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Low-temperature solar thermal facilities face challenges like large storage systems and solar intermittence. This
drives the development of novel storage systems that also implies lower costs. This study proposes the coupling
of a low-temperature solar storage system that feeds heat of vaporisation to a heat pump; the pump, at the
same time, produces higher temperature thermal energy. The heat pump let to supply heat to low and medium
temperature industrial processes in a way that volumetric requirements decrease, compared against using a
conventional solar thermal storage system. Using the coolant trans-1,3,3,3-tetrafluoroprop-1-ene like working
fluid in the heat pump, it is possible to obtain storage volumes up 30 m?3 to supply 4,400 kWh of heat process.
This contributes to decrease in 44 % the volume of a conventional storage system. Reducing the installation
surface, in turn reduces the costs and the solar thermal systems payback time. These achievements, overall,
enable to reach a feasible system that is competitive in front of the fossil fuels costs, reducing or eliminating the
environment impact of burning fossil fuels.

1. Introduction

There are challenges to solve when use renewable energies. For industrial applications, the focus is
guaranteeing the heat load and the target temperature. The energy production using renewables let to reduce
environmental impacts like emissions of greenhouse gases, and an enhanced economic performance (Wang et
al., 2020). According to IRENA, renewable energies are replacing fossil fuels as the cheapest way to produce
energy (IRENA, 2020). The energy consumed by the industrial sector in 2020 was 156 EJ, this constituted 38
% of the total energy consumed. Data have practical not changed since 2010; although China had the largest
increase, more than half of the total increase observed. Solar thermal and geothermal energy rose their
consumption in that range of years more than double, and the use of fossil fuels decreased from 73 % to 68 %
(IEA, 2020). Solar energy is an abundant renewable source, green, available, and economically accessible.
One of its applications is in low-temperature industrial processes, because has shown be more competent than
fossil fuels (Kogak et al., 2020). To achieve its widespread use, it is necessary to develop methodologies and
technologies that lead to reduce the associated costs of facilities and guarantee the energy supply to industrial
processes. A solar facility has two main components, the solar collector network, and the thermal storage
system. Due to the availability of sunlight only during the day hours and its intrinsic variability, storage systems
guarantee heat load in continuous and batch processes. In the case of batch process, storage increases the
supply time of heat load. The storage system installation contributes with 17 % of total solar system cost
(Karagiorgas et al., 2001). It is significant to reduce the volume and the installation area of the thermal storage
system, to reach this goal, heat pumps gain hot fluid from a low temperature source and give off heat at higher
level of temperature.

Heat pumps are closed thermodynamic systems that convert low temperature heat in one of higher level of
temperature through work consumed by the compressor. Industrial heat pumps, are also known as high
temperature heat pumps (HTHP), these are major used for recycling residual heat of process, which is at low
temperatures and convert into useful heat of process close to 160 °C. The HTHP has the potential to
performance in chemical, food and paper industry, particularly in processes such as pasteurisation, sterilisation,
distillation, and evaporation (Arpagaus et al., 2018). Fan et al., 2021, reported that a combination of solar thermal
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system and heat pumps could increase low efficiencies, operation times and the intermittency of the solar
source. Selection of the refrigerant is a relevant aspect in the heat pump design (Arpagaus et al., 2018). The
main criteria are based on the thermophysics suitability properties as critical temperature and pressure,
environmental compatibility (low ODP and GWP), security (low toxicity and flammability), availability on market,
thermodynamic efficiency (COP) and compatibility with the heat pump component materials and lubricating oils.
In the current work, the aim is to reduce the cost of the storage system, to reach this, the proposal is to couple
a heat pump to a solar thermal facility that feeds a dairy process in the most critical weather conditions in the
city of Guanajuato, Mexico, which includes low irradiance levels that exist during all the year. The results showed
the storage system volume, for a dairy process, was reduced by 44 % using a heat pump. The thermal fluid
used in the heat pump cycle was trans isomer of 1,3,3,3-tetrafluoroprop-1-ene also known as refrigerant R-
1234z¢e(E).

2. Design of solar thermal facility

The heat pumps have used as a viable alternative to electric heaters and boilers in domestic hot water
applications or climatisation (Kutlu et al., 2020). The drying of agricultural products is a method to preserving
foods, this process prevents the products deterioration by moisture reduction using heat. Alishah et al. (2018),
designed and evaluated a solar assisted heat pump dryer to dehydrate coriander, their results showed a
decrease in drying time in comparison of a dryer without a heat pump, and COP value of 2.33 was achieved.
Hasan-Ismaeel and Yumrutas, 2020, proposed a solar assisted heat pump wheat drying system using thermal
energy storage tank to heat supply in evaporator, 200 m? of volume storage, 70 m? of solar collector area and
COP values until 5 were achieved.

