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Abstract

Dairy farming is one of the most energy- and eroiséntensive industrial sectors, and therefore
offers noteworthy opportunities for displacing centional fossil-fuel consumption both in terms of
cost saving and decarbonisation. In this papeola-sombined heat and power (S-CHP) system is
proposed for dairy farm applications based on sglesplitting parabolic-trough hybrid photovoltaic-
thermal (PVT) collectors, which is capable of pding simultaneous electricity, steam and hot water
for processing milk products. A transient numeriocabdel is developed and validated against
experimental data to predict the dynamic thermal alectrical characteristics and to assess the
thermoeconomic performance of the S-CHP systemaidy darm in the province of Bari (Italy), with
annual thermal and electrical demands of 6,000 MWth3,500 MWh respectively, is considered as a
case study for considering the energetic and ecmnpotential of the proposed S-CHP system.
Hourly simulations are performed over a year usewj-time local weather and measured demand-
data inputs. The results show that the opticalatdtaristic of the spectrum splitter has a significa
influence on the system’s thermoeconomic performaitis is therefore optimised to reflect the
solar region between 550 nm and 1,000 nm to PVs delt electricity generation and (low-
temperature) hot-water production, while directihg rest to solar receivers for (higher-temperature
steam generation. Based on a 10,080rstalled area, it is found that 52% of the demfamdsteam
generation and 40% of the hot water demand caatisiad by the PVT S-CHP system, along with a
net electrical output amounting to 14% of the farrdemand. Economic analyses show that the
proposed system is economically viable if the itwmesnt cost of the spectrum splitter is lower than
75% of the cost of the parabolic trough concentréte., <1,950 €/rh spectrum splitter) in this
application. The influence of utility prices on thgstem’s economics is also analysed and it isdoun
to be significant. An environmental assessment shivat the system has excellent decarbonisation
potential (890 tC@year) relative to conventional solutions. Furthiesearch efforts should be
directed towards the spectrum splitter, and ini@a#er on achieving reductions to the cost of this
component, as this leads directly to an increaseah¢ial competitiveness of the proposed system.
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Ideality factor

Empirical parameter
Electricity price, €/kWh
Natural gas price, €/ kWh
Specific heat capacity, J/(#Q
Total cost, €

QCOV
Re

Se
SR
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Tst

Operation and maintenance costs, € v

Cost of parabolic concentrator, €
Cost saving, €

Cost of spectrum splitter, €
Discount rate; Density, kg/fin
Diameter, m

Charge of an electron, C
Covered electricity, €

Exported electricity, €

Bandgap energy, eV

Filling factor

Solar irradiance, W/

Heat transfer coefficient, W/{K)
Specific enthalpy, J/kg

Inflation rate

Spectral irradiance, W/(fmm)
Current, A

Empirical parameter

Boltzmann constant

Incident angle modifier
Levelised cost of electricity, €/kWh
Empirical parameter

Mass flow rate, kg/s

Mass, kg

Lifetime, year

Day of the year

Nusselt number

Payback time, year

Prandtl number

Heat flow, W

Thermal energy covered, kWh
Reynolds number

Electricity exporting price, €/ kWh

Spectral response, A/W

Time, s

Temperature, K

Solar time, hr

Velocity, m/s

Y, Voltage, V; Volume, m
Greek symbols
a Absorptivity
B Temperature coefficient, K
1) Solar declination angle, °
€ Emissivity
& Shadowing factor
& Tracking error
&3 Geometry error
&4 Dirt effect on mirrors
s Dirt effect on collector
&6 Unaccounted losses
Esg Coefficient for steam generator
Ewt Heat transfer effectiveness
6 Incident angle, °
0, Solar zenith angle, °
Prmir Clean mirror reflectance
n Efficiency
A Wavelength, nm
Dss Reflectance
o Stefan-Boltzmann constant
T Transmissivity
7, Latitude, °
W Solar angle, °
Subscripts
a Ambient
abt Absorber tube
avg Average
boil Boiler
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c Convection oc Open circuit

cov Covered oil Oil

dem Demand ot Oil tank

el Electricity out Outlet

exp Exported PTC Parabolic trough concentrator
g Glass pv PV cell

hi High-temperature r Radiation

i Inner ref Reference

in Inlet S Solar radiation
lo Low-temperature sc Short circuit
loss Thermal loss sky Sky

mains Mains water th Thermal

max Maximum w Water

min Minimum wc Water channel
net Net output wind Wind

o] Outer or oll wit Water tank

1. Introduction

Dairy farming is one of the most important sectarthe global food industry. The product output
of the dairy sector grew by over 15% from 2010 612, including 21% for butter, 16% for
cheese, 32% for skim milk powder, and 17% for wholiék powder [1]. In 2017, the world’s
milk production reached more than 800 million togn@24% of which was produced in the
European Union (EU) region. This has placed the tdether with New Zealand, as the two
predominant exporters, both reaching nearly 20ionilitonnes per year of equivalent milk.
Energy usage on dairy farms has also grown remgrkalbhe past 20 years due to the increase of
number and average size of farms, use of automejaghment, and around-the-clock operation,
driven by the increasing demand for dairy produdise Food and Agriculture Organization
(FAO) predicts that the total dairy demand will iease by 50% in 2050 compared to the 2010
level [2]. The dairy sector is not only one of ttni@st energy intensive sectors within the food
industry but is also considered as one of the rapsssion intensive sectors. FAO estimated that
global greenhouse emissions from the dairy industtgounted for 3% of the total world
emissions in 2015 [3]. The implementation of lowhkmzn efficient technologies and practices
would serve as an important pathway to the rednatfodairy emissions.

Processing of milk and milk products requires asterable amount of electricity and thermal
energy. The main energy demands in dairy farmsudelelectricity for pumps, refrigeration,
storage, control, separation, lighting, etc., ahdrmal energy for pasteurisation, evaporation,
drying, cleaning, etc. The required temperatureéhefmal energy ranges from 20 °C to 200 °C,
depending on the processes. Typically, low-tempegaheat below 80 °C is used for thermisation,
pasteurisation, cleaning, preheating, concentragtm, and higher-temperature heat at around 110
— 180 °C are required for sterilisation, ultra-higgmperature processing, drying, etc. Figure 1
shows the typical temperature ranges for diffepgatesses in dairy farms [4,5].
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Many efforts have been made to facilitate low-emis&nd energy efficient pathways in the dairy
sector. Extensive researches were devoted to asgemwergy usage and saving potential in the
dairy industry. A study on understanding the energg in raw milk processing in the UK showed a
number of opportunities for energy efficiency impement, such as low-temperature
pasteurisation, alternative homogenisation tectesigand reduction in clean-in-place water
consumption and temperature [6]. Process optinoisatnd the use of heat pumps to recover energy
from refrigeration units were also suggested. Umbal. [7] conducted energy audits on three dairy
farms at Moorepark (Ireland). Data showed thattetsty usage on dairy farms can be reduced by
over 50%, through minimisation of hot water leghkipe insulations and good management practice
for using electricity. Xu et al. [8] analysed theeegy usage and performance of global cheese
processing industry through literature review, dailection and energy information analyses. The
study found that the final energy intensity exhatdisignificant variations across a few countries an
among individual plants, implying large energy sawvpotential in this sector.

Temperature measured in °C
0 120 130 140 150 160 170 180 190 200

Thermization i
Pasteurisation 1
Sterilisation
ESL (extended shelf-life) processing |
UHT (ultra high temperature) processing

Concentrates ]|

Drying |
Preheating 1

Cleaning water

Figure 1. Typical temperature ranges for differpndbcesses in dairy farms [4,5].

