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Abstract

The use of heat pumps in industrial processes is gaining wide attention in the last years, since it allows to
strongly diversify the resources needed by the industrial sector, representing up to 24% of overall worldwide
CO; emissions and 37% of primary energy consumption. Aim of the present work is to assess, through a
technical and environmental analysis, the replacement of a drying process powered by gas boilers with a solar-
assisted heat pump solution. The industrial process targeted is the drying of a wet biomass, which represents
the side product from the juice production. As for the case of citrus peel residues, the dried biomass can be
used for animal feeding, pectin or other molecules extraction, and also as fuel for bioenergy systems. Currently,
drying is only achieved through gas boilers. The alternative solutions proposed to reduce biomass humidity
down to less than 15% is a solar-assisted heat pump process: a high-temperature heat pump, using a low-GWP
refrigerant, uses solar heat as the low-temperature source and provides hot air for biomass drying. Electricity
for heat pump operation is also supplied by solar energy through PV panels. Starting from real data of the juice
factory and experimental data from heat pump testing available in the literature, a TRNSYS model was
realised. A sensitivity analysis was carried out, assessing the optimal ratio of solar/PV panels for operation of
the heat pump, as well as the optimal sizing of the heat pump to reduce the cost of energy to run the entire
drying process. The results indicated that the ratios of 1:1 of solar to heat pump powers is the most suitable
one. The average heat pump COP under the examined conditions is 2.9 to 3.2, which allows greater exploitation
of the primary energy if compared to the efficiency of gas boilers.
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1. Introduction

Solar Heat for Industrial Processes (SHIP) is gaining wide attention in the last years, since it allows to
strongly diversify the resources needed by the industrial sector, representing up 24% of overall worldwide CO-
emissions and 37% of primary energy consumption [1]. As highlighted in several analyses, the potential for
SHIP is relevant for several reasons: solar heat is available everywhere, without need for complex
transportation systems, which allows its exploitation both in urban or rural areas also in developing countries
[2], the heat needed in several industrial processes is below 300°C, which is fully compatible with the
temperature levels from solar collectors [3] and it allows reducing the coal or natural gas dependency of the
industrial sector in several countries [4,5]. So far, SHIP is mainly linked to the use of concentrated solar
collectors [6—8], which are however of complex installation and maintenance and are mostly suitable as sources
for power cycles [9]. For all the processes that require low-temperature heat (<150°C), untapped potential for
non-concentrated solar collectors exists [3,10]. One of the most interesting applications for solar heat is the
use in solar dryers [11], for which several layouts or solar-assisted dryers integrated with thermal storage and
electric boilers or heat pumps have been proposed in recent years. Moreover, agro-food industries are energy-
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intensive and therefore the replacement of primary energy resources within them is of paramount importance
[12]. Starting from this context, in the present paper a solar-assisted drying process is proposed for the
integration in a juice factory. The dryer is used for the wet biomass that represents the fuel for a CHP-
gasification system, that in turns produces heat and power for the industry, thus increasing the circularity of
the industrial process [13].

2. System Description

The flow diagram for the industrial process targeted is discussed in [14]: the wet biomass is dried in a
furnace to reduce its humidity and use it in a biomass-based gasifier.

The alternative solutions proposed in the current study are shown in Figure 1. The heat needed for the
biomass drying to reduce its humidity down to less than 15% can be supplied either by solar collectors entirely
or by integrating the solar collectors and a high temperature water/water heat pump, whose heat source can be
represented by low-grade heat coming from the industrial processes itself (e.g from condensate of the gas
boilers). The high temperature heat pump is driven by PV collectors on the roof of the industrial building.
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Figure 1: the proposed layout for the solar-assisted dryers: (a) biomass dried using only solar thermal collectors, (b) use of a solar-
assisted heat pump.
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The proposed system layout is shown in detail in Figure 2. The system is powered by two main sources: PV
panels and solar thermal collectors. The PV panels fed energy to the heat pump and the auxiliaries (blowers,
pumps), whereas the solar thermal collectors’ field is connected to a sensible heat storage (water/glycol) This
is connected to both an air-water heat exchanger (HEX), for providing the heat to the dryer, and to the heat
pump, to work as the evaporation source for it, according to the logics discussed in the following sections.
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Figure 2: detailed layout of the simulated system.

The high temperature air-water heat pump used for the simulations is the one described in [15], which make
use of R1233zd as refrigerant and can work with condenser temperatures between 110°C and 145°C and
evaporator temperatures of 40-65°C. The selection of the specific heat pump was done considering that, to the
authors’ best knowledge, there are no commercial heat pump in the desired capacity and temperature range.
Among the work literatures, the heat pump selected has the highest efficiency in the target operating conditions.
The schematic of the heat pump is shown in Figure 3 .In addition to condenser, evaporator, compressor and
expansion valve, the selected heat pump makes use of an economizer. The economizer plays a dual role in the
cycle. First, it increases the degree of subcooling of the refrigerant exiting the condenser. Second, it raises the
enthalpy of the refrigerant used for vapor injection, which helps improve the mass flow rate of the injected
vapor and therefore increases the overall efficiency of the heat pump. This is especially important considering
the high temperature lift at which the heat pump operates.

