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ABSTRACT

Within the scope of AgroKihl project, a pilot plant of solar thermal driven cold store has been
developed and installed near Freiburg in Germany. The system consists of a linear concentrating
Fresnel collector system with mirror area of 88 m2, an ammonia-water absorption chiller of 12 kW
cooling capacity with an integrated cooling tower, furthermore two ice-storages of 52 kWh latent
storage capacity and a cold store of 100 m3. With the aim to guarantee observation of quasi-realistic
system behaviour and to avoid restrictions in the operation, the cold store was equipped with
computer-controlled fan heaters and humidifiers. This allows the emulation of sensible and latent
loads in the room. The system was installed in summer 2012 and since August 2012 it is in
continuous operation during summer period.

INTRODUCTION

In the recent years the demand for cooling has risen worldwide in all sectors and further growth is
expected also in the future. A big share of the cooling demand is required for keeping food in cold
stores. The increased demand was mainly resulted from increased demand of food because of
continuously growing world population. But also quality requirements like closed cold chains lead
to a raising demand. E.g., for exports of the products into the EC it is indispensable. Last but not
least the climate change contributes to this demand because of increasing ambient temperatures in
the producing areas and storage regions.

Instabilities and black outs in the electricity grids in many regions around the world force the
operators of cold stores to produce their own electricity by diesel generators. These systems are
often expensive, inefficient and require fossil diesel fuel. Furthermore the cold stores themselves
have an optimization and energy and cost saving potentials which cannot be neglected because of
the obsolete construction and quality standards.

Because of the mentioned reasons the aim of the AgroKuhl project, funded by the German Federal
Ministry of Education and Research is the development of a solar thermal driven and energy
efficient cold store (as integrated system). The implementation of a complete autonomous driven
cold store can only be reached with a highly reduced electricity demand.
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As a first step to achieve the aim a pilot plant has been designed and installed near Freiburg in
Germany. The requirements for the pilot plant were as followed:

Cold storage temperatures around 0°C;

Ice storage option for operation during night and bad weather;

Cooling option without high water consumption;

The power consumption of the system significantly lower than the conventional cooling
technology.

The system was realised by the five project partners:

1

Fraunhofer ISE, Freiburg (project coordination)
o Scientific assistance, collector technology, simulations and monitoring
KRAMER GmbH, Umkirch
o R&D design of cold stores
Planungsbiro Nirnberger Ingenieurgesellschaft mbH, Milsen
o R&D systems engineering
Katholing Bauplan GmbH, Bindlach
o R&D building technique and architechture
Kélte Grohmann GmbH & Co. KG, Irchenrieth
o R&D refrigeration engineering

Hydraulic system Fresnel-
and chiller collector

Cold store with
ice-storages

Fig. 1: Overview of the pilot plant
System description

The system consists of the following components:

Linear concentrating Fresnel collector

Single-stage ammonia-water absorption chiller (AC)
An integrated dry cooling tower (with AC)

Two ice storages

A cold storage room
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Attached to the cold store, an anteroom contains the ice storage, the hydraulics of the low-
temperature circuit (LT) and the data acquisition and control unit of the entire system. Figure 2
shows a schematic diagram of the plant. In the following sections the main components are

described.
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Fig 2: Scheme of the pilot plant

1.1 Collector

A linear concentrating Fresnel collector of the company Industrial Solar, Freiburg, provides the
driving energy for the cooling process. By the moving rows of mirrors of this collector the direct
solar radiation is reflected onto an absorber tube (Figure 3). By concentrating the solar radiation in
this case, temperatures of up to 400 °C can be achieved.

