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ABSTRACT

This paper assesses the challenges of alternative solar systems based on hybrid PVT collectors coupled with an
absorption chiller (AbCH, single-stage NH3-H20) in the food-processing industry, from the technical, economic
and environmental points of view. This type of industry is usually characterised by a constant cooling demand
throughout the year, hot water demand for production processes and electricity consumption for factory
equipment and lighting. To the authors’ knowledge, this work constitutes one of the first studies to address the
integration of PVT-water collectors with a single-stage NH3-H20 AbCH for industrial applications. Two alter-
native PVT-water collectors are analysed, covered and uncovered. A biomass boiler is proposed as an auxiliary
heater. To compare the proposed solar solutions, a vegetable and fruit processing and canning factory is
considered as a representative case study. Hourly transient simulations considering the real factory demands and
real weather data are performed over a year. Two main challenges are found for the solar systems based on the
covered PVT collectors, an AbCH and a biomass boiler: the overlapping of the cooling and hot water demands of
the food-processing industry, and the high hot water temperatures required. If, alternatively, the current elec-
trical chillers are retained, the system based on uncovered PVT collectors has a reasonable-to-attractive payback
time (14.3 years). When the potential environmental benefit is quantified (through carbon pricing), all the
proposed solar systems become economically attractive, i.e., with positive total cost savings at the end of the
system lifetime. Still, the high cost of PVT collectors, along with the considerably lower price of fuels compared

to electricity, hinder the potential of systems that displace fossil fuels.

1. Introduction

The industry sector accounts for 25% of the total final energy con-
sumption in the EU [1]. Heating and cooling (H&C) is the largest energy
use in Europe, responsible for 51% of the total final energy demand (580
Mtoe) [1,2]. Buildings are the main consumers of H&C: 45% of the
energy for H&C is used in the residential sector, 37% in industry and
18% in services [3]. Meanwhile, the renewable energy share for H&C in
the EU is still 19%, although it has almost doubled in the last ten years
from 10% in 2005 [1]. Therefore, even though Europe is on the right
track, there is still a long way towards a decarbonised economy. To this
end, the European Commission (EC) adopted a H&C Strategy in
February 2016 as part of its wider Energy Union Package, that aims at
reducing the EU’s energy imports and dependency, cutting costs for
households and businesses, and delivering the greenhouse emission
reduction levels necessary to meet its commitments under the climate
agreement reached at the COP21 climate conference in Paris [3]. Ac-
cording to the EC’s H&C Strategy, further research and innovation are
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required to support the development of new technologies that can
deliver low-carbon and renewable H&C, and also improve and enable
the exploitation of the full potential of current technologies and
solutions.

The food-processing industry is often characterised by a simulta-
neous demand for hot water and cooling, for cleaning/sterilising and
food-conservation respectively, as well as electricity. This industry is the
largest manufacturing sector in the EU in terms of both turnover (circa
€965 bn) and the number of active companies (circa 310,000) [4].
Moreover, the bulk of demand occurs during the day, which potentially
makes it a good match for solar energy production. Thus, solar heating
and cooling (SHC) technologies appear as an interesting option to in-
crease the renewable energy share and thus reduce the dependence on
fossil fuels and the associated emissions. Recently, SHC systems have
been gaining attention and research efforts [5].

Previous research has mainly focused on the integration of solar-
thermal collectors [6-8], such as flat plate [9-11], evacuated tube
(ETC) [12,13], parabolic through [14,15], or linear Fresnel micro-
concentrating collectors [16] with cooling technologies, such as
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Nomenclature

Abbreviations

AbCH absorption chiller

AdCH adsorption chiller

AC annual costs (€/year)

AS annual savings (€/year)

COP coefficient of performance (-)
EC European Commission

EPCS environmental penalty cost saving (€)
ETC evacuated tube collector
H&C heating and cooling

LCS life cycle savings (€)

NPV net present value (€)

PBT payback time (year)

PV photovoltaic

PVT photovoltaic-thermal

S-CCHP solar combined cooling heating and power
SHC solar heating and cooling

TCS total cost savings (€)

Symbols

Act total solar collector area (m?)

ACpau annual costs with the current system (€/year)
ACq annual costs with the solar system (€/year)
Chio biomass price (€/kWh)

Cco2 cost of CO5 emissions (€/kgCO5)

Ce electricity price (€/kWh)

Cifo light fuel oil price (€/kWh)

Co investment cost (€)

Cosm,pau Operation and maintenance costs of the current system
(current boiler) (€/year)

Cosm,ss Operation and maintenance costs of the solar system

(€/year)
d discount rate (%)

1b,bio efficiency of biomass boiler (-)

b, Ifo efficiency of light fuel oil boiler (-)

Ne electrical efficiency (-)

Nth thermal efficiency (-)

Eexc electricity exported to the grid (kWh/year)

Egria electricity imported from the grid (kWh/year)
Egpldem  total electricity demand of the factory (kWh/year)
Essccup electricity generated by the solar system (kWh/year)

Empay CO,, emissions with the current system (kgCO,/year)
Emg, CO,, emissions with the solar system (kgCO,/year)
ER annual CO, emission reduction (kg CO,/year)

fe CO,, emission factor of electricity (kgCO»/kWh)

fifo CO,, emission factor of light fuel oil (kgCO2/kWh)

ir fuel inflation rate (%)

I, total global solar irradiance (W/m?)

n system’s lifetime (years)

N total number of solar collectors (-)

Qcool,aux auxiliary heat to cover the cooling demand (kWh/year)
Qcool,dem cooling demand of the factory (kWh/year)

Quw,aux auxiliary heat to cover the hot water demand (kWh/year)
Quw,dem hot water demand of the factory (kWh/year)

Se electricity price for the net metering option (€/kWh)
Ta ambient temperature (°C)

Tabs,in temperature of the water entering the AbCH unit (°C)
Ttm mean fluid temperature (°C)

T, reduced temperature (°C -m2/W)

Tpy PV temperature (°C)

Tref reference PV temperature (°C)

Triop temperature at the top of the storage tank (°C)

Vi tank volume (1)

absorption (AbCH) [17] and adsorption chillers (AdCH) [8], for the
provision of H&C [18,19]. Some studies have analysed compound
parabolic concentrators coupled to single/double effect LiBr-H,O AbCH
[20,21], or coupled to AACH [22]. Alternatively, other authors have
considered solar desiccant and evaporative cooling systems [23]. SHC
systems based on ETC have attracted attention as ETCs reach the fluid
temperatures required to run AbCH units [24] with somewhat lower
costs than other solar technologies [25]. As an alternative, other authors
have proposed the integration of PV systems with electrically-driven
heat-pump/chiller units to heat or cool depending on the operation
mode [26,27].

