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ABSTRACT

Techno-economic performance calculations have been
performed for a hybrid photovoltaic-thermal (PVT) collector
design, featuring a novel polycarbonate flat-box absorber-
exchanger configuration, integrated into a solar combined heat
and power (S-CHP) system for the simultaneous provision of
domestic hot water (DHW), space heating and power. The
demands for electricity (including for lighting, cooling, and
other home appliances), DHW and space heating from a single-
family house located in two different climates, Zaragoza
(Spain) and London (UK), were estimated and considered
together with the local climate conditions in the S-CHP system
performance analysis. The S-CHP system model used in this
analysis includes the governing equations of the PVT unit, a
hot-water storage tank, a water pump and a tank bypass. The
capital (investment) cost of the system and the utility
(electricity, natural gas) costs are also integrated into the model.
The PVT array area and storage tank volume were sized to
meet a minimum requirement for thermal energy demand
coverage at each geographical location, and a seasonal
optimisation of the collector flow-rate was performed to
minimise the levelised production cost (LPC) of electrical and
thermal energy and the levelised emissions displacement cost
(LEDC). The results show that the S-CHP system optimised for
Zaragoza with an array of 14 PVT collectors (covering 22 m?,
with a 3.4-kW. peak electrical power rating) can provide 77%
of the total household thermal demand and 145% of its
electrical demand, averaged over the four seasons, with the
surplus electricity exported to the grid, generating additional
income. With the system optimised for London and an array of
17 PVT collectors (covering 26 m?, with a 4.1-kW, peak
electrical power rating), the system provides 55% and 153% of
the household thermal and electrical demands, respectively.

INTRODUCTION

A hybrid photovoltaic-thermal (PVT) collector is a solar
energy collector consisting of a PV module in contact with a
thermal absorber that is capable of generating both electrical
and thermal outputs from the same collector area. Similarly to
conventional PV and solar-thermal systems, PVT systems have
the added benefit of moving energy generation closer to the
point of use, and hence reducing the demands on the costly
energy distribution infrastructure. This makes these systems
particularly promising for domestic applications.
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The most widely studied absorber-exchanger configuration
in PVT collectors is that of parallel copper tubes (sheet-and-
tube) with water or water-glycol mixtures as the heat transfer
fluid [1-6], which is also the one used most commonly in
commercially-available PVT panels. In this configuration, the
amount of heat that can be extracted, and thus the overall
efficiency that can be achieved, depends upon the collector fin
efficiency and the tube bonding quality [7]. Consequently,
several authors have made significant efforts to optimise the
design of these collectors by paying attention to these design
aspects [4,5], while others have proposed a flat-box structure
with square or rectangular channels in order to significantly
increase the heat transfer area between the absorber plate and
the cooling fluid [1,7-12]. Some of these studies [1,7,12] have
considered extruded aluminium alloy as the absorber-exchanger
material; while in others [8,10,11], polycarbonate (PC) is
proposed in order to lower the cost and weight of the PVT unit.

The work presented in this paper focuses on the techno-
economic performance optimisation of a PC flat-box PVT
panel for solar combined heat and power (S-CHP) provision in
a domestic application. Previous research undertaken by the
authors [13] indicated that with this absorber-exchanger
configuration, improved heat transfer and higher efficiencies
can be achieved. Specifically, 4% higher optical efficiency and
about 15% lower heat loss coefficient were estimated, leading
also to a 9% reduction in weight and a 21% reduction in
investment cost compared to a commercial PVT system based
on a copper sheet-and-tube arrangement.