During operation, the compressor discharges high-pressure, high-temperature vapor, which enters the
condenser and is transformed into liquid. This liquid refrigerant then passes to the economizer, where
additional subcooling is carried out. After leaving the economizer, the refrigerant divides into two separate
flow paths. The primary stream moves through the expansion valve and into the evaporator. There, it vaporizes
while absorbing heat, producing a low-pressure, low-temperature vapor that returns to the compressor inlet,
where it is compressed again and raised to a higher pressure and temperature. The secondary stream follows
the vapor-injection circuit. It first expands through the vapor-injection expansion valve, which reduces both
its temperature and pressure, before entering the economizer. Inside the economizer, this auxiliary stream
exchanges heat with the subcooled liquid from the condenser. After gaining heat and increasing its enthalpy,
this vapor is injected into the compressor’s compression chamber to enhance the overall performance of the
system. A temperature difference of 5 K between primary and secondary side of the heat exchangers were
considered during simulation.

The heating capacity and COP as a function of operating temperatures are graphically reported in Figure 4 .
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Figure 3: schematic layout of the high temperature heat pump simulated.
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Figure 4: thermal capacity of the heat pump (a) and COP (b) as a function of evaporation temperature for the simulated heat pump. Data
from [15]

3. Methodology

The model of the system was realized in TRNSYS18 simulation software. It consists of three main sections:

- PV section, which includes the PV panels, inverter with MPPT function and weather data from
Messina.

- The tank subsystem, which includes the solar thermal collector type (type 539) with variable speed
pump, and the tank (type 534). The pump speed for the solar thermal collector is regulated in order to
keep the desired average temperature (120°C) inside the storage tank. All the hydraulic circuits
simulated make use water/30% glycol mixture, to be able to work at temperatures above 100°C. The
efficiency of the solar thermal collector according to type 534 is expressed as:

(T-Tamp) _ (T-Tamp)?

G

n=ao-a; X R )
where T is the temperature of the fluid in the solar collectors, Tamb is the ambient temperature, G is the
irradiance and a0,al and a2 are coefficients provided by the producer.
- The heat pump subsystem. As mentioned before, the heat pump is simulated using performance maps
that use the condensation and evaporation temperatures as input variables and gives, as output, the
4
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heating capacity and COP (and therefore electricity consumption). Moreover, this subsystem includes
the heat source and user side connection. One the user side, there is a thermal regulation system that
works as follows — and is reported in Figure 2 as well:

o If the water in the thermal tank is equal or higher than 130°C, then it is directly sent to the
dryer;

o If the water from the storage tank is between 65°C and 130:C, it is mixed with network water
and used as heat source for the heat pump. The outlet from the heat pump is then sent to the
dryer. It can also be recovered for low-temperature loads in the same industrial site.

o If the water from the storage tank is below 65°C it is directly sent to the heat pump as heat
source.

The simulations were run for an entire year, considering three cases:
- Rooftop of the building (3500 m?) entirely covered with 30% solar PV + 70% solar thermal collectors.
This case will be called 30/70 in the future discussions;
- Rooftop of the building (3500 m?) covered with 50% solar PV + 50% solar thermal collectors. This
case will be called 50/50 in the future discussions;
- Rooftop of the building (3500 m?) entirely covered with solar PV. This case will be called 0/100 in
the future discussions.

4. Results

The time-based load for the biomass drier is reported in Figure 5, which highlights that the biomass dryer
thermal load is highly variable (approximately 200—700 kW on an hourly basis), with a seasonal reduction
during July—August due to reduced production activity (holiday period). This variability is important because
it impacts both the instantancous condenser-side heat requirement and the operating duty cycle of the heat
pump subsystem. In particular, load reductions during summer coincide with higher solar availability, which
enables higher solar fractions and reduced grid reliance. Conversely, in winter months, the dryer load remains
significant while solar availability decreases, thus increasing the probability of heat pump operation at lower
evaporator inlet temperatures and higher electricity import from the grid.

The average COP of the high temperature heat pump throughout the year for the three examined cases is
reported in Figure 6. The trends in Figure 7 can be explained by the evaporator-side inlet temperature delivered
by the thermal storage tank. In the 30/70 and 50/50 scenarios, solar thermal collectors maintain the tank
temperature partially within the 65—-130°C interval for a significant portion of the year. In that operating range,
the tank can provide preheated source water to the heat pump, increasing the evaporator temperature and
reducing the temperature lift across the compressor. This directly leads to higher COP values (typically 3.5-
5.0). In contrast, in the 0/100 scenario the evaporator source temperature remains close to the minimum
allowable value (=65°C), since no solar thermal contribution is available. Consequently, the temperature lift
remains higher and the COP stabilizes around 2.7, representing a conservative (worst-case) operating condition
for the heat pump. These results confirm that solar thermal integration increases the thermodynamic efficiency
of the heat pump, even though it may reduce PV electricity generation area.

