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Promising solar-based combined heating and power (CHP) systems are attracting increasing attention thanks to
the favourable characteristics and flexible operation. For the first time, this study explores the potential of
integrating a novel spectral-beam-splitting (SBS), hybrid photovoltaic-thermal (PVT) collector and organic
Rankine cycle (ORC) technologies to maximise solar energy utilisation for electricity generation, while also
providing hot water/space heating to buildings. In the proposed collector design, a parabolic trough concentrator
(PTC) directs light to a SBS filter. The filter reflects long wavelengths to an evacuated tube absorber (ETA), which
is thermally decoupled from the cells in the PVT tube, subsequently enabling a high-temperature fluid stream to
be provided by the ETA to an ORC sub-system for secondary power generation. The SBS filter’s optical properties
are a key determinant of the system’s performance, with maximum electricity generation attained when the filter
transmits wavelengths between 485 and 860 nm onto the PVT tube, while the light outside this range is reflected
onto the ETA. The effect of key design parameters and system capacity on techno-economic performance is
investigated, considering Spain (Sevilla), the UK (London) and Oman (Muscat) as locations to capture climate
and economic impacts. When operated for maximum electricity generation, the combined system achieves a ratio
of heat to power of ~1.3, which is comparable to conventional CHP systems. Of the total incident solar energy,
24% and 31% is respectively converted to useful electricity and heat, with 54% of the electricity being generated
by the PV cells. In Spain, the UK and Oman, respective electricity generation of 1.8, 0.9 and 2.1 kWhgj/day per
m? of PTC area is achieved. Energy prices are found to be pivotal for ensuring viable payback times, with
attractive payback times as low as 4-5 years obtained in the case of Spain at system capacities over 2.7 kWg.
Integrating the ORC sub-system with the concentrating SBS-PVT collector design reduced the levelised cost of
electricity (LCOE.)). A LCOE, of 0.10 £/kWh is attained in Spain at an electrical capacity of only 4 kW,
demonstrating the significant potential of exploiting the proposed systems in practical applications, as highly
competitive with established combustion-based CHP systems.

especially in countries where homes are still reliant on comparatively
cheap gas supply.

Decarbonising the buildings sector will likely require several solu-
tions in tandem, one of which is the use of combined heat and power
(CHP) systems. CHP systems generate electricity while providing useful

1. Introduction

Of total global primary energy consumption, approximately 30% is

attributed to power and heat supply to residential and commercial
buildings [1]. To decarbonise this energy supply, it is imperative that
research efforts, such as those presented in this paper, are aimed at
exploring and developing economically competitive technologies.
Although barriers still exist, there are feasible pathways to decarbonise
the power sector, with the share of global electricity generation from
renewables increasing to approximately 30% in 2021 [2]. Decarbonising
the heat provision to buildings, however, remains an open challenge,
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thermal energy and are scalable in suppling both electricity and heat to
individual buildings, industrial processes or larger communities via
district networks. Efficiency is also enhanced by locality, avoiding
transmission and distribution losses. Overall efficiencies of up to 90%
can be attained, with significantly higher fuel-energy savings ratios
(FESRs) than conventional electricity generation and onsite boilers
[3,4]. Conventional CHP systems are typically thermally-driven by fossil

Received 20 May 2022; Received in revised form 23 July 2022; Accepted 27 July 2022

Available online 11 August 2022

0196-8904/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:g.huang@imperial.ac.uk
www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
https://doi.org/10.1016/j.enconman.2022.116071
https://doi.org/10.1016/j.enconman.2022.116071
https://doi.org/10.1016/j.enconman.2022.116071
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2022.116071&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Peacock et al.

Energy Conversion and Management 269 (2022) 116071

Nomenclature

A Area, m?

A Solar cell ideality factor

b Solar cell empirical parameter

c specific heat capacity of Therminol VP-1, J/(kgeK)
Cw specific heat capacity of water, J/(kgeK)
Ceapex Capital cost, £

CoaMm Operating and maintenance cost, £/yr
Dy,i Inner diameter of ETA U-tube, m

D Discount rate

e electron charge, C

E Electrical energy output, W

Epg Bandgap energy, eV

FF Fill factor

G Solar irradiance, W/m?

h Heat transfer coefficient, W/(m?eK)

h Specific enthalpy, J/kg

IR Inflation rate, %

Iaviis Air mass 1.5 spectral irradiance, W/(m?enm)
Jas Dark saturation current, A

Jse Short circuit current, A

k Thermal conductivity, W/(meK)

kg Boltzmann constant, J/K

k1 Solar cell empirical parameter

L Length, m

LCOE Levelised cost of energy, £/kWh
LMTD  Log mean temperature difference, K
m Mass flow rate, kg/s

n Lifetime, year

NS Net savings, £/year

Nu Nusselt number

Pyrop Pressure drop, Pa

PBT Payback time, year

pr Prandtl number

PR Energy price rate, £/kWh

Q Thermal energy output, W

Re Reynolds number

SR Spectral response, A/W

St Stanton number

T Temperature, °C

Uwind Wind velocity, m/s

U Overall heat transfer coefficient, W/(m?eK)
\%4 Volume, L

Voe Open circuit voltage, V

w Width W

w Work, W

z Solar cell empirical parameter

Greek

a Absorptivity

p Solar cell temperature coefficient, %/K

7 Shaded PTC region

€ Emissivity

n Efficiency, %

A Wavelength, nm

Ub Viscosity in bulk, Paes

Hw Viscosity at wall, Paes
Reflectivity

T Transmissivity

Subscripts

a Ambient

abs Absorbed

avg Average

AM1.5 Air mass 1.5

cd Conductive

cp Circulation pump

ct Copper tubing of ETA

cv Convective

CT Cold tank

el Electrical/electricity

ent Entrance

evap Evaporator

exp Expander

ETA Evacuated tube absorber

F SBS filter

g PV cover glass

gen Generator

HT Hot tank

HTF Heat transfer fluid

HX Heat Exchanger

ig Inner absorptive glass of ETA

og Outer glass of ETA

ORC Organic Rankine cycle

P Pump

PTC Parabolic trough concentrator

PV Photovoltaic cell

PVT Photovoltaic-thermal

r Radiative

s Solar or entropy

std Standard conditions

t Outer tube glass of PVT

th Thermal

TES Thermal energy storage

w Water

fuels, and despite short-term efficiency benefits, this will not enable full
decarbonisation. A flexible, scalable, and cost-competitive renewable-
energy-driven CHP system would facilitate fast decarbonisation of the
buildings sector. Solar-based CHP systems can generate both power and
useful thermal energy for hot water, space heating and/or cooling. As
this present research explores, various technologies can be incorporated
to increase the overall efficiency of solar energy utilisation and reduce
the costs of co-generation. This makes solar-CHP systems a highly
promising and potentially cost-competitive option for decarbonising
power and heat supply to buildings.

Solar-thermal collectors are wavelength-independent, capturing
solar energy as heat to provide hot water or space heating. Photovoltaic
(PV) panels are widely used at both grid and household scales, gener-
ating electricity in a quantum process from photons at or above the

semiconductor band gap energy. PV cells are therefore highly responsive
within a specific spectral window. Photons of wavelengths outside this
window are converted to heat, subsequently raising the temperature and
reducing the electrical efficiency of PV cells.

Hybrid photovoltaic-thermal (PVT) collectors integrate PV cells with
thermal absorbers, enabling CHP generation from the same installed
area, increasing practicality and reducing costs for building-integrated
installations [5]. Flat-plate PVT collectors use a heat transfer fluid
(HTF) to remove the heat generated in the PV cells, thereby improving
their electrical efficiency. The overall efficiency of a PVT collector is
usually higher than that of a separate solar-thermal collector or PV panel
[6,7]. Numerous studies demonstrate the significant techno-economic
potential of hybrid PVT-CHP systems to supply residential buildings
[8-10], however, these systems are typically limited to low fluid
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temperatures in order to maximise the PV efficiency. Higher perfor-
mance at fluid outlet temperatures above 60 °C, as needed by domestic
hot water provision and space heating, is required to become a more
competitive solar converter [11]. To make these technologies more
economically viable and increase their uptake, additional investment is
required to reduce upfront costs and develop the infrastructure within
which they operate [12-14]. The performance of PVT collectors can be
improved by using an optical concentrating device to increase the
incident solar intensity per unit area. The PV area required in a
concentrated PVT (CPVT) CHP system is significantly reduced for the
same output. This reduces the system cost, enabling the use of more
expensive, efficiency-enhancing components such as III-V high-effi-
ciency solar cells and solar-tracking concentration systems [14]. A
higher HTF temperature of over 80 °C is also obtainable due to the
increased solar intensity [14], widening the applicability to different
end-users. However, the electrical efficiency of CPVT-based CHP sys-
tems is reduced at the high operating temperatures of the PV cells under
high solar concentration ratios [15,16].

