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Abstract:

We investigate the thermoeconomic potential of a solar-combined heat and power (S-
CHP) system based on concentrating, spectral-splitting hybrid photovoltaic-thermal
(PVT) collectors for the provision of electricity, steam and hot water for processing
milk products in dairy applications. Transient simulations are conducted by using a
system model with real-time demand and weather data as inputs, taking account of the
spectrum-selective features of the PV cells as well as key heat transfer mechanisms that
determine the electrical and thermal performance of the PVT collector. Economic
performance is also assessed by considering the investment and savings enabled by the
reduced electrical and fuel consumption. The results show that incorporating spectral
beam-splitting technology into hybrid PVT collectors can be effective in maintaining
the PV cells at low temperatures, while at the same time supplying thermal outputs
(fluid streams) at temperatures significantly higher than then cell temperatures for steam
generation and/or hot water provision. Based on a 15,000-m? installed area, it is found
that 80% of the thermal demand for steam generation and 60% of the hot water demand
can be satisfied by the PVT S-CHP system, along with a net electrical output amounting
to 60% of the demand. Economic and environmental assessments show that the system
has an excellent decarbonisation potential (1,500 tCO»/year) and is economically viable if
the investment cost of the spectrum splitter is lower than 0.85 of the cost of the parabolic
concentrator (i.e., <2,150 €/m? spectrum splitter) in this application.
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1. Introduction

Hybrid photovoltaic-thermal (PVT) system is an emerging solar combined heat and power (S-CHP)
technology, which combines PV and solar thermal technologies in one component, allowing for
electrical and thermal outputs generated simultaneously from the same installed area with a much
higher overall efficiency if operated appropriately [1-4]. Previous studies have shown that PVT S-
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CHP systems have promising thermoeconomic potentials in applications where both electricity and
low-temperature heat are required, such as residential buildings [5,6], sports centres [7,8], university
campuses [9], etc. However, as the PV module is thermally coupled with the heat transfer fluid and its
electrical efficiency drops noticeably with the operating temperature (i.e., around —0.4%/°C for silicon
solar cells), PVT systems are typically operated below 100 °C, which limits their applications in
industries where higher temperature heat is often needed [10]. A promising solution to tackle this
limitation is to split the incoming solar spectrum into two separate bands, one that is well-suited to
conversion into electricity is directed to PV modules, and the rest that is absorbed as heat by a thermal
absorber [11]. This decoupling of the thermal and electrical elements of the collector reduces the PV
cell temperatures and allows higher electrical conversion efficiencies, while at the same time
supplying a thermal output at temperatures considerably higher than the PV operation temperature.

Studies on spectral-splitting PVT collectors have focused mainly on thermal and optical
characterisations of spectrum splitters [12-14], novel concept/prototype developments [15-17], and
thermodynamic modelling at the component and system levels [18-20]. The thermal outputs of such
PVT systems were explored for either generating additional electricity using power cycles [18,21,22]
or providing relatively high-temperature heat [23-26]. Almost all existing modelling work is based on
constant temperatures and flow rates predefined for the inlet heat transfer fluid, without any
consideration of the coupling between thermal outputs and demands or their transient behaviour under
intermittent solar or demand conditions. This can lead to significant under/overestimation of system
performance, while also losing critical information on and insight into its dynamic operation.

In Europe, dairy is the most important sector within the food industry with regard to turnover [27].
Considerable amount of energy is required in the terms of heat and electricity in processing of milk
and milk products. The required temperatures of thermal energy range from 60 °C to 200 °C for
different heat treatment processes, such as pasteurization, sterilization, spray drying, etc [10,28].
Case studies for using solar processing heating systems in dairy industry were reported in literature
[28-32], in which either parabolic trough collectors, flat plate thermal collectors or evacuated tube
collectors are used, while PVT collectors have rarely been considered.

This work aims to investigate the thermoeconomic performance of a concentrating, spectral-
splitting hybrid PVT S-CHP system in dairy farms. Transient simulations are conducted by using a
system model with real-time demand and weather data as inputs, including a PVT collector model
that accounts for the key optical and heat transfer mechanisms that determine its electrical and
thermal performance. The potential of such spectral-splitting PVT systems are then assessed in
terms of energetic, economic and environmental metrics.

