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Executive Summary

This report describes the storage developments for the optimised solar and heat pump
systems developed in the MacSheep project. Four systems have been developed by four
different development groups, each with one company participating. The development
groups have chosen different types of systems as well as different target loads for their
systems, which give a wide coverage of the potential markets.

Two initial phases were carried out where all research groups worked systematically to first
identify possible breakthroughs within storage technology and then that estimate the cost-
benefit of these breakthroughs. After this, the four development groups chose which of the
breakthroughs that they would incorporate in the prototypes for the optimised systems.

All four development groups have made significant developments in storage during the
project, which together cover a wide range of features. The store is the central feature of all
systems that have been developed, and reduction of heat losses has been a special focus.
This has not only been for both the store itself, but also for the components that are used to
transfer heat in and out of the store and the piping between them. All have applied heat traps
and have small pipe runs compared with the reference system. In the case of the
ESSA/IWT/SPF system, all components including the heat pump have been insulated
together with the heat store itself, which has resulted in an extremely compact system. In the
Regulus/CTU system several of the components are mounted directly on the store’s
insulation cover. Two systems have implemented vacuum insulation panels, which is still rare
on the market. In heat pump systems, there is generally a high flow rate in the pipes
connected to the heat pump, and thus several groups have developed diffusors in order to
limit mixing effects from inlets to the store. In terms of system integration, the system from
Viessmann/CEA INES has gone furthest by incorporating the condenser of the heat pump
within the store.

All groups have made prototypes and tested them in the lab. The results show significant
reductions in heat losses and greater compactness of the systems. However, nearly all
groups have found small details that will be improved in the final prototypes that will be
tested together with the complete system in 2015

MacSheep — Deliverable 5.4
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1 Introduction

Within the MacSheep projects, solar thermal and heat pump systems that achieve 25%
energetic savings compared to the current state of the art are developed. These
developments take place in four different development branches that are carried out by the
following groups of partners:

e Energie Solaire SA & HSR-SPF & IWT TUG

e Ratiotherm GmbH & Co. KG & SERC

o VIESSMANN Faulguemont S.A.S., CEA INES
e Regulus spol. s.r.o., CTU

Within the first and second phase of the project in the year 2012, breakthroughs for
materials, components and control that lead to higher energetic performance and/or lower
cost of the system were analyzed and selected (see Figure 1). The selection was based on
an analysis of the cost-effectiveness of the new development. The effect of potential
breakthroughs on the energetic performance was determined by annual simulations. The
cost difference compared to a system without this breakthrough was estimated based on the
experience of the industrial partners on one hand, and on best guess for new products or
methods for production on the other hand.

phase 1 phase 2 phase 3 phase 4

Identification Analysis Development Demonstration

of break- of cost- of selected in built systems
throughs effectiveness | components / control

Figure 1: Phases and time-line of the MacSheep project.

Reports D3.4, D4.4, D5.4 and D6.4 give details of the developments in the project within the
field of collectors, heat pumps, storage and control respectively while D7.3 gives information
about the whole system and energy savings compared to a state of the art reference system.

The breakthroughs that were selected for further development and prototyping within WP5
(storage) are listed in Table 1. There were in total seven different breakthroughs that had
been identified as interesting to further develop in phase 3, split between all four
development groups. However, during the work of phase 3 some changes were made and
new items were added (red X) while some were taken away (marked X). Note that all groups
work to improve stratification in the store and reduce losses even if these items are not
specifically mentioned.

MacSheep — Deliverable 5.4 1/25
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Table 1: Summary of breakthroughs for storage to be further developed during phase 3.

Description ESSA-IWT- | Ratiotherm- | Viessmann- Regulus-
P SPF SERC INES CTU

VIP insulation for storage X X X

Dewar tube vacuum insulated storage X

Heat traps X X X

Reduced pipe runs (for compact X X X X

systems)

Integration of condenser in storage X

Storage concept for two stage heat ¥

pump

External DHW module X X

MacSheep — Deliverable 5.4 2/25
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2 Storage development by Regulus and CTU

Regulus and Czech Technical University (CTU) have developed a new storage tank named
HSK 1000 for space heating and domestic hot water preparation that is designed for
combined solar and heat pump system application. The pump stations for solar loop and
space heating circuit are fixed to the storage shell to enhance the compactness of the
system.

2.1 Description of developed components

The storage tank prototype is based on an existing Regulus storage. The layout of the
storage tank is shown in Figure 2. Compared to the storage tank in the reference, it has a
larger volume for the DHW zone and a larger surface area of the heat exchanger for DHW
preparation has been used in order to reduce the charging set point for the DHW zone.