However, the current work aims to use industrial heat pumps to reduce the size of solar thermal facilities in an
industrial process. The heat load is delivered to the evaporator of the heat pump by means a solar thermal
facility. Both main components of the solar thermal installation, low temperature solar collector network (54 %
of total cost) and the heat storage system (17 % of total cost), have significant contribution on the total cost. In
this study the size of the storage system is decreased, which impacts on its cost and the installation area. The
designed system has a solar thermal installation coupled to a heat pump. Low temperature solar collector
network delivers hot water at 50 °C. This hot water is mixed with storage water at 100 °C, produced by heat
pump. Figure 1 shows the main components of the facility, which are solar collector network, storage system,
photovoltaic network, and heat pump. The power required by the compressor is supplied by photovoltaic cells.
R-1234ze(E) or trans-1,3,3,3-tetrafluoroprop-1-ene is the working fluid (-¢f) of the heat pump, and water for
solar thermal installation.
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Figure 1: Solar thermal supply system proposed.

Design of the low temperature solar collector network (158 W/m2), was carried out to guarantee the heat
requirement during all year, including days with low irradiance and those with higher irradiance as Martinez-
Rodriguez et al., (2019) detail.

Water is feeding at 19 °C to the flat-plate solar collector network. Heat pump produces additional hot water that
is stored at higher temperature (100 °C) in a tank. Storage water is mixed with the water that comes out of the
solar collector network to supply the heat load (746 kW) at target temperature to evaporator (70 °C). The
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temperature difference between hot water and refrigerant is 10 °C, in both the evaporator and the condenser.

In a dairy process the pasteurisation is achieved at 85 °C, and the temperature of the hot water must be 95 °C
and 105 °C for the refrigerant.

3. Case study

The present research proposal is applied in a dairy batch process. Its operation is for 300 d and 5 h every day
(8:00 h —13:00 h). The required heat load for milk pasteurisation is 4,400 kWh (15.840 GJ). Case study consists
of supply 880 kW to the process, which is removed from the condenser of the heat pump. Design starts on the
condenser to guarantee the heat duty to dairy process. For this study, the heat pump works on isothermal of 60
°C for evaporation and 100 °C for condenser. The evaporator was designed to have a degree of overheating of
5 °C, condenser has the same degree of overcooling. A compressor isentropic efficiency of 85 % was
considered. Figure 2 shows a P-h diagram of refrigerant used, with the main operating conditions.
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Figure 2: P-h Diagram for heat pump.

Considering an isentropic compression on the line of 1.7k//kg, it has a temperature of 105 °C (h, = 440 kJ/kg)

while condensation occurs up to 5°C below the condensation temperature and corresponds to 95°C
(hy =342 k] /kg), thus the mass flow can be calculated from the Eq(1).

Qcond = MrefAhcond (1)
Refrigerant mass flow rate is used to calculate compressor power and evaporator heat load. Compressor power

is calculated with Eq(2).

. . mrefAhisoent
W omp = mrefAhreal = 2)

Nisoent

Where the efficiency of isentropic compressor is calculated from Eq(3), which considers the enthalpy difference
if the process were isentropic with respect to the actual or real enthalpy difference.
Ahisoent
Nisoent = b 3)

The expansion process in the heat pump is carried out at constant enthalpy (h; = 342 kJ/kg), while at the exit

of the evaporator, hy =425 kJ/kg to reach the isentropic line with temperature of 65 °C; the Eq(4) allows to
calculate the heat flow in the evaporator.

Qevap = mrefAheuap 4)
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Heat pump COP is an important parameter to conduct the thermodynamic analysis. Heating COP is the rate
between condensation heat and the power consumed by the compressor, how it is showing in Eq(5).

cop = 2eond. (5)

comp

The total heat at the evaporator defines hot water mass required. The required heat load on the evaporator of
heat pump comes from hot water of solar collector network at 50 °C mixed with storage water at 100 °C, to get
hot water at 70 °C. Considering a specific heat capacity of water of Cp,, , = 4.182 kj/kg K, the hot water mass
is calculated with Eq(6).

stor = Qcondtproc = mHZOCpHZOAT (6)

Where Qcona is the heat flow on the condenser, tyroc is the operation time process, muy,o is total mass water
required by the process, AT, is the temperature difference between storage temperature (Ts:y) and the average
annual water temperature (Tqve = 19 °C). The operation time is 5 h, hot water mass flow required by the process
is calculating with Eq(7).

my,0

()

m =
120 tproc
Storage tank volume is calculating with Eq(8) (Yang et al., 2014), and density of water is taken as an average
between 19 °C and 100 °C (py,o = 977 kg/m3).

