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1 Preamble

1.1 Foreword

Technical University of Denmark — Department of Mechanical Engineering, Danish Tech-
nological Institute, and the Danish Energy Association in collaboration hosted a two-day
symposium covering advances in refrigeration and heat pump technology on the 15" and
16" of May 2012.

These proceedings are the formal documentation of the lectures that were given over the
two days on several topics of significant relevance for the future development of technology
for cooling and heating application. The focus was on both the industrial development of
solutions for domestic, commercial and industrial applications in the near future as well
as the scientific and engineering research in the more distant years to come. Applications
of compression technology, phase changing materials and magnetic refrigeration were
presented as well as novel results for selection of working fluids and design of cycles,
development of components and cycles. The topics were presented by experts in the
specific fields who had taken the opportunity to disseminate the results of their most
recent research to an audience covering practitioners in the fields of refrigeration and heat
pumps together with consultants, development engineers and staff from academia who
together formed a forum for fruitful discussions at high-level in an open and responsive
atmosphere.

We had invited a number of keynote speakers to give talks on topics which were intended
to give inputs on the position of research and development in refrigeration technology in
the future energy system:

* Hans Hvidtfeldt Larsen, DTU National Laboratory for Sustainable Energy, [DTU]
[[nternational Energy Report]

* |Anders Stouge, Danish Energy Association, [Research and Development in Efficient

Energy Use]
* Henrik Lund, Aalborg University, [Heat Pump Integration in Energy Systems|

And on recent development trends with significant commercial perspectives in Denmark
and the neighbouring countries Sweden and Germany:

¢ [Per Henrik Pedersen, DTI, Center for Refrigiation, [Energy Efficient Impulse Coolers|

* [Michael Kauffeld, Karlsruhe University of Applied Sciences, Germany,


mailto:hala@dtu.dk
mailto:ast@danskenergi.dk
mailto:lund@plan.aau.dk
mailto:prp@teknologisk.dk
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 Hatef Madani), Royal Insitute Of Technology, KTH, Sweden, [Capacity-Controlled]
|Ground Source Heat Pumps|

The keynote talks inspired further discussion and we hope that they may have sowed just a
small seed of an idea which may be harvested in future R&D efforts.

We would like to thank the speakers and the participants for their mindful attendance and
active participation. It was a pleasure to host the event. We hope this has been the initial
meeting in a range of symposia in the field and we are of the definitive persuasion to
take part in arranging future meetings. We are very open for topic suggestions for future
events.

Wiebke Brix, DTU Mechanical Engineering

Brian Elmegaard, DTU Mechanical Engineering

Frederik Holten-Tingleff, DTU Mechanical Engineering

Arne Jakobsen, Kgbenhavns Maskinmesterskole

Jgrn Borup Jensen, Danish Energy Association

Martin Ryhl Kern, DTU Mechanical Engineering

Torben Ommen, DTU Mechanical Engineering

Claus S. Poulsen, DTI, Energy & Climate

Morten Juel Skovrupl, IPU Refrigeration and Energy Technology
Jorrit Wronski, DTU Mechanical Engineering
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1.2 Timetable

1.2 Timetable

Tuesday 15 of May, Mgdelokale 1

9:00 Brian Elmegaard WelcomEI
9:10 Hans Hvidtfeldt Larsen [DTU International Energy Report]
10:00 Hatef Madani Capacity-Controlled Ground Source Heat Pumps|
11:10  Anders Stouge Research and Development in Efficient Energy Use
11:45 |Wiebke Brix Second-law Efficiency and COP of Supermarked
[Refrigeration Systems|
12:15 Lunch Break
13:15 Svend V. Pedersen Application of Industrial Heat Pumps|
14:00 Lars Reinholdt Refrigerant Flow in Vertical Pipes|
14:45 Short Break
15:00 Martin Ryhl Kaern [Compensation of Airflow Maldistribution in Fin/
and-Tube Evaporators|
15:45  Peter Schneider Cooling Towers of the Future|
16:30 Short Break
16:45 Michael Kauffeld IMinichannel Heat Exchangers|

Tuesday 15" of May, Mgdelokale S09

13:15 Mikael Bastholm  [Aquifer Thermal Energy Storage]
14:00  Jorrit Wronski Pumpable Phase Change Material|
14:45 Short Break

15:00  Christian Bahl Magnetic Refrigeration — and Heating|
15:45 |[Ulrik Larsen Engineering the Heat Curve|
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Wednesday 16" of May, Mgdelokale 1

9:00 Per Henrik Pedersen  [Energy Efficient Impulse Coolers|
9:45  Christian Heerup Optimization of Commercial Refrigeration Plants|
10:30 Short Break
11:00 |Henrik Lund Heat Pump Integration in Energy Systems|
11:45 Morten Juel Skovrup  [Optimization Through Interaction Between PackCalc|
an 1
12:30 Lunch Break
13:30  Torben Ommen [Heat Pump Booster Configurations in Novel District]
Heating Networks|
14:15 Gunda Mader Cost and Energy Efficiency of Air-Water Heat Pumps|
15:00 Closing Plenum Discussion

1.3 Welcome

Brian Elmegaard (be @mek.dtu.dk)
DTU Mechanical Engineering

Timetable A
Table of contents A
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« Symposium: A Hellenic drinking
party

¢ It was a forum for men of good
family to debate, plot, boast, or
simply to revel with others

* A "symposiarch" would decide
how strong the wine for the
evening would be, depending on
the seriousness of the discussions

DTU Mechanical Engineering DANISH .
Department of Mechanical Engineering Ll TECHNOLOGICAL x EQE‘IRSGHYASSUCMTWN
INSTITUTE

. . . . ] 11]
Symposium on Advances in Refrigeration =
and Heat Pump Technology -
15-16 May 2012
A forum
» for dissemination of recent research results
» for being informed about recent results
» Sufficient time for presentations
» Sufficient time discussions
« Keynote talks by
¢ Hans Larsen, DTU Hatef Madani, KTH
¢ Anders Stouge, Dansk Energi Per Henrik Pedersen, DTI
¢ Henrik Lund, AAU Michael Kauffeld, Karlsruhe
DTU Mechanical Engineering DANISH .
Jepartment of Mechanical Engineering ) DANISH
Departm techanical Engineering TecHNOLOqICAL JE EREREY associaTion
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2 Keynotes

2.1 Minichannel Heat Exchangers

Michael Kauffeld (michael kauffeld @ hs-karlsruhe.de) Timetable A
Karlsruhe University of Applied Sciences, Germany [Table of contents 4|

Hochschule Karlsruhe
. Technik und Wirtschaft
\\ UNIVERSITY OF APPLIED SCIENCES

Minichannel Heat Exchangers

Prof. Dr.-Ing. habil. Michael Kauffeld

Institute of Refrigeration, Air Conditioning and
Environmental Engineering

Karlsruhe University of Applied Sciences
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Heat Exchanger Development (automotive AC condensers)

Large diameter ~ Small diameter ~ Serpentine  Parallel Flow
round tubes round tubes MPE Minichannel

© 1-800-RADIATOR.COM

I
Karlsruhe University of Applied Sciences = l=
Institute of Refrigeration, Air Conditioning and Environn " L>

Heat Exchanger Development

Flat Oval Tube Condenser

© FORUMS.PELICANPARTS.COM

Parallel Flow Condenser

|

Karlsruhe University of Applied Sciences 3126
Institute of ion, Air Conditioning and Envi © Prof. Dr.-Ing. habil. Michael Kauffeld




2.1 Minichannel Heat Exchangers

Advantages Minichannel Condensers

Round Minichannel
tube and fin
Depth 100 % 28 %
Face area 100 % 75 %
Weight 100 % 42 %
§ Refrigerant charge —  in Condenser 100 % 7%
z in System 100 % 65 - 70 %
§ Air side pressure drop 100 % 74 %
z[cop 100 % 110 %

... at the cost of higher refrigerant side pressure drop

Karlsruhe University of Applied Sciences
Institute of i Air Conditionil

&

4/26
© Prof. Dr.-Ing. habil. Michael Kauffeld

Minichannel Heat Exchanger
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Marvillet, C.: Recent D in Heat for ions. in Recent D in Finned Tube Heat Exchangers.
Edited by Marvillet, C. et al., 1990, Danish Technological Institute, Denmark, S. 8 - 51
Karlsruhe University of Applied Sciences © Prof. Dr.-Ing. habil. Michael Kauffeld
Institute of Air Ce 5/26
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Comparison Serpentine vs. Parallel Flow Condenser

Overall heat transfer coefficient based on air side

200
Parallel Flow Condenser %
Serpentine Condenser 160 -
140
L)
A
120 120 s
- -
80
w0 40
—e— <10 °C Subcooling
20 E 10 °C Subcooling
DD 1 2 3 4 5 00 A; é :‘3 ;1
Vaictace (m/sec)
Vai misec,
Hrmjak, P.; Litch, A.D.: he: air face ( )

at for charge
in air-cooled ammonia condensers and chillers. IJR 31 (2008), p. 658 -

Karlsruhe University of Applied Sciences
Institute of i Air Condil and

668

6/26
© Prof. Dr.-Ing. habil. Michael Kauffeld

Small Channel Diameters improve Heat Transfer

14,000 —— Feat condusiviy
12,000} tanser D Nk
= Y b transfer
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Heat transfer coefficient (W/m2-K
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Quality (x)

Bandauer, T.M.; Agarwall, A.; Garimella, S.:

0.6

transfer in circular microchannels. Journal of Heat Transfer (2006)

Karlsruhe University of Applied Sciences
Institute of Air Ce and

and modelling of con-dk

heat

7126
© Prof. Dr.-Ing. habil. Michael Kauffeld




2.1 Minichannel Heat Exchangers

Heat Exchanger Wind Tunnel in Karlsruhe

Overall heat transfer coefficient based on air side

Flow straightener
Heat exchanger

)

Volume flow measurement

Pre conditioning

Mixing dampers

Karlsruhe Univel

8/26
Institute of i © Prof. Dr.-Ing. habil. Michael Kauffeld

a

rsity of Applied Sciences
ion, Air Conditioni

Comparison Round Tube and Fin vs. Minichannel

Qc = 10 kW
Face area 600 x 600 mm
Depth 95 mm bzw. 20 mm

Air side heat transfer coefficient Air side pressure drop

400 450
350 400 >
300 350
/
3 0 . 300 ¥
£ 200 »
s s " 5 250 % —
150 5 3 .
u - < 200 o
100 - - ® / -
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o 1 2 3 4 5 & 7 8 9
wims'
Karisruhe University of Applied Sciences 9/26
Institute of i ion, Air Conditionir © Prof. Dr.-Ing. habil. Michael Kauffeld
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Refrigerant Charge

140

120

[
o
o

717 %

[es]
o

40

20

Specific refrigerant charge in g/lkW
[o2}
o

0
Round tube and fin Minichannel

10/26

Karlsruhe University of Applied Sciences /
‘Air Conditioni © Prof. Dr.-Ing. habil. Michael Kauffeld

Institute of Refrig

o

But: Oil Influence on Heat Transfer

1
N
a
o
0.8 & Gl
ﬁ o
206 A 8 o
2 o
g o
o 8
304
0,2 i d, V.; Kauffeld, M.: Influence of
_ Lubricant Oil on CO, Heat Transfer in
Pred = 0,54 Minichannel Tubes. IIR Conference
_ 2 Thermophysical Properties and Transfer
0 9=25 1‘(W/m r ' ¢ Processes of Refrigerants, Vicenza, Italy,
30.8. - 2.9. 2005
0 2 4 6 8 10
Oil content in mass percent
Karlsruhe University of Applied Sciences 11/26
Institute of ion, Air Conditionil i © Prof. Dr.-Ing. habil. Michael Kauffeld




2.1 Minichannel Heat Exchangers

Refrigerant Side Pressure Drop

R410A

|
CGEEEEEEEEs=w)

R507A

]'I

Round tube and fin
has 15 % lower
Condensing power
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@ Karlsruhe University of Applied Sciences 12126
Institute of Refrigeration, Air Conditioning and Envi ineeri © Prof. Dr.-Ing. habil. Michael Kauffeld
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Karlsruhe University of Applied Sciences © Prof. Dr.-Ing. habil. Michael Kauffeld
Institute of ion, Air Conditioning and Envi i 13/26
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© DANFOSS SANHUA

Z

Dirt Accumulation

3 row f&t HX after 24 hours 20 mm MCHX after 24 hours

f&t gets dirty and AX get dirty and

loose capacity loose capacity

cmx [

Dirt accumulates on front
and can be removed easy
and efficiently without
damaging the fins

Difficult to remove

dirt efficiently and
without damaging —
the fins N

[Micro Channel Heat Exchang

Karlsruhe University of Applied Sciences © Prof. Dr.-Ing. habil. Michael Kauffeld
Institute of i ion, Air Conditioni i i i 14/26

o

Manufacturing requires different technology

NOCOLOK © Controlled Atmosphere
Brazing Furnace

© SOLVAY

6

Karlsruhe University of Applied Sciences 15/ 2
ion, Air Conditioni © Prof. Dr.-Ing. habil. Michael Kauffeld

Institute of Refri




2.1 Minichannel Heat Exchangers

Metal Price in favor for Minichannel Heat Exchangers

COPPER/ALUMINIUM PRICE RATIO

Ralio

Cu/Al ratio has reached new highs

Slide 7 | Data: OF
© ICF.AT; data from CRU and London Metal Exchange

In addition density of alumium 2.7 g/cm- copper 8.9 g/cm=3 i.e. a factor of 3
-> per volume copper is more than 10-times more expensive !

26

/ﬁ\ Karlsruhe University of Applied Sciences 16/
i Airr Condil and © Prof. Dr.-Ing. habil. Michael Kauffeld

L7 Institute of

Outlook for Minichannel Heat Exchangers

Refrigerant distribution
Minichannel profile geometry
Header tubes

m Karlsruhe University of Applied Sciences 17/26
5 Institute of Air C and © Prof. Dr.-Ing. habil. Michael Kauffeld

15



2 Keynotes

Refrigerant Distribution

The exit air temperature
indicates refrigerant dfstribution
and refrigerant temperature.

The condenser has 3 passes.
In first pass, superheated and
two-phase regions exist.
Stratification in second and the
subcooled region in the third
pass is evident

Yposition

pRRef © DANFOSS SANHUA

) 500 1000 1500
Hposition

Karlsruhe University of Applied Sciences 18/26
i ‘Air Conditioning and Envi ineeri © Prof. Dr.-Ing. habil. Michael Kauffeld

Institute of

16

Maldistribution in MPE - Condenser

tair entrance

Lair exit tc = const.

tair exir > tair entrance - Atentrance > Atexit

and thus: Qentrance > Qexit

6

Karlsruhe University of Applied Sciences 19/ 2
Institute of Air C and © Prof. Dr.-Ing. habil. Michael Kauffeld




2.1 Minichannel Heat Exchangers

Maldistribution in MPE - Condenser

Air entrance

18831813

Refrigerant
entrance
404034840

153888
Refrigerant exi

18381818

Air exit

Karlsruhe University of Appued Sciences 20/
Institute of and Envi i © Prof. Dr.-Ing. habil. Michael Kauffeld

Designated condensate drainage

25000

PR ,=0.799 mm  Avowaton=+1z4| [D, =0.762mm v bevation=+13%
[Oooooooooooooooog] 20000 [Barrel Shaped [Square
Barrel: 14 channels, Dn = 0.799 mm Annular Flow Based Model /Annular Flow Based Model
\DDDDDDDDDDDDDDl 15000
Triangular: 19 channels, Dn = 0.839 mr
10000
QUAUAUAUAUAUAUAUAUD
Rectangular: 20 channels, Dn = 0.424 mm 000
W shape insert: 19 channels, Dn = 0.732 mm T
SININT, & 20w
E (0 = 04zhmm v oormin=siod] D, = 0536 mm Ae ooiten= 7%
N shape: 19 channels, Dn = 0.536 mm 2 L0000 IRectangular N-Shaped
@Is[e[a[s P[] N TS D] E Annular Flow Based Model Mist Flow Based Model ¢
‘S 15000 G kg m?s ™| Exp.
Agarwal, A.; Bandhauer, T.M.; Garimelly, S.: g 1 °
Measurement and modelling of condensation 8 oo °
heat transfer in non-circular microchannels. 2 .
1JR 33 (2010) p. 1169 - 1179 % 00 o
o
25000
D, =0.839 mm Ave. Deviation =-14%| | D, = 0.732 mm Ave. Deviation = 7%
o
20000 | Triangular W-Insert
Mist Flow Based Model 8 Mist Flow Based Model
15000
10000
s000
EP0219974: Condenser with small hydraulic diameter
flow path. Filed 17.09.1986 by MODINE %o 02 04 o8 08 1000 0z 04 o8 08 10
Karlsruhe University of Appuen Sciences Quality (x) Quality (x)
Institute of and © Prof. Dr.-Ing. habil. Michael Kauffeld
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Optimized Distribution - Evaporator

Ratio of channel imean flow rate

Ratio of channel / mean flow rate

Channel number Channel number

Dharaiya, V.V.; Radhakrishnan, A.; Kandlikar, S.G.: Evaluation of a tapered header configuration to reduce flow maldistribution in minichannels
and microchannels. Proceedings of the ASME 2009 7th International Conference on and June 22-24,
2009, Pohang, South Korea

Karlsruhe University of Applied Sciences
Institute of i Air Condil

&

22/
© Prof. Dr.-Ing. habil. Michael Kauffeld

Minichannel HX for high pressure (R744)

Special header design for high pressure + round holes in MPE

... could also be used for further charge reduction

o e

PARALLEL
FLOWTUEBE

© HEATEXCHANGER-DESIGN.COM

Karlsruhe University of Applied Sciences © Prof. Dr.-Ing. habil. Michael Kauffeld
Institute of Air C and 23/26




2.1 Minichannel Heat Exchangers

Minichannel — the End of Miniaturisation ?

Cross flow micro heat exchanger

©KIT

400 W refrigeration capacity with 40 x 40 x 40 mm heat exchanger

Karlsruhe University of Applied Sciences © Prof. Dr.-Ing. habil. Michael Kauffeld
Institute of i ion, Air Conditioning and i i i 24126

Minichannel Heat Exchangers

. offer many advantages
Higher energy efficiency
Reduced refrigerant charge and air side pressure drop
Weight and space reduction
Easy recycling and lower metal prices
Improved corrosion resistance
Several ways for optimization
Refrigerant distribution
Header tubes
Condensate management

Profile geometry
etc.

6

Karlsruhe University of Applied Sciences 25/ 2
Institute of ion, Air C and © Prof. Dr.-Ing. habil. Michael Kauffeld
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Comments, Questions ?

Contact:
Prof. Dr.-Ing. habil. Michael Kauffeld

Karlsruhe University of Applied Sciences
Mechanical Engineering and Mechatronics Department
Institute of Refrigeration, Air Conditioning and Environmental Engineering

Moltkestr. 30
76133 Karlsruhe
Germany

Tel.: +49 (0) 721 925 1843 Fax: +49 (0) 721 925 1915
E-Mail: michael.kauffeld@hs-karlsruhe.de

Acknowledgment:

Part of the work presented in this publication was funded by the German Ministry of
Economics and Technology via the German Federation of Industrial Cooperative
Research Associations (AiF) under Project No. 1701103 (oil influence on CO, heat
transfer) and in cooperation with the Research Council for Refrigeration Technology
(Forschungsrat Kaltetechnik) under project no. 15701 N/1. Additional support was given
by the Valerius Funer Foundation.

Karlsruhe University of Applied Sciences 26/26
Institute of Refri Air C ineeri © Prof. Dr.-Ing. habil. Michael Kauffeld

Go back to the[table of contents alor to the fimetable al




2.2 DTU International Energy Report

2.2 DTU International Energy Report

Hans Hvidtfeldt Larsen (hala@dtu.dk)
DTU National Laboratory for Sustainable Energy [Table of contents A
DTU

DTU International Energy Report
...setting the global energy scene

M

Symposium on Advances in
Refrigeration and Heat Pump
Technology.

DTU 15 May 2012

Vice Dean
Hans Hvidtfeldt Larsen

DTU National Laboratory
for Sustainable Energy

DTU National Laboratory for Sustainable Energy 1

21
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The changing global energy scene

= In the coming years the world is facing major
challenges, to ensure the supply of energy for
a growing population, particularly in
developing countries.

= We need a paradigm shift in the energy
systems, we have to move from a system
based on fossil fuels to a sustainable non-
fossil system.

= Especially in developing countries the
challenges are significant and at the same
time the possibilities enormous for
development and green growth

DTU National Laboratory for Sustainable Energy

=
=
=

M

The 20 target

To keep the global mean temperature
rise below 2°C we need to reach
global stabilisation at 450 ppm CO,eq

The economic recession may be seen
as short term relief with regard to
GHG emissions. Nevertheless:

This means that global greenhouse
gas (GHG) emissions must be halved
by 2050 and in fact reduced even
more in the OECD countries, maybe
80 %

DTU National Laboratory for Sustainable Energy




2.2 DTU International Energy Report

oTu
-
-
>
Rapid urbanisation
By 2050 more than 6 billion people World and City primary energy consumption from IEA 2008.
will live in urban areas, most of them
in developing and less-developed Hie
countries. 16,000
15,000
L . 12,000
The number of megacities is expected o
to increase from three in 1975 to 29 s
by 2025. o
0
At the same time, urbanization Cities  World Cities  World Cities World
. 2006 2015 2030
generally leads to increased demand
for energy-consuming services such plonoe OeeD
as housing and transport.
DTU National Laboratory for Sustainable Energy 4
0Ty
-——
b a-<
-—e

Northern Europe

= Norway is to a very high degree based on

hydro power, and has huge oil and gas
reserves. For the future the country is
aiming at developing its renewable
potential like off shore wind.

Sweden has based its electricity
production on a combination of nuclear
and hydro power.

well as a large amount of wind - more
than 18 GW installed in 2010.

All these countries are interlinked with
Denmark and trades continuously
electricity.

DEJ National Laboratory for Sustainable Energy

Germany is using nuclear, coal and gas as

23
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=
Danish energy consumption has been stable ~
over the last 30 years
= Is it possible to continue ...?
PJ
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=
=
=

M

The energy system

= Today’s energy system is the result of decisions taken over more
than a century.

= This long-term development is reflected in the structure of the
energy system, which in most cases was developed according to
basic engineering requirements: energy is produced to meet the
needs of consumers.

=
=
=

M

System aspects

It will not be possible to develop the
energy systems of the future simply
by improving the components of
existing systems.

An integrated approach is needed
that will optimise the entire system,
from energy production, through
conversion to an energy carrier,
energy transport and distribution,
and efficient end-use.

DTU National Laboratory for Sustainable Energy
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Systems aspects

= Introduce advanced energy storage facilities
in the system;

= Integrate the transport sector through the
use of plug-in hybrids and electric vehicles;

= Automatic adaptation of consumption to
match the availability of energy;

= Development of supergrids interconnecting
different regions;

= A smart grid must link production and end-
use at the local level;

= Taxes and tariffs should stimulate flexible
demand;

= Information and communications technology
(ICT) will be very important to the successful
integration of renewables in the grid;

DTU National Laboratory for Sustainable Energy

=
=
=

M

10

The future intelligent energy system
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DTU National Laboratory for Sustainable Energy
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Information and
Communication
Technologies

—+

-+

Distributed generation
and efficient building
and transport systems

The future intelligent
energy system
emerges
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=
=
=

M

Future energy supply and end-use
technologies

= Further development of sustainable energy supply technologies for use in the
intelligent energy system of the future including within smart cities.

= End-use technologies should be developed as active components in the future
energy system both for the building sector and the transport sector

= Efficiency improvements should be given high priority in all parts of the energy
system

DTU National Laboratory for Sustainable Energy

=
=
=

M

Solar

Solar energy can be used for
production of heat and electricity
all over the world

PV is by nature a distributed
generation technology, whereas
CSP is a centralised technology

By 2050 PV and CSP technologies
will each produce 11% of the
world’s electricity.

i

DTU National Laboratory for Sustainable Energy
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Wind energy

Development of wind turbines

1]1/]
<

-
>~

Expected to generate more than
331 TWh in 2010, covering
1.6% of global electricity
consumption

Cost of energy from wind and fossil
fuels

Z70m 2112m
B
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2
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DTU National Laboratory for Sustainable Energy 14

Off-shore wind

figue 43

the three-way trading of power between the UK,

=
=
=

bd
-
>

1 ,one in the UK

power, up to 1 GW could be

DTU National Laboratory for Sustainable Energy
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Emerging wind energy technologies

The coming decade may see
new technological advances and
further scale-up

With increased focus on
offshore deployment combined
with the radically different
conditions compared to
onshore, it is likely that
completely new concepts will
emerge, such as the vertical-
axis turbine currently being
developed at DTU

DTU National Laboratory for Sustainable Energy
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Hydro

Hydropower is a mature technology

WAVE
ENERGY

Wave energy is an interesting
partnership with wind energy

Globally, the potential for wave power
is at least 10% of total electricity
consumption

A goal for Danish wave power by 2050
could be around 5% of electricity
consumption

DTU National Laboratory for Sustainable Energy

=
=
=

M

Biomass

To day 10% of the world’s energy
consumption. In 2050 up to 200-500 EJ/yr ~
up to half of the world’s energy needs in 2050

A large proportion will be wood for direct
burning in less developed areas of the world

An easily storable form of energy
Can be used in CHP systems
A source of liquid fuels for transport

A limited resource, and increases in biomass
production should not compete with the food

supply

DTU National Laboratory for Sustainable Energy




2.2 DTU International Energy Report

Technology for sustainable energy supply -
Bioenergy

= Production and properties
of biomass

< Biomass conversion and
co-production

= The production of
2 generation bio-fuel from
straw by means of an
internationally unique
method

DTU National Laboratory for Sustainable Energy

=
=
=

m

Geothermal

At least 24 countries produce electricity from
geothermal energy, while 76 countries use
geothermal energy directly for heating and el

- Wik
cooling =

Global production is 0.2 EJ, with 10 GW of S "rj%;y'z o
-l n$ ”

installed baseload electricity production
capacity T

' | Electricity Generation

Potential in 2050 is approximately 200 EJ/yr,
of which 65 EJ/yr from electricity production

In Denmark, the potential is substantial and gsg |
could cover a large part of the demand for
future district heating

DTU National Laboratory for Sustainable Energy _/—m"
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Storage

= Energy storage is needed in a
future energy system dominated
by fluctuating renewable energy.

= Depends on many factors:
= the mix of energy sources,
= the ability to shift demand,

= the links between different
energy vectors, and

= the specific use of the energy.

= Storage costs and energy losses
need to be considered.

