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Abstract

The energy saving is becoming an important topic also in the food industry. For this reason, it is important to use
multi-energy systems to produce hot water for processes and space heating. The application considered in this paper,
which concerns a chocolate factory, focuses on the hot water production through a multi-source storage tank. The
water inside the tank is heated by four solar panels when there is enough solar radiation and by a gas back-up boiler.
The cold aqueduct water, which it is going to be heated in the accumulator, is first preheated recovering waste heat
from the condenser of the chiller. The system was equipped with anenergy monitoring and recording device. The
thermal model was used to analyse the hot water production system during the summer season considering the
options of the heat recovery and of the solar thermal exploitation. The performance analysis was developed in order
to establish energy savings that may be achieved.
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Industrial energy savings play an important role in process industries [1], [2] because of various
factors. First of all, the rising cost of both electricity and fossil fuels involves an increase of cost of bills
and consequently the percentage of energy costs are becoming not negligible in the global financial
balance of the industries. Another aspect is related to the energy certificates that industries can obtain in
order to gain economic benefits and for being more competitive in the market sector.
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The food industry is not considered an energy intensive industry because energy costs are a small part
of the total profit and loss account. However, the energy consumptions in food industry may be not
negligible whenever all direct and indirect energy drivers (i.e. gas burned in the boiler or gasoline used for
food transportation) are considered. Fossil fuels are the most common energy sources for thermal
processes, in particular natural gas, while the electric energy is mainly used for cooling processes,
refrigeration and machine drive. Around half of all energy inputs are used to process raw materials into
final products [3]. The energy efficiency measures able to reduce energy consumption that may be
adopted are for example:

e increase in the efficiency of energy production by installation of new energy converters (several

examples are presented in [3]);

e reduction of the final energy demand by a better process scheduling, avoiding whenever possible

temporal concurrence of high energy demanding tasks[4], [5];

e waste heat recovery;
o use of different energy sources, fossil and renewable ones, in multi-energy integrated systems in order

to produce the energy carriers [6], [7].

In literature, several works about strategies for energy savings in food industry can be found. For
example, in order to define road maps towards energy efficiency measures, Muller et al. [8] have
proposed an energy management method based on both top-down and bottom-up approaches. It is very
important to emphasize that one method is not preferable to the other one because only starting from the
global energy consumption of the factory (e.g. analysing energy bills, top-down approach) it is possible to
develop and implement thermal models for the specific process operations that require more energy
(bottom-up approach). Another case study [9] shows that a detailed bottom-up approach can be used in
order to study heat pump systems for recovering waste heat in the French food & drink industry. Also the
potential for low-grade heat recovery in the UK food and drink processing industry [10] was studied.
Others possible solutions to recover waste heat are, for example, pinch analysis method [11] and low
temperature organic Rankine cycles [12].

In this paper, a thermal model of a multi-energy system for a chocolate industry was developed within
the TRNSYS® software tool and was used to study and optimize the global energy performance of the
system during the summer season. The thermal model was calibrated against measured data obtained by a
monitoring system installed in the existing plant. The scope of this paper is to analyse from the numerical
point of view the effectiveness of the installed heat recovery system and sketch possible scenarios that
may be adopted to increase the fraction of RES. The paper is structured as follows: Section 2 gives a
description of the case study; Section 3 describes the TRNSY'S model and Section 4 presents the results.

2. The case study

A chocolate industry located in Turin, in the north of Italy, is the case study presented in the paper. The
building is composed by the main floor at the ground level of around 800 m?, a basement and a first floor
used as office space. The chocolate processing takes place in the laboratory, located at the ground floor,
where cocoa beans are roasted, debacterised and finally shattered in order to obtain cocoa butter. During
these operating stages, steam and hot water are used for debacterisation process and for cleaning
machinery and equipment used for the processing of cocoa butter in praline.

