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Preface

Whether we call it energy conservation, rational energy use, or energy effi-
ciency, heat pumps make obvious good sense. Electric heat pumps provide
an alternative to oil or gas energy for space heating or a doubling or tripling
in efficiency over resistance heating. Thermally activated heat pumps prom-
ise an improvement in the efficiency of the utilization of natural gas and oil
by 50 to 100%, as compared with conventional furnaces and boilers. In
industrial applications, substantial reductions in energy use are possible by
using heat pumps to upgrade waste energy streams.

This was the motivation in 1978 when 13 International Energy Agency
(IEA) member countries entered in the Implementing Agreement for a Pro-
gramme of Research and Development on Advanced Heat Pump Systems.
At that time, heat pumps were obviously an important technology to imple-
ment a stated IEA goal of “cooperation to reduce excessive dependence on
oil through energy conservation, development of alternative energy sources,
and energy research, development, and demonstration.” It is difficult to
imagine that heat pumps would not also be an important part of future
energy technologies, because it seems reasonable to assume that future
energy prices and supplies will warrant rational energy use.

It is also clear that the use of heat pumps is now a problem in many parts
of the world. Falling oil prices have drastically affected the economic viabil-
ity of currently available heat pumps for space conditioning, except in those
areas where a strong cooling requirement exists. Research and development
budgets have been reduced sharply, and many manufacturers have with-
drawn from the field. Consequently, what can we say about the future for
heat pumps in view of the present situation?

The 1987 IEA Heat Pump Conference has been structured to address
these current issues and potential solutions to present problems.

What works? What does it take to do it correctly? What can be learned
from those countries where vigorous heat pump markets exist? Will techno-
logical advances improve the situation? How should equipment manufac-
turers, energy companies, and governments provide support?

One thing we have learned from the past decade of energy-related activi-
ties is that energy conservation works! Substantial reductions in energy use
per capita, per household, or per unit of gross national product have been
accomplished throughout the world. In the buildings sector, this has been



accomplished primarily by improved building thermal envelopes and appli-
cation of existing technology to improving equipment efficiency. Even so,
in both the buildings and industrial sectors, we have barely scratched the
surface of possible future improvements in the efficiency of energy utiliza-
tion. Advanced heat pumps will be one of the key technologies involved in
achieving the ultimate in the rational use of energy in the future.

The members of the Organizing Committee are hopeful that this interna-
tional conference will be mutually beneficial to all participants, and that the
interchange of ideas and information made here will contribute in some
measure toward making future heat pump technologies available in a timely
manner when they are needed.

Fred Creswick, Organizing Committee Chairman
Oak Ridge National Laboratory
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Chapter 1

Heat Pump Research Carried Out by
the European Communities

Peter Zegers

ABSTRACT

CEC heat pump research is executed In a four year Non-Nuclear
EFnergy R and D Programme running from 1985 to 1988; at
present 22 CEC funded heat pump projects are being carried out by
different research organizations in Europe. This programme has
two main objectives :

- Reduce the cost and improve efficiency of heat pumps for
domestic and commercial heating applications in order to
achieve economic feasibility and bring about a
breakthrough on this market will consumes 26 7 of the
primary energy in the E.C.

- Develop industrial heat pumps which can produce heat up
to 300°C.

Research to achieve the first objective for compressor heat
pumps 1s aiming at the use of fluid mixtures, development of
more efficient and cheap compressors, of oil free
compressors, better control and development of efficient low
pollution combustion engines. Work on absorption heat pumps
is mainly focussed on fluid pairs and on the development of
cheap and efficient heat exchangers.

Research on high temperature industrial heat pumps is carried
out along several lines. For compressor heat pumps, fluid
mixtures for high temperatures (180°C) are being
investigated. For high temperature absorption heat pumps,
work 1s focussed on mnew fluid pairs and on the study,
construction and testing of different cycles (absorption heat
pumps, heat transformers and other cycles). Finally, the
possibility to develop solid / fluid absorption heat pumps up
to 300°C (solid/fluid combinations, reactor, heat exchangers)
is systematically explored.

HEAT PUMPS: Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 IEA Heat Pump Conierence).
Edited by Kay H. Zimmerman © 1987 Lewis Publishers, Inc., Chelsea. Michigan 48118. Printed in U S.A
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INTRODUCTION

The European Community 1s funding heat pump research in its
Non-Nuclear Energy R and D Programme. 22 R and D projects are
being carried out by different organizations in Europe on
compression and absorption heat pumps in the framework of this
programme which runs from 1985 to the end of 1988, In total

6 million ECU (*) is being spent on this research of which the
Commission is paying 60 Z.

IMPACT OF HEAT PUMPS ON ENERGY SAVINGS, OIL SUBSTITUTION AND
POLLUTION ABATEMENT

R and D on heat pumps forms part of a broader energy policy of
the Commission which aims at :

- Energy saving

- Substitution of oil by coal, nuclear or renewable energy

- Pollution abatement.

Energz saving

For the provision of energy in the European Community about 30
billion ECU per year is spent on energy investment, this is about
35 Z of the total industrial investments. In addition over 100
billion ECU per year is spent on fuels. Energy savings of only a
few percent will lead to the saving of billions of ECU.

The primary energy consumption in the European Community in 1985
was 940 million tonne oil equivalent. This energy was distributed
over the different demand sectors as shown in Table 1.

Table 1. Primary energy use in the E.C.

Buildings " Industry “Transport
41 7 1l 41 7 il 18 Z
1] 1
1 1)
[T i : Fo
{ Heating ! |Power n Power Non : Process:n
: : “ energy |, heat .J
. - :: use | '::
(26 % 1|15 2 w13 % 7%, 217 w187
[l t H . [
""""" il ndhadidiudi e |

*
-1 ECU (European Currency Unit) = 1,1 §
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Heat pumps may contribute to energy savings in two sectors :
heating of buildings and industrial process heat.

Heat pumps can provide heat up to temperatures around 120°C. For
heating in buildings heat is needed at temperatures of around 70
- 90 °C, which can easily be provided by heat pumps. The
potential market 1is thus the whole building stock and if one
assumes that heat pumps use 30 - 50 7 less energy than
conventional heating systems, the potential energy savings will
lie between 8 and 13 7 of the overall primary energy use.

Heat pumps in industry mainly serve as a tool to transform waste
heat into heat at a higher temperature level where it may be
used. Process heat 1in industry is required in a temperature
range from 100°C to 1500°C and the amount of heat in industry as
a function of temperature ig roughly as indicated in Fig. 1. The
use of heat pumps for iIndustrial process heat is limited to
applications which use temperatures below 120 °C. This limits
the potential market to about 10 % of the overall industrial
process heat consumption. The potential energy savings lie
around 1 7 of the overall primary energy consumption. If heat
pumps could be developed which produce heat at temperatures up to
400 °C the energy saving potential could be increased to around 3
- 4 7 (see Fig., 1). Development of high temperature heat pumps
is therefore an important objective of this programme.

=
PN food
paper
textile iron
Process alum1?1um
Heat ceramics
Demand glass
in N \\\\\
Industry \::::>

//
0

0 120°C 200 400 600 800 1000 1200 1400 1600°C
EE—

Temperature

Fig., 1 : Typical process heat demand curve as a function
of temperature (for Germany)

As for the size of the heat pumps one may expect that for the
case of a large scale introduction of heat pumps about 50 7 of
this heat will be provided by small heat pumps (typically 10 kW)
for individual heating of dwellings, Large heat pumps of over
100 kW will be needed for the remaining 50 7% (heating of offices,
industrial buildings, apartment buildings, hospitals, schools
etec.).



6 HEAT PUMPS: TECHNOLOGY AND MARKETING

Substitution of oil

The use of 0il in the EC presently amounts to 42 7 of the primary
energy use (down from 63 Z in 1973), It is the objective of the
Commission to further reduce this percentage for two reasons :
- In the long term oil will be in short supply
- Around 80 7 of the o0i1l is imported; mainly from politically
unstable areas

Table 2. 01il consumption in the different demand sectors

Heating in Industrial

Buildings Electricity Process Heat Transport
Primary 26 % 28 7 21 % 18 7
en. use .
011 use 55 % 16 7 37 % 85 7%

Of the different demand sectors (see Table 2) the transport
sector has the highest percentage of oil consumption. It is
however very difficult to replace oil in this sector by other
fuels in the short and medium term. TIn the long term electrical
vehicles may possibly. take a share of the market.

Other sectors which have a large oil consumption are : heating of
buildings and industrial process heat. In both sectors heat
pumps and in particular compressor heat pumps could contribute to
substitution of oil as they provide heat by using electricity
which can be produced from nuclear energy, coal or renewable
energy. Absorption heat pumps could replace oil by gas, coal or
wood.

Pollution

The conversion and use of energy has always been an important
cause of environmental pollution; e.g. exhaust gases of cars, of
power plants of domestic heating systems and of industrial
boilers. Recently environmental pollution has taken a dramatic
dimension as 1t is more and more clear that a large part of the
forests in Europe are threatened by acid rain caused by such a
pollution. The cost for society of environmental abatement is
presently estimated to be 3 ~ 5 7 of the GDP and is likely to
increase due to an increasingly severe legislation.
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Potentially heat pumps could make a large contribution to
pollution abatement, in particular in densily populated areas,
Heat pumps produce heat 30 - 50 7 more efficient than
conventional systems and give per unit of heat produced less
pollution. If used on a large scale this heat pump could make a
large contribution to the pollution abatement; about 28 % of the
primary energy consumption could be provided by heat pumps.

In addition the major part of the heat pumps will be electrically
driven heat pumps which would replace coal, oil or gas fired
conventional systems by a completely clean system. The
additional power required would result in a somewhat increased
pollution at the electricity plant but this pollution could be
more easily taken care of.

For fossil fuel fired absorption heat pumps the reduction of the
pollution level would mainly be brought about by lower energy
use, which could be 50 Z.

Another aspect of heat pumps could have a negative impact on the
environment. In particular, some fluorochemicals used in heat
pumps can attack the ozon layer. In view of the present worry on
keeping the ozon layer intact a ban on the use of these
refrigerants in the USA and Europe may very well be possible.
This would have a strong impact on heat pump R & D and the
consequences should be investigated.

OBJECTIVES FOR EC HEAT PUMP R AND D

Work carried out in the E.C, heat pump programme is aiming at two
objectives
- Reduction of the cost and improvement of the efficiency of

compressor heat pumps by 50 7
Although heat pumps save energy and reduce pollution levels
theay are in Europe economically only marginally attractive.
At present in Europe around 200.000 heat pumps have been
installed and a breakthrough can certainly not be expected
in the near future. The main reason is that heat pumps are
still too expensive and the performance 1is too low.
However, both for cost and performance there is scope for
improvement. Large scale production could lead to cost
reductions of 30 - 50 Z%; research could also lead to cost
reductions. In particular for compressor heat pumps the
practical seasonally averaged COP values are a factor three
lower than theoretically can be expected. R and D should
therefore be able to increase performance levels by 50 Z.
The second objective is the development of high temperature
heat pumps for industrial applications. The potential for
application of heat pumps 1in industry could strongly
increase 1f the temperature range of heat pumps could be
extended for present values of around 120°C to 300°C. To
that end new refrigerants, working fluid paris, solid gas
pairs and new cycles are being investigated.
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RESEARCH PROGRAMME

Heat pump research in the European Community is carried out in
its third Non-Nuclear Energy R and D Programme (1985 - 1988). At
present 22 projects have been approved for a total cost of

6 million ECU of which the Commission pays 50 Z.

Compressor heat pumps

Compressor heat pumps are commerclally available but their
economic feasibility is marginal. Moreover their seasonally
averaged efficiencles (from primary fuels) of 90 - 100 7 are
considerably lower than for other heat pump types such as
absorption heat pumps or internal combustion engine driven heat
pumps. On the other hand, electrical heat pumps could make a
major contribution to pollution abatement and have the additiomnal
advantages to allow the replacement of precious premium fuels
such as oil and gas by coal or nuclear energy. R and D on
compressor heat pumps was therefore continued, the more so as
there is still scope for considerable (50 7) improvement of the
efficiency and a reduction in cost.

The second Non-Nuclear Energy R and D Programme (1979 - 1983)
established that the compressor heat pump could be improved in
the following way :

- Improved compressor design leading to higher efficiency and
lower cost.

- Dissolution of 1lubrication oil of the compressor in the
refrigerant leads to a decreased performance; ways should
be found to avoid this.

- Use of non-azeotropric mixtures can lead to increased
performance and lower cost.

- Fluctuation in the refrigerant flow should be avoided.

Four projects are aiming at the improvement of compressor heat
pumps :

GENERAL SUPPLY, Greece 1is developing a simple o0il free highly
efficient and cheap compressor. It is a rotating compressor with
a maximum speed of 15 000 rpm, the volume swept per rotation is

2 x 100 cm3. :

UNIVERSITY OF ULSTER, UK is studying a number of ways to improve
the compressor heat pump. This group has studied the influence
of dissolution of compressor lubricant oil in the refrigerant and
found that this could decrease the performance by as much as 307%.
Two options exist to avoid this problem. The first one is the
development of a lubricant oil free compressor; this way is
followed by GENERAL SUPPLY and FICHT. A second possibility is to
develop lubricants which are dissolving less in the refrigerant;
as a first step this project is studying dissolution properties
of a wide range of lubricants. Experiments with simple rolling
compressors are also being carried out and first experiments
indicate that they give a better performance than reciprocating
or screw compressors. Other ways to improve the compressor heat
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pump are the development of methods to control evaporator
superheat with a microcomputer based expansion system and the
development of a cycle in which an active process 1s used for
flashing the refrigerant to evaporating pressure and which
according to Granryd should lead to significant performance
gains.