Spectral beam splitting (SBS) offers a solution to this problem,
whereby an optical filter selectively splits the incident solar spectrum
into two discrete wavelength bands to be used separately, thermally
decoupling the electrical and thermal system components [17,18].
Through this method, the wavelengths directed onto the PV cells can be
optimised to reduce the generation of waste heat. The remaining spec-
trum is absorbed by a separate solar-thermal receiver, enabling higher
temperatures to be obtained, which is better suited to CHP applications,
without overheating PV cells [18]. Various SBS concepts have been
studied and prototyped for use in PVT systems, with the use of different
materials, configurations and modelling techniques being explored.

Selectively absorptive fluid filters are one approach, acting both as a
thermal receiver and spectral filter. In recent years, numerous studies
have used numerical simulations and experimental prototypes to
explore the ability of different nanoparticles to promote better spectral
matching and, thus, to achieve greater efficiency gains with promising
results [19-24]. Multi-layer, thin-film interference filters are a common
spectral-splitting design that use various materials to achieve better
tuning to match the spectral response of PV cells and have been shown to
benefit the performance of PVT-CHP systems significantly. Some of the
most notable recent studies include the experimental investigation by
Liang and Wang et al. [25], who studied the use of a SiO,/TiO inter-
ference thin film which increased PV efficiency by up to 10% and
resulted in an overall PVT energy efficiency close to 23%. A further
relevant study by Wang et al. [26] considered employing this optical
filter type in a SBS-CPVT system for a dairy farm and the results showed
that the SBS-CPVT solar system was economically viable if the cost of the
optical filter was <75% of that of the parabolic trough solar concen-
trator. Huang et al. [27] provided widely applicable research studying
optimal SBS filter limits to maximise the performance of PVT collectors
when using a range of PV materials, including Si and GaAs. A real SBS-
CPVT system was fabricated and tested by Wingert et al. [28] based on a
commercial parabolic trough solar concentrator. A 1.7-m-long large-
scale dichroic mirror was used to separate spectrally the solar spec-
trum. Their outdoor tests demonstrated that the SBS-CPVT system was
able to improve the power output by ~13% relative to an existing
parabolic trough powerplant. In another recent study by Liew et al. [29],
both the solar cells and optical filter (a commercially-available product
from company 3M) were coated onto the reflector surface of a parabolic
trough solar concentrator. Their simulation results showed that the
annual power output of the SBS-CPVT system was ~9% higher than that
of a running solar electric generating station VI parabolic trough plant in
California. Another interesting approach has been proposed using semi-
transparent PV cells, such as CdTe, perovskite and polymer cells, to
perform the spectral-splitting function, removing the need for additional
optical components [30]. It is clear from the literature that SBS-based
PVT systems, if appropriately designed, have the potential to enable
better overall solar utilisation than conventional PVT systems.
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Solar-powered organic Rankine cycle (ORC) systems are an alter-
native, non-PV approach to achieving power [31] and CHP generation
[32]. The ability of solar-ORC systems with thermal energy storage
(TES) to meet variable domestic heat and power demand is well
demonstrated by some notable studies[32-34]. Research on CHP sys-
tems combining a PVT collector with an ORC sub-system in order to
improve electrical performance is limited, however certain configura-
tions have shown great potential for specific applications. In 2016, Al-
Nimr et al. [35] investigated a CPVT-ORC CHP system integrating
geothermal cooling and an energy storage unit, and found that the
electrical efficiency of this system was improved by 16-18% due to the
integration of the ORC sub-system. Wang et al. [36] also demonstrated
the promise of a PVT-ORC system in a real-life application of CHP pro-
vision to swimming pools, with the ORC sub-system improving the
system’s ability to meet the local energy demands with a desirable
payback time of 12.7 years. The advantage of PVT-ORC systems in
meeting variable domestic electricity demands was further demon-
strated by Kutlu et al. [37], who showed that the highest daily power
output was twice that of standalone solar-ORC systems, and 24% higher
than that of standalone PV systems. While integrated PVT-ORC CHP
systems show promise, economic performance is still limited by the
reduced PV efficiency and lower fluid temperatures attained in com-
parison to thermally decoupled SBS-based systems, such as that pro-
posed in this paper.

In this study, we integrate for the first time a SBS-CPVT solar col-
lector with an ORC sub-system, in order to explore the potential and
performance of such a hybrid solar system, which can be a promising
option for CHP applications. This is because, as well as improving PVT
co-generation efficiency through spectral splitting, high-temperature
HTFs can be obtained, decoupled from the PVT tube, subsequently
allowing a higher efficiency of the ORC sub-system. Maximising co-
generation through this integration enables an economically competi-
tive solar-CHP system. This study presents a techno-economic analysis of
a SBS-CPVT-ORC (integrated SBS-CPVT and ORC sub-system) system for
CHP provision in the domestic sector. A whole-system physical model is
developed to simulate the techno-economic performance, and para-
metric analyses are performed to obtain insight into the system’s oper-
ation. A range of regions, including Spain, the UK and Oman, are
selected for performance evaluation to assess the influence of regional
climate conditions and economic parameters on the proposed system.
Finally, the system cost is benchmarked against existing/conventional
CHP technologies to address the potential for practical applications.

2. System description

Fig. 1 shows a schematic of the proposed system. The main compo-
nents include a SBS-CPVT collector employing a PTC, two fluid-storage
tanks, two heat exchangers for domestic heating purposes and an ORC
sub-system for secondary power generation from the hot fluid delivered
by an ETA.

The solar spectrum is reflected by a PTC onto the SBS filter. The SBS
filter transmits a portion of the spectrum onto the evacuated PVT tube,
where the PV cells generate electricity. A HTF is circulated through the
PVT tube, generating low-grade excess heat (<100 °C), which is sub-
sequently used to heat the water in Heat Exchanger 1 (HX1).

The SBS filter reflects the remaining portion of the solar spectrum
onto the evacuated tube absorber (ETA), where the circulating HTF
captures the high-temperature heat. Therminol VP-1 is used as the HTF
within both the PVT tube and ETA loop thanks to its thermal stability
and uniform performance within a wide range of temperatures
(12-400 °C) [38]. This high-temperature fluid from the ETA is held up
within the thermally-insulated TES hot tank, acting as a storage me-
dium. The flow rate of the HTF from the hot tank to the ORC evaporator
is constant, ensuring consistent loading and electricity generation.
Excess thermal energy unused by the ORC sub-system is then utilised to
heat the water in Heat Exchanger 2 (HX2), before being stored at
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Electricity Demand

E;
PVT Tube Battety
Hot Water/
Space Heating
SBS Filter Heat Mains
Exchanger 1 ~ Water
ETA (PGenerator
Fluid ETA Loop TES ;Pump 3 V I:I
U-tube — ORC Pump
Heat
- Exchanger 2  Evapprator  Regengrator
< Cold |- | =
Pump 2 Tank Condenser
~—— Hot Water/
Mains Space Heating
Water

Fig. 1. Schematic of an integrated SBS-CPVT-ORC system for solar heat and power provision.

ambient conditions in the cold storage tank. A battery is also included in
the system to balance the electricity generation and domestic demand.

2.1. SBS-CPVT collector design

A simplified cross-sectional diagram of the collector is shown in
Fig. 2(a). A tracked PTC is used as it is suited to a SBS system [14], while
offering a good balance of cost, stability and high optical efficiency, with
a reflectivity over 0.95 being achievable using a variety of materials
[39]. A dichroic interference selectively-reflective SBS filter is consid-
ered as it can be manufactured to achieve specific long pass, short pass
and multi-band cut-off wavelengths [40]. The filter area is set to 20% of
the concentrator [18].

As shown in Fig. 2b, an evacuated glass tube encases the PVT part to
reduce the convective loss. The PVT is configured in a V-trough
configuration to benefit thermal performance by increasing heat transfer
into the fluid [41]. To reduce the radiative loss, the emissivity can be

(a)

Light Beam

PTC

ETA

reduced from 0.9 to ~0.15 [11] by applying coatings to the PV cover
glass, often at a cost to transmissivity and hence the PV electrical effi-
ciency. A high-performance silver-based coating is employed in the
model (¢ = 0.13, 7 = 0.87) [42], which can improve the thermal effi-
ciency by a further 15% at a cost of only <1% electrical efficiency.
Gallium Arsenide (GaAs) is considered as the PV material in this study,
to attain high efficiencies under higher temperatures, due to a low
efficiency-temperature loss coefficient of 0.08%/°C, compared to
0.41%/°C and 0.21%/°C for c-Si and CdTe cells, respectively [18].

