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A B S T R A C T

The residential sector is a major contributor to global energy demand and carbon emissions, underscoring the 
need for scalable decarbonization strategies. This study assesses the technical, economic, and environmental 
potential of deploying simplified rooftop hybrid photovoltaic-thermal (PV-T) collectors across residential com
munities in Tarragona Province, Spain. Using high-resolution hourly simulation and an energy community 
framework, the analysis covered 184 municipalities with annual solar irradiation ranging from 1599.4 to 1804.1 
kWh/m2/yr.

Flat-box, water-based PV-T collectors connected directly to municipal water supplies were modeled without 
auxiliary storage or pumping systems. Results show that with just 3.85 % rooftop surface occupancy (0.125 m2/ 
capita), the proposed configuration can meet 11.8 % of the domestic hot water (DHW) energy and 1.8 % of the 
electricity demand collectively in the province, delivering 808.4 - 896.9 kWhth/m2 and 233.0 - 259.6 kWhe/m2 

annually across the municipalities. The proposed integration of PV-T collectors economically attractive, 
achieving a payback of 5 - 6 years, net present values (NPV) of €1485.82 - €1755.86/m2, and a levelized cost of 
exergy (LCOEx) between 8.43 - 9.95 c€/kWh across the municipalities. Environmentally, the installations could 
mitigate approximately 29.3 ktCO2-eq annually, at a specific avoidance cost of €13.80/tCO2-eq.

These findings demonstrate that simplified integration of rooftop PV-T collectors offer a cost-effective and 
replicable pathway for decarbonizing energy use in the residential sector.

1. Introduction

The residential sector accounts for approximately 30 % of global 
energy and contributes about 26 % of global carbon emissions [1]. 
Addressing climate change and reducing energy poverty requires urgent 
efforts to increase the adoption of renewable energy sources and 
enhance energy efficiency within this sector [2]. A crucial step in 
accelerating the transition to low-carbon energy is identification and 
quantification of available renewable energy resources in specific loca
tions, along with the exploration of the strategies to optimize their uti
lization [3]. Solar energy, in particular, has shown significant potential 
to replace fossil fuels across various energy applications, yet its practical 
adoption still lags behind its theoretical potential [4]. Among the mature 
technologies for harnessing solar energy, rooftop systems such as 
photovoltaic (PV), solar thermal, and hybrid photovoltaic-thermal 
(PV-T) collectors offer distinct advantages, including land 

conservation, self-consumption of generated energy, and the promotion 
of zero- or positive-energy buildings [5]. Hybrid PV-T collectors, which 
simultaneously generate electricity and thermal energy, present a 
promising solution for meeting residential energy needs. These systems 
also improve electrical efficiency by cooling the PV modules, thus 
extending their operational lifespan [6]. Despite these benefits, the 
adoption of PV-T collectors has remained limited within the renewable 
energy sector [7,8]. Huide et al. [9] demonstrated that integrating 
rooftop PV-T collectors into residential energy systems can significantly 
increase the solar contribution to the total energy consumption in both 
rural and urban settings. In their review, Herrando et al. [10] estimated 
that widespread adoption of PV-T technologies could reduce global 
emissions by approximately 16 % by 2030. The authors further 
emphasized the importance of exploring water-based PV-T systems for 
domestic hot water and space heating, coupled with comprehensive life 
cycle and economic assessments, to promote broader adoption.

* Corresponding author.
E-mail address: adetumirola@gmail.com (A.B. Shobo). 

Contents lists available at ScienceDirect

Renewable Energy

journal homepage: www.elsevier.com/locate/renene

https://doi.org/10.1016/j.renene.2025.124039
Received 9 June 2024; Received in revised form 12 July 2025; Accepted 19 July 2025  

Renewable Energy 256 (2026) 124039 

Available online 20 July 2025 
0960-1481/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-3324-8876
https://orcid.org/0000-0002-3324-8876
https://orcid.org/0000-0003-2175-1447
https://orcid.org/0000-0003-2175-1447
https://orcid.org/0000-0002-5532-6409
https://orcid.org/0000-0002-5532-6409
https://orcid.org/0000-0002-0748-1287
https://orcid.org/0000-0002-0748-1287
mailto:adetumirola@gmail.com
www.sciencedirect.com/science/journal/09601481
https://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2025.124039
https://doi.org/10.1016/j.renene.2025.124039
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2025.124039&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Several studies have investigated the performance of rooftop, water- 
based, flat-plate PV-T collectors for providing domestic hot water energy 
in residential buildings across various climates. Abdul-Ganiyu et al. [11] 
compared the performance of rooftop-mounted PV and flat-box, 
water-based PV-T collectors in a residential building in Ghana. The 
study found that the PV-T system delivered 107 % more total exergy per 
unit area and had a 26 % lower levelized cost of exergy than the PV 
collector over a 25-year period. Similarly, Hazami et al. [12] reported 
that a flat-box, water-based PV-T collector in Tunisia could meet 14.6 % 
of the annual hot water needs and 5.3 % of the annual electricity de
mand for a residential building. The system also offered greater lifetime 
financial savings compared to standalone PV and solar thermal collec
tors. Behzadi et al. [13] demonstrated that an optimized smart resi
dential energy system with integrated PV-T collectors in Denmark could 
reduce CO2 emissions by 220 kg/MWh and lower energy costs by 16.7 
€/MWh for electricity and by 7.7 €/MWh for hot water energy needs. 
Aguilar-Jiménez et al. [14] conducted a techno-economic analysis of 
PV-T collector-coupled energy system for use in residential building at 
five locations: Madison (USA), Soria (Spain), Fresno (USA), Bigene 
(Guinea-Bissau), and Mexicali (Mexico). The results revealed annual 
solar thermal fractions ranging from 0.27 to 0.47 respectively, and Soria 
emerged as the most economically attractive location, featuring a sys
tem payback of 9 years. In contrast, the payback at Fresno was 14 years 
and at both Mexicali and Begene was 18.5 years, while the investment 
on installation at Madison would not be recovered by the end of the 
system’s lifespan. Other researchers have explored the optimization of 
building energy systems through the integration of water-based PV-T 
collectors with other complementary technologies. Herrando et al. [15] 
presented a study in which water-based PV-T collectors were combined 
with a heat pump and two hot water storage tanks to meet the heating, 
cooling and power needs of a building in Zarragoza, Spain. This inte
grated system resulted in a 50 % lower environmental impact compared 
to grid-based systems, and 20 % less than conventional PV-based sys
tems for the same end uses. Expanding on this, Krakon et al. [16] 
investigated a novel hybrid system coupling water-based PV-T collectors 
with heat pump, hot water storage tank, and a biodigester-fed burner for 
a residential building in Norway. The study demonstrated that the PV-T 
collector could supply up to 64.8 % of the space cooling energy in the 
summer and over 80 % of the annual DHW energy needs.

However, critical limitations across most of the previous studies 
include: (a) focus on individual residential buildings, with limited 
attention given to community- or municipal-scale deployment; (b) fail
ure to present holistic view integrating technical, economic, and envi
ronmental benefits across broader populations; (c) heavy reliance on 
complex configurations involving thermal energy storage tanks and 
electrical pumps, which increased cost and limited scalability; and (d) 
reliance on constant water inlet temperatures and average solar irradi
ation, despite their temporal variations which would affect system 
performance in reality. Osman [17] emphasized that the high upfront 
investment in new renewable energy infrasructure poses a significant 
barrier to achieving global net-zero emissions goals. Herrando, Ramos, 
and Zabalza [8] echoed this concern, stressing the need to reduce the 
capital costs of solar-integrated cooling, heating, and power systems to 
enhance their market viability.