Solar energy has been widely considered for dagpfieations. Cocco et al. [9] investigated the use
of a concentrated solar to match the heat and pdemands of a typical dairy factory in Italy. The
system consisted of linear Fresnel collectors natiegl with a two-tank thermal energy storage
system, an organic Rankine cycle (ORC) and a sté@m generator. The results demonstrated that
the concentrated solar plant could be a promisptgo for the specified application. Wallerand et
al. [10] performed an optimisation of a solar-agsleenergy supply system for a dairy farm, which
integrated flat plate collectors, photovoltaic (P¥ipdules, high-concentration PV-thermal (PVT)
collectors, and heat pumps into the existing natges and grid-electricity based system. The
authors demonstrated that the integration of delelnnologies, in combination with heat recovery
and heat pumping, can reduce the,@Quivalent emissions by 65 — 75%. They also catezduthat
investment in solar energy for such applications lma economically and environmentally attractive
for dairy farms if solar energy is optimally inte¢ggd and utilised. Sharma et al. [11] assessed the
potential of solar heating and the correspondinggation of greenhouse gas emissions in the dairy
industry in India. This study showed that the s@aergy based process heating systems without
any storage are estimated to meet 20 — 30% ofotaéthermal demand of the milk processing in
the organised sector of the dairy industry, whilgigating 32 — 144 thousand tonnes of £O
emission annually. Atkins et al. [12] performedrorough pinch analysis of integrating solar
thermal energy into low-temperature-pinch dairy gesses, taking into account the variable
climatic conditions and demand profiles. The stutljicated that the appropriate layout of solar

4
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heat is vital to the energy saving and it shouldnbegrated above the pinch temperature. Quijera et
al. [13] evaluated the viability of integrating ala thermal system into the conventional energy
assets of a dairy plant in Northern Spain. It wasctuded that integrating solar energy for the
proposed low- and middle-temperature applicationteshnically feasible under the specific
climatology by sizing a reasonable solar field, @&r@hn be considered as an energy option for dairy
applications. Breen et al. [14] developed a mubjecative optimisation framework for economic
and environmental optimisation around equipmentpagament and electricity tariff choices on
dairy farms. The natural-gas based water heatiagltezl the optimal farm configuration and the
alternative solar thermal heating system was nipatitive for that application.

According to the literature review, existing sokmergy solutions for dairy farms were mainly
based on the following three technology routesiddéone PV panels, solar thermal collectors, and
side-by-side PV and solar thermal solutions. Howetleese solutions can only either: i) provide a
single type of energy output; ii) have low-efficosm or iii) need extra installation space for
combined heat and power generation. As multi-veofoenergy is needed in dairy farms (i.e.,
electricity, thermal energy at different temperatuevels), standalone solar technologies pose
limitations on meeting the full-vector energy needs

Hybrid PVT collectors and systems are an emergiigrscombined heat and power (S-CHP)
solution, which combines PV and solar thermal tetbgies, allowing simultaneous electrical and
thermal outputs from the same installed area witluah higher overall efficiency than side-by-side
standalone PV and solar-thermal systems, if opgrappropriately [15,16]. Previous studies have
shown that PVT S-CHP systems have promising thecora@mic potentials in applications where
both electricity and low-temperature heat are negljisuch as residential buildings [17-19], sports
centres [20,21], university campuses [22], greesbsy23], etc. This implies that the hybrid PVT
technology may serve as an alternative energyisalédr dairy applications.

As the PV module is thermally coupled to the heatdgfer fluid and its electrical efficiency drops
noticeably with the operating temperature (aroufdi%/°C for silicon solar cells), conventional
PVT systems are typically operated below 100 °Ciclwiprevents their application to industrial
processes where higher temperature heat is ne&fgd A promising solution to tackle this
limitation is to split the incident solar spectrumto two separate bands, one that is directed to PV
modules and is well-suited to conversion into eleity, while the rest is absorbed as heat by a
thermal absorber [25-27]. This decoupling of thertimal and electrical elements of the collector
reduces the PV cell temperatures and allows higleatrical conversion efficiencies, while at the
same time supplying heat at temperatures consiyenagher than the PV operation temperature.

Studies on spectral-splitting PVT collectors haveainty focused on thermal and optical
characterisations of spectrum splitters [28-31}ah@oncept/prototype developments [32-34], and
thermodynamic modelling at the component and sy$®els [35-37]. The thermal outputs of such
PVT systems were explored for either generatingtia@l electricity using power cycles [35,38-
39], providing relatively high-temperature heat {4, or activating chemical reactions for fuel
synthesis [43,44]. Almost all existing modelling lkas based on constant temperatures and flow
rates predefined for the inlet heat transfer flwthout any consideration of the coupling between
thermal outputs and demands or their transient \betia under intermittent solar or demand
conditions. This can lead to significant under/@gtimation of system performance, while also
losing insight of its dynamic operation.



146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163

164
165
166
167
168
169
170
171
172

173

174
175
176
177
178
179
180
181
182
183
184

185
186
187
188

More recently, several prototype spectral splittPgT collectors have been built and different
spectrum splitters were investigated. An et al] 4ed the Cg5s nanofluid as the absorbing filter
in a concentrated spectral-splitting PVT collecod the outdoor tests showed that the maximum
overall efficiency was 34%, which was 18% highearthithat without the filter. Crisostomo et al.
[46] conducted outdoor tests of a concentratedtsgdesplitting PVT collector with the Ag-SiO
nanofluid as the selective absorbing filter foicsih PV cells. The results showed that the spectral
splitting PVT collector delivered 12% more weightegergy output compared with a stand-alone
PV system under the same solar irradiance. Otaeicat. [47] used a gold and indium tin oxide
(ITO) nanoparticle-based filter to absorb ultragiobnd visible solar spectrums and achieved
thermal and electrical efficiency of 61% and 4%pesdively at 110 °C. He et al. [48] explored
Ag@TiO2/ethylene glycol/water solution as a nandflbased spectral splitter, and obtained an
overall efficiency of 84% under 1 kW/mof solar irradiance. Liang et al. experimentallydsed
spectral splitting PVT collectors based on afitD, interference thin film filter [49] and a glycol-
ZnO nanofluid absorbing filter [50], respectivelyhe results showed that improved overall
efficiencies were observed for the spectral splitiPVT collectors compared to those without the
filters. These studies demonstrated that speqptatisg PVT collectors and systems with suitable
spectral splitters have potential for improved parfance and higher operating temperature, which
would be attractive for dairy farm applications.

The literature review shows that previous studiessolar energy systems for dairy applications
were predominantly focused on standalone PV or sbkrmal technologies, or their side-by-side
combination, while PVT technologies have rarelyrbeensidered. To this end, this work aims to
investigate the thermoeconomic performance of a@atnating, spectral-splitting hybrid PVT S-
CHP system in dairy farms. Transient simulations ewsnducted using a whole-system physical
model with real-time energy demand and weather dataputs. Key optical, electrical and heat
transfer mechanisms that determine the electrivdltbermal performance of the proposed S-CHP
are comprehensively considered in the model. Thenpal of such spectral-splitting PVT systems
is then assessed in terms of energetic, econordie@vironmental metrics.

2. Description of thedairy farm and PVT S-CHP system

A dairy farm located in Province of Bari (Italy) ednsidered in this study. It has a total area of
16,000 m, of which 4,500 rhis taken by the dairy production plant. The faeguires two streams
of thermal demands, which are supplied by steamhangvater. Steam at 240 °C and 10 bar is used
as the heat transfer fluid for processing milk prctd while hot water is delivered at 70 °C for othe
low-temperature processes in the farm. A naturaHgad steam generator is used in the current
energy infrastructure for meeting the thermal desinand the steam is distributed throughout the
plant in a closed loop with plate heat exchangei \spor recovery systems. Grid electricity is
used to meet the electrical demand. The farm coas81,000 Nrhnatural gas per year, which is
equivalent to about 6,000 MWh heat. The annualtetat demand is about 3,500 MWh. The
electricity and natural gas prices for the dairgnfaare 0.17 €/kWh and 0.0494 €/kWh (or 0.538
€/Nm°), respectively. The annual energy bill is arous 8€.

Quarterly-hour data are available for the totatleity consumption from the dairy farm operator,
which is aggregated into hourly electrical demaathdver the year, as shown in Figures 2(a) and
2(b). Monthly natural gas demands are also avalabd are further converted into hourly thermal
demand data (see Figures 2(c) and (d)) using tagnigevalue of natural gas, gas boiler efficiency
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(82%) and the profile of the electrical demanduasag that the thermal demand follows the same
trend as the electrical demand. The allocationhef ligh- and low-temperature portions of the
thermal demand is assumed as 60% and 40%, resggctiv
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Figure 2. Dairy farm energy demands: (a) hourly ctleal demand over a year; (bhourly
electrical power demand on representative days 713" January); (c) hourly thermal demand
over a year; and (d) hourly thermal power demandepresentative days (7 13" January).

