaap A, Sorensen H, et al. PVT roadmap: A 680 

European guide for the development and market introduction of PV-Thermal technology. Present 681 

20th Eur Photovolt Sol Energy Conf Exhib 2005;6:10. 682 

[5] Collins M, Zondag HA. Recommended standard for the characterization and monitoring of 683 

PV/Thermal systems. Report DB2, 2009. 684 

[6] Ramos A, Chatzopoulou MA, Guarracino I, Freeman J, Markides CN. Hybrid photovoltaic-thermal 685 

solar systems for combined heating, cooling and power provision in the urban environment. Energy 686 

Convers Manag 2017. doi:dx.doi.org/10.1016/j.enconman.2017.03.024. 687 



31 

[7] Andrews D, Riekkola AK, Tzimas E, Serpa J, Carlsson J, Pardo-Garcia N, Papaioannou I. Background 688 

Report on EU-27 District Heating and Cooling Potentials, Barriers, Best Practice and Measures of 689 

Promotion, 2012. 690 

[8] Ramos A, Guarracino I, Mellor A, Alonso-álvarez D, Childs P, Ekins-daukes NJ, Markides CN. Solar-691 

Thermal and Hybrid Photovoltaic-Thermal Systems for Renewable Heating. Grantham Institute of 692 

Climate Change, Brief Pap No 22 Imperial College London 2017. 693 

[9] Kalogirou SA, Tripanagnostopoulos Y. Hybrid PV/T solar systems for domestic hot water and 694 

electricity production. Energy Convers Manag 2006;47:3368–82. 695 

doi:10.1016/j.enconman.2006.01.012. 696 

[10] Kalogirou SA, Tripanagnostopoulos Y. Industrial application of PV/T solar energy systems. Appl 697 

Therm Eng 2007;27:1259–70. doi:10.1016/j.applthermaleng.2006.11.003. 698 

[11] Tripanagnostopoulos Y, Souliotis M, Battisti R, Corrado A. Energy, cost and LCA results of PV and 699 

hybrid PV/T solar systems. Prog Photovoltaics Res Appl 2005;13:235–50. doi:10.1002/pip.590. 700 

[12] Kalogirou SA. Use of TRNSYS for modelling and simulation of a hybrid PV–Thermal solar system for 701 

Cyprus. Renew Energy 2001;23:247–60. doi:10.1016/S0960-1481(00)00176-2. 702 

[13] Tselepis S, Tripanagnostopoulos Y. Ecomomic analysis of Hybrid Photovoltaic/Thermal solar 703 

systems and comparison with Standard PV modules. PV in Europe - From PV Technology to Energy 704 

Solutions, Rome, Italy, 2002. 705 

[14] International Energy Agency (IEA). Projected Costs of Generating Electricity, 2015. 706 

[15] Kim Y, Thu K, Kaur H, Singh C, Choon K. Thermal analysis and performance optimization of a solar 707 

hot water plant with economic evaluation. Sol Energy 2012;86:1378–95. 708 

doi:10.1016/j.solener.2012.01.030. 709 

[16] Dubey S, Tiwari GN. Analysis of PV/T flat plate water collectors connected in series. Sol Energy 710 

2009;83:1485–98. doi:10.1016/j.solener.2009.04.002. 711 

[17] Calise F, Dentice D’Accadia M, Vanoli L. Design and dynamic simulation of a novel solar trigeneration 712 

system based on hybrid photovoltaic/thermal collectors (PVT). Energy Convers Manag 713 

2012;60:214–25. doi:10.1016/j.enconman.2012.01.025. 714 



32 

[18] Herrando M, Freeman J, Ramos A, Zabalza I, Markides CN. Energetic and Economic Optimisation of a 715 

Novel Hybrid PV-Thermal System for Domestic Combined Heating and Power. 13th International 716 

Conference on Heat Transfer, Fluid Mechanics and Thermodynamics. Portoroz, Slovenia, 2017. 717 

[19] Osman IH, Kelly J. Meta-Heuristics: An Overview. Springer, Boston, MA, 1996. doi:10.1007/978-1-718 