Aperture area (mirror area) 88 m?
Absorber length 16 m
Maximum outlet temperature | 180 °C
(limited by the system)
Nominal capacity 48.4 kW
Table 1: Technical data of the collector

Fig. 3: Installed collector in Umklrch

The details of the collector can be found in Table 1. The collector was oversized for two reasons.
Because of the relatively short length of the collector a low position of the sun results in relatively
high row-end losses. This would be compensated by a larger collector. Secondly, due to the non-
ideal site - concentrating collector technology works only with direct or beam radiation, which
occurs less frequently in Germany than in the targeted arid areas of the project objective - ideal
measurement conditions are not so often obtainable. A larger collector can expand the time of
production of heat during the day, so as to provide a longer measuring period.

1.2 Absorption chiller

As a thermally driven chiller, a water-ammonia absorption chiller with integrated dry cooling tower
of the company Robur SpA, Italy, is used. This machine is usually operated with gas, but was
converted by the manufacturer specifically for use with pressurized hot water by the exchange of
the gas burner with a fluid heat exchanger. Following the declaration of Robur the chiller has a
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nominal cooling capacity of 12 kW, a thermal COP of 0.6 while producing a brine temperature of -
5°C if driven with thermal oil at 240°C.

1.3 Ice Storage

The ice-storage consists of two cylindrical containers with a height of 1.2 m, filled with water and
insulated with 25mm EPDM foam. In the container, there is a bundle of capillary tubes, through
which the brine is pumped. The two ice storages were provided by the company Consolar. Because
they are operated in parallel mode they are shown in the scheme as one hydraulic component. The
total usable melting enthalpy of the two ice-storages accounts for 52 kWh.

1.4  Cold store

The cold store has a floor space of 4 x 8 m and is built of a sandwich panel construction. For
reasons of handling the cold store is actually not loaded with food, as thermal mass 360 boxes with
mineral water were placed in the refrigerator. The input of thermal loads is emulated using 6
electric heaters, so that a heat input of 0-12 kW is possible. For coupling of the LT circuit, a brine
cooler of the company Guntner with a transmission capacity of 11.3 kW was installed.

1.5  Hydraulic Components

The installation is divided into two hydraulic circuits, a high-temperature circuit (HT) and a low-
temperature circuit (LT). The HT-circuit consists of stainless steel tubes. The heat transfer medium
is water at a system pressure of about 13 bar. The flow rate is determined by the specifications of
the absorption chiller at 2500-3500 I/h. The LT circuit is made of steel tubes. As heat transfer fluid
a water-glycol mixture is used. The flow rate is also determined by the specifications of the
absorption chiller at 2500 I/h. Both circuits are driven by electronically controlled pumps.

2 Control

The system can be operated manually or semi- or fully automatic in 6 different operation modes
(OM), while OMO is the standby mode. The modes OM 1 to 5 can be found in Figure 4. In the
different modes the operating states of two pumps, four three-way valves, the components of the
collector and the brine cooler in the cold store are controlled. In the automatic mode the signals of
solar radiation, collector output, cold store and the temperature of the ice-storage are considered and
therewith the appropriate mode is selected.

3 Operation results

In the period from 01.08.2013 to 23.10.2013 (1991 hours), the system was turned on for 1360
hours. This time is divided according to Figure 4 in the different operation modes (OM).

OMO "standby" is dominating with 1034 h since the data acquisition was usually not switched off at
night and during bad weather periods. OM1 "Preheating™ has also a high frequency with 167 h,
because during times with weak irradiation it lasted a long time to heat up the collector up to
operation temperature. Moreover, the two operating states OMO and OM1 were often selected
manually while tests were made in the LT circuit, for example, to analyse the power demand
characteristics of the pump or for the tuning of the PID controller. The cold store has been cooled
directly during 41 hours (OM2), the ice-storage was charged 54 hours and discharged 44 hours
(OM3 and OM4). Furthermore 20 hours have to be added from the combined OMS5 "Preheating &
discharging ice storage".