The energy community model, which is a distributed generation/ 
consumption approach, can facilitate collective ownership and opera
tion of renewable energy systems. Parreño-Redriguez et al. [18] sug
gested that such a model offers a promising pathway to more inclusive 
and efficient renewable energy adoption.

This study aims to address the dual challenges of high upfront costs 
and limited community-scale evaluation of PV-T systems. Specifically, it 
investigates the techno-economic and environmental feasibility of 
deploying rooftop water-based PV-T collectors across residential com
munities in the municipalities of Tarragona province of Spain.

The novelty of this study lies in its simplified, cost-reducing system 
configuration and community-based modeling approach. While the 

concept of integrating PV-T collectors into residential energy is not new, 
this study introduces a cost-effective and scalable approach by elimi
nating traditional components such as auxiliary thermal energy storage 
tanks, electrical batteries, pumps, and complex water control mecha
nisms, which are commonly included in conventional PV-T systems. By 
removing these components, the proposed configuration in this paper is 
aimed at reducing the capital costs of integrating PV-T collectors and 
improve the feasibility of widespread deployment. To ensure the 
robustness and applicability of this approach, this study utilizes a real- 
world, data-driven methodology, supported by high-resolution simula
tions based on demographic, meteorological, and housing stock data. 
This time-granular analysis ensures that the study’s assessments are 
grounded in realistic conditions, as recommended by Saez et al. [18].

Through this framework, this study provides: (a) estimation of the 
minimal rooftop area requirement per municipality for PV-T collector 
installation based on domestic hot water consumption; (b) detailed in
sights into installation feasibility, paybackperiod, CO2 emission miti
gation, and levelized exergy cost; and (c) strategic guidance for scaling 
PV-T technology adoption in residential communities. Overall, this 
study offers a scalable, replicable, and policy-relevant model for accel
erating renewable energy transition in the residential sector.

2. Materials and methods

2.1. Physical model

This study proposes the use of flat-plate, water-based photovoltaic- 
thermal collectors mounted on the rooftops of residential buildings 
within each municipality. The PV-T collectors are connected to the 
municipal water supply system, with water flow regulated by photo- 
sensitive controllers. These controllers ensure that water flows at a 
constant rate whenever solar irradiation is available (i.e., when G > 0) 
and halt the flow in the absence of solar irradiation (i.e., when G = 0). A 
schematic diagram of the proposed configuration is shown in Fig. 1, 
illustrating the hydraulic connections of the PV-T collectors in a parallel 
array. The water exiting from the PV-T collectors is directed into resi
dential domestic hot water (DHW) boilers for auxiliary heating. Simul
taneously, the direct current (DC) electricity produced by the collectors 
is converted to alternating current (AC) by electrical inverters. The AC 
electricity is then fed into the municipal electricity supply network, 
providing power to residential buildings within the community.

The following assumptions were made in this study. 

1. That each residential building or dwelling has existing gas-powered 
DHW boiler installed to which pre-heated water from the PV-T col
lector flows.

2. That the hydraulic pipes connecting the PV-T collectors to the DHW 
boilers in the buildings are perfectly insulated and thus, no heat 
losses.

2.2. Case study

Spain has made significant progress in its energy decarbonization 
efforts, aiming to achieve a 48 % renewable energy contribution to its 
energy mix by 2030 [21,22]. With abundant solar insolation, averaging 
between 1600 and 3000 h annually across the country, Spain is 
well-positioned to harness its solar energy resources effectively [23]. 
Solar photovoltaic technology has seen rapid growth in Spain, with 
substantial installed capacity [24]. The energy community model, sup
ported by Spain’s regulatory frameworks, holds considerable promise 
for enhancing consumer participation, increasing energy efficiency, and 
reducing carbon emissions [18,25].

However, detailed studies on the widespread adoption of rooftop PV- 
T collectors in Spanish residential settings, particularly at municipal or 
regional scales, remain limited. This case study focuses on the residential 
communities within Tarragona province, located in northeastern Spain 
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(geographical coordinates: 0.25◦ - 1.63◦, 40.54◦ - 41.56◦) Tarragona 
experiences Mediterranean climatic conditions, with total annual solar 
irradiation ranging from 1599.39 to 1804.05 kW/m2/yr. Fig. 2 shows 
the map of Tarragona, highlighting its 184 administrative 
municipalities.

2.3. Computational approach

The computational framework employed in this study consists of 
three main components: data acquisition, data processing, and data 
analysis. The approach is driven by publicly available datasets, ensuring 
transparency and reproducibility. A schematic diagram of the compu
tational algorithm employed in this study is shown in Fig. 3.

Fig. 1. A schematic of the physical model of the proposed layout considered in this study [20].

Fig. 2. A map of Tarragona province, showing its constituent municipalities [20].
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2.3.1. Electricity consumption, demographic and meteorological data
The hourly sum of electricity consumption data for all the residential 

buildings and dwellings in each municipality for the year 2019 was 
sourced from the Datadis online platform [26]. These data were assumed 
to represent the typical consumption patterns for the municipalities in 
this study. Demographic data, including population statistics for 2023, 
were sourced from Spanish National Institute of Statistics [27]. The 
typical meteorological year (TMY) data for each municipality were 
downloaded from Photovoltaic Geographical Information System 
(PVGIS) online platform [28]. This data included typical annual hourly 
solar irradiation and ambient temperature for each municipality, which 
were filtered and used for the simulations.

2.3.2. Housing stock and DHW demand profile data
The total available rooftop space on residential buildings in each 

municipality was estimated using the data on housing stock character
istics and demographics from the Spanish Ministry of Development and 
the Statistical Institute of Catalonia [29,30]. A reduction factor of 0.19, 
as recommended by the Ministry [29], was applied to account for 
architectural constraints such as voids, recesses, chimneys, and 
air-conditioning equipment, and shading effects from surrounding 
buildings. The methodology for estimating the rooftop space was out
lined in Ref. [31]. Hourly DHW demand profiles were sourced from the 
Spanish Ministry of Transport, Mobility, and Urban Agenda [33].

2.3.3. PV-T collectors’ performance data
The key technical parameters for the flat-box PV-T collector used in 

this study are summarized in Table 1. These optical, electrical and 
thermal characteristics determine the performance of the collector. The 
collector’s design is based on a commercially available model by SOL
IMPEKS Solar Corp. [35], whose thermal performance characteristics 
were experimentally investigated by Sun et al. [34]. It features a copper 
plate absorber beneath the photovoltaic module, with cylindrical copper 
pipes attached to its undersides, facilitating heat transfer to the water 

flowing through. This study adopted multi-crystalline silicon PV module 
within each collector due to their reported lower lifecycle environ
mental impacts compared to the mono-crystalline silicon alternatives 
[36]. A single layer of tempered glass was also assumed as glazing cover 
to enhance thermal efficiency [37].

2.3.4. Economic parameters
Some of the economic parameters employed in this study are out

lined in Table 2. These include the costs of the different system com
ponents; costs of assembling, operating and maintaining the system; 
natural gas price; and some national economic parameters.