DTU National Laboratory for Sustainable Energy

=
=
=

M

CCS

Carbon Capture and Storage (CCS)
can be used on large point sources
based on fossil fuels such as power
plants and industrial furnaces

With CCS we can continue to burn
fossil fuels even in a carbon-neutral
future

CCS can even be used with biomass-
fired power plants to create net
negative CO, emissions.

Denmark has a good chance of
exploiting CCS

DTU National Laboratory for Sustainable Energy

=
=
=

m

Figure 40

The largest potential sites for Danish underground CO, storage
(excluding hydrocarbon fields in the North Sea), and the largest
emitters. Source: Geological Survey of Denmark and Greenland

Hanstholm
led:

* CO; point sources @ Structural closure of deep saline aquifer
> 0.2 million tonnes/year @ extent of emission
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oTu
-
=
Efficiency improvements
= High emphasis on efficiency Washing
improvements in both industry Energy o
and private households m::”:“‘”“”
changing demand patterns are ¢ )
going to generate new
challenges to system operators
and utilities.
D
B
Less efficient
DTU National Laboratory for Sustainable Energy 24
0Ty
-—
=

Efficiency improvements through district
heating and cooling

= Wider use of district heating would lead to a marked improvement in the
efficiency of energy use. Matching up sources of “waste” heat with users of
heat, as district heating does, improves overall efficiency and reduces total
energy use.

= District heating systems can use surplus power generated by small
decentralised renewable resources, such as solar rooftops, in nearby
buildings; during periods of high production this energy might otherwise be
wasted.

A conventional district heating network.**

District Consumer District Consumer District Consumer District Consumer

A B © D
Secondary
heat network

60°C 80°C 50°C 70°C 45°C 60°C 35°C 45°C

Substation A Substation B Substation C Substation D
70C

<%
Primary heat network

25

130°C

>
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Efficiency improvements through district
heating and cooling

= District cooling follows a similar pattern, supplying chilled water and air-
condition to a network of users
= Cooling can be obtained directly from seawater or groundwater.

= Alternatively, cooling can be provided via heat pumps or absorption
refrigeration systems that take most of their energy from the

Schematic illustration of a district cooling system.

Sources: free/ Production: chillers/
natural cooling. heat pumps/
district heat absorption

environment, industrial waste heat or leftover heat from district heating.

=
=
=

M

Self sufficient costumers

= The customers are becoming
increasingly independent as
they in long periods can be
self-sufficient with energy by
producing some of their limited
need for electricity and heat by
solar collectors, fuel cells etc.

= In short periods of time they
are expecting the system to
supply all their needs.

DTU National Laboratory for Sustainable Energy

=
=
=

M
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Transport sector

= Modern transport depends
heavily on fossil fuels. Ways to
reduce emissions from transportg”
are to shift to renewable or at [
least CO,-neutral energy
sources, and to link the transpor:
sector to the power system. =

= Achieving this will require new
fuels and traction technologies,
and new ways to store energy in
vehicles.

28

DTU National Laboratory for Sustainable Energy

=
=
=

M

Long term development

= Apart from development of the
future highly flexible and
intelligent energy system
infrastructure which facilitates
substantial higher amounts of
renewable energy than today’s
energy system

= there is also the need for
development of new sustainable
supply and end-use technologies
for the period after 2050 where
CO, emissions should be almost
eliminated

29

DTU National Laboratory for Sustainable Energy
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2050

= By 2050, the sum of the potential of all the
low-carbon energy sources exceeds the
expected demand.

= We need an integrated process that will
optimise the entire system, from energy =
production, through conversion to an
energy carrier, energy transport and
distribution, and efficient end-use.

DTU National Laboratory for Sustainable Energy

=
=
=

M
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DTU International Energy Report Series

Risg Energy Report 10 Risg ¢
Ehergy

Energy for smart cities in an /

urbanised world "

The report is volume 10 in a series
that began in 2002

The report addresses energy
related issues for smart cities,
including energy infrastructure,
onsite energy production,
transport, economy, sustainability,
housing, living and governance,
including incentives and barriers
influencing smart energy for smart
cities.

DTU National Laboratory for Sustainable Energy
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Smart cities

We need a new approach to what
cities should do to become more
liveable, economically successful, and
environmentally responsible:

smart cities
that is, energy-efficient, consumer-
focused and technology-driven.

Smart buildings

The buildings within a smart city are
themselves smart, with internal
systems featuring a high degree of
interoperability thanks to ICT and
connections to the smart grid.

DTU National Laboratory for Sustainable Energy

=
=
=

M

City energy technologies

A range of renewable energy
technologies modified for installation
in cities can meet these requirements.

This includes small wind turbines,
micro-CHP and heat pumps.

Both solar thermal heating (and
cooling) and photovoltaics (PV) are
modular technologies that can be
integrated in residential, public and
commercial buildings.

The production and use of urban
biomass should also be promoted.

DTU National Laboratory for Sustainable Energy

=
=
=

M
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Motivation of consumers

A challenge will be to motivate
consumers in smart cities to achieve
sustainable development by using
available technologies in smart ways.

Motivation may be economic, but may
also take the form of information,
education, regulation, reorganization,
or improved services.

Smart technical solutions already
exist; now they must be made
available to consumers and backed up
by suitable economic incentives.

DTU National Laboratory for Sustainable Energy

=
=
=
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-
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Building integrated PV

Energy
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Solar thermal Small wind tubines

Micro CHP

Solar tre

lar traffic signs and
parking ma

Energy

Growth of algae for biofuel

36

Solar thermal ‘Small wind tubines.

fic signsand
ing machines

Fastlanes_for walking & cycling

Charging stations

Energy

wth of algae for biofuel

Electri buses

37
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Snallwind twbines

Micro CHP

Urban farming ste to energy plant
Solar street lighting
i traffic signsand Growth of algae for biofuel

parking machines F; s for walking & cycling
parking machine: 8 & cy¢ Electric buses

Electrical ferrles

cal energ
for heat & pow

Energy 38

_ Information and communication technology (ICT) allow greater_energy efficiency and flexibility in end-use

\  Smart building

Urban farming Waste to energy plant

tlighting

Solar traffic signs a
parking machines tlanes for walking & cyclin

Charging stations
ging Local energy storage
for heat & pow

A smart Grid interlink demand and supply.

Energy 39
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Long-term research

= There is a strong need to pursue long-term research and demonstration
projects on new energy supply technologies, end-use technologies, and
overall systems design. Existing research programmes in these areas
should be redefined and coordinated so that they provide the best
contribution to the goal of a future intelligent energy system.

=
=
=

it

Thank you for your attention

DTU National Laboratory for Sustainable Energy 41
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2.3 Heat Pump Integration in Energy Systems

Henrik Lund (lund@plan.aau.dk)
Aalborg University

Timetable
IlaBle of contents AI

Symposium on Advances in Refrigeration and Heat Pump Te¢hnology

DYU, 15-16 May 2012

Heat Pump Ihtegration

in Energy Systems

Henrik Lund
Professor in Energy Planning

Aalborg University, Denmark

AALBORG UNIVERSITY
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2.3 Heat Pump Integration in Energy Systems

The role of Heat Pumps in the transformation to

nigrforeningens|
nergiplan 2030}

POWER TOD
THE PEOPLE
09 06/09

AALBORG UNIVERSITY

Content

e What kind of Future Energy Systexns..?

e How should the buildings be heated..?

- in order to fit best into the system

(small versus large-scale heat pumps)

e How should the regulation of Heat Pumps

be integraled into the energy system“?

AALBORG UNIVERSITY
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The long-term Objective of Danish Energy Policy

Expressed by former Prime Minister Anders Fog
Rasmussen in his opening speech to the
Parliament in 2006 and in several political

agreements since then: L
[ R
Prime minister 16 November 2008:
"We will free Denmark totally from
fossil fuels like oil, coal and gas”

To convert to 100% Renewable
Energy

Prime minister 16 November 2008:
... position Denmark in the heart
of green growth”

AALBORG UNIVERSITY

ew Government

Sentember 2011

+ 100% RES by 2050
e 100% RES for electricity and heating by\2035 | L

e No coal on power plants and no oil for hedti

households by 2030

e 50% wind in electricity supply by 2020

ET DANMARK,

e 40% CO2 reduction by 2020 compared to 1990 DERISTARISAMMEN

REGERINGSGRUNDLAG
ez

REGERINGEN

AALBORG UNIVERSITY
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Wind production Eltra 1996 (2042 MWh pr MW)

Wind energy
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[nput:

. Wind production Eltra 2000 (2083 MWh pr MW)
¢ Data from total productions of wind
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AALBORG UNIVERSITY
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Primary energy supply
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AALBORG UNIVERSITY

Business potential
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AALBORG UNIVERSITY
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{ each contribution

Economic savings achieved through individual measures estimated in relation to the energy systems of the
Danish Reference and the Danish Society of Engineers’ Energy Plan

Electricity savings in households

Heat savings in district heating area

Heat savings outside district heating area
Solar thermal, small individual plants

Solar thermal, big plants in district heating area
Electricity savings in industry

Fuel savings in industry

Biomass in industry

Efficiency improvements in the North Sea

CHP with micro fuel cells
Expansion of district heating

CHP with big fuel cells

Wind power

Wave power

Photovoltaics

Heat pumps in district heating area
Flexible electricity demand

AAL

T 1 T
Million DKK per year
1 Danish Reference 2030

W Danish Society of Engineers’ Energy Plan

(o) 11 A - [aYa Infa)
1 00 A) Re ‘ Primaer energiforsyning 100% VE i &r 2050, PJ
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w0
w0
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a
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Conclusions

e 100 Percent Renewable is Physica]]y possible and the first towayd 2030 is feasible

to the Danish Society.

e The methodology of design is a very compleX process. The c¢gmbination of a
creative phase involving many single experts and detailed system analyses seems

efficient and can be recommended.

AALBORG UNIVERSITY

CEESA Project 2Q11/2012

Transport:
Electric vehicles is best from an energy Primary energy consumption in CEESA

efficient point of view. But gas and/or liquid
i 0,
—r fuels is needed to transform to 100%. ._.1. n
~ M Biomass: r
‘.“;m,ﬁ! . is a limited resource and can not satisfy 1

- all the transportation needs. l
Consequence I
een{l —— . Electricity from Wind (and similar -
- -
resources) needs to be converted to gas and w mo mo w0 w0 | w0 wo me e

" liquied fuels in the long-term perspective... ,

P —

Fgure 2:Prmary Eney Supply in .
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Content

* How should the buildings be heated..?

- in order to fit best into the system

(small versus large-scale heat pumps)

¢ How should the regulation of Heat Pumps

be integrated into the energy system..?

AALBORG UNIVERSITY

Heat Plan Denmark

2008 and 2010

How should we heat the houses in Denmark ??

What to do in a short-term perspective in whick we want to decrfase CO2-emissions

and energy consumptions.

And what to do in a long—term perspective in which \ve want tb convert to a 100%

Renewable Energy System.

AALBORG UNIVERSITY
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Energy System (Ruture)

Nuvzarende | 2020 2040

Anno 2006
Tentativ VE-procent $00%
Besparelser p& rumvar- - 25% 50% 75%
me
Bedre kraftvaerker 39% 42% 45% 50%

- og kraft/varmevaerker 35%/48% 38%/50% | 40%/50% | 45%/45%

Vindkraft i% af 2006 el- | 16% 33% 50% 75%
forbrug

El-besparelser i% - 10% 20% 30%
El-andel af transport - 10% 30% 50%
Tabel 13-1 En mulig udvikling mo| E system

AALBORG UNIVERSITY

The reasonable solutions seems to be to xombine:

*  Gradually increasing District Heating fromy now 46% to someyhere in between

53% and 70%
¢ Individual Heat Pumps in the rest of the buildings

* Focus on synergies with regards to increasing th efficiencigs of district heating

networks (essential)

AALBORG UNIVERSITY
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Distrist Heating because:

e Utilise heat from waste used in CH
e Utilise potentials of geothermal energy
e Utilise industrial excess heat

e Benefit from flexible CHP in combination with (better integration of

wind power)

e Synergies with regards to biogas and solar thermal

AALBORG UNIVERSITY

District heatin helps reducing the pregsure on

Biomass

Future .
Climate '}

IDAs Klimaplan 2050

Teliske energsystemanalyser og
samfundsokonamisk konsekvensvurdering
Varmeplan Danmark 2010
Hovedrapport

BAGGRUNDSRAPPORT

DA

AALBORG UNIVERSITY
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Content

e What kind of Future Energy Systems..?

e How should the buildings be heated..?

- in order to fit best into the system

(small versus large-scale heat pumps)

¢ How should the regulation of Heat Pumps

be integrated into the energy system..?

AALBORG UNIVERSITY

Symholforklaring

T
et

i

AALBORG UNIVERSITY
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Skagen CHP pla t

¢ CHP capacity: 13 MWe and 16 MWtk

(Three 4.3 MWe Wiirtsild Natural Gas enjines
* 250 MWh heat storage
37 MW peak load boilers
e 10 MW electric boiler

¢ Heat Pumps Investment under consideration

Operated together with a

Waste Incineration plant (heat only).

AALBORG UNIVERSITY

The main electricity markets

= Primary reserves (frequency controlled production)

—— Secondary reserves (controlled by status of primary reserves
—— Manuel regulating power (Tertiary reserves)

= |ntra day market

Day ahead spot market

15 min 1 hour >12 hours

>

‘The M.Sc. Programmes in Environm. Managem. & Sustainable Energy Planning and Management, 8. Semester, http://people.plan.aau.dk/~ana

T
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AALBORG UNIVERSITY

Cost of entering primary automatic reseryes market

e Cost of making +- 1.4 MW available on the engines:
27.000 EUR.

* Investing in 10 MW electric boiler:

Approx 0.7 MEUR.

AALBORG UNIVERSITY
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225
200 ~———
MWh- 175

heat

Skagen CHP, history - Wednesday, 19-05-2010

Friday 1405 Saturday 15.05 Sunday 1605 Monday 17.05 Tuesday 1805 Wednesday 19.05

Thursday 1305

—— Thermal store energy content  —— Thermal store capacity

DKK/
MWh-el
Thursday 1305 Friday 1405 Saturday 15.05 Sunday 1605 Monday 17-05 Tuesday 1805 Wednesday 19.05
BN Engine] WM Engine2 [J Engine3 [ Elec. boller =) Gosboiler WEN Ext. heat deliverance — Heat consumption Electricity spot price

/)

Conclusions

0% Wind and 50% CHP,

*  Denmark can operate a system with

the integration of wirld power can be

¢ By adding heat pumps to the CHP unity
raised to approx. 40% with-out |oosing eff iciency (nor wind ppwer)
¢ Including the CHP plants in the various eleciricity markets if essential.

*  Once the markets are open for CHP plants the\cost of enterfing them seams

small.

AALBORG UNIVERSITY
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mmendations |

* Make CHP unit regulation depend oq wind power input (10-20% wind without
loss of efficiency)
e Add heat pumps (und heat storage cupucit }) to the CHP unit (uppmx. 40 per

cent Wind Power)

e Use electricity for transport as
much as possible Surplus Electricity Production
Including grid-stbilisation
e Other kinds of flexible 50
are of less @ —Fer
_ —a—DKVreg
5 +Hpreg
Ean / —a—Trans
; __//
o
0 0 w0 s 8 100
Wind power per cent

AALBORG UNIVERSITY

Receammendations 11

¢ Not much gained - (integruti(m of \ind nor pmfit) from inve ting in e]ectricity
storage options

e However the inclusion of CHP, heat pumps and transportation units in securing

grid stability is essential.

System 3: Activating
RES via additional demand

System operational savings (excess electricity price of 13 EURIMWH)

Non Acive Conponeatd,  Acive Caponcas
o i (All technologies have annual costs of 14 Milion EUR/year)

:

; "I“Hﬂn

- NP
CEELLLLELISS S S G S

million EURlyear

AALBORG UNIVERSITY
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mendations III

¢ The kind of ﬂexibility one need from\a technical point of view n a closed system

(CHP, HP and transport) is the same Rind of flexibility which fis needed to raise

pmfits of exch;\nge in an open system.

Marginal trade income

—a—Reference

250 —a—350 MW HP

—+—CHPregB

200 CHPregBnet
Costs
150

5 6 7 8 9 10 11 12 13 14 15
AALBORG UNIVERSITY W (B AR

|

Miolion DKK

mendations IV E

In the medium long term perspectivd RES electricity has to be fransformed into

RES gases and liquid fuels (in combina¥on with biomass) to s pplemenl the
limited biomass resource. Such conversion\opens for the use of gas storage and

liquid fuel storage

AALBORG UNIVERSITY
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Conclusion

*  Small HPs are required in individdal houses outside DH {o replace boilers

e Large-scale HPs are required DH CHP systems to alfow CHP p

stop producing when the wind is blo yving.

essential.

K

AALBORG UNIVERSITY

are information

http://www.emd.dk,

AALBORG UNIVERSITY

Go back to the [fable of contents Al or to the fimetable al
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Royal Insitute Of Technology, KTH, Sweden Table of contents A&

Capacity-controlled Ground Source
Heat Pump systems for Swedish
single family dwellings

ROYAL INSTITUTE
OF TECHNOLOGY

Hatef Madani
Department of Energy Technology
Royal Institute of Technology, KTH

May 2012
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Presentation Agenda

( 1) Introduction
(z Y System Approach e
3 SWOT Analysis
2) Final remarks R
GSHP worldwide capacity-I
. GSHP worldwide installed
A fast growing market capacity (MWt)
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years
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2.4 Capacity-Controlled Ground Source Heat Pumps

GSHP worldwide capacity-lI

The equivalent number of

12kW units (Million) = Austria  USA

/V L W sweden Germany
4

times /_ Switzerland Canada
1.3 )
0.6 y

\
\\ 2000 2005 m2010 / Countries with largest capacity (MWt)

Heat Pumps in single family dwellings:

Swedish perspective

Q Share of HP in single family
dwellings > 50%
Share of HP in newly-built single
family house > 90%

Total market value (excluding maintenance
and service) is 922 000 000 €

e Q Approximately 400 000 Brine/Water
HP installation

During 2009, about 3.6 TWh electricity
used in order to deliver 11.7 TWh heat
to buildings
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Why Capacity control ?

Climate

_ —~ _Building system
_-~"" Heating ~~
istribution system

KTH HP unit

% verensiar
T ocH KonsT o
%0 9

> oo

Inhabitants’
behavior

l Heat
| source!

Overall objective

(Development of a structured method in order to approach the challenge )
of better understanding the techniques and potential for efficiency
improvement via capacity control in brine to water heat pumps

Reducing the annual energy use in single
o family dwellings

6 Gain a higher credibility for GSHPs in
the market,

Control

Gﬁ/ Reduce the greenhouse gas emissions
G . . (3
€mission
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Barriers and Limitations

A a
-y Neglecting the dynamic interaction
- between HP, heat source and sink
Find a path ; Lack of knowledge about some inefficiencies

due to complex measurement process required

Focus solely on the efficiency
of some components and
neglecting the system

A
‘A
R
‘ Inconsistency between the

compared systems components

Presentation Agenda

1 ) Introduction CLLLLLLLLK
5 ) Methodology: RRRRR
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Methodology
A
2
[ ] | I | |
System [ Develop the
approach: qualitative and
Develop a quantitative
generic model model of the
in the system
presence of
heat
source, heat
sink, etc.

Validate the
models
against

experimental
results

e

| |

|
Use the
generic model
to address the
questions

Heat pump unit modelling in EES
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Development of generic model in TRNSYS

TRNBUILD

N

“n () :;:;‘./

Meteonorm .~ o

A semi-empirical

borehole model based I
on experimental studies

Heat Pump unit models (EES)

HP system models (TRNSYS)

Moving forward by stepwise increased complexity
each line represents a possible “model-pait”

HP Design
Parameter 3

time

1 HPS

5/22/2012
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Presentation Agenda

( 1"'\ Introduction

LKL

( 2"’\ Methodology

LK

( 3"'\ Results examples

LKL

Results

Some examples are presented in several scientific
papers to show how the generic model can facilitate
analysis of the annual performance of GSHP systems

f Comparative analysis |

between the annual performance
of on/off controlled and variable
capacity GSHP systems

* Descriptive analysis

of GSHP system equipped with
variable speed compressor and
variable speed pump in U-pipe

borehole heat exchanger

[ 'Y
Congp

drativeranalysisii

between three on/off control

methods commonly used in
European GSHP systems

J

 Predictive analysis

and evaluation of annual
performance of a run-around coil
heat recovery system equipped
with a variable capacity heat
L pump unit
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Presentation Agenda

1 ). Introduction RERRRK
5} Methodology RARERRK
3 ) SWOT Analysis RERRRK

Variable capacity heat pump system equipped with
variable speed compressor and pump
SWOT analysis

Climate

N ﬁyyding system/ Weakne SSES

-7 ” Heating

i distribution system ™
i
|
|

i i
;Control:
1ounit

\ Opportunities

Strengths N

——
Threats
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Strengths
Variable capacity heat pump system

The importance of dimensioning when on/off controlled HP

system is compared with variable capacity one

—Heat capacity_Unit A —Heat capacity_Unit B
—Heat capacity_Unit C —Heat capacity_Unit D
16—Bui|ding heat demand

: 14.00
£ 1200
12 2
2 1000
K :
E

LAY —

kw

g 6.00
Compressor cycling KJ

region 20
4 \ 000

b,
e
. 4 -20.00 -10.00 0.00 10.00 2000
©:Balance point \ b Tmpesre (O

0 N

-20 -10 0 10 20
Ambient temperature (C)
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The importance of dimensioning when on/off controlled HP

system is compared with variable capacity one

35
Single B Single C
3 * N
Vari D
B compressor B pumps = auxiliary heaters
25 ry
Single A \aii D time: 5034 hrs
2
B )
» SingleC : 2849 hrs.
15
Single B ntime: 3173hrs
1
time: 3859 hrs
singleA.
05
0 2 . s s 0 2 u
Annual Energy use (MWHh)
0 T T T T T T |
50 55 60 65 70 75 80 85

Nominal Heat capacity of heat pump to Building heat demand (%)

Strengths
Variable capacity heat pump system
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On/off controlled HP

The controller tries
to keep the actual
supply or return
temperature as
close as possible to
the heating curve

T U (Tindooe = Tami) + Kz Tiadoor (4 = 1)

Ky (4 — 1)

supplirequired —

£ = Taemh b Kt Thndear (U = 1)
Ky 0= 1)

Trarurn_required =

. Hysteresis
start imit pomprassor = Required return temeprature — e

Method A
Constant hysteresis
to control the

return temperature

Method B
Degree-minute
method to control
supply temperature.

Method C
Floating hysteresis
to control the
return temperature

Hyster

- H_vstgresis
stop limit.ompressar = Required return temeprature + -

(hysteresis,,,, — hysteresis_; ;)

floating =

+ hysteresisy,;,

)

—
[.lnme ramr)*' !

* Required Temp.

% Supply Temp_Float_Hyst [ ]

Comparative analysis of three on/off control

strategies commonly used in GSHP systems

Supply Temp_Const_Hyst
Supply Temp_Deg-Min

60
X
-

* X
G L]
QJSO
° L
2
8 é
L
2.
ILE) 40 &

n
»
30 T T T T T T |
-20 -15 -10 -5 0 5 10 15

Ambient temperature (°C)

Results summary
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Strengths
Variable capacity heat pump system

Weaknesses
variable capacity heat pump

* High inefficiencies

several components
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Inefficiencies in the components when the compressor speed

changes in a variable capacity GSHP

+ switching frequency=3.6kHz.

4 switching frequency=10kHz

—
o
>

W switching frequency=GkHz

@ UA_condensation ® UA_desuperheating 4 UA_subcooling

3

0.5

0.4

0.3

0.2

0.1

0

o) *
2 40 — £
E % . .
2
60— £ M
< g
< M T 3 i
2 40 L * * 7y 1 L
g . . g 4n B
5 20 5 -
5 A
E 0
0.0 T T T 1 0 001 002 003 004 005 006 007
20 40 60 80 100 Refrigerant mass flow rate (kg/s)

Compressor frequency (Hz)

Inverter losses as the percentage

of total power

in condenser

perheat and subcooling (KW/K)

UA_desu

Overall heat transfer coefficient

Weaknesses

variable capacity heat pump

inefficiencies in several

High

components

Cost limitation (almost removed
recently)

Increased complexity
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Opportunities

* Optimized control of some

parameters in “conventional
on/off control”

Comparative analysis of three on/off control

strategies commonly used in GSHP systems (I)

—T_supply_Deg-Min
—T_required
= «T_average_Deg-Min

~T_indoor_Const_Hyst
50

—T_supply_Const_Hyst
=« +T_average_Const_Hyst
—T_indoor_Deg-Min

—T_supply_Deg-Min
—T_required

= «T_average_Deg-Min
~=T_indoor_Float_Hyst

—T_supply_Float_Hyst
=« T_average_Float_Hyst
—T_indoor_Deg-Min

Temperature ( C)

50
n \n . . . /\. NP V\ ‘\ A
AN AL | AR IR
SAVAINGAUAGESANA VAV avEY
20 20
0 100 200 300 400 500 0 100 200 300 400 500
Time (Min) Time (Min)

Comparison between the supply temperature and indoor temperature when the ambient
temperature changes between +8°C and +10°C.
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Opportunities

Optimized control of some parameters
in ”conventioal on/off control”

* Innovative way to use frequency
inverter

* Finding new market for Heat pump
such as heat recovery

Retrofitting a capacity-controlled heat pump to a
run-around coil ventilation heat recovery system

|
proposing a method
for ventilation heat
recovety system

The annual modeling
is carried out for
both traditional and
new heat recovery
systems.

The annual The estimated

petformance of the . improvement of the
new systems is
compared with the

traditional run-

system efficiency is
analyzed

around coil system. e
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Conclusions-I1V

70% increase
in heat
recovery

Stockholm

Heat Total
recovered by

new HR
system

ventilation
heat demand

Threats

Adding unnecessary complexity
to control unit

Weak  implementation  of

capacity control
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Presentation Agenda

G") Introduction
G") Methodology
G") Results

4"'\ Final remarks

Capacity control in Heat pump systems:
a system approach

_All the Dynamic
influential interaction
parameters

HP and heat source

In source and sink

In Aux. heater, pumps HP and building

Development of a generic model

Dynamic COP

Model validation

Annual performance

Better understanding

Experiments and in-situ
field measurements
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Fer

Q{g'?'/;—*”g&;o
EKTH %

VETENSKAP
&2 OCH KONST 9%

s

Publications’ examples

* Madani H., Claesson J., Lundqvist P. 2011 “Capacity control in
ground soutce heat pump systems, Part I: modeling and
simulation”, International Journal of Refrigeration, Volume 34
(6), Issue 6, pp 1338-1347.

