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A B S T R A C T

In this paper, we present the results of techno-economic evaluations of a range of optimised solar energy systems 
for heat and/or power provision in buildings located in hot, solar-rich climatic regions. Hybrid photo
voltaic–thermal (PVT), solar thermal (ST), photovoltaic (PV), and combined PV and ST (PV-ST) systems are 
assessed using annual simulations. The systems are evaluated for electricity generation, space heating, and do
mestic hot water supply for a hotel in Fayoum, Egypt, which serves as a representative case study. Multi-objective 
optimisations are conducted to maximise the annual energy-saving ratio while minimising the payback time. For 
each technology, four representative commercial products with a spread of performance and cost characteristics 
are selected for comparison. The results demonstrate that detailed techno-economic assessments are essential for 
identifying the most economical solution, as relying solely on systems with the lowest upfront cost can be 
misleading. Energetic analyses show that, for a constrained maximum installation area of 150 m2, the best- 
performing PVT system outperforms the alternatives in terms of energy savings. Specifically, it achieves a 
maximum annual energy-saving ratio of 43 % across the available area. The economic assessments show that the 
proposed systems are profitable in the specified case study, i.e., payback < 25 years, if appropriately sized and 
operated. For the same energy savings, the PVT systems are the most profitable with the shortest payback time 
(min. 6.2 years) and lowest levelised cost of electricity (min. 0.028 $/kWh), thanks to their lower investment 
costs per unit displaced energy. The payback time and levelised cost PV-ST systems (min. 8.1 years, 0.036 
$/kWh) are close to those of ST systems (min. 8.1 years, 0.035 $/kWh), while PV systems are less attractive in 
this context (min. 8.6 years, 0.041 $/kWh). From an environmental perspective, the CO2 emission reduction 
potential of PVT systems is considerably higher (by 20–52 %) than those of all other systems, reaching a 
maximum of 31 tCO2/year. The proposed systems, especially the PVT systems, show excellent decarbonisation 
potential and cost effectiveness, thus motivating further development for applications in buildings in such 
climate zones.

1. Introduction

Heating, cooling, and electricity are essential energy demands in 
buildings and together account for over one-third of global final energy 
consumption and nearly 40 % of global CO2 emissions [1]. The overall 
vision of most national strategies is to achieve sustainable energy pro
vision, while reducing energy-related emissions, pollution, fossil-fuel 
consumption, and dependence on fossil resources. To achieve the 

goals set out in the Paris Agreement, the total share of renewable energy 
is required to rise from around 15 % of the total primary energy supply 
in 2015 to around two-thirds by 2050 [2].

Solar energy is one of the cleanest and most abundant renewable 
energy sources. Currently established solar energy harvesting technol
ogies include photovoltaic (PV) modules and solar thermal (ST) collec
tors that convert solar radiation either into electricity or thermal energy. 
Hybrid photovoltaic-thermal (PVT) systems are a promising emerging 
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solar technology that is able to cogenerate electricity and thermal en
ergy from the same collector area [3].

Such systems combining electricity and heat generation are partic
ularly interesting for applications with both electrical and thermal de
mands. One representative example is hotels, which require electricity, 
space heating and cooling, as well as hot water provision. Hotels in re
gions with high solar irradiation are particularly interesting for solar 
energy applications, though systems need to be designed carefully to 
maximise economic and environmental benefits. Therefore, in this 
study, we optimise solar energy systems for a hotel located in Fayoum, 
Egypt. Different system options (PV, ST, and PVT) are compared within 
a holistic framework, with a focus on economic and environmental 
trade-offs.

PV modules are the most well-established solar technology. They 
convert solar energy directly into electricity, and have low installation 
complexity and costs [4,5]. The global cumulative installed PV capacity 
exceeded 1.5 TW at the end of 2023, which is an increase by a factor of 
~7 from 230 GW in 2015 [6]. Global capacity is predicted to exceed 8 
TW by 2050 [7]. This exponential growth can be largely attributed to 
dramatic cost reductions: from 2010 to 2019, the global levelised cost of 
electricity (LCOE) for utility-scale PV dropped by 82 % [8]. Mono
crystalline Silicon (c-Si) and polycrystalline Silicon (p-Si) are the most 
commonly used materials in commercial PV modules, with the former 
offering slightly higher efficiencies but also higher costs than the latter. 
In addition to large utility-scale PV systems, small-scale rooftop and 
building-integrated PV systems have attracted considerable interest in 
recent years. In this context, PV modules can be coupled with reversible 
heat pumps for combined provision of heating, cooling, and electricity 
[9]. A range of energy storage technologies [10], solar tracking systems 
[11], and operational control strategies [12] have been proposed to 
improve the performance of solar PV systems. One limitation of PV 
modules is their relatively low efficiency (only 15 %–23 % for com
mercial Si PV modules), with most of the incident solar energy being 
dissipated as waste heat (> 70 %). Especially in hot, sunny conditions, 
this leads to a significant increase in their operating temperature and a 
deterioration in efficiency.

ST collectors to supply thermal energy for use in buildings and in
dustrial facilities are another mature solar technology. Heat is required 
at different temperature levels depending on the application. Flat-plate, 
glazed ST collectors are relatively affordable and operate with reason
able efficiencies for outlet temperatures up to 80–100 ◦C [13]. 
Evacuated-tube collectors are considered a better option for heat pro
vision with required temperatures above 100 ◦C and up to 150 ◦C [13]. 
These two ST collector types are particularly suitable for domestic hot 
water [14] and space heating [15] applications. Concentrated ST col
lectors, on the other hand, can reach temperatures over 200 ◦C, which is 
considered suitable for power generation via heat-to-power conversion 
technologies [16]. The inclusion of thermal storage [17] allows ST 
systems to cover significant shares of the energy demand, by enabling a 
reduction in the discordance (in time or rate) between the availability of 
energy and its consumption. ST technologies can be further integrated 
with thermally-driven cooling technologies, typically sorption chillers 
[18–20], to reduce the amount of electricity consumed by cooling 
equipment.

Hybrid PVT systems [3,21], which combine the capabilities of PV 
and ST systems, produce electricity and useful heat simultaneously from 
the same area. A PVT collector typically consists of PV cells attached to a 
thermal absorber. The thermal absorber recovers heat from the PV cells 
as useful thermal energy and simultaneously cools the PV cells, resulting 
in higher overall efficiencies and larger energy yields per unit area than 
separate, standalone PV or ST systems [22], which is particularly 
important if the area for installation is limited. The PVT market has seen 
significant global growth of ~10 % on average per year in 2018 and 
2019, with a higher growth rate of 14 % in the European market [23]. 
PVT collectors can be categorised into glazed and unglazed designs, 
according to the presence of a glass cover to reduce heat losses. 

Extensive research has focused on PVT-based combined heat and power 
(CHP) systems for applications in sports centres [15], residential 
dwellings [14], dairy farms [24], and other buildings [18,19]. Results 
have shown that the deployment of PVT systems can lead to significant 
decarbonisation, with a reasonable payback time. The integration of 
PVT collectors with cooling technologies [25], desalination technologies 
[26,27], heat pumps [28,29], or organic Rankine cycles (ORCs) [30], 
further allows such systems to match wider energy-system demands and 
to increase their solar contribution. Recent research has focused on 
absorber-exchanger designs [31], spectral splitting concepts [32,33], 
and nanofluid coolants [34], which have emerged as promising solu
tions for performance enhancement.