2. Description of the spectral-splitting PVT system

The dairy farm considered in this work is a representative of a medium size factory in Bari, Italy
with the monthly and hourly energy demand curves shown in Figure 1. The electrical and thermal
demands are strongly hour- and month-dependent [29]. The farm requires two streams of thermal
demands, which are supplied by steam and hot water, as denoted by Qdem,n and Qudem,1 respectively.
Steam at 152 °C and 5 bar is used as the heat transfer fluid for processing milk products while hot
water is delivered at 60 °C for cleaning purposes in the farm. High thermal demands are required
during winter, spring and summer as most of the milk production is done in these periods. The
thermal demands reach the minimum in autumn as cheese production stops. High electrical
demands, as denoted by Pgem, occur in summer due to the heavy loads for refrigeration.

The proposed hybrid S-CHP system for dairy farm applications is shown in Figure 2. It comprises
PVT collectors, an oil tank for steam generation, a water tank for hot water provision, inverters and
pumps. The PVT collectors use spectral-splitting designs similar to those in Ref. [26,33]. Solar
radiation is reflected and concentrated by the full-spectral reflective parabolic mirror.
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Figure 1. Energy demands of the dairy farm: (a) monthly thermal demand Qgemn for steam
generation, thermal demand Qgem, for hot water and electrical demand Pg4em; and (b) normalized
hourly profiles of the thermal and electrical demands.

A portion of the concentrated solar radiation, which fits well with the spectrum requirement of the
PV cells, is reflected by the spectrum splitters and redirected to the cells, while the rest passes
through the splitter and is absorbed by the receivers for generating high-temperature oil. Water
flowing in the water channels below the PV cells is used to cool the cells to ensure higher electrical
conversion efficiency while generating low-temperature heat for hot water.
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Figure 2. Schematic of a concentrating, spectral-splitting hybrid PVT system for combined heating
and power provision to dairy applications.

Silicon solar cells with a spectral response curve given in Figure 3 are employed in this work. The
spectral reflectance of the splitter determines how the solar radiance is allocated between the PV
cells and receivers, which further influences the system thermoeconomic performance. A near-ideal
spectrum splitter is assumed, as shown in Figure 3. It is highly reflective between 500 nm and 1100
nm while highly transparent for the rest of the solar spectrum. The absorptivity of the splitter is
assumed as zero. The cut-off wavelengths have been optimised on the basis of the payback time for
this dairy farm. The electricity generated from the PV cells is used to cover the electricity
consumptions of the pumps and the electrical demand, and any surplus is exported to the electricity
grid. Electricity is brought from the grid when the demand exceeds generation.
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Figure 3. Solar spectrum, spectral response of Si-cell and reflectance of spectrum splitter.

3. Modelling methodology

A transient model has been built for the proposed spectral-splitting PVT system, which accounts for
the key optical, electrical and heat transfer mechanisms that determine its electrical and thermal
performance. The energy balance equations for the PV cells, water flow below the cells, and water
in the water tank are expressed in Egs. (1) — (3), respectively:

1V1pvcpvd—l;V = Qs,pv - Qr,pv—sky - Qc,pv—a - Qc,pv—w (1)

mew(Tw,out - Tw,in) = Qc,pv—w - Qr,w—sky - Qc,w—a (2)
AT,

ththd_‘tN = Qw—wt - th,loss - Qdem,l (3)

where M, C, T, Q and m denote the mass, heat capacity, temperature, heat transfer rate and mass
flow rate, respectively. Qs, Qr, Q. denote solar radiation, radiative heat transfer and connective heat
transfer, respectively. Qu_wt, Qwtloss and Qgem, represent the rate of energy charged to the water
tank, heat losses and the low-temperature thermal demand. The detailed equations for these heat
transfer mechanisms can be found in Ref. [1] and Ref. [34].