The dimensions of the PTC, SBS filter and PVT tube are listed in
Table 1, with a geometric concentration ratio of 10 and a PVT aperture
area of 0.45 m>. For simplification, a one-dimensional (1-D) numerical
model is used to model the collector.

The ETA design is based on the configuration investigated by Ma
et al. [43], with a vacuum between outer and inner glass tubes that are
fused at one end. A coating (@ = 0.92, ¢ = 0.08) is applied to the surface
of the inner glass layer to reduce radiative losses. The ETA dimensions

Outer Glass Tube

Aluminium Sheet
A\ Vacuum

b) g

PV Cover Glass

V-trough
channel

Low € coating

Fig. 2. Cross-sectional diagram of: (a) the overall SBS-CPVT collector, and (b) the PVT tube.
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Table 1
Dimensions of PTC, SBS filter and PVT tube considered in this work.
Component Width Length Area Thickness
(m) (m) (m?) (m)
PTC 1.5 3 4.5 -
SBS filter 0.3 3 0.9 -
PVT outer glass tube 0.15 3 0.45 -
PV cover glass 0.15 3 0.45 0.04
PV cells 0.15 3 0.45 -
Fluid channel 0.15 3 0.45 0.01

are shown in Table 2, with only the length adjusted to match that of the
collector.

The optical properties of each collector component are given in
Table 3. The resulting individual optical efficiencies of the PVT tube and
the ETA are 0.77 and 0.87, respectively, as a product of the outer layer(s)
transmissivity and inner layer absorptivity. Incorporating overall system
losses, including the shaded region on the parabolic mirror (using an
intercept factor y = 0.93) and the mirror reflectivity, optical efficiencies
are reduced to 0.68 and 0.77, for the PVT tube and the ETA.

2.2. ORC sub-system

A regenerative ORC sub-system is selected to integrate with the SBS-
CPVT collectors. The organic working fluid in the ORC sub-system is
firstly pressurised by the pump and then heated in the regenerator. It
then absorbs heat from the high-temperature ETA fluid in the evaporator
and becomes saturated or superheated vapour. The organic vapour ex-
pands in the expander to generate power and is then cooled in the
regenerator and condensed to a liquid state in the condenser before
entering the pump again for the next cycle. Several organic working
fluid candidates are considered [43-45], suitable for a range of oper-
ating temperatures, as shown in Table 4.

3. Modelling methodology
3.1. Solution method and regional characteristics

A numerical model of the proposed SBS-CPVT-ORC CHP system has
been developed. The model captures optical and heat transfer mecha-
nisms in the solar collector, determining energy available for electricity
generation in the PV cells and ORC sub-system, and excess heat available
for thermal-energy generation. The collector optical and thermal models
and PV electrical model, employ the same approach and equations that
have been extensively utilised and validated in previous literature on
PVT-based systems [8,26,46]. Location-specific weather data and eco-
nomic parameters are the input of the model, enabling computation of
techno-economic parameters such as the total CHP output, efficiency,
payback time (PBT), levelised cost of energy (LCOE) and demand cover.

The model is quasi-static, assuming steady-state solar irradiance for
each hour. The 24-hour input solar profiles representing the average
irradiance in a year for the considered locations are shown in Fig. 3.
These profiles are formed using the global irradiance data from the
European commission’s PV geographical information system [48], with

Table 3
Optical properties of solar collector components.
Component € T a p Ref.
PTC - 0.00 0.05 0.95 [14]
PVT [18]
Outer glass tube 0.90 0.95 0.01 0.04
PV cover glass w/coating 0.13 0.87 0.08 0.05
GaAs PV cell - 0.00 0.93 0.07
ETA [43]
Outer glass 0.90 0.95 0.01 0.04
Inner glass w/coating 0.08 0.00 0.92 0.08
Table 4

Working fluid candidates for the ORC sub-system.

Critical pressure, Pt Critical temperature, Teit Molecular mass

(bar) Q) (kg/kmol)
R245fa 36.1 153 134.1
Pentane 33.6 196 72.2
Hexane 30.6 235 86.2
Heptane 27.3 267 100.2
Benzene 48.8 298 78.1
Toluene 41.3 319 92.1
1200

Sevilla, Spain
London, UK
Muscat, Oman

[
[l
(=

o0

S

(e}
T

I

S

(=]
T

NS}

S

[}
T

Average solar irradiance, G (W/m?)
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Fig. 3. Solar irradiance in the considered regions, taken as an average of all
days in a typical year.

a two-axis tracking plane. Techno-economic assessments are conducted
for Spain, as a European country with comparatively high solar irradi-
ance and a significant renewables market, and also for the UK and Oman
for comparative purposes. Key location-specific information is shown in
Table 5.

Table 2
ETA dimensions for a small-scale domestic system [39].
Component Thickness  Length  Inner Outer Outer
(m) (m) diameter diameter area
(m) (m) (m?)
Outer glass tube 0.0012 3.0 - 0.047 0.44
Vacuum 0.0038 - - - -
Inner glass 0.0012 3.0 - 0.037 0.35
absorber tube
Copper fin 0.0006 3.0 - 0.033 0.31
Copper U-tube 0.0006 6.0 0.0068 0.008 0.15

Table 5
Key location-specific information of the studied regions.
Country  Average ambient Electricity Gas Household
temperature, T, price, PR price, electricity
Q) (£/kWh) PRgqs demand
(kwh) (kWh,;/day)
Spain 18.6 [49] 0.20 [50] 0.08 10.4 [51]
[50]
UK 14.3 [52] 0.14 [53] 0.04 10.6 [54]
[53]
Oman 28.2 [55] 0.02 [56] - 54.8 [57]
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3.2. Collector optical model

The absorbable solar irradiance incident onto each component in the
SBS-CPVT collector are calculated based on the optical properties listed
in Table 3, forming inputs to the collector thermal model and PV elec-
trical model.

A 1-D numerical model is used to calculate the optical performance
of the collector. The solar irradiance incident on the PTC is determined
relative to the reference AM1.5 spectral distribution, Iy 5. Fig. 4 shows
Iam.s and the SBS filter’s cut-off wavelengths, Anin and Amay, relative to
the GaAs-cell spectral response (SR). The SBS filter is modelled as ideal
to explore the maximum potential of the system, where filter trans-
missivity, 7g(4), is equal to 1 between the cut-off wavelengths, and
reflectivity, pgp(4), is equal to 1 outside these wavelengths.

The AM1.5 spectral irradiance, I 5(4), is integrated with respect to
wavelength, 4, to calculate the reference solar irradiance, Gawm s,

000
Gamis = / Tamis(4)dA. (@)
280

Solar irradiance incident on the PVT tube Gpyr is calculated by
integrating the reference spectral irradiance, Iavi.5(4), and SBS filter
transmissivity, 7g(4), over the spectrum. Irradiance energy density is also
corrected by the ratio of the hourly average solar irradiance to the
reference solar irradiance, G/Gan 5, as well as the geometric concen-
tration ratio, Aprc/ApvT,

Apre [0
Aor 7r(A)am15(4)d4, )

Gpyr = G IPrrcy
AMLS pvT Ja80

where optical losses in the PTC are incorporated as a product of the
shaded portion of the concentrator, y, and the reflectivity, pprc. Solar
irradiance incident on the ETA, Ggra, is calculated by integrating the
reference spectral irradiance, Iny 5(4), and filter reflectivity, pg(4),

Apre [0
Pe(A)Iam1s(4)dA, 3
2

Ggra = )
Gawmis Prrc Ao Jaso

where Aprc/Aog is the geometric concentration ratio between the
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where 7; and py are the transmissivity of the outer glass tube and the
reflectivity of the PV cover glass, respectively. Solar irradiance absorbed
by the PV cover glass, Gy aps, is similarly calculated, considering irradi-
ance transmitted by the outer glass tube and reflected by the PV cells,

Ggaps = T Gpyr + T TePpy A Gpvr, 5)

where 7; and g are the transmissivity and absorptivity of the PV
cover glass, and ppy is the reflectivity of the PV cells. Total solar irra-
diance absorbed by the PV cells, Gpy, is expressed as a product of the
cell’s absorptivity, apy, and the irradiance transmitted by the cover
glass,

Gpy = 7,7,0py Gpyr. (6)

The solar irradiance absorbed by the outer glass of the ETA, Gog abs, is
calculated from,

Gog.abs = augGETA + Togpigaug GETA7 (7)

where 7,4 and aog is the transmissivity and absorptivity of the ETA
outer glass, and pjq is the reflectivity of the inner glass. The inner glass is
opaque due to the selective absorptive coating; thus the absorbed irra-
diance is composed only of the irradiance transmitted by the outer glass,

A,
Gig.abs = TogaigﬁGETAy (8)
12

where a;g is the inner glass absorptivity, and A,g/Ajg is the geometric
concentration ratio between the outer and inner glass.