The proposed hybrid S-CHP system for the dairy fershown in Figure 3. It comprises parabolic
trough concentrated PVT collectors, an oil tanksigam generation (i.e., high-temperature heat), a
water tank for hot water provision (i.e., low-temgere heat), inverters and pumps. The PVT
collectors use a spectral-splitting design simitathat in Refs. [51,52]. The full solar radianse i
reflected and concentrated by the reflective pdraloncentrator. A portion of the concentrated
solar radiance, which fits well with the spectrueguirement of the PV cells, is reflected by the
spectrum splitters and directed to the cells atcmdre of the parabolic trough concentrator, while
the rest passes through the splitter and is abddnpéhe receivers for generating high-temperature
oil. Water flowing in the water channels below #¥ cells is used to cool the cells to ensure higher
electrical conversion efficiency while generatimgvitemperature heat for hot water. The detailed
structure of the concentrated spectral-splittingrRdllector is illustrated in Figure 3(a).

The spectral characteristics of the spectrum spldetermine how the solar radiance is allocated
between the PV cells and the receivers, which @uriinfluences the system thermoeconomic
performance. Ideally, the filter should be highgflective in the active spectrum range of PV cells,
while highly transparent for the rest of the sapectrum to generate high-temperature heat through
the receivers. In this study, silicon PV cells ased considering their wide deployment and low
costs. As shown in Figure 3(b), the electricity g¢yated from the PV modules is used to cover the
electricity consumptions of the pumps and the alsdtdemand, and any surplus is exported to the
grid. Electricity is again brought from the grid @rhthe demand exceeds the generation. The selling
price of the exported electricity is assumed halthe total purchasing price (i.e., 0.085 €/kWh)
since only the generation part of the tariff ocdorsthe system.
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Figure 3. Schematics of the: (a) concentrating,ctaé-splitting hybrid PVT collector considered
in this work; and (b) proposed whole S-CHP systenaéiry applications.

3. Modelling methodology

A transient model has been developed for modetlgproposed spectral-splitting PVT collector
and wider S-CHP system, which accounts for the ketical, electrical and heat transfer
mechanisms that determine its electrical and thepadormance, while including the synergistic
dynamic interactions between the energy generationage and demand sides.

3.1. Parabolic trough concentrator

The concentrating spectral-splitting PVT colledmrassumed as a modification of the commercial
SEGS LS-2 parabolic trough collector [53], by imgg the spectrum splitter and PV modules.
The effective optical efficiency of the paraboliough concentrator is calculated by [53,54],

NpTC = €1828384E5E6PmirK (1)
whereg; to g4 are correction terms accounting for shadowing:kireg and geometry errors, dirt on
the mirrors and collectors, and other unaccourtiedesp,,; is the clean mirror reflectance aKd
the incident angle modifier (IAM). The values okfie terms for calculating the effective optical
efficiency of the SEGS LS-2 parabolic trough conaor are given in Table 1. The IAM is used to
correct the optical efficiency when the solar iretithn is not normal to the collector aperture [53]

K = cos(#) + 0.000884 - & — 0.0000537 - 62, (2)
where@ is the incident angle in degrees.
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The incident angleq, is calculated for East-West tracking with theghenlic trough axis in South-
North direction using [55],

cos(8) = /cos2(6,) + cos2(5) - cos?(w) . 3)

The solar declination anglég, for any day of the yeal, can be calculated approximately by,

284+ N
§ = 23.5-sin [Zn 265 |- 4)

The solar anglay, in degrees is calculated using the solar tifigg,in hours,
w=15 (T —12). (5)

The solar zenith anglé,, is calculated from,
cos(6,) = sin(¢) * sin(d) + cos(¢p) - cos(F) - cos(w) , (6)
whereg is the latitude in degrees.

Table 1. Correction terms for effective opticalaéncy of the parabolic trough concentra{é#].

Parameter Value
Shadowing factorg; 0.974
Tracking errorg, 0.994
Geometry errorg; 0.98

Clean mirror reflectance,,;;  0.935

Dirt effect on mirrorsg, 0.93pmir
Dirt effect on the collectogs (1 4+ ¢&4)/2
Unaccounted lossesy, 0.96

The solar spectrum reaching the ground is deperatentirious factors, including the location, air
guality, weather conditions, time, season, etc.mass 1.5 (AM1.5d) condition is typically used as
the reference spectrum distribution in previousligtsi [35-37,40,51]. However, this method is only
a coarse estimation as the actual distributionhef golar spectrum reaching the ground surface
varies during a day and over the year, which sicgitly differs from the ideal AM1.5d
distribution. To estimate the time-dependent spectdistribution, the SPECTRL2 Simple Spectral
Model developed by National Renewable Energy Laboyg NREL) is used [56,57]. An excel tool
based on the SPECTRL2 model is used to generatehdhdy direct normal spectral solar
irradiance given the date, time and location (B4ti,1° N, 16.9° E) as the inputs, which are then
used as the reference valuggs| to derive the hourly direct normal spectral sateadiance based
on the solar irradiation data in Bari [57]. To siifypthe analysis, the hourly reference solar sgsct
distributions from the sLto the 14 days of each month are assumed the same as thitee ' day

of the month, while the reference distributiongtie 18" day are used for the rest of that month.
The hourly reference solar spectral irradiancestypical day are given in Figure 4.
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Figure 4. Hourly solar spectral irradiance on th& &f January, spectral response of Si-cells and
reflectance of the spectrum splitter.

3.2. PV cdls

3.2.1. Electrical model

Silicon PV cells are considered due to their magdayment and economic price. Different from
the normal operation of PV cells under the wholeesfum solar irradiance, the PV cells in the
proposed S-CHP system are operated under a speaifge of the spectrum reflected by the
splitters. Two PV electrical efficiencies are definhere: i) the specific electrical efficiengy, i1,
calculated by dividing the output electricity byetreflected solar energy reaching the PV cells; and
ii) the overall electrical efficiencyy,, 1., calculated by dividing the output electricity hiye
whole-spectrum incident solar energy. These twigieficies are calculated by [40],

Voc * Jsc * FF
Npvel1 = 2000 ' [1 + IB(Tpv - Tref)] , (7)
AprcNprcG/Gret |,y Pss(MIref(4) dA
V..'J. FF 8
Movetz = 2 1+ B(Tyy — Trr)]. ©

wherel,., Jsc andFF are the open-circuit voltage, short-circuit cutrand filling factor of the PV
cells respectivelydprc is the aperture area of the parabolic trough auinars,G /G,.¢ is the ratio
correcting the actual solar spectral irradianceetbasn the hourly reference spectral irradiances
generated from the SPECTRL2 tool [5Z]is the wavelengthp, (1) is the spectral reflectance of
the spectrum splitterd,.¢(1) is the reference solar spectral irradiangeis the temperature
coefficient of the PV celldl,, is the PV cell temperature (in °C), afid; is the reference PV cell
temperature (25 °C). The hourly profiles of theerehce solar spectral irradianég¢(1), in a
typical day (f' January) are given in Figure 4, along with théeatfincep.(1), of the spectrum
splitters and the spectral responses of the silRértells §R(1)). The total aperture aredpyc, of

the parabolic trough concentrators is set as 10y§0@ this study, which is selected based on the
available installation space of the dairy far@.is the time-dependent local direct normal solar
irradiance in Bari, which is given as an inputtiee model.

The reference solar irradianc@,.s, is calculated by integrating the reference sapectral
irradiance [,..¢, reaching the ground at Bari,
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4000
Grer = f Iref(l) di. (9)
280

The open-circuit voltagé/,, is calculated by [40,58,59],
A kB pv sC
o = T (e ), 10
ocC e ]0 + ( )
whereA' is the ideality factor of the PV cellkg and e denote the Boltzmann constant and the
charge of an electron, respectively, andj, are the short-circuit current and dark saturation

current, respectively. The short-circuit currggy, is calculated by [40,58,59],
4000

]sc = APTC”PTCG/GrefJ- SR (A)pss (A)Iref(/l) da , (11)

280
whereSR (1) is the spectral response of the PV cells, as givéigure 4.
The dark saturation currer, is given by,

—E
— /m3/m g

wherek’, b andm are empirical parameters, afiglis the bandgap energy of the PV cells.

