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Abstract

In the present paper, the energetic and economic analysis of a solar-assisted heat pump for an industrial
pasteurization process is investigated. The considered system consists of thermal energy storage, a water-to-water
heat pump and a solar field made up of both photovoltaic-thermal collectors and evacuated tube collectors. A
mathematical model of each component of the system is built and validated, while the overall model of the system
is built with a bottom-up approach. The energetic and economic analysis is performed on a yearly basis varying
the storage size and the solar field size and considering a boiler-only scenario as the reference system. The results
show that, from the energetic point of view, the best system could provide up to 90% of the energy required by
the process and, consequently, significantly reduce auxiliary boiler consumption. On the other side, from an
economic point of view, the best solution provides a minimum payback time approximately equal to 8 years with
14.4% internal rate of return.
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1. Introduction

According to Eurostat (Eurostat, 2021), in 2019 the industrial sector is responsible of 25.6% of final energy
consumption in Europe. Five sectors, i.e. chemical, non-metallic minerals, paper, food and steel industries,
accounts for about two thirds of the total energy consumption in industry (Papapetrou et al., 2018) and both heat
and electricity are energy carriers. Electricity is widely used in motors, compressors and lightning, while the
process heat is required in a wide range of temperatures, starting from about 100 °C in food and textiles industries
to more than 500 °C in metal processing industries.

Among the industrial process in the food industry, the pasteurization process is considered a low temperature
process since it requires heat at temperature in the range 65 °C — 120 °C (Briickner et al., 2015). Although this
low-mid temperature heat is typically supplied by a boiler, an improvement of the overall pasteurization process
energetic performance could be achieved considering heat pumps. Indeed, a lot of research efforts are currently
being put in mid-high temperature heat pump development (Arpagaus et al., 2018, Van de Bor et al., 2013) due
to the superior energetic and environmental performance of this technology.

An even more interesting alternative to the conventional boiler could be the solar assisted heat pump (SAHP)
system that relies upon the integration of a solar field with a heat pump in which the hot water at solar field outlet
is used as cold heat source in the heat pump evaporator. In this way it is possible to exploit solar radiation more
efficiently, since the water temperature may be significantly lower than the temperature required by the process,
improving both the heat pump and the solar collector efficiencies. In the open literature, a lot of experimental or
numerical analyses SAHP systems are carried out demonstrating the superior performance of this integrated
system with respect to traditional systems such as boiler or conventional heat pump (Kamel et al., 2015, Mohanraj
et al. 2018, Lazzarin, 2020, Simonetti et al. 2019, 2020). However, all the available studies deal with SAHP
systems at residential scale and there is lack of analysis of their application to industrial processes.

Therefore, in the present work an energetic and economic analysis of the use of mid temperature SAHP system in
a pasteurization process is carried out with the aim of demonstrating its feasibility in an industrial scenario.
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2. System modelling

The system under investigation is a solar assisted heat pump system used to supply heat to a pasteurization process.
The layout of the system is shown in Fig. 1 and, besides the pasteurization process itself, it consists of:

e A heat pump that supplies heat to the pasteurization process.

e A solar field where both photovoltaic/thermal collectors (PV/T) and evacuated tube collectors (ETC) are
considered. The PV/Ts are used to produce low temperature heat which, in turn, is used as cold heat source in
the heat pump evaporator whereas the hot water at ETCs may be exploited either in the heat pump evaporator
or in the pasteurization process depending on its temperature.

e A heat storage which stores the system excess heat allowing for larger solar source exploitation.

e An auxiliary boiler that is used only when the SAHP system, together with the heat storage, cannot
provide the heat required by the pasteurization process (low solar radiation and/or low amount of heat in the
storage). The auxiliary boiler is aimed to allow continuous system operation during the whole year.

A
Pasteurization
? process

ETC PVIT Heat
field field pump

Heat Auxiliary
} } storage boiler

Fig. 1: Layout of the solar assisted heat pump system for pasteurization process
The model of the system is built starting from the model of each component as detailed in the next sections.

2.1 Heat pump

The heat pump considered in this work is a water-to-water heat pump system working with carbon dioxide in
transcritical mode. The refrigerant properties are calculated using Refprop 9.1 (Lemmon et al., 2013) whereas the
layout of the heat pump is shown in Fig. 2.