Australian Solar Cooling 2013 Conference, Sydney 2013



i, -
¥

ausSCIG

AUSTRALIAN SOLAR COOLING INTEREST GROUP

OML1 Preheating OM2 Direct cooling
OM3 Charging ice storage OMA4 Discharging ice storage

OMS5 Preheating & Discharging ice storage

i

=

Fig. 4. Operation modes

3.1  Operation Mode 2 (direct cooling)

As an example two hours of OM2 "direct cooling" on 21.09.2012 are shown in Figure 7. In the
beginning of the direct cooling the system switches from OML1 "Preheating” to OM2. Therefor the
three-way valve before the absorption chiller is opened, so that hot water from the collector flows to
the chiller. Resulting of the initially cold water in the circuit which is circulating a strong
fluctuation of the instantaneous collector output capacity Q_coll is registered in the first few
minutes of operation. The process is completed after 20 minutes. The cooling capacity of the
absorption chiller (Q_LT_Robur) is not affected. After a few minutes it provides a cooling capacity
of 10kW. In the course of the operation the collector output increases resulting from a fairly
constant direct radiation of about 50-53 kW/m2. By an increasing incidence angle the radiation
reflected by the mirrors to the absorber tube is also increased. This leads to an increased collector
performance, the fluid is heated up and the collector starts at minute 70 to defocus single rows of
mirrors. In this way the collector outlet temperature is maintained at about 180 °C.

For the evaluation of the system behaviour the coefficient of performance (COP) is used. The COP
is calculated by the produced cold related to the required heat or electricity.

In the second diagram, the electrical COP of the plant is shown for the same operation time. The
values are always referred to the thermal output in relation to electricity input. The electrical COP
elCOP (HT) refers to the electricity used for the pump in the collector circuit, the absorption chiller
and the cooling tower. The elCOP (HTLT) still contains the cooling distribution with the pump in
the LT circuit. In elCOP (total) finally additionally the brine cooler is included.

Since the cooling capacity of the absorption chiller is nearly constant, the fluctuations of the
electrical COP values can be explained by changing electricity consumption. Firstly, this is an
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increased power demand of the cooling plant due to higher external temperatures. Secondly, an
increased power demand of the LT pump, as the viscosity of the water-glycol mixture increases
with lower brine temperatures.
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Fig. 7: Results of the operation mode OM2 (direct cooling)

It is also noticable that the electrical consumption of the LT pump is pretty high. The reason here is
a high viscosity (20 mm?/s at -5 °C) of the initially used glycol. It has been replaced later by a fluid
with better properties (8 mm?/s at -5 °C).

The high electrical consumption of the fan coil unit (brine cooler) is caused by the fact that it is not
speed controlled and with very large dimensions, in order to extract a sufficient amount of heat
from the cold store, when the ice-storage is discharged. In this case, the brine inlet temperature in
the brine chiller is above 0 °C, thus having only a small delta T compared to the desired room
temperature of 5 °C. In direct mode, the brine cooler obtains temperatures of -7 °C, therefore a
lower fan speed would be an appropriate procedure to reduce the power consumption and thus
increases the electrical COPs.

3.2  Operation Mode 3 (charging ice storage)

Five hours of OM3 “charging ice storage” on 08/09/2012 are shown in Figure 8. The diagram
shows the inlet and outlet temperatures seen of the ice storage (T_IS inand T_IS out) and the
amount of heat removed from the ice-storage (Q_1S). Charging takes about 5 hours. During this
time, approximately 38 kWh of heat are removed from the storage. But these are only 73% of the
calculated latent heat capacity of water in the two storages (52 kwh). This is caused by the different
thermal conductivity of water and ice. After the ice has formed a cover around all capillary tubes,
the heat transfer performance drops sharply, in comparison to liquid water. The remaining 27% of
the storage represents a kind of dead space which could only be used by a long charge with very
low thermal capacity. By the therewith resulting high power consumption of the system the use of
this total storage capacity does not make sense.