METHODOLOGY

A quasi-steady state model of the complete solar combined
heat and power (S-CHP) system has been developed in the
software EES [14] with which to assess the techno-economic
performance of the novel absorber-exchanger PVT collector
configuration proposed in this research. The model has been
used to simulate the system’s performance over a typical week
in each season (winter, spring, summer and autumn). From
these simulations, important S-CHP system component
parameters, specifically: the number of PVT panels, the
required volume of the hot-water storage tank, and the PVT
collector flow-rate, have been assessed and optimised.
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S-CHP PVT system model

In Fig. 1, a section of the PVT collector considered in the
present work together with the main heat transfer mechanisms
are shown. The PVT panel has a nominal electrical power
rating of 240 Wp and a total aperture area of 1.55 m? [13]. The
S-CHP model contains the governing equations of the PVT
collector based on the ASHRAE method [15], which includes
parameters describing the PVT geometry (such as fin efficiency
F, heat removal factor Fg, overall heat loss coefficient Uy, etc.),
adapted to the flat-box structure. The full set of equations in the
PVT model developed by the authors can be found in Ref. [2].
The two main components of the PVT panel are the PV module
and thermal collector, which can be further divided into the
glazing, the thermal absorber and the riser tubes (referred to as
the absorber-exchanger unit), and the insulation layer (see Fig.
1). Similarly to other PVT modelling attempts [4,16], energy
balances are written in order to evaluate the heat fluxes and
temperatures in the collector. The equations are applied
separately to each layer of the PVT collector, instead of using
global equations to find the average absorber plate temperature
and energy flows [17,18]. This allows an estimation of the
average temperatures of all the separate unit layers [2].
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Figure 1 PVT collector cross-section for the flat-box structure
configuration.

The S-CHP system model developed in this work for the
provision of domestic hot water (DHW), space heating and
power is shown in Fig. 2. It comprises an active closed-loop
system in which, in normal operation, the collector outlet flow
enters the heat exchanger coil located inside the storage tank,
heats the water in the tank, exits the tank and returns to the inlet
of the solar collector to be heated again. The hot-water storage
tank is modelled using a 1-D stratified-tank model with 6
nodes. In the sizing calculation, the storage tank volume is
varied within the range 50 < Vi/A; < 180 [19], where V; is the
tank volume in litres and A is the total PVT collector area.

A bypass valve is required to control the temperature of the
cooling fluid leaving the collector and entering the tank, to
ensure that this stream only heats (and does not cool) the water
in the tank. This valve is controlled so that collector fluid is
sent to the heat exchanger coil only when the outlet flow
temperature from the collector is greater than that of the water
in the storage tank. If this is not the case, the fluid is returned to
the collector via the bypass connection for further heating.
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Figure 2 Schematic diagram of the S-CHP PVT system:
(1) PVT collector, (2) PVT by-pass, (3) circulator pump, (4)
PVT-tank heat exchanger coil, (5) stratified storage tank, (6)
auxiliary heater, (7) space heating-tank heat exchanger coil.

The size of the solar heat exchanger coil also varies with the
tank size such that the ratio between the coil heat transfer area
and the total PVT collector area (Ac) is not lower than 0.15 [20]
to ensure adequate heat transfer. To provide space heating (via
radiant underfloor heating, UFH) to the household, a second
heat exchanger coil is located in the tank (see Fig. 2). Water
flowing in a separate closed-loop circuit enters the heat
exchanger coil at the UFH return temperature of 35 °C and is
heated to a target supply temperature of 45 °C. Again a bypass
is included, to avoid sending fluid to the heat exchanger when
the tank temperature is lower than 35 °C. As shown in Fig. 2,
DHW is provided from an outlet port at the top of the tank,
where a (gas-fired) auxiliary heater (nominal efficiency of 88%
[2]) is located to raise the temperature up to a (fixed) supply
temperature of 60 °C when required.