Stratification and heat exchanger design

The volume of the storage tank HSK 1000 is 903 |. The storage tank is manufactured from
iron steel without enamelling. A fixed steel plate divides the DHW zone from the SH zone.
This plate has two holes of diameter 54 mm and tubes welded on them, one 100 mm long
directed upwards and one 300 mm directed downwards (see Figure 2). The storage tank has
two integrated DHW heat exchangers for hot water preparation with a surface areas of 3 m?
(SH zone of the store) and 6 m? (DHW zone of the store). The DHW heat exchangers are
made of corrugated stainless steel pipes DN25. A tube heat exchanger has been chosen for
the solar collector loop due to simplification and robustness as well as cost reasons. The size
of the heat exchangers (surface area) has been optimized by whole system simulation to be
able to decrease the required charging set point while still achieving the required comfort
temperature of 45 °C that was defined for the MacSheep project.

~—|

Figure 2: Layout (left) and picture (right) of developed storage tank.

MacSheep — Deliverable 5.4 3/25
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The pipe connection for the heat pump flow input has been equipped with a diffusor that
leads the entering flow tangentially into the storage volume (hydraulic brake).

Table 2: Data for the developed storage tank subsystem.

Description Size / Type
Volume (including internal heat exchangers, pipes etc) 903 |
DHW heated volume (from top to charge outlet) 299 |
Space heating volume (between inlet and outlets) 207 |
Solar heat exchanger 42m?/ 24|

DHW heat exchanger 3+6m’/10+20]|

Diameter without insulation 800 mm
Diameter with insulation 1002 mm
Height without insulation 1980 mm
Height with insulation 2100 mm
Max. operating pressure (SH zone) 6 Bar
Max. operating pressure (DHW, solar HXs) 6 Bar

Estimated heat losses based on identified heat loss coefficients
Whole store 60°C
DHW volume at 60°C, 40°C for space heating part, rest at 25°C

3.84 kWh/day
2.00 kWh/day

Insulation thickness and type (bottom)

50 mm / polyester fleece

Insulation thickness and type (wall)

100 mm / polyester fleece, XPS

Insulation thickness and type (top)

120 mm / polyester fleece

Heat trap implementation Yes

division plate

Other important features between DHW and SH zone

2 for a room temperature of 15°C.

Insulation and reduced pipe runs

The thermal insulation on the side is made of three layers: 10 mm of polyester fleece
(0.039 W/(mK)), 90 mm of extruded polystyrene (0.0316 W/(mK)), and 1 mm of polyester
shell. The bottom part of the storage tank is insulated with 50 mm of polyester fleece, while
the top part has 120 mm of polyester fleece.

The collector loop pump station and the pump station for the heating system are fixed to the
storage shell. This compact solution leads to reduced pipe runs for the solar and space
heating loops.

MacSheep — Deliverable 5.4 4/25
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2.2 Laboratory measurements and derived results

Laboratory tests have been performed to identify parameters of the storage tank for technical
specification and also to provide reliable data for the system modelling. The heat loss
coefficient has been determined for the storage tank with properly insulated connections by
two types of tests: thermostat cycle test according to EN 12897 and cooling down test. For
both tests, the mean temperature of the storage tank has been determined from 10 vertically
placed sensors (with regard to representative volume). The mean temperature of the ambient
air has been determined from 4 temperature sensors placed around the tank in two heights.

Heat loss test 1 (thermostat cycle)

The thermostat cycle method specified in EN 12897 is required for indirect heated water
heaters. The storage tank is equipped with a horizontally mounted electric heater rod in the
bottom part. The temperature in the upper part of the storage is controlled by a thermostat.
Electric energy delivered to the storage tank to maintain the temperature for a given time
period is recorded.

A heat loss coefficient of 3.33 W/K for the storage tank has been determined from energy
delivered, time and the average temperature difference between tank volume and ambient
(laboratory room).

Heat loss test 2 (cooling down test)

The cooling down test has been performed with the storage tank charged to 60 °C and the
whole volume fully mixed by an external loop with a pump. The storage tank has been left for
a couple of days and then fully mixed again.

A heat loss coefficient of 3.56 W/K has been determined from the difference in heat capacity
of the storage tank (lost energy) and time-integrated temperature difference between mean
temperature of the storage volume and ambient temperature.

DHW draw off test

The test for the DHW draw off from the DHW heat exchangers combined with a thermostatic
valve has been performed for given starting temperatures of the storage volume (55 °C and
75 °C), given set point for thermostatic valve (45 °C, 55 °C) and given DHW flow rates
(10 I/min, 15 I/min).

Table 3: Amount of DHW that could be prepared for a range of flow rates, store temperatures and
thermostatic valve set points.

Average flow rate through HX (I/min) 10 15
Starting temperature in the store (°C) 55 75 55 75
Set point of thermostatic valve (°C) 45 55 45 55
DHW temperature for stopping draw off (°C) 35 40 35 40
Average cold water temperature (°C) 175 17.0 17.0 16.5
DHW volume (1) 720 659 666 820

MacSheep — Deliverable 5.4 5/25
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2.3 Component simulation models

Type 340 has been used to model the HSK 1000 storage tank in the solar heat pump system
developed by Regulus and CTU. Parameters for the model have been identified from the test
of heat loss (UA-value for the storage) and from the draw off test (UA-value of the heat
exchangers).