From process To process
Gas cooler
Internal HX
Back-pressure
valve
Compressor
Evaporator
To solar field From solar field

Fig. 2: Layout of the heat pump

The model of the heat pump is a steady-state model built with a bottom-up approach. The model of each
component of the heat pump is first realized and then the overall heat pump model is built assembling them
together.

The compressor considered in the present work is a variable speed reciprocating compressor. The compressor is
modelled using the polynomial functional form provided by the manufacturer that allows for the calculation of
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refrigerant mass flow rate or compressor power as a function of evaporating temperature and gas cooler outlet
pressure:

m = a; + a,Tp + a3po e + aaTF + asTpPo cc + AP oc + ;T3 + agTépo e + asTePb 6c + A10Po 6c

(eq.- 1)
W = by + byTy + bspo e + baTZ + bsTeDo g + beP§ cc+b7Ti + bsTEPo e + boTePd oc + b1oPa ce

(eq. 2)

The 10 coefficients that appear in Egs. (1-2) depend on the rotational frequency of the compressor shaft and are
taken from the manufacturer’s datasheet. Since the model is valid only for a refrigerant superheating at compressor
suction equal to 10 K, the corrective action proposed by Dabiri and Rice (1981) is used to account for a different
superheat. Finally, due to the heat pump application, the compressor is assumed to be adiabatic and, therefore, the
following equation applies for the calculation of refrigerant enthalpy at compressor discharge:

hpis = hsyc + W /m (eq. 3)

The three heat exchangers are modelled using a finite volume approach. Each heat exchanger is divided in small
slices and the amount of heat transferred between the hot and cold fluid in the small volume is calculated using
the e-NTU method according to the following equations:

£ = Q _ 1—exp[-NTU(1-R")] (eq. 4)
Qmax  1-R*exp[-NTU(1-R")]

Q= MyCpy (TH,IN - TH,OUT) =McCpc (TC,OUT - Tc,uv) (eq. 5)

QMAX = min (MyCpy, McCp ) (TH,IN - TC,IN) (eq. 6)

o TR G €

NTU = ua (eq. 8)

min (mycp gmmeep,c)(Tain-Tcin)
_ -1 _ -1
WA = (hepd) ~ + ty (kwA) ™t + (hecA) (eq. 9)
The overall heat transfer rate is, then, the sum of the infinitesimal heat transfer rate at volume scale.

The correlation used for the calculation of the heat transfer coefficient are an in-house correlation for the single
phase fluid (water in evaporator and gas cooler, carbon dioxide in gas cooler, internal heat exchanger and vapour
zone in evaporator) whereas the correlation proposed by Longo et al. (2015) is used in the two-phase zone of the
evaporator.

Finally, the back-pressure expansion valve is modelled considering an isenthalpic process and assuming that the
valve is able to keep the gas cooler outlet pressure at the optimal value in any heat pump operating conditions.

2.2 Solar collectors

As stated, the solar collectors used in the present study are both photovoltaic/thermal collectors (PV/T) and
evacuated tube collectors (ETC). For the sake of simplicity, and similarly to the heat pump model, the soalr
collector models are steady-state too.

Considering the PV/Ts first, both an electrical model and a thermal model is needed. The electrical model used in
the present work computes the electrical efficiency with the power coefficient approach (Zondag et al., 2003)
assuming, for the sake of simplicity, that the PV cell temperature is 10 °C higher than the water average
temperature:

NEL = nEL,REF[]- + Ypyr (TW +10 — TCELL,REF)] (eq. 10)

whereas the thermal model computes the thermal efficiency as a function of optical efficiency and thermal losses
which, in turn, depends on the reduced temperature. Due to the low operating temperature of this collector, only
the linear term is considered and, similarly to the electrical model, the water average temperature is used for the
sake of simplicity:



L. Molinaroli et. al. / SWC 2021 / ISES Conference Proceedings (2021)

(Tw—-Ta)
Nt = Nopr — kl,PVT WTA (eq. 11)

ETC collectors need only a thermal model which is very similar to that of PV/Ts. Indeed, again, the thermal model
of ETC computes the thermal efficiency as a function of optical efficiency and thermal losses but the quadratic
term is considered for this type of collector due to the higher operating temperatures:

(Tw-Ta)

(Tw-Ta)?
Nru = Nopr — kierc c ks ere % (eq. 12)

The constants that appear in eqs. (10-12) are taken from manufacturers’ datasheets.
2.3 Heat storage, boiler and pumps
Finally, simple models are developed also for the heat storage, the auxiliary boiler and the pumps.