This study employed the average electricity price (EP) scenario for 
the Spanish electricity market as presented in Table 3 and a fixed rate of 
selling electricity to the grid (ES) of c€ 9/kWh. A fixed selling price was 
adopted to ensure modeling simplicity and comparability across all 
municipalities. While real-time dynamic pricing may fluctuate based on 
time-of-use or policy, the assumed fixed rate provides a conservative and 
transparent estimate of revenue from exported electricity.

Fig. 3. The algorithm of the solution.

Table 1 
Technical parameters for the flat-bx PV-T collector considered in this study.

Parameters Value

PV cell type Multi-crystalline Silicon
Glazing type Tempered glass
Number of layers of glazing 1
Optical efficiency of glazing, ηo 0.8
Thermal energy absorber material type Copper
Electrical efficiency of PV module, ηSTC 16 % (@STC)
PV module’s temperature coefficient, γ 0.37 %/oC
Nominal operating cell temperature (NOCT) for PV cell 45 ◦C
PV-T module’s thermal efficiency factor, F′ 0.8446 [34]
PV-T module’s heat loss factor, UL 6.6382 W/(m2*K) [34]
PV-T collectors’ annual performance degradation factor 0.5 % per annum [11]
PV-T collectors’ annual losses due to soiling 0.5 % Per annum [38]
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2.3.5. CO2 emission parameters
This study assumed that natural gas boilers are currently used in the 

residential dwellings for the provision of DHW energy, and that elec
tricity is supplied from the grid. The equivalent CO2 emission data 
associated with energy supply from natural gas boilers and the Spanish 
electricity grid were used to estimate the equivalent CO2 emission for 
this study. The emission factors for both sources are presented in 
Table 4, which were applied in the calculation of the equivalent CO2 
emission avoided by the proposed PV-T installations.

2.4. Data analysis

The data analysis in this study consists of several key steps, including 
the calculation of thermal and electrical gains from the PV-T collectors, 
the conversion of energy to exergy, and the evaluation of the economic 
and environmental impacts.

2.4.1. PV-T collector solar gains
The daily municipal water supply temperature (Tw) was calculated 

using the model developed by the National Renewable Energy Labora
tory, USA [45,46]. For each day, the tap water temperature was assumed 
to remain constant across all hours. The model is given as: 

Tw =1.8
(
Ta,avg − 14.44

)
+64

+

[

Ratio
(

Ta,max − Ta,min

1.11

)

sin(0.9863(Day No. − 15 − Lag) − 90)
]

(1) 

where, 

Ratio=
(
0.4+0.018

(
Ta,avg − 6.67

))
(2) 

Lag=35 −
[
1.8
(
Ta,avg − 6.67

)]
(3) 

Here, Ta,avg (oC) is the annual average ambient temperature; Ta,max (oC) is 
the maximum average monthly ambient temperature; Ta,min (oC) is the 
minimum average monthly ambient temperature; and Day No. is the 
day-of-the-year.

The daily DHW demand was estimated based on a standardized per 
capita consumption of 0.03 m3 at 60 ◦C [47]. Therefore, the 

corresponding quantity of daily DHW energy demand (EDHW,demand) per 
municipality was computed by Ref. [48]: 

EDHW,demand(J) =0.03 ⋅ Pop ⋅ ρw ⋅ cw⋅(60 − Tw)
◦C (4) 

where, Pop is the municipal population, ρw is the density of tap water 
and cw is the specific heat capacity of tap water.

The hourly DHW energy demands were then estimated by multi
plying the daily DHW energy demand (EDHW,demand) by the fractional 
DHW demand corresponding to each hour according to the hourly dis
tribution of DHW volume demand presented in Fig. 4.

The electrical and thermal gains for the PV-T collectors were ob
tained by employing the methods outlined in Ref. [34], where nominal 
operating cell temperature (NOCT) of the PV module for each hour was 
determined by: 

NOCTPVT =

[

800FR

(
Tw − Ta

G

)]

+

[
FRηo

FRUL
(1 − FR)800

]

+ 20 (1) 

where, FR, the PV-T module’s heat removal factor was determined by: 

FR =
ṁwcw

AcUL

[

1 − exp
(

−
AcFʹUL

ṁwcw

)]

(2) 

The PV module’s average temperature at each hour was then esti
mated using: 

TPV = [Ta +(NOCTPVT − 20)]
G

800
(3) 

where Ta is the hourly average ambient temperature and G is the hourly 
average solar irradiance.

The electrical efficiency of the PV module was then computed by: 

ηel,PVT = ηSTC[1 − γ(TPV − TSTC)] (4) 

where TSTC is the temperature at Standard Testing Condition (STC) 
which was taken as 25 ◦C. Therefore, the average electrical energy from 
PV-T module each hour, was determined by: 

Eel,PVT(kWh)=
GAcηel,PVT

1000
(5) 

where Ac is the area of PV-T collector.
The average hourly thermal energy gained by water flowing through 

the PV-T collector per hour was determined by: 

Eth,PVT(kWh)=
Ac[(FRηoG) − FRUL(Tw − Ta)]

1000
(6) 

while the average hourly temperature of water output from PV-T col
lector was determined by: 

Table 2 
The economic parameters for this study.

Parameters Value

Cost of collector (€//m2) 250 [9]
Cost of inverters & electrical cables (€//m2 of collector) 100 [39]
Cost of hydraulic circuit (€//m2 of collector) 100 [39]
Cost of assembling (€//m2 of collector) 125 [Assumed]
Cost of O&M (based on cost of collectors) 5 % [11]
Harmonized energy price escalation rate, e 7.6 % [40]
Discount rate, d 5 % [11]
Natural gas price, GP (c€/kWh) 8.91 [41]
Interest rate, i 0.16 % [42]

Table 3 
Average electricity prices [19].

Hour 0–8 8–10 10–14 14–18 18–22 22–24 Weekends
Cost (c€/ 

kWh)
12 18 24 18 24 18 12

Table 4 
Equivalent CO2 emission factors.

Parameters Value

Emission associated with grid electricity (kgCO2-eq/kWhe) 0.217 [30,43]
Emission from natural gas boilers (kgCO2-eq/kWhth) 0.217 [44]

Fig. 4. Hourly distribution of DHW volume demand as a fraction of the total 
daily demand [33].
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Tout(
◦C)=Tw +

Ac

ṁwcw
[FRηoG − FRUL(Tw − Ta)] (7) 

where ṁw is the mass flow rate of water through PV-T collector.