3.3. PV electrical model

This section of the model aims to compute the PV cell electricity
generation, Epy, the cell’s electrical efficiency, 71 py, and the portion of
incident solar irradiance converted to heat in the cell, Gpy, aps. Table 6

Table 6
GaAs solar cell model parameters.

PTC and outer glass area of the ETA. Parameter Value Ref
The solar irradiance absorbed by the outer glass of the PVT tube, G, Temperature coefficient (5) 0.08 [18]
abs, 1S calculated by multiplying the tube absorptivity, a;, by the sum of f(;’e‘;‘iiipf::tirrgaﬁfbg) 1.43 [59]
the irradiance incident on the outer surface and the irradiance reflected Empirical parameter (k;) 0.03
from the PV cover glass below, Empirical parameter (b) 1.2
Empirical parameter (2) 0.98
Grans = Gpvr + 700, Gpvr, €3]
1.8 : 0.6
|
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Fig. 4. AML.5 spectral irradiance, modelled GaAs PV cell spectral response [58] and SBS transmissive bounds.
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lists the input parameters for the PV model.
The dark saturation current, Jgs, is calculated from [60],

. E
Jas = ki Tfexp( ——%- ), 9
s 1 ﬂdeXP(ka]hd , ©

where k1, b and z are empirical parameters, Epg the PV cell band gap
energy, kg the Stefan-Boltzmann constant, and Tgq the standard tem-
perature (25 °C). The short-circuit current, Jg, is calculated by inte-
grating over the spectral response of PV cells, SR(1) (shown in Fig. 4),
and considering PVT optical losses [61],

G A 000
T = = 1ot 2ty Apyr f 25 (W) Lanar s (A)SR(V)dA. 10)
Gamis Apvr 280

The open-circuit voltage, V., is calculated from [25,26],

AkgTaa - (Je
vw:ﬂln<—+1>, 11
e st

where A’ is the PV cell ideality factor and e is the charge of an
electron. The PV electrical efficiency is defined as the ratio of PV elec-
tricity generation at standard conditions to the solar energy incident
onto the PVT tube, adjusted for the loss in efficiency at temperatures
above standard conditions [61],
Voedse FF

= ol (1= B(Toy — Tua) ), 12
Nerpv APVTGPVT( B(Toy d)) (12)

where FF is the filling factor [62] and Tpy and f are the PV cell
temperature (determined in the thermal model) and temperature coef-
ficient, respectively. The portion of absorbed solar irradiance not uti-
lised by the PV cell, Gpy aps, can then be calculated from,

Gpy.aps = Gpv — ﬂel,vaPVT- (13)

3.4. Collector thermal modelling

Energy balances are constructed with respect to each element of the
PVT tube and ETA, and solved iteratively in MATLAB to determine the
temperature of each element. For both the ETA and PVT tubes,
convective and conductive heat transfer in the evacuated space is
assumed negligible.

3.4.1. PVT tube

The energy inputs for the outer glass tube are the absorbed solar
irradiance, Qs , and radiative heat from the PV cover glass, Q4. Energy
outputs include radiative and convective heat losses to the environment,
Q:t-sky and Qcy,t-a, respectively. The energy balance is expressed as,

Qs.t + Qr.g—l = Qlut—sky + ch,!—m (14)

corresponding to,
ApvrGiabs +APVThr.g—l(Tg - T() = Apvrhrisky (Tl - Tsky) + Apyrhying (T — To),
(15)

where hy g, hr,t_sky and hying are the heat transfer coefficients for the
corresponding heat vectors Qg t, Qrt-sky and Qcv,t—a, and Ty, Ty and T,
are the outer glass tube, the PV cover glass and ambient temperatures,
respectively. The theoretical sky temperature, Tsy, is defined to deter-
mine radiative loss, and is expressed as Tsxy = 0.0552T;}1'5 [63].

The energy balance of the cover glass on the PV cells is comprised of
absorbed solar energy, Qs ¢ radiative loss to the outer glass tube, Q¢
and conductive loss to the PV cell, Qcd g pv,

Qs.g = Qr,g—l + ch.g—PVy (16)

corresponding to,
APVTGg.abs = APVThr.g—l(Tg - Tl) +APVThcd.g—PV (Tg - TPV)7 (17)

where heq ¢_py is the conductive heat transfer coefficient between the
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cover glass and PV cells, and Tpy is the temperature of the PV cell.

The PV energy balance considers the solar irradiance absorbed as
heat, Qspy, conductive heat loss to the cover glass, Qcqgpy, and
convective heat loss to the HTF flowing over the cells,

Ospv + Qeag—pv = Qv pv_HTF, (18)

corresponding to,

ApvrGpv abs +Apvrhcd g—pv (Tg - TPV) = Apyrhey pv-nTF (TPV - Tavg.PVT)v

19)

where hey py_p1r is the convective heat transfer coefficient between
the PV cells and HTF, and T,y pyT is the average temperature of the HTF
inlet, Tiy pyT, and outlet temperatures, ToutpyT-

The HTF balance simply equates the incoming convective heat, Qcy,
pv-HTF, to the heat flowing out of the system, Quyt,pyT, assuming the top
of the fluid channel is well insulated and further energy loss from the
fluid is negligible,

Ocvpv-HTE = QoutPvTs (20)

corresponding to,
APVThcv,PV—HTF(TPV - Tavg,PVT) = mPVTC(TouLPVT - Tin.PVT)7 2D

where mpyrt is the HTF mass flow rate. For the PVT model, the mass
flow rate is specified as a parameter, thus outlet HTF temperature, Toyt,
pvT, varies as a function of solar intensity, G. The specific heat capacity
of the fluid, c, is interpolated for the correct temperature from manu-
facturer data [64].

3.4.2. Evacuated tube absorber

The ETA thermal model is constructed similarly to the PVT model,
however considering the variation in surface area for each element. The
outer glass layer energy balance includes the absorbed solar irradiance,
Qs,0g, the radiative heat from the inner glass, Qy,ig_og, and the radiative,
Q:,0g-sky> and convective, Qcv,og-a, heat losses to the environment,

Qs.og + Qr.ig—og = Qr,og—sky + ch,og—en (22)
corresponding to,

Aog Gog,abs +Aavg,0ghr.ig—0g (Tig - Tog) = Aoghr.og—sky (Tog - Tsky)
+ Aoghwind (Tcg - Ta) ) (23)

where Ay is the outer surface area, Aayg,oq is average of the outer
glass surface areas, Tog and Tjg are the outer and inner glass layer tem-
peratures, and h;js_og and hy g oy are the heat transfer coefficients
relevant to the radiation between the inner and outer glass and the
radiative loss to the environment.

The ETA inner glass absorbs solar irradiance transmitted by the outer
glass, Qs g, loses heat radiatively to the outer glass, Qg og, and con-
ductively to the copper tubing, Qcq,ig—ct

Qs,ig = Qr,ig—og + ch,ig—cl’ (24)
corresponding to,

AigGi,abs = Aa\'g,ghr.ig—og (Tl - Tog) +Aclhcd.ig—ct (Txg - Tc()7 (25)

where Aj; and A are the inner glass and copper tubing surface areas,
respectively, and hcq,ig_ct is the conductive heat transfer coefficient be-
tween the inner glass and the copper. The copper tubing temperature,
T, is assumed to be equal to the adjacent copper U-tube temperature.

The copper tubing heat balance simply equates the energy conduced
from the inner absorptive glass, Qcq,ig—ct, and the convective loss from
the HTF flowing through the U-tube, Qcy,ct-nrtF,

ch.igfcl = ch.clfHTF-, (26)

corresponding to,
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Aclhcd,ig—cl(Tig - Td) = Auhey t-nrR (Tcl -

where Ay is the surface area of the copper U-tube containing the
HTF, hev,ct_prr Tepresents convective heat loss coefficient to the HTF,
and Taygeta is the average temperature of the HTF inlet, Tiyrra, and
outlet temperatures, Toy,ETA-

The HTF balance equates the convective heat from the U-tube, Qcy,
ctHTF, to the heat leaving the ETA system, Qout,ETA,

QCV.CI—HTF = Qoul.ETAs (28)

corresponding to,

Tavg.ETA) ) (27)

Autheyci-nrR (Tc( - Tavg.ETA) = METAC (TouLETA - Tin,ETA)7 29

where mgr, is the HTF mass flow rate. The ETA model equations are
iteratively solved for the required mgra. The mass flow rate in the ETA
varies as an inverse function of solar intensity, to maintain the set point
temperature. The set point temperature is specified to maximise the
power generated by the ORC sub-system.