4613-1361-8_1. 719 

[20] Dsilva Winfred Rufuss D, Raj Kumar V, Suganthi L, Iniyan S, Davies PA. Techno-economic analysis of 720 

solar stills using integrated fuzzy analytical hierarchy process and data envelopment analysis. Sol 721 

Energy 2018;159:820–33. doi:10.1016/j.solener.2017.11.050. 722 

[21] Kon S, Mogi G, Hui KS. A fuzzy analytic hierarchy process (AHP)/ data envelopment analysis (DEA) 723 

hybrid model for efficiently allocating energy R&D resources: In the case of energy technologies 724 

against high oil prices. Renew Sustain Energy Rev 2013;21:347–55. doi:10.1016/j.rser.2012.12.067. 725 

[22] Kempener R, Burch J, Navntoft C, Mugnier D, Nielsen JE, Weiss W. Solar Heating and Cooling for 726 

Residential Applications. IEA-ETSAP and IRENA 2015. 727 

[23] Murray C, Platzer W, Petersen J. Potential for solar thermal energy in the heap bioleaching of 728 

chalcopyrite in Chilean copper mining. Miner Eng 2017;100:75–82. 729 

doi:10.1016/j.mineng.2016.09.022. 730 

[24] Sanner B, Angelino L, De Gregorio M, Février N, Haslinger W, Kujbus A, et al. Strategic Research and 731 

Innovation Agenda for Renewable Heating and Cooling, 2013. 732 

[25] de La Tour A, Glachant M, Ménière Y. Predicting the costs of photovoltaic solar modules in 2020 using 733 

experience curve models. Energy 2013;62:341–8. doi:10.1016/j.energy.2013.09.037. 734 

[26] Arup. Review of Renewable Electricity Generation Cost and Technical Assumptions. Study Report, 735 

2016. 736 

[27] Herrando M, Markides CN. Hybrid PV and solar-thermal systems for domestic heat and power 737 

provision in the UK: Techno-economic considerations. Appl Energy 2016;161:512–32. 738 

doi:10.1016/j.apenergy.2015.09.025. 739 

[28] Philibert C. Barriers to technology diffusion: The case of solar thermal technologies. Technical 740 

report. 2006. 741 



33 

[29] Zondag HA, Van Helden WGJ, Bakker M. PVT Roadmap: a European guide for the development and 742 

market introduction of PVT technology. 20th European Photovoltaic Solar Energy Conference, 743 

Barcelona, Spain, 2005. 744 

[30] Herrando M, Guarracino I, del Amo A, Zabalza I, Markides CN. Energy Characterization and 745 

Optimization of New Heat Recovery Configurations in Hybrid PVT Systems. ISES Conference 746 

Proceedings (EuroSun 2016), Palma de Mallorca, Spain, 2016. doi:10.18086/eurosun.2016.08.22. 747 

[31] Barilla Solar. Wholesale Solar Thermal Supplies Barilla Solar 2017. http://www.barillasolar.co.uk/ 748 

(accessed 19/07/2017). 749 

[32] PV Direct. Wholesale Solar Panels | Solar PV | Photovoltaic Panels | BuyPVDirect UK’s Largest PV 750 

Manufacturer and Distributor, 2017. http://www.buypvdirect.co.uk/ (accessed 19/07/2017). 751 

[33] Lapesa. GEISER INOX | lapesa, 2017. http://www.lapesa.es/en/domestic-hot-water/geiser-752 

inox.html (accessed 19/07/2017). 753 

[34] Wagner Renewable. Home Page - Wagner Renewables Ltd 2017. 754 

http://www.wagnersolarshop.com/ (accessed 19/07/2017). 755 

[35] Autosolar. Batería 70Ah 12V UPower SPO70 | al Mejor Precio 2017. https://autosolar.es/bateria-756 

12v/bateria-70ah-12v-upower-spo70 (accessed 19/07/2017). 757 

[36] Eurostat. Database - Energy statistics – prices, 2017. 758 

[37] BRE. SAP 2012. The Government’s Standard Assessment Procedure for Energy Rating of Dwellings, 759 