The solar radiation Qs ,, reaching the PV cells is calculated by integrating the reflectance R(4) of the
spectrum splitter with the solar spectral intensity (1) over the solar spectrum (4 = 280 — 4,000 nm),

4000

Qs = (1 = 1pw)AprcrprcG/Gamrsa f RCDICA) dA @)
280

where 1,y and nprc are the electrical efficiency of the solar cells and the overall optical efficiency
of the parabolic concentrator (0.8), respectively. G/Gamisq 1S a ratio coefficient correcting the
actual solar irradiation based on the air mass 1.5 (AM1.5d) condition. The profiles of R(4) and (1)
are given in Figure 3. The total aperture area (Aptc) of the parabolic concentrator is set as
15,000 m?, which is estimated based on the energy demands of the dairy farm. The electrical
efficiency of the solar cells is calculated from,
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where  and T;.¢r are the temperature coefficient (—0.45%/°C) and reference temperature (25 °C) of
the cells, and V., Js. and FF are the open-circuit voltage, short-circuit current and filling factor. The
equations for V. and FF are given in Ref. [23]. The short-circuit current is,

4000
Jse = AprclercG/Gawssa | SRADRAIR) dA ©)
280
where SR(A) is the spectral response of the cells, as shown in Figure 3.

The energy balance equations for the glass cover of the receiver, absorber tube, thermal oil passing
through the receiver tube and thermal oil in the oil tank are given in Egs. (7) — (10), respectively.

Mgcg% = Qsg *+ Qrabt—g — Qrg-sky — Ccg-a (7)
Mabtcabtd—atbt = Qs,abt_Qr,abt—g — Qcabt-o ®)
Qc,abt—o = myCy (To,out - Tot) = haptAabt (Tabt - To,avg) ©)
MotCot% = Qcabt-o — Wotloss—@demh (10)

The solar energy absorbed by the glass cover Qg ; and absorber tube Qs a1, are calculated by,

4000

Qsg = O(gAPTcTIPTcG/GAM1.5df [1—RM]I(A) dA (11)
280
4000
Qsave = GaegAprcorcG/Gansa | (1= RADIG) di (12)
280

where o and 74 denote the average absorptivity and transmissivity of the glass, and o, is the
average absorptivity of the absorber tube.

With given initial temperature conditions, weather conditions and demand data, Egs. (1) — (3) and
(7) — (10) are solved iteratively in MATLAB with a time step of an hour over the whole year.

Economic analyses are conducted in terms of payback time (PBT) and levelised cost of energy
(LCOE), considering the system’s investment cost, operation and maintenance costs, and cost savings
due to the reduced natural gas and electricity bills required to satisfy the application’s energy demand.

The annual cost saving, Cs, is calculated by,

QCOV

Nyvoiler

Cs = EcovCe + Eexp "Se + Cng — Cogm (13)



where E¢oy and Qcoy are the electrical and thermal demands covered by the system, Eeyp the
electricity exported to the grid via net metering, ce and ¢, the prices for electricity (0.205 €/kWh)
and natural gas (0.056 €/kWh) respectively, npoiler the boiler efficiency (0.8), s, the electricity
price for the net metering option applicable to the system (0.103 €/kWh), and Cyg\ the operation
and maintenance (O&M) costs. The cost breakdowns for the spectral-splitting PVT S-CHP system
are given in Table 1. As there is no available cost models for the spectrum splitter, its cost is
assumed by using a range of fractions (0.05 — 1) of the parabolic concentrator.

Table 1. Cost breakdown of the spectral-splitting PVT S-CHP system.

Component Cost

PV [€/kWp] 1000 [35]

Inverter [€/kW] 200 [35]

Water tank [€] 0.874-V, (1)+763.5 [36]
Pump [€] 500-(Ppump/300)°2° [37]
Piping [€] (0.897+0.21 -dpipe)Lpipe [37]
Controller [€] 500 [37]

Parabolic concentrator [€] 185-Aptc [38]

Oil tank [€] 682Vt [38]

Spectrum splitter [€] (0.05-1)-Cprc

Installation cost [€] 0.2-total component cost [37]
Annual O&M cost [€] 0.02-total component cost

The payback time, PBT, is calculated from,
[l =) )
S
1+ip
In (1 i d)

where d is the discount rate (2.8%) and ir the inflation rate (1.2%) assumed for the annual fuel savings.

PBT = (14)

The levelised cost of energy, LCOE, is obtained by,

LCOE = Co+ 21 Coam(1 +ip) T+ d)7" o
nQ(l+ad)

where Q is the net annual production of energy in the form of electricity. As both thermal energy and
electricity are provided from the PVT system, a conversion factor of 0.55 is used from thermal energy
to electricity, which corresponds to the typical efficiency of a modern natural gas power plant [39].
The lifetime n is assumed as 25 years. The annual CO> emission reduction by the spectral-splitting
PVT S-CHP system is also estimated based on the current CO2 emission factors in Italy.