* Madani H., Claesson J., Lundqvist P. 2011 “Capacity control in
ground source heat pump systems, Part II: Comparative analysis
between on/off controlled and vatiable capacity systems”,
International Journal of Refrigeration, Volume 34 (8), pp 1934-
1942.

* Madani H., Lundqvist P. 2011 “Evaluation of the annual
petformance of Ground Source Heat Pump systems: A comparison
between single speed and variable speed systems”, 23rd IIR
International Congress of Reftrigeration, Prague, Czech Republic,
1D 843.

>,

0

FKTHS

& verenskar
&9 OCH KONST 9%

e

Publications

*Madani H., Claesson J., Lundqvist P. “A descriptive and comparative
analysis of three common control techniques for an on/off controlled
Ground Source Heat Pump (GSHP) system”, submitted to
International Journal of Energy and Buildings.

*Madani H., J. Acuna, B. Palm, J. Claesson, P. Lundqvist 2010 “The
ground source heat pump: a system analysis with a particular focus on
the U-pipe borehole heat exchanger” 14th ASME International Heat
Transfer conference, Washington, US, ID IHTC-22395.

*Madani H., Wallin J., Claesson J., Lundqvist P. 2010 “Retrofitting a
variable capacity heat pump to a ventilation heat recovery system:
modeling and performance analysis”, International Conference of
Applied Energy, Singapore, ID 136.

*Wallin J., Madani H., Claesson J. 2012 “Run-around coil ventilation
heat recovery system: A comparative study between different system
configurations”, International Journal of Applied Energy, Volume 90,
Issue 1, pp 258-265.
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Questions

for further info, email to
hatef.madani@energy.kth.se

Go back to the [fable of contents Al or to the fimetable a
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2.5 Energy Efficient Impulse Coolers

Per Henrik Pedersen| (prp @ieknologisk.dk)
DTI, Center for Refrigiation [Table of contents A
Professional refrigerators

Energy efficient impulse coolers

By Per Henrik Pedersen
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DANISH
TECHNOLOGICAL
INSTITUTE

Agenda

1. Professional refrigerators and freezers
2. Regulation of energy efficiency and use of refrigerants
in DK and the EU
3. The impulse cooler project
= Background for the project
= The existing cooler: How it works, lab tests and
analysis
Improvements:
Reducing air infiltration
Reducing other heat loads
Improvement of refrigeration system
= Construction of 1st, 2" and 3 generation of
prototypes. Lab test.
4. Discussion, conclusion and recommendations.

1. Professional refrigerators and
freezers

Cabinet with integrated refrigeration system
Similar to domestic refrigerators, but:

= Tough use

= Tough requirements to temperatures = \TuBoRe/ IS
= Often bigger o

= Higher energy consumption .

= Often fans (inside and outside)

Two main types:
= Cabinets for sales purpose
= Cabinets for storage
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DANISH
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INSTITUTE

2. Regulation of energy efficiency and
emission of greenhouse gases

Almost no regulation of energy efficiency!

= No Minimum Efficiency Performance Standard (MEPS)
= No Labeling

= But this will change!

Sales cabinets are often bought by big producers of soft
drinks and ice-cream and installed in supermarkets.
Energy efficiency has not been an issue until recently.

Major soft drink companies start asking for energy
efficiency.

EU EcoDesign studies will (probably) result in MEPS and
perhaps energy labeling:

= Sales cabinets: 2015 (?)

= Storage cabinets: 2014 (?)

National schemes for storage cabinets: UK
and DK ?EE’:I;IE{C‘]J#FOOICAL
UK and DK have two almost identical schemes

for professional storage cabinets.
Tough criteria: MEPS

1 door refrigerators: 15 kWh/48t/m3
2 door refrigerators: 12 kWh/48t/m3
1 door freezers: 40 kwh/48t/m3
2 door freezers: 36 kWh/48t/m?3
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Special situation in Denmark (1) TECHNOLOGICAL

INSTITUTE

Danish production of professional refrigerators and
freezers:

Cabinets:
Vestfrost Solutions: Bottle coolers, wine coolers,
impulse coolers, vaccine cooler

Gram Commercial: Professional kitchen refrigerators
and freezers, blast chillers, pharmaceutical coolers

Elcold: Ice-cream cabinets, supermarket cabinets.

Components:
Danfoss: Components (control, expansion valves)

SECOP (Danfoss Compressors, Flensborg)

DANISH
TECHNOLOGICAL
INSTITUTE

Special situation in Denmark (2):
Regulation of F-gases (including HFCs):

Official Danish policy for promoting natural
refrigerants:

1. Ban of HFCs: Use is banned (except in the interval
of 0.15 — 10 kg)

2. Tax: 150 DKK/Tonnes CO2-eq. (—200 DKK/kg
HFC134a)

3. Support for alternatives: D-EPA has funded
developing projects for developing alternative
technology.
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Special situation in Denmark (3):

Helped Danish manufacturers develop and
market energy efficient appliances with natural ¥

refrigerants!

Vestfrost: First bottle cooler was marketed in
2001 (R600a)

Improved versions in field test in 2006
(Carlsberg, COOP, DTI)

Gram Commercial: First professional kitchen
refrigerators and freezers marketed in 2002

(R290).

Now: becoming standard in Northern Europe.

Great success with these products!

DANISH
TECHNOLOGICAL
INSTITUTE

Special situation in Denmark (4):

The Danish regulation of F-gases has helped!

Import of HFCs to Denmark
1200

1000

800
—+—R-134a

—@—R-152a
Tonnes 600
== R-404A
—>—R-407C
400 ===R-410A
~&—All HFCs
200

2000 2002 2004 2006 2008 2010
Year
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DANISI

3. The impulse cooler project Tﬁgr#%#gclcn
Background (1)

m Increased number of coolers (DK: 30.0007?)

= High energy consumption (5 — 8 kWh/day or more)

m HFCs controlled by the Kyoto protocol, EU
regulation and national regulation

m Strategic product for Vestfrost Solutions

m Economic support from “Dansk Energi” (ELFORSK)
to develop an energy efficient concept for a new
impulse cooler. The project was approved by the
Danish Energy Agency.

Project partners:
Vestfrost Solutions A/S
IPU/DTU

COOP

PepsiCo

DTI (project manager)

DANISH
TECHNOLOGICAL
INSTITUTE

Background (2)

® Increasing attention on the electricity consumption
of coolers placed in supermarkets, gas stations and
kiosks.

m Declared policy of several producers of soft drinks
to stop purchasing equipment with HFC refrigerants
and instead purchase energy efficient equipment.

m There is an increasing market for small bottle
coolers (impulse coolers) as well as a potential for
improved energy efficiency.

m Restrictions and bans on HFC refrigerants due to
their contribution to global warming.

m Vestfrost A/S wants to emphasise this business
segment as they believe it will become a future
strategic business area.
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Background (3)

Vestfrost and DTI developed and tested large bottle be?gg;:“#f“'CA'-
coolers (400 litres with glass doors) with R600a (isobutane) and
CO, as refrigerant and have good experience with both types of
refrigerant.

A field-test of 18 bottle coolers with R134a, R600a and CO, as
refrigerant has taken place in co-operation with Carlsberg. The
result shows that hydrocarbon bottle coolers are app. 28% more
energy efficient compared to R134a. It also shows that CO,
bottle coolers are app. 12% more energy efficient compared to
R134a.

In the light of the above-mentioned test, Carlsberg has decided
to purchase bottle coolers based on h_\(d}'lo‘carb‘qn‘sv. .

DANISH
TECHNOLOGICAL
INSTITUTE

Project phases

Collecting experience

Mathematical model

Possible solutions to reduce air infiltration

Possible solutions to improve efficiency of cooling system
Building prototypes

Testing prototypes

Evaluations

Reporting and presentation of results.

NGO REODNPE

Aim of project:

= Reduce energy consumption (at least 25%)
= Using natural refrigerants

= New condenser — easy to clean

= Competitive product
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The existing cooler

The existing cooler: Vestfrost POS 72R

ALR our

SECTION A-A
SCAIET:§ c

Existing cooler (2)

Compressor: Danfoss
NL1OMF

R134a, Charge: ?

2 DC fans on evaporator

2 DC-fans on condenser
Transformer (at condenser)
Capillary tube

Electronic thermostat,
controlling temperature and
defrosting

Automatic evaporation of
defrost water

4 diode lights at top of
cooler
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DANISH
TECHNOLOGICAL
INSTITUTE

Lab test at DTI

m Purpose: get an impression of
how it works

m 25°C in climate chamber

m Test with and without lid

Without lid:
E = 3.99 kWh/24h (No 151)
E = 4.31 kWh/day (No 152)

Same level (or a little less than)
other impulse coolers!

Models ?£§§E§ETLSG|CAL
Air infiltration, open lid:
Full cooler
° 0,
éﬁDCr’nig g‘l’ RH fnfiltration 19%
[nfiltration heat [195 W
Q-Sides: 44 W oad, total

Air cooling 80.5W
\Water cond. 101
ce formation  [13.5 W

Q-ESP-foam: 6.4 W
Internal fans: 6.2 W
Lights: ?

Total: 251.6 W

(+ light + leakages
from warm to cold

in refrigeration system)
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DANISH

Compare model and test results TnstmoTe oAt

m We estimated the evaporation temperature to —10°C and
the condensation temperature to +55°C.
The COP of the refrigeration system should be app. 1.39

= Without lid:
= Models predict the heat load to be app. 250 W
m Test shows electric consumption of app.167 W.
m App. 27 W is for fans, light, transformer and electronical
thermostat.
® App. 140 W is for compressor. That gives a cooling
capacity of 195 W, which is exactly as predicted by the
model.
= Model:
= Q(without lid): 195 W
= Q(with lid): 30 W
® Reduction (with lid): 165 W
DANISH
Discussion on improvements TNeTmore cteAt

Reducing air infiltration

m Better air curtain?

m Vestfrost idea: Removable lid

m Reduce leakage in refrigeration machine

Reducing other heat loads
m Better insulation

Improvement of cooling system

m Use state of the art R600a compressor:
NLE15KTK.2 or smaller compressor

26% better COP

Use of R290 compressors (NL7CN or TL5CN)?
Improvement of condenser and evaporator?
Improvement of air cooling and condenser?
Improvement of cold air flow?
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Construction and test of 1st generation of DANISH
prOtOtypes INSTITUTE

The first generation of prototypes (one R134a + one
R600a refrigerant), equipped with a new condenser
type, made from smooth steel pipe which was easy
to clean.

= Both prototypes worked badly! Bad heat
transmission at condenser. Especially the R134a
cooler was hot on the condenser side.

= Both coolers were running 100% of time.

m Shipped back to the Vestfrost Compan

\\‘

DANISH
TECHNOLOGICAL
INSTITUTE
Second generation of prototype
Vestfrost strategic decision:
Drop R134a and concentrate
on R600a
. . [Measuring points Data sources T
Second generation impuise £
cooler: Better condenser Rlent wrparas ! !
Right Z\KFS\ANVILLE\03\0: 24,7 24.7]
Result: The cooler "did the job™ | Aessemeewe |, im0 5 5
and performed in the same | & FSACEosos
way as the original coolers. &an : Sos08 :
Ener consumption: 4.07 Cans S RFoANVIE LRSS 22| 2.2
gy p - - Can9 Z\KFS\ANVILLE\03\11 3.2 3.2]
kWh / d ay . Ko\'m::;:or Z:\KFS\PM100\12\VRMS 230,8] 230|
Power Z:\KFS\PM100\12\WATT 170,7] 169.3
Running time Z\KFS\PM100\12\WATT 100 100}
Energy Z\KFS\PM100\12\WH 4072.7 4067.3
Energ Z\KFS\PM100\12\WH 40722 4066.9)

89



2 Keynotes

DANISH
TECHNOLOGICAL
INSTITUTE

.. Second generation prototype (2)

Improvement of air curtain:
CFD programme and calculation was used to propose
changes:

m Change prototype with additional air slots: only
minor effect

m Change prototype with air slots + air guides: only
minor effect.

m Change prototype with pulse control of evaporator
fan during compressor off time (which was 27.5%
of time): 8% decrease of energy consumption: not
bad!

...second generation of prototype (3) TECHNOLOGICAL

INSTITUTE

Automatic lid:

Test 11: Closed lid: Result: 2.393 kWh/day (about
40% saving)

Test 12: Lid openings after EN23953 (openings 12
hours per day, 6 openings/hour, 8 seconds per
opening) — except first opening: 3 minutes.
Result: 2.351 kWh/day

Test 13: as test 12, but 30 seconds per openlng
Result: 2.771 kWh/day

That is quite good.

BUT:

PepsiCo didn’t like the lid!
Wanted “open air cooler”.
Task:

Develop third prototype!
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...second generation of prototype (4)

Turn off during night-time, open lid:

Test 15: Power shut off from 22.00 to 06.00: Energy
consumption 2.606 kWh/day (minus 34.5%
compared to original prototype and minus 29%

compared to rebuilt prototype with pulse control).

Temperature of warmest can is 13.5°C at 10.00 am.

Third generation prototype DANISH
Results from 1st and 2nd generation prototypes TReTore At
showed further potential for improving the
condenser.

Third generation prototype:

® Box type condenser without fins (bigger surface
and easy to clean)

m A new and slightly smaller compressor is used
(Danfoss NLE9KTK)

Improvement inside the cabinet on cold side:

m A construction change inside the cabinet: prevents
return air to mix up with air into the space between
the side walls. That reduces the heat transmission.

m The air channel from the evaporator through the
fans and into the cabinet has been changed and the
pressure drop has been decreased. That brings
more air into circulation which improves the air
curtain (same type of fans).
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...third generation prototype (2)
Test 16: Test with open lid: E=1.907 kWh/day

Test 17. As test 16 but slightly colder thermostat
setting: E= 2.022 kWh/day

Test 18: As test 17, but with closed lid. E= 1.805
kWh/day

The cooler has no LED light. To compare with
previous prototypes 0.25 kWh/day was added to
the result. The result is 2.215 kWh/day compared
to 4.149 for original cooler (47% reduction).

Now lid closure only reduces energy consumption by
11%.

5. Conclusion DANISH
TNeTmore cteAt

Vestfrost Solutions has a big range of impulse
coolers.

The project results have also been implemented in
other products.

This has resulted in a change to natural refrigerants
and new energy efficient products.

Natural refrigerants are standard (R600a) in all
impulse coolers, and most customers are satisfied
with this solution.

100 of the new cooler has been build and probes has
been send to potential customers.

The production price is lower due to easier
production.

Impulse coolers are important to Vestfrost.
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The project won the ELFORSK-prize 2011

DANISH
TECHNOLOGICAL
INSTITUTE

Discussion

Impulse coolers are installed all over the world where
cold drinks are sold.
There is a big potential for energy savings.

Natural refrigerants can be used without additional
costs.

But energy efficiency is not yet a competition
parameter for impulse coolers:

= Impulse sales coolers are not yet subject to EU
Ecodesign studies

= No Ecodesign criteria (MEPS) or labeling system
can be expected in the near future (—3-4 yrs).

= Important that DK and others countries fight for
Ecodesign measures for impulse coolers.

Go back to the [fable of confents 4l or to the [fimefable al
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2 Keynotes

2.6 Research and Development in Efficient Energy Use

Anders Stouge (ast@danskenergi.dk))
Danish Energy Association [Table of contents A

—

Research and Development in Efficient Energy Use
Refrigeration and heat pump technology
Anders Stouge, Deputy Director General, (ast@danskenergi.dk)

Danish Energy Association

danishenergyassociation
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2.6 Research and Development in Efficient Energy Use

danish energy association

The Danish Energy Association is a commercial and professional
organisation for Danish energy companies.

danishenergyassociation

danish energy association
)E“ INTELLIGENT
ENERGI

GR’E—VDISE
IDW)SE ausance

Broad stakeholder Forums:/
- Energy companies
- Tech companies

- Academia

®CSCF

Gas

)E DANSK , , . .
ELBIL ALLIANCE The Danish Electric Vehicle Alliance  danskenergi
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New government — new goals — new

agreement on energy

2020: 50% wind power in electricity consumption

2020: 40% reduction of GHG emissions vs. 1990

2030: Coal out of power plants

2035: 100% renewable energy in electricity and heating sector

2050: 100% renewable energy

“38-year-plan for making the Danish
Energy System 100% renewable”

danishenergyassociation

60,0%

a
o
Q
X

40,0%

30,0%

20,0%

10,0%

Share of wind in electricity consumption, 2020

0,0%

50% wind power in electricity consumption

How?

.

o -

Electricity from wind, Adjustment, 2010 ~ Offshore wind (400 Offshore wind (1000 ~Coastal Wind (500 ~ Onshore Wind (500
MW) - Anholt MW) - Kriegers Mw) MW net.)
Flak+Horns Rev

danishenergyassociation

Calculations by Danish Energy Association

96




2.6 Research and Development in Efficient Energy Use

In future wind power will exceed demand in +1000 hours

Today 20% wind (2008) Tomorrow 50% wind 2020

50% wird power

Wind power covers the entire demand for electricity In the future wind power will exceed demand
in 200 hours (West DK) in more than 1,000 hours

Doubling Energy Saving Obligations for energy companies

- Focus on buildings and industry

14
12
10
@ 8
i H Current obligations
©
E 6 i Regeringens forslag

0 T T T

T T T T T T T 1
20112012 2013 2014 2015 2016 2017 2018 2019 2020

danishenergyassociation
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98

Technology and Innovation

Funding for Energy Research - Public
2001-2011 (DKK mill.)

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1,000 1,050 1,100 1,150
W OCSR-energy [l ForskEL + ForskVE | Elforsk [ The Danish Energy Agency,/ERP/EDDP W Energy projects of the ATF

Applled research __Basicresearch __ Development __Demonstiation __ Market intro

b I > The Danish energy-plan
. will need new technologies,
— new knowledge ......
e - AAAAAAAA
m:.:: _—} danishenergyassociation

Key priorities for ELFORSK

The energy companies’ R&D programme for efficient and
effective energy use is to fulfill the Danish vision:

= to make end use energy consumption more efficient

= to convert fossil fuel use into efficient electricity use
based on renewables

= to make the electricity consumption of the end user
flexible through:

= End user "communication appliances” which can be controlled
intelligently in connection with the demand of the electricity
system — Smart Grid

= Energy storage in the building stock and liquid for the running of
Heat pumps and cooling systems

danishenergyassociation




2.6 Research and Development in Efficient Energy Use

From passive to active network management at DSO-
level will be accompanied by developing new services
for the electricity market

With active management of distribution networks, the
amount of DG that can be connected to existing

distribution networks can be increased by a factor of
three to five without requiring network

A

What’s the Role for Heat Pumps????

Source: Akkermans and Gordijn,
Business Models for Distributed Energy Resources in a Liberalized Market Environment,
summarising report of BUSMOD, Enersearch AB, Malmd, Sweden, 2004. danishenergyassociation

DSO - transition from passive to active network management —

In the active networks vision, the principles of network management differ from
the classical view of networks

The network interacts with its customers and is affected by whatever loads and
generators are doing

A dynamic pricing system and a market for "using” the network at DSO-level will
evolve — DSO will set the framework, standards and rules for the market

danishenergyassociation
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Smart grid will decrease investment

Investments

Traditional reinforcement
of grids

Smart Grid —
increasing the

utilization of grid
capacity by

monitoring and
control
Smart Grid - flexible

consumption

time = electrification

A new framework — architecture for smart grid
Heat pumps and other technologies

Service-
provider

50,5 Hz
50,0 Hz

49.5Hz

danishenergyassociation
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2.6 Research and Development in Efficient Energy Use

Introduce new technologies and market
services for the optimization and utilization

of grid capacity and to save energy

danishenergyassociation

Funding for Energy Research - Public
2001-2011 (DKK mill.)

0 50 100 150 200 250 300 350 400 450 500 S50 600 650 700 750 800 850 900 950 1,000 1,050 1,100 1,150
M OCSR-energy | ForskEL + ForskVE [ Elforsk [ The Danish Energy Agency/ERP/EDDP [l Energy projects of the ATF

s I > The Danish energy-plan
. will need new technologies,
B —— new knowledge ......
v N - ________
M:ﬂ:ﬂ: __} danishenergyassociation
Technbogs e iaton I
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2 Keynotes

Focus areas for cooling and heat pump systems

for flexible use - ELFORSK

= Flexible solutions with integrated storage capacity

= Design of flexible high-temperature heat pumps utilizing waste heat from
industry

= Intelligent controlling of airflow and adjustable set points of temperature
using cooling and heat pump systems which will lead to reductions in energy
consumption and flexibility

= Interaction between current electricity consumption in industrial processes
and the electricity system’s demand for consumers as suppliers of regulating
power services

danishenergyassociation

Examples of finished and ongoing projects on

cooling and heat pump systems

= Simulation tools for analyzing the possibilities for savings and flexibility in
cooling systems with carbon dioxide as cooling agent

= Future cooling towers — utilization combined with dry coolers
= Efficient high-temperature heat pumps for industrial cooling

= Heat pumps equipped with vertical drillings as heat source utilizing a
storage tank

= Aquifer Thermal Energy Storage - ATES

= Tools for analyzing, energy efficiency, and flexible hybrid systems for district
cooling and heating

= Energy efficient milk cooling with intelligent control

= Find projects at “energiforskning.dk”

danishenergyassociation
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Categories

Original project title:

CLEAN-AIR Heat Pump - Reduceret
energiforbrug til ventilation af byaninger ved
luftrensning integreret med luft varmepumpe -
TASK 2

Program: ELFORSK

Technology area: Energy Efficiency

Project number: ELFORSK 343-008

Publikationer:

DTU Risg - Nationallaboratoriet for Baeredygtig
Energi (hovedansvarlig)

COWI A/S
Exhausto A/S

Contact information

Fang, Lei
fl@bya.dtu.dk

Technology

© -Any-
Biomass an
Hydrogen a
Energy Effic
Smart Grid
@ Wind

@ Sun

Wave Energ
Other

Sted
- Any -

Granted year

start (3r)

Completed (yea

Status

- Any -

Managing comp

- Any -

104




2.6 Research and Development in Efficient Energy Use

Heat pumps — part of the future smart grid

system?

Effekt (kW)
3

Heat pumps

Timer
1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

danishenergyassociation

For more information:

Anders Stouge,
ast@danskenergi.dk

danishenergyassociation
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3.1 Magnetic Refrigeration — and Heating

Christian Bahl| (chrb @dtu.dk)
DTU Energy Conversion [Table of contents Al
ET‘U

Magnetic refrigeration — and heating

Christian Bahl
Electrofunctional Materials

DTU Energy conversion ‘\/ﬁ
+ ) o

chrb@dtu.dk A =
revan=F B | & S =2 71H8B18284

DTU Energy Conversion
Department of Energy Conversion and Storage
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3 Presentations

The magnetocaloric effect

( \ ¢ The magnetocaloric effect is reversible - efficient

—
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=
=

i

e Solids material — no harmful gasses

S
Tt (Sv=v)
oeeeen SN
tittig ey
Smagnetic ’ smagnetic '
Slattice ' slattice ’
Temperature' Temperature’

DTU Energy Conversion, Technical University of Denmark
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Low temperature Magnetic refrigeration

=

~~-—-Electric current

tic

i > e
%Q LT swstoce

CoEtectric current

DTU Energy Conversion, Technical University of Denmark
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3.1 Magnetic Refrigeration — and Heating
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Convetional vs. Magnetic refrigeration

Qo [ o A 2 QA =7

Compression Expansion

Heat rejection Heat absorption
Magnetisation Demagnetisation

DTU Energy Conversion, Technical University of Denmark
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Specific heat of magnetic materials

Applied field
0T
—I1T

Specific heat

Temperature

DTU Energy Conversion, Technical University of Denmark
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The magnetocaloric effect
T (T,H
S(T.H) = I o(TH) S(T,Ho)
0 T
2 Too(T,Ho—H1) S(THL)
&
e
=
w
Temperature, T
DTU Energy Conversion, Technical University of Denmark
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Characteristics of the magnetocaloric effect
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DTU Energy Conversion, Technical University of Denmark
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3.1 Magnetic Refrigeration — and Heating

DTU
>
=
Curie-temperature
e The following ferromagnetic elements are found in nature
Material Curie
Temperature
Cobalt (Co) 1115 °C
Iron (Fe) 770 °C
Nickel (Ni) 354 °C
Gadolinium (Gd) 20 °C
Terbium (Tb) -53 oC
Dysprosium (Dy) -185°C
e Additionally there are many alloys, oxides etc.
DTU Energy Conversion, Technical University of Denmark
DTU
=
o

Gadolinium metal

e Curie temperature around 20° C
* Magnetocaloric properties in an applied field of 1 T.

3.5 3.5
3 — 3
< B
€ 25 Pos S
3 3
lz] 2 i (‘,—') 2 e
T :
1.5 1.5 -‘
R » L :
260 270 280 290 300 260 270 280 290 300
Temperature [K] Temperature [K]

DTU Energy Conversion, Technical University of Denmark
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The magnetocaloric effect is small !
20 -

Gadolinium is considered a benchmark material |-~
for room-temperature magnetic refrigeration.~

16 4

12 1

Magnetocaloric effect, AT,y (K)

Maximum AH and ATy

reachable with permanent magnets

0 1 2 3 4 5 6 7 8 9 10
Magnetic field, pyH (T)

DTU Energy Conversion, Technical University of Denmark

Pecharsky & Gschneidner, Int. J. Refr.,, 2006

=
=
=

i

Active Magnetic Regeneration
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DTU Energy Conversion, Technical University of Denmark
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The material is magnetised
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DTU Energy Conversion, Technical University of Denmark
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The pistons are moved

Temperature

DTU Energy Conversion, Technical University of Denmark
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Heat rejection
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Magnetic field removed

Temperature

DTU Energy Conversion, Technical University of Denmark
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Pistons moved back

Temperature

DTU Energy Conversion, Technical University of Denmark
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Heat absorbtion
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DTU Energy Conversion, Technical University of Denmark
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Back to start
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Optimising the Curie temp.
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Perovskite manganites

* A series of manganites has
been prepared. Lag.67Ca0,33.,S1Mny,0503
x = 0.04 -0.09

e The Curie temperature can
be controlled.

e It is cheap to process into the
desired structures.

AT, [K]

Direct measurement of AT,4

\l/ 0,0 T T T T
| fragndt_| m 270 280 200 300 310

Temperature [K]

DTU Energy Conversion, Technical University of Denmark
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Specific heat in zero and 1 T fields

(Jrkg K)
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T T T T
270 280 290 300

Temperature (K)

DTU Energy Conversion, Technical University of Denmark

117



3 Presentations

=]
=
=

i

Multi-material adjacent tape casting

A number of ceramic slurries are loaded
in the tape caster.