R and D on the use of non-azeotropic mixtures in the previous
E.C. Non-Nuclear Energy Programme (1979 - 1983) showed that these
mixtures could improve the performance by 10 - 20 % and reduce
the cost. In this programme ELF and IFP France are developing
non-azeotropic mixtures for industrial heat pumps which produce
heat above 110°C.

It is known that for on/off operation of a heat pump the duration
of the operation interval has a strong influence on the overall
performance and it 1s generally assumed that operation of at
least 15 - 20 minutes is required to optimize heat pump
performance. Shorter time intervals could reduce the performance
by 10 - 15 Z. On the other hand it has also been established
that very short operatfon intervals can improve operation
performance of heat pumps as compared to continuous operation.
This 1is being investigated by FORDSMAND, Denmark. First
experiments showed improvements of 20 %, with cycle times of 20 -
60 seconds and with a ratio of on and off time operation of 0,25,
Contrary to electrically driven heat pumps, internal combustion
engine driven heat pumps allow the recovery of waste heat of the
engine, which is added to the heat produced by the heat pump.
This leads to considerably higher efficiencies. Also the heat
output can be varied more easily by regulating the speed of the
motor and switching off one or possibly more cylinders of the
compressor. The heat output can thus be matched to the heat
requirements of the house which leads to further energy savings.
Two projects are concerned with internal combustion engine (ICE)
driven compressor heat pumps.

The first project by FICHTEL AND SACHS, Germany deals with a

20 kW ICE driven heat pump developed in the second E.C.
Non-Nuclear Energy Programme. A barrier for introduction on the
market was the high pollution caused by the engine. In this
project a lean burn gas engine and a low polluting Diesel engine
are being developed, suitable for operation with a 20 kW heat
pump. The following objectives have been set

o11 Gas
NOX 800 (2650) mg/m3 400 (2500) mg/m3
Co 600 ( 650) 310 (1250)
CmHn 510 ( 680) 65 ( 360)
Soot 0,1 -~ 0,2 (1,0 - 14) in Bosch number

The data in brackets give the present values.

The second project by FICHT, Germany aims at the construction of
a combustion engine - compressor unit where the crankslot has two
piston rods one for the piston of the combustion engine and one
for the piston of the compressor; in this way transmission
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losses are minimized. The conical rotary slide engine is a lean
burn engine with very low CO and NO_ levels, far below the levels
legally required. Due to the low number of components the cost
is expected to be low and the reliability high.

Absorption heat pumps

Absorption heat pumps are expected to have a much higher
efficiency (PER = 1.3 - 1,5) than electric heat pumps and they
may use a variety of fuels such as coal, oil, gas, wood or even
waste heat. Absorption heat pumps do cause more pollution than
electric heat pumps which are intrinsically clean. However as
compared to conventional oil or coal combustion, absorption heat
pumps cause a much lower pollution in particular due to the much
higher energy conversion efficiency.

A large part of the research work in this programme on absorption
heat pumps is aiming at the development of high temperature heat
pumps for applications in industry.

For absorption heat pumps chemical decomposition of the working
fluid pairs 1s often the bottleneck for achieving a high

temperature heat production. Research on working fluids
therefore has a high priority. In the second Non-Nuclear Energy
R and D Programme (1979 - 1983) a. systematic search for new

working fluid pairs has been carried out, which resulted in a
number of promising pairs which will be further studied by the
UNIVERSITY OF ESSEN, Germany in the ongoing programme.
Stability, compatibility with materials used in heat pumps and
also heat and mass transfer problems will be investigated.

For high temperature operation the absorption heat pump is at a
disadvantage as the temperature of the produced heat at the
absorber and condenser, 1s considerably 1lower than the
temperature of the generator which has the highest temperature in
the circuit; here decomposition is likely to occur first. This
is not the case for a heat transformer where medium temperature
heat is given to the generator and evaporator to produce high
temperature heat at the absorber. In a heat transformer heat is
thus produced in the highest temperature point of the circuit,
This makes the heat transformer intrinsically more suitable for
high temperature operation than absorption heat pumps. It has
the additional advantage that, apart from waste heat, no extra
energy input 1s needed.

Heat transformers are therefore being developed by GEA, Germany
in particular for operation at high temperatures. Working fluid
palrs identified by the UNIVERSITY OF ESSEN, suitable for high
temperature operation, will be tested in a heat transformer
producing 20 kW heat at 170°C from 50 kW waste heat at 100°C. 1In
addition also an absorption heat pump will be built, with the new
working fluids. Different combinations of the heat transformer
and the absorption heat pump will be tested and of the most
promising combination a 100 kW installation will be built.
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A similar project will be carried out by the UNIVERSITY OF
MUNCHEN, Germany. Here a combination of a heat transformer for
the low temperature part and an absorption heat pump for the high
temperature part 1is envisaged. As a working pair LiBr/H_ O will
be used. This combination is interesting as it combires the
advantages of providing sufficient heat at high temperatures with
the ability to also use all waste heat from the process at lower
temperatures. The absorption heat pump alone generally produces
sufficient heat but can not recover all the waste heat of an
industrial process; on the other hand a heat transformer can
generally not cover the heat demand but can use all the waste
heat. There 1s no risk for decomposition of LiF as this
component is stable up to high temperatures.

A third two-stage heat pump type 1is constructed by BATTELLE,
Germany. This is a two-stage LiBr/H,0 absorption heat pump with
which 100 kW of heat at 130°C will be” produced from waste heat at
105°C.

A periodically operating absorption heat pump is being developed
by the UNIVERSITY OF AACHEN, Germany. This heat pump consists of
two reservoirs where liquids are separated, but where vapors can
freely move from one reservoir to the another. They are used as
a generator and condensor for half a period and as an absorber
and evaporator for the other half period. During the
generator/condensor phase, heat 1is given to the generator and
vapour 1is condensed 1in the condensor where heat is extracted.
During the evaporator/absorber phase low grade heat evaporates
the refrigerant which is absorbed in the absorber where released
heat is extracted. The cycle time is 1 - 1,1/2 hour. An
advantage of this heat pump type is that no solution pump 1is
required. The working fluids are CHBOH/H O0-LiBr. 1In the second
programme a 10 kW unit has been built whié% produced heat at 50°C
{with the generator at 120°C and the heat source at 0-10°) with a
PER value of 1,23, In the ongoing programme, research is aiming
at improving this absorption heat pump and at the construction
and testing of a second pilot plant.

A second periodic absorption heat pump is developed by the CNRS,
France. The main feature of this heat pump is a new concept for
the generator and condensor and the possibility for storage of
the working fluids. A 30 kW unit is expected to be in operation
in 1988.

Reduction of cost 1s an important objective 1in this research
programme also for absorption heat pumps. As a large part of the
heat pump 1s related to heat exchangers a cost reduction and
improved performance of heat exchangers can make a large
contribution to economic feasibility of absorption heat pumps,
heat transformers or other cycles. To that end, DUINTJER,
Netherlands is developing a platefin heat exchanger which has the
promise of good performance and cheap mass production. This type
of heat exchangers will be tested in heat pumps for heat and mass
transfer and flow resistance. If satisfactory the manufacturing
of the heat exchangers will be developed.
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An interesting option to develop high temperature heat pumps is
the use of solid and gas as working media. It is believed that,
with suitable solids and gases, heat pump operation up to 300°C
is possible. The fact that such absorption heat pumps always
operate periodically could be a disadvantage for industrial
applications; however solutions for this problem may be found.
Other problems are the development of suitable heat exchangers
and reactors, This topic 1s studied by three heat pump projects.
A group of one Italian (CNR) and four French (CNRS, UTC, CETIAT,
BLM) organizations 1is carrying out a systematic search for
solid/gas combinations (with a emphasis on zeolite/water and
active coal/methanol) suitable for operation up to 250°C. Other
important R and D topics are the design of the reactors and heat
exchangers in the different components of the heat pump, the
optimization of the components, and the operation of cycles which
consist of different stages.

The TECHNICAL UNIVERSITY OF DENMARK will systematically
investigate NH (refrigerant) and different metal halides
(absorbants) in"a number of cycles. In this project an attempt
will be made to design a system which operates in a quasi-
continuous way in order to circumvent the main draw back of solid
absorption heat pumps : periodic operation. Two small systems
will be constructed : a air to air heat pump for energy recovery
from a drying process and a 2,3 kW two-stage heat transformer
producing heat up to 300°C.

INPG, France investigates the possibility to develop a solid
absorption heat pump with NH3 (refrigerant) and graphite
containing metallic salts., It 1s believed that this system,
which operates via insertion of metallic salts in graphite, will
have a much better performance than metal halides and pure NH3.
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Chapter 2

Operating Experiences with Heat
Pumps in North America

Carl C. Hiller

ABSTRACT

Central air conditioning systems are used mostly in general.
However they are not energy-efficient since they require the large
power of fans and pumps, not featuring the good partial load
characteristics.

Instead of central system, multi-zone air source heat pump air
conditioners (MZHP) have been increasingly used for air
conditioning residences and office buildings in Japan.

MZHP system consists of an outdoor unit and plural indoor
units. Wall suspended type indoor units are available for
residential use, and ceiling mounted cassette type for commercial
use. Each indoor unit is independently operative by each remote
controller to control room temperature for each zone.
Capacity-controllable compressors are provided in outdoor units.

The operation data of MZHP system compared with central
system will be explained.

INTRODUCTION

EDR TS A RS AN

There is a variety of so called central air conditioning

systems. Typical of these systems are combination of chilled and
hot water chiller with fan coil units and duct type heat pump air
conditioning system for residence. For commercial use, there are

combination of chilled and hot water chiller with fan coil units
or air handling units and duct type heat pump air conditioning
system.

HEAT PUMPS. Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 IEA Heat Pump Conference)
Edited by Kay H. Zmmerman © 1987 Lewis Publishers, Inc . Chelsea. Michigan 48118 Printed in U.S.A
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below 50 tons. Some heat reclaim systems for water heating are
larger than 50 tons, and can be classified as heat pumps, although
they are generally associated with some cooling application.
Industrial heat pump applications are currently rare in the U.S.,
with the exception of vapor recompression applications.

Information on heat pump operation in the U.S. has been
gathered from informal contacts with users and installers, more
rigorous structured surveys of users, and field tests.

Information from informal discussions with users and installers is
useful for structuring formal research efforts, but is not
sufficiently quantitative to allow conclusions to be drawn without
additional information.

Several structured surveys of heat pump users have been
conducted under sponsorship of the Electric Power Research
Institute (EPRI). These surveys have produced the first
quantitatively verifiable information on heat pump service life in
the U.S. Additional information has been gathered on heat pump
repairs, proficiency of repair personnel, and customer
satisfaction.

Electric utilities, EPRI, manufacturers, universities, Oak
Ridge National Laboratory, and various other state and federal
agencies have sponsored numerous field tests of a variety of heat
pumps in diverse applications. Such tests are normally conducted
to determine performance and efficiency characteristics in
different climates, to study impacts on electric utility peak
demand, and/or to evaluate design improvements.

This paper discusses findings from user surveys, general
observations from field testing efforts in the U.S., and specific
results from selected tests,

USER SURVEYS
Customer Satisfaction

Surveys of customer satisfaction with heat pumps [1,2] have
found that the majority of users are satisfied or very satisfied
with all aspects of the heat pump, including quality of comfort
delivered, cost of operation, and reliability. This is especially
true for newer vintage heat pumps, installed since 1980. There
have been selected brands which were more prone to operational
problems than the average. Market forces have caused such brands
to either improve product quality, or cease to have significant
market share.

While not quoted by the majority of heat pump users, there are
several types of complaints that occur frequently enough to be of
interest. These complaints include cool air drafts during heating
operation, noise, and repair frequency. Investigation of the
"cool blow" complaint indicates that in many cases this is due to
improper duct and register design. The result is direct high
velocity discharge of outlet air onto persons in the room, instead
of proper low velocity air distribution. Register modifications
or energizing the first stage of resistance heat below a given
ambient air temperature are simple fixes to this complaint.
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Noise complaints are usually related to either the indoor or
outdoor fans. Modest air flow rate reductions via motor speed
adjustment can often reduce this complaint. Installation of noise
barriers around the outdoor unit of air-to-air heat pumps can also
reduce this complaint. Noise levels vary considerably between
brands and models.

A small number of users have complained about excessive
repairs, but these complaints were for the most part associated
with older vintage heat pumps. Newer vintage units, especially
those installed since 1980, experience far fewer repairs or
complaints of any kind. Research has shown, moreover, that a
significant number of the complaints of frequent repairs were
related to inadeguate proficiency of maintenance personnel. This
phenomenon was especially noticeable in regions and time periods
when a rapid increase in the number of heat pump installations
occurred. In such cases, installers who were not properly trained
in heat pump installation and maintenance often began installing
heat pumps in attempts to capitalize on the growing market. This
situation is normally celf correcting to some extent as users
learn what to expect from their heat pumps and from maintenance
personnel. Unfortunately, training and experience only with air
conditioning has been shown to not be sufficient for installing
and maintaining heat pumps. Special training specific to heat
pumps is generally advisable. Education and training of service
personnel must remain a high priority due to continued evolution
of equipment designs and personnel turn-over.

Heat Pump Life

Surveys of heat pump service life revealed, as shown in Figure
1, that the median service life (age at which 50% of the units had
been removed from service and 50% remain in service) of heat pumps
in northern climates is between 15 and 16 years, while 1t 1is
slightly greater than 20 years in southern climates [3,4]}. Nearly
half of the heat pumps removed from service were fully operational
when replaced, and most were replaced with new heat pumps.