Using the above electrical model, the PV cell &ficy at each time step (1 hour) over a year is
calculated based on the local solar irradiance,réfierence spectral irradiance and the optical
characteristics of the spectrum splitters. A nedeal spectrum splitter is assumed, and its
reflectance is shown in Figure 4. The splitterighly reflective pgs = 0.95) in the spectrum range
that is sensitive to the PV cells, as shown byrtmge betweeh,i, andimax. The reflectance of the
splitter is near zerop(; = 0.05) and it is almost transparent outside #paictral range in order to
allow heat generation from the energy outside #mesisivity range of the PV cells. The absorptivity
of the splitter is assumed as zero across the vdpaetrum. The DC electricity from the PV cells is
first converted to the AC form by the invertersiwén assumed efficiency of 0.9, and it is then used
to cover the electricity consumption of the pumpd ¢éhe electrical demand. No battery storage is
used in this study, so any surplus electricityxigagted to the grid.

3.2.2. Thermal model

The energy balance equation for the PV cells isesged by,

dT,,

Mpvcva = Qs,pv - Qr,pv—sky - Qc,pv—a - Qc,pv—w ’ (13)

whereM,,, andc,, are the mass and specific heat capacity of theéllg, respectively. The four
terms at the right side of Eq. (13) represent thlarsadiation absorbed by the PV celd;'ss,lgv),
radiative heat losses from the PV cells to the (Q%V_S}(y), convective heat losses from the PV
cells to the environmean,pV_a), and heat transferred from the PV cells to that lansfer fluid
(Q'C,pv_w), respectively. The heat transfer fluid for PViges water in this case.

The solar radiation absorbed by PV ce(ﬂ§pv, is calculated by integrating the reflectanzg(4),

of the spectrum splitters with the solar spectraldiance/ (1), over the solar spectrum,
4000

Qs,pv = (apv - npv)APTCrIPTCG/GrefJ- Pss (A)Iref(ﬂ') da. (14)

280
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The radiative losses from the PV cells to the Qg(,v_sky, are calculated by,

Qr,pv—sky = Apvgpvo-(TgV - Ts4ky) ) (15)
whereg,,, ando are the emissivity of the PV cells and the SteBaitzmann constant, respectively.
The sky temperaturéy,,, is estimated in terms of the ambient temperafyreysing [60],

Tsky = 0.0552T,> . (16)

The convective heat losses from the PV cells tathbient are calculated as,

Qc,pv—a = Apvhwind(Tpv - Ta) ) (17)
wherehy,inq IS the convective heat transfer coefficient actiognfor the convection caused by
wind passing by the surfaces of PV cells, calcdlég[61],

2.8+ 3Vyind Vwind < 5m/s
Rwind = { }

6.15v08 1 Vwing > 5m/s

(18)

The last term of Eq. (13QC,pV_W, is the heat transfer from the PV cells to thet himsfer fluid

(i.e., water). The heat transfer mechanisms betwlesefV cells and the heat transfer fluid include
the heat conduction through various layers (glegldr layer and EVA layer), and the convective
heat transfer in the fluid channel. The heat cotahae (reverse of resistance) is estimated as 500
W/m?K based on the thickness and thermal conductiiitgazh layer [62]. The heat transfer from
the PV cells to water is then calculated by,

Qc,pv—w =A (19)

Tov — T, ,
PV 1/ by + 1/500[ pv W""“’g]
whereTy, avg = 0.5(Tw,in + Tw,out) is the average water temperature in the waterreamder the
PV cells,h,, is the convective heat transfer coefficient in thater channel. The water flow is
turbulent and thus heat transfer can be calculaded) the Dittus-Boelter equation,

hWCDWC

Ky

Nuy,. = = 0.023Re%8pro4, (20)

To simplify the system implementation and consiugthat the heat from the PV cells is sufficient
to meet most of the low-temperature thermal denfandhe specified dairy farm application, no
thermal insulation is used for the water channélenrthe PV cells. Therefore, the energy balance of
the water in the water channel should accountHerheat delivered from the PV cells to the water
stream, the convective and radiative heat lossteetsurroundings.

meW(Tw,out - Tw,in) = Qc,pv—w - Apvhwind (Tw,avg - Ta) - Apvgpvo-(TvA\l/,avg - Ta4) , (21)
wherem,, andc,, are the mass flow rate and specific heat capatitlye circulating water.

Similar to the electrical efficiencies, the spexctfiermal efficiencyr,y 1) and the overall thermal
efficiency ¢1pv,tn2) for the heat collecting element of the PV celks defined as,

mwcw(Tw,out - Tw,in)

Npv,th1 = 4000 ’ (22)
AprclprcG/Gref |y, Pss(Dlrer(4) dA
_ mew(Tw,out - Tw,in) (23)
Npv,th2 = APTCG .
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The thermal efficiencies defined in Eqgs. (22) aB8)(are calculated at every time step and thus
they are obtained under non-steady states. Thidgfesent from the standard tests of solar-thermal
collectors where the thermal efficiency is detemulinvhen the system reaches the steady state.

3.3. Receiver

The receiver consists of a glass envelope, an hbstube and thermal oil inside the tube, as in
Figure 3(a). The temperature of the glass envelfpés influenced by the convective and radiative
losses at the envelope’s outer surface, as wétleasadiation between the glass and absorber tube,

dT, . . ) )
Mgcgd_tg = Qs,g + Qr,abt—g - Qr,g—Sky - Qc,g—a ) (24)
whereM, andc, are the mass and specific heat capacity of tresgavelope. The four terms at the

right side of Eq. (24) denote the absorbed soldiation, radiation from the absorber tube to the
glass, radiative heat losses to the sky, and coineduaeat losses to the environment.

It is assumed that the spectrum splitter has zesorbance and that the regions of the solar spectra
that not reflected to the PV cells are all tranggditto the receivers. Therefore, the solar radiatio
absorbed by the glas@,,,g, is calculated from,

4000
Osg = AgAprcprcG/Gres f [1 = pos D lrer(A) dA, (25)

280
whereaq, is the average absorptivity of the glass.

The radiative heat transfer from the absorber talibe glass envelopér,abt_g, is obtained by,

. 1
— 4 _ m4
Qr,abt—g - Aabt,oo- 1 1— &g Dabt,o (Tabt Tg ) ’ (26)

€abt &g D gi

wheree,,. andeg are the emissivity of the absorber tube and gligs, andD,y, are the outer
surface area and diameter of the absorber fygeandD,; denote the absorber tube temperature
and the glass inner diameter, respectively.

The radiative heat losses to the s@yg_sky, are calculated using,
Qrg-sky = Agoge0(Tg — Teky) » (27)
where4, , is the outer surface area of the glass envelope.

The convective heat losses the environm@@éha, are obtained using,

Qc,g—a = Ag,ohwind(Tg - Ta) . (28)
The energy balance equation for the absorber gibrgressed as,
dT,, . . )
Mabtcabtd_att = Qs,abt_Qr,abt—g — Qcabt—o » (29)

whereM,,,; andc,;,: are the mass and specific heat capacity of therbbstube respectively, and

Tapt IS the absorber tube temperature. The absorbad saliation Qs ..., is calculated by,
4000

Qs,abt = TgaabtAPTcnPTCG/GrefJ- [1 — Pss (A)]Iref(/l) da, (30)

280
wheret, anda,,. are the transmittance of the glass and averagetaece of the absorber tube.
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Thermal oil Syltherm-800 is used as the heat tearfitfiid, removing absorbed solar heat from the
absorber tube. The convective heat transfer fraratisorber tube to the thermal Q'u,abt_o, IS,

Qc,abt—o = Aabt,ihoil (Tabt - Toil,avg) , (31)
whereA,.; is the inner surface area of the absorber tube7 @, = O.S(Toil,in + Toil’out) is the
average temperature of the thermal oil in the dieaube. It should be noted that the thermalsoil i
circulated between the oil tank and the solar f(skek Figure 3(b)). Thus, the oil temperature at th
inlet of the absorber tubd'y;,;,) equals to the oil tank temperaturg,). The convective heat
transfer coefficienth,;, is estimated using the Dittus-Boelter equatiamjlar to Eq. (20).