Tape. The tahes are cut into plates
movement

Actual 10 material ceramic plate

DTU Energy Conversion, Technical University of Denmark
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Numerical model of magnetic refrigeration

¢ Advanced 2D model combining:

o Heat transfer

o Fluid flow

o Magnetic properties

e The model is used to calculate performance of magnetic refrigeration.

e The advantage of using multiple materials can be studied.

K.K. Nielsen et al., Int. J. Refrig. 33, 753-764 (2010)
K.K. Nielsen et al., Int. J. Refrig. 32, 1478-1486 (2009)
K.K. Nielsen, Ph.D. Thesis, 2010, Rise DTU

DTU Energy Conversion, Technical University of Denmark
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Temperature distribution in the AMR

T
001 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
x-position (erm)

Temperature gradients in the AMR
300(AT = 0.0K

Heat transfer fluid|
Regenerator

]
°
&

Temperature (K)
[
% B
%

284

[-CHEX->  «  Regenertor  — & HHEX

5 6 7 8 9 10 11 12 13 14 15 16
X-position (cm)

Step: Magnetization Magnetic field: ON 300
= Time: 0.0 MCE regencrator

E Cycle: 001 296
H Piston Piston

2 292
2
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o 288

Heat Transfer Fluid
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(5D aameaddun 1

2-material AMR concept

Cold side (inside the refrigerator) Hot side (ambient)

A
y

Flow direction

Assessment parameters:

Cooling power at a fixed temperature span: Qc [W/kg]

DTU Energy Conversion, Technical University of Denmark
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2-material, Gd-like AMR: cooling power @ AT = 20K

Te,hot [K]
Cooling power [W/kq]

275 280 285 290 295 300
Tc,cold [K]

Nielsen et al. 2010, Thermag IV proceedings

DTU Energy Conversion, Technical University of Denmark
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Experiments in a "Test device”

)

DTU Energy Conversion, Technical University of Denmark
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Testing multimaterials

e Plates with two materials cut from 5 stripe
tapes.

e Size is chosen according to test machine:

- Stack of 28 plates (40 mm x 25 mm) S |
and a total mass of 51g. |:|
- 0.3 mm plates are stacked with 0.3

mm fluid channels.

DTU Energy Conversion, Technical University of Denmark
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2-material LCSM plate experiments
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276 278 280 282 284 286 288 Cooling power [Wkg'']

Hot end temperature [K]
Highest value with 1 mm Gd plates is 10.1 K.
The best result with a single material is 6 K.

Highest value obtained with 1 mm
Gd plates is 16 W/kg.

Bahl et al. APL (In press)

DTU Energy Conversion, Technical University of Denmark
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DTU

o

Assessing the impact of stacking quality of
parallel-plate regenerators

¢ Previous modelling has assumed perfectly spaced plates

J.B. Jensen et al. Int. J. Heat and Mass Transf. 53 (2010) 5065

DTU Energy Conversion, Technical University of Denmark
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Distribution of plate spacings in AMR

[ Channel width|
1.051 ——+ 1 std. dev.

Channel width [mm]
o
o

8 10

4 6
Channel number
Image Measurements

J.B. Jensen, PhD thesis, DTU 2011

DTU Energy Conversion, Technical University of Denmark
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DTU
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>
Maldistribution of channels
e The channel thickness is modelled from 0.08 mm to 0.8 mm keeping the
standard deviation fixed at 0.035 mm.
x 10

2 : : : -¥—4.5mm?s

L 8- 15.0 mm%s v

£ —8-25.0 mm?%s Flow direction

% —Ideal [ J

$ 2.5 H

g [ ]

H

b N

| ‘

L & H,;(: :

E H 4| ]

2

&

0.6 0.7 0.8

0.1 02 03 04 05
Channel thickness [mm]

K.K. Nielsen et al. Appl. Therm. Engineering (Accepted)

DTU Energy Conversion, Technical University of Denmark
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Maldistribution of flow — an example

* Hot water is pushed between the cold plates
e Number of channels/plates: 20

e Mean channel thickness: 0.2 mm

e Standard deviation: 10 %
e Channel fluid: Water

¢ Plate thickness: 0.4 mm
e Plate material: Aluminium

Flow direction

W H,
T_,, o

DTU Energy Conversion, Technical University of Denmark
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DTU
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Designing magnetic refrigeration devices
Magnet Materials
Machine M
DTU Energy Conversion, Technical University of Denmark
DTU
>
=

Magnetic refrigeration devices in the world

DTU Energy Conversion, Technical University of Denmark
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DTU Energy Conversion, Technical University of Denmark
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Two types of magnetocaloric devices

Reciprocating Rotary

H

DTU Energy Conversion, Technical University of Denmark
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i

Design of a permanent magnet field source

e Good correspondence between numerical model and measured values.

10 20 30 40 50 60 70 80 90
¢ [degree]

DTU Energy Conversion, Technical University of Denmark

=
=
=

i

The rotating compartments in the magnet

DTU Energy Conversion, Technical University of Denmark
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DTU
=
>
Cassette with Gd spheres (—0.5 mm)
e 120 g Gd in each of the 24 cassettes.
e Water can be pushed back and forth.
DTU Energy Conversion, Technical University of Denmark
DTU
>
=

The flow system

e Each bed experiences an
alternating flow.

* 8 flow situations per revolution.

DTU Energy Conversion, Technical University
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Prototype device

AKTIV MAGNETISK REGENERATION

1 Aktiv Magnetisk som kilde til

temperaturzndring og som termisk regenerator. Saledes kan der opbygges en
de to ender, der er

direkte fraden
Forskere pa DTU har nu udviklet en prototype, der kan nedkale
20,5 grader for en koleeffekt pa 100 watt.

fores AMR-cyken ved, at der
‘pumpes vand igennem, skiftevis
den ene og den anden vel.

Idenviste kassette er det -
magnetokaloriske materiale -1
ttpakkede lugler af gadolinium

@-0,5 ) T

e

Ingenigren, April 13 2012

i DT Energy Conversicn » Crafc Martin Kichgissner

= L;'/

=
=
=

i

Flow circuit

e The flow circuit includes pump, heat exchanger and heat load.

Heat
exchanger

DTU Energy Conversion, Technical University of Denmark
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DU
R a-d
=
The prototype machine in action
DTU Energy Conversion, Technical University of Denmark
DU
>
=

The prototype machine in action (Infra Red)

DTU Energy Conversion, Technical University of Denmark

129



3 Presentations

=]
=
=

i

Best results to date

e Maximum load of 1010 W at zero temperature span
e Temperature span of 25.4 K at no-load
e Maximum frequency 10 Hz

e Temperature span of 20.5 K at 100 W
e Temperature span of 18.9 K at 200 W
e Temperature span of 13.8 K at 400 W

DTU Energy Conversion, Technical University of Denmark

Best results to date =

e Maximum load of 1010 W at zero temperature span
e Temperature span of 25.4 K at no-load
e Maximum frequency 10 Hz

e Temperature span of 20.5 K at 100@

e Temperature span of 18.9 K at 200 W j ZF@©@ZF 7

» Temperature span of 13.8 K at 400 W

DTU Energy Conversion, Technical University of Denmark
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[—)
—
=

"

Outlook for improvements

o Careful grading of regenerator
- Use ceramic materials

* Optimise the magnet design

e Optimise regenerator geometry
- Ongoing postdoc project on this

e Use first order materials

— Solve problem of hysteresis in the
best materials.

DTU Energy Conversion, Technical University of Denmark

=
=1
=

"

Magnetocaloric heat pumps

* A magnetocaloric device would be well suited as a heat pump - just
connect the cold end with ambient, and the hot end will heat.

e The requirements on temperature span are not so high.

e Any excess heating due to friction, magnetically induced power etc. is not
detrimental, but may be utilised.

Magnetocaloric heat pump

: —
= f———

= Pum
P P

Electromagnet )

DTU Energy Conversion, Technical University of Denmark
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The DTU magnetic refrigeration work group

DTU Energy Conversion, Technical University of Denmark

ms
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3.2 Aquifer Thermal Energy Storage

Mikael Bastholm| (mib@ ramboll.dk)
Rambgll

AQUIFER THERMAL ENERGY
STORAGE

INTEGRATION INTO THE PUBLIC
ENERGY SUPPLY

RAMBGOLL

Mikael Bastholm, mib@ramboll.com
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3 Presentations

AGENDA

¢ Technology (the basics)
¢ Above ground
e Below ground

¢ Integration in the collective
energy supply

RAMBGOLL

TECHNOLOGY (THE BASICS)

8-9°C 20°C 8°C 16-20°C

= < < => < => = <=
| < < > < > e <=
| < < > = > =S <=

RAMBGOLL
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3.2 Aquifer Thermal Energy Storage

ENERGY BALANCE

Office building 700 kW cooling
700 kW heating

The balance:

25% kWh
cooling

75% kWh heating
(heat pump)

RAMBGOLL 4

QUALIFIERS FOR AQUIFER THERMAL ENERGY
STORAGE

e Groundwater conditions

e Other interests in the
surroundings

e Legislation/permits
e The wells
e Cooling/heating system

e The economy

RAMBGOLL s
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WHAT'S ON THE SURFACE

RAMBGOLL

ATES CENTRAL AT RHO - FACTS

Comfort cooling, 2.2 MW in two
machines, R717 (ammonia)

Data warehouse cooling, 360 kW
delivered by a machine, R717

The ATES supplies chilled water in the
summer and heating for the heat pumps
in the winter

Data warehouse cooling runs in the
winter and also delivers heat to the heat
pumps

In case of a mishap, the data
warehouse cooling system takes priority
over the comfort cooling system

RAMBGOLL
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3.2 Aquifer Thermal Energy Storage

FACTS ABOUT THE ATES SYSTEM

e Maximum cooling capacity: 1 MW of ATES
systems

e Optional cooling through dry coolers in the
winter
e Permission to pump:
e Max. 90 m3/h and 500,000 m3/year "
« Temperature of operation of 9-20 degrees Celsius Result at RHO :

* Balance of year should be zero. The operation .
therefore depends much on the extent of cooling in 370,000 kWh
the winter and heating in the summer

« Effects are therefore kWh, not kW

power saved a
year

® 425 tonnes CO,
saved annually

RAMBGLL .

INDIRECT GROUNDWATER COOLING

¢ Indirect use of groundwater is also of great value

District cooling ﬂ» “ District cooling

Return temp. Delivery temp.

Groundwater

RAMBOLL .
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ABSORPTION

Cooling

110-80 °C

i

RAMBGOLL

Absorber
cooling
RAMBGLL 10
Out of the cooling
season 1 6 6,0 1,2 5,1
Compressor
Yearly middle 1 5,5 55 1,2 4,7
Peak load 1 5 5,0 1,2 4,3
Absorption
with ground- Al 0,08 0,7 8,8 = 57
water
Groundwater All 1 50 50,0 1,0 15,3
Dry cooling Winter - - - 1,0 40,0
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LARGE SCALE HEAT PUMPS

Waste water District heating

—l e

RAMBGOLL

HEAT PUMPS - FLEXIBILITY

o Flexibility in electricity
consumption requires storage
of heat

¢ None or very limited options in
household units

e Would require a very large tank
in the building

e Great opportunities in district
energy systems

e Provides the option of
integrating more wind power

RAMBGOLL
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SUMMER MODE

RAMBGOLL

Source: Swedavia

WINTER MODE

RAMBGOLL

Source: Swedavia
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AQUIFER THERMAL ENERGY STORAGE

PHYSICAL RESTRICTIONS

¢ Contaminated soil?
e Rainwater drainage areas?

e Nature conditions?
e Protected areas?

RAMBOLL -

141



3 Presentations

HYDROLOGICAL RESTRICTIONS

o Water flow capacity?
e Depth of groundwater levels?
e The pressure relation?

e Groundwater quality?

RAMBGOLL

5101 O T

s

man w0 23

GEOTHERMAL RESTRICTIONS

Setting up and running the
groundwater model

RAMBGOLL

35
1 20 30 4 50 6 70 8 9 1.0 1lom

Execution of thermal modelling
for extraction/injection

142




3.2 Aquifer Thermal Energy Storage

EXAMPLES OF WELL CONFIGURATIONS IN AN
ATES SYSTEM

W

RAMBGOLL

20

LEGISLATION IN DENMARK

e  Water Act (groundwater abstraction permit)
e Environmental Protection Act (groundwater injection permit)

e Ministry of the Environment’s "Order on heat recovery plant and
groundwater cooling system"

RAMBGOLL

21
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S’S INTEGRAT
ERGY SUPPLY

Benefits

Increased CO2
reduction potential

Operational and
socio-economic

benefits

Better use of available
- ATES resources

Faster deployment (?)

STATUS OF ATES IN DENMARK

¢ Individual plants

e Established after the "first come & :
first served" principle ;

e

¢ Disadvantages:

¢ No overarching planning
* Poor resource utilization
¢ Higher operating costs

¢ Often weak operating
organisations

Calje, 2010

RAMBOLL .
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WHO CAN LIFT ATES INTO THE PUBLIC
ENERGY SECTOR?

e Water suppliers? The optimal organisation:

e Power suppliers? e Water suppliers to be
responsible for the operation of
ATES source site

e Energy suppliers to be
responsible for the optimal
technical integration of ATES

Multi-suppliers!

RAMBGOLL

24

BARRIERS

e Water suppliers or heat
suppliers: Is ATES a new type of

utility supply?

¢ Not allowed as a parallel
business ATES is an "energy storage technology",
which sometimes delivers heating and at

¢ District cooling suppliers ST e

e Can include ATES

RAMBGOLL

25
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NORTH HARBOUR - A CONCEPT STUDY FOR
"BY OG HAVN”

Primary objective

Secondary objective

Cooling in the form of district cooling

Cost and energy efficient integration of
supply elements

ATES as the "elastic band" between the
district cooling and the district heating
systems

Buildings as "solar thermal collectors®

The recycling of heat from the
generation of cooling

Recovery of stored heat for district
heating

RAMBJLL 2

NORTH HARBOUR - A CONCEPT STUDY FOR
"BY OG HAVN"”

Average cost of cooling
8000

7000
6000

’

5000

- Compressor cooling
4000 \ = Comp. with ATES

3000 \ == Abs. HP with ATES
2000

N~ AT

50 250 450 650 850
h/year

kr/MWh

1000

RAMBOLL .
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3.2 Aquifer Thermal Energy Storage

NORTH HARBOUR - A CONCEPT STUDY FOR
"BY OG HAVN”

Study recommendations:

ATES
¢ Cooling storage for peak load ?

E

e Absorption cooling in T J
combination with low- |—

temperature district heating for

y
base load :
Cg igﬂ Absorption

e ATES as an in-between load

A

* Take advantage of synergies .
between absorption cooling 2
and groundwater cooling 2o

15

P.S. No groundwater interests in the 107

region ;

41 3 5§ 7 9 1113 15 17 19 721 23
Day view of offish building

RAMBGLL 2

CASE - AMSTERDAM

= © nirs
. |
AATAIAIAL iﬂﬁﬁ
e e R e |
=
00AA0 el

Source: Waternet, Johan Py

i

RAMBOLL 2

147



3 Presentations

CASE - AMSTERDAM

¢ Target of reducing CO, emissions
by 45% in 2025 (1990)

e The city has established a
collective ATES company for
climate funds

e Waternet (multi-supply) has
operational responsibility

e ATES potential for displacement of
300,000 tonnes of CO,/year in
synergy with district heating

RAMBGOLL

Stadsverw./WKO
500

400
300
200
100

0
Gerealiseerd Potentieel
200 2025

Biomassa

Gerealiseerd Potentieel
2007 2025
Ecofys, 2009

Back from the future

2025 - Amsterdam residents laugh at the exorbitant
prices being charged for fossil fuels. Smart housing

improvements have ensured that they are much less

dependent on energy from the grid. Solar, wind,

biomass and thermal storage provide most of their

energy needs. Due to innovations in energy, they
live comfortably without sky-high energy bills.

30

ENVIRONMENTAL - CHALLENGES IN URBAN

AREAS

Problem:

e Many groundwater
contaminants

e Hydro-geological challenges

e Water penetration in
basements

* Displacement of basement
structures

¢ Influence of the water table in
the city's lakes and streams

e Thermal effects on the
groundwater

RAMBGOLL

Solution:

e Carbon filter purification:

* "Free" resource restoration

e Field studies and detailed
hydraulic models

e Mutually balanced wells

31
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3.2 Aquifer Thermal Energy Storage

RECOMMENDATIONS

e Development and testing of
energy supply concepts with
ATES

¢ Need for a nation-wide survey
of ATES

¢ "First come first served"
principle is abandoned

e ATES in collective energy

e ATES integrated into
municipalities:

e Heat supply plans
e Water supply plans

RAMBGOLL

e The regulation of the utilities
who may establish ATES should
be relaxed

e Changing the tax on electricity
for heat pumps in the excess
production periods

e Reduction in the distribution
temperature of district heating
systems in areas with a
potential for ATES

PERSPECTIVES

¢ Once the CO, reduction
potential and the economic
benefits are known and some

of the barriers overcome, ATES

has the potential of spreading
fast!

RAMBGOLL

33
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THANK YOU

RAMBGOLL
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3.3 Second-law Efficiency and COP of Supermarked Refrigeration

Systems
Wiebke Brix (wb @mek.dtu.dk) Timetable A
DTU Mechanical Engineering [Table of contents 4|

W

=

Second-law efficiency and COP of
supermarked refrigeration systems

Symposium on advances in refrigeration and heat pump technology
May 15, 2012

Wiebke Brix
Section of Thermal Energy Systems

DTU Mechanical Engineering
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Agenda

e The problem of COP definition for systems with 3 temperature levels
o Definition of the 2nd-law efficiency

e The link between COP and 2nd-law efficiency

e Introducing a COP based on weighted heat input

e Comparison of COPs and 2nd-law efficiency for different cycles

e Comparison of different refrigerants

e Conclusions

2 DTU Mechanical Engineering 15/05/2012

=]
=
=

m

The problem of COP definition

Loads are at different temperature levels.

. cop= What we get
Wi, What we pay
2 . .
£ QL+ Qu
COP = ———
E> W, + Wy

+ 1Is this the ‘correct’ way of
defining performance for systems
with loads at different

v temperatures?

» Would it be more ‘correct’ to take
the different temperature levels
into account?

PI-diagrams from PackCalc software, www.ipu.dk

3 DTU Mechanical Engineering 15/05/2012
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=
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i

COP of two one-stage systems

Weighted ) Om
by load: COP:(Q,_+LQ ) COPyr+ (_) COPyr
e |
n ﬂ O
Weighted
o by power _ (W
Q% input: CoP = (WL+W ) COPLT+(W +Wy ) COPMT
9 dus _ Qi+ 0y
W, + Wy
Or something different?
4 DTU Mechanical Engineering 15/05/2012

DTU
>
>
>
Example: COP of two one-stage systems
e R290 in both cycles
Conditions:
Room temperature at LT -20° C 4
—é—weighted, W
Room temperature at MT 2° C — weighted, Q
3
Ambient temperature 30° C
o
Isentropic efficiencies 70% 8 2
Superheat 10 K 1
Subcooling 2K
Pinch in evaporators 5K c"0 20 40 60 80 100
T % of load on LT 1‘
Pinch in condenser 7K
MT system only LT system only
5  DTU Mechanical Engineering 15/05/2012
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2nd-law efficiency (1)

Ambient
Reservoir

" e

Refrigerator

W—->

Reservoir
T

Frost

6 DTU Mechanical Engineering

1st:

Q +Qy-Q,+W=0

2nd: S, S Q0 Quyg

To TL Ty

=
=
=

M

Eliminating @y and combining the two equations:

L M

Reversible operation:

Wrev :QL [TI-_H_J'J+Q.M [-I-l:_H_]']

Extra power due to irreversibility:

W,

Tost =W _Wrev =TSy 20

H%gen =

W =Q, G—”*l}QM (1T—H—lj+ SgenTh

15/05/2012

2nd-law efficiency (2)

Ambient
Reservoir

" T

Refrigerator

W—

Qm

Reservoir
Reservoir Twm
T
Cool
Frost
7 DTU Mechanical Engineering

Exergy:

=]
=
=

m

Exergy content of supplied power: EW =W

Exergy content of heat transfer:

EQL +Eq, :QL£TF—H_1]+QM [
L

2nd-law efficiency:

_ _E'Vil,rev _ _(EQL + EQM )

U “E, _E,

3 [ Tu 3 [ T
ofpfalf

T .
T—H_lj = Ew,rev

M

15/05/2012
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DTU
>
s
>
Example: 2nd-law efficiency
* R290 in both cycles Y
0.8]
0.6
=
0.4,
0.2]
20 40 60 80 100
% of load on LT
MT system only LT system only
—4—weighted, W
—— weighted, Q
3|
.
02
o
1
O 20 40 60 80 100
% of load on LT
8 DTU Mechanical Engineering 15/05/2012
DTU
e
g
>

Link between COP and 2nd-law efficiency

. COP T
e For a single-stage system: 7, = cop. where  COP. = #
[ H™ L

e What is the Carnot COP of a system with temperatures at different loads?

Ambient
Reservoir . .
| o {} | Reversible machine: COP, = Q +Qy
LT < (T,
) T, Ty
. Refrigerator
W—— 0
+
5> COP—COR. .y =%t
Reservoir W W
'VReservoir Tw
" Cool But there is still the problem of adding heat at
Frost different temperature levels!
9 DTU Mechanical Engineering 15/05/2012
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DTU
=
>
Example: Carnot COP of two 1-stage cycles
e R290 in both cycles
{cAq]
il a
MT
‘ L
S,
g}@ sumof Q
R 2| —LT
. ——MT
LT
0 20 40 60 80 100
T % of load on LT
MT system only LT system only
10 DTU Mechanical Engineering 15/05/2012
DTU
=
>
A different approach...
e Temperature difference between L and H sets the limits for the system
T )
> COPR, | =—+— s used as reference
TH _TL
QL +QM ((;:gppc‘L (,/4 Heat input is weighted
>COPR, =7, -COR; = y <M
' W, +W,
11 DTU Mechanical Engineering 15/05/2012
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DTU
=
>

Example: COP,; of two 1-stage cycles
e R290 in both cycles
— 6,40, [ COPeu
, —cop LMl cor,,
COF)“ = .—.Cv
34, W, +W,
: cop= 9+
W +W
c0 20 H/A(')‘ " 60LT 80 100
MT systtm only LT systIm only
1
0.8]
70.6
- 0.4/
0.2]
0 20 40 60 80 100
% of load on LT
12 DTU Mechanical Engineering 15/05/2012
DTU
>
=

Comparison of different two-stage systems

&)
Conditions: T T
LT MT
Room temperature at LT -20° C Cascade E|
Amma

Room temperature at MT 2° C
Ambient temperature 30° C
Isentropic efficiencies 70% o .
Liquid injection
Superheat 10 K
Subcooling 2K
Pinch in evaporators 5K
Pinch in condenser 7K
Open intercooler
Pinch in cascade HEX 3K

13 DTU Mechanical Engineering

15/05/2012
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Comparison of different two-stage systems
1
i —two 1-stage
e R290 in all cycles 08 ——cascade
——liquid injection
[=—open intercooler |
oe 2nd-law efficiency
0.4
0.2
20 40 80 100
% of load on LT
‘traditional’ COP COP based on weighted Q
-~ two 1-stage
——cascade
3 3 | ——liquid injection
——open intercooler
§ 2 §7 2
1 1
——open intercooler
0 20 40 60 80 100 0 20 40 60 80 100
% of load on LT % of load on LT
14 DTU Mechanical Engineering 15/05/2012

=
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m

Comparison of different refrigerants

e System: Open intercooler 2-stage

except R744:

(gas cooler pressure optimized, flash tank at 15° C)

> ——R744
R290
——R717

—R22

\\\\

0 20

15  DTU Mechanical Engineering

40 60
% of load on LT

80 100

cop,

1
——R744
R290
08 ——R717
——R22
0.6
0.4
Q2T
o
0 20 40 60 80 100
% of load on LT
——R744
~—R290
3 ——R717
—R22
Lo
1]
20 40 60 80 100
% of load on LT
15/05/2012

=]
=
=

m
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=
=
=

i

Conclusion

e The 2nd-law efficiency is a useful figure of merit for a 3 temperature level
system.

e There is a link between 2nd-law efficiency and COP. Definition of the
Carnot COP is central here.

¢ Using the largest temperature difference as reference results in a COP
where the heat input is weighted.

e Comparison of different systems and different refrigerants can be made
equally well by the ‘traditional’ COP, the COP based on weighted heat
input and the 2n-law efficiency.

DTU Mechanical Engineering 15/05/2012

Wiebke Brix

=
=
=

M

Second-law efficiency and COP of
supermarked refrigeration systems

Symposium on advances in refrigeration and heat pump technology
May 15, 2012

Section of Thermal Energy Systems

DTU Mechanical Engineering

Go back to the [fable of confents 4l or to the [fimefable al

159



3 Presentations

3.4 Optimization of Commercial Refrigeration Plants

Christian Heerup|(chp @teknologisk.dk))
DTI, Energy & Climate
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Optimization of Commercial
Refrigeration Plants
by Christian Heerup
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3.4 Optimization of Commercial Refrigeration Plants

E
ESO2 Optimization of super market -

TECHNOLOGICAL

refrigeration systems

Main objectives

m Software tool for sizing compressors and estimating load profile

m Establishing actual refrigeration capacity needed and identifying
saving potential

m Software for diagnosing energy performance of plant

m Optimized energy performance by coordinating/ overriding local
controllers as an add on for the present control system

Status for activities
m Model using exergy calculations for identifying mal-performance

m Documentation of performance with standard settings (data logging)
m Analysis of dynamics/ data processing

ENERGY AND CLIMATE
REFRIGERATION AND HEAT PUMP TECHNOLOGY

Copyright Danish Technological Institute

DANISH

Fakta Reference Installations TEcHNOLOGICAL

11
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REFRIGERATION AND HEAT PUMP TECHNOLOGY

3
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CO, Booster Pack

P T ® MT 30 kW
%, W — 7 evaporators
P,T — 2 compressors (1 inverter)
m LT 8kw
— 4 evaporators
— 2 compressors

T pT
ENERGY AND CLIMATE
REFRIGERATION AND HEAT PUMP TECHNOLOGY
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Coriolis versus Vortex flow sensor
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Valve capacity versus Vortex flow sensor
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DANISH

HP valve operation/ bypass flow TR

= Extra masseflow i bypass
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What is maldistribution?
@ Occurs in multi-channel evaporators
@ Results in uneven superheated regions and consequently:
@ Capacity reduction
@ Higher power consumption
@ Higher material usage
@ Can be caused by:
o Non-uniform airflow, temperature or humidity distribution
@ Fouling
o Non-uniform liquid/vapor inlet distribution
@ Feeder tube bending
@ Improper heat exchanger design or installation
4/35 Mechanical Engineering  Compensation of airflow maldistribution in F&T evaporators May 15, 2012
>
>
>

Objective
The objective of this study is:

@ To study and validate the hypothesis from Karn et al. (2011c),
which was based on a numerical study:

The face split evaporator performs better than the interlaced
evaporator if flow maldistribution is compensated by control of
individual channel superheat

Kern, M. R., Elmegaard, B., Larsen, L. F. S., 2011c. Comparison of fin-and-tube
interlaced and face split evaporators with flow mal-distribution and compensation. In
proceedings of the 23th International Congress of Refrigeration. 1IR/IIF, Prague, Czech
Republic.