Compressor Life

Service life ¢f heat pump compressors was found on average to
be greater than 13.5 years, with some brands exhibiting compressor
lives of more than 16 years {3,5,6]. Newer units should have even
longer compressor lives if observed trends continue. An
increasing number of units are experiencing no compressor problems
during their normal total system lifetimes, having reached 40% at
last available count. Typically, less than 3-4% of all heat pumps
have experienced multiple compressor replacements. Most heat pump
owners can therefore expect to replace the compressor no more than
once, if ever, during the normal total system lifetime.
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Surveys Conducted by Alabama Power Company (APCo) and
Commonwelth Edison Company (Edison) and Sponsored by EPRI
Indicate Heat Pump Service Life Ranges
From 15 Years to More Than 20 Years

HEAT PUMP FIELD PERFORMANCE TESTS

Table 1 gives a partial list of the types of heat pumps that
have been field tested by various organizations in the U.S. It
can be seen that numerous tests have been performed on air-source
units. Many of these tests are evaluations of new features,
ranging from new compressors to better controls. New applications
of existing equipment are also included. Other types of heat
pumps tested include an assortment of ground source, solar
assisted, and storage coupled units.

Data Interpretation

Due to differences in data collection techniques and data
analysis procedures, comparison of results from different field
tests must be done with caution. A thorough understanding of
procedures and assumptions used for data collection, analysis,
recovery from data loss, and normalization of results is advised
before drawing conclusions from such comparisons.
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Type Configuration

Alr Source
Single Package
Dual Sptltit
Tripple Split
Dual Compressor
Two Speed
Variable Speed (inverter drive)
Room Units
Package Terminal Units
Multizone Units

With Water Heating
Desuperheating
Full Condensing Dedicated Stand Alone
Full Condensing Integrated With Space
Conditioning

Dual-Fuel
Forced Air
Hydronic
0il Backup
Propane Backup
Natural Gas Backup

Ground Source
Ground Water
Vertical Closed Loop
Horizontal Closed Loop
Crawl Space Coupled

Storage Coupled
Solar Assisted

Table 1
Heat Pump Equip.ent Types Evaluated
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FIELD TEST OBSERVATIONS

Despite differences in data collection and analysis procedures
used, numerous general observations can be drawn from the various
heat pump field tests that have been performed [7]. These
observations are supported with examples from specific field tests
sponsored by the Electric Power Research Institute (EPRI),
described in Table 2.

Air-to-Air Heat Pumps

Much information is known about the efficiency, electrical
demand, and reliability of air-to-air heat pumps:

1. Air-to-air heat pumps can perform reliably in both northern and
southern U.S. climates.

2. Air-to-air heat pumps can save significant amounts of operating
energy compared to electrical resistance heating in all
climates that have significant hours of heating operation.

3. If controls are properly adjusted and functioning, conventional
air-to-air heat pumps can reduce peak electrical demand
compared to electric resistance heat. Care must be taken,
however, to avoid poor operating strategies, such as improperly
controlled night setback, in order to attain the reductions in
peak demand.

4, Improper refrigerant charge can significantly reduce seasonal
efficiency and negatively impact user comfort and
satisfaction. It can also adversely affect life of critical
components in the system, such as the compressor.

S. High efficiency units are more susceptible to reductions in
overall efficiency due to controls maladjustments or other
problems than are lower efficiency units. This is because the
low energy consumption of high efficiency units causes problems
to have a greater percentage impact.

6. Defrost controls are getting better, but there is still room
for improvement.

7. Thermostat placement, method of mounting, and control features
can significantly impact comfort and energy consumption,
through impacts on cycling rate and effective setpoint.

Tables 3 and 4 summarize results of two related heat pump field
test efforts [8,9] performed in the 1980-83 time period.

The multi-capacity units (dual-speed, Batchtown Ill. and dual-
compressor, Manlius N.Y. and Minneapolis, Minnesota.) performed
well. The dual speed unit performed especially well in the cooling
mode. One potential drawback was noted with these units,
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Project Report
No. Title/Description No. Date

RP789-3 Monitoring of Improved Air-Source

Heat Pumps EM-3978 1986
RP2033-9 Monitoring of Central and Room

Heat Pumps EM-4674 1986
RP1201-14 Monitoring of Residential Ground-

water Source Heat Pumps In

The Northeast EM-4372 1986
RP2033-14 Heat Pump Experiments Using Crawl

Spaces as Ground-to—-Air Heat

Exchangers EM-4908 1986
RP2033-19 Evaluation of a Novel Dual Fuel

Heat Pump EM~4479 1986
RP1495-1 Performance Analysis of Air-to-Air

Heat Pumps EM-4226 1985
RP1191-6 Performance Comparison of Air- and

Ground-Coupled Heat Pump Systems EM-3408 1984
RP2033-5 Heat Pump Water Heaters EM-3582 1984
RP789-1 Northern Climate Heat Pump Field

Performance Evaluation EM-2319 1982
RP1191-6 Performance Monitoring of Ground-

Coupled Solar-Assisted Heat Pump

Systems EM-1697 1981
RP432-1 Load and Use Characteristics of

Electric Heat Pumps in Single-

Family Residences EA-793 1978
RP385 Solar Energy and the Heat Pump

in a Northern Climate EA-407 1977
RP1940-5 Survey of Heat Pump Field

Performance Data None N/A
RP1201-15 Monitoring of Multizone Heat

Pumps None N/A

Table 2
EPRI Heat Pump Test Projects



Heat Pump

Table 3
Performance Summary

Peak Power Demand Reduction
Compared to

12R Furnace

Single Capacity

Site Heat Pump System Measured Normalized Expected or Boxlfr Heat Pump
Location Description HPE HSPF SEER HSPF SEER HSPF | SEER (kW) (%) (kW) (%) Comments
Batchtown, Triple-split, Two | 6.3 -- 8.3 5.8 8.4 6.4 7.3 3.3 (320 0.6 (8%) Measured HPF = 3/81-12/81.
1llinois Speed-Single Heat pump did not operate
Compressor 12/80-2/81.
Heat Pump
Central Square, Air-Water 6.1 - NA(DY ] 6.1 NA(2) | Na(3)| NA(2) 10.8 (847 NA(L) Heating-only system, no ARL
New York Hydronic Svstem tvatings available., Proto-
N With 0il Boiler type rvefrigerant-to-water
heat exchanger. Measured
HPF from 11/80-5/81.
Dallas, Double-Split -- 6.4 6.4 7.1 6.5 6.6 6.0 2.8 (43%) Na(l) Heat pump oversized.
Texas Heatr Pump
Kingsport, Triple-Split - 5.7 6.3 5.5 6.4 5.4 6.8 1.6 (22%) NA(L) Expected HSPF/SEER do not
Tennessee Heat Pump With include effects of desuper-
Domescic Water heater used to heat domescic
Heater water.
Liverpool, Double-Split e - 7.6 7.3 7.7 6.4 6.9 13.2(960) NA(l} Measured IPF from calendar
New York Heat Puxzp With year 1981.
Gas Furnace
Manlius, Triple-Split, - 5.6 NA(&) 5.7 Na(4) NA(S)! BA(5) 2.3 (19%) 1.6 {132} Cooling load too small to
New York Two~Compressor determine SEER.
Heat Pump
Minneapolis, Triple-Splitc 5.5 - NA(4) 5.5 Na(s) | 5.7 NA(4) 1.0 (61) 1.0 (6%) Cooling load too small to
Minnesota Two-Compressor deternine SEER. Measured
Heat Pump HPF from 1981 calendar
year.
Kote: (1) XNot applicable. These beal pump systems use one single speed compressor.

{2) Not
(3) ot
(4) Xot
(5) Nor

2pplicabie.
appiicable,

with no ARI ratings.

applicable.
applicable,

Heat pump not used for cooling.
Prototype refrigerant-to-water heat exchanger in system

Cooling load too small to determine cooling performance.
No ARI ratings for this system.
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Table 4

Heat Pump Performance Summary - Central Units

Power bemand Keduction
Coupy
I?R Furnace

Lo
Single Capacity

Site Heal Pump System Measured Normaliczed  Expected or Builer ileat Pump
Location Description HPF NSPF SEER  NSPF SEER HSHF ER (kW) (%) (kW) (%) Comuents
Batchtown, Triple-Split, Twa 6.6 8.9 6.3 9.0 6.4 1.5 17 (12%) 1.3 (10%) Measured petformsnce from 10/82 -
Hliness Speed - Single 9783
Compressor Heat
Pump
Birmingham, Double-Split Heat 7.3 5.9 7.3 5.9 6.7 6.7 1.4 (55%) NA{1) Measured HPF and SERR Crom 12/82-
Alabama Pump with Gas Y/83.
Furnace
Caczenovia, Doutle-Split Heat 11 6.8 77 6.8 7.7 6.8 17.7 (95%) HA(L) Tudoor temperature kept ot 71b tor
New York Pump with 01l couling. Heal pump oversized tor
Furnsce cooling, lerge cycling lusses.
Measured performance toom 9/82 -
8/83
Central Square, Air-Water Hydronic 7.0 NA(2) 7.1 ma(2)  NA(3) NA(Y) 13,1 (98%) Na(1) Heating - only system, nu ARI
New York System with 01l vatings availsble. Heasured
Boiler performance trom 9/81 - &/82
Dallas, Double-Split Heat 4.8 6.1 49 6.1 6.3 5.7 1.9 (34%) Ka(1) Heat pump oversized. Measured sid
Texas Puap normalized performance during
heuting lowered due Lo
retrigerant lesks. Messured
performonce foun 10782 - 9783,
Kingsport, Triple-Split Heat 4.5 4.7 &S 4.9 51 65 0.7 (8%} 38HQL2T heal pump with scpacate
Tennessee Puwp with Demestac 5.3 6.5 5.0 6.7 NA(3) NA() 0.2 (30) desuperheater feom 10781 - G762,
Water Healer 3BGWO21 heat pump with tutegral
desupechicater frum 10/82 - 9785
Expectad values ds nut 1aclute
eitects of desuperbeater used tu hest
domestic watvr.  Indoor tewmperature
kept at edb for cooling
Liverpool, Double-Split Heat 7.0 6.6 10 Na(4) 6 5 NA(GL) 16.9 (97 NA(L) SBRUOTA heat pump from Y81 - 8rbe,
New York Puaip with Gas 7.8 8.3 1.7 8.4 6.9 72 12 8 (95%) HA(L) 3QE0I6 heot puup frow Y782 - B/87
Furnace
Loug Island, Alr-Water Hydromic 6.8 NA(2) 6 B KNa(z) NA(3) NAC(3) 15.6 (99%)
New York System with 1l
Boiler
Minnespolis Teiple-Split Two- 4.9 5.4 5.2 5.5 5.4 68 1.9 (134 12 (o%) Dats frem 9/8) - B/82 fur heating and

Minnesota

Coapressor licat bump

7/83 - 8/83 for cuuling.

Nute: (1)
(2)
(3
(&)

Nut
Not
Not
Not

Applicable
Applicable.
Applicatle.
Applicable.

No ARI

These heat pump systems used one
Heat pump nol used for cooling.
ratings aveilablc for this system.

Cooling load too swall Lo deterwine covling pecformance

singlesspecd compressor.
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however. In all cases, the units were designed to stop the
compressor when changing the speed or number of compressors in
use. This caused a much larger number of on-off cycles than are
typically observed in single capacity units, resulting in
increased cycling losses and unknown effects on reliability. This
phenomenon was less evident in the cooling mode at the Batchtown
site because the majority of the cooling could be satisfied in the
low capacity mode, and the thermostat was designed for a much
lower cycling rate in air conditioning mode, compared to the
heating mode.

The deliberately oversized unit at Dallas, Texas exhibited good
efficiency during the first test, but would have performed even
better if a smaller unit were utilized, with reduced cycling
losses. In the second test, efficiency of the deliberately
oversized unit was lower than observed earlier because a
refrigerant leak developed that went undetected for a considerable
length of time. The oversizing of the unit masked the performance
degradation until efficiency calculations were performed. Once
the leak was repaired the unit again functioned well.

A rigorous program of air-to-air heat pump laboratory tests
followed by field tests of 9 identical heat pumps showed the
importance of proper application and adjustment of controls
{10]. This information was used to develop improved simulation
models of heat pump performance. Thermostat mounting and
ad justment was found to have a major impact on cycling rates and
therefore on cycling losses. Heating seasonal Coefficients of
Performance (COP) found during these tests ranged from 1.35 to
1.75. Thermostat mounting and adjustment, and usage patterns were
found to be more important than climatic differences in
determining energy efficiency.

Table 5 summarizes results of field tests on several room and
package terminal heat pumps, which are single package units
designed for thru-the-window or thru-the-wall mounting [9]. These
units were equipped with passive defrost, and were designed to
switch from heat pump to pure electric resistance heating below an
ambient temperature of 32 F. The units performed well as heat
pumps above 32 F, but due to their nature of being zonal heating
devices, they saw much of their operation only when the outdoor
amblent was below 32 F. This reduced their overall efficiency.
The units were also somewhat noisy, resulting in limited use in
bedroom applications, except for morning warm-up.

Water Heating Heat Pumps

Water heating can be accomplished either by utilizing the
superheat in the refrigerant before condensation occurs
(desuperheating), or by utilizing both the heat of desuperheating
and of fully condensing the refrigerant. The former, known as
desuperheater water heating, has the advantage that it can be
acheived without special system design, and can therefore be
retrofit to existing equipment. The latter, known as full



SITE
LOGCATION

INSTALLATION

Table 5

Heat Pump Performance Summary - Room Units

HEAT PUMP

CAPACITY

SUPFLIED BY

HEAT PUMP (2)  ENFRGY _
(% OF TOTAL) (xly

COMMENTS

Atlants, Georgia

Raltimore, Moryland

Belleville, {llinvis

Bostan, Massachusetts

Liverpoal, New York

Motel Room

Kitchen/Dining
Room Window

Office

Bedroom Window

Living Room

Carrier
5240431231144
Packoged Terminal
Meat Punp

Carrier
51QE315311
Roow Heat Pump

Carrier
S2AGA312311AA
Packaged Terminal
Heat Pump

Carrier
51QF211311
Room Heat Pump

Carrier
SIQE315311

Roon Heat Punp

4.