Reference single-family house

To simulate the performance of the S-CHP system for a
domestic application, a reference house (semi-detached with 2
floors with an area of ~55 m? each, U-value of the facade
0.35 W/(m? K), double-glazed windows) has been modelled in
EnergyPlus [21] to estimate the energy demand throughout the
different seasons, including electricity for lighting, cooling and
other household appliances, and natural gas for space heating
and DHW. Typical occupancy profiles of a 4-inhabitant house
(2 adults, 2 children) are considered, including lighting, HVAC
and home appliances usage schedules, and temperature set-
points of 21 °C for space heating and 26 °C for air conditioning
are set. The estimated domestic energy demand varies across
different geographical locations, and the locations chosen for
the present study are Zaragoza (Spain) and London (UK). The
estimated annual electricity and thermal demands are
47.4 KWh/m? and 95.5 kWh/m?, respectively for Zaragoza, and
37.9 kWh/m? and 159.3 kWh/m? for London.

The half-hourly demand values are provided as inputs to the
S-CHP model together with climate conditions for the specific
locations. Among the outputs calculated by the model at each
half-hourly time-step are the temperatures of the different
layers of the PVT collector, the collector water outlet
temperature, the water temperatures at each node of the storage
tank, the electrical and thermal energy generated by the
complete system and the percentages of demand covered.
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Economic Assessment

In order to optimise the S-CHP system installation’s size
and operating conditions, the levelised production cost (LPC)
and the levelised emissions displacement cost (LEDC) are
estimated. To this end, the capital (investment) cost and the
operation and maintenance (O&M) costs of the system are
considered, as well as the utility (electricity, natural gas) costs
that are incurred to satisfy the rest of the electrical and thermal
demand of the household that cannot be covered by the system.

The system’s investment cost is estimated from price lists
available from solar retailers in the EU. The main costs of
system are associated with the storage tank, the PVT collectors,
the circulating fluid, the pump station (consisting of a circulator
pump, the electronic controller and the temperature sensors)
and the piping and fixings. The costs of the electrical
installation are taken from price lists for roof mounted PV Kits
(excluding the cost of the PV module) [22]. The cost of the
storage tank is estimated using a correlation based on market
prices of existing tanks across a range of storage volumes. The
total installation costs are also considered [23].

In order to consider the time value of money, a discounted
cash flow analysis is undertaken to estimate the net present
value (NPV) of the complete system, as follows,

n
NPV =C, +A -{(1”) 1} ©)

r-(L+r)
where Cy is the total investment cost of system, r is the discount
rate, estimated as 8% in this work, n is the system’s lifetime
(assumed to be 25 years) and A; is the total annual running costs
incurred, which are the sum of the running costs due to the
electricity (Ce¢) and natural-gas (Caux) that should be bought
from the grid to completely cover the household’s energy
demand, as well as the O&M costs of the system (Cogwm),

Ai = C e+C aux+C O&M (2)

Actual electricity and natural-gas prices for domestic
consumers in both locations, London (UK) and Zaragoza
(Spain) are used to calculate the running costs [24-26]. The
present-day feed-in-tariffs (FITs) available in the UK are also
included [27], and applied for both locations to compare the
results, even though no FITs are currently available in Spain.

The NPV is annualised to estimate the levelised cost (L),

L= NPV - ﬂ (3)
@+ry-1
which is used to calculate the LPC and LEDC,
_ L (€/year)
LPC = Hinal Energy Output (kW h/ year) “)
LEDC = L (€/year) 5)

EmissionsDisplaced (kg CO,/ year)

Conversion factors to CO, emissions specific to each location
are used to obtain the annual displaced emissions [28,29].
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RESULTS AND DISCUSSION

In this section, results from the system evaluation are
presented. Firstly, the techno-economic performance of the
proposed S-CHP system is assessed over a week in each
season, with the aim of selecting the most appropriate
installation size (number of PVT panels and storage tank
volume) for a single-family house in the respective locations of
London and Zaragoza. With the sizing parameters fixed, a
seasonal optimisation is undertaken to estimate the optimum
collector flow-rate that leads to the lowest LPC and LEDC in
each case. Finally, performance profiles for selected days with
the optimised configuration are presented and discussed.