Heat loss coefficients

Heat loss coefficients for individual parts of the storage have been derived from combining
results from the tests and a theoretical approach. The theoretical calculation of heat loss
derived the distribution of the heat loss to individual parts of the storage tank. Table 4 shows
the calculated heat loss coefficients.

The total heat loss coefficient based on the cooling down test provided to the model of the
storage tank (type 340) has been recalculated to top, shell and bottom heat loss coefficients.

Table 4: Comparison of the TRNSYS parameters which are used for the storage insulation in the reference
system and the developed tank for Regulus/CTU system.

System UA-Value UA-Value UA-Value

Bottom [W/K] Middle [WI/K] Top [WIK]
Reference tank (700 I) 0.67 2.81 0.3
Developed tank (1000 I) 0.81 2.51 0.24

DHW heat exchangers

The attention has been focused on the capability of the DHW heat exchangers to prepare hot
water when the average temperature in the storage tank is below 45 °C. The parameters for
the DHW heat exchangers (UA-values) have been calibrated by comparing TRNSYS
simulations with the results of the draw-off tests. Identical DHW volume drawn off from the
heat exchangers at the given temperature has been set as criterion. The originally assumed
UA-values for the heat exchangers have been found as satisfactory for further system
modelling.

2.4 Conclusions and outlook

The development of Regulus and CTU has resulted in a storage tank for space heating and
DHW preparation optimized for heat pump operation. The decrease of DHW charging
temperature and larger volume of the DHW zone than for the reference tank improves the
performance of the heat pump for domestic hot water preparation. Despite the increase of
volume and heat exchanger surface area, the influence on costs is limited due to Regulus’
manufacturing process and material supply.

MacSheep — Deliverable 5.4 6/25
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3 Storage development by Ratiotherm and SERC

The store used in the Ratiotherm system is based on the Oskar 1000 | that has been
manufactured and sold by Ratiotherm for several years. The previous design already
included many features that have been found to be favourable by the project, including heat
traps, compact design (short pipe runs), stratification and low heat losses. During the project
the connection heights were optimised for use with heat pump systems and a new insulation
solution with vacuum insulation panels (VIP) was developed and manufactured in order to
further reduce heat losses.

Initial development by Ratiotherm and SERC focussed on a cascade heat pump with
intermediate storage. A prototype for this was tested, but the cost-benefit analysis based on
test results was not promising. Therefore, the work on the cascade heat pump with
intermediate storage published by Poppi et al (2014) was stopped and is not reported here.

3.1 Description of developed components

Figure 3 shows the layout of the store (left) as well as a picture of the store with standard
insulation (right) that shows the external DHW unit as well as external solar heat exchanger
and pumps. All connections to external components are at the bottom of the store, and
nearly all are connected to a stratifier unit in the centre of the store.

Figure 3: Layout of Ratiotherm’s Oskar store using VIP insulation (left) and picture of the Oskar store (right) with
standard insulation, where all pipes come out of the bottom of the store (heat traps). External DHW unit
and solar heat exchanger and pumps can also be seen mounted very close to the store.

MacSheep — Deliverable 5.4 7125
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Table 5 gives the key data for the storage developed for the Ratiotherm system. The
collector heat exchanger is mounted outside of, but near to the store, together with the
pumps between the store and to the collector as well as other components in the collector
hydraulic station. There is also an external DHW module mounted next to the solar hydraulic

station close to the store.

Table 5: Data for the developed storage tank subsystem for the Ratiotherm system.

Description Size / Type
Volume (internal) 920 |
DHW heated volume (from top to charge outlet) 469 |
Space heating volume (between inlet and outlets) 212 |

Solar heat exchanger

1.13 m?/ external flat plate

DHW heat exchanger (external DHW module)

1.76 m? / external flat plate

Diameter without insulation 790 mm
Diameter with insulation 862 mm
Height without insulation 2.11-2.15m
Height with insulation 2.27 mm
Max. operating pressure 3 Bar

Estimated heat losses based on identified heat loss coefficients
Whole store 60°C
DHW volume at 60°C, 40°C for space heating part, rest at 25°C

2.07 kWh/day
1.08 kWh/day

Insulation thickness and typel (attached to the tank walls)

20 mm / Polyester fleece

Insulation thickness and type2 (top)

40 mm / VIP va-Q-vip

Insulation thickness and type3 (side)

20 mm / VIP va-Q-plus

Heat trap implementation

All connections are at the
bottom of the store, making heat
traps for all connections

Other important features

Stratifier unit, external heat
exchangers for solar and DHW
loops. All connections at the
bottom of the store.

% for a room temperature of 15°C based on the design values for the insulation. The tank with VIP insulation had
been made when this report was published but no heat loss measurements had been performed.

3.2 Laboratory measurements and derived results

The storage tank has been tested with standard insulation at SPF using a cooling down test
in the same way as in EN 12977-3 (CEN, 2008). Test results showed a total UA-value of 3.7
WIK.

As the prototype store with VIP insulation was not tested using a cooling down test, the heat
losses were theoretically estimated by using the design values. The VIP insulation was
designed to give an energy class label of “A”.