7.6 75% 1211.0
1.4 6% 122 3
7.2 w1y 717
8.7 - .

5.6 50% 701 0

(1) "Heat pump only HI'F" is the heating performence foctor of the unmit neglecting the resistance heat output capacity and
TRpuL encrgy consumption.

(2) Percent of the total heating capacity supptied by the heat pump in the reverse cycle heating mode of the compressor.

{3) Calculated energy savings of the monitored heat pump as compared to an electric resistance wnit.

20%

21%

29%

Heat pump anly PF was 8.6, (1)

Heat pump only HPF was 7.6. (1)

Heat pump ouly HPF was 7.0, (1)

Very little heating season
operation.

Heating pectarmance only tor
October 1982 through January
1983 due to instrumentation
problem.  Heat pump only HP¥
was 8.0. (1)
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condensing water heating, can only be achieved in systems that
have been designed for such operation, but provides more iater
heating ability than desuoerheaters.

Tests of desuperheater water heaters have shown that
significant amounts of hot water can be delivered as a byproduct
during summer air conditioning operation. However, since
desuperheater water heating can only be provided when there is a
need for space heating or cooling, limited amounts of hot water
are available during spring and fall months when there is neither
a heating nor a cooling load. Moreover, in winter, desuperheater
water heating subtracts from heat available for space heating at
ambient temperatures below the balance point.

Full condensing water heating is most frequently provided by
dedicated heat pump water heaters. These units provide cooling
and dehumidifying as a free byproduct. Another device which is
expected to begin appearing in the U.S. market soon is the
integrated space conditioning heat pump with full condensing water
heating ability. This unit can provide much more hot water than
desuperheater water heaters because it can operate in dedicated
heat pump water heater mode during periods when there is no space
heating or cooling demand.

Water heating from desuperheater water heaters or full
condensing heat pump water heating operation can significantly
reduce water heating energy consumption, with no adverse impact on
either the equipment or the quantity and temperature of hot water
delivered.

Tables 3 and 4 summarize the performance of two versions of one
manufacturer's desuperheater water heater on an air-to-air heat
pump. The units performed well, and saved considerable hot water
energy consumption during the summer months, as shown in
Figure 2. This savings is not reflected in the performance
results shown in Tables 3 and 4. Little or no water heating
energy savings were noted in the winter, spring, and fall months.

A survey of field tests [11] of first generation dedicated heat
pump water heaters, conducted by electric utilities and others,
showed general agreement that properly installed, those early
units had seasonal COP's of around 2.0, regardless of climate.
There was little climatic dependency because these units are not
installed outside, and do not use outside air as the heat
source. Improperly installed heat pump water heaters uniformly
exhibited seasonal COP's of around 1.5. The installation error
common to these units was failure to disconnect the lower electric
heating element in the existing water heater. Another common
problem was wiring errors during installation. Both the wiring
errors and the failure to disconnect the lower heating element
were symptoms of a more general problem. In almost every heat
pump water heater field test, the installers (normally plumbers)
initially failed to read and follow the installation
instructions. Correct installations were obtained normally only
after measures, such as installation inspections, were taken to
ensure that the installer learned how to correctly install the
units.
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Figure 2
Domestic Water Heater Energy Usage
and Desuperheater Outputfor Kingsport, Tennessee

Dual-Fuel Heat Pumps

Heat pumps which utilize some form of fossil fuel as the
supplemental heat source are referred to as dual-fuel units. The
fossil fuel source 1s normally natural gas, propane or heating
oil. Such units have the advantages of both high efficiency
during heat pump operation, and high heating capacity at very cold
ambient temperatures without high electrical energy demand.

Heat pumps can save significant amounts of seascnal ernergy
compared to fossil fired heating systems, when used in conjunction
with such systems as dual-fuel heating systems. Energy and
operating cost savings will always be positive if an intelligent
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operating strategy is used to ensure that the mode (i.e. heat pump
or fossil furnace) with the lowest operating cost at any given
ambient temperature is utilized at that temperature. Peak heating
electrical demand is entirely eliminated with such dual-fuel
systems.

As seen in Tables 3 and 4, all of the dual-fuel heat pumps
operated well. The hydronic units, which utilize baseboard hot
water convectors to heat the structure, had somewhat lower
seasonal efficiency than the units that were added on to forced-
air furnaces because a higher condensing temperature was required
to deliver the heat to the conditioned space through the water
loop. Both types of units exhibited attractive seasonal
efficiencies because the heat pumps were operated only at
relatively warm outdoor ambient temperatures, with the fossil
fired auxiliary heat utilized at lower temperatures. Large
reductions in peak electrical demand, greater than 10kW, were
observed with these units because there was no heat pump operation
at all during the cold winter peak demand periods.

Ground Source Heat Pumps

Several approaches to utilizing the ground as the heat
source/sink have been tried experimentally. These include ground
water source heat pumps, closed loop ground coupled with heat
exchangers in the ground, and crawl space earth coupled where the
crawl space was utilized as a ground-to-air heat exchanger.

Ground water source heat pumps utilize wells, lakes, or other
sources of water that is heated and cooled by the ground. Pumping
power must be included in calculations of overall efficiency.
Large amounts of water are required, necessitating some form of
water disposal or direct use. Lakes, ponds, or reinjection wells
are typically used for water disposal. First cost of such systems
are currently high, unless an adequate well or other water source
already exists or the well can be justified for other purposes.

Closed loop ground coupled heat pumps utilize either vertical
or horizontal loops of piping inserted into wells or trenches dug
specifically for that purpose. Again, first cost of such systems
is currently high because of high costs of installing the ground
heat exchanger. Vertical loop systems in general operate somewhat
better than horizontal loop systems, especially in cooling mode.
This is because heat transfer to/from the ground is highly
dependent on the amount of soil moisture present, and horizontal
loops drive soil moisture away from the piping more readily than
do vertical loop systems during cooling operation {12].

Use of the crawl space beneath a house to preheat air before
passing it through the outdoor unit of a conventional air-to-air
heat pump allows a significant improvement in the efficiency of
the heat pump, but much of the gain is lost because of increased
heat loss through the floor of the house, even with high levels of
insulation. One approach which utilized a closed-loop air flow
circuit in the crawl space reduced peak electrical demand of the
heat pump by as much as 30% compared to a conventional air-to-air
unit, through reduction in number and duration of defrost cycles
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and reductions in backup electrical resistance heat use during
short periods of very cold weather [13]. However, yearly energy
savings were minimal or negative.

In general, ground water source and closed loop ground coupled
heat pumps can operate at significantly greater seasonal
efficiency and with significantly reduced peak electrical demand,
compared to conventional alr-to-alir heat pumps.

Tests on ground water source heat pumps [14] yielded seasonal
heating Coefficients of Performance of 1.8 to 3.0, even though
these units were retrofitted into homes which had smaller than
recommended ducting and air flow rates because they were initially
equipped with fossil furnaces. The units exhibited sensitivity to
variations of ground water source temperature which sometimes
caused nuisance trips on low evaporator pressure protection
devices. This problem was caused to some extent by heat exchanger
fouling due to microorganisms from the well and other
contaminants. Chemical treatments of the well helped control
these problems.

Tests on vertical closed-loop ground coupled heat pumps {15}
showed that the yearly heating and cooling electrical energy
consumption of the ground coupled system was around 30% less than
that for an air-to-air system. Similarly, peak electrical power
demand for the ground coupled system was around 70% less than for
the air-to-air heat pump. This large reduction of electrical
demand resulted from complete elimination of electric resistance
backup heat use, saving approximately 3.5 to 4.0 kW of demand.
Proper sizing and installation of the ground coil was confirmed
experimentally to be essential to acceptable operation of closed-
loop ground coupled heat pumps.

Storage and Solar Coupled Heat Pumps

Storage coupled heat pumps are primarily associated with heat
reclaim units for domestic water heating, and sometimes are used
for heat storage as part of large commercial cool storage
installations. Storage works well in such applications. Use of
storage has also been investigated for residential applications.
There, however, performance benefits have generally not justified
the added costs and complexity [16].]

Solar collectors have been investigated for boosting the source
temperature of heat pumps, particularly those equipped with some
type of energy storage. Again, performance benefits have
generally not justified the added costs and complexity.

LOOKING TO THE FUTURE

U.S. heat pump experiences to date have identified the need for
improvements in the following areas; field test and data analysis
techniques, training of maintenance personnel, and selected
hardware to continue improvements in efficiency, electrical demand
reduction, and reliability.
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Standardized normalization techniques should be developed that
allow comparison of results from different field tests. These
techniques should include adjustment to average weather
conditions, and to predetermined usage profiles. For example,
standardized sets of house sizes, indoor temperature settings, set
back strategies, hot water usage and temperature settings, and
other factors should be developed to represent "average', 'low'"
and "high" energy users. The attractiveness of different heating
and cooling options can then be meaningfully compared for
different climates and lifestyles.

Newer heat pumps have more features than ever before, and are
becoming progressively less similar to conventional air
conditioning units. Therefore, more emphasis must be placed on
maintaining a supply of properly trained service personnel through
training and certification programs. Development of better
diagnostic devices and easier to service units is also warranted.

Continued efforts to develop higher efficiency heat pumps with
greater low temperature heating capacity are also justified.
Development of units with improved features should also
continue. Development of such improved units should be
accompanied by applications research activities aimed at expanding
their use in new and better ways. More attention needs to be
devoted to the development of reliable, foolproof controls that
avoid excessive cycling of units.

Tests are currently underway on next generation heat pumps,
including units with capacity control using continuously variable
compressor and fan speed modulation, full condensing water heating
capability, and zonal heating capability. Preliminary results
indicate that the full condensing water heating feature saves
considerable amounts of water heating energy in all seasons
compared to both conventional water heating and desuperheating
water heating. Hot water recovery rates with units that have
integrated space conditioning and full condensing water heating
capability are in some cases greater than with fossil fired water
heaters.

Continuously variable speed modulation of compressors and fans
promises to reduce cycling losses, allow use of larger compressors
for increased low temperature capacity, and improve efficiency
through more efficient heat exchange at low load conditions.

These same features also allow the ability to selectively heat or
cool only portions of a structure, thereby allowing reductions in
peak electrical demand and further reductions in energy
consumption without significantly impacting user comfort.

SUMMARY

Experiences with heat pumps in the U.S. have been generally
favorable. They perform efficiently and reliably in most
climates. Problems experienced with early vintage units have for
the most part been eliminated. In order for this high level of
satisfaction to persist, however, efforts to improve product
quality and repair proficiency must continue.
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Chapter 3

Operating Experience with Heat-
Pump-Type Room Air Conditioners
for Cold Districts

Tsunehiko Minagawa and Zenkichi Yamaguchi

ABSTRACT: Air conditioning in Japanese houses in general is meinly
made by independent and restricted systems by reason of the living
custom, building construction, etc. and central air-conditioning
systems are not in common use.

Conventional heat pump type room air conditioners using air
heat source have been problematic in insufficient capacity due to
lowering of the outside air temperature, defrosting operation,
running costs and the like. Jointly with Hitachi, Mitsubishi,
Matsushita and Toshiba, Tohoku Electric Power Company has
developed, to soclve such problems, heaterless inverter air
conditioners which can be practicably used even in districts where
the yearly average of deily minimum temperature ic -7°C, and macde
them available to the market.

This paper describes the field test results such as heating
capacity, rice time, defrosting time, energy consumption
efficiency, running costs, etc. and summary of the development of

ubject technology.

INTRODUCTION

It is said that about 5Z per cent of the natiocnal land of Japan
is heavy snowfall areas. Lspecially, the meteorological condition
in Hokkaido and Tohoku is cold and snowy, and some areas of the
Gistricts where the minimum temperature in winter may become under
-20°C. Accordingly, air conditioning is indispensable to all
buildings such as houses in general, offices, factories,
educational institutions.

By this reacon, large quantities of energy is consumed for

HEAT PUMPS Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 IEA Heat Pump Conference),
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heating. The ratio of energy for heating to the total energy
consumption in an average household is, as shown in Table 1, about
66 per cent for Hokkaido and about 50 per cent for Tohoku compared
with about 30 per cent for all districts of Japan [1]. Seeing from
the quantity of heat consumption, Hokkaido is about 3.7 times as
much as the national average and Tohoku about 2.2 times.

Table 1. Composition of energy consumption
by household purpose in 1984,

Heating Cooling Water heating Lighting Total MJ/year
Hokkaido 65.6 - 19.0 15.4 100% 62,753
Tohoku 49.9 0.4 26.5 23.2 100% 49,358
Kanto 26.2 1.2 38.5 31.1 100% 38,641
Hokuriku 43.9 1.3 29.0 25.8 100% 45,596
Tokai 25.8 2.0 40.1 3z.1 100% 35,255
Kinki 23.5 3.1 39.8 33.6 100% 34,795
Chugoku 28.9 2.3 34.9 33.9 100% 33,547
Shikoku 22.2 2.1 31.7 39.0 100% 30,253
Kyushu 25.2 2.0 34.4 38.3 100% 30,043
Japan 29.7 1.5 37.8 31.0 100% 38,001

About 90 per cent of energy
Z, obtained from kerosine [1].

for heating is, as
This Table also suggests that the

shown in Table

spread of electoric heating including the heat pump system is

narrow.
Table 2. Composition of energy consumption
for house heating in 1984.
Electricity Kerosine Coal Gas & other Total
Hokkaido 1.7 86.9 11.3 0.1 100%
Tohoku 3.6 85.6 0.1 6.7 100%
Japan 6.5 72.3 1.9 18.0 100%

Such heavy burden of energy for heating in the family budget in
cold and snowy districts magnifies economic and psychological
Since combustion energy obtained from pertroleum, cocal,

pressure.
inolves many problems in environmental pollution,

etc.

convenience, economy, etc., many people desire, if economically

advantageous heat source is available,

converted into heat pump type room air conditioners.
Heat pump type room air conditioners have many merits in energy
safety, cleanness and convenience which other heating

efficiency,
machines cannot provice.
capacity and improvement of efficiency,

has promoted the rapid spread of heat pump type room air
conditioners as the main item of heating sppliances.