2.1. The energy system

The plant scheme of the industry is shown in Fig. 1. Steam and hot water (DHW) used in the
laboratory are produced in the boiler room.
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The steam from the boiler is always available and in summer season it is used only for thermal
processes in the laboratory, while in winter season it is also used to heat water for space heating. As
regards the DHW production, a 1,500 1 multi-source water storage tank (HW) is connected to the water
supply network. The water inside the tank is heated by four flat plate solar collectors and by an auxiliary
gas heater when the temperature of the water, at the top of the tank, is lower than 65 °C. The pump of the
solar circuit is regulated by a differential thermostat which acquires the temperatures of the coldest point
inside the tank and of the outlet of the solar panels. The efficiency of the DHW production is improved by
a recovery system installed on the condenser of the chiller. Indeed, the condenser is cooled transferring
thermal energy to a 200 1 heat recovery water storage (HR) that pre-heats the water from the supply
network. The possible excess heat is dissipated into the ambient air.

Water to DHW uses ~ % .

Solar collectors loop

Heat recovery loop

] ==
A i
o Condenser loop
Chillr

Fig. 1. Energy system scheme Fig. 2. The model in the TRNSYS interface
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2.2. The monitoring system

The plant was equipped with an energy monitoring system. In Fig. 1 volumetric flow meters (circle)
and temperature probes (diamond) are indicated. Thereby, it is possible to assess supply and return
temperature levels, volumetric flow rate, thermal energy and instantaneous thermal power of the
following parts of the plant:

e multi-source water storage tank (HW) + water supply network;
e solar collectors loop;

e heat recovery loop;

e heating energy to the building.

3. The system modelling

The model of the system was developed within the TRNSYS®™ simulation environment. The graphical
representation of the whole model is shown in Fig. 2. The building model is located in the upper part of
the diagram while the multi-source system is located in the lower part of the diagram.

3.1. Use-side modelling

Using the TRNSYS Type 56 and the TRNBuild interface, the ground floor of the building, occupied
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by the food laboratory, was modeled as a unique thermal zone, whose net floor area is equal to 792 m?. It
is adjacent to the non-conditioned basement and to the conditioned office zone located on the first floor.
Part of the ceiling corresponds to the flat roof where solar panels are located. The building opaque
external envelope is composed by 50 cm thick massive walls made of bricks, while the transparent
envelope is made of double-glass windows (with a WWR around 30%). The cooling set point temperature
in the laboratory was set to 22 °C from Monday to Friday, between 6 am and 7 pm. The laboratory zone
occupancy was set to 10 working people from Monday to Friday between 8§ am and 6 pm, while other
internal gains due to light and appliances were set to 30 W/m®. The natural ventilation rate was set to 1
vol/h during occupancy.

The typical daily load profile of the DHW use is shown in Fig. 3a. The daily hot water demand was
assumed equal to 6,445 1/day.

3.2. Source-side modelling

The modelling of the subsystem that supplies space cooling and DHW production is presented in this
section. Many TRNSYS types were used to model the system and in particular:

e Type 1 for the performance of multiple flat plate solar collectors that are linked in series. The area of
each solar collector is 2.0 m* withn, = 0.8, a; = 3.927 W/(m’K), a,= 0.0138 W/(m°K?). The fluid of
the solar loop is a mixture of water and glycol (55 %).

e Type 2b (differential temperatures controller) for regulation of the solar loop. The pump of the solar
loop is running whenever the difference between the temperatures in the HW tank and at the outlet of
solar collectors is greater than 10 °C, it stops if temperature difference reaches 2 °C.

e Type 60 for stratified fluid storage tanks with internal heat exchangers. This type was used to model
the HW tank (Fig. 1), which is a 1,500 1 puffer with a temperature set point for DHW equal to 65 °C,
and for modelling the HR tank, a 200 1 puffer.

o Type 666, for the water cooled chiller. The type is based on manufacturer performance data provided
as external text files. The rated capacity was set to 90 kW and the rated COP to 3.28.

e Type 510 for a closed circuit cooling tower connected to the condenser loop. The water of the
condenser loop goes from the condenser of the chiller to the HR tank before going into the cooling
tower. In this way, part of the wasted heat can be recovered for tempering the DHW from the water
supply network.