3.4.3. Heat transfer coefficients
The radiative heat loss coefficient from component ‘i’ to the envi-
ronment is calculated from [65],

hr,i—sky = EikB (sz + Tskyz) (Tt + Tsky)7 for i = g, 0g (30)

where ¢; is the component emissivity. The radiative heat transfer
coefficient between two layers in the PVT tube and ETA is calculated
from [65],

ks (T2 + T2*)(T) + T»)
R —

€1 &

hr,]—Z =

. (31)

The conductive heat transfer coefficient through ‘n’ adjacent layers is
calculated from,
1

hai2 =W (32)

W W W
ki + k2 + + kn

where W and k are the thickness and thermal conductivity of the
respective layer. Assuming a wind velocity, tyind, of 1 m/s, the PVT and
ETA outer layer convective heat loss coefficient, hying, is expressed as

(81,
Bying = 4.5 + 2.9 ying -

Correlations from Hines and Maddox [66] are used to calculate the
heat transfer coefficient for convection between the PV cell and HTF, hcy,
pv_HTF, assuming laminar flow between two plates,

Lcnl 7v54'kHTF L— Lcnl
L 2We

Pent otherwise

hem

if L < Loy

heypv-uHTE = ) 34)

where the hydraulic diameter is equivalent to two times the fluid
channel depth, Wgap, and L is the total channel length. The length Ley
and thermal entrance region heat transfer coefficient hey are calculated
from,

Len = 0.05RePr(2Weyp), (35)

7.54 +0.03 (220

hen = (36)

i
2WyapRePr 3
1 +0.016(#) 2Wiep

The heat transfer coefficient for convection from the ETA U-tube to
the HTF is calculated based on Sieder and Tate’s correlations [67],
where the approach depends on the flow regime. The Nusselt number
used for laminar flow regimes (Re < 3000), while the Stanton number
otherwise used,
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3.66 if > 0.055RePr
ut,i
Nu = D 0.14 ’ 37
1.86(RePr)} <ﬂ) 3 ('u—b) otherwise
L My,
R ” 0.14
St = 0.023Re **Pr 73 (—b> , (38

where Dy ; is the inner diameter of the fluid U-tube, and up, and pyy
are the HTF viscosity in the bulk and at the wall of the U-tube. The
convective heat transfer coefficient is calculated for the relevant regime,

Kegre N
SE it Re < 3000
ut,i

hcv ct— = . 39
(Ct—HTF AStmggac . (39)
———— otherwise
”Du(,i

3.5. ORC sub-system model

The HTF from the ETAs is held up in the insulated TES hot tank. The
tank outlet flow rate is continuous, enabling consistent loading and
constant operation of the ORC sub-system. The outlet mass flow rate,
mrs, is expressed as the average of the mass flow rate in the ETAs over
each hour of the day,

24
_ E h=1""ETA h
MtEs = 72 4 .

(40)

The equations presented in Table 7 compute the variables required to
model the performance of the ORC sub-system [68], with working fluid
properties obtained from NIST REFPROP.

3.6. Water heaters

The models for HX1 and HX2 are analogous, where the mass flow
rate of water, my, is varied to achieve a maximum temperature of 60 °C,
the temperature at which water is typically stored for domestic hot
water and space heating purposes [69]. Where the hot fluid temperature
is below 60 °C plus the minimum approach temperature difference, the
maximum theoretical temperature is attained. The water mass flow rate,
my, is calculated from,

miC(Ti - Tcold)
Cw(Tw‘nul - Tw.in)7

where Ty oyt is the water outlet temperature, the and the water inlet
temperature, Ty, iy, is assumed equivalent to the ambient temperature.
The temperature of the cold tank, T4, is assumed to be 5 °C higher than
the ambient temperature. The HX thermal output, Quy, is calculated
from,

i =PVTorETA (41)

my =

Table 7
Summary of ORC sub-system modelling equations.

Component Equation

Pump outlet specific howp = Finp + (Foups = Rinp) /My

enthalpy
Expander outlet specific : : . :
P ouletsp ooy = Foueno o (hp fhom,m,.b)
Working fluid mass flow -~ mresC(Touta — Tinpx2)
" Morc = —
rate (houtevap — Hinevap)
Electricity generation Eore =

more ('7 (h - h) - (h - h) )
Ngen (houhcvap - Huul.cxp) - (hnut.p - flm.p)

houtevap — Rin,evap

Electrical efficiency

Nore =
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Onx = MmyCy (Tw.ou! - Tw.in)7 (42)
3.7. Technical performance parameters

The total system electricity generation, Eta), is calculated as a sum of
the electricity generation from the ORC sub-system, Eggrc, and PV cells,
Epy, minus the sum of each pump’s power consumption, Wep,

3.
Eiota = Eorc + Epv — Z[:] ch.i- (43)

The total thermal output of the system, Qotal, is @ sum of the heat
output in HXl, QHXl: and HX2, Qsz,

Ot = Onxi + Ouxz- (44)

The equivalent electricity generation, Eequiy, is calculated using a
thermal-electrical equivalency factor of 0.55 in this study [70],

Eequiv = Eota + O'SSQluta]‘ (45)

The system electrical, 7ejsys, and thermal efficiency, i sys, are
defined as the ratio of total output relative to the solar energy incident
on the PTC,

E!olal
elsys = T4 4 (46)
ety YAprcGami s
Q(oml
sys — . 47)
sy YAprcGami s

3.8. Costing models

System costs are estimated from empirical correlations extrapolated
from commercial product data, as presented in Table 8. These correla-
tions are adjusted to account for inflation and assumptions are made
conservatively where relevant.

Brazed plate heat exchangers are selected, as a common choice for
commercial ORC systems, employed by various experimental systems
due to their availability, low cost and sizes [71]. The heat transfer area,
Aj, is calculated from,

O

A; = ————— i = HX1, HX2, evap, cond, reg (48)
U;LMTD;

Table 8
System costing equations.
Component Unit Cost, £ Ref.
Heat exchanger A (m?) 177 + 289A (721
ORC pump W, (W) 308 + 0.62W, 7]
Expander Wexp (KW) 1034, if Wep < 1.9kW 73]
649 + 192Wexp, otherwise ’
Generator Wexp (KW), . 0.94
(O/Z;P e 3.869 x 10° M [44]
: 11800
Battery Epy (kWhey/day)  128Epy [74]
ORC working Morc (kg/h) 20mogc
. [75]
fluid
Circulation Wexp (W) 80 + 0.6Wep,i [76]
pump
PVT/ETA fluid mpyr, mera (kg/  3.9(3600mpyr +20000mgs ) -
s)
Hot tank Var (L 5159V,
ot tan] wr (L) (i (72]
Cold tank Vur (L) 56.4 + 0.35Ver (78]
PVT tube Aprc (m?), Epy 228Aprc + 1.2Epy
[79]
w)
PTC & ETA Aprc (m?) 148.7Ap1c (0]
SBS filter Ag (m?) 744Ar -
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where U is the overall heat transfer coefficient and LMTD; is the log
mean temperature difference across the heat exchanger.

The circulation pump cost is a function of power requirement, ch,i,
(the sum of assumed pressure drops due to bends, valves and heat ex-
changers, APgrop, and the dynamic pressure requirement, 0.5pu?) at the
maximum mass flow rate, Mmax,.

Mimax

Wepi = e (0.5p1 + APyrp) i = 1,2,3 (49)

The hot tank and cold tank volumes, Vyr and Vcr, are estimated to
store a day’s worth of fluid, rounded to the nearest 50 L,

VHT = VCT = 86400"1'1']55. (50)

Relevant spectral beam splitting interference filter pricing data is
limited, as they are not yet commercialised for solar energy systems and
only that for very small-area applications has been reported. The filter
cost is thus conservatively assumed equivalent to the combined PTC and
ETA costs.

The total capital cost, Ccapex, is determined as a sum of component
costs, Cj, plus installation costs (assumed 16% of component costs), and
operating costs, Cogwm, are approximated as 1% of Ceapex [40,42],

Ceapex = Z Ci+ 0.162 C;, where i = all components (51)

Cosm = 0.01Cqpex- (52)

3.9. Economic performance parameters

Annual net savings, NS, is calculated based on the displacement of
electricity and natural gas, with respective energy prices, PRe) and PRgys,
presented in Table 5,

NS = EgaPRo + lealPRgas - CO&M7 (53)

where Eioa) and Qiota) are the total electricity generation and thermal
output in kWh/year. Government incentives for renewable generation
are not considered due to significant variability with location.