2.4.2. Energy and exergy analysis
Dynamic simulations were performed for each municipality using 

the typical annual weather data and the calculated hourly municipal 
water supply temperatures. These simulations involved applying uni
form water flowrates of 1 L/min, 0.8 L/min, 0.6 L/min, 0.4 L/min and 
0.2 L/min separately tested for each municipality. The flow was acti
vated only during hours with incident solar radiation (i.e., when G > 0). 
The water flowrate maximized thermal gains and maintained outlet 
water temperature (Tout) from PV-T collectors below 70 ◦C throughout 
the year was selected. The corresponding PV-T collector installation 
area, Ac, for each municipality was then calculated based on the average 
hourly DHW demand and a fixed flowrate per unit area. This approach 
aligns with the approach in Ref. [49], which recommends fixed collector 
area-to-demand ratio for initial sizing of solar collector area, assuming 
standardized flowrates. The simplified model yields: 

Ac =

[
Average hourly DHW volume demand

Water volume flow through 1m2 of collector per hour

]

(8) 

where, 

Average hourly DHW volume demand=
0.03 m3 × Pop

24
(9) 

The hourly DHW thermal energy demands and the hourly thermal 
energy gains from PV-T collectors were converted to their thermal 
exergy equivalents by Ref. [50]: 

ExDHW,demand(kWh)= EDHW

(

1 −
Ta(K)

60 + 273(K)

)

(10) 

ExDHW,PVT(kWh)= Eth,PVT

(

1 −
Ta(K)
Tout(K)

)

(11) 

The hourly electrical energy demands, and the electrical energy 
generated by the PV-T collectors are equated to the corresponding 
electrical exergies (Exel,demand,Exel,PVT). The exergy approach was utilized 
for the performance evaluation because it provides more accurate rep
resentation of the useful energy produced by the PV-T collectors. Exergy 
accounts for the quality of energy and its potential to perform useful 
work. It helps to distinguish between useable thermal energy from los
ses, which occur due to the temperature gradient between collector and 
the ambient. The approach also allows for a comprehensive assessment 
of both useful thermal and useful electrical energy produced. Further
more, it is crucial for comparing the actual performance of PV-T systems 
across varying ambient conditions.

The DC/AC electrical inverters in the installations were assumed to 
operate with at 98 % efficiency. Energy and exergy balances were then 
computed for each municipality based on hourly exergy demands 
(electricity and DHW) and exergy gains from the PV-T collector in
stallations through a typical year.

2.4.3. Economic analysis
The economic viability of the PV-T collector installations was eval

uated using the Net Present Value (NPV), which accounts for the savings 
from the PV-T systems for each municipality minus the capital and 
operational costs. The calculation was performed over a 20-year period, 
with the following formula for NPV [51]: 

Net Present Value (NPV)=
∑19

y=0

Ry(1 + e)y

(1 + i)y
(1 + d)y −

(

CCapital +
∑19

y=0
CO&M

)

(12) 

where 20 years was taken as the lifetime of the installations and year of 
installation was taken as 0, CCapital is the initial total capital investment 
of installation, Ry is the annual financial savings expected from the PV-T 
collectors’ installation in the municipality and was calculated based on 
the methodology by Ref. [39]: 

Ry =
∑8760

h=1

[(
EP⋅Eel,PVT

)

consumed +
(
ES⋅Eel,PVT

)

sold +
(
GP⋅EDHW,PVT

)

comsumed

]

(13) 

Any excess generated electricity that is not consumed within the 
energy community each hour was considered exported and sold to 
external electricity grid while the excess thermal energy/exergy from 
the PV-T collectors each hour was not catered for.

The levelized cost of exergy (LCOEx) realized from the PV-T collector 
installations in each municipality, which gives a measure of the cost per 
unit exergy output of the PV-T installations, was calculated by Ref. [52]: 

LCOEx=
CCapital +

∑19
y=0CO&M

∑19
y=0

(
∑8760

h=1
Exel,PVT +

∑8760

h=1
Exth,PVT

) (14) 

The cumulative cash flow for each year was computed by Ref. [53]: 

Cummulative Cashflowy =
∑y

y=0
Ry −

(

CCapital +
∑y

y=0
CO&M

)

(15) 

It should be noted that to account for the degradation of the PV-T 
panels over time, 0.5 % annual degradation factor was applied to the 
energy generation for each year. This factor, as presented in Table 1, 
reduces the system’s efficiency and output annually. Therefore, the 
annual energy generation and corresponding financial savings were 
adjusted to account for this degradation. This ensures that the economic 
analysis reflects the expected performance reduction over the 20-year 
lifetime of the PV-T installations.

2.4.4. CO2 emission and mitigation analysis
The annual mass of equivalent CO2 emissions associated with elec

tricity and DHW consumption in the residential communities across 
municipalities was calculated following the methodology outlined by 
Ref. [54]. Specifically, the CO2 emissions from electricity consumption 
were determined by multiplying the emission factor of electricity supply 
from the grid (217.37 kgCO2-eq/kWh) by the total annual electricity 
demand across all hours. Similarly, the CO2 emissions from DHW con
sumption were determined by multiplying the emission factor of elec
tricity supply from the grid (271.00 kgCO2-eq/kWh) by the total annual 
electricity demand. Thus, the total annual mass of equivalent CO2 
emissions from both electricity and DHW consumption was computed 
as: 

MCO2,Demand =

(

217.37 ⋅
∑8760

h=1
Eel,demand

)

+

(

271.00 ⋅
∑8760

h=1
EDHW,demand

)

(15) 

To estimate the annual mass of equivalent CO2 emissions mitigated 
by the PV-T installations, the emission factors for both electricity and 
DHW consumption were applied to the corresponding exergy outputs 
from all the installations in each municipality. Thus, the annual mass of 
equivalent CO2 emissions mitigated was calculated by summing the 
emission reductions from both the electrical and thermal exergies pro
duced by the PV-T collectors: 

MCO2 ,avoided =

(

217.37 ⋅
∑8760

h=1
Exel,PVT

)

+

(

271.00 ⋅
∑8760

h=1
Exth,PVT

)

(16) 

The specific cost of equivalent CO2 emissions avoidance afforded by 
the PV-T collectors deployment in each municipality over their lifetime 

A.B. Shobo et al.                                                                                                                                                                                                                                Renewable Energy 256 (2026) 124039 

6 



was determined by: 

Specific Cost of CO2 emission avoidance=
CCapital +

∑19
y=0CO&M

∑19

y=0
MCO2 ,avoided

(17) 

2.5. Simulation implementation and computational workflow

The computational implementation of the model was carried out in 
two distinct phases. In the first phase, an Excel-based framework was 
developed to simulate the hourly performance of PV-T collector systems 
across the 184 municipalities. Hourly ambient temperature and solar 
irradiance data were obtained from the Typical Meteorological Year 
(TMY) files for each municipality, combined with municipal population 
data for year 2023 and electricity consumption data for year 2019. These 
data were incorporate into a master Excel workbook, with each mu
nicipality assigned a dedicated worksheet. equations (1)–(11) presented 
in the preceding subsections were embedded as formulas within the first 
worksheet and automatically propagated across all others. This 
approach enabled the automatic calculation of several key parameters 
for each municipality on hourly basis, including: water supply temper
ature; DHW energy demand; required PV-T collector area; electrical and 
thermal energy outputs from the PV-T system; useful energy supplied, 
excess exergy, and rooftop occupancy. In the second phase, a Python 
script was employed to aggregate and analyze the results generated by 
the Excel framework. This included computing the annual energy bal
ances, financial metrics (e.g., Net Present Value [NPV], Levelized Cost of 
Exergy [LCOEx]), cost savings, and CO2 emission avoided for each 
municipality. To assess spatial feasibility, the model incorporated 
municipality-specific estimates of useable residential rooftop area. 
These estimate were sourced from a previous study by the authors [19] 
and used to calculate the percentage of the available rooftop area to be 
occupied by PV-T collectors according to the framework in this study.