The energy balance equation for the thermal dihéabsorber tube is expressed as,
moil(ﬁoil,out - ﬁoil,in) = Qc,abt—o ’ (32)
wherem,; is the mass flow rate of the thermal oil througé absorber tubéoil,in andﬁoil’out are

the specific enthalpy of the oil at the inlet andlet of the absorber tube, respectively. The djgeci
heat capacity of the thermal oil Syltherm-800 eérly proportional to the temperature,

cou(T) = 1.707 - T + 1108 . (33)

The specific enthalpy of the thermal oil Sylther@0B8at a specific temperature is then determined
on the basis of the reference state, i.e., 300 K,
T

A(T) = j Cou (TYAT . (34)

300
The specific and overall thermal efficienci@gyt th1, Mabtthz) Of the collector are defined as,

~

1Moit(Roitout — Poilin)

Nabt,th1 = 4000 ’ (35)
AprcnprcG/Gret |5, [1— Pss(D)]lrer(2) dA
n _ moil(i\loil,out - Eoil,in) (36)
abt,th2 — .
' Aprcl

3.4. Storage tanks

There are two storage tanks in the proposed S-Gisilers, i.e., the water tank and the oil tank for
storing low- and high-temperature heat, respectivdlo simplify the modelling and also
considering the minor influence of stratificatiam the whole-system performance [16], both the
storage tanks are assumed as fully mixed tanks.

3.4.1. Water tank

The thermal energy collected from the PV cellst@exl as hot water in the water tank, and it is
used for the low-temperature thermal demand. Tleeggrbalance equation of the water tank is,
dTw:e . : )
d‘: = Qw-wt — th,loss - Qcov,lo ’ (37)

whereM,,; andc,, are the water mass and specific heat capacityectésply, T,,: is the water
temperature in the tank,,_. is the heat transferred from water to the watek t#rough a coil
heat exchangeQ:oss iS the heat loss to the surroundings &g, is the low-temperature
thermal demand covered by the water tank.

thcw

The heat addition to the water taigk,_.,., is calculated using the effectiveness-NTU method,
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Qw—wt = Ewtmwcw(Tw,out - th) ’ (38)
whereg,,; is the heat transfer effectiveness of the coilt le@hanger inside the tank. When the
solar input is too small, the circulating flow t®gped and the heat addition to the tank is zero.

The heat loss of the water tank to the surroundimgalculated by,

th,loss = Awthwt,loss (Tt — T3, (39)
whereA,,. is the surface area of the water tank Ayg.ss is the heat loss coefficient.

If the water temperature in the water tank is higihan the required delivery temperature of the
low-temperature thermal demand, all of the demarmbvered by the tank. If the water temperature
in the tank is lower than the required delivery pemature but higher than the mains water
temperature, a portion of the demand can be cowendd the rest is met by the auxiliary gas boiler.
No heat is extracted from the tank if the water gemature is lower than the mains water
temperature. Thus, the low-temperature thermal ddnoavered by the water tank is given by,

Qdem,lo th 2 Tdem,lo

Qcov,lo -

th - Tmains .
T —T Qdem,lo Tmains < th < Tdem,lo ) (40)
dem,lo mains

0 th < Tmains )
whereQgem1o IS the low-temperature thermal demand of the déarn, Tgem o iS the required
delivery temperature of the demand, dhgd;,s is the temperature of mains water.

No thermal losses are assumed for the transfebktween the inlet of the PV cooling channel and
the outlet of the coil heat exchanger immersedhénwvater tank. Therefore, these two temperatures
are the same and are calculated by,

Tw,in = lw,out — gwt(Tw,out - th) . (41)

3.4.2. Oil tank

The hot thermal oil from the solar field is dirgctelivered to and stored in the oil tank, while an
equivalent amount of oil is extracted from the tdak re-heating in the solar field. The energy
balance of the oil tank is expressed as,

dh,,

Mot de - Qo—ot - Qot,loss - Qcov,hi ) (42)

whereM,,, is the total oil mass in the oil tank,, is the specific enthalpy of the of,_,; is the net
heat addition to the tank from the hot aﬁl,t,loss is the heat loss to the surroundings, @ggl,1; is
the high-temperature thermal demand covered byithiank.

The net heat addition to the oil targk,_., is calculated by,
Qo—ot = moil(ﬁoil,out - Eot) , (43)

whereh,, is the specific enthalpy of the oil in the oil kacalculated using Eq. (34). The circulating
oil is stopped and the net heat addition is zerewthere is no or too small solar energy input.

The heat loss from the oil tank to the environmemgiiven by,

Qot,loss = Aothot,loss (Tor — Ta) (44)
whereA,, is the surface area of the oil tank and;,ss is the heat loss heat transfer coefficient.
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The oil in the oil tank is pumped to a steam getoer@gee Figure 3(b)) to generate steam, which is
required at 240 °C and 10 bar for the investigaksidy farm. The amount of high-temperature heat
demand covered by the oil tank depends on thewiperature in the oil tank and is determined by,

: Tqem,hi — Trethi
( Qdem,hi Tot = + Tret,hi ]
gsg
Qcovni = 1 €sg(Tot = Trethi) Tqem,hi — Trethi ) (45)
T T Qdem,hi Tret,hi < Tot < + Tret,hi
dem,hi = frethi Esg
0 Tot < Tret,hi )

whereeg,, is a coefficient to ensure a sufficient tempematdifference between the hot oil and
water/steam for steam generati@g,, n; iS the required delivery temperature of the st¢240 °C)
andTy ey p; IS the temperature of the returning water (110iAQhe circulating loop.

3.5. Solving method and model validation

With given initial temperature conditions, hourlyeather conditions and demand data, Eqgs. (1) to
(45) are solved iteratively in MATLAB with a timetep of one hour over a whole year. The
transient electrical and thermal processes witha gystem are then obtained, which are further
analysed to obtain the energy performance of thelevBystem, such as the demand covered,
annual cost reduction, payback time, etc.

As no experimental data are available for the psedovhole system at the current stage, validation
of the model is done separately for the PV celld garabolic trough collector. Commercial
monocrystalline silicon cells (TG18.5BR-BIN34) franSolar are used in this study [63]. The main
electrical parameters of the PV cells under thedsted test condition are given in Table 2. The
spectral response of the cells is shown in Figureh cells can only be activated by photons with
wavelengths between 300 nm and 1,200 nm. The ipg@meters for the PV electrical model are
given in Table 3. As shown in Table 2, the opemtgirvoltage, short-circuit current, filling factor
and electrical efficiency are all well predictedthg model, with deviations all below 1.5%.

Table 2. Electrical parameters of PV cells and dation of the PV electrical model.

Parameter Data from supplier [63] Data from model Deviation
Temperature coefficieng], 1/K —0.0045 -
Open-circuit voltagel,.), V 0.612 0.612 0
Short-circuit current/(.), A 8.75 8.62 1.4%
Filling factor F) 0.797 0.807 1.3%
Electrical efficiency ) 17.5% 17.5% 0%

" These values are valid for the following conditiolight spectrum AM1.5G; light intensity 1,000 W/m
measuring temperature 25 °C. The temperature cezffiis a given input value in the model.

Table 3. Model input parameters for the PV eleatrimodel.

Parameter Value
Empirical parametek’ 0.06
Empirical parametei 1.31
Empirical parametem 0.96
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Bandgap energy of silicon cellg, 1.1leVv
Ideality factor of PV cellsd’ 1.2
Temperature coefficient of PV cell§, —0.0045/K

The thermal model for the parabolic trough conaotrand receiver is validated on a commercial
parabolic trough collector (module: SEGS LS-2) blaze the experimental data provided by Sandia
National Laboratories [53]. The SEGS LS-2 parabwbagh solar collector was 7.8 m long, with a
width of 5 m and an aperture area of 39.2 frhe structure of the collector is similar to tliat
Figure 3(a). The only difference is that the SEGSZA collector does not have a spectrum splitter,
thus all the solar irradiance is directed to theeieer. Therefore, the control equations for th&SE
LS-2 collector are the same as Egs. (24) — (32y, that p, (1) should be zero in this case. Table 4
shows the outlet temperature and collector effcyedata from the tests and simulations. The
results show that the deviation for the outlet terafure of the collector is within 0.6% and that fo
the efficiency is within 4%, with mean values 020% and 1.7% respectively. This indicates that
the developed model is valid and has a reliablaraoy, which sets a good basis for further
analyses of the proposed concentrated, spectittirgpPVT system.

Table 4. Validation of the parabolic trough collecimodel under various conditions on the SEGS
LS-2 parabolic trough collector.