The selection of high-efficiency cost-competitive solutions in various 
applications is of particular interest. Mousa et al. [35] performed 
comparative energy and emission assessments on solar PV and ST sys
tems for industrial applications at 12 locations around the world. Their 
results revealed that the payback time of ST systems is shorter than that 
of PV systems in high irradiation locations, but longer in low irradiation 
locations. Behar et al. [36] performed techno-economic assessments of 
PV systems, concentrated ST power systems, and a combination of the 
two (PV-ST) for mining processes. The study indicated that PV systems 
are the most suitable technology since its LCOE is about four times lower 
than that of ST power systems, and 50 % that of the combined system. 
Other techno-economic comparisons of three solar-assisted heat pump 
systems based on PV, ST, and combined PV-ST arrays were conducted 
for residential buildings [37]. It was found that PV-assisted heat pump 
systems can outperform the alternatives when considering energetic and 
economic performance. The energetic and economic performance of a 
concentrated combined PV-ST system and a standalone concentrated PV 
system were also compared in Ref. [38]. The results showed that com
bined PV-ST systems can improve LCOE by up to 16 %, respectively, 
compared to standalone PV systems. Good et al. [39] performed a 
comparison of the energy performance of standalone PV, combined 
PV-ST, and PVT systems for a net-zero energy building. The results 
suggested that the PV system gets closest to reaching a net-zero energy 
balance in comparison to other systems. A further study [15] compared 
the techno-economic potential of PV, ST, combined PV-ST, and PVT 
systems for energy provision to sports centres. The results showed that 
the PVT system outperforms the other alternatives in terms of total en
ergy output and CO2 emissions, covering 82 % of the electricity demand 
and 51 % of the thermal demand, while the PV system outperforms the 
rest of the investigated solutions in terms of payback time (9.4 years vs. 
> 14 years).

Most studies of solar cogeneration systems are focused on the well- 
established technological options, i.e., PV, ST, or combined PV-ST sys
tems, with fewer considering emerging PVT technologies. In these 
studies, comparisons are usually performed of different systems based 
on fixed parameter values (e.g., fixed installation areas) that are selected 
to be the same for different systems, making it difficult to fully under
stand (and compare) the respective optimal performance of each system. 
Even when optimisation is performed, studies in the literature are often 
limited to energetic performance. Comprehensive multi-objective opti
misation approaches that also account for economic and environmental 
performance remain scarce. The current state-of-the-art in the literature 
reveals a lack of uniform, common approaches for the holistic compar
ison of both established and emerging solar systems from multiple 
perspectives. Furthermore, comparative studies of different solar sys
tems are almost invariably restricted to a single technological design 
option, or commercially-available product, which are assumed to be 
representative of each solar technology. Given the breadth and diversity 
of design options and commercial products on the market with different 
performance and cost characteristics, investigating a wide range of 
characteristics for each technology is crucial for robust comparisons and 
reliable technology selection.

This paper aims to fill the aforementioned knowledge gaps and to 
provide a uniform common approach for a holistic comparison of 
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established and emerging solar systems considering multiple evaluation 
criteria including energetic and economic performance, and environ
mental potential. Detailed cost modelling is included in a holistic com
parison framework for solar energy systems. Multi-objective 
optimisation using a nondominated sorting genetic algorithm-II (NSGA- 
II) [40] is performed to compare four types of solar systems, i.e., 
PV-based solar-power systems, ST-based solar-thermal systems, com
bined PV-ST solar-CHP systems, and hybrid PVT-based solar-CHP sys
tems. For each solar technology, a variety of commercial products are 
studied and compared. A key contribution is the identification of 
trade-offs between performance and payback time of the different 
systems.

In what follows, the optimisation methodology is first introduced in 
Section 2, followed by a description of the input data such as meteoro
logical data and energy demands in Section 3. The performance of the 
solar systems while aiming at covering the hot water, space heating, and 
electricity demands in the selected case study of a hotel in Egypt is then 
analysed and compared in Sections 4 and 5. Finally, key observations 
and conclusions from the study are summarised in Section 6.

2. Methodology

2.1. Calculation models

Transient models are developed for the four solar system configu
rations: hybrid PVT-based solar CHP, ST-based solar thermal, PV solar 
power, and combined PV–ST solar CHP. All models are implemented in 
MATLAB. They account for both electrical and thermal performance, as 
well as interactions between generation, storage, and demand. Simula
tions are performed at 30-min time steps over a full year using local 
weather data and a measured building-demand profile. We first describe 
the PVT-based CHP model, which is the most comprehensive of the four. 
The ST, PV, and PV–ST system models are then presented by referencing 
the relevant sub-models and equations introduced for the PVT system.

2.1.1. Hybrid PVT-based solar CHP system
The proposed hybrid PVT-based CHP system is shown in Fig. 1. The 

system comprises PVT collectors, a hot water storage tank, an external 
auxiliary electrical heater, a bypass branch, a mixing device, a circula
tion pump, and thermally insulated connection pipes. The generated 
electricity is directly used for covering the electricity demand, or it is fed 
into the grid using net metering when the power generation exceeds the 
demand. The thermal energy collected by the PVT collectors is trans
ferred to the hot-water tank via a circulating heat-transfer fluid, 
enabling heat availability during periods of low irradiation (e.g., at 
night). The hot water is delivered to the end-user by circulating water 

directly from the water storage tank. The bypass branch controls the 
collector outlet temperature and ensures that the fluid entering the tank 
contributes to heating the stored water [14]. The circulation of the heat 
transfer fluid is regulated by a controller that activates the circulation 
pump. An external auxiliary electric heater is required to upgrade the 
thermal output of the system, typically in winter, to ensure that the 
output temperature of the water tank reaches the required value. The 
mixing device is used to cool down the delivered water by mixing it with 
mains water, typically in summer, in case the hot water temperature 
exceeds the set-point temperature.

The PVT collector is modelled as a lumped component based on 
thermal and electrical efficiency curves. This modelling strategy is 
mentioned in the European Standard EN 12975 [41] and has been 
widely used in existing literature [42,43]. The efficiency curve is ob
tained by testing the collector over a range of inlet temperatures while 
maximising the energy output at each operating condition. The instan
taneous thermal efficiency of the PVT collector is determined from: 

ηthṁfcf

(
Tfo − Tfi

GA

)

= η0 − a1Tr − a2GT2
r (1) 

Tr =
Tfm − Ta

G
(2) 

where ṁf , cf, G and A are the mass flow rate through the collector, the 
specific heat of the fluid, the total solar irradiance, and the collector 
area, Tfo and Tfi are the fluid temperatures at the outlet and inlet of the 
collector, Tr, Tfm and Ta are the reduced temperature, the mean fluid 
temperature between inlet and outlet temperature of the collector, and 
the ambient temperature, and η0, a1 and a2 are the thermal efficiency, 
first-order heat loss coefficient, and second-order heat loss coefficient, 
respectively, which are determined by plotting the instantaneous ther
mal efficiency against the reduced temperature and applying a second 
order least-squares fit to the data. These coefficients vary for different 
collectors due to different manufacturing quality, absorber design, etc.

The instantaneous electrical efficiency of PVT collectors is defined 
as: 

ηel =
Ė

GA
= ηref

[
1 + β

(
Tce − Tref

) ]
(3) 

where Ė is the generated electrical power, Tce the PV cell temperature, 
assumed to be the same as Tfm in the model, β the temperature coeffi
cient, and ηref the reference electrical efficiency at a reference collector 
temperature Tref of 25 ◦C and a solar irradiance of 1000 W/m2.

The water storage tank is modelled as a fully mixed tank, neglecting 
the influence of stratification on the overall performance. As discussed 
in Section 5.4, this likely leads to a slightly conservative estimation of 

Fig. 1. Schematic diagram of solar heating and/or power systems. The PV system only includes the electricity generation, the ST system only the thermal energy 
generation, and the PVT system and PV-ST system both, the thermal energy and electricity generation.