As shown in Figure 1,

that the former will be

Through further enhancement of heating
each electric manufacturer

national demand for air conditioners in

1985 marks the maximum record of 3.35 million sets (118% of the
previous year), of which demand for heat pump type machines that
had won high appreciation as heating appliance shows high growth to
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3.35 million sets (119% of the previous year, 64% of the total air
conditioners) [2].
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Fig.l. Transition in demand for room air conditioners.

Since, however, heat pump type room air conditioners use the
open air as the heat source, they have shortcomings such as
insufficient heating capacity, slow rise of room temperature and
frequent defrosting operations, when the open air temperature falls
and much quantity of heat is required in cold districts. Such
shortcomings have hindered the full-scale spread of heat pump type
machines.

In consideration of such circumstances, this Company has, since
1982, taken part in development of heat pump type room air
conditioners well usable even in cold districts jointly with three
electric manufacturers. Based on the results of field tests of the
trial products in seven Prefectures of Tohoku District, we have put
to practical use heat pump type air conditioners, although with
auxiliary heaters, which can be used in all areas of Tohoku
District. Such machines have been marketed since the autumn of
1983 by the manufacturers participating in the joint development
project.

In order to make the developed machines more efficient, this
Company continually developed the element technology from 1683
jointly with four manufactures and proved performance, efficiency
and the like of the trial products incorporating such element
technology. Basec on such proof, the manufacturers participating
in the joint development project put the new model to practical use
and has marketed it with good reputation since April 1685.

Here will be cdescribed the results of field tests in the
northern Tohoku District of the newly developed heat pump type room
air conditioners for cold districts and summary of the ceveloped
element thechnology.
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RESULTS OF FIELD TESTS

Appreciation of performance of heat punp type room air
conditioners in cold districts is centered on feeling of heating,
rise time, defrosting operation, periodic energy consumption
efficiency and running costs. For the purpcse of such
appreciation, field tests of the trial products incorporating the
element technology developed during this project were performed in
12 major cities of three prefecturesc of the northern District
(Aomori, Iwate and Akita) from December 1984 through March 1685.

Heating Capacity at Low Open Air Temperature

While output of the compressors used in these tests was 0.7~0.9
kw, heating capacity at the outside air temperature of -7°C was
12.6~15.9 MJ/h (3,000~3,800 kcal/h) without auxiliary heaters with
slight difference by types of developed products. This is nearly
equal to 12.6~16.3 MJ/h (3,080~3,900 kcal/h) of the capacity of the
machines with auxiliary heaters (about 1 kW) developed last time.

As shown in Figure Z, the ratio of beating capacity at -7°C of
the outside alr temperature compared tc 7°C of the standard
temperature was 04% for the machines developed last time and became
76~88% by the development of the element technology at this time,
achieving remarkable improvement of drop of heating capacity in low
temperature arees.

4
. —
0.8 /1/ - 0.82

New developed machine

Previous developed machine

Heating capacity ratio
Rising time (minute)
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!

(o] + + + +
{-7) -6 -4 -2 o} 2
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o+
-~
—

Atmospheric temperature (°C)

Fig.2. Atmospheric temperature and heating capacity ratio.

Rise Time of Room Temperature

As shown in Figure 3, time to raise room temperature from 0°C
to 16°C at the outside air temperature of 0°C was about 15 minutes,
that is, one third of 40~45 minutes in case of the machines
developed last time.
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Fig.3. Example of rising characteristics.

Defrosting Time and Quantity of Frost

As shown in Figure 4, time of defrosting from heat exchangers
became about 2~4 minutes, that is, nearly half of about 7 minutes
in case of the machines developed last time. +4~-4°C of maxinum
frosting temperature zone of the machines developed last time could
be reduced to +2~-2°C and prevention of ineffective defrosting
operation and remarkable decrease in quanty of frost were intended.
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Fig.4. Example of defrosting operation characteristics.
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Energy Consumption Efficiency During Heating

Energy consumption efficiency during heating periods was
10.34~11.55 KI/h*W (2.47~2.76 kcl/h'W) in the average for the
north Tohoku three prefectures, achieving improvement by 30~37%
against 7.79~6.87 KJ/h*W (1.86~2.12 kcal/h-W) in case of the
machines developed last time.

Appreciation by Field Test Monitors
On feeling of heating

Monitors using the machines in living rooms nearly between 13.2
m? and 16.5 m? were satisfied with softer feeling of heating than
conventional warm air circulators.

On rise

On rise in the morning, most of the monitors appreciated that
rooms became enough warm at the hour of rising. Such appreciation
might be caused by the fact that rise time of the newly developed
machines was reduced and preliminary heating operations were made
for half or one hour before the hour of rising.

On defrosting operation

While defrosting operation is influenced by meteorological
conditions such as outside air temperature, humidity and snowfall,
it may happen once per 50-~%0 minutes and last only for 2~3 minutes
even at the open air temperature of +2~-2°C which is the zone of
maximum frosting temperature. Therefore, most of the monitors
appreciated defrosting operaticn did not get on their nerves.

On running costs

Since the living custom and operation hour of each monitor
differed and a part of test patterns was specified, consumed
electric energy was 400~1,000 kWh/menth, showing considerable
variance between monitcors. However, monitors estimate that, if the
mode of operation suitable to the normal living condition would be
adopted, 300~500 kWh/month will do.

he latest field tests were performed in 9.9~19.8 m“ big rooms
where the trial products were installed, while the product is
designed to be used in an about 13.2 m? big room. Simulation based
on the tests in case of using in a 13.2 n? big room gives the
running casts of 2.400 yen/month ($59/month, one US dollor is
equivalent to 160 Jazpanese yen) in the average value for the
northern Tohoku tnree prefectures.

The simulation also gives the energy consumption efficiency of
11.76 KJ/h-W (2.81 kcal/h-W). The energy unit price obtained from

2
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this value is 50.57~56.85 yen/MJ (0.32~0.36 $/MJ, 12.08~13.58
yen/1,000 kcal), which is nearly equal to the estimated value of
57.52 yen/MJ (0.36 $/MJ, 13.74 yen/1,000 kcal) for the Forced Flue
type kerosine stove.

MAJOR ELEMENT OF TECHNOLOGY DEVELOPED

Development of High Efficiency Compressors for Inverters Used in
Cold Districts

Mainly as a result of development and application of a high
efficiency compressor in which pressure loss in the suction process
and exhaust process at the refrigeration cycle during high speed
and high power operation of the compressor is decreased and the
mechanisn of separation of refrigerator oil from refrigerant is

improved, energy consumption efficiency has been elevated as shown
in Figure 5.
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Fig.5. Example of unit performance comparison (compressor).

Adoption of Refrigerator 0il Adapting to Low Outside Air
Temperature

Refrigerator oil with low pour point and floc point and
excellent cold-proof characteristic has been selected, and
operation reliability of the compressor in case of low outside air
temperature secured.
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Development of Compressor Preheating System

Since about 14.5% of the total quantity of heat is required to
heat the compressor during rise for heating, the compressor
preheating system has been developed. This system has made the
rise time shorter by lessening quantity of heat necessary for
heating the compressor during rise and increasing heating capacity.

Adoption of New Mixed Working Fruids and Development of Optium
Control System for Refrigeration Cycles

By adopting new mixed working fluids which operates most
effectively in the entire outside air temperature zone and
developing the optimum control system for refrigeration cycles,
enhancement of heating capacity and improvement of the starting
characteristic especially at the time .of low outside air
temperature have been realized.

Development of New Frost Detecting System

By developing the detecting argorithm of air temperature and
heat exchanger temperature and of air temperature and humidity and
heat exchanger temperature as shown in the example of Figure 6,
prevention of ineffective defrosting operation and reduction of
defrosting time have been realized.

When the heat exchanger temperature
lowers below this temperature, de- -
frosting is required once an hour so far.
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Fig.6. Example of new frosting detecting method.

Development of New Defrosting System

By developing the heat exchange system for defrosting which
condenses heat in the refrigerating cycle construction of working
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fluid unified with the compressor,

reduction of defrosting time has
been realized.

Development of Frost Decreasing System

By developing the frost decreasing system involving improvement
of shape of heat exchangers and surface treatment of heat
exchangers as shown in the example of Figure 7, elevation of
efficiency in defrosting operation has been realized.
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Fig.7. Example of improved fimn shape.
Improvement of Cooling Characteristic
By adoption of new type propeller fans and improvement of shape

of suction and supply openings of heat exchangers, increase of
d¢raft air and lessening of noise of the unit has been realized.

APPLICABILITY

Ae shown in the example of occurence of specific outside air
temperature in cold districts during the heating period illustratead
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in Figure 8, hours when outside air temperature is below -7°C is
only a few, i.e., 1.9% in Morioka and 0.1% in Akita.

Heating period(from the third day after the daily average atmospheric
temperature becomes less than 14°C to the third day before the daily

400 average atmospheric temperature becomes more than 14°C)
— MORIOKA: (10/10-5/28 6:00-24:00 4389h, Average tempera-
ture 4.9°C, Standard deviation 6.5°C)
----- AKITA : (10/13-6/1 6:00-24:00 4408h, Average tempera-
ture 6.3°C, Standard deviation 6.3°C)
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‘Fig.8. Occurring time of ztmospheric temperature (HASP data).

The standard of heating for heat pump type room air
conditioners is, as shown in Figure ¢, 11.28 MI/h (2,695 kcal/h)
for a Japanese-style room of a wooden house of 13.2 m? and 9.40
MI/h (2,246 kcal/h) for a Western-style room of ferroconcrete
apartment of 13.Z m? in the example of Morioka where monthly
average of daily minimum temperature is lowest in Tchoku District.

Therefore, we have reached a prospect that, if the heating
capacity of heat pump type room air conditioner is ensured to be
more than 3000 kcal/h at -7°C of outside air temperature, it can be
used well even in cold areas such as Tohoku District.



RESIDENTIAL AND COMMERCIAL OPERATING EXPERIENCE 43

Maximum heating capacity range of
developed equipment
(without auxiliary heater)

~— (4.000) >
=) 16.74 / /
e /
5 S/
8 /7 7/
N Maximum heating capacity range of con-
= ventional equipment for cold dis-
S~ tricts
: y; (with auxiliary heater)
o Sapporo, V
< (30000 { . / /
g 12.56 7/ o/ ’ ’
— /. Morioka
?_c omor i /
.ﬂ ,
& /
Q Sendai
<t
3 -
», (2.0001 S Niigata
al 7
:: 8.37 /
(&} //
& y
)
< Maximum heating capacity range
80 of conventional equipment for
= cold districts(without auxiliary
o heater)
S :
I u.o004 )/
4.19 Heating load for wooden Japanese room
(13.2m?) facing south
(mean value in Northeastern districts)
Heating load for reinforced concrete apartment European
room (13.2m?) facing south
(mean value in Northeastern districts)
[o
-14-2 -10-8 -6 -4 -2 0 2 4 6 8 10
Atmospheric temperature (°C)
Fig.9. Atomospheric temperature and heating capacity
heating load characteristics.
CONCLUSION

Thanks to sales of the new type products incorporating the
element technology, the number of units held end used in the seven
Tohoku prefectures (including Niigata) for 1985 has reached 104
thousand units (130.4% of the previous year). These products are
spread not only in Tohoku District but also in cold anc snowy
districts throughout Japan and their characteristics are highly
appreciated.

Ve believe that the new type of products developed this time
écre nearly satisfactory in beoth performance ana energy consumption
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efficiency and we are ccnfident that they will contribute much more
to comfortable living in cold districts.
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Chapter 4

Operating Experience with Multizone
Air-Source Heat Pumps in Residential
and Commercial Applications

Katsushige Kawahara and Kazuo Tanaka

ABSTRACT

Heat pumps first began appearing in North America, primarily
the United States, in significant numbers in the 1950's.
Reliability problems with these early units lead to system
improvements and a reemergence beginning in the mid-1960's. Since
that time many surveys and tests have been performed to determine
efficiency and reliability of the ever improving new units. Some
poorly performing heat pump brands persisted through the mid-
1970's, but most units installed since that time have performed
well. The current paper presents general conclusions based on the
many surveys and field tests that have been performed, and
includes example results from selected research efforts.

INTRODUCTION

Heat pump use in the United States has increased steadily since
the mid 1960's. More than one million new units of all types were
installed in 1985. Air-to-air heat pumps dominate the U.S.
market, but significant numbers of water source units are also
sold, primarily for commercial applications in buildings with
central circulating water piping systems. Variants of air and
water source heat pumps have been utilized in a small, but
increasing number of applications. Examples include ground water
and closed loop ground coupled heat pumps, hydronic heat pumps,
heat pump water heaters, dual-fuel heat pumps, and solar assisted
heat pumps. Heat pump use in the U.S. is largely limited to the
residential and small commercial sizes having heating outputs

HEAT PUMPS: Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 IEA Heat Pump Conference).
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Central air conditioning system circulates chilled and hot
water with pump or cool and warm air with fan to convey heat
between air conditioning zone and heat source unit. Power to
convey this heat is not generally altered even under light load
operation, unless VWV or VAV system is employed. Power required
for heat conveying in central air conditioning system may sometimes
exceed 507 of the annual total power required for air conditioning
system. .