Techno-economic assessment

The objective of the sizing exercise is to determine a
suitable size for the S-CHP system in order to provide a
minimum fraction of the household energy demand. A
minimum of 40% of the thermal (space heating plus DHW)
demand is chosen for the present analysis. To this end, the
number of PVT collectors is varied up to 26 (varying the tank
dimensions accordingly), which corresponds to a total PVT
array area of 40 m? and the maximum useable roof area on the
single family dwelling-type chosen for this study. The flow-rate
through each PVT collector (Vp) is fixed in this analysis to
50 L/h. The PVT collectors are connected in parallel so that the
total flow-rate through the array is equal to the individual
collector flow-rate multiplied by the number of collectors.

The results for Zaragoza, presented in Table 1, show that
with 14 PVT collectors (covering 22 m?, with a 3.4 kW, peak
electrical power rating) and a 2.0-m*® hot-water storage tank
(VJ/A: = 90.6), it is possible to cover 41% of the total thermal
demand in winter, and more than 85% in the rest of the seasons.
Furthermore, in all seasons except summer there is a surplus of
electricity that can be sold to the grid. Averaged over the four
seasons, a thermal-demand coverage of 77% and an electrical
demand coverage of 145% is achieved.

Table 1 Percentage of thermal and electrical demands covered,
LPC and LEDC with a S-CHP system consisting of 14 PVT
collectors installed in a single-family house in Zaragoza.

(%) (%) (€/kWh) | (€/kgCO2)
Winter 41 162 0.18 0.57
Summer 90 72 0.31 0.92
Spring 86 158 0.21 0.64
Autumn 90 187 0.19 0.58
Average 77 145 0.23 0.68

In the case of London, 17 PVT collectors (covering 26 m?,
with a 4.1 kW, peak electrical power rating) and a 2.4-m? hot-
water storage tank (V/Ac = 90.6) are required to cover the
minimum thermal-demand fraction in all four seasons. As
shown in Table 2, the demand coverage averaged over all of the
seasons is 55% (thermal) and 153% (electrical), again resulting
in a surplus of electricity that can be sold to the grid.




Table 2 Percentage of thermal and electrical demands covered,
LPC and LEDC with a S-CHP system consisting of 17 PVT
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collectors installed in a single-family house in London.

(%) (%) (€/kWh) | (€/kgCO»)
Winter 41 166 0.18 0.65
Summer 89 132 0.27 0.75
Spring 49 185 0.18 0.59
Autumn 40 130 0.24 0.85
Average 55 153 0.22 0.71

S-CHP PVT system seasonal optimisation

Once the S-CHP system size is selected for each location,
the flow-rate per PVT collector (V,) is optimised seasonally to
obtain the lowest LPC (€/kWh) and the lowest LEDC (€/kg
CO, displaced). To this end, V, is allowed to vary in the range
from a minimum of 5 L/h to a maximum of 200 L/h.

In the case of Zaragoza, the results show that the minimum
LPC and LEDC are achieved at different collector flow-rates in
each season, requiring low flow-rates in winter and spring, and
high flow-rates in summer and autumn (see Table 3). It is also
possible to observe that very similar values of LPC and LEDC
are obtained whether the optimisation is set to minimise LPC
(first 3 columns in Table 3) or to minimise LEDC (last 3
columns in Table 3), although the difference in the optimal
flow-rates obtained for the two objective functions is not
significant. Therefore of the two optimal flow-rate values
obtained for each season, the lower flow-rate is recommended
as it would lead to a lower pumping energy consumption.

Within the range of flow-rates considered (V, = 5-200 L/h
per collector), the covered thermal-energy demand varies from
28% to 43% in winter and from 79% to 96% in summer, while
the electrical demand covered varies from 135% to 167% in
winter and from 68% to 73% in summer.

Table 3 Optimal flow-rates per PVT collector (V) for each
season that minimise the LPC and LEDC for a S-CHP system
comprising 14 PVT collectors installed in a single-family house
in Zaragoza (Spain).