Further it is striking that the flow rate through the two ice-storages (2500 I/h) is probably too high.
The storage outlet temperature T_IS_out is clearly below 0 °C. Since the minimum flow rate is
specified in this installation by the absorption chiller, this cannot be changed.
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Fig. 8: Results of the operation mode OM3 (charging ice storage)

3.3  Operation Mode 4 (discharging ice storage)

Figure 9 shows six hours of OM4 "discharging ice storage” on 07/09/2012. In the beginning the ice-
storage was fully charged and had a temperature of about -4 °C (T_IS). By switching on the load
simulation the cooling room temperature raised to approximately 8 °C (T_Room). Then the brine
cooler and LT pump were turned on and lowered the room temperature to 7 °C. By switching the
load simulation the temperature were kept at 7 °C throughout the entire discharge time.

The heat output of the ice-storage has an amount of 4.5 to 5.5 kW at a discharge with an inlet
temperature of 4-5 °C and a brine flow rate of 1500 m3/h. The discharge capacity is therewith below
the charging power of ice storage. At the end of the discharge the capacity breaks down, since the
temperature of the cold store and the temperature of the brine leaving the brine cooler converge and
thus only small temperature reductions can be realized.

During the discharge 32.2 kWh of heat were removed from the cold store at inlet temperatures
between -2 and 3 °C. For the pump 1.3 kWh electricity and 2.4 kWh for the brine cooler were
needed. Both power consumptions can be reduced by optimization suggestions mentioned in the
following.

4 Optimization potentials
Following from the previously recorded operation points the following optimization proposals
could be derived.

4.4  Further ice storage because of low capacity and high flow rate

In the design of future systems the behavior of the ice-storage should be taken into account. Firstly,
not all of the latent storage capacity of the water can be taken into account as capacity. Secondly,
the difference between charge and discharge has to be considered. In addition, the number of ice
storages has to be matched with the nominal load flow rate of the absorption chiller.
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Fig. 9: Operation results of OM4 (discharging ice storage)

4.3  Adjustable brine cooler

So far, the fan of the brine cooler is not adjustable. By a slight modification, however, the speed can
be made adjustable. With the speed of the fan the energy consumption and the transmission capacity
can be influenced and therewith this is a further option for an energy optimization of the plant.

4.2  High-efficiency pump in the LT circuit

In fall 2012 the pump manufacturer Grundfos has brought a high efficiency pump to the market
which can also be applied for cold use. With the use of this new type of pump a reduction of the
power consumption could be expected.

4.1  Improper brine in the LT circuit

Replacing the brine in the LT circuit could reduce the electricity consumption. As an example
Figure 10 shows the electricity consumption of the LT pump at different flow rates in the operating
states and OM2 and OM4. The dashed curve shows the old brine (Tyfocor LS), the solid curve
shows the new brine (Antifrogen N). At an average temperature of 3.5 °C in the LT cycle the
viscosity of Antifrogen is only 50% of the viscosity of Tyfocor, which results in a reduced
electricity consumption of 18-26%.

Since the Antifrogen was filled after decommissioning of the HT circuit in fall 2012 the influence
could not yet be measured. It is expected that the new brine affects both the overall power
consumption, as well as the transfer behavior of the heat exchanger and improves the system
results.

In future installations in frost-free climates media with even lower viscosity should be used.
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Power consumption LT-Pump @ 3.5 °C
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Fig. 10: Electricity consumption of the LT pump at different operation modes with different brine
types (Antifrogen N = AF, Tyfocor LS = TFC)

5. Conclusions and outlook

The initial results of the system are promising. From experience with H2O/NH3-absorption chiller
it is known that with higher operating temperatures, the cooling capacity can be increased by
approximately 20% with the same electrical power consumption. Together with the aforementioned
optimization measures elCOPs (HT) greater than 12 in direct cooling seem to be realistic.

Within the next measurement period not only individual operating modes, but rather performance in
"real operation” will be investigated. The load profiles are already specified, which are based on the
realistic required production conditions. By means of these load profiles the heat input of a
harvesting period is emulated and covered by the system. Results will then be measured which
represent energy consumptions for cold stores, which will be directly comparable to realistic
systems with conventional cold stores.
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