Considering a discount rate, DR, of 5% [81] and an inflation rate, IR,
of 1.23% [82], the system payback period, PBT, is calculated from,

Cespex (IR-DR)
In(1 -+ SonmGEP )
ln ( 1+IR )

1+DR

PBT = (54)

Assuming a total lifetime, n, of 25 years, the levelised cost of elec-
tricity, LCOE,, is expressed as,

Coapex + Ziilco&m(l +IR)"'(1+ DR)™
Zii]Etolal(l -+ DR)W

LCOE, = (55)

4. Results and discussion
4.1. Operational parametric analysis

Parametric analysis is undertaken to provide insight into the optimal
design and operation of the proposed SBS-CPVT-ORC system. The effects
of varying the SBS optical filter cut-off wavelengths, PVT flow rate, ORC
working fluid selection, ETA outlet temperature set point and ORC
evaporation temperature, on the system’s techno-economic perfor-
mance are studied, with salient results presented below.

4.1.1. SBS filter cut-off wavelengths

Increasing the transmissive range of the SBS filter increases the
fraction of total incoming solar irradiance transmitted via the filter to
the PV cells. However, this also reduces the solar energy fraction re-
flected onto the ETA, which in turn acts as the heat source to the ORC
sub-system that generates secondary electrical power. A trade-off hence
exists in the hybrid system, resulting from the optimal division of the
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solar spectrum between the PVT tube and ETA. The effects of simulta-
neously varying the lower and upper cut-off wavelengths of the SBS
filter (i.e., Amin and Amay) on the PV cell efficiency, e py, and the total
system electricity generation, Eot,, are shown in Figs. 5 and 6.

Interestingly, Figs. 5 and 6 show that 7¢) py and Eota are maximised
when the upper limit is around 860 nm, which corresponds to the
bandgap wavelength of GaAs PV cells. This value agrees well with
existing literature where the optimal upper limit of the SBS filter for
GaAs PV cells was also found to be around 860 nm [27]. When
considering the total (combined) system electricity generation from the
PV cells and ORC sub-system, the optimal transmissive range is
approximately 485-860 nm. In this study, the transmissive range of the
SBS filter was selected to be 485-860 nm to achieve a satisfactory system
electrical performance. This results in the filter transmitting ~47% of
incident solar energy onto the PV cells and reflecting the other ~53% of
solar energy onto the ETA, with zero energy loss due to the idealised SBS
filter model (see Section 3.2).

4.1.2. Flow rate in the PVT tube

The HTF flowing through the PVT tube improves the PV electrical
efficiency by removing heat from the cells, which is then utilised for
providing hot water for direct use and space heating. Increasing the flow
rate significantly reduces the PV cell temperature, which increases PV
efficiency, with a diminishing effect after ~20 kg/h, as shown in Fig. 7.

For a constant solar irradiance, G, increased efficiency gives rise to a
proportional increase in electricity generation, as shown in Fig. 8.
Reducing the flow rate, however, leads to an almost linear reduction in
HX1 thermal output, thus it is not optimal to use the highest flow rate
possible. In this study, a flow rate of 32.4 kg/h is selected as a good
balance between the electrical and thermal energy generation.

4.1.3. ETA outlet temperature and ORC sub-system operation

The HTF flow rate in the ETA varies relative to the solar intensity to
maintain the specified set point of the ETA outlet HTF temperature, Toy;,
eTA- This set point determines the flow rate and temperature of HTF
delivered to the ORC sub-system from the TES tank, thus impacting the
electricity generation of the ORC sub-system. The practical ranges of the
HTF temperature at the ETA outlet and ORC evaporation temperatures
are studied for a range of different ORC working fluids. The maximum
ETA outlet HTF temperature attained in this study is 360 °C, while
maintaining reasonably high flow rates through the ETA. Of the ORC
working fluids evaluated, Toluene is selected for the subsequent para-
metric analyses, with a high critical temperature (319 °C) complemen-
tary to the high HTF temperatures attained in the ETA, enabling higher

”el,pv
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Fig. 5. PV cell electrical efficiency in Spain with different SBS filter cut-off
wavelengths.
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Fig. 8. PV electricity generation and HX1 thermal output in Spain as a function
of PVT flow rate. The SBS filter transmissive window is fixed at 485-860 nm.

efficiency and electricity generation.
Fig. 9 shows the respective impact of varying the evaporation tem-
perature, Toygevap, On the system’s net electricity and thermal
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Fig. 9. (a) System electricity generation, Eio1, and, (b) system thermal output, Qoa, as a function of ORC evaporation temperature, Toytevap, With different ETA
outlet HTF temperatures in Spain, using Toluene as the working fluid. The SBS filter transmissive window is fixed at 485-860 nm.

generation, for different ETA outlet HTF temperatures, Toutrra. FOr
context, the output from the PV cells and HX1 are constant at 4.51
kWhej/day and 8.19 kWhy,/day, respectively. For a given evaporation
temperature, increasing Toy:,rra €nables higher evaporator heat transfer
rates and thus larger ORC flow rates, resulting in a higher electricity
generation. For a fixed ETA outlet temperature, as Toyt,evap iNCreases, a
maximum output of the ORC sub-system is reached, after which it di-
minishes, since the ORC efficiency increases, while the ORC working
fluid flow rate simultaneously decreases. Increasing Toutevap increases
the temperature of the fluid exiting the hot side of the evaporator,
subsequently increasing the thermal output of HX2. Increasing the Toyy,
eTa reduces the flow rate of the hot-side fluid, thus reducing energy
available to HX2 for a fixed evaporation temperature.

Fig. 10 shows that the system’s LCOE, is inversely proportional to
the electricity generation of the ORC sub-system shown in Fig. 9. This is
because, over the range of conditions studied, the change in capital cost
is small relative to the change in electricity generation, and hence the
LCOE, is minimised where generation is the highest. The payback time,
PBT, decreases with higher evaporation temperatures because, despite
decreasing the ORC power output, the delivered thermal energy in-
creases, resulting in an overall rise in net energy savings for the
electricity-to-gas price ratio modelled for Spain. Simultaneously,
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component capacities are reduced due to lower ORC working fluid flow
rates at higher evaporation temperatures, leading to a small reduction in
capital cost. The operating point selected for the remaining techno-
economic analyses is at an ETA and evaporation temperature of
360 °C and 260 °C, respectively, to maximise electricity generation and
minimise the LCOE,).

4.2. System-scale analysis

To analyse the economic potential of this system, the system’s per-
formance is simulated at various scales/capacities. The system capacity
is increased by fixing the design and operational parameters of the
collectors, while only increasing the number of solar collectors and thus
the total PTC area. The ORC sub-system and HX2 capacities remain
reactive to the flow rate and temperature from the hot tank. The
resulting linear change in electricity and thermal output as a function of
total PTC area is presented in Fig. 11, where the system ratio of heat to
power is maintained at 1.36 to achieve the maximum electricity gen-
eration, comparable to gas turbines and other common CHP systems
[53,54].

This study explores the potential of exploiting SBS-CPVT-ORC sys-
tems as a competitive, small-scale CHP option for the domestic/
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Fig. 10. (a) PBT, and, (b) levelised cost of electricity, LCOE,j, as a function of ORC evaporation temperature, Toy,evap, With different ETA outlet HTF temperatures in
Spain, using Toluene as the working fluid. The SBS filter transmissive window is fixed at 485-860 nm.
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Fig. 11. System electricity and thermal output in Spain as a function of PTC
area. The ETA outlet temperature and ORC evaporation temperature are set to
360 °C and 260 °C, respectively, with Toluene as the ORC working fluid. The
SBS filter transmissive window is fixed at 485-860 nm.

residential sectors. Given this focus, we set the upper limit of the gen-
eration capacity of the systems to be 10 kW], which is typical for do-
mestic/residential applications. The variation of the technical and
economic performance of the systems over the capacity range from 1 to
10 kWy is investigated in this study. Fig. 12 shows a corresponding
linear increase in system capital cost with capacity, with the number of
houses this would fully supply with electricity in Spain shown for
reference. At a capacity of 0.2 kW (PTC area of 4.5 mz), the capital cost
per house supplied is ~£9000. As the capacity increases, the cost per
house supplied reduces, reaching ~£4600 per house at capacities >3.6
kW, (PTC areas >100 m?).

Fig. 13 shows the cost breakdown of the whole system and of the
ORC sub-system. The solar field components account for a large pro-
portion of the cost, increasing from ~22% to ~43% at larger system
capacities. Under the conservative assumption that the SBS filter cost is
equivalent to the combined cost of the PTC and ETA, this also forms a
large part of the cost, reaching ~22% of the total capital expenditure.