Less attention has been paid in the literature to the use of hybrid
photovoltaic-thermal (PVT) collectors with cooling technologies. PVT
systems generate both electricity and a useful thermal output simulta-
neously from the same aperture area [28,29], achieving a higher overall
efficiency than separate PV and solar-thermal collectors [30-32]. Pre-
vious research on PVT water systems showed promising results for the
provision of electricity and domestic hot water [33], and also space
heating [28], in single-family houses, obtaining reasonable-to-attractive
payback times in Mediterranean cities. The relevance and potential of
PVT collectors and their integration with other components to obtain
new solutions in HVAC systems are underpinned by the creation of a
new Task 60 of PVT systems in the SHC Programme of the International
Energy Agency (IEA) [34].

The combined generation makes PVT collectors an interesting solu-
tion in combination with solar-driven cooling technologies for heating,
cooling and power provision, supporting the rapidly growing cooling
sector [35,36]. A previous review summarised the current developments
in the field of PVT collectors for cooling purposes and identified the

opportunity of using PVT for absorption cooling system [18]. Most of the
previous research has focused on integrating a refrigerant PVT collector
as the evaporator of a solar-assisted heat pump for the heating provision
[37-39], or as the condenser in refrigeration mode [40]. Some authors
propose to combine concentrated PVT collectors with LiBr-H,O AbCH
[41-43], or air PVT systems with an air-source heat pump [44,45].
Other studies have integrated flat-plate PVT water collectors with a
water-to-water electrically-driven heat-pump [46,47], with a water-
source heat pump [48,49], with an air-source heat pump [50,51] or
with an AdCH unit [52]. Recent studies have shown that coefficients of
performance (COP) of up to 0.8 can be achieved by solar-driven single-
stage LiBr-H,O AbCH [11,53]. In this context, other authors [35,54,55]
integrated PVT water collectors with an AbCH and concluded that this
combination has an important potential for energy savings, as the
combination of PVT and cooling technologies maximises the use of the
PVT thermal output, particularly in summer. Previous research has in-
tegrated these systems mainly in residential buildings [36,56], fitness
centres and offices [5,47,57,58], universities [35,54], or hotels [59]
while less attention has been paid to the industry sector. For instance,
previous authors analysed both glazed and unglazed PVT collectors with
coupled half and single-effect LiBr-H,O AbCH, for domestic hot water,
cooling and electricity provision in a typical high-rise hotel building
located in the subtropical city, obtaining reasonable payback times
(12.7 years) [59]. In a previous work by the authors, a payback time of
16.7 years was estimated for a system based on PVT water collectors
coupled with single-stage LiBr-H,O AbCH at a university in southern
Italy [35].

A large number of papers have investigated separately the perfor-
mance of PVT systems (such as in Refs. [30,60,61], among others) or
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SHC systems (such as in Refs. [16,62,63]); analysed the integration of
PVT collectors with heat pumps for space heating purposes
[48,50,51,64], or their integration with cooling technologies for cooling
and power generation [65-67]. However, the integration of PVT col-
lectors as solar combined cooling, heating and power (S-CCHP) systems
is scarcer [43,47], and none of the studies found by the present authors
addresses the integration of water PVT collectors with a single-stage
NH3-H0 AbCH for industrial applications. This work aims to fill this
gap, providing an analysis of several solar cooling configurations based
on PVT water collectors and comparing them to other widespread solar
solutions, applied to a real application in the food processing industry.

Previous works [35,68] highlight the importance of technoeconomic
studies to boost PVT technology and the influence of utility prices and
public funding in the cost-competitiveness of solar systems [54,69]. Still,
previous research focused mainly on system performance (such as in
Refs. [49,51,64]), while economic and environmental analyses are
scarcer [68]. Usually, economic and environmental analyses focus on
investment cost [48,70], simple payback time [46,47,56], net present
value (NPV) [43,71], discounted payback time [33,69,72], and CO2
emission reduction [28,73]. This work proposes to go a step forward and
combine the system costs and savings (NPV) with potential environ-
mental benefits, through the introduction of carbon pricing, to
economically quantify potential CO5 emissions reduction and add it to
the life cycle savings (LCS) to obtain the total cost savings (TCS). This
allows the comparison of renewable technologies with different energy
outputs (thermal and electrical) with a single economic indicator (TCS)
[68].

This research aims to investigate the challenges of S-CCHP systems in
the food-processing industry, from the technical, economic and envi-
ronmental points of view. To this end, two alternative PVT collectors are
coupled with a commercial AbCH (single-stage NH3-H30) via a thermal
storage tank, for the combined supply of hot water, cooling and elec-
tricity. As an alternative system, an SHC system is also analysed, based
on ETCs coupled with the AbCH via a thermal store. Additionally,
another solar system based on PVT collectors that generate hot water
and directly power the current electrically-driven chillers is assessed. In
all the configurations, a biomass boiler is proposed as an auxiliary
heater.

The novelty of this work lies not only in the technical systems ana-
lysed (PVT collectors and solar absorption (single-stage NH3-H20) for
electricity, heating and cooling purposes) but also in the approach fol-
lowed for its application to a high energy-consuming sector such as the
food-processing industry, which has not been yet assessed in the liter-
ature to the best of the authors’ knowledge. This sector has an important
potential for solar energy use, as pointed out in Refs. [74-76]. Besides,
this work undertakes a comprehensive analysis of the proposed systems,
including the integration of the economic and environmental benefits of
the proposed systems by economically quantifying CO, emissions
reduction, to overall evaluate the total potential of the proposed solu-
tions and compare them with other widespread solar solutions.

2. Methodology

In this work, five alternative solar systems have been modelled in
TRNSYS [77], and hourly transient simulations considering real weather
data [78] are conducted over a year. The real energy consumptions of a
representative food-processing factory are used as a case study to
analyse and compare the different solar alternatives. The existing ar-
rangements for electricity and hot water supply are used as a baseline to
estimate the energy and cost savings of the proposed solar systems. For
the economic analysis, the current utility prices and the operation and
maintenance costs (O&M) are considered to estimate the annual savings,
which are used along with the system’s investment cost to estimate the
system’s discounted payback time (PBT) and the net present value
(NPV). The potential CO5 emissions reduction (ER) is also evaluated and
used to estimate the total environmental penalty cost saving (EPCS) and
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the total cost savings (TCS) of each of the proposed solar systems.
2.1. Energy demand in the food-processing industry

Food-processing industries with high energy consumption levels
include pig slaughterhouse, beer brewery and vegetable and fruit pro-
cessing and canning [79]. In general, industries in this class are char-
acterised by cooling, hot water and electricity demands spread
throughout the year. As shown in Table 1, pig slaughterhouse and food
processing and canning have a constant cooling demand throughout the
year for food conservation and hot water demand for cleaning/sterilis-
ing and production processes on working days. Beer breweries usually
have simultaneous cooling and hot water demands on working hours for
the beer production processes. In the aforementioned industries,
required temperatures for cooling and hot water are similar, with some
of them (e.g. vegetable and fruit processing and canning) demanding
higher temperatures for food cooking. All of them usually have a base-
load electricity consumption for ancillary equipment, and a larger
consumption on working days due to factory equipment and lighting.