5/35 Mechanical Engineering ~ Compensation of airflow maldistribution in F&T evaporators May 15, 2012

174




3.5 Compensation of Airflow Maldistribution in Fin-and-Tube Evaporators

o

>
>

Objective
To investigate this hypothesis we:

@ Validate the numerical model from Karn et al. (2011c) with
experiments of both designs (interlaced and face split)
@ Study airflow maldistribution and compensation potential
@ Using both linear velocity and CFD predicted profile
@ In both wet and dry conditions
o And on larger evaporators (from 2 rows to 3 rows)
@ And study the possible area savings experimentally
@ By cutting of face splits

6/35 Mechanical Engineering  Compensation of airflow maldistribution in F&T evaporators May 15, 2012
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Experiments and circuitry
The interlaced circuitry
8/35 Mechanical Engineering ~ Compensation of airflow maldistribution in F&T evaporators May 15, 2012
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Experiments and circuitry

Face split

Airflow
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Experiments and circuitry
Interlaced
Mostly used
today
Airflow
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© Model development
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Model development

The evaporator model is a

Dynamic one-dimensional distributed mixture model

DTU

>

Model development

Overview of used relations and correlations

Air-side

Heat transfer
Mass transfer
Fin efficiency

Wang et al. (1999)
The Colburn analogy
Schmidt (1949), (Schmidt approximation)

Two-phase
Heat transfer
Friction

Bend friction

Shah (1982)
Miiller-Steinhagen and Heck (1986)
Geary (1975)

Single phase
Heat transfer
Friction

Bend friction

Gnielinski (1976)
Blasius (2002)
Ito (1960)

12/35 Mechanical Engineering Compensation of airflow maldistribution in F&T evaporators
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Model development
The main assumptions are
@ Each coil is in similar flow maldistribution conditions
@ Negligible tube to tube heat conduction through fins
@ Air flows one-dimensionally and perpendicular through coil
13/35 Mechanical Engineering Compensation of airflow maldistribution in F&T evaporators May 15, 2012
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© Simulation setup
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Simulation setup
The system of interest is an 17.58 KW R410A unit
The conditions used follows from
Inlet air temperature 26.7°C
Inlet wet-bulb temperature 19.4°C
Air flow rate 0.85 m3s~! (1800 CFM)
Liquid temperature before expansion  46°C
Superheat 5K
Compressor volume flow rate 11.3 m3h—1
15/35 Mechanical Engineering Compensation of airflow maldistribution in F&T evaporators May 15, 2012
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Simulation setup

To simulate maldistribution a distribution parameter is defined

V(y) = VinFar + (225d)
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506600060600 06060 00000

© 000 00000000O0OOOOO
© 0000000000000 0O0O0O0
0 00 0000000000000 0 O

<

16/35 Mechanical Engineering Compensation of airflow maldistribution in F&T evaporators May 15, 2012

180




3.5 Compensation of Airflow Maldistribution in Fin-and-Tube Evaporators

>
R
>
Simulation setup
Additionally, a CFD predicted velocity profile is used
- extrapolated from 8.8 kW to 17.58 kW size (Kaern, 2011d, PhD thesis)
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Simulation setup
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Simulation setup

With compensation
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O Results

@ Experimental validation
@ Airflow maldistribution and compensation
@ Possible area savings
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Experimental validation

The validation is performed in wet conditions with compensation
using the CFD predicted profile

Interlaced Face split
Experiment Model Experiment Model

Cooling capacity (air-side) 16.04 kW 15.46 kW 15.56 kW 15.55 kKW
Cooling capacity (ref-side) 15.67 kW 15.46 kW 16.01 kW 15.55 kW

Mass flow rate 0.0931 kg/s 0.0918 kg/s  0.0955 kg/s  0.0929 kg/s
Evaporator outlet pressure 10.53 bar 10.39 bar 10.73 bar 10.46 bar
Sensible heat 12.57 kW 12.68 kW 12.27 kW 12.93 kW
Latent heat 3.41 kW 2.78 kW 3.24 kW 2.62 kW

Observations:
@ It is hard to justify the best circuitry at compensation, because the standard
uncertainty in these experiments is + 5%
@ However the model results agree well, and we may use the model to analyze the
circuitry effects in more detail

20/35 Mechanical Engineering Compensation of airflow maldistribution in F&T evaporators May 15, 2012
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Airflow maldistribution and compensation
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Without compensation With compensation
Face split Interlaced Face split Interlaced
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Airflow maldistribution and compensation
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Without compensation With compensation
Face split Interlaced Face split Interlaced
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Airflow maldistribution and compensation
Dry conditions
Q. Qe UA UA
[KW]  [%-change] [KW/K]  [%-change]
Face split comp.  16.25 +5.8 1.483 +14.60
Interlaced comp.  15.98 +4.1 1.395 +7.8
Face split EXV 12.82 -16.5 0.898 -30.7
Interlaced EXV 15.35 0 1.294 0
Wet conditions
Q- Qe UA UA
[KW]  [%-change] [KW/K] [%-change]
Face split comp.  17.66 +2.8 1.816 +9.10
Interlaced comp.  17.39 +1.3 1.707 +2.56
Face split EXV 14.75 -14.1 1.132 -32.0
Interlaced EXV 17.16 0 1.665 0
28/35 Mechanical Engineering Compensation of airflow maldistribution in F&T evaporators May 15, 2012
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Possible area savings
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Possible area savings

@ Block of both refrigerant
and airflow paths

@ While keeping air volume
flow constant

@ One bottom "face" equals
14% face area

@ With compensation in wet
conditions

29/35 Mechanical Engineering Compensation of airflow maldistribution in F&T evaporators

o

>

May 15, 2012

Dottt 23

Possible area savings

No blockage  14% blockage 28% blockage

Cooling capacity (air-side) 15.56 kW 15.33 kW 14.91 kW
Cooling capacity (ref-side) 16.01 kW 15.61 kW 15.34 kW
Mass flow rate 0.0955 kg/s 0.0930 kg/s 0.0907 kg/s
Evaporator outlet pressure 10.73 bar 10.47 bar 10.28 bar
Sensible heat 12.27 kW 12.16 kW 11.93 kW
Latent heat 3.24 kW 3.12 kW 2.93 kW

Note that the simulations showed only 7-9% UA improvements

30/35 Mechanical Engineering Compensation of airflow maldistribution in F&T evaporators

May 15, 2012
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Conclusion

@ Hypothesis confirmed by simulations in both dry and wet
conditions

o Face split performs better at compensation in general
@ Capacity and UA-value gain is slightly lower in wet conditions

@ Benefits in using compensation were validated by possible area
savings on the face split evaporator

@ It is not always optimal to have equal channel superheats
depending on circuitry

32/35 Mechanical Engineering Compensation of airflow maldistribution in F&T evaporators May 15, 2012
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3.6 Engineering the Heat Curve
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3.6 Engineering the Heat Curve

Me

Overview

* Motivation and relevance
» Context of the study

* The Kalina cycle

* Engineering the heat curve
» Model description

* Results

Motivation and relevance

» The motivation for increasing energy
efficiencies is widespread

» Many industrial processes take use of
evaporators and condensers

 Gliding evaporation temperatures are attracting
increasing interest
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Container feeder class

2500 TEU i

One large low speed two-stroke main engine
45 kg/s exhaust gas at 240°C at 75% load

=]
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m

Context - Propulsion of large ships

 Looking at two alternatives to the ordinary
Rankine cycle for waste heat recovery:
— Organic Rankine cycle (ORC)
* Organic working media
* Relatively simple cycle
— The Kalina cycle
* Ammonia-water mixture working media
* Relatively complicated cycle
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The Kalina cycle - Intro =

Exhaust gasses

CHALMERS

* Named after inventor Dr. 1‘ E >3
Kalina S

Ammonia rich vapor

BOILER (nearly pure NH3)

» New power cycle first
published 1983
5 5 —
22
« Several layouts was Y
presented each for a specific ol cun REHEATER#1 | =
T 24 Al
purpose (temperature level) R TS 5 s 4
Hcalqu HEATER :rc""“”"l—' ’@)\TERﬂ I
« Mainly heat from gas ot B = I g
turbines, combustion BOILER ol SATE ] S
engines, industrial waste SUnP ” I i P
heat, geothermal heat and = Y norE A

—
lar power cooing i CONDENSER | - Setoretedtond ABSORBER  |condensafon
by
solar powe Al der Kall coomg wier
exandaer Kalina 28 29 Ammonia poor liquid T 12 13

=
—
=

o
>
<

The Kalina cycle - Intro

Exhaust gasses

+ Two component working X T I N
media - ammonia and @
water i | [

CHALMERS

» Three pressure levels ; | o i E‘D J | coses
) 3 5 v iqui Heating —
! w9
» Four concentration levels ..., REHEATER 41 crog
Miking 0 e Lle 24 s Aif 7
‘ ’ FEEDWATER Jeocino ) Cooling
 The ‘heart’ of the process I: HEATER -«I REHE/TER #2 |
is the separator I R Cox.
B 2 DEN- 8] cuosun
BOILER e ammonia
FEED 4 11 PUMP poor liquid
PUMP 9
27  J

y 10
4 —
cooineiaic?| CONDENGER | Sevreted o ABSORBER  |con "
Alexander Kalina 28 29 Ammonis poor i $12 13
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» Composition of working

fluid can be varied (using
a separator) 5"
« Evaporation and i

condensation happens at "

varying temperature “
o 0 0.1 0‘2 03 04 05 06 07 08 09 1
e -— i:-fam':idzmemwx Ammonia mass fraction [-]
; Kalina: Figure by Pdll Valdimarsson
& | Versamping

nicht-isotherme Figure source unknown
Kondensation

Entropie

=]
=
=

M

The Kalina cycle - Binary mixtures

» The heat curve is similar
to one of a super critical

pure fluid
120
» Heat curve for Husavik 102
geothermal heat and w0
power station — Kalina 5w
compared to ORC [
: 50
40
30
Figure by Pdll Valdimarsson 0 20 400 oo 800 1000 1200

Enthalpy [kJ/kg]
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Engineering the heat curve -
* Increasing the degree of control requires increased
process complexity
Turbine

Engineering the heat curve

* Increasing the degree of control requires increased
process complexity

turbine
HRVG " generator
2 DCSS )
superheater ot B SEpﬂl‘ﬂTOl'
1
e\'ﬂporator !
1
i ?

Working mixture = ———
Basic mixture
NH;-enriched vapor
NH;-lean solution
Exhaust gas —_—
Charge air ——
Jacket water LLELLES
Lubricating oil =~ seeeee
Cooling water —

reheater

economizer

low-
pressure
condenser

high-pressure |
condenser |

Maria Jonsson
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=wimees ENQineering the heat curve

« Increasing the degree of
control requires increased
process complexity — the
split cycle Kalina

. = |
Alexander Kalina s »L@-‘s,

Engineering the heat curve with split cycle

» The two features that
makes the split cycle
layout possible

. Heat source

Super heater

Evaporator 2

Separator

—N

L 4
Rich stream

Evaporator 1

Lean stream

v

Lean stream Rich stream
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£
=
—
=

Theoretical heat curve for =
the split cycle h
« The line 24, 25 — t,, T
— Both streams are pre-heated 1] [
— Att,, the rich stream starts to —

boil (at a low temperature)

* The line t,, — 29a — 30

— represents the heat curve if
only the rich stream was used

TEMPERATURE

ENTHALPY

Alexander Kalina

Theoretical heat curve for =

CHALMERS n

the split cycle

* Theline t,, » t, —29 — 30
— represents (while impossible) ‘ "
the heat curve if the two
streams where mixed into one
stream at point 24, 25

e Thecurvet, — 28 —29 —
30

— Is the heat curve as intended
in the split cycle

TEMPERATURE

ENTHALPY

Alexander Kalina
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Theoretical heat curve for
the split cycle

Result: The average
temperature at which the
same amount of heat is
transferred to the working
fluid is higher

...so efficiencies are
theoretically higher

TEMPERATURE

4T —|om
e
e
-
™
oy 12
np=1®
L n
5|
|
JE—
“6 _—

ENTHALPY

Alexander Kalina

Property Value Unit
Temperature of exhaust gas in 238 °C
Temperature of exhaust gas out 160 °C
Temperature of working media before turbine 218 °C
Mass flow of exhaust gas 473 kgls
Minimum allowable temperature approach in heat exct 20 °C
Minimum allowable vapour quality out of turbine 0.90
Isentropic/ mechanical efficiency of turbine 0.87/0.98

* Itisassumed that the

separator can produce Saturated vap.

the needed flow of the
rich and lean streams

Model description

=]
=
=

M

T=218C

Turbine

T=238C
Exhaust gas

Super heater

Evaporator 2

Mixer

~@— Saturated liqg.

Evaporator 1

Lean stream

Rich stream
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Model description

» According to Kalina the rich T-218°C
and lean streams should have T
identical temperatures at the
inlet of evaporator 1 and also
identical at the outlet

Turbine

Super heater

Evaporator 2

e Same pressure

Mixer

Saturated vap. ~€— Saturated lig.

 This requires Eva 1 outlet
conditions (T, xA) where:

Evaporator 1
Tdew, rich = Tbubble, lean
Lean stream

Rich stream

DTU
¥ e
Model description =
. OUtlet Of EVA 1: Points of Tdew,rich = Thub,lean. xA,tot = 0.74, P=58.5bar
1 220
Tdew, rich = Tbubble‘ lean
095 200
e The lean and rich 150
concentrations are thus 09
given as a function of ~ xa ricn o e
- X
T, P and X, out of EVA 0.85 o -7
e (orvice versa)
08 120
0.75 T 100
02 03 04 0.5 0.6 0.7 08
XA, lean
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Model description

« Having the composite stream ammonia concentration fixed, causes the
massflows of lean and rich streams to be given by the ammonia mass
balance:

xA,compasite *Miotar = xA,Tich *Myich + xA,lean * Migan

¢ Thus the massflows are also
partially constrained by the T, P

Points of Tdew,rich = Tbub,lean. xA,tot =0.74, P=58.5bar

and x, out of EVA 1 ! s |7
-
0.95 !
» For example when X, ;¢ is high 09 T A 08
i \ XA, rich —#— mRich 0.6 massflow, %of
the massflow,;, is low R total
’ -\.\ 04
. - 0.8 +
* These mechanisms constitute the /! \ 02
boundaries for engineering the 075 A — 0
heat curve 02 03 04 05 06 07 08

xA,lean

=]
=
=

M

Baseline — not using split cycle

Specific turbine work versus inlet pressure at constant inlet temperature and
outlet pressure for various xA with no vapor quality contraint

400000
g A" =
350000 ,-"“"‘:-: T ——
/ ROnink S

300000 =] : =
“"I;urhs
Wike 5 s0000

200000

150000

40 50 60 70 80 90 100
Pinlet, bar

» Constant inlet temperature

» The turbine outlet pressure is held constant

— (normally being a function of the condensing temperature but things are more
complicated in the Kalina cycle since the saturation pressure depends on composition)
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Baseline — not using split cycle

Maximum specific turbine power available limited only by vapor quality

85 370000
-

0 A~ 365000

- r 360000

7 - 355000
Pressure, 70 - 350000  Ppower.
bar 65 I =i L 345000y

60 4= Pressure gggggg

55 = =ll=+ Power L 330000

50 325000

0.7 0.74 0.78 0.82 0.86 0.9

Ammonia concentration by weight

» Power output per kg working fluid increases with ammonia concentration
peaking around 86% by weight

(=}
—_
=

i

Results

Heat curves xA=0.74, P=58.5 bar

—

230 T

220 R y

e
210 s 4
igg o= L
e -

180 e /

170 e

160 == /

I.C 122 o Hot ||
e 4:’2‘ --------- Hot split ==
120 ‘.——:,A ——Coldno split |

110 / _’__: ezl — ColdsplitxAxich08 ||

-

100 = -== ColdsplitxArich085 [
90 3" — ColdsplitxArich090 | |
ig = = ColdsplitxArich0955 | | |
50 2 e L Cold splitxAxich 0983 | ||
o0 A i i
2 ] ] ]

00 100 200 300 400 500 600 700 800 900  100.0

Q. % of total

* First case: Poor recuperation before evaporator; T;, = 40°C. No
gains using split cycle
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CHALMERS

T.C

Results

Heat curvesxA=0.74, P=58.5 bar, Tin= 80

==

\
W
\\

—— Cold no split

Cold splitxA.rich 0.983

£
ﬁ-

=== Cold splitxA_rich 0555

— -Cold splitxArich 0.8

= = Cold splitA, 1ich 0.868

30.0

40.0

50.0
Q. % of total

60.0

70.0

80.0 90.0

100.0

(=}
—_
=

"

» Second case: Good recuperation before evaporator; T,, = 80°C.
No significant gains using split cycle

CHALMERS

240

Results

Heat curves xA=0.74, P=58.5 bar, Tin=130

230

220

210

200

190

\

180

170

....... Hot side

160

e Cold o split

150

= =xArxich08

140

== == xA rich 0868

130

== e xA vich 0935

20.0

30.0

40.0

50.0
Heat, % of total

60.0

70.0 80.0 90.0

100.0

« Third case: Good recuperation and external low temperature heat
added before evaporator; T;, = 130°C. Clearly the split cycle
improves the heat curve.

(=}
—_
=

m
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Results

» The improved heat curve enables a higher massflow of
working media and thus higher turbine effect (using the same
heat source)

Q,T diagram with and without SC

No SC hot

No SC cold

== = = = SC hot optim.

0 1000 2000 3000 4000
== == == = SC cold optim.
Q, kW
DTU
>
>
crmimers Results -

Potential turbine power increase

% increase
Tin=100°C 8C
= Tin=130°C SC

062 070 078 0384

Ammonia concentration in composite stream

 Various concentrations were investigated — all showing significant
potential for increases in energy efficiency using the split cycle
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Conclusions

The Kalina split cycle offers the possibility to
engineer the heat curve to reduce thermodynamic
losses (exergy)

Under the right conditions the split cycle can
provide significantly increased cycle output

The technique could likely be used in many other
applications which has heat intake and rejection

The technique is likely to offer similar advantages
using other suitable working fluid mixtures

=]
=
=

m

Thanks — questions?

Pt & Dbz Aty 2410
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3.7 Cost and Energy Efficiency of Air-Water Heat Pumps

Gunda Mader (gunda.mader@ danfoss.com) Timetable A
Danfoss A/S Table of contents A

Cost and energy efficiency of
air-water heat pumps:
A screening method

Gunda Mader*
Thomas Tiedemann — Danfoss
Bjorn Palm — KTH Stockholm
Brian Elmegaard — DTU Copenhagen

gunda.mader@danfoss.com

Symposium on Advances in Refrigeration

and Heat Pump Technology
15. — 16. May 2012, DTU, Copenhagen
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3 Presentations

Content

» Improving a heat pump
» Problem setup
» Challenges

» Screening method
» Technology selection & ideal control
» Design of experiment
» Optimization

» Exemplary results

» Conclusions

May 2012 - Slide 2

Improving a heat pump

» Components
» Refrigerants » Heat exchangers:

» geometry, size

R717 » Expansion devices
El?‘-’;g » Compressors:
a2 a » type, size, efficiency curves
Ri34a » CyCleS » Fans, valves, receivers ...
R1270 -
R290 J::)L¢ §V~g:,9 i r) JD%
RIO7C #ﬂ_ fﬁ,J o & —ﬁj ¢ =9
R410A
R0 =t A_Lgt [ = » Control
R143a T T it » Capacity control
RA04A i T ‘ﬁ e » Superheat control
RB07A %ﬁ ﬁL;C = § &8 » Fan control
RL25 » Cycle control on advanced cycles
z;& = A‘ﬁ% : » Defrost control

vz 2 T

May 2012 - Slide 3
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Improving a heat pump -

Objectives:
Energy efficiency, Costs, safety, Reliability, Noise ...

May 2012 - Slide 4

Problem setup

Exemplary selection

SLHX

Refrigerants: R410A, Propane

May 2012 - Slide 5
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Problem setup

1. Objective function: SCOP
TOL -7 TBI 2 7 12 Lo
— — — ’ 600 %
1 Qeman o o S
AENEE N S
[ 1 0
s 12 ™~ - 7\ ot 400 G E
; A D
é. Qdelivered —_— . : // ’;\ \/:/\\\ -+ 300 E
@ ® ]} WA =
o e colder / 1 \ k T4
ST ?ﬁﬁgf / 2 IR
o L aagee T e i ™~ 0
25 20 -15 10 -5 0 5 10 :
Tain [°Cl scop — 2 923
2 Higs
Problem setup Danfosii

2. Objective function: Costs

-| = R&Tevaporator o ’

H « BPcondenser

Price [€]
% O Nm)
‘ in
N

P e —
‘l ¥ n LF,X
. 1] Pr
o
0 10 20 30 40 50 60 70 80 p—=====f=if=
Weight [kg] H i
Le

Costyy = f(heat exchange area),x = f(UA)x
Cost,.r = f(technology)

May 2012 - Slide 7
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Challenge: Modeling

How to model components & control
when comparing cycles?

» Increasing level of detalil
» increases number of variables
» increases number of assumptions
» complicates evaluation

» Need to reflect dominating physical behavior
while keeping models simple

Challenge: MO Optimization

» Non-linear mixed integer problem
» Evolutionary algorithms

cost
[ ] [ ]
o L ]
e o
Yaayg 0
"
& Tt
%
&

energy efficiency
» numerical problems

» (extremely) high computation time

» difficult result evaluation

» coupling of objectives
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Screening method

size

Continuous variables
Design of Experiment
& Quadratic model

. 3

Optimization

Integer variables
Technology selection
& ldeal control

. 3

May 2012 - Slide 10

Ideal control

» expansion device
» hin = hout
» superheat: 2 K
» compressor
» reciprocating

=
=

e

—TC=35°C
065 m mmT =45 OC -t NG

» capacity control: optimal demand match
(idealized variable speed)

May 2012 - Slide 11
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Ideal control

» air flow rate: optimized for operating
condition (max. COP)

» assumption of pressure curve required

Wi W = ff\./

air

Vo I = w, 1, p, 1

V,

» subcooling: optimized for operating

condition (max. COP)
scl = p. 1,mg!

May 2012 - Slide 12

Ideal control (Flash cycle) ™=

» ideal phase separation

¥ lshs

Pr,

e —
vV P:?:(‘Pdis

» intermediate pressure level:

3.85

3.8
375F i

37 s

o
O 3.65F
&)

345 : : ; ‘
07 08 09 1 11 12 13

May 2012 - Slide 13
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Design of Experiments

Decision variable: heat exchange area / UA value

M

a b
) ) 0.004
~—~—_ T/UAevaporator

0002 \‘\
. © 0 [¢] 0 ; T
E -~ d 4000
2 UA.yaporator
& 2000 ;
< H_/ao/
8 “oée\ 0 Y +

o SCOP, 1.5 -1 -0.5 0 0.5 1 15
constraints node coordinate
nOdeevapnralol

Quadratic model: SCOP = f(UAe, UAc, ...)
+ constraints = f(UAe, UAc, ...)

May 2012 - Slide 14

Quadratic models & cost function

Scop Cost
I
48

486

»Basic cycle

»R410A 100
»Medium T,,,; profile(45° C)
»Cold climate i0ae e 1000
2000 3000 UAe
UAc 3000 o 50004000 )
Slide 15
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Cycle Pareto front

|_
scop = scoP(UA) 8 'I
COST = COST(UA) © o
additional
Td?’s.h = Tdis.h (m) I T costs

min

max )
subject to CcOST(UA) = COST,
Td:s.h(t"‘l) S Tma'r
Py (TA) = Prin

May 2012 - Slide 16

£

Procedure: overview

b =
c c £
2 | 2| 8 [ NodenNo. 1 Node No. N
gl @&
N § = Op. Cond. 1
E|l@| E
= @ 7
[-% pa > optimal SC, V., 2
o u air |
= = COP =]
[ =
S =
= Op. Cond. 2 0
S > mscop||°®®° S
L] L]
L L]
L L
Op. Cond. 21
> =5 COP
‘Constraints, SCcopP #Cunstraints, SCoP ‘é
.
— o &
‘ Constraintsg (lﬁ), SCOPQ(UA) .++5co|=
== Pareto front

May 2012 - Slide 17
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Exemplary result

JOOH =—m=SLHX - R410A

—e—BASIC - R410A
—=—BASIC - R290

—=—SLHX - R290 ; 3 /
——FLASH - R290 : : ? ? I§

May 2012 - Slide 18

Conclusions
Screening method to compare different

technologies, cycle layouts and refrigerants in
multiple objectives

+

+ 4+ 4

small number of simulations per Pareto front
numerical problems have only “local” effects
easy integration of constraints

decoupled objective functions

allows detailed sensitivity analysis

numerous curves for high number of different
technologies

small error induced by quadratic model (< 1% 2D,
< 2% 3D)

strong component effects might result in broad
bands

May 2012 - Slide 19
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Heat Pump Booster Configurations in Novel District

Heating Networks
Thermodynamic and exergetic evaluation
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DTU Mechanical Engineering
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3 Presentations

Project arguments

« Space heating is very fossil fuel intensive, and a large share of Danish consumption.
— Power and heat production must be covered by renewables in 2035

« Novel floor heating systems allows for lower temperatures in district heating
network, as 35-45 °C is sufficiently high temperature for space heating

« Low supply temperature prompts new possibilities in heat production:
— Waste heat from various sources (e.g. industry)
— Sustainable heat sources: (Geothermal heat production & Solar collectors etc.)
— Increased capacity of traditional DH-networks by lowering return temperature
— Increased power production in
a) Greenfield CHP projects
b) DH networks where temperature levels can be changed
— Lower losses in DH-networks

« Problematic area when using low temperature district heating: Domestic hot water

2 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012

=
=

"

Heat Pump Booster Configurations in Novel District Heating Networks

If supply temperature between 35-45 °C:
Challenge to satisfy the domestic hot water demand.