4. Results and discussion

Hourly transient simulations have been performed over the whole year in Bari of Italy with the
weather and demand data given as inputs. The sizes of the oil and water tanks have been optimised
based on the payback time and are selected as 300 m? and 150 m? respectively for the total solar field
area of 15,000 m?. The solar irradiance and the dynamic temperatures of the absorber tube of the
receiver, oil tank, PV cells and water tank are shown in Figure 4. The overall profiles of the
temperatures match with that of the solar irradiance, i.e., high solar irradiance leads to significant
increases of the temperatures while low solar irradiance causes noticeable temperature drops. The
tank temperatures are much higher in late summer and autumn, as the solar irradiance is higher while
the thermal demands are significantly lower than those in other periods of the year. It is observed that



the temperatures of the PV cells and water tank are mostly below 100 °C, while the oil temperature is
normally much higher than 100 °C and reaches up to 400 °C when solar irradiance is high. The annual
average temperatures of water and oil in the tanks are 54 °C and 225 °C, respectively. This implies
that the spectral-splitting effectively ensures that the PV cells are operated at low temperatures, which
is beneficial for the electricity production and cells’ lifetime, while a high-temperature thermal output
is also available from the solar receiver which is thermally decoupled from the PV cells.
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Figure 4. (a) Annual solar irradiance; and (b) temperature variations of the absorber tube of the
receiver Tay, 0il tank To, PV cell T,y and water tank T:.

The detailed dynamic characteristics of the temperatures and electrical powers for typical five days in
June are shown in Figure 5. When there is enough solar irradiance absorbed by the absorber tube and
PV cells, their temperatures increase beyond the tank temperatures, as shown in Figure 5(a). The
pumps are then triggered, circulating the fluids to deliver the collected thermal energy into the tanks
for storage. When the solar irradiance is very low, the temperatures of the absorber tube and PV cells
drops below the fluid temperatures in the tanks and thus the pumps are closed in this case. As shown
in Figure 5(b), the electricity generated by the PVT system covers nearly all of the electrical demand
at daytime, with the excess exported to the grid at high solar irradiances. As electricity storage is not
considered in this work, the demand at night is thus completely met by the grid electricity.

Figure 6 shows summaries of the monthly energy demands and coverages. It is found that the
proposed spectral-splitting PVT S-CHP system is able to cover most of the thermal demands, as
shown in Figures 6(a) and (b). The coverage ratio for the thermal demand of steam generation is more
than 80% from April to December. In particular, all the demands are covered from July to November.
Due to the large thermal demand and low solar radiation from January to March, the coverage ratio is
lower but still ranges from 50% to 70%. The thermal energy collected by the receiver covers 80% of
the annual high-temperature thermal demands. Similar to the trends of the high-temperature thermal
energy, most of the low-temperature thermal demand is covered in the periods from summer to
autumn and the annual coverage ratio reaches 60%, as shown in Figure 6(b). The net electricity
generation from the PV cells is 60% of the total electrical demand. Due to the mismatched daily
profiles of solar energy and demand, 36% of the total electrical demand is directly covered, while the
rest of net electricity is exported to the grid, as shown by the shadows denoted by Pcov and Pexp.
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Figure 6. (a) High-temperature thermal demand Qgem,n and coverage Qcovn for steam generation;
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Based on the energy demand coverages obtained from the thermodynamic modelling, the economic
performance of the PVT S-CHP system is further analysed. In particular, since the cost models for
spectrum splitters are still not available, the possible range of investment cost of the spectrum splitter
(Css) is estimated based on the total investment cost of the parabolic concentrator (Cprc) which is a
more established technology with relatively reliable cost estimations, as given in Table 1. Figure 7
shows the sensitivities of the payback time and levelised cost of energy to the cost of the spectrum
splitter. It is found that the investment cost of the spectrum splitter should be less than 0.85 of the cost
of the parabolic concentrator, in order to make the proposed PVT S-CHP system profitable, i.e., PBT
< 25 years. The payback time ranges from 12.4 to 25 years when the splitter cost is 0.05 — 0.85 of the



concentrator cost, which corresponds to about 130 — 2,150 € per unit area of the spectrum splitter. The
levelised cost of energy is between 0.103 and 0.170 €/kWh for the splitter costs specified above.