J. Xu et al.                                                                                                                                                                                                                                       Energy 344 (2026) 139724 

3 



the potential of ST systems. The energy balance equation for the water 
storage tank is: 

Mtcw
dTwt

dt
= Q̇coil − Q̇loss − Q̇cov,hw − Q̇cov,sh (4) 

The above energy equation accounts for: (i) the heat delivered from 
the solar collectors via the immersed heat exchanger, Q̇coil, (ii) the heat 
losses of the water tank to the surroundings, Q̇loss (iii) the hot water 
demand covered by the water storage tank, Q̇cov,hw, (iv) the space heating 
demand covered by the water storage tank, Q̇cov,sh. Here, Mt and cw are 
the water mass and specific heat capacity respectively, and Twt is the 
water temperature in the tank.

The heat delivered to the water tank via the immersed coil heat 
exchanger, Q̇coil, is calculated using the effectiveness-NTU method: 

Q̇coil = ϵhxṁfcf
(
Tfo − Twt

)
(5) 

where εhx is the heat transfer effectiveness of the coil heat exchanger 
inside the tank. The relation between the heat exchanger effectiveness 
εhx and NTU is [44]: 

ϵhx = 1 − e− NTU (6) 

NTU=
A

ṁfcfRcoil
(7) 

The thermal resistance Rcoil accounts for the forced convection in the 
coil, the free convection in the tank, and the thermal resistance of the 
pipe walls: 

Rcoil =
do

dihcoil
+

ln
(

do
di

)

2kp
+

1
ht

(8) 

where do, di and kp are the outside diameter of the coil, inside diameter 
of the coil, and thermal conductivity of the pipe, hcoil is the heat transfer 
coefficient for the forced convection in the coil, and ht the heat transfer 
coefficient for the free convection in the tank. The correlations used for 
the calculation of hcoil for forced laminar [45] and turbulent [46] con
vection in the helical coil are: 

hcoil =
Nucoilkcoil

di
(9) 

Nucoil =

⎧
⎪⎪⎨

⎪⎪⎩

3.66 + 0.08

[

1 + 0.8
(

di

do

)0.9
]
[
(Recoil)

m Pr0.3 ] Recoil < Rec

0.023(Recoil)
0.85 Pr0.4 Recoil > Rec

(10) 

where: 

m=0.5 + 0.29
(

di

do

)0.1

(11) 

Rec = 2300

[

1 + 8.6
(

di

do

)0.45
]

(12) 

The heat transfer coefficient ht is calculated using the following 
correlation [47]: 

ht =
Nutkt

d
(13) 

Nut = 0.49(Rat)
0.26 (14) 

The heat losses of the water tank to the surroundings, Q̇loss, is given 
by: 

Q̇loss = Awthwt,loss(Twt − Ta) (15) 

where Awt is the surface area of the water tank, and hwt,loss is the heat 
loss coefficient.

When the water temperature in the tank is higher than the required 
hot water temperature, all the hot water demand can be covered by the 
water storage tank, and mains water will be mixed with the tank water 
to reach the required temperature. When the tank water temperature is 
between the required hot water temperature and the mains water tem
perature, only a part of the demand can be covered by the water storage 
tank, and the auxiliary electrical heater is used to increase the temper
ature of the tank water. When the tank water temperature is lower than 
or equal to the mains water temperature, no hot water demand can be 
covered by the water storage tank and the auxiliary heater provides all 
necessary energy. The hot water demand covered by the water storage 
tank, Q̇hw,cov, is therefore calculated from: 

Q̇hw,cov =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Q̇hw,dem Twt ≥Thw,dem
(

Twt − Tmains

Thw,dem − Tmains

)

Q̇hw,dem Tmains < Twt < Thw,dem

0 Twt ≤ Tmains

(16) 

where Q̇hw,dem is the hot water demand, Thw,dem the required delivery 
temperature of the hot water, and Tmains the temperature of the mains 
water.

Similarly, the space heating demand covered by the water storage 
tank, Q̇sh,cov, is given by: 

Q̇sh,cov =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Q̇sh,dem Twt ≥Tsh,dem
(

Twt − Tsh,out

Tsh,dem − Tsh,out

)

Q̇sh,dem Tsh,out < Twt < Tsh,dem

0 Twt ≤ Tsh,out

(17) 

where Q̇sh,dem is the space heating demand, Tsh,dem the required delivery 
temperature of the space heating, and Tsh,out the temperature at the 
outlet of the radiator for space heating.

If we neglect heat losses from the pipes between the collector and 
tank, we obtain: 

Tfi =Tfo − ϵhx
(
Tfo − Twt

)
(18) 

The electrical power consumed by the circulation pump is: 

Ẇpump =
ṁfΔP
ηpρf

(19) 

where ηp is the pump efficiency, assumed to be 65 % in the model [21], 
and ρf is the density of the fluid. The pressure drop ΔP accounts for 
pressure losses through the pipework ΔPpi and the collector ΔPc. The 
friction factor that determines the pipe pressure loss, ΔPpi, is calculated 
from Ref. [48]: 

ΔPpi =
8m2

f Lpf
π2ρwD5 (20) 

f =
{ 0.316Re− 0.25 Re < 2 × 104

0.184Re− 0.20 Re ≥ 2 × 104
(21) 

where Lp and D are the pipe length and diameter, and Re is the Reynolds 
number based on D.

The pressure losses through the solar collector, ΔPc, are given by 
Ref. [49]: 

ΔPc =Ac

(
21.77ṁ2

f +3.54ṁf

)
(22) 
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where Ac is the area of the solar collectors.
For the auxiliary heater, the additional thermal energy required for 

hot water (Q̇hw,aux) and for space heating (Q̇sh,aux) are given by: 

Q̇hw,aux =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 Twt ≥Thw,dem
(

Thw,dem − Twt

Thw,dem − Tmains

)

Q̇hw,dem Tmains < Twt < Thw,dem

Q̇hw,dem Twt ≤ Tmains

(23) 

Q̇sh,aux =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 Twt ≥Tsh,dem
(

Tsh,dem − Twt

Tsh,dem − Tsh,out

)

Q̇sh,dem Tsh,out < Twt < Tsh,dem

Q̇sh,dem Twt ≤ Tsh,out

(24) 

Eqs. (1)–(24) are solved iteratively with a time step of 30 min over a 
year, using local weather data for the site in Egypt and a measured en
ergy demand profile from the hotel building. Then, the half-hourly 
transient operations of the systems can be obtained, which can be 
used to further evaluate the energetic, economic and environmental 
potentials of the systems.

The main technical specifications of the PVT collectors are given in 
Table 1. Four typical commercial PVT collectors from different manu
facturers are studied and compared: a glazed PVT collector with a sheet- 
and-tube absorber made of aluminium (PVT-1 [50]), a glazed PVT col
lector with a flat-box absorber made of polycarbonate (PVT-2 [50]), a 
glazed PVT collector with a sheet-and-tube absorber made of copper 
(PVT-3 [25]), and an unglazed PVT collector with a roll-bond absorber 
made of aluminium (PVT-4 [25]).

2.1.2. ST-based solar thermal system
The configuration of the ST-based system is the same as the thermal 

generation part in Fig. 1, but there is no electricity generation. The 
system description and working principle are similar to that of the 
thermal generation part of the PVT system described in Section 2.1.1. 
Since the ST-based solar system only generates thermal energy for 
meeting the hot water and space heating demands, the electricity 

demand is met purely by grid electricity. The thermal demand not 
satisfied by the ST-based solar system is provided by the auxiliary 
electrical heater. The ST collectors are modelled based on their thermal 
efficiency curves (Eqs. (1) and (2)). The water storage tank is modelled 
based on Eqs. (4)–(18). Eqs. (19)–(22) are used to model the pump in the 
solar collector circuit. The additional thermal energy required for the 
auxiliary electrical heater is given by Eqs. (23) and (24).