2014. doi:10.1007/s13398-014-0173-7.2. 760 

[38] inflation.eu. Historic inflation – overview of CPI inflation year. Worldwide Inflation Data 2017. 761 

http://www.inflation.eu/inflation-rates/historic-cpi-inflation.aspx (accessed 5/03/2018). 762 

[39] Tucker J. Consumer Prices Inflation (CPI) time series dataset. Office for National Statistics, UK 763 

Government, 2018. 764 

[40] Aste N, Del Pero C, Adhikari RS, Marenzi G. Effectiveness and weaknesses of supporting policies for 765 

solar thermal systems—A case-study. Sustain Cities Soc 2015;14:146–53. 766 

doi:10.1016/j.scs.2014.09.003. 767 



34 

[41] Roulleau T, Lloyd CR. International policy issues regarding solar water heating, with a focus on New 768 

Zealand. Energy Policy 2008;36:1843–57. doi:10.1016/j.enpol.2008.01.030. 769 

[42] Ekins-Daukes NJ. Solar energy for heat and electricity: the potential for mitigating climate change. 770 

Grantham Institute of Climate Change, Brief Pap No 1 Imperial College London 2009. 771 

[43] Feed-In Tariffs. Tariff Levels | FI Tariffs in the UK 2017. http://www.fitariffs.co.uk/eligible/levels/ 772 

(accessed 18/07/2017). 773 

[44] RES Legal. Feed-in tariff II (rooftop PV) in Greece 2017. http://www.res-legal.eu/search-by-774 

country/greece/single/s/res-e/t/promotion/aid/feed-in-tariff-ii-pv-on-rooftops/lastp/139/ 775 

(accessed 18/07/2017). 776 

[45] Ofgem - UK Government. Terms and Conditions of the Domestic Renewable Heat Incentive Scheme, 777 

2017. 778 

[46] Gobierno de España. Orden FOM/1635/2013, de 10 de septiembre, por la que se actualiza el 779 

Documento Básico DB-HE «Ahorro de Energía», del Código Técnico de la Edificación, aprobado por 780 

Real Decreto 314/2006, de 17 de marzo, 2013. 781 

[47] IDAE. Informes técnicos IDAE: programa SOLCASA. 2010. 782 

[48] European Union. Directive 2010/31/EU of the European parliament and of the council of 19 May 783 

2010 on the energy performance of buildings (recast). 2010. 784 

[49] HM Treasury - Public Service Transformation Network. Supporting public service transformation: 785 

cost benefit analysis guidance for local partnerships, 2014. 786 

[50] EndeF. Endef - Energy, Development and Future, 2017. 787 

[51] Kalogirou SA. Solar energy engineering: processes and systems. Second Edi. Academic Press; 2014. 788 

doi:10.1016/B978-0-12-374501-9.00014-5. 789 

[52] Hansen J, Sorensen H. IEA SHC Task 35 PV/Thermal Solar Systems. IEA 2006. 790 

[53] International Energy Agency (IEA). Technology Roadmap: Solar Photovoltaic Energy, 2010. 791 

doi:10.1787/9789264088047-en. 792 



35 

[54] Gobierno de España. Factores de emisión de CO2 y coeficientes de paso a energía primaria de 793 

diferentes fuentes de energía final consumidas en el sector de edificios en España. 2016. 794 

[55] Greek Government. Conversion Factors in Greece, 2012. 795 

[56] Department for Business Energy & Industrial Strategy - UK Government. 2016 Government GHG 796 

Conversion Factors for Company Reporting: Methodology Paper for Emission Factors. 2016. 797 

[57] Kalogirou SA. Economic analysis solar systems using spreadsheets. WREC, 1996. 798 

[58] Vokas G, Christandonis N, Skittides F. Hybrid photovoltaic – thermal systems for domestic heating 799 

and cooling — A theoretical approach. Sol Energy 2006;80:607–15. 800 

doi:10.1016/j.solener.2005.03.011. 801 

[59] International Energy Agency (IEA). Technology Roadmap: Solar Heating and Cooling, Paris, France, 802 

2012. 803 

[60] International Energy Agency (IEA). Projected Costs of Generating Electricity, 2010. 804 