No. G’z Vwind:  Tar Mol Toitins o r Totlou " ot fere

Wim* m/s °C Lmin °C [53]' Model Deviation [53]' Model Deviation
1 934 2.6 21.2 47.7 102 124 125 0.5% 73% 75% 2.9%
2 968 3.7 224 47.8 151 173 174 0.5% 71% 74% 3.8%
3 982 2.5 24.3 49.1 198 220 220 0.4% 70% 73% 3.5%
4 910 3.3 26.2 547 251 269 270 0.1% 70% 71% 0.5%
5 938 1 28.8 555 298 317 317 0.1% 68% 68% 0.5%
6 881 2.9 275 55.6 299 317 317 -0.1% 69% 68% -1.8%
7 921 2.6 295 56.8 380 398 398 -0.1% 62% 62% -0.6%
8 903 4.2 31.1 56.3 356 374 374 0% 64% 64% 0.1%
Mean - - - - - - - 0.2% - - 1.7%

Beyond the data in Tables 1 and 3, other paramesed by the model are summarised in Table 5.

Table 5. Main parameters used in the model.

Parameter Value

Glass envelopb3]

Outer diameter[{g,), m 0.115
Inner diameterlfg;), m 0.109
Transmittancet) 0.95
Emissivity ;) 0.86
Absorptivity (@) 0.02
Density @), kg/n? 2,500
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Specific heat capacity), J/kgK

Absorber tubg53]

Outer diameter{;p; ), M
Inner diametery,p;), m
Emissivity (,pt)

840

0.070
0.066

6.282E-2 + (1.208E-Z) + (1.907E-7T ot

Absorptivity (@,pt) 0.96
Density @,p), kg/nt 8,970
Specific heat capacity{,.), J/kgK 385

PV cells and accessories

Emissivity €py) 0.9
Absorptivity (@py) 0.93
Heat capacityMy cpy/Apy), I/MtK 15,600 [64]
Width (W), m TDapt 0
Inverter efficiency 0.9

Oil tank

Volume (), n 0.0Mprc
Diameter Dyt), m 5

Loss coefficient Ko joss), W/M-K 0.2
Water tank

Volume (), n° 0.0Mprc
Diameter Dy,), M 5

Loss coefficient K 1oss), W/NT-K 0.2
Other parameters

Steam delivery temperaturgf, 1), °C 240
Return water temperaturé.f i), °C 110
Aperture area of solar fieldiprc), Nt 10,000

Heat transfer effectiveness in water task,f 0.4
Coefficient in steam generatar) 0.8

3.6. Economic moddl

Economic analyses are conducted in terms of paybak (PBT) and levelised cost of electricity
(LCOB), considering the system investment cost, operatial maintenance costs, and cost savings
due to the reduced natural gas and electricitg batjuired to satisfy the site’s energy demands.

The annual cost savings, is calculated by [20,22],

QCOV

Cs = EcoyCe + Eexp "Se + Cng — CogM » (46)
Mboil

whereE,, andQ.,, are the electrical and thermal demands coveredhbysystemE,,, the
electricity exported to the grid via net meteringandc,, the electricity (0.17 €/kWh) and natural
gas (0.049 €/kwh) priceg,,oi the boiler efficiency (0.82). the electricity price for the net
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metering option applicable to the system (0.083M81k andCq,,\ the operation and maintenance
(O&M) costs. The cost breakdown for the PVT S-CHBtam is given in Table 6. As there are no
available cost models for the spectrum splittes, dbst is assumed as being within a range of
fractions (from 0.05 to 1) of the parabolic trougincentrator, which is a more mature technology.

Table 6. Cost breakdown of the spectral-splittingr/|5-CHP system.

Component Cost Ref.
PV, €/kW 1,000 [65]
Inverter, €/kW 200 [65]
Water tank, € 0.87¥, ()+763.5 [66]
Pump, € 50QPpumd 300§ [67]
Piping, € (0.897+0.21Dipe) - Lpipe [67]
Controller, € 500 [67]
Parabolic trough concentrator, € 1RBc [68]
Oil tank, € 682V, [69]
Spectrum splitter, € (0.05 — Bprc

Installation cost, € 0.2-total component cost [67]
Annual O&M cost, € 0.02-total component cost

The payback time?BT, is calculated from [20,22],

In [CO(iE.—S_d)+ 1]

1+ip ’
In (1 o d)
whered is the discount rate (2.8%) andhe inflation rate (1.2%) assumed for the fuelirsgs.

The levelised cost of electricityCOE, is obtained by [20],

Co+ Xty Coam(1+ip) T A+ )7
LCOE = 0 F ) , (48)
whereQ is the net annual production of energy in the fadnelectricity. As both thermal energy
and electricity are provided from the PVT systengpaversion factor of 0.55 is used from thermal
energy to electricity, which corresponds to theidgpefficiency of a modern natural gas power
plant [20]. The lifetimen is assumed as 25 years. The annua}l €Qission reduction by the
spectral-splitting PVT S-CHP system is also estaddiased on the current €@mission factors in

Italy (0.206 kgCQ@kWh for natural gas and 0.350 kg&kWh for electricity [20]).

PBT =

(47)

4. Results and discussion

Hourly transient simulations were performed in MASR. over a whole year at the location of Bari
(Southern ltaly) with input weather data generatsidg Meteonorm in TRNSYS and site generated
demand data. Figure 5 shows the direct solar arami, wind speed and ambient temperature.
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Figure 5. Weather conditions at the considered yladarm at Bari, Italy: (a) annual solar
irradiance (G); and (b) wind speed.{y) and ambient temperature )T

The optical characteristics of the spectrum splitetermine the allocation of solar radiation
between the PV cells and solar thermal absorbéuss,Tthe influence of the lower and upper cut-off
wavelengths Amin and/may) on the payback time of the S-CHP is first invgastied. As shown in
Figure 6, the cut-off wavelengths significantlylugnce the payback time. The optimal lower cut-
off wavelength is found between 550 nm and 600 ane&ch upper cut-off wavelength. The lowest
payback time reaches 13.6 years when the lowenuppdr cut-off wavelengths{in andimay are
respectively 550 nm and 1,000 nm with the costhef $pectrum splitter assumed as 10% of the
parabolic trough collector (0Qs+c). Here it should be highlighted that the paybanietis highly
influenced by the electricity and natural gas @mjcand thus the above optimal values are valid
under the current energy prices in the dairy farBari of Italy.
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Figure 6. Effect of the two cut-off wavelengthghef spectrum splittergin, Amay) ON payback time.

The transient temperature variations of the absoildee of the receiver, oil tank, PV cells and
water tank over the whole year are shown in Figur&he overall profiles of the temperatures
match with the pattern of the solar irradiance, heh solar irradiance leads to significant irses

of the temperatures while low solar irradiance eausioticeable temperature drops. The
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temperatures are generally higher in summer, duthdolower thermal losses under relatively
higher ambient temperatures. It is observed thatémperatures of the PV cells and water tank are
mostly below 100 °C, while the oil temperature gmally much higher than 100 °C and reaches
up to 400 °C when the solar irradiance is high. @aheual average temperatures of water and oil in
the tanks are 40 °C and 204 °C, respectively. Thiglies that the spectral-splitting effectively
ensures that the PV cells are operated at low teanpes, which is beneficial for the electricity
production and cells’ lifetime, while a high-temaemre thermal output is also available from the
solar receiver which is thermally decoupled frora BV cells.
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Figure 7. Transient temperatures of the: (a) absorbube (T,) and oil tank (T;) for high-
temperature heat; and (b) PV cells,QTand water tank (&) for low-temperature heat.

The detailed dynamic characteristics of the tempega for typical seven days in the summer are
shown in Figure 8. When there is enough solar iaraze absorbed by the absorber tube and PV
cells, their temperatures increase beyond the taniperatures. The pumps are then triggered,
circulating the fluids to deliver the collected tmal energy into the tanks for storage. When the
solar irradiance is very low, the temperaturehefdbsorber tube and PV cells drop below the fluid
temperatures in the tanks and thus the pumps esedin this case.

It can be seen from Figure 8 that the oil tank terafure is between 200 °C and 370 °C and that the
water tank temperature is typically between 40 A@ 80 °C. Since the thermal oil is used as both

the heat transfer fluid and the storage mediuntHerhigh-temperature heat while an intermediate
heat transfer loop is used between the PV cellsthadwater tank, the temperature difference

between the absorber tube and the oil tank duhagharging processes is lower than that between
the PV cells and the water tank, i.e., 4.5/C8.0 °C on average.
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Figure 8. Temperature variations of the absorbdrel\((T.yy, 0il tank (To), PV cells () and water
tank (T,:) over the period from 3'July to 8" August.