Further incentives for renewable electricity and heating, and for high-efficiency cogeneration, are
available from the White Certificates mechanism as operated in the Italian energy framework, which
provides a contribution up to 250 €/TOE (ton oil equivalent) saved. These measures increase the
profitability of investments proposed here, but have not been considered in this assessment. The CO:
emission reduction is estimated at 1,500 tons/year, of which ~2/3 (960 tons) is associated with the
reduced gas consumption for heating and the rest with the electricity generation. These findings
suggest that the spectral-splitting PVT S-CHP system has an excellent decarbonisation potential, and
is economically viable for dairy applications if the cost of the spectrum splitter is below 2,150 €/m>.
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Figure 7. Sensitivity of payback time PBT and levelised cost of energy LCOE to the cost of the
spectrum splitter Css/Cprc.

5. Conclusion

A PVT S-CHP system has been studied for the provision of combined heat and power to dairy farms.
The PVT collector is based on a parabolic-trough collector design, but with an additional spectrum
splitter with which to separate the solar spectrum. The spectral band which is suitable for silicon PV
is directed to the cells for electricity generation, while the rest is delivered to the absorber for steam
production. The solar energy that is not converted into electricity by the PV cells is partially
recovered by a water loop to provide hot water for the farm. A transient model has been developed,
which accounts for the spectrum-selective features of the PVT collector and the various heat transfer
mechanisms. Annual transient simulations have been performed with hourly weather and demand
data as inputs. The results show that incorporating spectral-splitting technology effectively ensures
that the PV cells are operated at relatively low temperatures (54 °C on average), which is beneficial
for the electricity production and their lifetime, while the high-temperature thermal output is also
simultaneously available from the solar receiver (225 °C on average). Based on an installed area of
15,000 m?, the annual thermal energy produced by the PVT S-CHP system covers 80% of the
thermal energy demand for steam production and 60% of hot water demand by the dairy farm. The
net electricity generation of the S-CHP system reaches 60% of the total electrical demand, and 36%
of the demand is instantly covered by the system with any excess exported to the grid. Economic
analyses show that, in order to make the proposed system profitable within its lifetime, the
investment cost of the spectrum splitter should be less than 0.85 of the cost of the parabolic
concentrator in the proposed application, i.e., 2,150 € per unit area. The CO> emission reduction is
estimated to be 1,500 tons/year, of which 960 tons originate from the reduced consumption of natural
gas and the rest from the electricity. This work suggests that spectral-splitting PVT S-CHP systems
have an excellent decarbonisation potential, and further efforts should be directed towards proposing
spectrum-splitter designs with a cost that would make the system economically viable.
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Nomenclature

A Area, m?

Ce Electricity price, €/kWh

Cng Natural gas price, €/kWh

C Heat capacity, J/(kg-K)

Co Total cost, €

CoaMm Operation and maintenance costs, €
Crrc Cost of parabolic concentrator, €
Cs Cost saving, €

Css Cost of spectrum splitter, €

d Discount rate

Ecov Covered electricity, €

Eexp Exported electricity, €

FF Filling factor

G Solar irradiance, W/m?

h Heat transfer coefficient, W/(m?-K)
g Inflation rate

I Spectral intensity, W/(m?-nm)

J Current, A

LCOE Levelised cost of energy, €/kWh
m Mass flow rate, kg/s

M Mass, kg

n Lifetime, year

PBT Payback time, year

Q Heat flow, W

Qcov Thermal energy covered, kWh

R Reflectance

Se Electricity exporting price, €/kWh
SR Spectral response, A/W

t Time, s

T Temperature, K

Vv Voltage, V
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Greek symbols

a Absorptivity

I Temperature coefficient, K!
n Efficiency

A Wavelength, nm

T Transmissivity
Subscripts

a Ambient

abt Absorber tube

avg Average

AM1.5d Air-mass 1.5, direct
c Convection

dem Demand

g Glass

h High-temperature
in Inlet

1 Low-temperature
loss Thermal loss

0 Oil

oc Open circuit

ot Oil tank

out Outlet

PTC Parabolic trough concentrator
pv PV cell

r Radiation

ref Reference

S Solar radiation

sC Short circuit

sky Sky

w Water

wt Water tank
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