« DS 439 (Code of Practice) assuming ground water temperature 10 °C:
— High heating demands can occur (32,3 kW)
— 45 °C tap water (cleaning)
— Required operating temperature in water heaters: 55 °C

* Solution:
— Temperature boost required (possible with heat pumps)
— Stratified storage tank to average the heating demand

3 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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DTU
b o<
>
>
Heat Pump Booster Configurations in Novel District Heating Networks
Case: 116 family houses under construction
— Length of network (3.6 km), ground temperature 10 °C
— Annual consumption of heat in 159 m2 BR 10 class 2015 house
4040 kWh for space heating
3200 kWh for hot tap water
Q
N \ Space Heating
! g Hot Tap Water
o ~—
o
4 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
(11
A
>
>
Basic Concepts of Hot Water Supply in LTDH
Basic Concepts:
« Conventional system 80/40 °C * Heat demand average
* Low temperature system 45/25 °C + Space heating 30/22 °C
— with electric heatin
) 9 . * Hot tap water 50/10 °C
— with heat pump and secondary side tank
— with heat pump and secondary side tank and preheating
— with heat pump and primary side tank
Space Hot Tap Space
Two different Heating Water Heating
implementation [%38:&:%
schemes: I J
.
(4) (B)
(A) Heat pump on primary side of the tap water heat exchanger.
(B) Heat pump on secondary side of the tap water heat exchanger.
5 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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DTu
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>
Basic Concepts of Hot Water Supply in LTDH
Assumptions:
Estimated heat loss coefficient per unit pipe length: 65 W/km °C .
Variable Assumption
Minimum temperature difference in heat exchanger in network 5[K]
HEX pinch temperature difference in both Condenser and Evaporator 2.5 [K]
Refrigerant R134a
Isentropic efficiency of compressor 0.5[/]
Hot tap water 50 [°C]
Tap water in 10 [°C]
Minimum temperature if water stored on secondary side 60 [°C]
Pressure loss in system 0 [kPa]
Heat loss is only considered in the distribution network
6 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
oTu
>
>
>
Results
All results are presented in terms of Energy and Exergy
« Changes in kinetic and potential energy are neglected and chemical reactions do
not occur, only the physical exergy of the flows are calculated.
« Exergy: o
EF¥ =mi((h—Hy) - To(s; — )
« Dead state: P, = 101 [kPa], T;=10 [K]
7 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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Basic Concepts of Hot Water Supply in LTDH
« Conventional System
Energy [W] Exergy [W]
Hot water supply 370| 23]
9‘,: Heat loss 80| 13]
5 District heat consumption 450 81
E [Electricity i 0] 0]
[Efficiency [%] 82| 29
. [Heat supply 460) 2] Space
§ ¢ [Heatloss 110 17] Heating
2
E‘ ® |District heat consumption 570| 102]
Efficiency (%] 81 24) ‘|
830) 48|
- 190 30f
g 1020 180) >
[y [y
[Efficiency [%] 81 27| -
8 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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Basic Concepts of Hot Water Supply in LTDH
« Low temperature system 45/25 °C with electric heating
Energy [W] Exergy [W
Hot water supply 370| 23 N
F 3 50°C
g |Heatloss 40| 3.7,
£ [District heat 260) 47,
Fy 0
& [Electricity 150 150 e
Efficiency [%] 89 12
Hot Tap Space
T [Heat supply 460 25 Water Heating
8 £ |Heatloss 74 9.2 150 W-
;‘ ® |District heat consumption 530 96|
Efficiency [%] 89| 26| |W/\‘ |l/vw\/\l|
Heat supply 830 48|
—, [Heatloss 180| 13
& |Heat consumption 790| 140) 85°C 45°%C - -
= [Electricity 150) 150) ( [
Efficiency [%] 89| 16 ©0°C 25% —~= —~*
9  DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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Basic Concepts of Hot Water Supply in LTDH
« Low temperature system 45/25 °C with R134a Heat pump
s0°C
W] Exergy [W]
Hot water supply 370| 23|
9:: Heat loss 40| 3.7
5 District heat consumption 300 55
§ Electricity 100| 100
Efficiency [%] 90| 15|
Heat supply 460| 25|
E ¥ [Heat loss 74) 9.2 1 Spalce
=33 v - Heating
R District heat consumption 530 96
Efficiency [%] 89 26
Heat supply 830| 48
— [Heatloss 110| 13|
% Heat consumption 840| 150
- [Electricity consumption 100 100|
Efficiency [%] 89 19|
10 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012

"

Basic Concepts of Hot Water Supply in LTDH

* Low temperature system 45/25 °C with R744 Heat pump

Energy [W] Exergy [W]

Hot water supply 370| 23]

g |Heatloss 49| 3.7
5 District heat consumption 350| 63|
@ [Electricity ion 56| 56)
Efficiency [%] 90| 20

- Heat supply 460| 25)
2 £ |Heat loss 74 9.
g' ® [District heat consumption 530 96
Efficiency [%] 89| 26

[Heat supply 830) 48|

— [Heatloss 110 13
S [Heat 880) 140)
T [Electricity 56] 56
Efficiency [%] 88 24

50°C

Space
Heating

85°C —@ 45°C »—

80°C 25°C - [

11 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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DTU
>
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>

Basic Concepts of Hot Water Supply in LTDH

« Low temperature system 45/25 °C with heat pump and preheating

Energy [W] Exergy [W
Hot water supply 365) 23] 50°C
9‘,: Heat loss 40| 3.7
5 District heat consumption 360| 66| 10°C
& [Electricity i 41 41
[Efficiency [%] 90| 22|
Hot Tap Space
- Heat supply 460 25) Water Heating
g g Heat loss 74| 9.2)
5" 8 |District heat consumption 530 96|
@
[Efficiency [%] 89| 26
C o 5 [Aan] )]
830) 48|
o 120) 14 3 L
2 |Heat consumption 890) 160 557 e > >
- Electricity { 41 41 ) B [
Efficiency [%] 89| 24 60°C %7 - -

12 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
DTU
>
=
>

Basic Concepts of Hot Water Supply in LTDH

* Low temperature system 45/25 °C with heat pump and preheating

— Tank on primary side
Energy [W] Exergy [W
Hot water supply 370| 23
g |Heatloss 40) 37 50°C
5 District heat consumption 390 68|
8 [Electricity i 30) 30)
Efficiency [%] 90| 22| Space
Heating
- [Heatsupply 460 25
8 £ |Heatloss 74 9.2
&2 ® [District heat consumption 530) 96|
Efficiency [%] 89| 26
Heat supply 830 48|
_, [Heatloss 120| 14 »
g. Heat consumption 900 160 [
= |Electricity i 30) 30) -
Efficiency [%] 89| 25
13 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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Basic Concepts of Hot Water Supply in LTDH

Summery of Basic Concepts:

=
—
=

"

o = =
= c =3
=5 © g =
ZE E] = 5 =z =
EE s £ £ £ =
22 ¥ = £ _z
ZE = T = E TE
y A% = =] S A4 =8
System
Conv. 1 (3.1.1) Sexc 1000 0 81 27
LT EL (3.2) 1.0 Sec 790 150 89 16
LT HP 1 (3.3.1) R134a 3.5 Sec 8300 100 88 19
LT HP 2 (3.3.2) R744 6.6 Sec 880 56 88 24
3.4) R134a 3.5  Sec X 890 41 89 24
LT HP 1 (3.5) R134a 4.0 Prim x 900 30 89 25
14 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
]I
>
>
>
Storage Tank requirement and configurations
* The storrage tank is required as large district heating network has small
temperature difference between supply and return line.
« To avoid:
— High massflows of district heating water
— Large piping and large heat losses
— High pressure drops
B 3
f/ \ % 100| \‘
2] g |
] i
3 50 \
s H g \/\\
CSIT T rnnon £ 25 \/ \
SEGET R \
o 0 20 40 60 80 100 120 140 160 180 200
time [min]
15  DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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DTU
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>
>

Heat Pump Booster Configurations in Novel District Heating Networks

« Evaluation of configurations with focus on practical considerations.

— Only the best configurations are taken from the ‘basic’ evaluation

Variable Assumption

Pinch temperature in Tap-water HEX (Quax=32 kW) 8 [K]
Initially assumed forward temperature of DH network 40 [°C]
Initially assumed return temperature of DH network 22 [°C]
Refrigerant R134a
Isentropic efficiency of compressor 0.5 [/]
HEX pinch temperature difference in both Condenser and Evaporator 2.5 [K]
Hot tap water 45 [C]
Tap water in 10 [°C]
Minimum temperature if water stored on secondary side 58 [°C]

16 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
(11
>
>
>

Configuration A

DH Tap
n m out
T
pH \) ®
out mn
Variant Vou Condenser P Heat pump Water Volume Exergetic eff.
[m3/h] [kw] [kw] COP [/] [m?] [7]
A 0.107 0.89 0.157 5.62 0.118 0.44
Volumeflow of 80/40 system during 32 kW peak (without storage): 0,7 [m3/h]
17 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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DTU
>
>
>
Configuration B
DH
. Taj
in /aN out
U Tap
DH in
out
Variant Vou Condenser P Heat pump Water Volume Exergetic eff.
[m3/h] [kwW] [kw] COP [/] [m3] [/]
B 0.059 0.89 0.252 3.52 0.118 0.38
18 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
DTU
i
>
>
Configuration C
DH Tap
in out
Tap
OH in
out
Variant Vpu Condenser P Heat pump Water Volume Exergetic eff.
[m3/h] [kw] [kw] COP [/] [L1 [/1
C 0.105 1.02 0.193 5.26 0.086 0.40
19 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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DTU
>
>
>
Comparison of investigated configurations
Variant Vou Condenser P Heat pump Water Volume Exergetic eff.
[m3/h] [kw] [kwW] COP [/] [m°] [/1
A 0.107 0.89 0.157 5.62 0.118 0.44
0.059 0.89 0.252 3.52 0.118 0.38
(o] 0.105 1.02 0.193 5.26 0.086 0.40
0.7 07
- 06 = 06
> 3
g os g 05
: s
o o4 £ o4
3 4
2 g
L% 03 w 3]
0. 02 - B s . n
] 2 3 4 6 01 02 03 04 05 06 07 08 09
ATpinc Heat Pump HEX [K] Isentropic efficiency of compressor nis [/}
Impact of pinch temperature difference in evaporator Impact of variable isentropic efficiency on the 3
and condenser on the 3 proposed configurations. proposed configurations
20 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012

>
>
>
Variable Temperature levels of DH-network - Supply temperature
02 2

£

B

= 20

Eots

H g

c = 15

x g

0 o1 g

g o

2 005 5

£

3

o

> 0

30 35 40 45 50 30
Temperature DH Forward [C]
Required volume flow of hot DH stream with Relation between electricity consumption and
variable forward DH temperature. product with variable forward DH temperature
21 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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>
Variable Temperature levels of DH-network - Return temperature
o 5
£ /
Sozs 5 1
.g 1
2 e S
T g
0015 g
§ 01 Z% ° v 7
3 R SN
B 5 [ —
£ 0,05] ——
3
3
15 20 25 30 35 15 20 25 30 35
Temperature DH Return [C] Temperature DH Return [C]
Required volume flow of hot DH stream with Relation between electricity consumption and
variable forward DH temperature. product with variable return DH temperature
22 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
DTU
>
>
>
Variable Temperature levels of DH-network — Exergetic evaluation
07 07
06 06
= =
3 Iy
5% 5 05
g 2 e
8 04 s 04 N,
ko ©
< <
3 03 8 o3
02 02
30 35 40 45 50 15 20 25 30 35
Temperature DH Forward [C] Temperature DH Return [C]
Required volume flow of hot DH stream with Relation between electricity consumption and
variable forward DH temperature. product with variable forward DH temperature
23 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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>
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>

Variable Temperature levels of DH-network — Constant temperature

difference between supply and return

0,7
— 06 -
=
2
%’ 05 i N
5 // ,a;feﬁzx/*’*/x'*
£ o4 P
o S - T
@ [l - Aw:::rw
[ S M

]

35 40 45 50
Temperature DH Forward [C]
Exergetic efficiency of the individual configurations with constant temperature
difference between forward and return line of the district heating network.

24 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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>

Variable Temperature levels of DH-network — Constant temperature
difference between supply and return

0,7
0.6 -
=
=
3
2
2 05
o
£
[
K
2 04
=
Q
>
w03 ——C (Sscondany)
0.2
35 50

40 45
Temperature DH Forward [C]

Exergetic efficiency of the individual configurations with constant temperature
difference between forward and return line of the district heating network.

25  DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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Variable Temperature levels of DH-network — Constant temperature

difference between supply and return

0,7 T T

nu of heat pump [/]
0,6+ nu including network [/] i

0,5} e

04} 1

Exergetic efficiency [/]

30 50

35 40 45
Temperature DH Forward [C]
Exergetic efficiency of the individual configurations with constant temperature

difference between forward and return line of the district heating network —
with heat losses in the network

26 DTU Mechanical Engineering, Technical University of Denmark

22 May 2012

i

Practical barriers in development & of the heat pump

* Requirements for the heat pump unit
— Easy integration in the district heating system
— Robust design
— Increased energy efficiency (not further specified)
— Better economy in the combined DH-network

— Natural refrigerant

— High COP
— Small size

27  DTU Mechanical Engineering, Technical University of Denmark

22 May 2012

Mms
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=
—
=

M

Five heat pump units as demonstration

Assuming isentropic efficiency 0.5:

Variant Vou Condenser P Heat pump Water Volume Exergetic eff.
[m3/h] [kw] [kwW] COP [/] [m3] [/1
A 0.107 0.89 0.157 5.62 0.118 0.44

« In reality (R600a):

07, —— — L L - 10
8
0,6-
=
6 2
T
2 05 «
2
4 3
¢
04+ Pressure Ratio a
s (SECOP) 2
s (Tecumseh)
i (BOGK)
03 g L [4
15 10 [ 5 10 15 20
tevap [C]
28 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012

=
—
=

M

Experimental investigations

29 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012
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=
—
=

"

Conclusion

« Investigation of heat pumps implementations in Low Temperature District Heating
were supply is between 32 [°C] and 52 [°C]

« 5 different configurations have been investigated in the initial analysis of the system
— Second-law efficiency between 20-30 %
— Traditional solution more efficient, but only from DH-station and forward
— HP on primary side most efficient, secondary side OK with preheating or R744

« 3 configurations were evaluated in further analysis
— Second law efficiency between 30-60 % in the in-house installations
— Primary side solution most efficient

— Volume flow rates acceptable for all cases using stratified tank

« Experimental setup being tested in Aarhus, Refrigerant: R600a

30 DTU Mechanical Engineering, Technical University of Denmark 22 May 2012

=
—
=

i

Heat Pump Booster Configurations in Novel District
Heating Networks
Thermodynamic and exergetic evaluation

Torben Ommen and Brian Elmegaard
DTU Mechanical Engineering

EUDP-project W
A e+ Qf Oe”=

(Ev")"=q-pAv 800 ——{2.7182818284

) X ’>>,

DTU Mechanical Engineering

partment echanica ee
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3.9 Application of Industrial Heat Pumps

'Svend V. Pedersen| (svp @teknologisk.dk))
DTI [Table

DANISH
TECHNOLOGICAL

Application of Industrial Heat Pumps INSTITUTE
IEA Heat Pump Program Annex 35

Svend V. Pedersen
Refrigeration and Heat Pump Technology
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Contents

m Description of the project; Objectives/Participants

= Contents of the project:

Task 1: Market overview, barriers for application

Task 2: Modeling calculation and economic
models

Task 3: Technology high-temperature heat
pumps, process technological integration,
refrigerants

Task 4: Application and monitoring, easy to install
standard solutions, operating experience
energy effects

Task 5: Communication
awareness of potential (policy paper)
internet, database , training.

DANISH
TECHNOLOGICAL
INSTITUTE

Objectives of the Annex

Based on task-sharing activities:

m Gathering information from experience in running projects.

m Setting up and monitoring demonstration projects or field experiments.

m Publishing and evaluating the results as an information source.

m Giving guidelines to new developments and starting of new (collective)
projects.

m Holding regular workshops.

Duration:
B Starts 2010 and ends in 2013.
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Participants

= Austria TU Graz, AIT Austrian Institute of Technology

= Canada Canmet Energy, Hydro-Quebec Research Institute Laboratoire
des technologies de I'énergie (LTE)

= Germany Information Centre on Heat Pumps and Refrigeration IZW e.V.
Institut fur Energiewirtschaft & Rationelle Energieverwendung IER,
Universitat Stuttgart, Thermea.energiesysteme GmbH, Freital, Vilter
Emmerson

= Netherlands ECN Efficiency & Infrastructure

= France Program Research and Innovation of ECLEER-Industry EDF-R&D-
ECLEER

= Japan Heat Pump & Thermal Storage Technology Center of Japan,
Technical Research Department

= South Korea Solar Thermal and Geothermal Research Center New and
Renewable Energy Research Department Korea, Institute of Energy
Research

= Sweden SP Technical Research Institute of Sweden, Energy Technology,
KTH Royal Institute of Technology, Chalmers University

= Switzerland KWT Kélte Warmetechnik AG, Viessmann Group, Ecole
Polytechnique Fédérale de Lausanne (EPFL), Laboratoire d'Energétique
Industrielle (LENI),

= Denmark Danish Technological Institute, Advansor, Grontmij Carl Bro,
Cool Partners

DANISH

TECHNOLOGICAL
INSTITUTE

Annex - Definition “Industrial Heat Pumps”

= Heat pumps in the medium and high power ranges that can
be used not only for heat recovery in industrial processes but
also for heating, cooling and air-conditioning in commercial,
and industrial buildings as well as in district heating.
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Task 1: Market overview

= Country reports on:

m Overview of the energy situation in participating countries
m Overview of energy use in segments of industries in participating

countries

m Overview of the energy use for heating and cooling in industrial,
commercial and large residential buildings.

Task 1: Market overview, Potentials

Final Energy Consumption
-EU 27- by Sector (2007)

Senices, etc. _
13%

‘ Industry

Agriculture _ 28%

2%

Households
25%

Transport
32%

EU27 final energy consumption by sectors
2007 (Mtoe)

DANISH
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EU27 CO, Emissions by sector 2007 (Mt)

Agriculture,
Forestry,
Fisheries

1,7%

Other
1,0%

Commercial

/ Institutional Energy
3,9% N
Industries
Residential 38,2%
9,9%
Transport
23,1%
Industry
22,3%
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Energy use in the Danish manufacturing industry based on
processes '?'EAg':flr(‘)LOGICAI.
m Boiler and pipelosses 'NST/TUTE
m Preheating and boiling
W Drying
M Evaporation & concentration
M Destillation
M Burning/Sintering
® Melting/Casting
W Heat up to 150 °C
¥ Heat above 150 °C
M Transport
W Lightning
W Pumping
m Refrigeration/frezing
® Fans and blowers
Compressed air and proces air
m Cutting/separating
m Mixing
Other electrical motors
Computers and electronics
Other electrical users

Space heating
Source: Kortlaegning af erhvervslivets energiforbrug, November 2008, Energistyrelsen

- - DANISH
Task 1: Market overview, Barriers TECHNOLOGICAL
= Profitability; Minimum 3000
COP at 2,3 before positive 25,00
return compared to gas.
20,00
= Focus on reutilization for 3
y R g
space heating; Danish g 15,00 B
energy tax system is a big " 1000 -
challenge. ’ T
5,00
= Knowledge: Lack of
knowledge and experience 0,00
also constitutes a challenge 2008 2010 2015 2020 2025 2030
in the industry_ ww0il Euro/G) «=———GasEuro/G) - Coal Euro/G) = Power Euro/GJ
= Focus on product not
energy: The manufacturers Source 2008 2010 101_51 2020 zoz_s] 2030
are havmg focus on Fhe“’ Oil Euro/GJ 11,42 9,25 11,57 13,18 14,24 15,32
product, the energy is not
their main focus. iGas uro/G) | 671 55 7,73 883 959 1033
Coal uro/GJ 3,29 2,87 2,82 3,19 3,30 3,38
Power uro/GJ 16,86 17,6 21,76 23,22 23,96|
Power/gas
ratio 0,00 3,04 2,2 2,47 2,42 2,32
Source: IEA fuel predictions ,World Energy Outlook 2008
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Task 1: Market overview, Drivers TNeTiToTe Cleat
1900
== Projections from 2007 business
18504 |= = Projections from 2009 as
8 —— 20% Energy saving objective
£ 18004 usual
]
g 17501
§
2 17001 — 1678 Mtoe Status
s T —_——— T T T T = toda
3 1650 - Y
$ 1600 T 5
g GAP:
E 1550 - {
o e H
T~ 1474 Mtce}
1500 Tteel_ i -20%
i objective
1450
1400 :
2005 2010 2015 2020
Source: European commission
Task 1: Market overview, Drivers DANISH
TECHNOLOGICAL
INSTITUTE
Political:

= EU : Energy Efficiency Directive will lead to:
+ Waste heat recovery (CHP) obligation for new and existing power
& industrial plants
+ Network tariffs design to encourage offering services for
consumers allowing them to save energy & control consumption
+ Member States to create incentives for SMEs and large companies
to undergo energy audits.
MEETING ALL THREE “20-20-20 BY 2020” GOALS BECOMES A
MATTER OF URGENCY

Reduce greenhouse  Increase share of Reduce energy
gas levels by 20% renewables to 20% consumption by 20%
c - - 100%
urrent Current
trend to - 20% trendto - 1 O%
2020, 2020

5 I 20
v v X
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Task 2: Modeling calculation and economic models xsiior

m Make SWOT analyses of available software and calculation
procedures for application for different sectors.

= Analyze and update of existing models from Annex 21, where does
the heat pump fit and how does it fit.

m Use the analyses of tools and findings of task 1 to determine the
gaps, needs and possibilities for new model development.

= Examine the possibilities to make software available.

DANISH

TECHNOLOGICAL
INSTITUTE

Software Tools

Tools for process integration

Tools for balancing and flow sheeting simulation

Tools for general purpose optimization and process synthesis
Novel Tools

Future trends
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Recovery sources and Heating loads
Process Heat
Drying Process
Space Heating

Industrial Heat Pump

Evaporator

Waste Heat

Vapor Condensing

Cooling Tower

Ground-Air-Water

DANISH
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Task 2: Modeling calculation and economic

models '
= Map energy demands/flows (loads of heating & cooling) in the processes
= Map operation times and time of day/week

= Calculate average demands

m  Map operation times and time of week

= Identify heat recovery possibilities at “average” demands (Pinch analysis)
= Check the opportunity for heat recovery taking time into account

m Check the opportunity for heat recovery using storages

m  Check the possibility to implement heat pump in the production

m Check the physical possibilities taking place and distances into account.

DANISH
TECHNOLOGICAL

NSTITUTE

— - Cold Utility Heat Recovery Hot Utility
\ Validation requirements / Energy Management \ n w
380, fort steam
— T i condensation
\ Optimization of processes and utilities \ i
Seor Wort stéam
\ Heat recovery on discharges | — ™~ Svaporgtion
o 7 Method \  E
C _Energy Au@]{,) 1. Collect heat: heat exchangers| | Pinch / £ aclaurizlion
—r = . e §.320 devicemain ' coiq seams
2. Synchronization sources and requirements || g H soaking bath | —_ pot streams
Heat storage 12 300-Fermentafion
iientT | L .
3. Adjust the temperature level sources / requirements; 2807 Pinch
Heat pumps '
. _ 2o 1000 2000 3000 4000 5000
4. Economic A 1t of the recovery chain| Heat Load [kW]
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Implementatlon of heat pumps in processes INSTITUTE
Energy consumption Energy consumption
utilities utilities
Heat Pump
Industrial process Industrial process
Waste heat - Waste heat ‘
| Cooling tower | | Cooling tower ‘
Natural environment Natural environment
Example Bonduelle France “Canned vegetables” DANISH
TECHNOLOGICAL
INSTITUTE
Blancher Blancher
of of
vegetables vegetables
Q1 =2215kW
Water or o
93°C steam T " 9c
120°C HP Evaporator
COP: 63 —#" 85°C Recovery
Electricity o
W=35kW HP
Co T 183 kW
L liquid - | Liqud
35°C waste 55°C -
Réfo&ry
Fresh Fresh exchanger
water Water 673 kW
26°C 26°C
20 m¥h 20mw’h
Conventional recovery Optimized recovery

239



3 Presentations

Task 3: Technology: High temperature heat

pumps, process technological integration, TecHNoLOGICAL
. INSTITUTE
refrigerants

Heat pump closed compression cycles
Processes, different characteristics, different applications?

= Traditional refrigeration cycles (NH3) <100°C
*Cold side: Evaporation: No glide
eHot side: Condensation: No glide
e Researc/Projects going on in : Norway, Denmark, Sweden
eCompanies: JCI, GEA, Thermea and more

m  Traditional refrigeration cycles (HC Propane/Isubutane <100?+§a?5mk
*Cold side: Evaporation: No glide
eHot side: Condensation: No glide
* Researc/Projects going on in : Denmark, Germany
eCompanies: JCI, Bundgaard, and more

Q
g

Candenser

Cormpressor

mTraditional refrigeration cycles (R245fa <140°C)
*Cold side: Evaporation: No glide
eHot side: Condensation: No glide
eResearc/Projects going on in : France
eCompanies: EDF, JCI France, CIAT

Expansion
device

Heat source

DANISH
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Technology: High temperature heat pumps, process
technological integration, refrigerants

Heat pump closed compression cycles
Processes, different characteristics, different applications?

= Transcritical CO2 <130°C
e Cold side: Evaporation: No glide
¢ Hot side: Gas cooling: Glide
* Researc/Projects going on in : Norway, Denmark, Germany, Italy
e Companies: Advansor, Thermea,

Absorption-compression hybrid Absorber Varmt
40 -65°C 70-130°C vann

= Hybrid (H20 / NH3) <250°C
¢ Cold side: Evaporation: Glide
* Hot side: Condensation: Glide

e Researc/Projects going on in : Kompresso L:ﬁﬁ:gs
Norway, Denmark, Korea Strupe-
e Companies: Hybrid, IM ventil
e e e — ——
Kjolt- 20-40°C Desorber “o-e0%c Spill-
vann . varme
Hybridengrgy
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Technology: High temperature heat pumps, process oanisu

TECHNOLOGICAL

technological integration, refrigerants INSTITUTE

Mechanical vapour recompression (MVR)
= Water Vapour <250°C
*Cold side: Evaporation: No glide
eHot side: Condensation: No glide
* Researc/Projects going on in : Denmark, Japan, Germany
e Companies: DTI, JCI, Kobelco

Drying process Drying process

DANISH
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Conclusion

m There is a large potential for implementing industrial heat pumps
The main barriers are economical, and fossile fuel prices, tax
structure.