MacSheep — Deliverable 5.4 8/25
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3.3 Component simulation models

Type 340 (Druck, 2006) was used for modelling the store. The external heat exchanger for
the solar loop was modelled using Type 5 while the external DHW module was modelled with
the non-standard Type 805 (Haller, 2006).

The UA-values for the heat exchangers in the collector loop the external DHW module were
derived from tests carried out at SPF on the standard Oskar store. For the Type 340 store
model, the following key parameters were also derived:

e Sensors position and height of connections as in the reference system as this was found
to be better than the standard heights of the Oskar store.

e The heat loss coefficient for the standard Oskar store was derived from measurements at
SPF. This UA-value was then split into UA-values for the top, bottom and sides using the
same value for the bottom and top losses as in the reference system. The values for the
VIP insulation used the same distribution of losses between top, side and bottom as for
the standard insulation, but based on the design value for total losses.

¢ Vertical conductivity is the “theoretically” calculated value.

e Based on measurements at SPF, which showed very good stratification in the Oskar
store, perfect stratification for the solar charge as well as DHW discharges was assumed
in the model.

Table 6: Comparison of the TRNSYS parameters which are used for the storage insulation in the reference
system, in the standard Oskar store and the Oskar store with the VIP insulation.

System UA-Value UA-Value UA-Value

Bottom [W/K] Middle [WI/K] Top [W/K]
Reference tank (700 I) 0.67 2.81 0.3
Standard Oskar store (1000 I) 0.67 2.67 0.3
Oskar with VIP insulation (1000 [) 0.34 1.38 0.15

3.4 Conclusions and outlook

The Oskar store, with good stratification and low heat losses, already on the market for
several years has been optimized for use in heat pump systems by changing connection
heights and reducing heat losses by using vacuum insulation. This has resulted in an
estimated 47% decrease in heat losses per day for typical conditions in the store (based on
the design value). A full prototype will be made and tested as part of the complete system in
2015.

MacSheep — Deliverable 5.4 9/25
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4 Storage development by ESSA, IWT & SPF

The combistore used in the MacSheep system by ESSA, IWT and SPF is a steel tank with a
volume of about 750 litres. The manufacturing of the storage was done by Regulus. The
storage was designed to be efficient in combination with a heat pump. On every inlet
connection a diffusor is installed to guarantee a good stratification in the storage even with
high mass flows. The insulation design consists of a combination of vacuum panels (VIP)
and standard insulation materials. Most of the hydraulic components are underneath the
insulation together with the storage, which leads to very short pipe runs and reduced heat
losses. With these features the whole system design becomes very compact.

4.1 Description of developed components
VIP Insulation

SPF has developed an insulation based on vacuum insulation panels (VIP) which has a
rounded rectangular shape around the storage. In order to reduce not only heat losses of the
storage, but at the same time heat losses of hydraulic connections, heat exchangers, etc., all
hydraulic components are placed inside this insulation. This includes also most parts of the
heat pump. Care was taken to avoid thermal bridges while at the same time providing the
possibility to open the insulation for service and maintenance purposes.

A first prototype VIP insulation around the storage and the hydraulic block was built and
tested in summer 2015 but lead to unsatisfying results due to thermal bridges and insufficient
stability of the shell. Therefore, a second version of the VIP insulation was developed and
tested. Figure 4 shows the chosen design concept of this new VIP insulation concept from
two different views.

Figure 4: Design concept of the insulation without and with hydraulic components.

MacSheep — Deliverable 5.4 10/25
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Heat traps

Due to the placement of all connections underneath the insulation, all pipes are led outside of
the insulation close to the bottom, and thus heat traps are inherently present for the overall
system. Additionally most of the pipe connections to the storage are bent downwards inside
the insulation.

Hydraulic concept (reduced pipe runs):

For the integration of all hydraulics and most parts of the heat pump underneath the
insulation, short pipe runs are a must. This leads to material cost savings as well as lower
thermal losses and pressure drops, and thus lower electricity demand of pumps.

Table 7 shows the pipe lengths of the new concept compared with the pipe runs which were
estimated for the reference system. Figure 4 shows the CAD design of the hydraulic concept
(top view), which was the base for estimating the optimized pipe runs.

Table 7: Reference pipe runs compared with new designed pipe runs.

Connection Reference MacSheep System
Heat pump to storage DWH charging 6m 0.5m
Heat pump to storage SH charging 3 6m 24 m
Storage to heat pump 6m 0.7m

2 Due to the concept for hydraulic and control, the storage is rarely charged by the heat pump in space heating
mode, and thus these pipes are inactive for most of the year.

As shown in Figure 4 including all components under the same insulation leads to a very
compact hydraulic design. The idea behind this concept is to deliver only 3 main components
for installation in the field: 1) Storage, 2) Hydraulic unit with three connections to the storage,
3) Insulation. All other items are sub-components of these three and will be pre-assembled in
the factory. This leads to a significant reduction in installation time and reduces the
probability of installation errors, which in turn brings a significant cost benefit.