QStOT

. T — 8
pHZOCPHZDAT (®)

The total hot water required without heat pump is 46 m3 at 100 °C to meet the heat demand (4,440 kWh or 880
kW). By coupling the solar thermal system to assist the heat pump, the total hot water required by dairy process
is reduced from 46 m3 to 29.2 m3. This represents a reduction of 44 % on volume of hot water. The estimation
considers the most critical irradiance values during the year, ensuring the supply of the heat load at a target
temperature of 95 °C for milk pasteurisation.

4. Cost analysis

The cost of storage tank, Csra, can be determined by Eq(9) (Towler and Sinnott, 2013), which depends on the
storage volume; the constant parameters (a, b and c) are related to the type of tank used. Costs for installation,
maintenance, insulation, among other, are included.

Csta=a+ bve 9
The solar collector network cost is determined by Eq(10) (Lizarraga-Morazan et al., 2020), this equation depends
on geometrical characteristics and build materials of the collector, fluid properties, total number of collectors and
mass flow rate, among others.

A¢Ny V3

mLu
Csn = Nc[)’o t— (Yld +yv2+ d) + WLlys+v10

npdt

me)

10
err (10)

+V5<

According to Zhang et al., 2016, the installation cost of an industrial heat pump by vapor compression with
maximum temperature lift of 80 °C and maximum sink temperature of 120 °C, is 1,250 yuan/kWpea output,
equivalent to 200 dollar/kW neat output.

5. Results

The results were obtained based on thermal requirements of dairy process, it means 880 kW in a period of 5
hours. The refrigerant mass flow rate was 9 kg/s and the heat pump operating conditions were: the evaporator
works on a constant pressure of 12.77 bar between 60 °C and 65 °C, the compressor increases the pressure
to 30.26 bar and temperature to 105 °C; the condenser also operates on constant pressure of 30.26 bar and
temperatures of 105 °C and 95 °C, finally expansion valve decreases temperature and pressure to 60 °C and
12.77 bar. The calculus of enthalpy and pressure was achieving with the equation of state reported by Thol and
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Lemmon, 2016, by which the saturation curves and the working isotherms, were graphing. Following the same
procedure, the heat flow required at the evaporator was 746 kW for the refrigerant mass flow rate.

The objective is to calculate the water mass and the mass flow rate to supply 746 kW on evaporator. Table 1
shows the obtained results of a sweep for different temperature operation values on this device. Considering an
isentropic efficiency of 85 %, a compressor power of 158.5 kW, and a heat pump COP of 5.55.

A previous study was conducted on the dairy process for the same energy supply of 4,400 kWh. Forty-six (46)
m3 of hot water at 100 °C were required.

Table 1: Mass and mass flow rate of hot water for different mix temperatures.

Tseg (°C) my,o (kg) iy, (kg/s)

60 78,242 4.35
65 69,737 3.87
70 62,900 3.49
75 52,284 3.18
80 52,589 2.92
85 48,605 2.7

90 45,182 2.51

Different scenarios were analysed to verify the impacts of the temperature of storage tank. In one of these
scenarios the storage temperature could reduce 10 °C, therefore the hot water temperature is 90 °C. In this
case the volume is reduced in 30 %, with an output temperature of 50 °C from the solar collector network.
Another scenario could be based on the critical solar irradiance of 158 W/m2. The outlet temperature of the solar
collector network with this level of irradiance is 58 °C. The reduction of the volume at 100 °C is 47 % maintaining
the hot water storage at 90 °C.

Table 2 shows the required volume of hot water to supply the heat duty to the evaporator at different target
temperatures. This work considers a target temperature of 70 °C in the evaporator to reduce the hot water
storage required for the dairy process. The required volume to the evaporator increases exponentially when the
target temperature decreases. The difference between the volume at 80 °C with respect to the volume at 60 °C
is 32 %.

Table 2: Hot water volume for different solar collector outlet temperatures.

Tstg 9 Viank (m3)

60 80.0
65 71.4
70 64.4
75 58.6
80 54.0
85 50.0
90 46.3

Taking the highest natural gas price reported during 2021, which was 0.201 USD/kWh (GlobalPetrolPrices,
2021) and estimating the cost of fuel to supply the total heat load to the process, an expense of $884/d or
$265,380/y, was calculated. The cost of the proposed industrial heat pump to supply the heat load is $880,000
(including the cost of equipment and installation).

6. Conclusions

The selection of R-1234ze(E) refrigerant as working fluid in the heat pump complies with the strictest
environmental criteria (ODP=0 and GWP=0), in addition, the critical temperature and pressure of the refrigerant
reach optimal operating conditions of proposed energy system.

It is feasible to couple a heat pump to a solar thermal installation made up of a network of low-temperature solar
collectors and a storage system. Under this scheme the volume of the storage system can reduce by 44 %.
The proposal guarantees the supply of the thermal load to the dairy process throughout the year by means a
100 % renewable energy system.

Simple payback of the heat pump was 3.4 years, making the proposal competitive regarding conventional fossil
fuel systems.
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