One of the challenges for energy provision in this type of industries is
the simultaneous demand for cooling, hot water and electricity. These
demands are larger during working hours, which usually occur during
the day when solar irradiance is also higher. Therefore, the present work
analyses alternative solar solutions capable of simultaneously gener-
ating hot water, cooling and electricity.

From the food-processing industries detailed in Table 1, vegetable
and fruit processing and canning is selected as a representative case
study to analyse and compare the proposed solar solutions. We choose
this industry because it is considerably demanding in terms of both
temperature requirements and constant provision. It is also believed that
the conclusions can be extrapolated to other food-processing industries.

The selected food-processing factory is located in Zaragoza (Spain),
which has a semi-arid Mediterranean climate. The factory uses an
average of 650 kg/h of hot water per day, 150 days per year, constant
from 9:00 to 17:00 (8 h total), Monday to Friday. Currently, there is no
tank for hot water storage, so the hot water demand is satisfied instan-
taneously by a flue firetube boiler (NCK 150.8 of SOGECAL) that uses
light fuel oil to heat water mains from around 13 °C to 100 °C. The real
average boiler efficiency is very low (171t ~ 0.47) due to its need for a
high generation rate, along with the fact that it is currently used at very
low loads [80]. Table 2 shows the annual hot water demand, estimated
considering the hot water consumption and its required temperature
increase (AT = 100-13 °C). The associated thermal energy consumption
is estimated considering the real average boiler efficiency.

The annual electricity consumption for the factory equipment,
lighting and other electrical devices is 26,057 kWh/year. This con-
sumption is made up of a continuous, baseload electricity consumption
of ancillary equipment (24 h/day, 365 days/year) and larger electricity
consumption on working days. It is estimated that the baseload elec-
tricity consumption accounts for around 40% of the total annual con-
sumption, uniformly distributed throughout the year. On working days,
this baseload consumption is about 15% of the total electricity con-
sumption. For the additional working-day load, a flat profile is assumed
between 9:00 h and 17:00 h from Monday to Friday.

The cooling demand is from a production room that requires a con-
stant temperature of 12-15 °C, and from several refrigeration chambers
maintained at 0—4 °C. Currently, this demand is satisfied by electrical
chillers. The cooling demand is estimated from the current electricity
consumption for cooling (134,000 kWh/year) and the average COP of
the current electrical chillers (COP = 2.37) (data supplied by the com-
pany). The annual cooling demand is distributed uniformly throughout
the year (24 h/day, 365 days/year), considering a refrigeration cycle of
one hour, as this is also the time step for the transient simulations. In all
the proposed solar systems, the cooling needs of the production room are
satisfied by the current electrical chillers, thus requiring 38,180 kWh of
annual electricity consumption (see Table 2).
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Table 1
Typical energy demand profiles three typical food-processing industries.
Industry Cooling Demand Process hot water Electricity
Profile Temperature  Profile Temperature
Vegetable and fruit processing and 24 h/day, 365 days/ -5/0°C Working 100 °C
canning year days
Pig slaughterhouse 24 h/day, 365 days/ —5/0°C Working 60 °C/90 °C Baseload (24 h/day, 365 days/year) + larger in working
year days days
Beer brewery Working days -5/0°C Working 80 °C
days

Table 2
Annual hot water, electricity and cooling demands and their corresponding
energy consumptions for the food-processing factory under study.

Energy consumption Energy demand

(kWh/year) (kWh/year)

Hot water 21,949 10,316
Electricity for factory 26,057 26,057

equipment
Cooling 134,000 317,185

- Production room (12-15 38,180 90,374

°C)

- Refrigeration chambers 95,820 226,811

(0-4°C)

2.2. PVT collectors integrated with an absorption chiller

In the proposed S-CCHP systems, the thermal output of the PVT
collectors heats the water in a storage tank, which is used to satisfy the
hot water demand and to supply the AbCH (single-stage NH3-H50)
which then provides the cooling demand. An auxiliary heater is required
to reach the delivery temperatures of hot water for food-processing (100
°C) and to feed the AbCH (80 °C) (see Fig. 1). To increase the boiler
efficiency and decrease the associated CO; emissions, the current flue
firetube boiler is replaced by a biomass boiler to act as an auxiliary
heater. The electrical output of PVT collectors is used to satisfy the
factory electricity consumption (including the electricity consumption
of the production room). In all the proposed configurations, the solar
collectors are tilted at 30°.

2.2.1. PVT collectors

Two alternative commercial PVT collectors are proposed: a covered
PVT collector with a sheet-and-tube absorber made of copper (265 Wy,
1.61 m? aperture area) and an uncovered PVT collector with a roll-bond
absorber made of aluminium (300 W, 1.63 m? aperture area) [81]. PVT
collectors are thermally connected in parallel so that flow rate and inlet
and outlet water temperatures are the same in all of them. A constant

flow rate of 50 1/h is used in both PVT collectors [28]. Type 560 and
Type 50d in TRNSYS are modified and adjusted to match the thermal
efficiency (1) and the electrical efficiency () curves of both PVT
collectors respectively (see Fig. 2) [81]:

Covered PVT: 5, = 0.51 — 4.93-T, — 0.021-1,-T;* @
Uncovered PVT : 75, =0.472 - 9.5-T; (2)
Tfm - Ta
T,=—"—" 3
7 3
Covered PVT: 7, = 0.1598-(1 — 0.0047-(Tpy — Tier) ) Q)
Uncovered PVT : 7, = 0.1844-(1 — 0.0039- (Tpy — Trer) ) (5)

where T; is the reduced temperature, I (W/m?) is the total global solar
irradiance on the surface at a tilted angle, Tgy, is the mean fluid tem-
perature, T, is the ambient temperature, Tpy is the PV cell temperature
and Tyef is 25 °C (as given by the manufacturer).

As shown in Fig. 2, the thermal (174,) and electrical (7) efficiencies of
the covered PVT collector (left) obtained in the simulation (sim) are
within 2% (see error bars) of the respective efficiencies provided by the
manufacturer (exp) [81]. In the case of the uncovered PVT collector
(right), the electrical efficiency curve obtained in the simulation (sim) is
also within 2% of the respective efficiency provided by the manufacturer
(exp) [81], while the thermal efficiency is within 5%, except for T, >
0.045. However these high T; values are for Tj, > 70 °C; and uncovered
PVT collectors are not usually operated at temperatures higher than
70 °C, as thermal losses at these temperatures are larger than thermal
gains, and therefore water is cooled, rather than heated, in the collector.