Another benefit of this system design and its high prefabrication level is that the same
system can be used for different customer needs. By adding a pump and replacing two
valves in the solar hydraulic part, the system can be used with different heat sources for the
heat pump:

e Only solar (uncovered collectors)

e Solar + Ice Storage

e Solar + Ground Source (with regeneration if needed)

e Only Ground Source (Solar can be added afterwards)

MacSheep — Deliverable 5.4 11/25
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External DHW module

A pre-fabricated DHW module that has been tested at the SPF has been chosen for this
MacSheep system. Adaptions will be made in order to fit it underneath the insulation and in
order to integrate it into the control of the MacSheep system.

DHW
N Storage Hydraulic
P S— ' assembly group Auxiliary / Heat Pump
: =Z
>— O

Collector / Solar < > ~
. ~

@ Space Heating

' -~

AT,

Ice Storage

optionally

< ¢ <

Figure 5: Schematic which shows the main hydraulic concept for the ESSA/IWT/SPF system. The dashed line
shows which components are included under the insulation together with the storage.

MacSheep — Deliverable 5.4 12/25
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Table 8 summarizes the key figures for the store subsystem developed for the
ESSA/IWT/SPF system.

Table 8: Data for the developed storage tank subsystem in the ESSA/IWT/SPF system.

Description Size / Type
Volume (including internal heat exchangers, pipes etc) 750 |

DHW heated volume (from top to charge outlet) 190 |

Space heating volume (between inlet and outlets) 190 |

Solar heat exchanger 1.2 m?/ external flat plate
DHW heat exchanger 0.95 m®/ external flat plate
Diameter without insulation 750 mm
Dimension with insulation 840 mm x 1550 mm
Height without insulation 1930 mm

Height with insulation 2150 mm

Max. operating pressure 4 Bar

Estimated heat losses based on identified heat loss coefficients ®

Whole store 60°C 3.89 kWh/day b)
DHW volume at 60°C, 40°C for space heating part, rest at 25°C 3.06 kWh/day
20 mm / VIP

(A = 0.0035 W/(mK))

25 mm / Aeroflex
(A =0.036 W/(mK))

Insulation thickness and type

All hydraulic connections

H rap implementation . .
eat trap Implementatio underneath the insulation

Rectangular channel welded at
the inner side of the storage.
Inlet connection in the middle of
the stratification channel.

Stratification module

a) for a room temperature of 15°C; b) insulated volume includes heat pump and hydraulics.

MacSheep — Deliverable 5.4 13/25
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4.2 Laboratory measurements and derived results

Based on the simulation results in phase 2 a new storage was designed by HSR SPF and
produced for test purposes by the MacSheep partner Regulus. Figure 6 (left) shows the
heights of the inlets and outlets as well as the 13 sensor positions on the outside of the
storage wall. These sensors were used for the evaluation of laboratory experiments. The
right hand side shows a photograph of the storage.
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/W,Tmo S ( )
Con. 1 5 T2
Con.|2 n
_ @ S| Ja(75%)
3| 15
——
3| T6
Con.B3 ol

3 ° 3| HTHSM)

— a E
o ,,.TB —
N 9
— ;«5 = _.T9(33%) :;11

— ﬂ -
s| T10
o= —Q 2 &
a 5| Ju a
m <t (=]
S| T2 =
0 i B, o ©
e 3 1
p .
& T13 (0%)

f

Figure 6: Test storage for the solar and heat pump system to be assembled at SPF with sensor positions (left)
and picture (right).

Several laboratory tests were performed, and the inlet configurations of the storage were
optimized in order to reduce mixing effects. It was found that:

e Even with low mass flow rates of 1050 kg/h at the 2 inch inlets, mixing was considerable
when there was no diffusor plate inside the storage.

e A diffusor channel as shown in Figure 7 led to a significant reduction of mixing. This
diffusor plate has been developed at SPF and its effect on stratification has been
analysed in detail by Haller et al. (2014).

e Experiments for DHW charging by the heat pump showed that the COP during DHW
charging decreases 4% when there is no diffusor channel installed at the inlet from the
heat pump to the storage (see Figure 8).
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Inner storage wall

Figure 7: Diffusor channel for all inlet connections.
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Figure 8: Results of laboratory tests with and without diffusor channel at the inlet from the heat
pump while charging for DHW.
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4.3 Component simulation models

A new plug flow storage tank model has been programmed in FORTRAN and compiled into
a drop-in DLL for TRNSYS. This model is able to simulate internal heat exchangers using the
same parameters and functions for the heat transfer as the multiport model used for the
reference system simulation. The differences and advantages compared to the multiport
model are shown in Table 9.

Table 9: Features of the new storage tank model.

Feature Advantage

Plug flow instead of fixed control ~ With a plug flow simulation, the amount of numerical diffusion
volumes can be reduced. The simulation of stratification or mixing effects
of the storage tank can be controlled better.