In this study we compare four typical commercial ST collectors 
described in Table 1: a low-cost evacuated tube collector (ST-1 [51]), a 
high-cost evacuated tube collector (ST-2 [52]), a low-cost flat-plate 
collector (ST-3 [53]), a high-cost flat-plate collector (ST-4 [54]). These 
collectors were chosen based on a market analysis [55], with the aim to 
represent the full spectrum of cost and efficiency of the two relevant ST 
collector types.

2.1.3. PV solar power system
The configuration of the PV solar power system is the same as the 

electricity generation part in Fig. 1, and there is no thermal energy 
generation. The electricity generated by PV modules is directly used to 
cover the electricity demand of the hotel, and the excess electricity is fed 
into the grid, using net metering. The electricity demand not covered by 
the PV system is provided by the electricity grid. The electrical heater is 
used as a backup system for space heating and hot water.

The PV modules are modelled using the electrical-efficiency relation 
given in Eq. (3). Four alternative commercial PV modules are proposed 
(see Table 1): a low-cost c-Si silicon module (PV-1 [56]), a high-cost c-Si 
silicon module (PV-2 [57]), a low-cost p-Si silicon module (PV-3 [58]), a 
high-cost polycrystalline silicon module (PV-4 [59]). Similar to the ST 
collectors, these modules were chosen to represent the range of PV 
modules currently available on the market [55].

2.1.4. Combined PV-ST solar CHP system
Combined PV-ST system configurations feature side-by-side combi

nations of PV and ST systems. Unlike the hybrid PVT systems that 
generate both heat and power from the same collector area, in combined 
PV-ST systems the heat and power are generated separately from ST 
collectors and PV modules, respectively. The models of the combined 

Table 1 
Main technical specifications of PVT collector, solar thermal (ST) collector and PV module.

Collector Parameter Value

PVT ​ PVT-1 [50] PVT-2 [50] PVT-3 [25] PVT-4 [25]
Area per collector, m2 1.55 1.55 1.61 1.63
Absorber-exchanger type sheet-and-tube flat-box sheet-and-tube roll-bond
Absorber-exchanger material aluminium polycarbonate copper aluminium
Glass cover covered covered covered uncovered
Nominal power, Wp 240 240 260 300
Reference electrical efficiency (ηref) 15 % 15 % 16 % 18 %
Temperature coefficient (β), 1/K -0.45 % -0.45 % -0.47 % -0.39 %
Intercept thermal efficiency (η0) 70 % 73 % 51 % 47 %
1st-order heat loss coefficient (a1) 3.9 3.3 4.9 9.5
2nd-order heat loss coefficient (a2) 0.015 0.018 0.021 0
Price, $/collector 450 360 590 440

ST ​ ST-1 [51] ST-2 [52] ST-3 [53] ST-4 [54]
Area per collector, m2 3.1 3.26 2.09 2.51
Collector type evacuated tube evacuated tube flat plate flat plate
Intercept thermal efficiency (η0) 39 % 63 % 71 % 77 %
1st-order heat loss coefficient (a1) 0.88 0.93 3.8 3.5
2nd-order heat loss coefficient (a2) 0.012 0.0040 0.011 0.0083
Price, $/collector 500 1500 520 790

PV ​ PV-1 [56] PV-2 [57] PV-3 [58] PV-4 [59]
Area per collector, m2 1.63 1.73 1.65 2.01
Cell type c-Si c-Si p-Si p-Si
Nominal power, Wp 290 370 280 360
Reference electrical efficiency (ηref) 17 % 21 % 17 % 18 %
Temperature coefficient (β), 1/K -0.40 % -0.30 % -0.40 % -0.36 %
Price, $/collector 190 430 160 240

PV-ST Combination PV1-ST1 PV1-ST2 PV1-ST3 PV1-ST4
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PV-ST system are based on the ST system model described in Section 
2.1.2 and the PV system model in Section 2.1.3. As shown in Table 1, 
four sets of combinations of PV and ST products are considered, namely 
PV1-ST1, PV1-ST2, PV1-ST3 and PV1-ST4. The total cumulative area of 
the PV modules and ST collectors is kept equal to the other systems, 
while different areas are optimally allocated for PV modules and ST 
collectors.

2.2. System performance indicators

The comprehensive assessments of the solar-based systems are based 
on multiple evaluation criteria, including energetic performance, eco
nomic analysis, and environmental benefits.

2.2.1. Energetic performance
The fraction of energy demand (in the form of heat or power) 

covered by the solar-based systems over a year is a crucial energy per
formance indicator. The fraction of the annual hot water demand 
covered fhw,cov, the fraction of the annual space heating demand covered 
fsh,cov, and the fraction of the annual electricity demand covered fel,cov, 
are: 

fhw,cov =
Qhw,cov

Qhw,dem
(25) 

fsh,cov =
Qsh,cov

Qsh,dem
(26) 

fel,cov =
Ecov

Edem
(27) 

where Qhw,dem, Qsh,dem and Edem are the annual hot water, space heating 
and electricity demands, and Qhw,cov,Qsh,cov and Ecov are the annual hot 
water, space heating and electricity demands that are covered by the 
proposed solar systems, respectively.

Another key indicator is the annual energy saving relative to a 
conventional reference system consisting of an electric heater for hot 
water, a heat pump for space heating, and grid electricity for power. The 
annual energy saving Es is the sum of the actual electricity output from 
the solar collector and the corresponding electricity required for the 
thermal output all over a full year, i.e.: 

Es = Ecov +
Qhw,cov

ηeh
+

Qsh,cov

COPhp
(28) 

where ηeh and COPhp are the efficiency of the electrical heater and co
efficient of performance of the heat pump, respectively. The efficiency of 
the electrical heater (ηeh) is taken here to be 98 % [60]. The coefficient of 
performance of the heat pump (COPhp

)
is taken from the fitted perfor

mance curve based on the manufacturers' datasheets of 13 commercial 
air-source heat pump products with an ambient air temperature of 27 ◦C 
for space heating: 

COPhp = 2.7308e0.0153Ta (29) 

where Ta is the ambient temperature in ◦C.
The annual energy-saving ratio, Rs, is defined as the ratio of the 

annual energy saving by the proposed solar systems to the annual energy 
consumption by the conventional energy systems: 

Rs =
Es

Edem +
Qhw,dem

ηeh
+

Qsh,dem
COPhp

(30) 

2.2.2. Economic analysis
The annual operating cost savings, Cs, is defined as the difference 

between the current annual costs to cover all energy demand and the 
annual costs that the tourism sector would incur to cover all energy 

demand when the solar system was installed [15]: 

Cs = Ecovcel + Eexcsel +
Qhw,cov

ηeh
cel +

Qsh,cov

COPhp
cel − CO&M (31) 

where Eexc is the electricity excess exported to the grid and imported 
later via net metering, cel is the electricity price (0.062 $/kWh in 
Fayoum), sel is the electricity price for the net metering option (0.056 
$/kWh in Fayoum), and CO&M are the operation and maintenance costs.

The payback time, PBT, defined as the period of time required to 
recover the investment costs of the proposed solar system, is calculated 
from Ref. [15]: 

PBT =

ln
[

C0(iF − d)
Cs

+ 1
]

ln
(

1+iF
1+d

) (32) 

where C0 is the investment cost, iF is the inflation rate (3 % in Africa 
[61]), d is the discount rate (5 % [62,63]).