This two-phase computational approach provided a detailed, high- 
resolution analysis of the performance, economic viability, and envi
ronmental impact mitigation of the PV-T collector installations across a 
diverse set of municipalities. The methodology ensures full transparency 
and reproducibility due of its high-resolution temporal modeling and its 
use of real-world datasets.

3. Results and discussion

3.1. Validation of PV-T collector model

The PV-T model used in this study was validated against the exper
imental data provided by Ref. [34], specifically comparing the ambient 
temperature, the water inlet temperature, the PV module’s efficiency, 
and the solar irradiation data that was presented for Chiang Mai on 
March 16, 2018. The mean absolute errors for the collector’s electricity 
production and outlet water temperature, averaged over simulation 
period are presented in Table 5. The results indicate that the PV-T col
lector model used in this study performs within acceptable limits. This 
demonstrates the reliability and accuracy of the model for simulation.

3.2. Optimal flowrate selection

To determine the optimal uniform water flowrate for the PV-T col
lectors, a sensitivity analysis was conducted by varying the inlet 

flowrate from 0.2 to 1.0 L/min (with increments of 0.2 L/min), under 
identical climatic conditions and demand profiles for each municipality. 
The results, aggregated across the province, are summarized in Table 6. 
The analysis revealed that as the water higher flow rate increased, the 
required PV-T installation area decreased, as derived from Equation (8). 
This was because of the larger volume/mass flow of water per unit while 
the average hourly volume of DHW demand remained constant.

However, higher inlet water flow rates resulted in lower output 
water temperatures due to reduced residence time in the collectors, 
leading to diminished thermal exergy gains. Consequently, the annual 
DHW exergy, electrical exergy, cost savings, and CO2 emission avoid
ance decreased significantly at higher flow rates. As such, the 0.2 L/min 
flowrate maximized both thermal and electrical exergy outputs, 
achieving the highest annual cost savings (12.84 M€), and CO2 emission 
avoidance (29.3 ktCO2-eq). While this flowrate required a larger instal
lation area (102.8 km2), it optimized solar energy utilization and pro
vided the best balance of performance, economic viability, and 
environmental impact mitigation.

3.3. Rooftop occupancy by PV-T collectors

Following the identification of the optimal uniform water flowrate of 
0.2 L/min (~0.00333 kg/s), the required PV-T collector area for each 
municipality was analyzed across the province.

Based on the local DHW volume demands and municipal de
mographics, this configuration yielded an average PV-T collector 
installation area of 0.125 m2per capita. The percentage of the total useful 
residential buildings’ rooftop surface area occupied by the PV-T col
lectors varied significantly across the municipalities as illustrated in 
Fig. 5. These differences were influenced by local parameters such as 
population size; dwelling topology; the ratio of single-family to multi- 
family buildings; and the average residential dwelling population den
sity of each municipality. At one end of the spectrum, Vallfogona de 
Riucorb exhibited the lowest rooftop occupancy, with only 0.67 % of 
useful rooftop area required. This municipality had a very low average 
dwelling population density of about 0.41 persons per dwelling (pop. =
79, number of dwellings = 192), suggesting the presence of unoccupied or 
secondary homes. Additionally, its single-family to multi-family build
ing ratio of 13.22 (119:9) contributed to abundant available useful 
rooftop surface area.

On the opposite end, La Canonja recorded the highest rooftop oc
cupancy, with about 21.33 % of the useful rooftop surface required. The 
municipality had a significantly higher residential dwelling population 
density of about 2.23 persons per dwelling (pop. = 5971, number of 
dwellings = 2670) and a much lower ratio of single-to multi-family of 0.2 
buildings (444:2223) This limits the useful rooftop surface area per 
capita. When aggregated across the entire province, a total of approxi
mately 3.85 % (~0.1 km2) of the total estimated 2.7 km2 of the useable 
residential buildings’ rooftop surface area would be required to support 
the proposed PV-T collector installations.

Table 5 
Validation results for the PV-T collector model, with respect to the 
experimental data from Ref. [32].

Parameter Error (%)

PV-T electricity production (kWh) 5.2 %
PV-T outlet water temperature (oC) 4.9 %

Table 6 
Performance metrics across the province under different water inlet flowrates.

Inlet 
Water 
Flowrate 
(L/min)

PV-T 
Installation 
Area (m2)

Annual 
DHW 
Thermal 
Exergy 
(MWh)

Annual 
Electrical 
Exergy 
(MWh)

Annual 
DHW +
Electricity 
Cost Saved 
(M€)

Annual 
Mass of 
Emissions 
Avoided 
(ktCO2-eq)

0.2 102814.3 6515.2 25494.9 12.84 29.3
0.4 51407.1 2019.3 12996.5 9.35 16.0
0.6 34271.4 939.9 8724.7 7.99 11.0
0.8 25703.6 531.4 6566.9 7.29 8.4
1.0 20562.9 335.8 5265.0 6.85 6.7
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3.4. The thermal effects of solar irradiation

The variations in solar irradiance intensity (G) had noticeable impact 
on both the ambient temperature (Ta) and, consequently, the municipal 
water supply temperature (Tw). This is clearly demonstrated in Fig. 6(a)– 
(b), which show the annual profiles for two representative municipal
ities. Vallfogona de Riucorb, with total annual solar irradiation of 
approximately 1662.6 kW/m2, was chosen for its notably low minimum 
average monthly ambient temperature (Ta,min), which was about 2.6 ◦C. 
In contrast, Caseres, with a slightly higher total annual solar irradiation 
of 1684.6 kW/m2, was selected for its higher maximum average monthly 
ambient temperature (Ta,max), which reached about 26.6 ◦C.

As depicted in the figures, the intensity of the solar irradiation 
(represented in vibrant orange) followed a seasonal pattern, decreasing 
during winter months and increasing towards the summer. This varia
tion also affected the ambient temperatures (in red) and the municipal 
water supply temperatures (in dark blue) across the year. The teal line in 
the graphs tracked the temperature of the water exiting the PV-T col
lectors for both municipalities, assuming the previously described 
configuration with uniform water flowrate of 0.2 L/min. During the 
winter, when the solar irradiation decreased, the water supply temper
ature also decreased.

The solar thermal gains by the PV-T collectors ramped up the tem
perature of the water and this effect can be observed to be increase to
wards summer because of the greater average solar irradiation. The peak 
temperature of about 63.8 ◦C was achieved from the PV-T collectors in 
Vallfogona de Riucorb (at the 5101th hour) while a maximum of about 
66.7 ◦C was achieved in Caseres (at the 4501th hour). These observa
tions highlight the thermal performance improvements enabled by 
higher solar irradiation in the warmer months.

The difference in solar irradiation across municipalities resulted in 
variation in PV-T performance. PV-T collectors in municipalities with 

higher solar irradiance, like Caseres, generate more thermal and elec
trical energy, particularly in the summer months. On the other hand, 
municipalities like Vallfogona de Riucorb, experience decreased energy 

Fig. 5. Percentage of the useful rooftop surface area occupied by PV-T collectors.

Fig. 6. Annual hourly profiles of the temperatures of the municipal water 
supply; water outlet from PV-T collectors; and the ambient; with the average 
solar irradiance for (a) Vallfogona de Riucorb and (b) Caseres.
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generation, especially in the winter when solar irradiation is lower. The 
observed seasonal variations are critical for understanding the system’s 
performance across different municipalities with varying solar resources 
and climatic conditions.