MZHP system, on the other hand, utilizes the latent heat of
refrigerant to convey the required amount of heat when necessary.
Compared with central air conditioning system conveying heat with
chilled and hot water or cool and warm air, therefore, MZHP
system can remarkably reduce heat conveying power.

In addition, when air conditioning is not required, its
operation can be suspended for each indoor unit thus resulting in
energy saving when partially loaded.

We will choose duct type air conditioner as an example of
central air conditioning system for residence and explain the
simulated example of power consumption to compare with MZHP
system for residence.

As to those for commercial use, we will compare the actually
measured values of power consumption during the summer season for
the building and evaluate these systems: This building was air
conditioned by combination of centrifugal water chiller, hot
water boiler, induction units and air handling units and then
replaced by MZHP system.

MZHP SYSTEM FOR RESIDENTIAL USE

Qutline of MZHP System

The basic concept of the MZHP system for residential use is
to get cooling or heating only when and where it is needed. The
system consists of an outdoor unit (compressor and condenser
section), connected by refrigerant piping, and power and control
lines to multiple indoor fan coil units, which can be operated
independently and individually.

The MZHP system is not limited to cooling in summer, but has
an additional function of heating by adopting a heat pump
system. The heat pump is well accepted as an efficient way of
cooling/heating using a reverse cycle refrigeration.

Capacities of the outdoor units range from about 4 to 6.5
kW/h in both cooling and heating modes; and those of the indoor
fan coil units are from about 2 to 4 kW/h each. The indoor fan
coil units are two types; wall and floor mounted, and can be fit
with supplementary electric heaters, if necessary.
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Fig. 1. An example of the system.

Comparison of MZEP System with Ducted Air Conditioning System

There are various air conditioning systems for residence.
Here, air conditioning system by duct type heat pump air
conditioner was chosen and its power consumption was compared with
same by multi-zone air conditioning system for evaluatior of
energy saving characteristic. Assuming the air conditioning hours
and its operating ratic for each room when both systems are adopted
for the same residence, we calculated the power consumption for 3
months during the summer by simulation.

Building and Air Conditioning System

The residence chosen for this evaluation has 5 rooms and
approx. 140 m® of floor space.

Figure 2. shows installation example of multi-zone air
conditioner. 2 sets of multi-zone air conditioners each for 2 or 3
rooms are installed and their operation is switched over depending
on application hours. No room is continuously occupied by day and
night. On the other hand, duct type heat pump air conditioning
system is assumed to be operated simultaneously for each room.

Table 1 shows the specifications and performance of each air
conditioning equipment compared here. Because of considevrable
difference in COP of duct type heat pump air conditioners
depending each model, 3 levels of COP were established. COP in
this table shows the value including conveying power of fan.
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Table 1. Performance of air conditioning equipment

OUTDOOR UNIT

d

T 23— -
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FAMILY o [J BED ROOM 1
i ROOM — ]
\}V —
DINING ;
ROOM BED \ BED
o ROOM 2
rooM 3 [T
! INDOOR
INDDOR i | I~ Fﬂ UNLT
INDOOR UNIT |f!
vnit [} g ' S
- LJ
OUTDOOR
UNIT GARAGE
LIVING
ROOM

Fig. 2. Installation example.

Air con-
ditioning | Power
Room used capacity consumption cop
(kW /h) (GcH)
Dining room 4.80 2.06 2.33
A | Bed room 2 + 3 4.94 2.15 2.30
Dining room + 6.34 2.33 2.72
Multi-zone bed room 2 + 3
heat pumps Family room or 3.14 1.45 2.17
bed room 1
B
Family room + 4.41 1.65 2.67
bed room 1
C | ALl rooms 11.6 3.64 3.19
Ducted D All rooms 11.6 4.55 2.55
heat pumps
E All rooms 11.6 5.46 2.12

Note:

Outdoor temp. 35°CDB Indoor temp. 27°CDB, 19.5°CWB
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Establishment of conditions for simulation

The most important condition to be established for this
comparative simulation is the occupied hours for each rcom or
operating hours of air conditioners.

As shown in Figure 3. bed rooms are set to be occupied from 18
to § and dining room and family room from 6 to 21. Since no family
member are usually at home between 9 and 18, the occupied ratio
during this time zone was set at 0.7 for more realistic condition.
This value cannot be uniformly set, but it is considered not
seriously affect the results.

Time
9 12 15

[o)}

I8

System Room

-
joo
o
b
o

L — O

Dining room

%.___u
-

Bed room 2

Multi-zone

heat pumps Bed room 3

i

|

{

Family room

Bed room 1

:

Ducted

heat pumps All rooms

b

- ——

Occupied ratio 1.0 l 0.7 1.0
Fig. 3. Establishment of occupied hours.
Outdoor temperature in Osaka during 3 months cf July - Sept.

was set for our purpose. Appearance time of outside temperature
range for each 1°C over 4 time zones (6-9, 9-18, 1&-21 and 21-6
o'clock) was calculated.

Assuming the variation in cooling load in room and cooling
capacity of air conditioner depending on outside temperature as
its parameter, we made out cooling capacity diagram and load
diagram for each room.

Results of simulation and evaluation

Based on these set conditions, we obtained the load factor
for each outside temperature and power consumotion by air
conditioner and calculated the power consumption by air conditioner
by integration with the appearance time.

Figure 4. and Table 2 show the total of power consumption
during 3 months of July - Sept. separately calculated for indoor
unit (fan) and outdoor unit.

In comparison of duct type air conditioner, D-unit, with
multizone air conditioner, power consumption resulted in reduction
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by approx. 60% for indoor unit (fan) and approx. 33% for outdoor
unit, thus totalling to approx. 36%.

Because of low duct static pressure set for duct type air
conditioner, power consumption by indoor fan remained at approx.
13%.

It can be concluded from the results of this simulation that
superiority of multizone air conditioner due to its zone control is
evident.

Insufficient capacity of multizone air conditioner in case of
its full simultaneous operation was a matter of concern. Because
of low outisde temperature during the set time zone (6-9, 18-21),
however, no problem was found in the course of our calculation.

(kWh)
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% . POWER
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3,0001 T TION BY
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o
H ﬂmﬂn . POWER
% 2,0007 " CONSUMP-
2 N TION BY
% ‘ OUTDOOR
s} i UNIT
% |
2 1,000 \
Z ‘
o
0
MZHP C D E
DUCTED HEAT PUMP
Fig. 4. Comparison of power consumption.
Table 2. Power consumption
Power consumption (kWh)
Indoor fan Outdoor unit Total
Multi-zone
heat pumps 148 1,627 1,885
C 364 1,932 2,296
Ducted "
heat pumps D 364 2,413 2,778
E 364 2,896 3,260
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Now that we have finished explaining the most important merit,
energy saving of the MZHP system.

MZHP SYSTEM FOR COMMERCIAL USE

Outline of MZHP System

This system is mainly intended to air conditioned office
buildings with floor space of 2,000 m® and less.

It consists of outdoor units equipped with plural of capacity
control compressors of 5 EP, plural of indoor units and refrigerant
piping connecting these units. Each indoor unit can set indoor
temperature and control its operation with remote controllers
separately operated. Its operation can be also remotely controlled
and supervised with central control board.

Figure 5. shows an example of this system.

outnoor uNtt| O | O 1 O\ o __

B
- \\"\ i
_...// / r j N—
/ \ |
,[_ ( (R \ _] |
| ot ) [ [
| * byt f | |
| | 1] I ] |
l | . | | |
| I ! | ! 1 |
l ! i L ! ! |
INDOOR FAN | J ) ) L L (
COIL UNITS [:;] ti;] [::] |
ekl Bt b T B s I
I:) i ! [J_.] | |
n O O 0O |
REMOTE CONTROLLERS !
CENTRAL
REFRIGERANT PIPING CONTROL BOARD

—————WIRING FOR CONTROL CIRCUIT

Fig. 5. An example of the system.

Figure 6. shows refrigerant piping diagram for a part of this
system, Outdoor unit contains oil separator to control amount of
refrigeration oil in compressor during light load ovperation and
refrigerant regulator to regulate amount of refrigerant, etc., as
well as compressor and cross fin coil. Indoor units contain
electronic control valve to control the flow of refrigerant
depending on operation mode as well as cross fin coil and fan.
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e

Fig. 6. Refrigerant piping diagram.

Building and Air Conditioning System

This building was used as a general office building for about
20 years. Because of increasing cooling load and deterioration of
its air conditioning equipment, however, central air conditioning
system consisting of a centrifugal water chiller and a hot water
boiler so far employed was replaced by MZHP system. This
building has 5 stories and total floor space of about 6,700 m?.
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0ld air conditioning system

For air conditioning purpose, chilled water from a centrifugal
water chiller during summer and hot water from hot water boiler
during winter were sent to air handling units and induction units.
Induction units were mainly set in perimeter zone and interior zone
was air conditioned by air handling units set on the roof. Figure
7. shows the layout of old air conditioning system and Table 3
shows its specifications.

ATR HANDLING UNIT

EXHAUST
FAN DUCT  EXHAUST FANﬁ
T ROOF
F A AN FaN Ay AN Py =
-1 5t
AY Py Py A [sY ANY AN
[] 4F
- A yay yay pay pay A Fay A
3F
Y paY yay pay [aY yay Fay A []_
2F
A AN = pa) Fa) 5 O a [}_
-4;] 17
- OB Sl
, . ROOM
= PUMPS BOILER
INDUCTION
UNITS ATR HANDLING UNIT CENTRIFUGAL CHILLER
Fig. 7. 0ld air conditioning system.
Table 3. Specifications of o0ld system
Units Capacity and number of units
Centrifugal chiller 170RT x 1
H
eat source oo ling tower 170RT x 1
units
Hot water boiler 942 kW x 1
Adr Air handling units 66,000 M®/h (3units in total)
diti
conditioners Induction units 123 units
Au*iliary Pumps 3.7 kW x 3, ?.5 kW x 1
units 11 kWwx 1, 15 kW xl1




54 HEAT PUMPS: TECHNOLOGY AND MARKETING

New air conditioning system

Both of perimeter and interior of office sections except
meeting rooms are air conditioned by MZHP system. Fresh air is
treated by heat pump air conditioners and total enthalpy heat
exchangers and sent to each floor.

HEAT PUMP AIR CONDITIONER

TOTAL
ENTHALPY HEAT
EXCHANGER

MZHP

OUTDOOR UNITS ! []
ROOF

FC3 1 CO——— DED'F—TJ

o C— O O OO O OO d3a g SF
4F
O ay——s & O 3O O . /3
3F

- ] Oe—r—— [ 3O [ 3O 3 3

e Tl e R e e ey ey e W s R e i e AL
MZHP INDOOR FAN COTL UNITS

1F
MACHINE ROOM
Fig. 8. New air conditioning system.
Table 4. Specifications of new system
Units Capacity and number of units
1,000 kW [16 HP x 8 units
Outdoor units 20 HP x 5 units
Multi-zone 25 HP x 5 units
heat pumps
Indoor units 7.32 kW x 125 units
14,53 kW x 1 unit
For treatment Air source 174 kW 10 HP x 1 unit
of fresh air heat pump 20 HP x 1 unit
and meeting air conditioners 30 HP x 1 unit
room
Au§111ary Total enthalpy 3 units
units heat exchangers

Figure 8. shows the layout of new air conditioning system and
Table 4 shows the specifications of air conditioning units.
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Comparison of Operation Data and Evaluation

Power consumption for air conditioning by the old system was
actually measured for 3 months during July - September 1983.

Power consumption for 3 months during July - September 1984 after
renewal of air conditioning equipments to MZHP was also actually
measured. It is impossible to make to accurate comparison of
these data for these two seasons because of inconformity in
outdoor air conditions or load conditions., These data, however,
are sufficient enough to evaluate the tendency of these two
systems.

Power consumption for air conditioning was reduced by approx.
33% as a result of renewal of the system. Power consumption by
heat source units was reduced by approx. 18%, while that by
conveying units was reduced by approx. 56%.

This example has, therefore, proved that MZHP system for
commercial use, typical of decentralized air conditioning system,
is distinctly superior to central air conditioning system in
respect of energy saving.

It is added that the summer of 1984, when the above
measurement was conducted for MZHP system, was extraordinarily hot.

Table 5. Reduction of power consumption for air conditioning

Power consumption (kWh)
Conveying Heat source Total
units units
01d system 48,850 75,400 124,250
New system 21,450 61,550 83,000
Reducti 27,400 13,850 41,250
cduction (56%) (18%) (33%)
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Fig. 9. Comparison in power consumption by air conditioning.
POSTSCRIPT

Superiority of MZHP system in energy saving is believed to be
fully recognized so far.

It can be also presumed that the data for heating operation
not presented in this paper will show the same tendency.

Compared with central air conditioning system, however, there
remain some other problems to be solved.

First, fan coil unit can evidently control the capacity more
easily incase of chilled and hot water compared with flow control
of refrigerant.

For realization of more comfortable air conditioning by MZEP
system, therefore, it is necessary to develop high reliable method
to control the flow rate of refrigerant.
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In addition, total capacity of refrigeration units especially
in MZHP system for commercial use tends to be larger than central
air conditioning system. In general, it is 20 -~ 30% larger
compared with heat pump water chiller system.

In the next place, there is the following problem in regard
to the heating capacity at low temperature, that is basic
characteristic of heat pump air conditioner.