The levelised cost of electricity, LCOE, is defined as [15]: 

LCOE =
C0 +

∑n
i=1CO&M(1 + iF)i− 1

(1 + d)− i

∑n
i=1E(1 + d)− i (33) 

where E is the net annual production of electricity or equivalent elec
tricity converted from the thermal energy output: for a PV system, E is 
the actual electricity output since there is no thermal output; for a ST 
system, E is the equivalent electricity converted from the thermal energy 
output since there is no electricity output; for combined PV-ST and 
hybrid PVT systems, E is the sum of the actual electricity output and the 
equivalent electricity converted from the thermal energy output. A 
conversion factor of 0.98 is used from thermal energy of hot water to 
electricity, and Eq. (29) is used as a conversion factor from the thermal 
energy of space heating to electricity. Finally, n is the lifetime of the 
systems (25 years [64]).

The net present value, NPV, defined as the value of all the cash flows 
over the lifetime of an investment discounted to the present value, is 
used to estimate the profitability of the investment [25]: 

NPV =
Cs

d − iF

[

1 −

(
1 + iF
1 + d

)n ]

− C0 (34) 

The investment costs, C0, are estimated from price lists available 
from solar retailers. The detailed costs for the main components in PVT- 
based systems, ST-based systems and PV systems are listed in Table 2. 
The investment costs for the combined PV-ST system are obtained by 
summing up the individual costs of the PV and ST sub-systems. The 
operation and maintenance costs (CO&M) amount to 1 % of the total 
equipment costs for the PVT-based system, 0.6 % for the ST-based sys
tem, and 18 $/kWp for the PV system [15]. The auxiliary heater costs are 
not considered as it is assumed that heat pumps and electrical heaters 
have already been installed as the backup systems.

2.2.3. Environmental potential
The annual CO2 emission reduction of the proposed solar systems, 

ER, is assessed in the form of electricity due to the displaced electricity 
from the backup energy systems: 

ER =

(

Ecov +
Qhw,cov

ηeh
+

Qsh,cov

COPhp

)

fel (35) 

where fel is the CO2 emission factor of electricity (0.35 kgCO2/kWh 
[15]).

The total environmental penalty cost-saving, EPCS, over the lifetime 
of the systems is [15]: 

EPCS =
ER⋅cCO2

d − iF

[

1 −

(
1 + iF
1 + d

)n ]

(36) 
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where cco2 is the cost of unit CO2 emission (0.01 $/kgCO2 in Africa [65]).

2.3. Multi-objective optimisation algorithm

The optimisation of the solar systems aims to obtain optimal values 
for the decision variables (see below) under system constraints, using a 
solution algorithm to maximise or minimise objective functions. Energy 
systems should ideally have a good energetic performance and low costs. 
Therefore, a multi-objective optimisation is performed, maximising the 
annual energy-saving ratio (Rs) and minimising the payback time (PBT). 
The optimisations are performed using the stochastic NSGA-II solver 
[40], a widely used well-performing algorithm for multi-objective 
optimisation. By simultaneously optimising the Rs and PBT, a set of 
“non-dominated Pareto front” solutions can be obtained. For each of the 
solutions on the Pareto front, it is not possible to obtain a better value for 
one of the objectives without degrading the other. The algorithm regards 
the set of solutions within a Pareto front as equally optimal, or 
non-dominated. The important parameters of the genetic algorithm 
solver, such as the number of generations, the population size, the 
crossover fraction of variables, and mutation fraction of variables are 
200, 50, 0.3 and 0.7, respectively.

Multi-objective optimisation simulations are performed for the PVT- 
based, the ST-based, and the PV-ST systems. For the PVT-based system 
and the ST-based system, the decision variables are the volume flow rate 
per collector (V̇f,u), the ratio of storage tank volume to total collector 
area (Vt/Ac), and the total collector area (Ac). For the PV-ST system, the 
decision variables further include the allocated area ratio between PV 
and ST in addition to the aforementioned variables. The constraints of 
the optimisation model are: (1) 0 < V̇f,u < 200 L/h [14], (2) 0 < Vt/Ac <

200 L/m2 (typical value: 50 L/m2 [15,50]), (3) 0 < Ac < 150 m2. 
Although no optimisation is performed for the PV system, investigations 
are conducted on the system performance by varying the total PV areas.

3. Description of the building selected for the case study

The evaluation of the different solar energy systems is performed for 
a hotel located in the city of Fayoum (Egypt) at a latitude and longitude 
of 29.3◦ N and 30.8◦ E. The site is characterised by a hot climate and an 
excellent solar resource, making it particularly suitable for the solar 
technologies considered in this study. The size of the solar system is 
limited by the maximum available roof area of 150 m2. Fig. 2 shows the 
global horizontal solar irradiance and ambient temperature over a 
typical year at Fayoum. The data are obtained from the Photovoltaic 
Geographical Information System (PVGIS) database [66], using a typical 
meteorological year derived from the 10-year period between 2007 and 
2016. As shown in Fig. 2, the solar irradiance on clear summer days can 
reach up to 1000 W/m2. The annual average ambient temperature is 
21 ◦C. With a total annual solar irradiance of up to 2300 kWh/m2 and 
around 300 clear sunny days per year, Fayoum is particularly well suited 
for the deployment of solar energy technologies.

Fig. 3 shows the monthly electricity, space heating, and hot water 
demands of the considered hotel, obtained by aggregating half-hourly 
data. The annual electricity demand is 130 MWh/year and mainly 
consists of baseload consumption. Apart from the baseload electricity 
demands, the hotel has an annual space heating demand of 44 MWh/ 
year and an annual hot water demand of 51 MWh/year. The space 
heating demand is currently covered by air-source heat pumps with an 
annual electricity consumption of 12 MWh/year. The hot water demand 
is satisfied by electrical heaters with an energy efficiency of 98 %, thus 
requiring 52 MWh of electricity annually. For all proposed solar systems, 
the required delivery temperatures are 55 ◦C for hot water and 60 ◦C for 
space heating.

The half-hourly meteorological data (solar irradiance, ambient 
temperature, and wind speed) and energy demand profiles (thermal 
demands for space heating and hot water heating, electricity demand) 
are inputs to the simulation over a year. To ensure a fair and consistent 
comparison, the techno-economic potentials of all proposed systems are 
assessed based on the same meteorological data, demand profiles, eco
nomic and environmental metrics.

4. Results and discussion

Multi-objective optimisations are performed to investigate the rela
tionship between two competing techno-economic objectives: the 
payback time (PBT) and the annual energy-saving ratio (Rs). This section 
presents the resulting Pareto fronts for the solar systems introduced 
earlier. To further illustrate energetic performance, the aggregated 
annual energy demand coverage for different collector areas is also 
discussed.

Table 2 
Cost breakdown of the solar heating and/or power systems.

System Component Value Unit

PVT-based 
system

PVT collector PVT-1: 451 [50] $/collector
PVT-2: 358 [50]
PVT-3: 588 [25]
PVT-4: 440 [25]

Hydraulic 
components

446 [50] $/set

Expansion vessel 167 [50] $/set
Water storage tank 1.04⋅Vt (l) + 908 [50] $
Piping (1.07 + 0.25⋅Dpipe)⋅ 

Lpipe

$

Heat transfer fluid 3.93 [50] $/L
Pump 595⋅(Ppump/300)0.25 $
Mounting 70 $/collector
System installation 48 $/m2

CO&M 0.01⋅C0 [15] $

ST-based systema ST collector ST-1: 499 [51] $/collector
ST-2: 1530 [52]
ST-3: 518 [53]
ST-4: 789 [54]

Mounting 56 $/collector
System installation 29 $/m2

CO&M 0.006⋅C0 [15] $

PV system PV module PV-1: 186 [55] $/collector
PV-2: 439 [56]
PV-3: 164 [57]
PV-4: 244 [58]

Inverter 240 $/kWp

System installation 0.2⋅C0 $
CO&M 18 [15] $/kWp

a All remaining components not listed here are the same as those in the PVT- 
based system.