3.5. Solar fraction afforded by PV-T installations

Fig. 7(a) presents the aggregated annual hourly domestic hot water 
(DHW) exergy demand and the corresponding exergy provided by the 
PV-T collectors across all municipalities. The demand profile closely 
follows seasonal trends solar irradiation, ambient temperature, and 
water supply temperature as previously illustrated in Fig. 6(a) and (b). 
During the winter months, lower water supply and ambient tempera
tures result in higher demand for exergy for heating water. Conversely, 
during the summer, increased solar irradiation leads to higher thermal 
gains from the PV-T collectors, reducing the need for additional energy 
input.

The results show that, on the average, the harnessed energy by the 
PV-T collectors satisfied approximately 11.8 % (~6.52 GWhth) of the 
total annual DHW exergy demand (~55.34 GWhth) across the province. 
The solar fraction for DHW consumption varied across the municipal
ities, ranging from 9.57 % in Vilanova de Prades to 12.97 % in Les Borges 
del Camp. With the proposed configuration, a minimal average of 7.70 
% (0.54 GWhth) of the annual thermal exergy generated by the PV-T 
collectors, aggregated across all the municipalities (ranging from 6.10 
% to 8.86 %), would be lost due to the mismatch between hourly the 
DHW volume in demand and the supply from the PV-T collectors.

Fig. 7(b) illustrates the hourly profiles of electricity demand and 
electricity generated by the PV-T collectors across the province. On the 
average, the PV-T collectors provide about 1.8 % (25.50 GWhe) of the 
total annual hourly electricity demand (1.40 TWhe) across the province. 
The solar fraction of the electricity consumption varies significantly 
across the municipalities, from 0.11 % in La Palma D’Ebre to 7.68 % in 
Santa Coloma de Queralt.

The variation in solar irradiation across the municipalities further 
accentuates this mismatch in energy production. The collectors in the 
municipalities with higher average solar irradiation, such as Caseres, 
generate more energy during the summer months. However, larger gaps 
exist between experience greater gap between energy production and 
demand during the winter months. In contrast, municipalities with 
generally lower average solar irradiation, like Vallfogona de Riucorb, 
face a greater deficit in both DHW and electricity generation year-round. 
But this issue is pronounced in the winter months. The reduced solar 
irradiation during winter exacerbates the energy shortfall, making these 
municipalities more reliant on external energy sources.

Overall, the PV-T installations contributed an average solar fraction 
of 2.20 % (ranging from 0.14 % to 8.06 %) to the combined annual 
electricity and DHW exergy consumptions across the province. The 
annual exergetic potentials of the PV-T collector installations are 
approximately 63.37 kWhth/m2 (ranging from 57.00 kWhth/m2 to 68.01 
kWhth/m2) for DHW exergy demand, and 247.97 kWhe/m2 (ranging from 
233.0 kWhe/m2 to 259.6 kWhe/m2) for electricity demand.

In energy terms, the PV-T collectors in this study are estimated to 
provide between 808.4 kWhth/m2/yr and 896.9 kWhth/m2/yr for DHW 

Fig. 7. Annual hourly profiles of the aggregated (a) DHW exergy demand and DHW exergy supplied by the PV-T collectors, (b) Electrical exergy demand and 
electrical exergy supplied by the PV-T collectors, across Tarragona province.
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demand. These energy outputs align well with the findings of the 
computational study by Penaka et al. [55]. The authors reported annual 
thermal and electrical outputs of 881.6 kWhth/m2/yr and 244 kWhe/
m2/yr, respectively, for a water-based PV-T collector at Barcelona (Spain) 
which is a location with climatic condition similar to those of Tarragona 
province. This further confirms the reliability of the model in the study 
in predicting PV-T collector performance under similar environmental 
conditions.

3.6. Economic viability and profitability of the PV-T collector installations

To streamline the presentation, the results of the economic assess
ment of the proposed PV-T collector installations were aggregated at the 
provincial level, following the initial calculations made for individual 
municipalities.

Fig. 8 illustrates the projected cumulative cash flows for the PV-T 
collector installations over a 20-year period. These cash flows were 
derived by discounting the expected financial savings and the operation 
and maintenance (O&M) costs, relative to the capital investment for 
each year. The total capital investment for the PV-T collectors and in
stallations amounted to approximately 52.12 M€ resulting in an average 
capital cost of about 575.10 €/m2 (ranging from 575.00 €/m2 to 596.34 
€/m2). This translated to an average capital investment budget of about 
71.89 €/capita (ranging from 71.88 €/capita to 74.54 €/capita). The total 
annual O&M was about 1.29 M€, which equated to an average of 12.5 
€/m2 or approximately 1.56 €/capita. These figures indicate that the 
proposed PV-T installations are affordable within the municipalities.

The initial total annual financial savings expected from the PV-T 
collector installations across the province amount to approximately 
12.84 M€ (~117.81 – 130.80 €/m2/annum), representing about 20.83 % 
(~18.59 – 22.19 %) of the total annual costs for DHW energy and 
electricity consumption in the province. Fig. 8 shows a linear increase in 
the cumulative cash flow from the installations, from the end of the year 
of installation (Year 0) until the end of life (Year 19). A noticeable 
slowdown in the growth occurred in Year 9, primarily due to the cost of 
replacing the electrical inverters. The mean payback period of the initial 
total investment was achieved in Year 5. However, the payback varied 
across municipalities: only about 15.7 % of the municipalities recovered 
their investment by Year 5, while the remaining 84.3 % achieved 
payback by Year 6. After this point, despite ongoing annual O&M costs, 
the PV-T installations continue to generate positive savings in all the 
municipalities for the rest of their operational lives. By Year 19, the Net 
Present Value (NPV) of the installations aggregated across all munici
palities was approximately 168.1 M€, with a mean of 1633.04 €/m2 

(ranging from 1485.82 €/m2 to 1755.86 €/m2). These results demon
strate that the proposed rooftop PV-T collector installations are both 

economically viable and profitable in all the municipalities across the 
province.

Fig. 9 presents the box plot illustrating the Levelized Cost of Exergy 
(LCOEx) for the PV-T collector installations over their lifetimes. The 
LCOEx ranged from 8.43 c€/kWh to 9.95 c€/kWh, with a mean value of 
approximately 8.95 c€/kWh. These costs are comparable to the current 
cost of natural gas (~8.91 c€/kWh) and lower than the current hourly 
electricity prices, indicating a competitive economic performance for 
the PV-T installations.

3.7. Equivalent CO2 emission mitigation

The environmental analysis, as shown in Fig. 10, reveals that the 
proposed PV-T collector installations could mitigate 20.8 % (23.83 
ktCO2-eq) of the annual CO2 emissions associated with domestic hot 
water (DHW) consumption in Tarragona province (baseline: 303.78 
ktCO2-eq). This mitigation potential varied across the municipalities, 
ranging from 18.6 % to 22.2 %. In addition, the PV-T collector in
stallations would reduce electricity-related emissions (baseline: 303.78 

Fig. 8. Cumulative cashflow from the rooftop PV-T collector installations in Tarragona province aggregated annually from the constituent municipalities.