2.2.2. Stratified water storage tank

The tank is modelled using a stratified water storage tank of constant
fluid mass (Type 534 in TRNSYS), considering six fully mixed equal-
volume segments that divide the cylinder along its vertical axis. Pre-
heated water for hot water demand is supplied via a port at the top of the

L

Thermal

Storage
% Tank

Biomass Boiler Hot water
demand
"100°C
AbCH
P e — » -5°C
! c A I Cooling
1 G E I demand
I- i_—‘___ .I 0 °C
Cooling
tower

| Mains
water

Fig. 1. Schematic of the S-CCHP system based on solar collectors integrated with a single-effect NH3-H>0 AbCH unit through a thermal store.



M. Herrando et al.

06 T - X~ n_th_exp —@— n_th_sim
—&— 1_e_sim --F3--n_e_exp

0.5

0.4

Efficiency
o
w

e
S

0.0 1 1 J
0.00 0.02 T 0.04 0.06

Applied Thermal Engineering xxx (xxxx) Xxxx

06 r =X~ n_th.exp —@—n_th_sim
—&—n_esim  --F3--n_e_exp

05

0.4

Efficiency
o
w

e
N

0.1

0.0 1 1 1 1 J

0.00 0.01 0.02 T 0.03 0.04 0.05

Fig. 2. Thermal (17y,) and electrical (7) efficiencies according to the manufacturer’s data (exp) [81] and simulation results (sim) for the covered PVT collector (left)

and uncovered PVT collector (right).

tank and water is refilled from the bottom node using utility water. An
immersed heat exchanger connected to the PVT collector array runs
from the top to the bottom of the tank to heat the water inside the tank.
To satisfy the cooling demand, the AbCH is connected to a second port
leaving the tank at the top and entering at the bottom. The storage tank
volume varies proportionally with the number of PVT collectors to keep
the Vi/A.t ratio constant, where V; is the tank volume (litres) and At is
the total solar collector area (mz). This ratio can be modified and opti-
mised in each solar solution, as detailed in Section 3. The diameter and
height of the tank vary according to the tank volume, following a cor-
relation obtained from a set of commercial tanks [82]. The size of the
solar immersed heat exchanger coil also varies with the tank size
through the variation of the tank height.

2.2.3. Absorption chiller

A commercial AbCH (ago-congelo) [83] is selected (nominal cooling
capacity of 50 kW), which generates chilled fluid at -5 °C to provide
cooling to the refrigeration chambers. The AbCH is connected to the top
of the storage tank through the proposed biomass boiler to ensure that
the water enters the AbCH at least at 80 °C (the minimum temperature to
start the cycle). Type 107 in TRNSYS is used to model the AbCH, and the
data files are modified to fit the performance data provided by the AbCH
manufacturer.

2.2.4. Biomass boiler

The peak power of the auxiliary heating is estimated considering the
thermal peak power required to meet the hot water demand (8.2 kW)
and the peak power required to drive the AbCH (76.1 kW). Therefore, an
auxiliary boiler of around 85 kW is needed to ensure that both the hot
water and cooling demands can be satisfied simultaneously in the
absence of solar energy output (conservative scenario). From the
biomass boilers available in the market, the FIREMATIC model of HERZ
is selected, available with peak powers of 80 kW and 100 kW (17 pio ~
0.93) [84]. This boiler uses pellets as fuel, although it can also be fed
with wood chips and other biomass fuels.

2.3. PVT collectors integrated with electrical chillers

As an alternative system, the AbCH of Fig. 1 is removed, and all the
cooling demand is satisfied with the current electrical chillers fed with
the PVT electrical output. The thermal output of the PVT collectors is

used to satisfy the hot water demand via the storage tank and the
auxiliary biomass boiler, while the electrical output of the PVT collec-
tors matches the factory’s electricity consumption as well as the elec-
tricity required to satisfy all the cooling demand. The PVT collectors are
also tilted at 30°.

2.4. Evacuated tube collectors integrated with an absorption chiller

An SHC system based on direct-flow ETCs is also assessed. In this
case, the solar collectors of Fig. 1 are ETCs, and there is no electricity
generation. The same AbCH, biomass boiler and stratified water storage
tank as for the S-CCHP system (Section 2.2) are used. For the ETCs, the
commercially available Thermomax DF400 is selected [85], as it has
higher optical efficiency and lower heat loss coefficients than the pro-
posed PVT collectors (see Eq. (6)). The selected ETC has an absorber area
of 2 m?, an aperture area of 2.16 m? and the nominal flow rate is used
(120 1/h). The ETCs are also tilted at 30°. The performance data of the
ETC provided by the manufacturer is implemented in Type 71 in
TRNSYS, modifying and adjusting the parameters to match the thermal
efficiency (7wn):

N = 0.768 — 1.36-T, — 0.053-1,-T;* (6)

As shown in Fig. 3, the thermal (,) efficiency of the ETC obtained in
the simulation (sim) is within 2% (see error bars) of the respective ef-
ficiencies provided by the manufacturer (exp) [85].

2.5. Economic and environmental analysis

The PVT collector price is provided by the manufacturer [81], the
biomass boiler price is from the manufacturer’s web site [84], and the
rest of solar system investment costs (Cp) are estimated from price lists
available from solar retailers in the EU [86-88]. The cost of the storage
tank is estimated using a correlation based on market prices of existing
tanks across a range of storage volumes [69]. The total installation costs
are also considered [35]. For the solar system based on covered PVT
collectors and an AbCH, the main costs are associated with the PVT
collectors (41%), the hydraulic components and storage tank [82]
(14%), the biomass boiler (14%) and the AbCH (11%) [5] (see Fig. 4
left). For the system based on PVT collectors and electrical chillers, the
covered PVT collector is 53% of the total cost, and the cost of the un-
covered PVT collectors is 47% of the total (as uncovered collectors are
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Fig. 3. Thermal (17y,) efficiency according to the manufacturer’s data (exp) and
simulation results (sim) for the ETC.

cheaper than covered ones). In the SHC system, the ETC cost is 25%, the
biomass boiler is 18%, and the AbCH is 13% (see Fig. 4 right).