The simulation time-step was set to 5 minutes.

1400 —Space cooling load -~ DHW load
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Fig. 3a. Daily load profile for DHW Fig. 3b. Cumulative frequency of the space cooling load (blue curve)
and DHW load (red curve)
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4. Results

Simulations were run for a complete summer period (1* June — 30" September, corresponding to 2,928
hours). The cumulative frequency curves of the DHW heating load and the space cooling load of the
laboratory are reported in Fig. 3b. The cooling energy required for the space cooling over the whole
considered period was equal to 48,645 kWh, which corresponds to 61.4 kWh/m®a. The heating energy
required for the hot water production is equal to 30,812 kWh (38.9 kWh/m?).

The simulations were organized as follows. A first simulation run (System Configuration SC 0) was
carried out without heat recovery from the chiller condenser in order to fix a baseline condition. Then, the
simulation of the complete system was performed (SC 1).

Simulations results are reported in Table 1 in terms of solar radiation available on the collectors surface
(Rsol), useful solar energy collected (Qsol), mean seasonal solar collectors efficiency (), heat recovery
from the chiller condenser (Qhr), heating energy from the gas auxiliary heater (Qgas), heat waste from the
cooling tower (Qct).

In SCO, on a seasonal basis, the seasonal efficiency of the hot water production is equal to 0.96 (and
obtained not considering the efficiency of the gas heater). Results in Table 1 show that the solar system
accounts for 6.9% of energy required for the hot water production.

In the case of the system of Fig. 1 (SC 1), the hot water production seasonal efficiency slightly
decreases to 0.95 (again not considering the efficiency of the gas heater), and the DHW production is
obtained for the 6.3% from the solar thermal, showing a slight decrease with respect to SC 0, for the
16.3% from the heat recovery, while the remaining part is provided by the auxiliary heater. In order to
study the time-correspondence between the DHW load and the availability of the heat recovery, the
correlation coefficient between the DHW load and the cooling load time series was computed and was
equal to 0.72, which means a quite good correlation.

In order to reduce the gas energy consumption and increase the system efficiency, a sensitivity analysis
on the solar collector area (SC 2) and on the heat recovery tank volume and heat exchanger (SC 3) was
carried out. Some results are reported in Table 1. In the SC 2 case, the solar collectors area was assumed
doubled while in the SC 3 case the volume of the heat recover tank was doubled. It can be seen that large
solar collector area increases the solar fraction while it leads to a small decrease of the solar system
efficiency. In the last case, a larger HR tank increases the heat recovery, even if it is hard to go beyond
20%. For all cases, it can be seen that the heat recovered fraction on the total dissipated heat is very small
(from 7.6 % to 9.1%).

Table 1. Simulation results in the various system configurations (SCO — SC3)

sC Rsol [kWh]  Qsol [kWh] [ Qhr[kWh]  Qgas [kWh]  Qct [kWh]
sco 5715 2,201 0.385 - 29,891 69,419
SC 1 5,715 2,043 0357 5,296 25,073 64,039
SC2 11,431 3,680 0322 5,297 24,303 64,080
SC3 5,715 2,204 038 6,298 23,805 63,079

5. Conclusions

A multi-energy system for a food industry was studied by transient simulations. In particular, the
performance of the storage system for the heat recovery of the condenser of the factory chiller, and its
integration with a solar system, was assessed. Results show that solar integration becomes profitable, from
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the energy point of view, only if the collector’s area is increased. However, this would lead to high
investment costs that is not sure to be compensated by savings due to the reduction of energy requirement.

On the other hand, the heat recovery system results to be more profitable in reducing the amount of
energy required by the gas heater, even if an amount of energy is still dissipated in the cooling tower.

The real system is under monitoring so the model of the system may be calibrated against measured
data allowing the future optimization of the design variables (storage volumes, storage temperatures, etc.)
to maximize the overall efficiency of the system. Further development of the work should also include
techno-economic analysis for optimizing the system from both points of view, checking economic
feasibility.
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