Figure 7 reports the hourly net electricity exchanged with the grid, computed as the difference between PV
production and the combined consumption of the heat pump and auxiliary components (pumps, blowers, and
circulation). Positive values correspond to PV surplus exported to the grid, while negative values indicate the
fraction of electricity that must be imported. Since electrical storage is not included in the present analysis, the
reported grid exchange represents the instantaneous balance between production and consumption, and
therefore provides a measure of the system’s ability to achieve direct solar self-consumption in each rooftop
scenario. The comparison between March and June 8 highlights the strong seasonal dependence of electrified
drying systems. In June, PV production is high and the thermal load is reduced, resulting in frequent PV surplus
conditions (positive values) and a reduced need for grid import, particularly for the 0/100 scenario. In March,
the mismatch between demand and solar availability is larger, increasing the frequency and magnitude of
negative values. This behavior confirms that the rooftop partition strongly affects not only annual energy
values but also the operational stability and grid dependency during transitional and winter periods.

It is however worth noting that the 0/100 case does not represent the most stable operating condition for the
system, since no heat storage is foreseen. Should a similar layout be chosen, a thermal energy storage tank on
the user side of the heat pump should be added, together with a proper energy management system that should
charge/discharge the thermal energy storage in a smart way according to demand/response considerations from
the electric network, which would add extra costs and complexity in system management.

Finally, the overall energy consumption and reduction in CO2 emissions for the three cases — compared to the
baseline — was calculated.
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In the current configuration of the citrus-processing plant, citrus-pulp drying is performed in a methane-fired
furnace, whose thermal efficiency is reported by the company to be approximately 84%. Using the thermal
loads required by the dryer, the annual energy demand was obtained by summing the hourly outputs generated
by the TRNSY'S model, yielding an annual useful thermal energy requirement of about 19 TWh. Considering
the lower heating value of methane, the overall consumption is 1.8%10° m3/y. According to the emission
factors[16], non-renewable methane combustion releases around 0.202 tCO2/MWh, leading to annual CO:
emissions of roughly 3,878 tCO- for the existing system.
For the proposed layout, the annual electricity consumption drawn from the grid is:

e 70/30 scenario: 2.33 X 10°kWh/y

e 50/50 scenario: 2.27 X 10°kWh/y

e 0/100 scenario: 1,13 X 10°kWh/y
Using the national Italian electricity emission factor of 0.284 tCO./MWh, the corresponding CO: emissions
are 662 tCO2, 608 tCOz, and 321 tCO-, respectively. Compared with the baseline system, these scenarios yield
annual emission reductions of 82.9%, 84.3%, and 91.7%, demonstrating the significant environmental benefits
associated with the proposed configuration.
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Figure 5: biomass dryer loads. (a) average monthly load; (b) hourly values
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Figure 6: average COP of the high temperature heat pump in the three cases examined.
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Figure 7: electricity produced and consumed for the examined cases in March (left) and June (right).

5. Conclusions

This study developed and assessed an alternative drying system for citrus by-products, starting from the
existing configuration of a Sicilian processing facility and proposing a hybrid renewable layout aimed at
improving energy efficiency and reducing carbon emissions. The current plant relies solely on a natural-gas-
fired dryer, whereas the proposed solution integrates photovoltaic and solar-thermal collectors, thermal
storage, a water—air heat exchanger, and a high-temperature heat pump. Three allocation scenarios for the
available rooftop area were simulated using TRNSYS, varying the fraction dedicated to solar-thermal
collectors (70%, 50%, and 0%) while assigning the remaining surface to photovoltaics. The simulation results
show that dedicating the entire rooftop area to photovoltaic modules (0/100 scenario) offers the highest degree
of electrification and the greatest reduction in grid consumption. Relative to the current gas-fired system, the
70/30 and 50/50 configurations achieve COz-emission reductions of 82.9% and 84.3%, respectively, while the
0/100 case reaches a reduction of 91.7%, confirming it as the most effective option for decarbonizing and
improving the efficiency of the drying process.

Future work may involve exploring additional rooftop-area partitions, extending the seasonal analysis
across the full year, evaluating the integration of electrical storage to increase self-consumption, assessing the
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inclusion of a safety chiller to ensure optimal operating conditions, and employing more detailed TRNSYS
components to enhance model accuracy.Overall, the results highlight the strong potential of hybrid renewable
systems and process electrification to support the decarbonization of the agri-food sector, while simultaneously
improving energy efficiency and contributing to the environmental and economic sustainability of industrial
operations.
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