The drivers are political driven the 20-20-20 targets.

Structured energy audits are essential for a good implementation
Heat exchange before implementation of heat pumps

Technology are available

The right right technology, depends on the proces.
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Thank you for your attention

Go back to the [fable of contents Al or to the fimetable a
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3.10 Refrigerant Flow in Vertical Pipes

Lars Reinholdt (/re @teknologisk.dk)
DTI [Table of conten
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REFRIGERANT FLOW IN VERTICAL PIPES e

Lars Reinholdt
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Content

= Why two phase flow in vertical piping?
m Theory

= Experiments

m Challenges in designing “riser” systems
= Other solutions

= Conclusions

DANISH
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Why two phase flow in vertical piping?

Flooded evaporators!!!

Why not DX:

= Higher evaporating temperature: Traditional DX evaporators need
superheating of the return gas resulting in a lower evaporating
temperature

= Ammonia is quite difficult to control in DX operation

= Higher heat transfer coefficient more even temperature distribution

Challenge:

m Liquid over feed results in wet discharge gas form the evaporator

= Traditionally liquid and gas is separated in the plant room: The liquid
overfeed has to be returned along with the return gas

m Result: Wet return lines
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Typical industrial system design:

Two Stage Ammonia

Ammonia pump
circulation

o
©

DANISH
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Wet return line

= As long as the wet return line is lower and inclined in the direction of
the separator the design is not that difficult

= This solution is in far most cases not practical

= Normally the return line is on the roof having the evaporators
several metes below...

= We need a vertical piping serving the transportation of two phase
mix of liquid and vapor: The RISER
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Theory

Flow patterns

= Horizontal piping

) Intermitiestly ory r———
Single | Bubbly _ Plug Slug Wavy
phase " flow' — flow Tlow Tlow Annular flow - "]
liquia

= Vertical piping

Churn Wispy-Annular  Annular

DANISH
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Theory

= General formulation

AP = APyray + APpric + APycee

= Redusing to

AP = APyray + DPryic

246




3.10 Refrigerant Flow in Vertical Pipes

>

DANISH
TECHNOLOGICAL
INSTITUTE
Theory
Keeping the pipe size the
same: 2.0 -
1.8 - DIN150
= At low gas flow: = e GVt
Gravitional pressure drop 1.6 -
dominating E == Friction
1.4 1
= At high gas flow: = 1 3 ~——Total
Frictional pressure drop E <3
dominating S 10
= ]
5 0.8 ] \
S 06 -
® 04 —
4 — =T
0.2 4
3 =
0O 10 20 30 40 50 60 70 80 90 100
u, [m/s]
>
DANISH
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Modelling
Two phase flow
= Model for the void fraction
= Model for the pressure drop
From a design point of view:
= Identification of minimum pressure drop: %6
Flow reversal s L |DINISO

16
14
12
1.0

0.8
0.6

L~
04 ——

0.2
0.0

~+—Total

——

dp/dz [kPa/m]

0 10 20 30 40 50 60 70 80 90 100
ug [m/s]
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Flow reversal

Two models

m  Wallis (air/water in small tubes)

m Pushkin and Sorokin (6 to 399 mm tubes)
DANISH
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Flow reversal

Wallis v =u Pg ~1
9 79T g d (pr— pg)

= Flow reversal at ujq =1.06 to 1.12

45 4
20 \ R717
35 \‘\
= 30 °
= E L ——DIN 150
E S S
§2° E \\\ ——DIN 100
¥ \\ ~==DIN 50
10
5
0 - .
-40 -30 -20 -10 0
Tiluid [oc]
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Flow reversal
Pushkin and Sorokin
= Found flow reversal at Kutatelatze no Ku = 3.2
-0.25
Ku = Ug,rev pg [ga(pl pg)] =32
18 4
R717
16 }
14 \
- 12 3
€ ]
e 10 E ~
I \.
=° 1
6
4
2 1
O 3
-40 -30 -20 -10 0
Thuia [°C]
DANISH
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Flow reversal
The two models: Large difference depending on pipe size

——DIN 150
——DIN 100
~—DINS0

20
Thaia [°C]

= Wallis and Kuo developed:
D*'=d

1
g (p=py)?
[

= ..and suggest

Wallis at D* < 10.24 and Pushkin and Sorokin at D* >= 10.24
For DN 50 (2”) : D* ~ 25

Models based on air / water experiments...
= Valid for Ammonia ????
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Does the pressure drop matter?

390 0] P

o

5 Pressure ratio: 4651

RI1L
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1800 2250

h[kJikg]
Osar {0107) 11 h [kJrke P[kPa] T[C] sfkskakK] X
1 1441 2144 1726 5862
2 1757 1003 130,1
3 1757 1003 130,1
4 3175 1003 25
8 3175 2144 1726 0,149
6 121 2144 -17,26
7 12 2144 1726
9 8 121 2168 17,26
9 562 2168 -7 03333
10 97 2144 1726 0334
M«..-E(WII 1 2144 -17,26
DANISH
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Pressure drop
0
-5 -
=== Evaporation Temperature
-10 7
15 == Separator tank temperature
/il
Q' -20
e d
® 25 /
S
2 /
© -30 /
& /
o -35 7
§ 40 /
& -40 /
-45
-50
-55
45 40 -35 -30 -25 -20 -15 -10 5 0

Temperature [°C]
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Experiments

ASHRAE funded research work (RP 1327)

Identify flow reversal and measure pressure drop:

= Pipe size: 50mm (2”), 100 mm (4”) and 150 mm (6")

m Temperatures: -40°C (-40°F), -29°C (-20°F), -18°C (0°F) and -6°C (20°F)

m Circulation rates: 2, 3, 4, 5 and 10

Test rig

g Tname
1 Joses
ER—cT
13 olia Fus Existing R744
e igs Lyan refrigeration plant
5 Joges
m.h3 e
‘e tm_nh3 v
5 lginns
15 tinss
110 o
1 owns
12 Csen
117 lrgin
115 gou
124 pmixo Existing R717
E | refigeration plant
J

Teknologisk Institut
RISER TEST, ASHRAE

[ilights reserved; No par of s [fogn. v Skala _Revison _pato
information or design of drawings T T Rev: 15 | 2000111
may be reproduced, without the. - -

prior written permission of the 06.0001 _init: | Rev.:14 | 20/12-10
Danish Institute LRE | Rev.
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: §$.
i hln

_

osition of Hansen bypass valve

X -

e
|

Electrical motor
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Liquid flow measuring system

DANISH

TEFUMALARICAL

| WS A !

Liquid mass flow and temperature
FT -6

—

T g[/f’

ssure
3

-‘l

Liquid p
PT
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3.10 Refrigerant Flow in Vertical Pipes

Gas flow measuring system

DANI
Volume gas flow
FT 23

SH
TEFUMALARICAL
/

o

7 /8
- | I

) PR E—— -
Gas flow
regulating valve J = -—— Gas pressure -—32
V-2 ™
! PTI-5 \

Pos for extra %2” gas )
mass flow meter

y—

Gas flow
regulating valve
V-51

Gas flow measuring system incl. orifice

DANISH
TECHNOLOGICAL
TE
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Differential
pressure

1l

’.l ' Visualization
vessel
! 13

Temp out
mixer
T

Riser inlet
pressure
Pt1-8

Sight glass
E-14
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Results
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Visualizations >

DANISH
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Challenges in designing “riser” systems

= Part load

= Change in load

2.0
1.8
16 ]
14 7
1.2
1.0 4
0.8
0.6

0.4
0.2 ] ;
0.0 iy —

0 10 20 30 40 50 60 70 80 90 100
ug [m/s]

= Sudden change in pressure DIN150

== Gravity
=== Friction

Total

dp/dz [kPa/m]
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Other solutions
= Why the riser???
m Due to the evaporator not the system

= Can we make a dry return and still overfeeding the evaporator?

= YES!

Ea
Low Pressure Receiver (LPR) . DANISH

TECHNOLOGICAL
INSTITUTE

AIR COOLER

= Traditional design COMPRESSOR

SURGE DRUM

. L ]

= LPR

AIR COOLER

— T

LOW PRESSURE RECEIVER

256




3.10 Refrigerant Flow in Vertical Pipes

Local separation

CO2 used
as brine

D

\V4
/\

Refrigerant pump
Speed controlled

DANISH
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R717 dry suction

pinbij ainssaid YBIH 2124

<
<

7
N/

-
sy

Local separation

= Self circulating

= Pump

m  Ejector

DANISH
TECHNOLOGICAL
INSTITUTE
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Local separation

= Dry return + pumped return of liquid

R717 dry suction

Refrigerant pump
Speed controlled

O

pinby aanssaid yBIH 212y

DANISH
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Frigoscandia LVS
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Selfregulating system by L. Zimmermann

= Compressor (16)
= Condenser (15)
= Heat sensitive valve (17) L
= Receiver (19)
= Pressure sensitive valve (20)
= Evaporator (13)
= Heat exchanger (18)
S N
13
N
DANISH
TECHNOLOGICAL
INSTITUTE
Conclusion

m Flooding of evaporators are often beneficial

= In traditionally designed (industrial) systems wet return is widely
used and risers are needed

= The design is not strait forward as flow reversal can happen

= A minimum pressure drop is required in order to have a stable liquid
return

m Pressure drops has an impact on the system efficiency especially at
low evaporating temperatures

= The correlations / mathmatical models used for design is being
verified

= Other system design having both flooded evaporators and dry return
is available

Go back to the [fable of confents 4l or to the [fimefable al
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3.11 Cooling Towers of the Future

[Peter Schneider| (psc @teknologisk.dk))
DTI

COOLING TOWERS OF THE FUTURE o Hifucn

Advances in Refrigeration and Heat
Pump Technology May 2012 DTU

Refrigeration & Heat Pump Technology
Technology Manager
Peter Schneider

Tel.: 72201279
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Outline

« Cooling tower theory

« Objectives of the project

* Presentation of the project participants
« Design of the cooling tower

« Testrig and measurements

Calculation program

» Energy savings
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What is a cooling tower? INSTITUTE

Air out
Tao

D%

Water in
Mw, Two
-

2528
S

s

3
s

s

%
e

5

&

s

B2

8

Air

Tai
Twb

N 7

Water out
Two

A cooling tower is device which
rejects waste heat to the atmosphere
by cooling hot water to a lower
temperature.

The type of heat rejection in a cooling
tower is termed "evaporative".

A small portion of the water is
evaporated into the moving air stream
to provide cooling to the rest of that
water stream.

The heat from the water stream
transferred to the air stream increases
the temperature of the air and its
relative humidity to 100% and that air
is discharged to the atmosphere.

Existing cooling towers

DANISH
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Diffusor

Fillings

Air intake

Water reservoir
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Cooling tower theory TECHNOLOGICAL

INSTITUTE

The heat transferred from the hot water to the cold air is a combination
of mass and heat transfer. The two can be combined by using enthalpy as
driving potential between the water and air (Water as saturated air (r=1)
on the surface of the fillings).

Equation for heat transferred in a cooling tower

dQ= K*dA*(hwater'hair)

K: Mass transfer coefficient (U-value in a HX)

A Heat transfer area

Nyater-Nair * I(Erlst_?glpy gi)f(f)erence between water and air
ina

Heat balance : Q=Lw*pr*(Twi_Two)=Gair*(hair0_hairi)
eller
Naire=hairi+L/G*Cpy * (Tyi-Two) , Operation line

Enthalpy

DANISH
Enthalpi TECHNOLOGICAL
A INSTITUTE

Temperatures: Twi; Two and Twb fixed
L fixed

L=mass flow water
G=mass flow air

Temperature

* The slope of the operating line is L/G

* The driving potential dH (DT i a HX) changes with the L/G ratio
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Merkel number, named after Dr. Merkel DANISH AL
INSTITUTE
Me:J‘pr‘DTW _ -A
hw_hair L

Left side of equation is dependant on Twi, Two, Twb and LG

Right side of equation is dependant on the fillings : Mass transfer coefficient and
the L/G ratio

The characteristic of the cooling tower tower filling is described as:

C and M are constants for the cooling tower filling in question.

Typical values: M=-0.6 to -0.8
C=1to3

The driving potential DH changes through the tower and the overall DH is PechmLOGICAL

calculated by integration in small steps through the tower INSTITUTE

™Wucw . DTw
Me = f Cw:DTw

S -y
1
. N y.
150 Drivende Potentiale //
\\
) p
5 Y
~ A
= 100
k]
»
L

Operation line

[Two Taico |

10 15 20 25 30 35 40 45
Tair [OC]
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Easier way to calculate the integral .
1 'lI?EAg':Nr(‘)LOGICAI.
INSTITUTE
hw - ha \

1
Tw—ha Ved Twos0,1°CR

1
T —ha Ved Twor0.41CR

1
Tw—ha Ved Twor06CR

1
Tw—ha Ved Twos09CR

LR
“ha ™

Temperatur

Two CR=Twi-Two Twi

No integration — straight forward calculation, deviation < 1% compared to
numerical intearation. Chebvschew nolvnomia

ﬂ”‘“’]: Lid = (6wz - twy) x (01 /Dhy) + (17 Dhy) + (1 / Dhs) + (1 / Dhal] /4
I -ta

where, Dhy = value of (hw - ha) at a temperature of CWT + 0.1 x Range
Dh; = value of (hw - ha) at a temperature of CWT + 0.4 x Range
Dh; = value of (hw - ha) at a temperature of CWT + 0.6 x Range
Dhg = value of (hw - ha) at a temperature of CWT + 0.9 x Range

Cooling tower fillings and capacity curves FecHNoLoGIcAL
The following equation describes the 107 ———
cooling tower filling: [ Tpei0C | Tcd0'C Tuosse
AP G i I
M 1 ~Ty=25°C. | .
Me=C- (5) =—== H
. \\:g..\.w. |

C and M are constants for the cooling
tower filling in question.

Typical values: M=-0.6 to -0.8
C=1to3 10

01 1 5
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Why is a cooling tower energy efficient ? TECHNOLOGICAL

INSTITUTE

Air temperature differens dry-wet acc. to. Test Reference Year TRY

WY T V1A 10 P
Il T T TR

tdry - twet [K]

Whole year from january to december

* The dry temperature is higher than the wet temperature
* Adry cooler sees the dry temperature
» Acooling tower sees the wet temperature

+ Lower condensing temperature for a refrigeration plant with
cooling tower => energy savings ( more about that later )

DANISH

Objectives of the project TECHNOLOGICAL

INSTITUTE

m To develop a cooling tower that is safe with regard to health
and that uses rainwater as make-up water

m To substitute dry cooler with cooling towers
m To develop a competitive cooling tower
+ In terms of price and performance
m To prepare a design programme for the new cooling tower

m To prepare a calculation programme in order to select a dry
cooler or a cooling tower and calculate energy savings
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Project participants

+ Danish Technological Institute
Refrigeration and Heat Pump Technology, Project manager

» Vestas Aircoil A/S - Producer of cooling towers
+ MultiWing A/S - Fan producer

« Silhorko A/S - Water treatment

» Nyrup Plast A/S - Rainwater tanks

+ Rambgll A/S - Calculation program

» Municipality of Skive - End-user

Project funded by Elforsk project no. 341-026
2009-2011

DANISH

The principles of the new cooling tower TnstmoTe oAt

Water film

The concept has showed that no droplets are carried with the air

If the water film is turbulent, waves are created and it is possible that
droplets can be created
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DANISH
Studies of the air side, CFD Instinore A
Dimensions of plates:
Width: 2 m
Length: 2 m
Height: 2 m

Number of plates: 20
Slope of plate: 5°

Air inlet velocity: 5 m/s
Fan rotations: 400 rpm

UMagnitude
9
6

4

i:
0

Calculated pressure drop oanisw

INSTITUTE
Prormidger = -59 Pa

Petermidger = 73 Pa

—
— P
x T
/ 60
mb" ) !;go

Pridger = 73 Pa Pridger = 120 Pa

Y 3
[-600
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DANISH

S|
Measured velocity profile InsTimoTe oA

2,271
2,394
2,517
2,64

2,763
2,886
3,009
3,132
3,255
3,378
3,501

y-akse

x akse

DANISH

Simulated velocity plot TECHNOLOGICAL

INSTITUTE

269



3 Presentations

DANISH

Simulation of airflow across trays Instinore A

Design audit 1: Ap = 18 Pa
Design audit 2: Ap = 35 Pa

DANISH

Discharge trays Tnstore A
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DANISH

Choice of fan TNeTiToTE CleAt

Static Pres [Pa] Power [KA]
800 8
Efficiency %
700 \ R
40° - 50
600 4 mmm 55
- 50
500 2 w65
>70
400 o
300
200 —
100 //
Airflow [m3/s]
0 \ 400
0 2 4 3 8 10 12 14

On the basis of CFD calculations, a fan from MultiWing was
chosen with an airflow of 10 m3/s and a static drop of pressure
across the plates of 250 Pa.

DANISH
TECHNOLOGICAL

Measurement setup for determination of INSTITUTE
plate characteristic

g

Mai = 1,425 [kgls] 3
?  oamp

(D14l o @
0 = )

42

Rn =08l Qu=1046 kW]
Ty =1514[C] DPcnanne: = 8,195 [Pa]
Xqie; =0,008737
—

M, =0,005492 [kgls]

)

Varme!
kulde
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Films about water
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Test Matrix

Water temperture | Air veleocity | Masseflow
water/plate
[kg/s]

DANISH
TECHNOLOGICAL
INSTITUTE
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DANISH

Plate characteristic at 3 angles of inclination itttz e
T 1
: —— ; ‘
| . Me=0,105422.LG 726084
| 0633881
. o1 LT ! |
= s = e
g0 = 2
T —
T T 0,01
Inclination angle 4° | t inclination angle 7° E
’ L1 | [ o001 L1l P
01 1 6 01 1 6
e [ L1
1I T
[ ;
| I
' i
! 109404-LG 28
= kL
2 o -
Inclination angle 10° N
001 L] [ [ 1
0.1 1 6
LG
- - - DANISH
Distribution of water on plates INsTioTE At

Not included in the presentation as it has not been implemented on
the cooling tower, but it shows that it is possible to make a plate that
actively gives good distribution of the water.

In the long run, the below surfaces could be used for good liquid distribution.
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The design basis had been determined and Vestas Aircoil
started building the prototype.

And it wasn’t easy! Water distribution - tolerances - plastic
plates - stainless steel plates etc.

Pictures from the production of the
prototype DANISH

TECHNOLOGICAL
INSTITUTE
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DANISH

TECHNOLOGICAL

Measurement setup INSTITUTE

Processwater

DANISH

Measurement programme Tnstore A

Water Air velocity Mass flow per plate
temperature [m/s] [kg/s]
Twi [°C]
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Pictures of the prototype Cooling Tower

DANISH
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BN dfdrreed e

DANISH

Plate characteristic and performance TheNOrcleat

INSTITUTE

100

Aée

=0,224006-LG™

g

To1 02 05

LG[]

Correlation for the Merkel number

Me = 0,22*LG 067

10

0 25 75 100

50
Qmeas [kvv]
Comparison between correlated and
measured capacity . Deviation <15 %

Capacity measured on the waterside
Q=m*Cp*DT
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Drop of pressure INSTITUTE
250
200
—_ T 150
g &
[ o
< < 100
50
0
0 5 10 15 20 25 30 35 40 0 2 4 6 8 10

APmeasured [Pa] Vair [m?s]

Vair=Cair, da Aface=1m2

DANISH

TECHNOLOGICAL

Water treatment and bacteria (legionella) growth &0

Growth Operating area for cooling towers M | ni m | Z ation
—= - of bacteria growth
- scaling
- corrosion
| | | | | | -
1 1 - Biofilm
oo % w 7 5 . .
- Cooling towers forbidden in
large cities
Rest Growth Killing
3l
|

Killing

L
=
Mz

Wy

uﬁ QLA]F“

Through softening, the calcium
and magnesium salts in the water
are exchanged for sodium salts
which do not cause the
disadvantages of hard water.

1

ﬁ

e

By using rainwater (soft water), rrsmm————
there is not much need for
softening.
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Legionella problems

Spread from cooling towers from airborne aerosols (d = 1-5 micro meter)

The growth of legionella is in the temperature area, where cooling towers
operate

The legionella bacteria “eats” the nutrients, which are washed out of the air and are
accumulated in the water reservoir of the cooling tower

The water of the cooling tower has to be replaced to avoid the problems above

The cooling tower concept has proven that no aerosols are created for a specific
range of water and air flows

DANISH

TECHNOLOGICAL
Bleed off INSTITUTE
0,45
E
=500 [k!
° 04 Q=500 [kw]
Tw=15[°C]
DODDDPOIOIN> 0,35
0,3
E 0,25
g o2
2 \\\h
0,15 — |
M 0,1
' Rainwater
0,05 . :
0
1 2 3 4 5 6 7 8 9 10
Cycles = xc/xm Cycles

M= Make up water, B= Bleed off, E= Evaporated, D=Drip loss, C= water flow

Because rainwater is soft (no minerals dissolved) the number of
cycles is higher than when normal water is used.
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Collection and accumulation of rainwater TECHNOLOGICAL
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9 il
y

Tiotentis et =i :i ||

. —

Tl offentiig regnvandskloak/ T

Mspade l
Mregn' M_evap B

Calculation programme (LCC, energy, dry cooler, ficmoiwoccs
cooling tower)

The yearly energy consumption for
different types of refrigeration systems

can be calculated in PackCalc II.

In the course of the project, cooling
tower models have been implemented
in PackCalc II so the yearly energy
consumption of a refrigeration system
with cooling tower as heat drain can be
compared with other heat drain
systems (e.g.: Dry cooler).

Condenser

The cooling tower models have been =

&) o

prepared by Vestas Aircoil A/S, Rambgll
and Danish Technological Institute.

It is possible to download Pack

Calculation II from the following

homepage:
http://www.ipu.dk/IPU-Teknologiudvikling/Koele--og-energiteknik/Downloads/PackCalculation.aspx
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geography

- Bleed off

Load profiles, input, refrigeration system,

In the programme the water consumption consists of:

- "recharging loss” is the amount of water that is used
to regenerate the water softener

- Drift loss, the amount that is lost due to splashes.

T r—

[t i s |
Redhg s Gl vl ) 3145
st ftotr pwctof g (5 B

row) 0 0405

"erk e 3]

Selcted rainwater tank size [m3]:

El (o) Cems ]

DANISH
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Rainy day profiles

DANISH
TECHNOLOGICAL
INSTITUTE

For selected rainnater tank:

Yearly raw water consumption [m*3]:
Yearly rechargingloss [m*3):

Yearly rain water consumption [m"3):
Yearly makeup water consumption [m*3]:
Yearly bleed off [m"3):

Yearly evaporated [m"3]:

Yearly windage loss [m~3]:

20

356
607
tiy
4713

-~
in

1

—

Water stored in selected rainwater tank during the year

!

-

in

Volurne [mA3]
oo b ow

e

t=

280




3.11 Cooling Towers of the Future

DANISH
TECHNOLOGICAL
INSTITUTE

Cooling Tomer water consumption a

=]

Cooling tower water consumption | Prices | Percpitation data |
Prices not related to water treatment:
Installaton cost: b 000

Equipment cost: ke ,000

Yearly maintenance cost: ke ,000

These prices should inchude refiigeraton system,
<ooling toner, pumps, fans etc. butrot ranwater

These prices vill be added to the water treatment
prices when returning to the main LCC calculation.

Condenser

Water treatment prices:

Water supply [kr.jm*3]:

Salt for water softener [lv./m*3 softened water]:
Chemicals [kr./m 3 makeup water]:

ool oo

Drainage fee . m"3]:
] Drainage fee incudes only bleed off and recharging loss.
(-e. o fee for evaporated water and windage loss)

Add price.

Save as default

ainwater tank price function (ind. installation):
|From [m~3] To [m~3] Price [kr./m~,
o Do

i Selected rainwater tank size [m~3]: 1

Water
Softener

Raw water
supply

Recharging

Temperature definitions in PackCalc, cooling tower

T_ao

DANISH
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% !

T_wo

T wb

l

Standard preferences
W_fan+W_pump=1.5%*Q_c
Example :

Q_c=500 kW => W_fan+W_pump = 7.5 kW
15% to pump = W_pump=0.15*7.5 =1.1 kW
W_fan = The rest to the fan = 7.5-1.1 =6.4 kW
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Default values, cooling tower

===

Preferences.

[ General [ Curve colors | Calculation |

\ General | Suction side | Condenser \Condenser contral | Free Coolm‘

Standard pump power in percent of total power [%]: 15

[ Air cooled condenser | Dry cooler | Evaparative | Cooing tower | water cooled |

Cooling tower definition:
Fan and pump power at 100% in percent of condenser capacity at 100%: 1 1,5

Dimensioning Liquid/gas ratio [: 2 2
Dimensioning approach, condensing temperature - water in [K]: 3 2
Dimensioning water temperature increase in condenser [K]: 4 10
Dimensioning DT, condensing - wet bulb [K]: 5 18
EYTI

Dimensioning flng constant [: §

Default values

DANISH
TECHNOLOGICAL
INSTITUTE

: Fan and pump power at 100%
in per cent of condenser
capacity at 100%

: LG relation = Mwater/Mair

:DT=T_c-T_wi

: DT_water=T_wi-T_wo

:DT=T_c-T_wb

: M filling constant

Temperatures dry cooler, PackCalc

-

DANISH
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Te
T wo
7_5\

Te
T_wo |
|
T T ai
T_wi
DT= T_c-T_air
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] PacicCaleviation T p — SN
File Options Help INSTITUTE
Do AE D ®
1. Setup systems | 2. Caluate | 3. Economy | 4. Report|
[ adasystem | [ copysystem | [ Delete system | [Rename system |
System 1 (reference) l
@ System configuration | [g Smnside‘ El Discharge side
Condenser type: System 1 E
D) Arr cooled \ Condenser capacity control: \ ¥ Use non-standard dry cooler: 2
@ Dry cocler @ ConstantTe: 30,0 =€ At0 % capacity: At 100 % capacity:
) Evaporative condenser ) Te=Tamb + | oTK = 17,0 oTIK = 17,0
) Codling tower ) Fan runring with compressor(s) QW= 58 Qcw] = 51
) Water cooled
. : Wen )= 3,70
Minimum Te [°C]: 20,0 g:::mwg e
Subcooling [K]: 2,0 condenser Wpump kW] = 0,65
[7] speed controlled fans
[ speed controlled pump.
‘ | Heat recovery
Q_c= Condenser performance
W_fan+W_pump=3% af Q_c=0.03*145.1=4.35
W_pump=15% af 4.35 kW=0.65 kW
W_fan=4.35-0.65= 3.7 kW
DANISH
. . N TECHNOLOGICAL
e Air-cooled condenser with constant condensation temperature INSTITUTE
of 35°C for the entire year

Air-cooled condenser, where the condensation temperature follows
the ambient temperature +9 °C

Air-cooled condenser that emits heat in an air-cooled dry cooler.
DT=T_c-T_air=9°K

Water-cooled condenser that emits heat in a cooling tower.
DT=T_c-T_wb=9°K
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. Load profile INSTITUTE

TG oe oo om oe o om oo oe B0 Bo oo ‘

Hungary and load profile for industrial comfort

g :
= ]
§=
Energy consumption i :
V‘w.\\»\%-&s‘\\\‘\“ II
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&
W
B
R R IR ‘l
Saudi Arabia and load profile for industrial comfort
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Copenhagen, cooling profile: Low energy house

So mm ne oo om ow % w00

DANISH
TECHNOLOGICAL
INSTITUTE

::%‘*k\»%&“\\\\\l. Al

Copenhagen, constant cooling profile =100 kW 2251

A cooled

TECHNOLOGICAL
INSTITUTE
Lifoeycle cost
5 el cont
3 Energy cost
Lifecycle costs = 1,799,206 (763667) k. B astenance
Payback time = 04 years
Lifecycl costs = 1,957,699 -605.964) k.
Paybacktime = 1.3 years
Litcycle costs =1,944,383 ($18.280) b1
Payback time = 0.2 years
[P— |
50000 1000000 1500000 2000000 2500000 3000000
Litecycle cost )
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3 Presentations

DANISH

Conclusion TECHNOLOGICAL

INSTITUTE

* Anew cooling tower concept has been developed and tested
» The cooling tower showed good performance

+ Improvements can be obtained with better water distribution
+ Use nanotechnologies for the surface

» System with rainwater as make up water developed

» Savings with cooling tower compared to dry cooler

* Models implemented in PackCalc

* Good project with all engineering disciplines (Theory and Practice)

DANISH
TECHNOLOGICAL
INSTITUTE

Thank you for your attention

Any guestions?