Average temperature sensors Average temperatures over different zones of the storage are
given as outputs of the model

Ten heat exchangers More flexibility with more heat exchangers and no restrictions to
use several heat exchanges in parallel or at the same height of
the TES

In the multiport model that was used for the reference simulation, the thermal diffusion inside
the storage tank is influenced by two parameters. One is the effective vertical heat transfer
coefficient (W/(mK)), the other one is the number of control volumes (or nodes) in the vertical
direction that influences the amount of - uncontrollable - numerical diffusion that is introduced
by the finite-difference solution used for the advection problem. For example, each fluid
package entering this multi-node storage is “mixed” into one of the existing control volumes,
and mixing also takes place when fluid is transferred from one control volume to the next one
downstream. In the plug flow model, each fluid package entering the tank gets its own control
volume that is created when it enters and it does not mix with the surrounding fluid in
uncontrollable ways. This leads to reduced mixing compared to the multiport model. For this
reason, the effective heat transfer coefficient (a parameter of the model) had to be set to a
higher — and more realistic - value than in the multiport model to obtain a similar amount of
mixing.
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Table 10 shows the UA-Values used for the reference insulation and those for the newly
developed vacuum insulation. The values were estimated with calculations and validated
with heat loss tests that were done in the laboratory.

Table 10: Comparison of the TRNSYS parameters which are used for the storage insulation in the reference
system and in the new developed system.

System UA-Value UA-Value UA-Value
bottom [W/K] middle [WI/K] top [WI/K]

Reference insulation (700 1) 0.67 2.81 0.3

New insulation (750 | + hydraulic components) 1.1 2.79 0.21

4.4 Conclusions and outlook

The final 3D design of the compact hydraulic solution shows that pipe runs for storage
connections can be reduced by a factor of 3 or more compared to the state of the art
systems. Low cost diffusors were integrated in order to reduce the inlet velocities and
turbulences. The effectiveness of these diffusors has been tested in the laboratory. Even for
inlet mass flow rates as low as 930 kg/h in the DHW region, the diffusors increase the
performance significantly.

Further work in 2015 will include improvement and final testing of the vacuum insulation with
VIP, based on the first results in the laboratory. The hydraulic concept is already build in the
laboratory and tested without the heat pump. With these results small changes can be
implemented in the final 3D-design of the hydraulic system before the final hydraulic and the
heat pump will be assembled together and tested. After the improvement of the insulation
and hydraulics separately in a second step, they will be combined and tested together as a
highly compact demonstration system.
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5 Storage development by Viessmann and CEA INES

The work of Viessmann and CEA INES focused on the development of several concepts for
their MacSheep storage: integrated heat pump condenser, heat traps, insulation, and
hydraulic connections. The main purpose of this prototype is to achieve cost savings
compared to the reference system while maintaining overall comparable performance level.

5.1 Description of developed components

The final concept of the whole storage is shown in Figure 9.
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Figure 9: Drawing of the developed storage tank with integrated condenser (left) and photograph of the store
connected to a heat pump at the CEA INES test bench.

External DHW module

An existing DHW module, already in the Viessmann product range, was chosen to prepare
the DHW from the water in the tank. The main component of this module is the plate heat
exchanger, whose characteristics are given in the Table 11.
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Heat traps

In order to minimize unwanted stationary heat losses through the monotube thermosiphon
effect, it was decided to weld connection pipes downward during the tank manufacturing
process. Several designs of these connection pipes have been tested to compare their
efficiency and the most promising was applied on both in/return flow line of the SH loop. The
solar heat exchanger was already mounted in the tank with inlet and outlet at the bottom
what prevents the monotube thermosiphon effect. Similarly the “hot” connection of the DHW
unit is placed at the highest level on the tank and therefore the connection pipe in between
goes naturally downward. The integrated condenser connection on the tank was also
equipped with the connection pipe downward while the refrigerant flowing in may not have
the same behaviour as water or brine.

Integrated heat pump condenser

The condenser of the heat pump is integrated into the store using steel pipes. An initial
design was performed and the resulting heat exchanger was made and tested using 17
pipes. Further studies resulted in a new design and size that is given in Table 11.

Table 11 summarizes the key figures for the store with integrated heat pump condenser
developed for the Viessmann/CEA Ines system.

Table 11: Data for the developed storage tank subsystem in the Viessmann/CEA INES system.

Description Size / Type
Volume (including internal heat exchangers, pipes etc) 750 |

DHW heated volume (from top to charge outlet) 2701

Space heating volume (between inlet and outlets) 250 |

Solar heat exchanger 1.8 m? / immersed tube / 12 |
DHW heat exchanger 1.4 m? / external flat plate / 1.2 |
Diameter without insulation 790 mm

Diameter with insulation 1070 mm

Height without insulation 1815 mm

Height with insulation 1955 mm

Max. operating pressure 7 Bar

Estimated heat losses based on identified heat loss coefficients ¥

Whole store 60°C 2.93 kWh/day

DHW volume at 60°C, 40°C for space heating part, rest at 25°C 2.77 kWh/day
Insulation thickness and type 140 mm / Fleece

Heat trap implementation Yes

Condenser heat exchanger 2 m2/immersed tube

a) for a room temperature of 15 °C.
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5.2 Laboratory measurements and derived results

The tests performed on the prototype that are reported here are heat trap tests and thermal
storage tests related to the integrated condenser concept. The heat pump used was not an
air source heat pump as planned for the final prototype since the climatic chamber to host
such devices is still under construction at CEA INES and will only be ready for testing in
2015.