Minimise LPC Minimise LEDC
(€/kWh) (€/kgCOy)
LPC (|Y/?1) LEDC | LEDC (IY/‘;]) LPC
Winter | 0.17 | 26 056 | 0.56 27 | 0.17
Summer | 0.31 | 133 | 091 | 091 | 150 | 0.31
Spring | 0.21 16 0.64 0.64 24 0.21
Autumn | 0.19 | 148 | 057 | 056 | 200 | 0.19

For London, the result of choosing LPC or LEDC as the
objective function of the optimisation results in a considerable
difference in the optimal flow-rate in summer, but only a small
difference in the corresponding values of LPC and LEDC (less
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than 1%) (see Table 4). For the rest of the seasons, the same
optimal flow-rates are found irrespective whether the
optimisation is set to minimise LPC or LEDC. Comparing
Table 4 to Table 3, optimal flow-rates are found to be lower for
London than for Zaragoza in summer and autumn, while for
winter and spring, optimal flow-rates are higher. This is
attributed to the higher irradiance levels and ambient
temperatures in Zaragoza in summer and spring, so higher
flow-rates are required to avoid overheating.

In this case, the thermal energy demand covered varies from
20% to 42% in winter and from 69% to 97% in summer, while
the electrical demand covered varies from 120% to 172% in
winter and from 124% to 134% in summer (within the range of
flow-rates considered (Vp = 5-200 L/h per collector)).

Table 4 Optimal flow-rates per PVT collector (Vp) for each
season that minimise the LPC and LEDC for a S-CHP PVT
system comprising 17 PVT collectors installed in a single-
family house in London (UK).

Minimise LPC Minimise LEDC

(€/kWh) (€/kgCO2)

Vp Vo
LPC (L/h) LEDC | LEDC (L/h) LPC
Winter | 0.17 38 0.64 0.64 39 0.17
Summer | 0.27 23 0.75 0.74 85 0.27
Spring | 0.17 40 0.59 0.59 40 0.17
Autumn | 0.24 31 0.83 0.83 31 0.24

Daily Analysis

Half-hourly results concerning the electrical performance of
the S-CHP system over the last three consecutive days of the
spring week are shown in Figs. 3 and 4 for Zaragoza (Spain)
and London (UK), respectively. In these plots, negative values
of net electricity (green crosses) mean that the household
electricity-demand cannot be covered at that time-instant by the
PVT generation so the deficit should be bought from the grid.
On the contrary, positive values of net electricity mean that
there is a surplus, which can be sold to the grid.
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Figure 3 Total household electricity demand (Er), net
electricity (Enet) demand and electricity generated (Epvt) by the
optimised S-CHP PVT system over three consecutive spring
days in Zaragoza (Spain).
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Figure 4 Total household electricity demand (Et), net
electricity (Ener) demand and electricity generated (Epvt) by the
optimised S-CHP PVT system in a three consecutive spring
days in London (UK).

In these figures, it is possible to observe the differences in
the performance and operation of the system between cloudy
and sunny days. It is also interesting to see that there is a
mismatch between the peak electricity demand and the peak
electricity generation, so some mechanism (e.g. storage) is
ideally required to shift these curves. In this case, the flexibility
of buying/selling electricity from/to the grid through the
electricity price/FIT is considered, but other options such as the
use of batteries could be assessed, which would also be the only
available solution to isolated households.

Figures 5 and 6 show half-hourly results concerning the
thermal performance of the S-CHP system over the same three
days used in Figs. 3 and 4 for Zaragoza (Spain) and London
(UK), respectively. The results indicate that on the selected
(spring) days, almost the entire thermal (DHW plus space
heating) demand is covered by the S-CHP system in Zaragoza.
On the other hand, the system in London can only cover the full
thermal demand over the first two days (characterised by high
irradiance); on the third day a much smaller fraction of demand
is met due to the low irradiance. This also results in a lower
electrical-demand coverage, shown for the final day in Fig. 4.