In the heat pump, the heating capacity as well as the COP
decreases, when the outdoor temperature goes down, despite the
fact that the heating load increases. Therefore, in order to
compensate for the imbalance between the cooling and heating
capacity, back-up heaters such as electric heaters must be used.

The frost on the coil of the outdoor unit remarkably
deteriorates the heating function when the outdoor temperature
goes down to some level. Therefore, it is necessary to develop
an efficient defrosting method so that the MZHP system is
enough strong for the colder regions.

We are confident, however, that MZHP system will further
develop as a superior air conditioning system to central air
conditioning system after solution of each of these problems by
way of new controlling methods. (such as inverter controlled
compressor, electronic expansion valve, etc.)



Chapter 5

Operating Experience with Air-
Source Heat Pumps in Europe

Christian A. Vidal

ABSTRACT : The European market for heat pumps is essentially different from those
in the United States and Japan, which tend to emphasize air-conditioning single room
units and low-cost air to air equipment. Europe is mainly a heating only market and
the common distribution system is the hydronic system. Within the European scene,
France constitutes a significant example of experience in the development of heat
pumps. Most of them are air to water heat pumps working with oil boilers and operating
in «bivalent» mode. Also air to air systems, are now developing in the commercial
field. Technically speaking, the equipment has attained a high degree of reliability
and consumer satisfaction is high, as it is shown by the survey and statistical measu-
rement campaigns carried out by official bodies. Further technical improvements and
the new marketing policy for air source heat pumps in France are presented in this
paper.

APPROACHES TO THE EUROPEAN HEAT PUMP MARKET

Heat pumps for heating and air-conditioning in residential or commercial premises
offer a considerable advantage for users and the community : they permit a large reduc-
tion in heating costs, save energy and limit the atmospheric emission from combustion
of fossil fuels.

The European market for heat pumps is essentially different from those in the
United States and Japan : firstly, many Japanese and US installations meet an air
conditioning demand which does not exist in Europe. Japanese and American heat
pumps are usually air to air, and therefore of a lower unit cost than the air to water
heat pumps needed to fit hydronic systems in Europe. Futhermore, the two millions

HEAT PUMPS: Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 IEA Heat Pump Conference).
Edited by Kay H. Zimmerman © 1987 Lewis Publishers, Inc . Chelsea. Michigan 48118. Prirted in US A
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annual sales of heat pump units in Japan refers in general to single room units used
mainly for air conditioning during summer, whereas European market is typically
counting larger output single households units.

It is clear that factors affecting the heat pump market differ considerably across
European national markets. Those factors include climate, oil/gas/electricity price
ratios, electricity generation source, existing mix of installed heating systems, govern-
ment and power utility policies. Europe is mainly a heating only market and the total
heat pump systems has to be amortized by energy cost savings alone. The common
distribution system is the hydronic one, integration of heat pumps and averall system
control are more expensive.

This means that very differential succes has been achieved with heat pump sales
across the European territories. The first start of this market was introduced by the
second oil price shock in 1979. At that time, heat pumps seemed to be the ideal instru-
ment to beat the oil producing countries and to reduce heating costs to a low level.
And of course every one wanted to participate such as power utilities, heat pump
manufacturers, installers and consumers. But it follows a big decline in European
market over the last three years (1983 - 1986) as shown on figure 1 by the evolution of
sales in France.

Fig. 1. Evolution of sales by type of system in France.
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This drop of heat pump market is attribuable to several reasons :

— a low quality installation at the beginning, giving the market a reputation of
low reliability and achieving diminished energy savings : heat pumps not suitable for
heating purposes, oversized heat pump units, incorrect integrated into heating system
and more cycling than energy saving,
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— the second reduction in the oil price initially doubling the consumer’s payback
period and then further extending this period,

— the high cost of installation and maintenance of heat pumps,

— the small scale of heat pumps programs, losing the benefits of scale economics
in manufacture, focused consumer marketing and simplification of expert installer
training,

— the lack of a pan-European coordinated effort across an identifiable and viable
mass market,

— and more recently the reactor accident in Chernobyl.

In the same time, policy for developing heat pumps has been different across the
European countries. Thus, Sweden has fed in terms of heat pump installations, resul-
ting from its low electricity/oil price ratio, its extensive district heating, and the sub-
stantial support given by government and power utilities. In France, heat pumps
programs have suffered from government price ceilings which have deterred installers.
In Germany, a variety of local initiatives have been taken but the oil price fall has
dramatically reduced heat pumps demand. In Austria, installations have still succeeded
due to government and power utility support mainly around Linz country. Whereas
the heat pump market in the United Kingdom, Holland and Belgium has been stunted
by the availability of cheap nationally generated natural gaz.

Nevertheless, the European market for heat pumps remains very large and a second
start may occur in the next years. Heat pump is a very attractive heating and air condi-
tioning device. Both energy crisis during the seventies gave it the opportunity to have
a large market to substitute to existing oil boilers. The market potential may be evalua-
ted at several millions installations in residential, commercial and industrial sectors
mainly in the residential retrofit market. The principal mass market lead to retrofit
installations of heat pumps to oil fired hydronic domestic heating systems. Air condi-
tioning and space heating equipment for commercial premises, also constitute a promi-
sing market especially in the south of Europe mainly in the form of low power reversible
heat pumps.

All this constitute the basis for a considerable development of heat pumps.

OPERATING EXPERIENCE WITH HEAT PUMPS IN FRANCE

Within the European scene, France constitutes a significant example of experience
in the development of heat pumps and particularly of air source systems. Considerable
efforts have been made, both in technical and commercial terms, with mixed success :
more than 60.000 air to air and more than 120.000 air to water heat pumps have been
installed, mostly in replacement of oil-burning boilers. France has adopted a deliberate
policy of developing heat pumps under the initiative of the national electricity utility
«Electricité de France» with the cooperation of a limited number of efficient manufac-
turers.

Figures 2 and 3 show the evolution of air source heat pump sales in France from
1979 to 1985 classified by thermal power. Figure 2 reports to air to water heat pumps
and we may see the big drop of sales of 1983. Figure 3 reports to air to air systems and
shows a newly growth of less than 6 kW power devices due to the development of air
conditioning and space heating single room units in the commercial sector.
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Fig. 2. Air to water HP : Sales by thermal power in France.
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Exhaust air source heat pumps

In the 1975-1980 period before the second energy crisis, a big effort was led for
new buildings by «Electricité de France», the French electricity utility. In order to
improve the economical performances and the primary energy balance of direct electric
heating, small air to air heat pumps using exhaust air of ventilation as could source were
designed and developed.

These small heat pumps (one electrical kW for three thermal kW produced) were
able to supply the basic heating demand in mid season. The supplementary heat demand,
during the coldest days was made by direct heating.

A relative development of this devices was observed. However, to day the market
of such heat pumps remains small (some thousands units annually sold, eight thousands
sold in 1980 as shown on figure 3). The economical performance of these heating sys-
tems is not attractive enough, compare to direct electric heating to fight against it effi-
ciently.

Air to water heat pumps fo retrofit market

After the second energy crisis, the strong increasing of oil price gave the heat pump
a new chance to compete with existing oil boilers for heating hot water in hydronic
systems. From 1980 was developed in France the PERCHE system, that means «Heat
Pump Added to Existing Oil Boilers», working on a bivalent mode for single family
houses, block centrals of dwellings and commercial buildings.

Heat pumps working with oil boilers generally use outside air source. The heat
pump only heats the water of the heating system above a temperature (generally bet-
ween 4 and 8°C) which corresponds to its capacity ; by lower temperature, the heat
pump is stopped and the boiler takes over on its own ; during intermediate periods,
when the outside temperature is between approximately — 5°C and 5°C, the boiler and
the heat pump operate simultaneously. The stopping temperature of heat pump depends
of its eveporator low limit temperature and of the network distribution temperature.
Heat pump generally produce hot water at a maximum temperature of 55 to 60°C. It
is calculated to provide about 50 % of the heating needs. Figure 4 shows the principle
of an outside air to water heat pump.

Fig. 4. Principle of an outside air to water heat pump.
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For individual houses, the standard unit mainly proposed by French manufacturers
is a single outside unit with compressor and heat exchangers in the same box located
outside the house. The connection with the existing water heating system is made with
only two pipes of water to reduce the installation cost (figure 5).

Fig. 5. Principle of heat pump installation in individual house.

The principle of heat pump used as backup of a boiler in collective dwellings or
commercial buildings are the same as small units explained before. Monoblock outside
units are proposed until more than 150 kW. The condensor of heat pumps is situated in

series with the return water pipes to the boiler as shown on figure 6.

Fig. 6. Principle of heat pump installation in collective housing.
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Marketing experience in air to water heat pumps

The market potential for retrofit installations of heat pumps to oil fired hydronic
heating systems in France is about six millions of individual and collective dwellings
corresponding to 17 millions tons of fuel oil yearly consumed. Many buildings of com-
mercial sector with permanent occupancy are also involved (hospitals, hotels...).

Figure 7 shows the variation of the relative price of electricity and domestic oil
between 1973 and 1985 with an oil boiler efficiency of 0.75 and a heat pump average
COP of 2.5.

From 1984, Electricité de France provides consumers using bivalent systems of
heating a particularly attrative new tariff option called EJP or «disconnection on peak
days». This option includes a very high price for electricity during the peak period,
the duration of which is fixed at 400 hours in the year (22 days of 18 hours, the choice
of which is left to the utility) and a much lower than the average price for the rest of
the year. Users who can accomodate disconnection from the network by using oil
other than electricity throughout the peak period choose this tariff option : this is the
case of bivalent systems users.

Fig. 7. Thermal useful kWh cost versus time electricity fuel
(individual house) in constant CF 1985.
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In this condition, the heat pump use is always economically justified : the money
saving are between 40 and 50 % and the payback time about 4 to 6 years. The initial oil
consumption is reduced about 80 %.

From 1982, a big technical and marketing effort has been undertaken to develop
outside air to water heat pumps by the French government authorities and the French
utility Electricité de France.

Single family existing houses

In 1982, a very ambitious program of heat pump development was decided for
small units (electrical power between 1.2 kW and 5 kW) standards have been elaborated
and fixed prices of installations were given : for example 25.000 FF for a 2.5 electric kW
heat pump. However, in spite of the economical interest for customers, the market
dropped dramatically after 1983 to achieve in 1985 the same volume as 1980 (see
figure 2). The main reasons of this drop are the following :

— the first houses equipped with heat pumps were big ones with high oil consump-
tion (up to 5000 liters/year). People living in such houses had large facilities to invest
in energy savings. In fact, the oil consumption of most French single family houses
does not exceed 3000 liters/year ; in that case, the economical interest is lower,

— after the second energy crisis, the fuel oil cost decreased in constant money on
the contrary of the electricity cost,

— the marketing policy, has been very active but also coercitive with fixed invest-
ment prices not accepted by installers who rejected this device,

— a marketing inquiry showed the potential market was smaller than expected
previously ; 80 % of consumers are waiting for the existing boiler out of order before
deciding to change it. In such a case, they need a compact device including heat pump
and boiler but the capital cost is, then, very high,

— finally, a payback time under five years seems to be a upper limit to convince
customers to buy a heat pump . This pay back time is now hard to achieve for small or
medium houses.

Collective dwellings and commercial sectors

The theorical market is also important but the ways to decide to install heat
pump are quite different as individual houses. In collective private dwellings the decision
upon heating systems need a majority vote of the owners that always take a long time.
For private commercial sector or social housing, the decision is faster because there is
only one owner of the building.

Marketing policy of Electricité de France in that field is to sign agreements with
social housing owner and heating supply companies which assure maintenance of large
‘eating systems in order to incite them to install heat pumps.

Several hundred installations of middle size (50 to 500 thermal power heat
pumps) are now in operation and show, for most of them, energy savings with payback
time roughly 5 years sometimes less.
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New marketing developments

For the next future, marketing action are principally directed towards :

— standardizing the equipment and promoting the quality label,

— consumer advertizing based an high brand image and the financial advantage at
short and medium term offered by heat pumps : loan repayments costing less than the
operating saving,

— bonus and incentive subsidies during the development phase of the product,

— promotion of the new electricity off peak tariff which, in return for power cut-
off on peak days, offers electricity at a price per kWh 40 % less than the usual tariff,

— training and selection of a network of specialized and skilled installers,

— long term garantee with a maintenance contract for users who are worried
about product reliability.

Technical experience

Most of heat pumps now commercialized in France have to receive qualification
label called NF (French Norm) which is issued by the French Standardization Associa-
tion. It garantees equipment quality, design level of thermal performances, noise limita-
tions and electricity safety :

— the minimum COP must be 2.5 for an outside termperature of 7°C, a hot water
distribution temperature of 50°C and an air hygrometry of 80 %,

— the power noise level must be limited at 70 decibels.

The heat pump standardization concern units up to 60 kW of thermal power. Test
methods for COP and acoustic level measurements are strictly defined. Standards for
higher size units (thermal power up to 150 kW) have been undertaken.

Figure 8 shows the variation of COP versus outside temperature of a standard air
to water heat pump.
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Experimental survey

A large program of technical and statistical survey has been conducted for last
three years by the French National Scientific and technical Centre for Building Research
(C.S.T.B.) sponsored by Electricité de France. More than 400 small units in single
family house and several larger installations of outside air to water heat pumps working
as backup of oil boilers have been monitored. Seasonal efficiency and annual consump-
tion of energies before and after the heat pump installation were measured in operating
conditions.

The results confirmed the equipment has attained a high degree of reliability with
average seasonal efficiency exceeding 2.5. The initial oil consumption has been confir-
med to a reduction of 70 to 80 %. The breakdown frequency has attained the lower
level of less than 5 %.