The heat storage is modelled as a perfectly stratified heat storage where the thermocline is adiabatic and has a
thickness equal to zero. No mixing phenomena occur when water is injected to or extracted from it. The storage
is assumed to be well insulated, therefore the heat loss to the environment is neglected.

The boiler is modelled as a constant efficiency thermal system. The boiler efficiency is chosen averaging the value
reported in several manufacturers’ datasheet.

Pumps are modelled in order to account for the pumping power in the overall system consumption. First, pressure
drop in the evaporator or in the solar collectors is calculated using the following equation:

Ap = ¢ + Uy + 3D (eq. 13)

The constants that appear in eq. 13 are taken from manufacturers’ datasheet (solar collectors) or are regressed
using a best fitting procedure over manufacturer’s performance data (brazed plate evaporator).

Once the pressure drop is calculated, the pumping power is computed according to eq. 14 in which the pump
efficiency is taken from manufacturers’ datasheet:

. vy A
Wpyyp = 22 (eq. 14)

npumMmp

3. Case study

As stated, the goal of the present study is to assess the energetic and economic performance of a SAHP for
pasteurization process. With the aim of making the analysis as simple as possible, without loosing accuracy or
consistency with a real pasteurization process, the pasteurization process is assumed to operate continuously, i.e.
24 hours a day and 7 days a week. Additionally, it is assumed that a water mass flow rate equal to i, = 1kg-
s~ at Ty ;v = 80 °C and Ty pyr = 50 °C may fulfill both the temperature requirements and the process heating
load.

In order to improve the feasibility of the SAHP system, only commercially available components are chosen. The
characteristics of the main components of the system studied are collected in Tab. 1.

Tab. 1: Main characteristics of the components of the SAHP system

Component Parameter and value

Variable speed reciprocating compressor, swept volume 30.75 m*-s™!,

Compressor rotational frequency 30 Hz — 70 Hz
Gas cooler 329 mm x 119 mm, 138 plates, heat transfer area 5.58 m?
Evaporator 329 mm x 119 mm, 92 plates, heat transfer area 3.68 m>

Internal HX 329 mm x 119 mm, 72 plates, heat transfer area 2.88 m?
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Area 1.63 mz, Nopr = 0.528, kl,PVT = 13.658 W'm_2'K_l, nEL,REF =
PV/T 0.1366, Ypyr = 0.42 %K', Teg per = 56 °C

# of PV/Ts: 100, 200, 300 ..., 800, 900, 1000

Area 3.018 mz, NopT = 0.835, kl,ETC =1.56 W'm-z'K-l, kZ,ETC =
ETC 0.0017 W-m>K?

# of ETCs: 100, 200, 300 ..., 800, 900, 1000

21 m?, 43 m3, 64 m?, 86 m?, 172 m?

Heat storage . )
(equivalent to 6 h, 12 h, 18 h, 24 h and 48 h of operation)

Auxiliary boiler Gas fired, nry = 0.95

Three different operating mode of the SAHP are considered:

e Operating mode 1: the low temperature heat produced by the PV/Ts is used as cold heat source in the
heat pump evaporator. The high temperature heat produced by the heat pump and by ETCs is used in the
pasteurization process.

e Operating mode 2: the mid temperature heat produced by the ETCs is used as cold heat source in the
heat pump evaporator. The high temperature heat produced by the heat pump is used in the pasteurization
process. PV/Ts do not provide any heat.

e Operating mode 3: the high temperature heat produced by ETCs is used in the pasteurization process.
Neither the heat pump nor PV/Ts provide any heat.

It is worth specifying that in all the operating modes, any heat excess is stored in the heat storage or, conversely,
the auxiliary boiler supplies the heat shortage. Regarding the power production, the PV/Ts produce power also
in Operating mode 2 and 3. The power is used to drive the SAHP system (compressor and pumps) and the
excess power is assumed to be completely used by the industrial process.