To compare the different alternatives, the system discounted
payback time (PBT), defined as the period of time required to recover the
investment cost [69,89], is estimated:

|5t

PBT = ——F+——
in (%)

where d is the discount rate (5%) [90,91] and ig is the fuel inflation rate
(3.5%) [35]. The annual savings (AS) refer to the difference between the
current annual costs that the food-processing factory incurs to cover all
the energy demand (e.g. business as usual scenario, ACpay), and the
annual costs that the factory would incur to cover all the energy demand
if the proposed solar system was installed (ACs). In both cases, the
associated O&M costs are included:
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where Egj gem refers to the current total electricity demand of the factory
(including the electricity consumed by the electrical chillers, 160,057
kWh/year), Quw,dem is the hot water demand, Egq is the electricity
demand that cannot be covered by the proposed solar systems and thus
should be imported from the grid, Eey. is the electricity excess exported
to the grid and imported later on via net metering, Quw,aux and Qcool,aux
are the auxiliary heating required to cover the hot water and cooling
demands respectively, ce is the electricity price (0.152 €/kWh), s, is
electricity price for the net metering option (0.076 €/kWh), c, is the
light fuel oil price (0.078 €/kWh), cpio is the biomass (pellets) price
(0.042 €/kWh), Cogm,bau are the O&M costs of the current boiler (esti-
mated as 350 €/year [92]), and Cogm,ss are the O&M costs of the pro-
posed solar systems, estimated as 1% of the total equipment costs for the
PVT-based S-CCHP system and 0.6% for the ETC-based SHC system [57].

The net present value (NPV) is used to estimate the profitability of
the investment. It is defined as the value of all the cash flows over the
lifetime (n) of an investment discounted to the present value. In this
case, it considers the system investment cost and its life cycle savings
(LCS), defined as the net present value of the total energy savings over
the system lifetime [33,69,93]:

AS 1+ir\"

NPVZLCS_CO:d,iF[I_ (1+d) } -G

1)

The potential CO, emission reduction of renewable energies has been
one of the main drivers for their increasing appeal and market growth.
The annual CO; emission reduction (ER) of the proposed solar systems is
estimated, similarly as with the annual savings, but substituting the
utility prices for the CO, emission factors of light fuel oil and electricity,
fifo and fe, respectively (the emissions associated with pellets are
considered negligible) [94]:

ER = Entyg, — Em,, 12)
_ QHW‘dem
Emhau - EEI,dem'f;f + 7'ﬁf0 (13)
Mo
Emy, = (Egia = Eexe) e a4

The increasing awareness of climate change has led to the growing
momentum for carbon pricing, in an attempt to reduce pollutant emis-
sions and shift towards cleaner technologies. Currently, 51 countries or
regions around the world have implemented or have scheduled the
implementation of carbon pricing initiatives, involving emission trading
systems and carbon taxes [95]. In this line, the total environmental
penalty cost saving (EPCS) over the proposed solar systems’ lifetime is
estimated [68] as:

s (12)]

‘ 1+d (1)

—ip

m ETCs

= Hydraulic components
Thermal store
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Fig. 4. Breakdown costs of a solar system based on covered PVT collectors (31.8 kWp, 193 m?) and an AbCH (left) and of a system based on ETCs with the same solar

installed area and an AbCH (right).
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where ccoz is the cost of CO, emissions, which varies with the country/
region. For this analysis, two alternative carbon taxes are considered,
the current carbon tax in Spain (0.023 €/kgCO53), although currently it
only applies to fluorinated gases, and the average value of the carbon
taxes in Europe (0.07 €/kgCO3) [95].

Finally, the overall economic and environmental potential of the
proposed solar systems is estimated through the total cost savings (TCS),
as in [68]:

TCS = NPV + EPCS (16)

3. Results and discussion

The first system analysed is the S-CCHP system based on covered PVT
collectors coupled with an AbCH (Fig. 1). A parametric analysis is un-
dertaken to select the optimum system size for the application. The
objective is to minimise the system payback time (PBT). It is assumed
that the electricity not instantaneously consumed can be fed into the
grid and imported later with the net metering option. Once the system
size is selected, this system is compared in terms of performance, eco-
nomics and environmental benefits with the other solar alternatives
with the same peak electrical power (in the case of PVT-based systems)
or with the same solar field area (in the case of the ETC-based system).

3.1. Parametric analysis to select the solar system size

The number of covered PVT collectors (N) is varied from 20 (32 m?)
to 240 (386 rnz), which is the maximum number of PVT collectors that
can be installed in the available roof area. Fig. 5 shows that the hot water
demand covered increases slowly with the number of PVT collectors,
particularly for N > 60, while the cooling demand covered by PVT
thermal output that feeds the AbCH increases linearly with N. The left
axis depicts the total electricity demand covered, both instantaneously
(i.e. at the time of the PVT generation) and with the net-metering option,
that is, by exporting the generation excess and importing it when gen-
eration is lower than demand at a later time at the net-metering price
(se). It is observed that with around 150 PVT collectors the total elec-
tricity that can be instantaneously covered tends to an asymptote (blue
squares), while the electricity fed into the grid (red crosses) keeps
increasing. This considerably influences the system payback time, as
shown in Fig. 6, as the economic savings achieved for this electricity
exported and then imported are half of the savings achieved when the
electricity is directly used in the factory (because se = c./2). Conse-
quently, the minimum PBT is reached for the S-CCHP system with 120
PVT collectors (31.8 kW, 193 m?).

Meanwhile, the CO, emission reduction increases linearly with N
(see green triangles in Fig. 6) until N = 220 (58.3 kW), 354 m?), when it

A Total electricity covered (net-met.)
Hot-water covered (%)

X Total electricity covered (inst.)
X Electricity fed into the grid
Cooling covered (AbCH)
120% 7 60%
100% 1 50%
80% 1 40%
60% [ 1 30%
X % -
40% [ N X5 1 20%

20% [ X 1 10%

Electricity covered/fed intro grid
>
Hot water/Cooling demands covered

0% . . . . 0%
0 50 100 , 150 200 250

Fig. 5. Total electricity instantaneously covered and with net metering option,
electricity fed into the grid, hot water demand covered and cooling demand
covered by the PVT thermal output that feeds the AbCH, as a function of the
number of PVT collectors (N).
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Fig. 6. Payback time (PBT) and CO, emission reduction (ER) of the covered
PVT collectors integrated with the AbCH, as a function of the number of PVT
collectors (N).

reaches a maximum, 58,483 kgcoz/year, which is the total CO, emis-
sions of the current conventional system and thus the maximum emis-
sions that can be reduced. That is, with an S-CCHP system of 58.3 kW),
all the energy demands of the factory are covered: the electricity de-
mand is satisfied with the PVT electrical output and the hot water and
cooling demands are partially covered by the PVT thermal output and
the rest by the biomass boiler.

The following sub-sections show transient results of the S-CCHP
system (31.8 kW) based on the covered PVT collectors, an AbCH and a
biomass boiler (Section 3.2.1); the S-CCHP system based on the covered
PVT collectors, a biomass boiler and the current electrical chillers
(Section 3.2.2); and the SHC system based on ETCs, an AbCH and a
biomass boiler (Section 3.2.3). Section 3.3 presents the annual perfor-
mance, economic and environmental assessments and comparison of the
proposed solar systems. Finally, Section 3.4 includes a sensitivity anal-
ysis to assess the influence of the investment cost and utility prices on
the cost-competitiveness of the system.