Fig. 9. A box plot of the Levelized Cost of Exergy (LCOEx) realized from the 
PV-T collector installations in all the municipalities of Tarragona province.
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ktCO2-eq) by 1.8 % (5.53 ktCO2-eq) annually, with municipal variability 
ranging from 0.1 % to 7.7 %. Collectively, the proposed installations 
would offset 7.02 % (~29.3 ktCO2-eq) of the province’s combined DHW 
and electricity annually. When normalized by PV-T collector area, this 
equates to a mean CO2 emissions avoidance potential of approximately 
285.6 kgCO2-eq/m2/yr (ranging: 269.6 – 299.4 kgCO2-eq/m2/annum). 
This demonstrates the significant decarbonization potential of the pro
posed installations for the province.

Fig. 11 presents the specific cost of equivalent CO2 emissions 
avoidance offered by the PV-T collector installations across Tarragona 
province. The mean cost of equivalent CO2 emissions avoidance over 
system’s 20-year lifetime is 13.80 €/tCO2-eq, with a wide variation 
across municipalities ranging from 1.12 to 29.21 €/tCO2-eq across the 
municipalities. This variability can be attributed to several factors such 
as: (1) the deployment scale, where larger installations in more populous 
municipalities benefit from economies of scale, (2) differences in energy 
demand due to varying DHW and electricity consumption profiles, and 
(3) meteorological conditions, such as variations in solar irradiance and 
the ambient temperature gradients.

3.8. Comparison with conventional rooftop solar technologies from 
literature

The results of this study were benchmarked against conventional 
rooftop solar configurations reported in literature, as summarized in 
Table 7. The comparative analysis highlights the superior energetic, 
economic, and environmental performance of the proposed PV-T col
lectors’ configuration under the prevailing climatic conditions in the 
study area.

In terms of energy output, the proposed PV-T collectors’ configura
tion in this current study presents higher annual energy generation 
exceeding those of the rooftop PV-only system in Italy [56] and the PV-T 
+ heat pump system in the UK [58].

Even the rooftop solar thermal system in China [57], despite the use 
of thermal storage, produced a lower thermal energy output. The effi
ciency metrics further reinforce this trend, as the proposed configuration 
in this present study operated at both higher PV and thermal efficiencies 
than both the flat-plate solar thermal system [57] and the hybrid system 
[58].

Economically, the proposed PV-T configuration in this study is the 
most viable option, with Levelized Cost of Exergy (LCOEx) from 0.08 to 
0.09 €/kWh and a payback period of just 5–6 years. This is notably 
shorter than the payback times reported for PV in Italy (8.26 years), flat- 
plate solar thermal collector with storage in China (15.8 years), and the 
hybrid PV-T collector with heat pump system in the UK (14 years), all of 
which also had higher LCOEx values.

From an environmental perspective, the estimated average annual 
CO2 emissions savings obtained by the configuration in this study far 
exceed those reported in the other studies considered.

These comparisons (summarized in Table 7) validate the strong 
performance of the proposed configuration across multiple dimensions, 
energetic, economic, and environmental. This is even with its simplified 
design features and lack of energy storage. Unlike conventional PV-T 
systems that often incorporate thermal energy storage tanks, electrical 
batteries, and active control systems, the proposed configuration uses 
passive, storage-free layout with constant water flow. This reduces 
capital costs, simplifies installation, and minimizes maintenance, while 
achieving shorter payback payback periods (5–6 years) and lower LCOEx 
(0.08 - 0.09 €/kWh) than more complex alternatives like the PV-T/heat 
pump system in the UK [58]. Despite the absence of auxiliary sub
systems, it maintains high thermal and electrical efficiencies, and its 
replicability and scalability for community-scale deployment in other 
regions aiming for affordable and impactful energy decarbonization in 
the residential sector.

3.9. Sensitivity analysis of key input parameters

To evaluate the robustness of the techno-economic outcomes of the 
PV-T collector installations in Tarragona province, a sensitivity analysis 
was conducted by aggregating the performance results across all the 184 
municipalities. The analysis evaluated the influences of six key input 
parameters: solar irradiation, electricity price, natural gas price, capital 
cost, the CO2 emission factor for electricity, and the CO2 emission factor 
for natural gas. Each parameter was independently varied by ±5 % and 

Fig. 10. A chart of the aggregated annual masses of equivalent CO2 emissions 
associated with the consumption of DHW and electricity in Tarragona province 
and the potential equivalent CO2 emissions that would be avoided by the PV-T 
installations (in lighter shades).

Fig. 11. A box plot of the Specific cost of CO2 avoidance offered by the pro
posed PV-T collector installations across the municipalities in Tarra
gona province.
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±10 % relative to its baseline value (set at 0 %), while all others were 
held constant. This approach facilitated an assessment of how changes in 
climatic, economic, and technological conditions could influence the 
four core performance indicators: annual solar fraction, net present 
value (NPV), payback period, and CO2 emission reduction, all computed 
for the entire province. Fig. 12 presents a heatmap visualization of the 
percentage change in each output metric in response to these variations, 
clearly illustrating the direction and magnitude of impacts, thus aiding 
interpretation of parameter sensitivity.

The analysis revealed that solar irradiation had the most compre
hensive and pronounced effect across all performance indicators. In
crease in solar irradiation led to proportional improvements in solar 
fraction, NPV, and CO2 emission reductions, while simultaneously 
shortening the payback period. This trend underscores the system’s 
strong dependence on solar resource intensity, as both thermal and 
electrical outputs are directly proportional to available sunlight.

Electricity and natural gas prices were the key economic drivers, 
particularly influencing the NPV and the payback period. Higher energy 
prices improved economic performance by increasing the value of 

displaced utility consumption, although they had no influence on solar 
fraction or CO2 emissions. This highlights the critical role that energy 
market pricing plays in determining system’s profitability. Conversely, 
capital cost influenced only economic metrics, with its reductions 
resulting in better NPV and shorter payback periods, while energy out
puts and emissions remained unaffected. This observation emphasizes 
the importance of technological cost reductions and financial incentives 
in driving the adoption of PV-T systems.

CO2 emission factors for electricity and natural gas primarily influ
enced environmental performance, particularly the emissions offset by 
PV-T deployment. The equivalent CO2 emission reduction was more 
sensitive to variations in the natural gas emission factor, reflecting the 
high share of thermal energy contribution from the PV-T collectors in 
domestic hot water production.

Variations in the CO2 emission factor for electricity had a more 
modest impact, suggesting that as the national electricity grid de
carbonizes, the marginal emissions benefit of electricity generated by 
the collectors may gradually diminish.

In summary, the sensitivity analysis revealed distinct influence 
pathways for each parameter. Solar irradiation and energy prices drive 

Table 7 
Comparison of the current study with other rooftop solar technologies in literature.