4. Results

The analysis of the SAHP is carried out for the city of Milan and for one year of operation. Two steps are
considered in the analysis. In the first step several simulations are run to assess the influence of the number of
PV/Ts, of the number of ETCs and of the heat storage size. In the second step an optimization process is carried
out to identify the best system configuration both from the energetic point of view and from the economic point
of view.

Fig. 3 shows the influence of yearly electrical energy surplus (left) and thermal energy supplied by the auxiliary
boiler (right) as a function of the number of PV/Ts (x-axis) and ETCs (y-axis) for a storage volume equal to 86
m?’. Starting from the electrical energy, a strong influence of the number of PV/Ts and a weak influence of the
number of ETCs are found. Indeed, for any size of the ETC field, the electrical energy surplus increases
significantly as the number of PV/Ts increases whereas, for any size of the PV/T field, the electrical it is almost
constant if the number of ETCs is higher than a threshold value, approximately 100-140. Below this value, an
increase in the heat pump operating time arises which, in turn, lead to an increase in electricity consumption and,
therefore, a reduction in the electrical energy surplus. Considering the thermal energy supplied by the auxiliary
boiler, the opposite trend is found since a strong influence of the number of ECTs and a weak influence of the
number of PV/Ts arise. Quite obviously, for any PV/T field size, the amount of heat the auxiliary boiler has to
provide reduces as the number of ETCs increases whereas, for any size of the ETC field, this parameter is almost
constant as a function of the number of PV/Ts. The only exception to this analysis is the bottom-left corner where
the number of PV/Ts and ETCs is too low to drive the heat pump, resulting in a large use of the auxiliary boiler
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Fig. 3: Yearly electrical energy surplus (left) and thermal energy supplied by the auxiliary boiler (right) as a function of the
number of PV/Ts (x-axis) and ETCs (y-axis) for a storage volume equal to 86 m>.

The share of the heat production as a function of storage size (x-axis) and for some selected sizes of PV/T and
ETC field (labels inside each bar) is reported in Fig. 4. First, a clear influence of the heat storage size may be
found. Indeed, whatever is the number of PV/Ts or ETCs, the higher is the heat storage size, the lower is the
auxiliary boiler share (green bars). Considering the production of process heat through ECTs (purple bars in
operating mode 3 and red bar in operating mode 1), it is found that, with the only exception of the smaller storage
size case, this operating mode achieves the highest share and, additionally, larger ETCs field (2™ and 4™ purple
bar in each group) benefit from the heat storage size more than smaller fields (1% and 3™ purple bar). The
contribution of the SAHP to the share is largely dominated by the PV/T driven operating mode (operating mode
1, blue bars) rather than the ETC driven operating mode (operating mode 2, dark yellow bars) with an overall
share of the SAHP almost constant and around 15%.
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Fig. 4: Share of the heat production as a function of storage size

Once a general analysis of the overall performance is made, an energetic and economic optimization of the SAHP
system is carried out. In the economic analysis, the cost of the auxiliary boiler is not considered since this
component has to be used in any SAHP system. It is worth specifying that the energetic optimization is carried
out with the aim of minimizing the auxiliary boiler consumption, whereas the economic optimization maximizes
the Net Present Value (NPV) of the SAHP system. The cost of the components of the SAHP system are taken
from a market survey and are collected in Tab. 2.
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Tab. 2: Cost of the components of the SAHP system

Component Cost
Heat pump 65270 €
PV/T 1200 €-(kW)!
ETC 850 €-m?
Heat storage 1500 €-m

The results of the energetic or the economic optimization are reported in Tab. 3 and Tab. 4 respectively. As a first
general comment it is possible to state that both the energetic and the economic optimal configurations lead to a
reduction of the auxiliary boiler consumption since in the “boiler-only” scenario it accounts for 1158 MWh.
Additionally, comparing the two sets of optimal configurations, it is found that the number of PV/Ts is equal to
the maximum allowed by the problem constraints whereas the number of ETCs is 70%-150% higher in the optimal
energetic configuration. Quite obviously, due to the larger ETC field size, the optimal energetic configuration has
lower heat pump consumption, in the range 90.8% to 93.6% and, more importantly, significantly lower auxiliary
boiler consumption, spanning the interval 49.1% to 83.8%. Conversely, the optimal economic configurations show
superior economic parameters since the NPV is 26.9%-52.3% higher than the corresponding parameter in the
optimal energetic configurations and, consequently, the pay-back time is 22.6%-39.8% lower. It is anyway quite
interesting to state that the best optimal energetic configuration is achieved when the heat storage size is equal to
172 m?, whereas in the best optimal economic configuration the storage size is equal to 43 m? considering the
NPV and equal to 21 m® considering the IRR and the pay-back time.