Most notably, the ORC sub-system initially forms a significant 40% of
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Fig. 12. Capital cost and number of houses supplied with electricity in Spain as
a function of system capacity (bottom horizontal axis) and PTC area (top hor-
izontal axis). The ETA outlet temperature and ORC evaporation temperature are
set to 360 °C and 260 °C, with Toluene as the ORC working fluid. The SBS filter
transmissive window is fixed at 485-860 nm.
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the total cost, which sharply decreases to ~10% at larger capacities. This
is partly because the ORC sub-system (and its components) benefits from
economies of scale. For example, the lowest-rated scroll-type turbine
available is ~1.8 kW, but the ORC power output only reaches 1.8 kW at
~45 m? PTC area in Spain, thus the turbine initially forms a dispro-
portionate fraction of the cost. Also, based on the costing models pre-
sented, the solar collector costs increase at higher capacities (i.e., array
areas) to a greater extent than the ORC sub-system. This suggests that
integrating an ORC sub-system into the SBS-CPVT collector is more
economically favourable at larger capacities, which will be further
investigated in Section 4.4.

Fig. 14 shows the PBT and LCOE, for different system capacities in
Spain. The system exhibits a significantly improved economic perfor-
mance at larger capacities, with both PBT and LCOE, decreasing by
approximately half. At larger solar collector areas, the total electricity
and thermal outputs increase by more than the total cost, resulting in the
observed steep decline in the PBT and LCOE,,. A desirable PBT (down to
~4-5 years) and LCOE,] (~0.10 £/kWh) are attained thanks to Spain’s
good solar conditions, as well as comparatively high energy prices,
leading to high energy savings and low PBTs. Notably, as capacity is
increased beyond 10 kW], the impact on economic performance is
slight, for example, increasing the capacity from 10 kW] to 500 kW
results in only a ~3% and ~2% change in PBT and LCOE,, respectively.

As an emerging technology for solar systems, the SBS filter unit cost
is assumed to be 744 £/m?, i.e., equivalent to the PTC and ETA total,
making up a large proportion of the total system cost. Fig. 15 shows the
effect of the filter unit cost on the PBT and LCOE,, at PTC areas of 4.5 m?
and 45 m? (capacities of 0.3 kWe and 3.4 kW, respectively). These
areas are chosen as they represent the smallest modelled collector area,
and the area after which economic benefits from a further increasing
area are diminished. Reducing the optical SBS filter cost benefits both
the PBT and LCOE, similarly at all system capacities, with the filter
accounting for a PBT increase of about 1-1.5 years between a unit cost of
0 and 744 £/m>

4.3. Regional analysis

In previous sections, system performance was evaluated for Spain,
however, it is important to assess techno-economic performance of this
system at different climate conditions and for different economic factors.
Therefore, the UK and Oman are considered as respective countries with
lower and higher solar irradiance levels. The optimal lower cut-off
wavelength of the SBS filter, which maximises the total electricity
generation (the sum of PV and ORC electricity generation) in different
locations, is 485, 485 and 500 nm for the SBS-CPVT-ORC systems in
Spain, UK and Oman. Oman has a significantly higher solar irradiance
than UK and Spain, resulting in a higher operating temperature and
lower electrical efficiency of the PV cells. For the SBS-CPVT-ORC system
in Oman, although the electricity generation from the PV cells slightly
decreases when increasing the lower cut-off wavelength of the SBS filter
from 485 nm to 500 nm, the ORC sub-system generates relatively more
electricity by receiving more input thermal energy, which benefits the
overall system performance. Therefore, the optimal lower cut-off
wavelength of the SBS filter for Oman is slightly larger than that for
UK or Spain. The PVT flow rate, ETA outlet temperature, ORC working
fluid and evaporation temperature used for Spain are also kept un-
changed. Key technical performance results that are sustained irre-
spective of system size are summarised in Table 9. As expected, the
electrical and thermal outputs are directly correlated with solar irradi-
ance levels, being lower in the UK and higher in Oman. The SBS-CPVT-
ORC system achieves very good CHP performance in all regions studied.
The improved performance from introducing a PTC and a SBS filter is
demonstrated by comparing the PVT-ORC system (employing a-Si PV
cells) proposed by Kutlu et al. [37], whose highest daily power output
was 0.82 kWhe/m? of solar-collector area, without the delivery of any
thermal energy to the building or end user. A SBS-CPVT CHP system
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Fig. 13. Effect of capacity/PTC area on: (a) system component cost breakdown, and (b) ORC sub-system component cost breakdown, for the proposed system in
Spain. The ETA outlet temperature and ORC evaporation temperature are set as 360 °C and 260 °C, with Toluene as the ORC working fluid. The SBS filter trans-

missive window is fixed at 485-860 nm.
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Fig. 14. PBT and LCOE, in Spain as a function of system capacity and PTC
area. The ETA outlet temperature and ORC evaporation temperature are set as
360 °C and 260 °C, with Toluene as the ORC working fluid. The SBS filter
transmissive window is fixed at 485-860 nm.

with a similar design (employing Si PV cells) in Italy [26] was predicted
as being able to deliver an average daily output of 0.13 kWhe;/m? and
0.85 kWhy,/m?, compared to 0.95 kWhe/m? and 1.17 kWhg,/m? ach-
ieved in the UK by the SBS-CPVT-ORC system proposed in the present
study. This indicates that performance improvements can be achieved
by integrating an ORC sub-system and using a high-performance GaAs-
type PV cell.

Diurnal total electricity generation and thermal output (for the
average daily solar profile in a year) is compared in Fig. 16. Constant
baseline electricity and thermal generation are observed during the day,
generated by the ORC sub-system and HX2, respectively. Additional
electricity and heat are generated by the PVT tube and HX1 in the
daytime, in proportion to the solar input.

System economic potential is not only related to the available solar
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The ETA outlet temperature and ORC evaporation temperature are set as 360 °C
and 260 °C, with Toluene as the ORC working fluid. The SBS filter transmissive
window is fixed at 485-860 nm.

Table 9

Comparison of key system characteristics for the considered regions.
Parameter Spain UK Oman
Lower filter limit, Ay;, (nm) 485 485 500
Upper filter limit, Amax (Nm) 860 860 860
Average, Eioa/Aprc (kWhe/day/m?) 1.80 0.95 2.05
Average, Quoral/Aprc (kWhyp,/day/m?) 2.45 1.17 2.69
Ratio of heat to power 1.36 1.24 1.30
Nelsys (%) 23.5 23.6 23.6
eh,sys (%) 31.9 29.2 30.7

resource at the installation region and the resulting energy output but
also strongly depends on the national energy prices. As shown in Fig. 17,
the LCOE, is inversely correlated with region solar irradiance, with a
minimum attainable value of 0.09 £/kWh in Oman, and a minimum of
0.15 £/kWh in the UK. The system PBT in the UK is very high at the
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Fig. 16. (a) Electricity, and (b) thermal output unit per area of PTC over a 24-hour period in the considered regions. The ETA outlet temperature and ORC
evaporation temperature are set to 360 °C and 260 °C, with Toluene as the ORC working fluid. The SBS filter transmissive window is fixed at 485-860 nm.
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Fig. 17. (a) PBT, and (b) LCOE, as a function of system capacity in the considered regions. The ETA outlet temperature and ORC evaporation temperature are set as
360 °C and 260 °C, with Toluene as the ORC working fluid. The SBS filter transmissive window is fixed at 485-860 nm.

initial ~0.2 kW¢| capacity (4.5 m? PTC area) studied, as a result of lower
energy prices and lower irradiance. However, increasing the capacity to
just ~0.8 kWe) (PTC area of 20 m2) decreases PBT to <20 years in the
UK, levelling off at ~14 years for larger capacities. These times are
competitive with solar-PV systems in the UK, which typically pay back in
18-25 years (with incentives) [46,47], reaching as low as 8 years in
some cases [87]. Despite Oman having the highest solar irradiance,
system costs are not paid back at any capacity as Oman has some of the
cheapest energy prices in the world. The operating conditions modelled
here are chosen to maximise electricity generation, enabling a ratio of
heat to power of 1.3, comparable to gas turbines and other common CHP
systems [53,54].