Heat traps

A prototype was built to evaluate four geometries of heat traps in comparison to a horizontal
heat trap as illustrated in Figure 10. They have all been placed on the same height of a
single tank. Temperature sensors were put along the heat trap pipes outside the tank and on
different heights in the tank.

Two phenomena have been studied:
1. Thermosiphon effects (without any circulation and after stop of circulation)
2. Inner Pipe (monotube) circulation

The goal of these tests was to decide which of the heat traps performs best with regard to
these phenomena. Two test scenarios have been performed.

The first consisted of heating up the store up to 62°C and maintaining this temperature
during 24 h, which corresponds to an idle state of a heating system. This scenario helps to
identify whether inner circulation in piping has effectively been prevented.

The second scenario consisted of maintaining the temperature of 62°C in the tank while fluid
is circulated in the tested heat trap circuit and in the reference circuit. The pumps and
heating device are then stopped and the cooling of the tank is observed. This test is
designed to study whether the thermosiphonic effect due to inertial effects can effectively be
prevented through a particular heat trap design.
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Figure 10: Measurement setup with measured data points for each heat trap geometry M1.4. F points are
measured with immersed thermocouple type K sensors, FH and FB are thermocouples type K surface
mounted sensors placed on the top and bottom of a tube, and DG are thermocouple Type K sensors
placed in horizontal sensor tubes.
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This experiment led to the conclusion that the best performing heat trap design among the
four tested designs is the one with 150 mm length of pipe 90° bent downward.

An insulation thickness of 140mm was applied to the prototype as illustrated in Figure 9,
mainly because of the extra length of pipe for heat traps directly welded on the tank cylinder.

Integrated heat pump condenser

Tests were performed on the test bench (see Figure 11) to characterize the behaviour of the
integrated condenser in steady state as well as to evaluate the heat transfer coefficients.
Temperature sensors were installed along the wall of the condenser pipe and at the same
height in the middle of the tank in order to measure the bulk water temperature at a certain
distance from the heat exchanger. Extra temperature sensors were installed below and
above the condenser. A mass flow meter was installed in the refrigerant loop as well as
pressure and temperature sensors in order to be able to quantify the heat transfer from the
condenser to the tank independently from the compressor performance or losses of the heat
pump cycle. The refrigerant loop was filled with 3.3kg of R410A.
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Figure 11: Schematic of prototype with sensors marked in the store as well as external circuits. Bold figures show
example test conditions.

The initial conditions of the test using the test rig illustrated in Figure 11 were: upper quarter
of the tank is at 50 °C and the bottom at 25 °C. The heat pump control signal was activated
to heat the space heating loop where the return temperature was 40 °C and the mass flow
1000 kg/h. The results showed that the heat pump switched off twice at the start of operation
due to the high pressure threshold (~42 bar) being exceeded before continuous operation
was achieved. Of the 9 kW capacity of the heat pump, 5 kW were used for space heating
while the remaining was used to heat the top of the tank from 50 °C up to 64 °C, at which
point the heat pump was finally switched off again after 2 hours of operation by the high
pressure control. The overall heat transfer coefficient calculated from these measurements
remained quite stable around 320 W/K. The refrigerant mass flow rate was also stable
around 160 kg/h during the whole test. The temperature of 25°C at the bottom of the tank in
the beginning of the test rose to 40°C after one hour even though there was no circulation
expected in this part of the tank.
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Given the current design and integration of the condenser, this test reveals that most of the
heat produced by the heat pump is transferred to the top of the tank by natural convection
even with large mass flow in the space heating loop. This effect reduces the maximum
energy that may be transferred from the heat pump to the heating circuit for the expected
design heating rate of 8 kW. A plate placed above the heat exchanger will be used in the
final prototype to slow down the natural convection flow to the top and improve the
availability of heat for space heating.

The observed U-value of 320 W/(m2K) for the 1 m2 condenser is half that of the theoretical
value that was calculated in the pre-sizing stage (~650 W/mz2.K). It is assumed that this is due
to the large diameter of the condenser pipe that was used for this first prototype. As detailed
in section 5.3, the pipe’s diameter has a large influence on the condensation heat transfer
coefficient, and the measurements of the first prototype made it possible to verify detailed
models of the condenser. A smaller diameter of ¥2” will be used for the final prototype in
order to increase the U-value of the internal heat exchanger.

Significant destratification is observed, mainly caused by the mass flow in the space heat
return line. Thus a flow diffuser is recommended for all of these return-to-the-tank
connections.