3.2. Transient results

3.2.1. Covered PVT collectors integrated with an absorption chiller

This section presents the transient results on an hourly basis for the S-
CCHP system (31.8 kW, 193 m2) shown in Fig. 1 and selected in the
previous section. Based on previous studies [28,54] and preliminary
analyses, the selected ratio of storage tank volume to solar collector area
is Vi/Acr = 50 1/m? and a constant PVT collector flow-rate of 50 1/h is
maintained [35]. Nine representative days from Saturday to the
following Sunday are selected to account for the influence of the
weekend (when there is a lower electricity demand and no hot water
demand) on the system performance. Figs. 7-9 show the results from the
9 to the 17 of June.

It is observed that the electricity demand of the factory equipment
matches the electricity generation during working hours, while the
electricity required to cool the production room is constant throughout
the day (light blue dashed line with plus signs in Fig. 7), and therefore at
night, it cannot be instantaneously covered by the PVT collectors.
Meanwhile, on sunny days, and especially on non-working days (see the
last two days), there is a surplus of electricity (red line with crosses in
Fig. 7) that is fed into the grid and can be imported later at night. As a
consequence, as shown in Fig. 5, on an annual basis, 30.6% of the
electricity generated throughout the year is exported to the grid and
imported when required, mainly to satisfy the electricity consumed to
cool the production room.

Fig. 8 shows that around half of the hot water demand can be covered
by the proposed S-CCHP system (45.4% on an annual basis). Due to the
low irradiance on the first weekend, the water tank temperature does
not increase (red dotted line with triangles). Similarly, due to the lower
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Fig. 8. Total hot water demand (Quw,dem), hot water demand covered (Quw,cov) and water temperature at the top of the storage tank (Trp) for the S-CCHP system

based on covered PVT collectors and an AbCH during the period 9-17 June.

solar irradiance on June 14™ compared to other days, the temperature at
the top of the tank is lower, so less hot water demand is covered (dark
blue line with squares). Instead, the tank temperature increases during
the second weekend (16th—17th June), reaching around 70 °C at the top
of the storage tank, as there are high irradiance levels while there is no
hot water demand.

Fig. 9 depicts the thermal energy required by the AbCH to satisfy the
cooling demand of the refrigeration chambers (light blue dashed lines
with diamonds). The temperature reached at the top of the tank (red
dotted lines with triangles) is not high enough to run the AbCH, as its
maximum is 70 °C, and therefore auxiliary heat is needed to increase the

temperature of the water entering the AbCH to 80 °C (orange line with
plus signs), which is the temperature level required to start the unit.
Therefore, only a limited amount of the cooling demand can be covered
with the PVT thermal output (dark blue line with squares, 10.8% on an
annual basis), while the rest is satisfied by the biomass boiler. Here it
should be highlighted the importance of using a biomass boiler as
auxiliary heater, as otherwise a considerably amount of light fuel oil
would have to be burnt to cover the demand. In the last three days, the
higher irradiance levels, and the fact that there is no hot water demand
during the weekend (see Fig. 8), allows collecting more thermal energy
from the PVT collectors, leading to an increase in the storage tank water
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Fig. 9. Thermal energy required by the AbCH (Qcool,dem), thermal energy provided by the PVT collectors (Qcool,cov), temperature at the top of the storage tank (Tr¢op)
and temperature of the water entering the absorption chiller (Tapsin) to satisfy the cooling demand for the S-CCHP system based on covered PVT collectors and an

AbCH during the period 12-17 June.

temperature (red dotted lines with triangles) and thus a reduction in the
auxiliary heat for the AbCH water.

These results reveal two main challenges in the energy provision for
food-processing industries: the overlapping of the cooling and hot water
demands, and the high hot water temperatures required (80 °C to run
the AbCH and up to 100 °C for process hot water). This overlap limits the
amount of solar thermal output provided to run the AbCH, and the
amount of process hot water that the thermal output of the PVT col-
lectors can cover. These challenges could be overcome by i) uncoupling
the cooling and hot water demands (e.g. shifting as far as possible the

—>¢—E S-CCHP  ---+-- E_El,dem

Electricity (kWh)

refrigeration cycle to times with no hot water demand); ii) satisfying the
cooling demand with the current electrical chillers fed with the PVT
electrical output (see Section 3.2.2); or iii) increasing the solar thermal
output for example through the use of ETCs which reach higher hot
water temperatures (see Section 3.2.3).

3.2.2. Covered PVT collectors integrated with electrical chillers

For comparison, transient results for the S-CCHP system based on
covered PVT collectors and electrical chillers (the current units for the
refrigeration chambers) are presented in Fig. 10. In this case, the system
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Fig. 10. Electricity generated (Es.s.ccup), electrical demand instantaneously covered (Egjcov), total electricity demand (Eg; dem), and total solar irradiance at tilted
angle (I) for the S-CCHP system based on covered PVT collectors and the current electrical chillers during the period 12-17 June.
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has the same electrical installed power (31.8 kW},) and roof area covered
by PVT collectors (A.r = 193 m?) as the previous system. As before, a
constant PVT collector flow-rate of 50 1/h is maintained [35], but in this
case, the Vi/Acr ratio is 70 1/m>. This ratio is larger than in the previous
case because the thermal energy demand is smaller (as there is no
thermal demand for cooling), so a larger storage tank is required to store
the thermal energy collected by the PVT collectors. The results presented
are for the same days as the previous section, June gth_17th,

Fig. 10 shows that the total electricity consumption is significantly
higher (light blue dashed lines with plus signs), due to the large elec-
tricity consumed to satisfy the total cooling demand (134,000 kWh/year
as shown in Table 2). Consequently, only a limited amount of electricity
can be instantaneously covered during the day (dark blue line with di-
amonds), particularly on sunny days. On an annual basis, only 17.3% of
the total electricity consumption is instantaneously covered, while
25.6% of the electricity generated throughout the year is exported to the
grid and imported back when required.

Similar results than the ones shown in Fig. 8 are obtained for the hot
water demand, but in this case, as there is no thermal demand for
cooling purposes, a larger percentage of the hot water demand can be
met (66.2% on an annual basis).

3.2.3. Evacuated tube collectors integrated with an absorption chiller

To increase the thermal output and hot water temperature of the
solar system, the PVT collectors are replaced by ETCs. The same AbCH
and biomass boiler (auxiliary heater) as before are considered. The
system has nearly the same solar installed area as the previous systems
(Acr = 194 m?), which corresponds to 70 Thermomax DF400 collectors.
In this case, the Vi/Ar ratio selected is 90 1/m?, since more storage
capacity is required as the thermal output of the ETCs is considerably
larger.