The energy prices are, therefore, important factors that affect the
financial potential of these systems, and as these are also inherently and
highly variable, it is important to understand their influence on the
system’s PBT. Fig. 18 shows the impact of variable energy prices at a PTC
area of 9 m? (capacity of ~0.7 kW, in Spain and ~0.4 kW in the UK).
For this area, using UK energy prices in both countries yields a PBT of 17
years in Spain, compared to 87 years in the UK, with these times
respectively reducing to 10 and 23 years (not shown here) at an

14

increased area of 45 m? (~3.4 kW in Spain and ~1.8 kW in the UK).
This difference highlights the significant impact that solar irradiance has
on the system’s economic potential. For the capacity shown, using
Spain’s energy prices in the UK reduces PBT from 87 to 19 years, with
times as low as 10 years attainable at a capacity of 1.8 kW (45 m?),
showing that highly competitive times can be attained even in relatively
low irradiance regions.

Furthermore, Fig. 19 shows the impact of varying electricity prices
and system capacity in Oman. Increasing the electricity price to 0.04
£/kWh results in system payback times of <16 years attained at elec-
trical capacities over 3.9 kW (PTC area of 45 m?). Using either UK or
Spanish electricity prices yields paybacks of <5 years with capacities as
small as 0.8 kW, (9 m?), demonstrating the exceptional potential of this
CHP system in a maximum solar irradiance scenario.

4.4. System cost and environmental competitiveness
To assess the impact of integrating the ORC sub-system on the wider

system’s economic viability, Fig. 20 shows comparisons of the LCOE, of
SBS-CPVT systems with/without the ORC sub-system at different
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prices. The ETA outlet temperature and ORC evaporation temperature are set to
360 °C and 260 °C, with Toluene as the ORC working fluid. The SBS filter
transmissive window is fixed at 500-860 nm.

electrical output capacities in the UK. The comparison is modelled by
removing the ORC sub-system and increasing the SBS filter transmissive
range to 400-900 nm to maximise PV electricity generation. Other
characteristics are maintained the same as the combined SBS-CPVT-ORC
system. At an output of 5 kWh¢)/day, removing the ORC sub-system is
the better option, suggesting that at such small capacities the electricity
generated by the ORC sub-system is not worth the additional capital
cost. Despite this higher initial cost, it is evident that integrating an ORC
sub-system with the SBS-CPVT collector enables greater economies of
scale. Increasing the output to just 10 kWhe)/day results in a lower
LCOE,) for the SBS-CVPT-ORC system, with the LCOE, being >27%
lower at outputs >50 kWh¢/day.

The LCOE, of the proposed SBS-CPVT-ORC system is compared to a
domestic PVT-CHP system proposed by Herrando et al. [10], which
consists of a PVT collector, thermal storage tank and auxiliary heater
and produces 3487 kWhgj/year in Zaragoza, Spain, and 3025 kWh¢1/
year in London, UK. For comparison, the SBS-CPVT-ORC system’s
LCOEy is taken at the scale with the same electricity generation, using
the same inflation and depreciation rates, while the PVT-CHP system’s
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LCOE, is adjusted for a 2020 monetary value. Fig. 21 shows that the
LCOE, is almost identical in the UK. At higher solar irradiance condi-
tions in Spain, the SBS-CPVT-ORC system’s LCOE, is lower by almost
0.05 £/kWh. It should also be noted that the PVT-CHP system generates
less thermal energy, with a ratio of heat to power of 0.46 and 0.54 for
Zaragoza and London, respectively, while that of the SBS-CPVT-ORC
system is 1.36 and 1.24. Hence, considering that the total energy
output (and since the SBS system has a thermal output 3 times larger),
the SBS-CPVT-ORC system is attractive in both locations.

To give further context to the proposed system’s economic perfor-
mance and ultimate potential, the LCOE, is benchmarked against
alternative CHP technologies. Fig. 22 compares data for common non-
solar CHP types [88] against the LCOE, attained in the UK and Spain
ata PTC area of 50 m? (~2 kW in the UK and ~3.8 kW, in Spain), after
which there is minimal benefit from increasing scale further. In addition
to the advantage of supplying renewable energy, the proposed system is
competitive with established CHP technologies. The SBS-CPVT-ORC
system is shown to be a promising CHP technology under higher solar
irradiance conditions in Spain.

Finally, Table 10 summarises the environmental benefits of these
system in terms of emission reductions from displacing current resi-
dential space and water heating technologies in the UK. Conservatively
assuming that 85% of the heat is delivered through gas boilers [89], and
the remaining is electrical heating, potential emissions reductions from
using such solar-based systems are significant, further demonstrating the
potential as a competitive technology option for decarbonising the
buildings sector.

5. Conclusions

A solar-CHP system, that integrates SBS-CPVT collectors with an
ORC sub-system, has been assessed from both technical and economic
perspectives. The design implements a PTC, concentrating light onto a
SBS filter which transmits a specified band of spectral irradiance onto
the PVT tube for electricity and heat generation. A HTF cools the PV
(specifically, GaAs) solar cells, improving their electrical efficiency and
co-generating thermal energy for the provision of domestic hot water
and space heating. The remaining portion of spectral irradiance is re-
flected by the SBS filter onto an ETA, generating high-temperature
thermal energy (set-point of up to 360 °C) in a separate fluid loop.
This high-temperature fluid feeds a TES system, allowing constant
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Fig. 22. Comparison of LCOE, for common non-solar CHP types. Utilises
central estimate of CHP projects commissioning in 2025 [88]. ACT: advanced
conversion technologies, such as gasification; AD: anaerobic digestion; EfwW:
energy from waste; CCGT: combined cycle gas turbine.
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Table 10

Comparison of key system characteristics for the considered regions.
Parameter Range Ref.
Average 2021 grid intensity (gCOze/kWh) 211 [90]
Gas boiler intensity (§COe/kWh) 210-380 [91]
UK residential heating intensity (gCOe/kWh) 210-355
Solar thermal intensity (§COe/kWh) 10-35 [91]
Emissions reduction using solar (%) 83-97

loading/operation of the ORC sub-system, with excess heat also used for
the provision of domestic hot water and space heating.

This system is unique as the SBS filter splits the solar spectrum be-
tween the PV cells and ORC sub-system, thus the transmissive range is
carefully chosen to optimise the overall electrical performance. Para-
metric analyses show that both the PV efficiency and the total system
electricity generation are maximised when the upper transmissive limit
of the SBS filter is ~860 nm. A lower limit of 600 nm enables the
maximum PV efficiency, while ~500 nm maximises total system elec-
tricity generation.

For all regions studied (Spain, the UK and Oman), the electricity
generation of the ORC sub-system is maximised for the highest ETA
outlet temperature set point of 360 °C, when using Toluene as the
working fluid and an evaporation temperature of 260 °C. With design
parameters set to maximise the system total electrical performance, a
ratio of heat to power of ~1.3 is attained, which is comparable to gas
turbines and other conventional CHP systems. This translates to system
electrical and thermal efficiencies of ~24 % and 31%, respectively.
Approximately 54% of electricity is generated by the PV cells, with the
rest generated by the ORC sub-system. Electricity generation of 1.8, 0.9
and 2.1 kWhej/day per m? of PTC area is achieved in Spain, the UK and
Oman, respectively, showing the strong dependence of thermodynamic
performance on incident solar irradiance.

Increasing the overall capacity of the system through the use of
larger solar collector areas, and hence the PV and ORC electrical out-
puts, improves economic performance significantly, with improvement
diminishing after ~25 m?2 PTC area (equating to 44.7, 23.4 and 50.8
kWh,/day in Spain, the UK and Oman,), suggesting a lower suitability
as small/single household CHP systems. In Spain, a highly desirable PBT
of <5 years is obtainable due to the high solar irradiance and energy
prices. In the UK, competitive paybacks below 14 years can be attained
despite the relatively low solar irradiance, showing great economic
potential. Energy prices are pivotal to the system’s economic viability,
with an assumed price of just 0.04 £/kWhg resulting in a PBT below 16
years in Oman.

In the UK, a LCOE of 0.15 £/kWh (achieved at >3 kW) is shown to
be highly competitive, with LCOE, values ranging between 0.12 and
0.19 £/kWh for established non-solar conventional CHP systems. Spain’s
higher solar irradiance results in a LCOE,) of 0.10 £/kWh at capacities
over 4 kW, outperforming alternative solutions. Compared to a simple
PVT-CHP system with the same output, the LCOE) is almost identical in
the UK, while in Spain the LCOE, is 24% lower for the SBS-CPVT-ORC
system. Interestingly, at outputs above 5 kWhe/day (~5.5 m? PTC
area in the UK), the LCOE, of the SBS-CPVT-ORC system is shown to be
superior to a SBS-CPVT system, suggesting that the integration of an
ORC sub-system is not economically feasible at very small capacities but
enables appreciable benefits from economies of scale. The results pre-
sented in this paper demonstrate significant potential for the proposed
system to be a high efficiency, economically competitive, renewable
alternative to combustion-based CHP systems.
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