Fig. 2. Global horizontal solar irradiance and ambient temperature at the 
considered hotel at Fayoum, Egypt.
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4.1. Hybrid photovoltaic-thermal systems

Fig. 4 shows the Pareto fronts from the techno-economic optimisa
tion results for PVT-based solar systems for different PVT products. The 
decision variables are the volume flow rate per collector (V̇f,u), the ratio 
of storage tank volume to total collector area (Vt/Ac), and the total 
collector area (Ac). A clear trade-off between PBT and Rs is observed, as 
systems with lower Rs generally exhibit shorter payback times. The 
distribution of Pareto front solutions indicates that all the PVT candi
dates achieve similar maximum annual energy-saving ratios of 41–43 %. 
It is noted that the system with the lowest PVT collector price (PVT-2) is 
not able to achieve the lowest PBT at specific values of Rs, highlighting 
the importance of a comprehensive techno-economic assessment rather 
than selecting collectors based solely on upfront cost. In contrast, the 
solar system using the PVT-4 collector, which has an intermediate col
lector price (440 $/collector), outperforms the other candidates (highest 
price of 590 $/collector, lowest price of 360 $/collector) in terms of the 
PBT at equal values of Rs.

Fig. 5 shows the fractions of the building's annual energy demands 
covered by the PVT-based solar systems, including electricity demand 
coverage (fel,cov), space heating demand coverage (fsh,cov), and hot water 
demand coverage (fhw,cov), for different areas. The annual energy de
mand covered by the PVT-based systems significantly increases as the 
area increases. For the example of the PVT-1 collector, when the system 
area increases from 20 m2 to 150 m2, fel,cov increases from 4.1 % to 21 %, 
fsh,cov from 2.6 % to 52 %, and fhw,cov from 40 % to 92 % due to the larger 
area available to collect solar energy. Across all PVT systems, the hot 

water demand can be covered to a greater extent than the space heating 
demand (max. 95 % vs. max. 60 %), while the electricity demand 
coverage ratio is the lowest (max. 31 %). The different PVT collectors 
have significantly different energy demand coverages due to their 
different electrical/thermal performance characteristics (listed in 
Table 1). For example, the PVT-4 collector has a higher electrical per
formance (ηref = 18 %, β = -0.39 %) while displaying lower thermal 
efficiencies (η0 = 47 %, a1 = 9.5) due to the missing glass cover.

4.2. Solar-thermal systems

Fig. 6 compares the results of the multi-objective optimisation of the 
four ST systems, including low-cost evacuated-tube ST collector (ST-1), 
high-cost evacuated-tube ST collector (ST-2), low-cost flat-plate ST 
collector (ST-3), and high-cost flat-plate ST collector (ST-4). The deci
sion variables are V̇f,u Vt/Ac and Ac. The choice of the Pareto front should 
be based on a compromise between considerations of the PBT and Rs, i. 
e., the systems with the highest Rs also have the highest PBT. The flat- 
plate ST collectors (ST-3, ST-4) outperform the evacuated-tube ST col
lectors (ST-1, ST-2), reaching lower PBTs (min. 8.4 years vs. min. 13 
years) and larger Rs (max. 29 % vs. max. 24 %). For the ST-based systems 
to remain profitable (PBT < 25 years), the annual energy-saving ratio 
must remain below approximately 22 %, 23 %, 27 % and 28 % of the 
total annual energy demand for the ST-1, ST-2, ST-3 and ST-4 systems, 
respectively. Among all ST collectors, ST-4 (790 $/collector), which has 
neither the lowest price (500 $/collector for ST-1) nor the highest price 
(1500 $/collector for ST-2), is the optimal option in terms of PBT and Rs. 
This result further demonstrates that detailed techno-economic optimi
sation across different product options is essential for identifying the 
optimal system configuration.

Fig. 7 shows annual space heating demand coverage (fsh,cov) and hot 
water demand coverage (fhw,cov) of the ST-based systems, for different 
collector areas and ST collectors. For all collectors, an increase in the 
total collector area from 20 m2 to 150 m2 results in a significantly higher 
coverage. For ST-4, for example, the space heating demand coverage 
increases from 3.9 % to 72 %, while the hot water demand coverage 
increases from 52 % to 98 %. For all the proposed ST systems, the higher 
fraction of thermal energy coverage is obtained with the hot water de
mand, as compared to that of the space heating demand at the same 
system area. Among the different ST collectors, it is noted that the high- 
cost flat-plate collector (ST-4) stands out from the other candidates in 
terms of energy coverage, while the low-cost evacuated-tube collector 
(ST-1) displays considerably lower thermal demand coverages for space 
heating (18 % vs. 72 % at 150 m2) and hot water (82 % vs. 98 % at 150 
m2).

4.3. Photovoltaic systems

Fig. 8 illustrates the techno-economic performance of the different 
PV systems, showing the relationship between the annual energy-saving 
ratio (Rs) and the payback time (PBT) for varying collector areas (Ac). 
Four types of PV products are compared: a low-cost monocrystalline 
silicon (c-Si) module (PV-1), a high-cost c-Si module (PV-2), a low-cost 
polycrystalline silicon (p-Si) module (PV-3), and a high-cost p-Si module 
(PV-4). For all PV systems, Rs has only a minor influence on PBT, and the 
payback times of the PV-1, PV-2, PV-3, and PV-4 systems remain 
approximately constant: around 8.8 years, 13 years, 8.2 years, and 8.4 
years, respectively. All the proposed PV systems are profitable, i.e., PBT 
< 25 years. It should be noted that the PBT of the PV-2 system is 
considerably longer (around 63 % longer than other types of PV mod
ules) due to the relatively higher collector price.

Fig. 9 shows the annual electricity demand coverage fractions of the 
proposed PV systems for different collector areas. Considering the 
maximum available roof area of 150 m2, the maximum annual electrical 
power saved by the PV systems is limited to 32 % of the total annual 

Fig. 3. Monthly electricity, space heating and hot water demands of the hotel 
in Fayoum, Egypt.

Fig. 4. Techno-economic multi-objective optimisation results for PVT-based 
solar systems with different PVT collectors. The different PVT collector prod
ucts are marked by the corresponding case number as given in Table 1.
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electricity demand. With the higher PBT of PV-2 as shown in Fig. 8, its 
annual electricity coverage ratio is also higher than that of other options 
due to the better electrical performance as shown in Table 1.

4.4. Combined photovoltaic and solar-thermal systems

Fig. 10 shows the multi-objective optimisation results for the PV-ST 
solar systems that combine the PV-1 module with different ST collectors, 
i.e., PV-ST-1 (PV-1+ST-1), PV-ST-2 (PV-1+ST-2), PV-ST-3 (PV-1+ST-3), 
and PV-ST-4 (PV-1+ST-4). The decision variables are the V̇f,u,Vt/Ac, Ac, 
and the allocated area ratio between PV and ST. All PV–ST systems are 
found to be profitable, with payback times below 25 years. Among the 

PV-ST systems, PV-ST-4 appears as the best candidate due to its lower 
PBT as well as a higher limit of Rs. On the contrary, the PV-ST-1 system 
displays the worst techno-economic performance: Rs reaches a 
maximum of 29 % and the PBT is always longer than 10 years. Fig. 11
further demonstrates the optimal decision variables of Ac and allocated 
area ratio of PV to total area (APV/Ac) for the PV-ST-4 system. When 
increasing Rs, Ac is found to significantly increase first until it is limited 
by the available area (150 m2), and APV/Ac increases first and then drops 
off. When Rs < 16 %, ST collectors should occupy a larger fraction of the 
total area (APV/Ac < 50 %), whereas for Rs > 16 %, a larger PV area 
becomes preferable (APV/Ac > 50 %).