Fig. 11 shows that the temperature reached at the top of the storage
tank is considerably higher than with the system based on covered PVT
collectors (see Fig. 8), with temperatures of up to 90 °C or even slightly
higher during the weekend when there is no hot water demand.
Consequently, more hot water demand can be covered (58.6% on an
annual basis). The reason is the larger thermal efficiency of the ETCs
compared to the efficiency of the PVT collectors (see egs. (1, 2 and 6) in
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Section 2), which leads to higher temperatures at the collector outlet as
well as a larger amount of energy extracted from the collector (see “hot
water generation” in Table 3), so that more energy can be transferred to
the water storage tank.

A larger difference is observed in the cooling demand covered by the
solar thermal output that feeds the AbCH (see Fig. 12). In this case, due
to the higher temperature (up to temperatures of 90 °C or even slightly
higher at the top of the storage tank) and the larger amount of hot water
generated by the ETCs, due to the higher thermal efficiency of ETCs, a
considerably larger percentage of the cooling demand of the refrigera-
tion chambers can be met (dark blue line with squares). At some times,
such as the early afternoons of the second weekend (15“1—17th June) the
temperature reached at the top of the tank is higher than the minimum
temperature required to run the AbCH, so the AbCH operates at a higher
COP and most of the cooling demand can be covered with the solar
thermal output. On an annual basis, 51.4% of the cooling demand of the
refrigeration chambers can be met by the solar thermal output, which is
almost 5 times higher than for the S-CCHP system with covered PVT
collectors.

3.3. Environmental and economic comparison of the different solar
systems

Table 3 summarises the main features, total investment cost, and
annual results of the solar systems. The S-CCHP system based on un-
covered PVT collectors and an AbCH has a shorter payback time (PBT)
than the equivalent system with covered PVT collectors (28.6 vs. 30.7
years), even though only a negligible percentage of cooling demand
satisfied by the AbCH is provided by the PVT thermal output, and the hot
water demand covered by the solar system is also lower (38.4% vs.
45.4%, see Fig. 13). This is due to the lower hot water temperature
reached by the uncovered PVT collectors, because of the higher
convective losses (see Egs. (1-2) and Fig. 2). In turn, the lower tem-
peratures reached by the uncovered PVT collectors result in higher
electrical efficiency, and thus higher electricity generated (see Table 3).
Therefore, the larger electricity demand covered (see Fig. 13), along
with the lower investment cost, lead to the shorter PBT of the uncovered
PVT-based S-CCHP system.

100
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Fig. 11. Total hot water demand (Quw,dem), hot water demand covered (Quw,cov) and water temperature at the top of the storage tank (Typ) for the SHC system

based on ETCs and an AbCH during the period 9-17 June.
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Table 3
System size, total investment cost, annual electrical and hot water generation,
and main economic and environmental results of the proposed solar systems.

ETC +
AbCH

Uncovered
PVT +
electrical
chillers

Uncovered
PVT +
AbCH

Covered
PVT +
electrical
chillers

Covered
PVT +
AbCH

Number of 120 120 105 105 70
collectors
(@]

Installed
electrical
power
kW)

Installed
area (Acr,
m?)

Vi/Acr ratio
(I/m?

Tank volume
(m®)

Investment
cost (Co,
€/m?)

Electricity
generation
(MWh/
year)

Hot water
generation
(MWh/
year)

Net annual
savings
(As,
€/year)

Payback
time (PBT,
years)

Annual CO,
emission
reduction
(ER, kg
COy/year)

31.8 31.8 31.5 31.5 -

193 193 171 171 194

50 70 50 30 90

9.7 13.5 8.5 5.1 12.6

751 576 696 461 602

40 38 42 41 0

41 12 14 6 159

7114 6515 6059 6743 7868

30.7 23.4 14.3 18.3

48,719 19,239 49,313 20,265 37,221

Retaining the current electrical chillers, rather than replacing them
with an AbCH, leads to considerably shorter payback times with both
PVT collectors, which is mainly due to the lower investment cost.
Furthermore, hot water and cooling demands do not compete for the
same source, so a larger amount of hot water demand can be covered by
the thermal output of the PVT collectors (see Fig. 13), while the cooling
demand is satisfied by the PVT electricity generation. In this case, there
is a considerable difference between the S-CCHP systems based on
covered vs. uncovered PVT collectors. This is again due to the lower cost
and the higher electricity generated of uncovered PVT collector, which
in this case compensates for the lower thermal efficiency and thus hot
water generation (see Table 3 and Fig. 13).

In terms of annual CO, emission reduction, the systems based on PVT
collectors and an AbCH have the potential to displace 2.5 times more
annual CO2 emissions than the systems without the AbCH. This reduc-
tion is mainly attributed to the biomass boiler that acts as an auxiliary
heater, providing the balance of the heat required to supply all the hot
water demand and the AbCH.

The SHC system based on direct-flow ETCs and an AbCH has a lower
investment cost and a considerably higher thermal output than the
equivalent systems based on PVT collectors (see Table 3). Consequently,
larger fractions of hot water and cooling demands are covered (see
Fig. 13), which compensate for the lack of electricity generation, leading
to larger net annual savings and thus shorter PBT (18.3 years).

Fig. 14 shows the net present value (NPV), the environmental penalty
cost savings (EPCS) and total cost savings (TCS) for two alternative
carbon taxes, 0.023 €/kgCO; and 0.07 €/kgCO, [95] as explained in
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Section 2.5. It is observed that the S-CCHP systems based on PVT col-
lectors and an AbCH have negative NPVs, which means that the annual
savings over the system lifetime do not cover its investment cost, so
these systems are not economically attractive. However, when carbon
pricing is considered (through the EPCS), these systems become an
interesting alternative, particularly when the carbon tax is higher (see
TCS columns in Fig. 14). The system with the highest NPV is the S-CCHP
system based on uncovered PVT collectors and the current electrical
chillers, as it is the system with the lowest investment cost. This system
has also the highest TCS when ccoz = 0.023 €/kgCO,, while for higher
carbon taxes the SHC system based on ETCs surpasses it, due to the
larger annual CO; emission reduction (see Table 3).

3.4. Sensitivity analysis

Finally, a sensitivity analysis is undertaken to estimate the influence
of the S-CCHP system investment cost and the utility prices on the sys-
tem cost-competitiveness. Considering the trends in the cost of PV
panels, whose price decreased 65-75% in the period 2009-2013 [96],
and the increase in the installed PVT collector area in recent years
(which reached 1.1 Mm? at the end of 2018 [97]), it is expected that the
PVT collector price will decrease in coming years.

If the price of the covered PVT collector is reduced by 50%, the PBT
of the S-CCHP system based on covered PVT collectors and an AbCH
would decrease from 30.7 years to 23.2 years, and thus the investment
would be recovered before the end of the system lifetime (25 years); that
is, its NPV would become positive. If the collector price decreases by
70% and the system installation cost also decreases by 20% (which is
feasible as more experience is gained), then the PBT would be 20 years.
Still, the SHC system based on ETCs has a shorter PBT.