Tab. 3: Optimal energetic configuration that minimizes the auxiliary boiler consumption

Storage size 21 m? 43 m’ 64 m? 86 m? 172 m3
Number of PV/Ts 1000 1000 1000 1000 1000
Number of ETCs 400 480 480 460 440

SAHP consumption 30.7 MWh 30.2 MWh 30.2 MWh 30.3 MWh 30.5 MWh
Auxiliary boiler 4551 MWh | 2452MWh | 1SI.IMWh | 1589MWh | 129.2MWh
consumption
NPV 673.2 k€ 716.2 k€ 756.7 k€ 793.1 k€ 739.6 k€
IRR 9.8% 9.4% 9.5% 9.7% 9.1%
PBT 128y 134y 132y 128y 137y
Tab. 4: Optimal economic configuration that maximizes the NPV

Storage size 21 m? 43 m? 64 m? 86 m’ 172 m?
Number of PV/Ts 1000 1000 1000 1000 1000
Number of ETCs 160 220 240 240 260

SAHP consumption 33.8 MWh 32.8 MWh 32.7 MWh 32.7 MWh 32.6 MWh
Auxiliary boiler 5433MWh | 3744MWh | 3208MWh | 3118 MWh | 263.1 MWh
consumption
NPV 1025 k€ 1083 k€ 1071 k€ 1050 k€ 939 k€
IRR 15.7% 14.4% 13.6% 13.2% 11.4%
PBT 77y 83y 88y 91y 106y
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5. Conclusions

In the present study an energetic and economic analysis of a solar assisted heat pump system for pasteurization
process is carried out.

First, the influence of the number of PV/Ts, the number of ETCs and the storage size on the system performance
is analyze finding that the PV/T field size has a significant influence on the electric energy surplus and a negligible
influence on the auxiliary boiler energy consumption, whereas the opposite occurs considering the size of the ETC
field. Additionally, larger heat storages allow to better exploit the solar radiation since they tend to reduce the
auxiliary boiler energy consumption.

Then, the optimal system configuration from the energetic or the economic point of view is identified finding that
both systems lead to a reduction of the auxiliary boiler consumption. Additionally, the optimal energetic
configurations exhibit larger size of the ETC fields and lower heat pump and auxiliary boiler energy consumptions
whereas the optimal economic configurations have superior NPV and IRR and lower pay-back time.

6. List of symbols

a ... Ay Manufacturer’s coefficients in eq. 1

A Area, m?

by ... by Manufacturer’s coefficients in eq. 2

€1 . C3 Pressure drop coefficients in eq. 13

Cp Isobaric heat capacity, J-kg-1-K-1

G Solar irradiance, W-m-2

h Enthalpy, J-kg!

hc¢ Convective heat transfer coefficient W-m-2-K-1
k Thermal conductivity, W-m-1-K-!

ki erc Manufacturer’s coefficient in eq. 12, m2-K-W-1
ks erc Manufacturer’s coefficient in eq. 12, m2-Kz-W-1
ky pyr Manufacturer’s coefficient in eq. 11, m2-K-W-1
m Mass flow rate, kg-s1

NTU Number of transfer unit, dimensionless

Po.cc Refrigerant pressure at gas cooler outlet, kPa
Q Heat transfer rate, W

R* Heat capacity rates ratio, dimensionless

t Thickness, m

Tg Evaporating temperature, K

U Overall heat transfer coefficient, W-K-1

v Volumetric flow rate, m3-s-t

W Power, W

Greek symbols

Yevr Power coefficient in eq. 10
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Ap Pressure drop, Pa

£ Effectiveness, dimensionless
n Efficiency, dimensionless
Subscripts

A Air

c Cold stream

DIS Compressor discharge
EL Electrical

H Hot stream

IN Inlet

MAX Maximum

OPT Optical

ouTt Outlet

PUMP Pump

REF Reference condition

SucC Compressor suction

TH Thermal

w Wall or water
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