Fig. 5. Fraction of the annual energy demand covered by the PVT systems with different collector areas (Ac) and PVT collectors: (a) fraction of the electricity demand 
covered, fel,cov, (b) fraction of the space heating demand covered, fsh,cov, and (c) fraction of the hot water demand covered, fhw,cov.

Fig. 6. Techno-economic multi-objective optimisation results for ST solar sys
tems with different ST collectors, i.e., low-cost evacuated-tube ST collector (ST- 
1), high-cost evacuated-tube ST collector (ST-2), low-cost flat-plate ST collector 
(ST-3), and high-cost flat-plate ST collector (ST-4).

Fig. 7. Fraction of the annual energy demand covered by the proposed ST- 
based systems with different total collector areas (Ac) and ST collectors: (a) 
fraction of the space heating demand covered, fsh,cov, and (b) fraction of the hot 
water demand covered, fhw,cov.

Fig. 8. Payback time (PBT) of PV systems for different annual energy-saving 
ratios (Rs): low-cost c-Si silicon PV module (PV-1), high-cost c-Si silicon PV 
module (PV-2), low-cost p-Si silicon PV module (PV-3), and high-cost poly
crystalline silicon PV module (PV-4).

Fig. 9. Fraction of the annual electricity demand covered by the proposed PV 
systems for different total collector areas (Ac) and PV modules.
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5. Further comparison between different systems

In this section, all proposed systems (PVT, ST, PV, and PV–ST heat 
and/or power systems) are compared in terms of energetic performance, 
economic potential, and environmental benefits. For this specific 
application, the techno-economic analyses are conducted under the 
current economic and environmental conditions relevant to the hotel in 
Fayoum, Egypt.

5.1. Trade-offs between energy savings and economic indicators

Fig. 12 shows the Pareto fronts of the techno-economic multi- 
objective optimisations of PVT, ST, PV, and PV-ST systems, with 
different solar collector products (marked by the corresponding case 
number as given in Table 1). When systems are compared at equal Rs, the 
PVT-4 system always has shorter PBT (down to 6.2 years) compared to 
the other solar systems considered in this work (except for PV-ST sys
tems that stand out when the Rs is in the range from 32 % to 37 %). The 
shortest PBT of ST, PV, and PV-ST systems is between 8.1 and 8.6 years.

This finding contrasts with several published studies reporting longer 
payback times for PVT systems than for PV systems. To explain this, it is 
important to understand the different trade-offs: Although standalone 
PV and ST systems often exhibit higher electrical or thermal efficiencies 
than PVT systems, they must divide the available installation area be
tween separate collectors. Therefore, if the total area is fixed, PVT sys
tems often have a higher total energy generation (electrical + thermal) 
than standalone systems.

The referenced studies compare the PBTs of PV and PVT systems at 
equal collector areas. Therefore, the PVT systems have a higher PBT than 
the PV systems, while the Rs of the PVT systems are also higher than 
those of the PV systems. It is therefore more consistent to compare PV 
and PVT systems economically based on equal Rs (i.e., equal energy 
savings) as presented in this work. Besides, the results indicate that the 
PVT systems can achieve higher maximum energy savings. The 
maximum achievable energy-saving ratios are 43 % for PVT systems, 
followed by 34 % for PV–ST systems and 29 % for ST systems, while PV 
systems achieve the lowest maximum Rs of 22 %. It is noted that the 
combined PV-ST systems reach higher energy saving limits than stand
alone ST or PV systems.

Fig. 13 shows the relationship between the annual energy-saving 
ratio (Rs) and the LCOE of the proposed systems. The current elec
tricity price (0.062 $/kWh) paid by the operator of the hotel is also given 
in the figure. The LCOEs of the proposed solar systems are below the 
current market electricity price over a wide range of Rs, implying they 
are profitable within their lifetimes. For equal Rs, the PVT system rea
ches the lowest LCOE. Taking Rs of 18 % as an example, the lowest LCOE 
of the PVT, ST, ST-PV, and PV systems are 0.029 $/kWh, 0.037 $/kWh, 
0.038 $/kWh, and 0.040 $/kWh, respectively. These values correspond 
to a 35–53 % reduction relative to the current electricity price, though it 
is important to notice that the LCOE of all systems except the pure PV 
system is calculated based on both the electrical and the thermal energy 
output.

The results also indicate that the PV-ST systems and PVT systems are 
capable of reaching higher Rs (e.g., > 30 %) than the PV systems and ST 
systems. While the LCOE of the PV-ST-4 system is lower than those of the 
PVT systems over the range Rs = 32–37 %, the best PVT system still 

Fig. 10. Techno-economic multi-objective optimisation results for combined 
PV-ST solar systems: PV-1+ST-1 (PV-ST-1), PV-1+ST-2 (PV-ST-2), PV-1+ST-3 
(PV-ST-3), and PV-1+ST-4 (PV-ST-4).

Fig. 11. Optimal decision variables of total collector area (Ac) and allocated 
area ratio of PV to total area (Apv/Ac) for the PV-ST-4 system.

Fig. 12. Comparison of techno-economic multi-objective optimisation results 
for PVT-based, ST-based, PV, and PV-ST systems, with different solar collector 
products. The different solar collector products are marked by the corre
sponding case number as given in Table 1.

Fig. 13. LCOE of the proposed systems for different annual energy-saving 
ratio (Rs).
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outperforms the PV-ST systems over a wide range of Rs. It can be 
concluded that for this particular case study, the PVT systems appear as 
more profitable alternatives compared to the other proposed systems. 
Incentives for renewable electricity and heating, which are expected to 
increase the profitability of the proposed solar systems, have not been 
considered in this work and are not necessary to make them economical.

Fig. 14 shows the investment costs of the proposed solar systems for 
different annual energy-saving ratios (Rs). As expected, increased in
vestment costs are required for increasing Rs. For equal Rs, PVT systems 
have the lowest investment cost (except PV-ST systems that stand out 
when the Rs is in the range from 32 % to 37 %), followed by the PV-ST 
systems. The investment costs of the ST systems are the highest, but 
close to those of the PV systems.

Fig. 15 shows the net present value (NPV) of the proposed solar 
systems under different annual energy-saving ratios (Rs). The results 
show that each system exhibits a maximum NPV at a specific value of Rs: 
the best PV-ST system has the highest NPV, reaching about 42 k$ at Rs of 
35 %; the maximum NPV of the best PVT system is higher than that of 
the best PV system (36 k$ vs. 23 k$), at Rs of 30 % and 22 % respectively; 
the lowest maximum NPV (22 k$) is achieved by the best ST system at Rs 
of 19 %. When comparing the NPVs of the solar systems at equal Rs, the 
best PVT system outperforms the other systems due to lower investment 
costs as shown in Fig. 14. It is also noted that the NPVs of the best ST 
system and best PVT system are negative when Rs > 27 % and Rs > 43 % 
respectively, implying that for these cases the proposed systems are not 
profitable within their lifetimes.

5.2. Evaluation of energy savings per collector area

To achieve cost-effective solar energy utilisation, it is necessary not 
only to reduce system costs but also to maximise the total energy savings 
per unit collector area. We therefore investigate the annual energy- 
saving ratio (Rs) of the proposed systems for different collector areas 
(Ac), as shown in Fig. 16. It should be stated that for the PV-ST systems, 
only the systems with better performance (PV-ST-3 and PV-ST-4) are 
considered here for a clearer comparison. It can be found that in this 
particular case, for equal system areas, the PVT systems have the po
tential to cover the largest amount of the energy demand, followed by 
the ST systems and the PV-ST systems, while the Rs of the PV systems are 
the lowest among all cases. Taking an area Ac of 150 m2 as an example, 
the maximum Rs of the best PVT system is 43 %, which is larger than 
those of the best PV-ST system (34 %), ST system (31 %) and PV system 
(22 %). Previous comparative studies have often been conducted using 
equal collector areas, resulting in different Rs values and complicating 
economic comparisons. In contrast, the comparisons in this work are 
based on equal Rs for all the proposed systems, which provides a fairer 

economic comparison of the solar systems.