1650 -
1500 -
1350 -
1200 -
1050 -
900 -
750 -
600 -
450 -
300 -
150 -

Q

QPVT ——QT

Thermal demand (Wh)

10 15 26 25 13_0 3(.]5]) 4‘0 4I5 50 53 50 6I5 fO 7:5
ime
Figure 5 Total household thermal (space heating plus DHW)
demand (Qr) and thermal demand covered (QpvT) by the
optimised S-CHP PVT system in a three consecutive spring

days in Zaragoza (Spain).
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Figure 6 Total household thermal (space heating plus DHW)
demand (Qr) and thermal demand covered (QpvT) by the
optimised S-CHP PVT system in a three consecutive spring
days in London (UK).

From these results it can be concluded that the geographical
location and climate have a significant effect on the
performance and cost-effectiveness of the S-CHP system, with
low irradiance conditions resulting in a higher demand for
auxiliary energy and thus higher fuel costs, and also lower
additional revenues from exporting surplus electricity.
Specifically, the results show that higher latitude and colder
locations, such as London (UK), require more collector area
and in general lower collector flow-rates to cover the same
energy demand compared to lower latitude and warmer
locations, such as Zaragoza (Spain). Lower ambient
temperatures in the UK also lead to higher thermal energy
(specifically space heating) demands and lower S-CHP system
thermal outputs.

CONCLUSIONS

A promising new flat-plate hybrid photovoltaic-thermal
(PVT) collector configuration based on a polycarbonate (PC)
flax-box structure was assessed from a techno-economic
perspective. To this end, a 1-D model of the PVT collector was
integrated into a complete solar combined heat and power (S-
CHP) system model, including a 1-D stratified hot-water
storage tank model. The energy demands of single-family
houses located in two different locations, Zaragoza (Spain) and
London (UK), were modelled in EnergyPlus. The model was
run on a half-hourly basis for a whole week and the system
parameters were assessed and optimised for each season.

The results show that, in order to cover at least 40% of the
thermal (space heating plus DHW) demand of a single-family
house in any season, a S-CHP system with 14 PVT collectors
(covering 22 m?, with a 3.4-kW. peak electrical power rating) is
required in Zaragoza, and one with 17 PVT collectors (covering
26 m?, with a 4.1-kW. peak electrical power rating) is required
in London. With these installation sizes, it is expected that the
annual electricity generated in both climates will be more than
the annual demand (including lighting, cooling, and other home
appliances), however, an auxiliary electricity supply is still
required due to the mismatch between the times of supply and
demand, while surplus electricity during times of over-supply
may be sold to the grid to earn additional revenue. The novel
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flax-box PVT configuration considered in this work is expected
to achieve better results in terms of energy demand coverage
and system cost-effectiveness compared to commercial copper
sheet-and-tube PVT panels, due to the energy performance
enhancement and lower investment cost of the former. A
detailed analysis is being undertaken in this line.

In terms of performance optimisation, the results show that
to minimise the cost per kwh (LPC) and the cost per kg of CO;
emissions displaced (LEDC), the optimum collector flow-rate
varies with the season in the case of Zaragoza, with high flow-
rates (133-148 L/h) preferred in summer and autumn, and low
flow-rates (16-26 L/h) preferred in winter and spring. In
London on the other hand, moderately low flow-rates (23-
40 L/h) are optimal in all seasons. Therefore, it can be
concluded that, in some climates (especially low-Ilatitude
warmer locations such as Zaragoza), it may be beneficial to
install a variable-speed pump or to manually change the
collector flow-rate on a seasonal basis so as to improve the
performance of such a system, while in other climates
characterised by lower irradiance levels such as the UK,
seasonal variations to the flow-rate do not lead to a significant
benefit in terms of reducing the levelised cost of the system.
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