Tank heat losses

The tested tank prototype was designed mainly for the study of the integrated condenser
heat exchanger and therefore the tank was equipped with a lot of internal temperature
sensors. To ensure the tightness along the wires (24 lines are available) between inside and
outside of the tank and to fasten the sensor at outside surface of the condenser pipe, 3 large
flanges have been integrated on the tank cylinder that cause extra heat losses compared to
the design concept. Moreover the condenser heat exchanger area and geometry will be
adapted in the next prototype. Therefore the heat losses that were evaluated during this test
are only partially representative of the final design. A cooling down test was performed on the
tank, from which a heat loss coefficient of 2.72 W/K was determined as well as the thermal
capacitance of the whole store (3.35 MJ/K). The heat loss coefficient is close to the
theoretical value of 2.70 W/K that was used in the system simulation study based on 140 mm
insulation thickness. This value is lower than the 3.0 W/K for the Viessmann’s Vitocell 340M
with 100mm that is the store in the reference system.

5.3 Component simulation models

Integrated heat pump condenser

Because of the unexpected low value obtained for the UA-value of the first prototype, it was
necessary to use a detailed approach to calculate the condenser heat transfer coefficients.
Fluid mechanic correlations from literature were used and calibrated using the experimental
data.

The correlations used in the calculations are adapted from MacAdams (1975) and Shah
(1979) for natural convection of water outside the horizontal pipe and condensation inside
pipe. Measurements from the prototype test were used to get the state and mass flow of the
refrigerant at the inlet of the condenser. The thermo-physical properties of the refrigerant
R410A and water are calculated using CoolProp (Bell et al, 2014) and Scilab (Scilab
enterprises, 2014) softwares. The following overall heat transfer coefficients were found:
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e 1" internal diamter pipe (first prototype): Ucongproto = 331 W/(m?K) and Udesup,proto =
149 W /(m?K) . This is close to the experimental average UA-value of 320 W/K obtained
for the 1 m2 heat exchanger.

e 2" internal diameter (final prototype): Ucong finar = 613 W/(m?K) and Ugesup,final =
425 W /(m?K). These values were used for whole system simulations reported in D7.3.

DHW module

The simulation model for the DHW module comprises a plate heat exchanger, a pump and
the control of the flow rate on the primary side (hot buffer water) to provide DHW at the set
point temperature. The correlation for the UA values in the range of primary flow rate from 0
to 1500 kg/h was calibrated for the selected heat exchanger in Table 11 using design
software from the plate heat exchanger manufacturer.

Tank insulation

The tank model type 340 (Driick 2006) was used, and most of the parameters are the same
as in the reference system since it is based on the same product and capacity. The heat loss
coefficients presented in Table 12 are derived from the whole tank cooling down test for an
insulation thickness of 140mm.

Table 12: Comparison of the TRNSYS parameters which are used for the storage insulation in the reference
system and in the new developed system.

System UA-Value UA-Value UA-Value

bottom [W/K] Middle [W/K] Top [WIK]
Reference insulation (750 1) 0.6 2.8 0.3
New insulation (750 I) 0.4 2.1 0.2

5.4 Conclusions and outlook

A test of the current prototype of thermal storage with integrated condenser has been made.
The increased insulation thickness compared to the original thermal store leads to a reduced
overall heat loss coefficient of 2.7 W/K (compared to 3.0 W/K). The test provided
experimental data that was used to more accurately calculate the heat transfer coefficients
outside and inside the pipe of the condenser. The low performance of the tested heat
exchanger with regard to the pre-sizing expectations is explained by the large diameter tube
that was used to build the first prototype. With a tube diameter of '2” in the final prototype it is
expected that a heat transfer coefficient of around 600 W/(m2K) will be reached. This value
was used in system simulation for the sizing process of the integrated condenser, which
resulted in a heat exchanger with 2 m? surface area. The test also revealed inlet jet mixing
from the space heat return line into the tank and plume effects over the integrated condenser
heat exchanger. Flow braking devices are being designed to reduce these unwanted
dynamic effects and these will be integrated in the final prototype.
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6 Conclusion

All four development groups have made significant developments in storage during the
MacSheep project, which together cover a wide range of features. The store is the central
feature of all systems that have been developed, and reduction of heat losses has been a
special focus for all groups. This has not only been for the store itself, but also for the
components that are used to transfer heat in and out of the store and the piping between
them. All developments have applied heat traps and small pipe runs compared to the
reference system. In the case of the SPF/IWT/ESSA system, all components including the
heat pump have been insulated together with the heat store itself, which has resulted in an
extremely compact system. In the Regulus/CTU system several of the components are
mounted directly on the store’s insulation cover. Two systems have implemented vacuum
insulation panels, which is still rare on the market. In heat pump systems, there is generally a
high flow rate in the pipes connected to the heat pump, and thus several groups have
developed diffusors in order to limit mixing effects from inlets to the store. In terms of system
integration, the system from Viessmann/CEA INES has gone furthest by incorporating the
condenser of the heat pump within the store.

All groups have made prototypes and tested them in the lab. The results show significant
reductions in heat losses and greater compactness of the systems. However, nearly all
groups have found details that need to be improved for the final prototypes that will be tested
together with the complete system in 2015.
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