The S-CCHP system based on uncovered PVT collectors and the
current electrical chillers shows more promising results, with a PBT of
10.5 years if the collector price decreases by 50%, and 9 years if it de-
creases by 70%.

Apart from the high investment cost, another handicap that hinders
the potential of the proposed S-CCHP systems is the significantly lower
price of light fuel oil than the electricity price (about one half). If the
light fuel oil price was the same as electricity price (cif, = ce = 0.152
€/kWh), the PBT of the S-CCHP system based on covered PVT collectors
with an AbCH would decrease from 30.7 years to 23.1 years, while in the
case of uncovered PVT collectors and electrical chillers the PBT would
decrease from 14.3 years to 11.1 years.

4. Conclusions

This paper has presented an analysis of the feasibility of S-CCHP
systems based on PVT collectors in the food-processing industry, spe-
cifically in a vegetable and fruit processing and canning plant. Despite
this being a high energy-consuming sector with the bulk of demand
occurring during the day, no similar research has been found in the
literature; therefore this contribution constitutes the first step to over-
come the barriers and expand the use of more efficient solar systems on
promising applications. In summary, the research has found two main
challenges: the overlapping of the cooling and hot water demands and
the high hot water temperatures required. This makes the use of auxil-
iary heating essential for economic feasibility. Therefore, a biomass
boiler is integrated within the S-CCHP for auxiliary heating, as it has a
higher efficiency, lower fuel costs, and negligible associated CO, emis-
sions. The results show that this results in a considerably larger CO4
emission reduction, which further improves the environmental benefits
of the proposed systems. These benefits are quantified through the total
environmental penalty cost saving (EPCS) to better evaluate the overall
potential of the proposed solutions.

The hourly energy demand profiles of the factory are estimated based
on the data provided by the factory manager and used as inputs in the
developed transient model. Transient simulations are run over a full year
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Fig. 12. Thermal energy required by the AbCH (Qcool,dem), thermal energy provided by the ETCs (Qcool,cov), temperature at the top of the storage tank (Ttp) and

temperature of the water entering the absorption chiller (Taps,in) to satisfy the cooling demand for the SHC system based on ETCs and an AbCH during the period
12-17 June.
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Fig. 13. Total electricity covered instantaneously and with net metering, electricity fed into the grid, hot water demand covered and cooling demand covered by the
proposed solar systems, and corresponding payback times.
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Fig. 14. Net present value (NPV), environmental penalty cost savings (EPCS), total cost savings (TCS) and total investment cost of the proposed solar systems.
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considering real weather data on an hourly basis, and the results are
added up to obtain the annual energy savings which are used to estimate
the system’s economics and potential environmental benefits.

The analysis shows that there is an optimum number of PVT col-
lectors (N) that minimises the solar system payback time. In the S-CCHP
system based on the covered PVT collectors and an AbCH, for N < 120,
the PBT decreases exponentially with the system size, as more energy
demand can be covered and therefore the annual savings increase.
However, for larger N, the hot water demand covered and the amount of
electricity demand instantaneously covered tend to an asymptote.
Consequently, more electricity generated by the solar system is exported
to the grid and imported later on. As the electricity price of the net
metering option is one half of the electricity price, the economic savings
decrease with the increase of electricity exported to the grid. Based on
these results, the solar system size is set at 31.8 kW), electrical power
(Acr = 193 m?).

Two main challenges are found for the S-CCHP system based on the
covered PVT collectors, an AbCH and a biomass boiler: the overlapping
of the cooling and hot water demands, and the high hot water temper-
atures required (80 °C to run the AbCH and 100 °C for process hot water)
of the food-processing industry. This limits the amount of solar thermal
output provided to run the AbCH, and the amount of hot water demand
that the thermal output of the PVT collectors can cover (45.4% and
38.4% with the covered and uncovered PVT collectors respectively).

As an alternative system, the current electrical chillers are retained,
rather than replacing them with an AbCH, using directly the PVT elec-
trical output. The results show that this option allows covering a larger
fraction of the hot water demand, as in this case hot water and cooling
demands do not compete for the same source, while decreasing the
electricity exported and then imported later on, as part of the cooling
demand is instantaneously satisfied by the PVT electricity generation.
This, together with the lower investment cost (23% and 34% lower for
the covered and uncovered PVT collectors respectively), lead to a
shorter PBT than the equivalent system with the AbCH (28.6 years vs.
14.3 years with the uncovered PVT collectors).

In all the cases, the system based on uncovered PVT collectors ap-
pears to be economically more attractive than the system based on
covered PVT collectors, mainly due to the lower investment cost and the
higher electrical efficiency, which compensate for the lower thermal
generation. This conclusion is highly influenced by the considerably
lower price of fossil fuels compared to electricity (half the cost in this
case study).

The SHC system based on ETCs integrated with the same AbCH and a
biomass boiler has a shorter PBT than the PVT-based equivalent systems
(18.3 years vs. 30.7 years in the case of covered PVT collectors). This is
due to the lower investment cost (20% lower than the S-CCHP system
based on covered PVT collectors) and the significantly (almost 4 times)
higher thermal generation of the ETCs compared to covered PVT col-
lectors. Consequently, a larger amount of hot water demand (58.6%)
and a considerably (5 times) higher cooling demand (51.4%) are
covered with the solar thermal output, thus reducing the auxiliary heat
needs and associated costs.

The results show that when the potential environmental benefit is
quantified (in this case through carbon pricing), all the proposed solar
systems become economically attractive, that is, all have positive total
cost savings (TCS) at the end of the system lifetime (considering carbon
taxes of 0.023 €/kgCO3 or higher). This is partially attributed to the use
of a biomass boiler as auxiliary heater instead of the current light fuel oil
boiler, which has larger associated CO, emissions. In the S-CCHP sys-
tems based on PVT collectors and an AbCH, the high annual CO,
emission reduction (and thus high EPCS) compensates for the negative
NPV. Still, the S-CCHP system based on uncovered PVT collectors and
the current electrical chillers shows the most promising results (shortest
PBT and largest TCS), except for high carbon taxes (e.g. 0.07 €/kgCO5),
for which the SHC system based on ETCs surpasses it, due to the larger
annual CO, emission reduction.
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It is concluded that one of the handicaps of the S-CCHP systems based
on PVT collectors and an AbCH is the high investment cost of the system,
mainly associated with the cost of the PVT collectors (around 40%),
along with the additional thermal equipment required (e.g. storage tank,
AbCH). Furthermore, the considerably lower price of fossil fuels
compared to the electricity price (half of the price in this case study)
means that systems that displace electricity are more attractive than
those that displace fossil fuels.
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