The transient thermal demand profiles and theiecages are shown in Figure 9. During the period
of interest, most of the demands can be fully cedeexcept when the tank temperatures are not
sufficiently high to reach the required deliverynigerature for the high- and low-temperature
thermal demands (240 °C and 70 °C). A natural gaifetbis used as a backup solution, to
compensate for the rest of the onsite demand wieesdlar heating is not enough.
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Figure 9. Thermal demand and coverage of the: igh+emperature heat¥;o, n; andQ oy 1;); and
(b) low-temperature heaQ(iem,lo and(jcm,,,o) demands over the period from*3luly to 6" August.

Figure 10 shows the profiles of the electrical dedhanet electricity output and electricity coverage
during the period from 31July to 8" August. The net electricity output is calculatgdsbibtracting

the total electricity generated from the PV celsthe electricity consumption of the pumps. The
electrical demand is at its peak near the noon, timméch coincides with the solar radiation trends
and thus the net electricity output profile. ltolsserved that the electrical demand is always much
higher than the net electricity output during tlegipd of interest. Thus, all the net electricitgrfr
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536 the S-CHP system is used for covering the elet¢tdemand instantaneously (the grey area as

537 denoted by.,,), with no excess exported to the grid. The reshefelectrical demand not fulfilled
538 by the S-CHP system is met by the grid electricity.
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540 Figure 10. Electrical demandP(,,,), net electricity outputH,,.,) and instantaneously covered
541 electrical demandH.,,) over the period from 31July to 6" August.

542  The specific and overall thermal efficiencies of theat collection elements of the PV cefls, (.
543  andzpym2 as defined in Egs. (22) and (23)) and the paraltmugh collector(apt i and#aptmz as
544  defined in Egs. (35) and (36)) are shown in FigukeThe specific thermal efficiencyy(,m1) of the
545 PV cells, defined by the collected heat from the &8s divided by the reflected solar energy
546 reaching the PV cells, is around 30 — 50% duriregthriod from 3% July to 6" August. As only
547 part of the total solar radiation is reflected e PV cells, the overall thermal efficienoyino).
548 calculated by the collected heat from the PV céiNsded by the total solar energy, is lower than
549  ypv1 and it is around 20% at its peak. Similarly, 8pecific thermal efficiencyngu,mp) of the
550 parabolic trough collector is typically above 55%ridg the operation period while its overall
551 thermal efficiency faniin) 1S around 20 — 30%. The peak total thermal efficy of the S-CHP,
552 defined as the total thermal energy output (i.ethkihe low- and high-temperature heat) divided by
553 the total solar energy input, is about 35 — 50%ndyuthis period.
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555 Figure 11. Thermal efficiencies of the PV cell healtection elementyfy i1, 7pv,ih2) and parabolic
556 trough collector absorber tub@d s 7abtmd over the period from 31July to 8" August.
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Figure 12 shows the tendencies of the specificoaedall electrical efficiencies of the PV cellgy en
andnpy.err, defined as the electricity generated by the P8 devided by the reflected solar radiation
reaching the cells and the total solar radiati@peetively (see Egs. (7) and (8)). As the eledtrica
efficiencies decrease with the operating tempegadfithe PV cellsypy,en andzpyer both decrease
from morning to noon, due to the increasing PV matiperatures, and then increase in the afternoon
as the PV cells cool down (see Figure 8). As omlyt pf the incident solar energy is directed to the
PV cells, the overall electrical efficiencypiern) is only between 5% and 10%, although the specific
electrical efficiency#yy.ei1) Of the PV cells is about 15% or above for moghefoperational periods.
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Figure 12. PV cell electrical efficiencieg{.ei, #7pv,ei)) over the period from 31uly to 8" August.

Figure 13 shows a summary of the monthly energyashels and coverages. It is found that the
proposed spectral-splitting PVT S-CHP system, \&ithaperture area of 10,006, s able to cover
most of the thermal demands, as shown in Figurés) BE8id (b). The coverage ratio for the thermal
demand of steam generation is more than 65% from tdaSeptember. Due to the lower solar
radiation and higher thermal losses in March, Aganitl October, the coverage ratio is lower but still
ranges from 45% to 60%. In the cold months (Januaepruary, November and December), the
coverage ratio of the high-temperature heat is rada20 — 30%, with majority of the demands
covered by the auxiliary natural gas heating. THeerhal energy collected by the receivers covers
52% of the annual high-temperature thermal demé&Bidsilar to the trends of the high-temperature
thermal energy, most of the low-temperature theroehand is covered in the periods from
summer to autumn and the annual coverage ratihvesa#0%, as shown in Figure 13(b). The net
electricity generation from the PV cells is 14%tloé total electrical demand. As the net electricity
output is much less than the electrical demandpsirall generated electricity from the S-CHP
system is directly used for meeting the demandthod the amount of the exported electricity is
negligible, as shown by the shadows denoteBdyandPe, in Figure 13(c).
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Figure 13. (a) High-temperature thermal demang{diand coverage €, ni for steam generation
(b) low-temperature thermal demangeRio and coverage Q.o for hot water; and (c) electrical
demand RBen instantaneously covered electricity,iPand exported electricity &

Based on the energy demand coverages obtainedtfi@thermodynamic modelling, the economic
performance of the PVT S-CHP system is furtherya®al. In particular, since the cost models for
spectrum splitters are still not available, thegide range of investment cost of the spectruntspli
(Cs9 is estimated based on the total investment cbsheo parabolic trough concentratdZpfc)
which is a more established technology with reégiveliable cost estimations, as given in Table 6.
Figure 14 shows the sensitivity analyses of theéopely time and levelised cost of electricity to the
cost of the spectrum splitter. It is found that, tfus particular dairy farm application, the intregnt
cost of the spectrum splitter should be less th@B%- of the cost of the parabolic trough
concentrator, in order to make the proposed PVTHE-Bystem profitable, i.ePBT < 25 years. The
payback time ranges from 13 to 25 years when tligesrost is in the range of 0.05 — 0.75 of the
concentrator cost, which corresponds to about 1250 € per unit area of the spectrum splitter.
TheLCOEIs between 0.089 and 0.141 €/kWh for the splittests specified above.
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Figure 14. Sensitivity of payback time (PBT) ancklised cost of electricity (LCOE) to the cost of

the spectrunsplitter (GsgCpro).

In order to investigate the influence of energycesi (electricity and natural gas) on the economic
performance of the spectral-splitting PVT S-CHPteys three additional price scenarios are also
considered: i) the current national utility pricesItaly; ii) the current national utility pricesi
Denmark, which has high energy prices for natuea gnd electricity; and iii) the current national
utility prices in Sweden, which has comparable ggibetween natural gas and electricity [19]. The
cut-off wavelength¢/min andimay) are optimised for each scenario.

Table 7 shows the thermoeconomic metrics of thetegesplitting PVT S-CHP system under
different energy price scenarios. The results emdichat the cost-competitiveness of the proposed
S-CHP is very sensitive to the energy prices. Unlderltalian prices which has a slightly higher
electricity price and lower natural gas price comegato the current values for the dairy farm, the
payback time is increased from 13.6 years to 16a8sy This is because the amount of the thermal
demand is much higher than that of the electridégynand (6,000 MWh/years 3,500 MWh/year)
and the low natural gas price has stronger inflaeon the revenue gained from the covered
demands. Since the electricity becomes more vauaider this scenario (price ratig/c,, = 4.88,
compared to 3.44 under the current price scenahe)spectral range directed to the PV cells is
thus widened to increase the electricity generdiora higher revenue, i.e., the optimal upper cut-
off wavelength is increased to 1,100 nm. Undemhaish price scenario, the electricity and natural
gas prices are both considerably higher, making 8#CHP system a more interesting energy-
supply option PBT = 9.1 years). Since the electricity-to-natural gase ratios are similar between
the Danish and current price scenarios (3:6(.44), the optimal cut-off wavelengths remain the
same for both cases. However, under the Swedistgeneice scenario, when natural gas is
comparably valuable to that of electricity (c,g = 1.27), the optimal spectral range directed to PV
cells narrows to 606 1,000 nm, allowing a greater (useful) thermal otutf@ihe payback time
under Swedish prices is shorter than that undecuhent local prices for the dairy farm (10.9 year
vs 13.6 years), due to the considerably higher goceatural gas.