Go back to the [fable of contents &l or to the [fimefable al
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3.12 Optimization Through Interaction Between PackCalc and

BSim
Morten Juel Skovrup (mjs @ipu.dk))
IPU Refrigeration and Energy Technology [Table of contents A|

225.2012 - page 1

Optimization of cooling and heat pump systems
through interaction between PackCalc and

BSim
ELFORSK Project 342-051
i
o
IPU
2012-05-16 116
Morten Juel Skovrup HTW
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3 Presentations

PackCalc and BSim 22.5.2012 - page 2

« Agenda

* Background

* Project workgroups

* Details
« Auto-generated systems/compressors
« Auto-selected HX
* Heat recovery
« Free cooling
« Groundwater cooling

* Next step

IPU

Project goal 22,5.2012 - page 3

» Develop a PC-tool that enables the user to (easily) show the energy-economic
consequences of choices of:

« System layout
« Components
« Control strategy
« In air-conditioning and heat pump systems and relating it to:
* Building comfort
* Indoor climate
« In different types of buildings...

IPU
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3.12 Optimization Through Interaction Between PackCalc and BSim

Backg round 22.5.2012 - page 4

« Combining two existing tools:

* BSim
* Building simulation program
« Synchronous simulation of moisture and energy transport in constructions and spaces
« Calculation of natural ventilation
« Dynamic simulation

« PackCalc
 Yearly energy consumption of refrigeration systems and heat pumps
« Static simulation
* Details later...

[edV)

BSim 2252012 - page 5
[=]® i

! Office2.dis - BSim
File Edit Application View Help
DEFME: &[>~ PRRS BP0 (@ XBEEBOARSH I &2
= # Officel =

8@ Coridor(Cel60)

# Finish195(Room139) l

(-4 Finish197(Outdoors)
(-4 Constructionld1 (Facel40)
& NoType
-4 Finish143(Rooml39)
-4 Finish145(Outdoors)
- Construction1S2(Facel51)
- C50 391120 C150
B8 WinDoor75(Face160)
- I Door with glazing
B¢ Systems
68 WinDoorl91 (Facel76)
-1 Door with glazing -
B¢ Systems
Construction202(Face201)
50390120 C150
-4 Finish204(RoomL38)
@ NoMaterial
-4 Finish206(Outdoors)
% NoMaterial o
B8 WinDoor223(Face208)
-1 Door with glazing
B¢ Systems
&6 WinDoor239(Face224)
-1 Door with glazing
o Systems.
f#1-& Construction241(Face240)
-1 Construction31 Face30)
§1 ThermalZone2d6
58 Room49(Cell2d7) ]
-8 Room3S8(Cel3s6) &
5@ Roomd67(CeldEs) )
o i Sites1s
XVZ[58;11; 86]

(i
1l

| |

HEEH

|

NUM 212

IPU
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PackCalc Basics 2252012 - page 6

Yearly energy consumption of refrigeration systems

Calculates every hour throughout the year — i.e. 8760 calculations
12 different cycles

« 3transcritical cycles

* 1 heat pump

Each cycle can be modified by optional

« Internal heat exchanger

» Flooded evaporators

» Secondary circuit on the evaporator side

5 different condenser configurations

« Air cooled, dry cooler, evaporative, cooling tower, water cooled

Free cooling and heat recovery is available (not at the same time though...)
4130 models of commercially available compressor included

Climate data for 707 cities

Economics (payback), LCC, TEWI

IPU

Background 22,5.2012 - page 7

Participants

Project Group

Dantpis (| PU] sotmson he

DANISH
Edl tecinoLocicaL | GRUNDFOS® 21\

ADVANS®R  wmm

 Hill PHOENIX

) (& ey ) (6
o) ' systemair |

Vestas industrial cooling

The following companies have generously supported the project by donating data for compressors:

‘ \
BIEZER @comn Bn K &
[ENCT-ETA A AT i-Q N=AT iAhevation EMERSON.

COMPRESSORS Climate Technologies

IPU
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3.12 Optimization Through Interaction Between PackCalc and BSim

Backg round 22.5.2012 - page 8

Energy optimisation...

WOI'kg roups 22.5.2012 - page 9

mamd Data exchange

« BSim — Load profile - PackCalc

el INtegration

« BSim & PackCalc

mamd  Product Improvements

« PackCalc: Groundwater cooling, Free cooling, Heat pump, AC
« BSim: Including technical systems

« Use BSim to generate “standard” load profiles (heating and cooling) for use in
PackCalc

] Case

« Test on users

mmand  Smart grid

« Change set points in BSim from external software

[edV)
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Integration of BSim and PackCalc 2252012 - page 10

« Supported work-flow:

1. User defines building (construction, orientation, location) in BSim
«  This implies defining “thermal zones” — a thermal zone is one or more rooms that have common
indoor climate control
2. Each of the thermal zones will have a dimensioning cooling requirement (or heating
requirement)

3. The user can select central cooling and/or heating systems. A central system can cover
several thermal zones

4. From the dimensioning requirement (sum of requirement in thermal zones), the user
selects a simplified refrigeration system, including options for:
Compressors
. Heat exchangers
Free cooling
Heat recovery
5. The user runs a simulation. If the AC system does not supply required capacity, then the
indoor climate will change!

6. Power consumption of AC system is calculated
7. BSim user can “play” with options

8. BSim user exports PackCalc model AND load requirement profile so that refrigeration
expert can fine-tune the system (real compressor models, HX, ...)

IPU

Integration 22,5.2012 - page 11

Please deliver Q

BSim PackCalc

ar . .
p’ dr = Qs — Qe,de.'r’vered

M-c

&

elivered [Rﬂ

QD
S
=

IPU
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System

22.5.2012 - page 12

Thermal zones

Q.):u. 1 me_l

L1 11
LI
|-

« One-stage cycle
* One-to-one system

« Secondary system “disregarded” — BSim distributes cooling from refrigeration

system

« Compressor capacity controlled by supply

Q, =UA

evaporator © (

T

supply

temperature

T.)

e

[edV)

Integration of BSim and PackCalc

22.5.2012 - page 13

Central refrigeration system: Refrig System

Requirementl

Cooling requirement:
« Simplified system:
at the conditions specified below (= 50.0 kW)
Supply temperature [«C]:  12.0

Central refrigeration system type:

Total dimensioning cooling requirement equals 50.0 kW
Dimension compressor system so that it's able to delver 100

from BSim |

o~ Adjust size I

% of the dimensioning requirement

=
=

28.0

Condition I

Dimensioning ambient (outdoor) temperature [°C]:

[ Speed controll {fans

Condenser

Refrigerant:  [R1348 7]

Compressor padc: Cold side:

e e L El (@ Dry expansion evaporator ’ﬁ
Compressaor type: © Flooded evaporator Suction side

[l speed controled (@ Forced drculation
cont compressor
T — Natural dirculation
Compressor pack [ Internal heat exchanger
Condenser type: Additional options
() Air cooled (2) Evaporative condenser Ll Frf cooling Options l
® Dry cooler ©) Cooling tower Speed controlled fans

Speed controlled pump "
["|Heat recovery

[]use condenser heat for room heating
densing temperature s larger than: [30.0
[ Groundwater cooling

°C

Lo ]

[edV)
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Compressors 2252012 - page 14
Compressor pack:
R del Number of compressors: 13
Generic compressor models R
08 [F Speed controllad compressor
0.75
07
E 065 ~==-scroll_134a
K ====Scroll_22
2
E 06 == ==Scroll_410A
2 ——— Recip_1270
Q
o Sees ———Recip_134a
5 055 + - < X
£ & ~ \\ Recip_22
2 i N N ———Recip_410A
05 n Sag > )
" ~ \\ Recip_717
i .
0.45 1 ~
1
/
0.4
1 2 3 4 5 6 7 8 9 10 11 12
Pressure ratio [-]
Speed control 22,5.2012 - page 15
Compressor pack:
Number of compressors: 1 B
Speed trolled Compressor type:
peea controlled compressor F T —
0.8
0.75
3 o7
=
2
L
=
‘D 065
[3) / - Speed
g- —— Fixed
;:: 0.6
2 Default 3% loss in drive
0.55
05 - - - - - - - - : \
0 10 20 30 40 50 60 70 80 90 100
Capacity [%]
Only for one operating condition (Te, Tc) shape is different at other conditions
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Condenser and evaporator 2252012 - page 16

Central refrigeration system: Refrig System

oling requirement:

Total dimensioning cooling requirement equals 50.0 kW Dim. cap . USlng lreqUIfemen} al:ld
Dimension compressor system so that its able to deiver 100 % of the dimensioning requirement Cond't!q”r dimensioning
at the conditions specified below (= 50.0 ki) capacities can be

calculated (cycle

;120 ;230 )
Supply temperatur [+C] Wambmm (outdoar) temperature [+C] \ calculation).
Central refrigeration system type: Dim. Te

. Then using default value
e =) Dim. Tc g

; for dimensioning
Compressor pack: Cold side: temperature differences:
Number of compressors: 1 B (@ Dry expansion evaporator
Compressor type: Reciprocating - () Flooded evaporator I Q :
[Flspeed controlled escor @ Forced dreulation ;‘ U& _ e,dim
P Natural dirculation vaporator AT
[ Internal heat exchanger e,dim
Condenser type: Additional options Q
c,dim
(©) Air cooled () Evaporative condenser || Free cooling UA: =
ondenser
® Dry cooler ©) Coolng tovimmm—— T controled fans ATC dim
| Speed controlled pump
[/ speed controlled fans [~ Heat recovery
f [ Use condenser heat for room heating
her ng temperature 30.0 °C
I || Groundwater cocling

[edV)

Free cooling

22.5.2012 - page 17

« 2 options:
« 1) Start free cooling at a certain ambient temperature and then run 100% (default)

« 2) Start free cooling — typically at a higher — ambient temperature and ramp up to 100% at
another temperature

Condenser with integrated

[¥]Free coolina £y Free cooling coil
© onfoff 100% free cooling when Tamb <= & o
Start free en T = 10 | =
) Continuous
100% fr en - s | =
[]Speed controlled fans o ire: [ =c
7] spesd controlled pump uppy Emperature:
[[Juse non-standard free cooler: 2

= [100 Jwfan pawy =
= [s00 |

E|

To calculate the power consumption of the fans and the pumps, you have to specify a heat
exchanger (like specifying an air cooled condenser):

ereecool = UAfreecooI : (Tsupply _Tamb)

[edV)
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Heat recovery

22.5.2012 - page 18

[ Heat recovery

Monthly schedule (select months where heat recovery is enabled):

Refrigerant temp, out of recovery heat exchanger: 24 «c
@ Heat recovery is a function of ambient temperature: ] 3anuary ] February [@]March
Start heat recovery when T_amb = 12 °c
[ april @ May [ 3une
At start keep high pressure at: 2 °C
Maximum heat recovery when T_amb = 5 «c [y 7] August [V september
High pressure at maximum heat recovery: “ o [¥] October [¥] November [¥] December
() Run heat recovery at all times:
40
3
Heat recovery
40
2 heat exchanger
©
@
a
E
L
o
c
k7]
c
5]
°
c
8
22
T T > The heat recovery function is overriding the

Ambient temperature

condenser control if high pressure is below the
specified heat recovery pressures...

IPU

Groundwater cooling

22.5.2012 - page 19

» Cooling:
Cooling:
Dimensioning cooling capacity [kW]: 50
Temperature of water into hot well [°C]: 15
Common:

Total pressure crop in piping (bar]: 2

Pump efficiency [-): 0.5
[/] Custom groundwater temperature:

Groundwater temperature [<Cl: 7

S From BSim

« Straight forward calculation:

Tsupply -
Q.
W o AN
Tbol well in
—{ | - |
Tgrwma‘l.r

* Provides cooling up to dimensioning capacity (if more required, then mechanical cooling

sets in)
« Power consumption = W_pump

» Keep track of heat added to hot well!

IPU
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Groundwater cooling

22.5.2012 - page 20

[/ S— @ - me
« Balancing W s
| -
« Full balancing is always required! NLTETT
« Balancing is calculated at the end of the
simulation:
Monthly schedule (select months where groundwater cooling is enabled):
[ 3anuary [IFebruary [FIMarch l T, growndwater T
@laert @may @ me
3ty V] August [@]september L L
[ october [Elnovember [CIpecember [ TW+AT

« Required balancing is based on storage efficiency and temperature rise of ground water:

Thermal balancing:
Temperature rise of groundwater [K]: 1

Capacity/Power rate for balance cooler [J: 20

Storage efficency of groundwater layer: 08

Qbalancing = ﬂstorage ) Qcooling

[edV)

Sum up

22.5.2012 - page 21

Central refrigeration system: Refrig System
Cooling requirement:
« A lot of default Total dmensioning cooling requirement equals 50.0 kw
Dimension compressor system so that t's able to deliver 100 & % of the dimensioning requirement
;laluels_ iaS_Ed ona at the conditions specified below (= 50.0 kW)
ew clicks In: Supply temperature [<C): 12,0 Dimensioning ambient (cutdoor) temperature [*CJ:  28.0
Central refrigeration system type:
« Therefore options Reffgerants (i3 -]
. Compressor packs Cold side:
should be reviewed — [
. " Number of compressors: T © Dry expansion evaporator
by refrigeration Corpresor tpe: |t | | © Pooded evapuraior |
expert. .. lem S S — @) Forced circulation
. . Natural drculation
interface is for [lintermsl heat exchanger
testing possibilities. condner J——
() Air cooled ) Evaporative condenser [TFree cooling
@) Dry cooler Cooling tower | Speed controlled fans
Speed controlled pump
[ Speed controled fans [ Heat recovery
i [7]Use condenser heat for room heating
en condensing temperal = 30.0 °C
il [ Groundwater cooling
I (o ]
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Heat pump

* More or less the same as
for refrigeration system:

* Except

« Only difference between
ground and air source is:

Evaporator ambient
temperature (which
temperature to use from
profile)

Default dimensioning

temperature difference when

calculating UA of
evaporator...

22.5.2012 - page 22

Central heat pump: Heat Pump System &J
Heating requirement:
Total dimensioning heating requirement equals 50,0 kW
Dimension compressor system so that it's able to defiver 100 {35 % of the dimensioning requirement
at the conditions specified below (= 0.0 kw)
Dimensioning ambient (outdoor) temperature [°C]: -12.0
Central heat pump system type:
Refrigerant: [Rm: .]
Compressor pack: Supply temperature
Number of compressors: 13 @) Constant temperature [°CJ: 30.0
Compressor type: [Rmm@ﬂw ~ () Day/night variation
|| speed controlled compressar Day temperature [°C]: 30.0
Night temperature [*C]: 25.0
130ld side:
@ Ground source heat pump [¥] Internal heat exchanger
) Air source heat pump

IPU

Usage

So why all of this?
Where's the results?

22.5.2012 - page 23

Currently last hands are put on BSim, so that the interface is fully supported

» Challenge is to go from “calculation of requirement” to calculation of “what happens if

requirement is not met?”

Final testing begins beginning next week...

IPU
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Conclusion 22,5.2012 - page 24

» Connecting BSim and PackCalc enables BSim engineers to quickly quantify
consequences of:
» Changing operating conditions for AC/HP system (changing supply temperature)
* Changing control strategies for AC system
« Testing:
« Free cooling
« Groundwater cooling
« Speed control

IPU

Next step 22,5.2012 - page 25

» BSim will (as part of this project) be prepared to accept set points from other
software...

This means that scenarios like the following can be investigated in the near future:

What is the consequences of cooling a building in the night and turning of the AC during
daytime?

« Economic

« Comfort

What is the consequences of turning off cooling/heating for a short time?

This can be done using realistic building models and realistic models of AC and HP
systems

IPU
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Next step — PackCalc 22.5.2012 - page 26

« Integration with other energy systems
» Heat pump on top of refrigeration system
« Compared to gas, oil, ...

IPU

Go back to the [fable of contents Al or to the fimetable a
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3.13 Pumpable Phase Change Material

Jorrit WronsKi (jowr@mek.dtu.dk)

Timetable A
DTU Mechanical Engineering Table of contents A&

Pumpable Phase Change Material

Symposium on Advances in Refrigeration and Heat Pump Technology,
15th-16th of May 2012, Kongens Lyngby, Denmark

Jorrit Wronski

Section of Thermal Energy Systems

A
(EIv")"=q-pAv E!

DTU Mechanical Engineering
Department of Mechanical Engineering

(=}
—_
=

i
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3 Presentations

oy
Contents
What is a PCS?
Goal and Partners
Production
Experiments
Conclusions
2 DTU g University of Denmark Pumpable Phase Change Material 15.5.2012
DTU

Introduction to PCM

/ salts and eutectic

e Phase change material
e Cyclic phase shift

e High energy density

e Gas and salt hydrates
e Paraffin and fatty acids

e Additive or in storage
vessels

ing,

o
=3
S

I
S
S

300

)
=3
=3

S
8

melting enthalpy [kJ/L]

<

University of Denmark

salt mixtures

gas hydrates

-100

0 +100
melting temperatue [°C]

+200

Pumpable Phase Change Material 15.5.2012
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Introduction to PCM

e Phase change material
e Cyclic phase shift

e High energy density

e Gas and salt hydrates
e Paraffin and fatty acids

o Additive or in storage
vessels

3 DTU i i ing, i University of Denmark Pumpable Phase Change Material 15.5.2012

(=}
—_
=

M

Introduction to PCM

e Phase change material

e Cyclic phase shift

e High energy density

e Gas and salt hydrates

e Paraffin and fatty acids

o Additive or in storage
vessels

3 DTU ing, University of Denmark Pumpable Phase Change Material 15.5.2012
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Introduction to PCM

e Phase change material
e Cyclic phase shift

e High energy density

e Gas and salt hydrates
e Paraffin and fatty acids

¢ Additive or in storage
vessels

ing, University of Denmark

Pumpable Phase Change Material

15.5.2012

a
—
=

n

What is PCS?

temperature

e Phase change slurry

e Dispersion:
suspension (solid in liquid)
or
emulsion (liquid in liquid)

latent
storage

e Heat transfer fluid L —

e Thermal energy storage

ing, University of Denmark

rm’ stored energy

| storage

latent
storage

Pumpable Phase Change Material 15.5.2012

a
—
=

M
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One Substance PCS

e Coexisting phases of one
substance

e Homogeneous if discharged

e Regularly formation

e Limited temperature range

5 DTU i i ing, i University of Denmark Pumpable Phase Change Material 15.5.2012

(=}
—_
=

M

Hydrate Slurries

tﬁ, ;-;-O-i &\
S [N
/ VN

o )
e Gas (or salt) hydrates in o~ Q OC
aqueous solution @) %)
0.0 kP 0o
¢ Non-mechancal formation Q \OD >
n-H,0+M 2%, M(H,0), Q ; P o H
e Pressures >10 bar for gas 053\0\ -0
6 DTU ing, University of Denmark Pumpable Phase Change Material 15.5.2012
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Multi Component PCS

e Liquid continuous/carrier phase
and dispersed phase change
material

e Sensitive to pumping

e Could include hydrates [2]

e Stabilised by shell or surfactant

Water
Surfactant

University of Denmark

v

N

Hydrophilic part

Hydrophobic part

Oil droplet

Pumpable Phase Change Material

15.5.2012

=
—_
(==

n

Motivation

e Subcooling for charging [4]

o Difficult control

e Charge state, capacity [5]

= Hinders application

e Analysis of phase change [5]

temperature temperature

meltin .
9 nucleation

solidification

enthalpy h

——-

time time

University of Denmark

w high
temperature

Pumpable Phase Change Material

15.5.2012

(=}
—_
=

M
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3.13 Pumpable Phase Change Material

Project Partners

e Funded by German Federal Ministry of Economics and Technology (BMWi),
reference 032747B (2009-2013)

o “Paraffin-water Emulsions for applications in building supply systems”

Z Fraunhofer
UMSICHT

e Develops PCS

e Rheology and heat
transfer measurements

e Charge state sensor

e Pipe network
experiments

#) JOLICH

FORSCHUNGSZENTRUM

o NMR experts

e Lab facilities

e Multiphase flow

simulations

e No project partner,
supported charge
state sensor

(=]
—_
=

m

9 DTU g, University of Denmark Pumpable Phase Change Material 15.5.2012
DTU
>
>
>

The PCS

TCEF [-]
357
e Paraffin-in-water dispersion 5] P
——deltaT=10K -
-~

* 30% PCM
o Nucleating agent
e Surface active agent

e Carrier fluid water

2.5 1

deltaT =15 K e
7

University of Denmark

0.2

0.4 0.6 0.8 1
w/-]

Pumpable Phase Change Material 15.5.2012
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DTU
>
>
>

Production I

e Preheat vessel to sufficiently high temperature

e Prepare machines and ingredients

11 DTU i i ing, i University of Denmark Pumpable Phase Change Material 15.5.2012
DTU
>
>
>

Production II

e Warm water in emulsifier

o Melt paraffin separately

12 DTU ing, University of Denmark Pumpable Phase Change Material 15.5.2012
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DTU
=
>

Production III

e Add molten PCM to water

e Stir gently and let temperature equalise

13 DTU i i ing, i University of Denmark Pumpable Phase Change Material 15.5.2012
DTU
>
>
>

Production IV

e Warm nucleating agent until melts

e Blend surfactant in

14 DTU ing, University of Denmark Pumpable Phase Change Material 15.5.2012
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Production V

e Add to water and paraffin

e Emulsify until desired droplet size distribution is reached

15 DTU i i ing, i University of Denmark Pumpable Phase Change Material

15.5.2012

a
—
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n

Outer Appearance

Source: [6]

16 DTU ing, University of Denmark Pumpable Phase Change Material

Source: [7]

15.5.2012
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(] 11]
>
>
>
Approach
e Monitoring properties during a test cycle:
Nuclear magnetic resonance (NMR) detects state [8]
Paraffin density changes by 10% [9, 10]
60 /\ Temperature in vessel
[S] 50 / ) Measurement )
e 40 /
5
5 ~
§ 30
E 20
10
0
0 50 100 150 200 250
Time / min
17 DTU i i ing, ical University of Denmark Pumpable Phase Change Material 15.5.2012
DTU
>
>
>

Test Rig I

_ — (PR (TR (R
pes-Drum NEYANCYACY,
Z ,
!

819 g9 ol

n
A

PTFE tube: length 50 mm, 300mm
elevation, no metal within 0,5m

HX-1

Cryostat

18 DTU i i ing, i University of Denmark Pumpable Phase Change Material 15.5.2012
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Test Rig 11

ing, University of Denmark

Pumpable Phase Change Material

15.5.2012
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NMR Measurement I

450

1000 +

400
350
300 3

200
100

250 o
el

200 2
g
150 £

T, Relaxation / ms
>

100
50

20
Temperature / °C

ing, University of Denmark

25 30

Pumpable Phase Change Material

15.5.2012
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DTU
>
>
>
NMR Measurement 1II
120 4 Averagefor1ms<T,<5.0s
Average for0.2s<T,<50s
;ﬁ 100 4-Average for 1 ms <Tp<0.2'8 v | sermmznsst TR0
€ 80 g
T B DU S
g 60
©
O]
4
=S N S
° 20
0
10.0 15.0 20.0 25.0 30.0
Temperature / °C
21 DTU i i ing, ical University of Denmark Pumpable Phase Change Material 15.5.2012
DTU
>
>
>
Density Measurement
Experiment
970.0 o Solid PCM =--==----
T Liquid PCM «eeveeees
B 9B0.0 TN T
2
} 950.0
@ e,
= T
O T e
O Q0.0 e U
\\
930.0
10.0 15.0 20.0 25.0 30.0
Temperature / °C
22 DTU i i ing, i University of Denmark Pumpable Phase Change Material 15.5.2012
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Comparison

Average for 1 ms<T,<505s

Average for 025 < T, <5.0s -
Average for 1 ms <T,<02s

CPMG amplitude / a.u.
@
3

=
—_
(==

n

40 —
20
0
10.0 15.0 200 25.0 30.0
Temperature / °C
Liquid PCM
% 9600
2
3 9500
3
5
Q9400
—
930.0
10.0 15.0 20.0 25.0 30.0
Temperature / °C
23 DTU i ineering, University of Denmark Pumpable Phase Change Material 15.5.2012
o
P g
p—
1 x from Density ——
— % from NMR
=
3 08
o
S
© o6
2
I3
s 04
=
S
©
3 02
0 e __
10.0 15.0 20.0 25.0 30.0
Temperature / °C
24 DTU i i ing, University of Denmark Pumpable Phase Change Material 15.5.2012
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Concluding Remarks

e Phase change observed

o No absolute values, NMR
calibration

e Hysteresis in density
measurements

e Cooling not studied
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