Reference Metric

Energy Output (kWh/ 
m2/yr)

Efficiency (%) Payback Period 
(years)

LCOEx 
(€/kWh)

CO2 Savings (tCO2-eq/m2/yr)

Current study 233.0–259.6 (PV) 
+

808.4–896.9 (Thermal)

14.4–14.6 % (PV) 
+

48.6–50.7 % 
(Thermal)

5–6 0.08–0.09 5.44 (Aggregated for the 
province)

Rooftop PV (Italy) [56] 224.0 (PV) 11.6 % (PV) 8.26 0.15 0.06
Rooftop Flat-plate Thermal Collector + Storage 

(China) [57]
565.3 (Thermal) 30.0 % (Thermal) 15.8 0.099 0.31

Rooftop PV-T + Heat Pump (United Kingdom) 
[58]

164.7 (PV) 
+

123.0 (Thermal)

15.6 % (PV) 
+

13.1 % (Thermal)

14 0.20 0.06

Fig. 12. Heatmap of parameter variation effects on selected performance metrics (payback in actual change in years).
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both environmental and financial outcomes, while capital cost de
termines the economic feasibility. Emission factors play key roles in 
shaping the environmental impact mitigation. These insights are crucial 
for regional energy planners and policymakers aiming to promote large- 
scale deployment of PV-T collectors. They suggest that initiatives tar
geted at optimizing energy market structures, reducing technology 
costs, and enhancing accessibility to the solar energy technologies can 
substantially enhance the overall decarbonization potential of rooftop 
PV-T systems.

4. Conclusion

This study explored the large-scale deployment of water-based 
photovoltaic-thermal (PV-T) collectors on rooftops of residential build
ings, providing a comprehensive assessment of their technical, eco
nomic, and environmental feasibility. By eliminating the need for 
auxiliary storage tanks and electrical battery, this approach significantly 
reduced upfront costs while maintaining strong performance metrics. 
The computational framework introduced in this study was applied to a 
real case study of Tarragona province, Spain, which includes 184 
distinct municipalities. The province is characterized by Mediterranean 
climatic conditions and abundant solar resources.

The key findings from the case study indicate that the PV-T collectors 
provided annual outputs ranging from 808.4 to 896.9 kWhth/m2 for 
domestic hot water (DHW) and 233.0 to 259.6 kWhe/m2 for electricity. 
The average rooftop space required for PV-T installation was 0.125 m2 

per capita, occupying only 3.85 % of the useable residential rooftop area 
across the province. The PV-T collectors would supply 11.8 % of the 
exergy required for domestic hot water and 1.8 % of the electricity de
mand, with an overall solar fraction of 2.2 %.

The economic evaluation showed a payback period of 5–6 years and 
a net present value (NPV) of 1485.82 - 1755.86 €/m2, with a levelized 
cost of exergy (LCOEx) ranging from 8.43 to 9.95 c€/kWh. The systems 
offered significant environmental benefits, mitigating 29.3 ktCO2-eq/ 
year, with a specific cost of equivalent CO2 emission avoidance of 13.50 
€/tCO2-eq.

The study also highlights that the simplified design, which uses a 
constant water flow rate, led to very minimal annual thermal exergy 
losses (averaging 7.7 % province-wide). These losses are relatively low 
and, in the context of the system’s overall performance, have negligible 
impact on the feasibility of the proposed system. The ability of the PV-T 
collectors’ configuration to generate significant energy with minimal 
additional components confirms its cost-effectiveness and energy effi
ciency, demonstrating beneficial life cycle performance. It should 
however be noted that considerable thermal exergy losses may be 
incurred if a significant number of the population in a community 
deviate from the hourly hot water demand profile adopted.

The sensitivity analysis conducted in this study revealed that varia
tions in solar irradiation had the most significant impact on all perfor
mance metrics, impacting both environmental and economic outcomes. 
Additionally, higher electricity and natural gas prices further enhanced 
economic performance. The results also showed that capital costs 
significantly influenced economic viability, with reduced capital costs 
leading to better net present value (NPV) and shorter payback periods. 
Notably, the proposed PV-T collectors configuration demonstrated a 
comparatively lower LCOEx relative to some other rooftop solar energy 
technologies, which is a key factor in its attractiveness for widespread 
adoption. Government incentives aimed at reducing capital costs would 
accelerate the deployment of PV-T systems, making this technology 
more accessible and fostering large-scale adoption. This configuration 
offers significant advantages over other conventional PV-T configura
tion, by achieving outstanding energy performance and faster payback 
of initial financial investment, while reducing system’s complexity and 
cost.

Despite the promising results, practical challenges exist, particularly 
regarding the integration of PV-T collectors into existing residential 

energy systems. Factors such as the need of retrofitting older buildings, 
and possible rooftop space limitations on some individual buildings may 
impact the practicality of deployment. Consumer behavior, including 
willingness to invest in renewable technologies and adapt to new sys
tems, is also an important factor that could influence the adoption rate of 
PV-T systems. Further research is needed to address these challenges, 
including exploring dynamic water flow controls, minimal thermal en
ergy storage options, and other strategies for improving energy self- 
consumption within communities. A suitable dynamic water control 
strategy would mitigate potential water overheating during periods of 
higher-than-typical solar irradiation. Furthermore, long-term experi
mental studies of water-based PV-T collectors, particularly in location of 
interest, would be essential to verify the projected performance and 
validate the system’s real-world operational efficiency. Such studies, 
which are currently limited, are necessary to further refine the system’s 
design and enhance its practical applicability.

Finally, the configuration introduced in this study provides a 
promising opportunity for the development of renewable energy com
munities, where households can share both thermal and electrical en
ergy generated by the PV-T systems. This model would not only 
contribute to increased energy self-sufficiency but also help to prevent 
energy wastage by optimizing energy usage within a community. By 
enabling such energy sharing, there would be reduction in the reliance 
on conventional sources, making the deployment of PV-T collectors even 
more cost-effective and efficient.

In conclusion, the findings of this study highlight the significant 
potential of large-scale deployment of PV-T collectors as a cost-effective, 
scalable solution for decarbonizing the residential energy sector. The 
proposed framework offers a valuable tool for accelerating the adoption 
of PV-T technology in other regions with similar climate and energy use 
profiles, making it a promising pathway toward achieving global energy 
transition goals.
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Nomenclature

Ac area of collector, m2

cw specific heat capacity of water, J/kg oC
CCapital capital investment, €
CO&M cost of operation and management, €
d discount rate,
e annual energy price escalation rate,
EDHW,demand domestic hot water energy demand, J or kWh
Eel,PVT electrical energy generated by PV-T collector, kWh
Eth,PVT thermal energy generated by PV-T collector, kWh
ExDHW,PVT useful thermal exeergy for domestic hot water from PV-T collector (kWh)
Exel,demand electrical exergy demand, kWh
EP electricity purchase price, €/kWh
ES electricity selling price, €/kWh
Fʹ PV-T collector’s thermal efficiency factor
FR PV-T collector’s heat removal factor
G Solar irradiance, W/m2

GP natural gas price, €/kWh
i national interest rate
h hour
ṁw mass flow rate of water, kg/s
NOCTPVT nominal operating cell temperature of PV module
Pop municipal population
Ry annual monetary savings, €
Ta ambient temperature, oC
Ta,avg annual average ambient temperature, oC
Ta,max maximum avarage monthly ambient temperature, oC
Ta,min minimum avarage monthly ambient temperature, oC
Tout temperature of water at PV-T collector outlet, oC
TPV temperature of PV module, oC
TSTC temperature of PV module at stanndard testing conditions, oC
Tw temperature of municipal water supply, oC
UL PV-T collector’s overall heat loss coefficient, W/m2 .K
y year number
Greek symbols
γ temperature coefficient of PV collector, %/oC
ηo optical efficiency of PV-T collector glass cover
ηel,PVT electrical efficiency of PV module inside collector
ηSTC electrical efficiency of PV module at standard testing conditions
ρw Density of water, kg/m3
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