These results indicate that the proposed S-CHPnbesanore cost-competitive if the energy prices
increase, which is likely to occur given ongoingrigmasing energy price trends [19,70]. Furthes it i

found that in order to make the system more costpstitive, it is necessary to consider carefully
the allocation of the incident solar energy forctleal- vs thermal-energy provision, and that this

should be optimised depending on the local elattrio-natural gas price ratio.
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Table 7. Technoeconomic metrics of the spectratisg PVT S-CHP system under different
energy price scenarios.

Price scenario Current prices Italian prices Danish prices Swedish prices
Installed areaero), Nt 10,000 10,000 10,000 10,000
Total investment@), M€ 2.56 2.56 2.56 2.56
Therma! demand covered for steanézlo 473 520 605
generation Qov n), %

Thermal demand covered for hot 40.5 43.8 40.5 35.0
water Qcov o), %0

Electricity demand covered 136 14.3 13.7 127
(PCOV)a %

Annual CQ emission reduction, 893 877 893 924
tCO./year

Natural gas priceckg), €/kWh 0.0494 0.0391 0.0675 0.0727
Electricity price €.), €/kWh 0.170 0.191 0.236 0.0922
Price ratio ¢J/Cng) 3.44 4.88 3.50 1.27

Optimised cut-off wavelengths
(/lmin _/lmax)a nm

Payback timeRBT) when
CsdCprc=0.1, year

550 - 1,000 550 - 1,100 550 - 1,000 600 — 1,000

13.6 15.8 9.1 10.9

Further incentives for renewable electricity andathrey generation, and for high-efficiency
cogeneration, are available via the White CertiBsanechanism as operated in the Italian energy
framework, which provides a contribution around ¥JTOE (ton oil equivalent) saved. These
measures increase the profitability of the investim@roposed, but have not been considered in this
assessment. The G@mission reduction is estimated at around 890'yeas, of which the majority,
i.e., 80% (720 tons), is associated with the redudural gas consumption for heating and the rest
with the electricity generation. These findings gest that the spectral-splitting PVT S-CHP system
has an excellent decarbonisation potential reldabveonventional solutions, and also that it wél b
economically viable in the short term in dairy apalions if the spectrum splitter can be
manufactured at a cost below 1,950 €/Further research efforts should be directed tdsvaine
spectrum splitter [27], and in particular on aclmgvreductions to the cost of this component, as
this leads directly to an increased financial cotiipeness of the proposed system.

Being more mature solar technologies, PV-based saeer and PTC-based solar-thermal (ST)
systems are both considered as baseline casesatiéoytstorage is included for the PV-based solar
power. The PV model is the same as that in Se@&i®dnThe PTC-based ST system generates high-
temperature heat via thermal oil, which is storeén oil tank and used for both steam generation
and hot water production. The models for the PTiigsthe oil tank are similar to those in Section 3.
The installation areas of the PV panels and PTEstar same of the PVT system, i.e., 10,060 m
The results are summarised in Table 8. It is fotivad the PV and ST systems both have slightly
shorter payback time compared to the spectraltisygiPVT system for the dairy farm. In particular,
due to the lower investment cost, the ST systemtlmashortest payback time (11.8 years). The
electrical demand covered by the PV system is ogmitly higher than the PVT system (45.3%
13.6%), in which a part of solar energy is divertedthermal energy thus affecting the electricity
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generation. These results show that for the sgelcdairy farm application at current energy prices,
the PVT system is economically comparable with ¢hoere mature alternative solar technologies
(in terms of investment and payback time), thouibhdy less competitive. Nevertheless, its
advantage is that it can provide multi-vectors oérgy thus enabling more flexibility for its
integration with other energy-saving technologigsch as heat pumps, absorption chillers, etc.,
which may further improve its cost-competitivenedscarbonisation ability and adaptability to
dairy applications.

Table 8. Technoeconomic metrics of the spectrattisig) PVT S-CHP system, PV system, and ST
system.

Spectral-splitting

PVT PV ST
Installed areaXprc), mf 10,000 10,000 10,000
Total investment@), M€ 2.56 2.59 1.88
Thermal demand covered for
steam generatiorX,, n), % 52.0 { 52.6
Thermal demand covered for hot 40.5 0 92.4
water Qcov,0), %0
Electricity demand covered

13.6 45.3 0
(PCOV)1 %
Annual CQ emission reduction, 893 640 1047
tCO,/year
Payback timeRBT) 13.6 12.8 11.8

5. Conclusions

A S-CHP system based on hybrid PVT collectors le@nistudied for the simultaneous provision of
combined heat and power to a large dairy farm in,Bouthern Italy. The system is based on a
parabolic trough collector design, but with theiidd of a novel spectrum splitter. The purpose of

the spectrum splitter is to separate the incidetdrsspectrum into a spectral band that is suitable
for electricity conversion by the silicon PV cedmployed in the PVT collector, while the rest is

diverted to thermal absorbers for higher-tempeeastieam generation. The fraction of solar energy
that is not converted to electricity by the PV sel partially recovered by a water loop and

provides lower-temperature hot water to the falmareby providing simultaneous electricity, steam

and hot water, all of which are necessary for pgeicey milk products.

A transient model has been developed, which acediantthe spectrally-selective features of the
spectrum splitter, the electrical characteristitdP¥ cells, and also for the various heat transfer
processes through the PVT collector and in wid€&HR system. The accuracy of the model has
been validated based on available experimentaltdkém from literature.

Annual transient simulations have been performeith Wourly weather and demand data used as
inputs. The optical characteristics of the spectaptitter are found to have a significant influence
on the thermoeconomic performance of the systenghauggests that these should be optimised
for best performance. Given the local energy praneslable to the dairy farm under investigation,
the optimal wavelength range of the solar spectrgion directed to the PV cells is found to be
between 550 nm and 1,000 nm. The annual simulagsaolts show that incorporating spectral-
splitting technology ensures that the PV cellsaperated at relatively low temperatures (40 °C on
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average) with both electricity and low-temperatheat as outputs, while high-temperature thermal
output is simultaneously available from the soleceiver (204 °C on average, allowing easy
integration with the existing steam distributiorstgm of the plant).

Based on an installed area of 10,008 the annual thermal energy produced by the PVTHB-C
system has been shown to cover a little over B2%4) of the high-temperature thermal demand for
steam generation and around 40% of the low-temyperahermal demand for hot water by the
dairy farm. The net electricity generation of theCHP system amounts to 14% of the total
electrical demand, and almost all of the generafedtricity is used instantaneously onsite for
covering the farm’s demand, with a negligible antaafrexcess electricity exported to the grid.

Complementary economic analyses have shown thagrder to make the proposed system
profitable within its lifetime, the investment castthe spectrum splitter should be less than about
75% of the cost of the parabolic concentrator sphoposed application, i.e., 1,950 &/ior lower.
The payback time ranges from 13 to 25 years wherspiitter cost is between 0.05 and 0.75 of the
concentrator cost, corresponding to between 1301880 €/m for the spectrum splitter. In order
to understand the influence of utility prices oe #conomic performance of the spectral-splitting
PVT S-CHP system, three scenarios with currenbnatiutility prices of three countries have been
assessed: i) Italy, where the study is based; @hrDark, which is selected as it has favourable
energy prices; and iii) Sweden, where electricityl anatural gas have similar price levels. The
results show that the cost-competitiveness of tHeH® system is very sensitive to the energy
prices, and it becomes economically interestintnef energy prices reach Danish levels, which is
likely to occur given the continuing trends of ieasing energy prices. With the current energy
costs for the dairy farm, the G@mission reduction is estimated to be 890 tons/y#avhich 720
tons originate from the reduced consumption of r@igas and the rest from displaced electricity.

This work suggests that such concentrating spespiéting PVT S-CHP systems have an excellent
decarbonisation potentiand further efforts should be directed towards psopy spectrum-splitter
designs with a cost that would make the systemaroarally viable.
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Highlights

Spectral-splitting parabolic-trough PVT based CHP system proposed for dairy farms.
Simultaneous electricity, steam and hot water can be provided.

Dynamic thermal and electrical characteristics of the PVT system are analysed.
550-1,000 nm to PV for electricity & hot water and the rest to receivers for steam.

Economically viable if spectrum splitter cost is < 75% of parabolic trough cost.
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