5.3. Assessment of emission reduction potential

Fig. 17(a) shows the CO2 emission reductions (ER) due to avoided 
consumption of electricity for different collector areas (Ac). For a given 
collector area, PVT systems achieve considerably higher emission re
ductions than the other technologies, reaching 31 tCO2/year for the 
largest collector area of 150 m2, due to the higher amount of saved 
energy per area as shown in Fig. 16. The ER of the best ST system is close 
to that of the best PV-ST system. PV systems have the lowest ER over a 
wide range of Rs due to the lower energy-saving per collector area, 
indicating the limited environmental benefits of the PV systems. Fig. 17
(b) shows the corresponding environmental penalty cost-saving (EPCS) 
due to reduced CO2 emissions. The local carbon price in Egypt (0.01 
$/kgCO2) is used to assess the potential EPCS of the proposed solar 
systems. Similar to the trends of the ER in Fig. 17(a), the highest EPCS 
are achieved by the PVT systems over the whole range of collector areas. 
For example, at Ac = 150 m2, the maximum EPCS reaches approximately 
5900 $ for PVT systems, compared to less than 4800 $ for the other 
technologies. These findings suggest that PVT systems are very prom
ising for the considered applications, and can help meet the targets set 
out in the national Sustainable Development Strategy: Egypt Vision 
2030.

While the brief environmental analysis presented here is solely 
Fig. 14. Investment costs of the proposed systems for different annual energy- 
saving ratio (Rs).

Fig. 15. Net present value (NPV) of the proposed systems for different annual 
energy-saving ratio (Rs).

Fig. 16. Annual energy-saving ratio of the proposed systems for different col
lector areas (Ac).
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focused on CO2 emissions, it is important to acknowledge other envi
ronmental impacts such as energy use during construction, water con
sumption, and non-CO2 emissions. A comprehensive life cycle 
assessment (LCA) to analyse these impacts would go beyond the scope of 
this paper. While the environmental impacts vary significantly 
depending on the system and location, it is noteworthy that several 
studies have demonstrated the benefits of solar energy systems, such as 
Liu et al. [67] for different regions in China and Carnevale et al. [68] for 
Italy. Parvez Mahmud et al. [69] found that solar PV systems generally 
perform better than solar thermal systems in terms of human health, 
ecosystem quality and climate change, but worse in terms of resource 
use, while Lamnatou et al. [70] review and compare the life cycle im
pacts of building-integrated solar energy systems.

5.4. Limitations and future work

While a comprehensive framework to compare different solar sys
tems to provide electricity and heat has been developed, the analysis is 
subject to a number of limitations that should be addressed in future 
work. The solar energy systems are modelled using quasi-steady-state 
assumptions with half-hour time steps over the whole year. This 
modelling approach therefore prevents the capture of faster transient 
effects. Furthermore, the hot water storage tank is assumed to be fully 
mixed, while in reality ST systems are typically used with stratified 
storage tanks to increase their efficiency. Soriga and Badescu [71] 
showed that ST systems with stratified tanks are able to consistently 
deliver hot water at higher temperature compared to systems with 
mixed tanks. Wang et al. [72] found that the exergetic performance of a 
stratified tank is 10–15 % higher than that of a mixed tank. The 
assumption of a mixed tank in this study therefore represents a con
servative approach that likely underestimates the potential of ST sys
tems somewhat. This should be investigated in more detail in a future 
study.

Another limitation is that the study was only performed for one 
location and using a fixed electricity price. The sensitivity of the results 
towards these assumptions should be assessed to evaluate the applica
bility to other locations. In general, the energetic performance can be 
expected to be similar in other warm and solar-rich regions such as the 
Middle East, Southern Europe, Northern Africa, India, or Australia, as 
the demand profiles and availability of solar energy are similar. Cold and 
solar-rich regions will have a similar solar energy availability, but a 
higher thermal energy demand and a lower cooling demand, which will 
change the optimal system design. In regions with low solar availability, 
the potential of the systems evaluated in this study will be lower.

The economic model is based on fixed assumptions regarding 

electricity prices and collector costs. Both may change significantly in 
future, either due to technological improvements and/or larger and 
more efficient markets and streamlined supply chains leading to tech
nology cost reductions, or due to policy changes affecting technology 
and energy costs. Higher electricity prices and lower technology costs 
will generally improve the economics of solar energy systems. The 
quantitative trade-off between the different technologies may change, 
for example, higher electricity prices will favour systems with PV while 
ST systems will not be affected. However, the general qualitative trends 
are expected to remain the same.

Finally, it would be desirable to validate the results presented here 
using data from real systems. The performance of the different solar 
collectors is modelled based on datasheets containing experimentally 
determined performance coefficients. However, evaluating the perfor
mance of the whole solar energy systems based on experimental data 
would be valuable, though it requires considerable effort and funding.

6. Conclusions

Four types of distributed solar energy systems, namely hybrid 
photovoltaic-thermal (PVT) systems, solar thermal (ST) systems, 
photovoltaic (PV) systems, and combined PV and ST systems (PV-ST), 
were assessed using a robust holistic comparison framework developed 
in this work. The focus was on the provision of heat and/or power to 
buildings in hot, solar-rich climatic regions. In this context, a hotel in 
Fayoum (Egypt) was selected as a representative case study to analyse 
the suitability of the proposed systems over an annual period of opera
tion. Multi-objective optimisations were performed, maximising the 
annual energy-saving ratio and minimising the payback time of the 
systems. This approach enabled the identification of trade-offs between 
energetic performance and economic viability and allowed for a 
comprehensive comparison of the different solar technologies. Unlike 
many previous studies, which typically compare systems based on single 
designs and equal collector areas, the economic analysis in this work is 
conducted at equal annual energy-saving ratios, resulting in a more 
consistent and meaningful comparison.

The energetic assessment showed that electricity generation from all 
investigated solar systems covers less than one-third of the building's 
total electricity demand, however, the majority of the space heating and 
almost all of the hot water demands of the case study building can be 
covered by the systems. For the same installation area, the PVT systems 
were found to outperform the other proposed solar systems in terms of 
energy savings, while the PV systems had the lowest energy savings. 
Specifically, PVT systems achieve a maximum energy-saving ratio of 43 
% when installed over the full available roof area of 150 m2, followed by 

Fig. 17. (a) Annual CO2 emission reduction (ER), and (b) total environmental penalty cost saving (EPCS) of the proposed systems for different collector areas (Ac).
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the PV-ST systems (34 %) and the ST systems (29 %), while the lowest 
energy-saving ratio (22 %) is achieved by the PV systems.

In addition to having the highest energy savings, the PVT systems 
also have the best economic performance, reaching payback times as 
low as 6.2 years, which can be quite attractive for hotels and the 
buildings sector in general. PV-ST systems are the second best option, 
while pure ST or PV systems perform considerably worse both in terms 
of energy savings and economics. However, the economic assessments 
show that all proposed solar systems can be paid back within their 
lifetime (25 years), if they are properly sized and operated.

Overall, the proposed solar energy systems demonstrate strong 
decarbonisation potential and cost effectiveness, thus motivating further 
development for building applications in hot climate zones. In partic
ular, as an emerging solar technology, PVT systems are found to be the 
superior solution among the alternatives in the present case study. 
Further efforts are required to boost their market penetration for pro
moting the global decarbonisation strategy.
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