Endurance tests

In addition of the ground experimental survey, comparative tests of endurance and
reliability under severe conditions have been made in 1985 by official laboratories on
8 outside air to water heat pumps of 2 to 3 electrical kW. These tests were to simulate
five years of real operating :

— high stop and start frequencies of compressor even at very low temperature
(— 15°C to — 20°C during several following days),

— cyclic test of defrost system under the same conditions,

— vibration test simulating road transportation in the most severe conditions,

— salt mist test for corrosion resistance measurement,

— variation of acoustic and thermic performances compare to the standards.

The cyclic performance tests were compared to the standard performance of heat
pumps given by the manufactures. For most heat pumps there were all confirmed.
Very few incidents have been observed at the issue of the tests. No refrigerant leakage
and mechanical problems have been noticed. Iron - sheets resist well at the corrosion
test. Snow did not disturb the heat pumps.

All the test results have been published in a French consumer magazine with the
name and brand of heat pumps.

The foliowing tables 1 and 2 show examples of thermal and acoustic performances
measured before and after the tests. Heat pumps were tested using the standardized
test method (norm NF E 38-101) :

— condensor output water temperature : 50°C,

— condensor input - output difference of temperature : 5°C,

— global COP is the ratio of energy measured at the condensor divided by total
electrical energy consumed during the heating period,

—integrated COP is the same ratio including the electrical energy consumed
during the reverse defrosting cycle.
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Table 1. Thermal performances before and after tests

Cond. input Evap. input air Thermal CoP
water temp. Temp. Humidity Power
°C °C % kW Global Integrated

Before 45.1 7.0 86 7.4 2.6 —
Endurance 45.6 2.9 87 6.5 2.4 2.4
Tests 47.0 — 6.7 85 4.5 1.9 1.8
After 45.0 6.9 87 7.6 2.7 —
Endurance 45.6 3.0 86 6.7 2.5 24
Tests 46.8 - 7.0 86 4.8 2.0 1.9

Table 2. Acoustic performances before and after tests

Acoustic power level in dBA

Heat pump Before tests After tests
No 1 73.0 72.2
N°2 65.2 65.7
N°3 68.6 69.4
N°4 70.1 73.0
NS 68.9 70.4
N°6 68.5 N
N°7 69.4 70.6
N°8 727 72.8

Further technical improvements

Further improvements are studing by manufacturers and laboratories in the area
of :

— compressor performance,

— non azeotropic refrigerant,

— automatic defrosting systems,

— regulation and management of the bivalent systems,

— machine reliability,

-— thermal and acoustic optimization of the constituant parts, putting the accent
on reducing compressor noise and developing flexible links between the compressor
and heat exchangers, as well as static evaporators.

Heat pump/atmospheric exchanger associations are also beginning to develop and
offer certain advantages ; they promise improved performance that may lead to an
integral heating system that can cover all needs no matter what the climatic conditions.
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Air to air reversible heat pumps

Small split of 1 to 3 electric kW air to air reversible heat pumps for room air-
conditioning and space heating are now developing on the French market. These
systems are well known in Japan and US where several millions are sold. They can be
installed in the main room of a single family house or in commercial premises (stores,
retail outlets, small offices, hotels, restaurants...) and constitute a promising market
specially in the south of Europe.

On a marketing point of view, the interest of them are :

— possibility of cooling during summer and heating during winter with a high effi-
ciency,

—low investment cost because of large development of standard units by manu-
facturers.

A large range of split-system reversible air conditioners offers a luxurous indivi-
dual environment control for low cost instattation. New design, very low sound level of
the indoor air treatment part and the outdoor condensing unit, the heating and cooling
performances and often an infrared remote control without wire are the basic features
of these systems (fig. 3).

Technically speaking, these air to air reversible heat pumps are more and more
improved under the impulse of Japanese manufacturers : lower noise level, more com-
pact system, use of rotative compressors.

Table 3. Some characteristics of units developed by the French

Manufacturer AIRWELL.
Power supply Nominal capacity COP Sound level (3)
(fan included) Cooling (1) Heating (2) Outside Inside
kW kW kW dBA dBA
1.030 2.380 2.460 2.72 42 33/37(4)
1.305 3.050 3.275 2.81 42 34/42 (4)

(1) International standards type A : 27°C/19°C wet bulb - outside air : 35°C/24°C
wet bulb.

(2) International standards inside 19°C - outside 6°C wet bulb.

(3) Overal acoustic pressure in dBA at 4 m under nominal conditions.

(4) Low/normal speed.

CONCLUSION

In the present context of lively competition among the different forms of energy,
the air source heat pumps have every chance of satisfactory development. However, in
Europe, the market is presently rather depressed mainly because of the drop of oil and
gas energy prices.



RESIDENTIALL AND COMMERCIAL OPERATING EXPERIENCE 71

The equipments have now attained a high degree of performance and reliability.
Beyond some marketing errors that have been made before, the future of heat pumps
on the European market will depend of :

— the reduce of capital cost compare to ordinary heating systems,

— the evolutior: of energy prices,

— the developraent of air-conditioning systems associated with reversible air to
air heat pumps mainly in commercial building appliances,

— the support of governments and power utilities.

A coordinated Pan—European effort perhaps remains to be undertaken to develop
a mass market.
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Chapter 6

Exhaust Air as a Heat Source for
Heat Pumps

Henrik Enstroem and Lars-Olof Glas

Abstract

Exhaust air from different types of buildings is a frequently used
heat source for heat pumps in Sweden. The special properties of
and practically observed problems associated with the use of
exhaust air as a heat source are described and proposals for
technical solutions are presented. Operating results from one
large installation (3.4 MW) are reported. A description is given
of a couple of main installation types for combined heat pump and
cooling operation. A fundamental but simple formula for
calculation of the economics 1s presented with examples.

Introduction

Exhaust air from housing accomodation, offices and other
buildings is a popular source of heat in Sweden. There are more
than 30 000 installations throughout the country, most of them in
owner-occupied private houses. More than every other private house
built in Sweden today is equipped with an exhaust air heat pump,
normally with a heat output of about 1 kW. Many exhaust air heat
pump installations are much larger, with outputs up to about 3
MW.

Financial ccnsiderations in the form of lower heating cost are
the prime incentive behind the installation of exhaust air heat
pumps. There are, however, several interesting side effects. For
purposes of energy conservation, preference is given to keeping
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Edited by Kay H. Zimmerman © 1987 Lews Publishers, Inc., Chelsea, Michigan 43118. Printed in U.S.A



74  HEAT PUMPS: TECHNOLOGY AND MARKETING

ventilation at a minimum. In the case of an exhaust air heat pump,
an increase in the ventilation flow rate has only a marginal
effect. Let us take the case of a normal apartment: in the absence
of a heat pump, a 50 per cent increase in the exhaust air flow
will add 70 US$ to the annual heating bill. If a heat pump is
installed, this figure drops to 20 US$ per year. In the latter
case it is possible ventilate more frequently for added protection
against damp and mildew, both of which can lead to very expensive
repairs. In houses suffering from a radon gas problem, there is
less contention between the need to ventilate and the desire to
conserve energy.

A two-fold benefit can be derived from cooling plant and heat
pump operation in buildings with air conditioning and heating
systems. Very elegant solutions embodying cooling and exhaust air
heat pump systems can be installed in buildings that utilize air
as the medium for heating and cooling and where a mechanical
ventilation system is needed. The office-block building is a
typical case in point.

Special properties of exhaust air

The heat source is the limiting factor in the output of
exhaust air heat pumps. The exhaust air flow is, after all,
determined by the size of the building and the purposes for which
it is used. It is not a variable that can be controlled at
discretion to suit the requirements of the heat pump. By the same
token, the temperature of the exhaust air is a fixed parameter.
Admittedly measures can be taken to reduce leakage or evacuation
from cold areas, but the scope for improvement is strictly
limited.

For this reason the only way to change the output of the heat
pump is to control the drop in temperature of the exhaust air.
Cost-benefit studies have shown (1) that a lowering of the
temperature in the neighbourhood of 20 °C is usually the best for
living accomodation. This is not a general rule of thumb, but
merely an example: conditions are never identical in any two
buildings.

The coefficient of performance of the heat pump will
deteriorate in direct proportion to an increase in the reduction
of temperature for which it is rated. This is primarily
attributable to lower evaporation temperature, although the fact
that the condensing temperature will increase for a higher rated
output is a contributory factor. A lower balance temperature also
leads to a risk of a- longer operating time with a capacity-
controlled installation. On the other hand, the relative effect of
auxiliary outputs will be less in larger installatioms.
Nevertheless it is normally more profitable to rate the capacity
of the installation for a relatively large reduction of the
temperature of the exhaust air. Reducing this reasoning to its
essentials, it is fair to say that in a '"reasonably" rated
equipment installation, where the limiting factor is the flow of
the heat source, the profitability of the heat pump system will be
in inverse proportion to its coefficient of performance.
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In discussing the profitability of heat pumps, the coefficient
of performance is often assigned an intrinsic value all its own.
The facts as quoted above afford an excellent example of the fact
that the coeffient of performance is only one of several factors
affecting profitability and by no means always the most important.
Factors that are equally important to the economic outcome, and
this does not apply specifically to the EHP, include availability,
adjustment, monitoring of operation, heat output, credit terms and
grants, profitability criterion, energy tariffs and investment,
operating and maintenance costs. The careful purchaser will need
to prepare a detailed cost estimate for each installation.

The salient characteristics of exhaust alr as an operational
source of heat are:

~ Relatively stable temperature throughout the year.

- Sharp daily, weekly and annual variations in humidity.

- Relatively stable flow determined by the the building and the
purpose for which it 1is used.

- Condensation is formed at fin temperatures the same as or
below the dewpoint.

- Frost formation occurs at fin temperatures below 0 °C.

- Major installation work is performed in the building(s).

- Filters will normally be required upstream of the cooling
coils/evaporators.

Problems observed in practice

Confirmed malfunctions directly attributable to exhaust air
are:

- Clogged filters upstream of the coils throttle flow. This
impairs comfort and on occasions causes malfunctions and a
deterioration in performance. This is because a reduction in flow
rate lowers the evaporation temperature and, where relevant, the
temperature of the brine.

- Substantial reductions in exhaust air temperature caused by
duct runs on the roof or through unheated attics and leakage or
extraction through cold premises cause symptoms similar to a low
flow rate.

- Problems have been encountered with direct expansion systems
when the evaporator is installed on the roof and other
refrigerating equipment in the cellar. The considerable difference
in height causes a pressure drop in the refrigerant that could
lead to the formation of gas bubbles. The increase in volume
caused by the formation of gas interferes with the operation of
the expansion valve preventing it from porting an adequate mass
flow. The formation of bubbles can be prevented by ensuring that
the refrigerant is adequately subcooled.

- Condensing water leakage.

~ Poor or non-existent defrosting.

Although the simplest method of defrosting is to use a timer,
an event-control system may also be installed. Normal practice is
to use passive defrosting whereby heat extraction is reduced or
discontinued allowing the heat in the exhaust air to melt the
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frost. In such cases it is essential to prevent the formation of
frost icing up the spaces between the fins anywhere on the
coils.

The following four defrosting methods are feasible in
practice.
1. Switching off the heat pump and the brine pump.
2. Stopping the brine in sections of the system. This will entail
the installation of several parallel coils.
3. Reducing the capacity of the heat pump to lower the cooling
effect sufficiently to enable the exhaust air to defrost the fins.
When!the brine/evaporation temperature rises above 0 °C, the heat
in the pipes can also be used for defrosting.
4., Shutting off individual coils or groups of coils from
the main flow. An internal pump is then used to circulate the
brine through the coils. In this case the brine is heated by
electricity or similar source.

It is a wise policy to plan for defrosting when the system
installation uses the brine/evaporation temperatures close to
0 °C. It does not take much for the temperature to drop below 0 °C
and for frost to form on the coils. A decrease in exhaust air
temperature and/or lower flow rate (typically caused by a clogged
filter) outside the design envelope will lead to an immediate
reduction in fin temperature. If this occurs in a facility that
lacks a defrosting device, one of the following two sequences will
occur:

- The coils will ice up completely. Ventilation will obviously
suffer and the circuit breaker on the fan motor may open. The
evaporation temperature in the heat pump will fall rapidly until
the low pressostat trips. If the fan continues to operate
defrosting will occur and the heat pump will restart and repeat
the cycle. ' .

- The heat pump .is controlled by the temperature of the outgoing
brine to prevent the formation of frost. Qutput and performance
factor will fall without triggering any alarm and this could
continue for quite some time.

The largest exhaust air heat pump in the world

The performance factors that can be attained will depend on
the reduction in exhaust air temperature and the temperature of
the heat sink (apart from all the other factors associated with a
carefully installed and adjusted facility). For obvious reasons
the best possible performance factor will not neceséarily be
synonymous with optimum cost efficiency. On the contrary, the fact
of the matter is that the rated heat extraction from the exhaust
air suggests an inverse ratio for these factors within reasonable
limits. The performance factor may be very low when preference is
given to a central installation for reasons of service and
maintenance and, as the case may be, lower installation costs. The
world's largest operational exhaust air heat pump installed in the
town of Tdby to the north of Stockholm has a thermal output of 3.4
MW and a total seasonal performance factor of about 2.3. It should



RESIDENTIAL AND COMMERCIAL OPERATING EXPERIENCE 77

be borne in mind that the heat emission temperature is frequently
between 70 and 80 °C.

The Tdby facility is interesting in several respects in that
it demonstrates the feasibility of using exhaust air as a heat
source for local district heating networks. A description of the
facility together with operating experience and observed
performance are given below.

The City Boiler Station facility in Tdby supplies three
housing estates with a total of about 2 500 apartments. A school,
day-care centre, hotel and several shops and office premises are
connected to the system. The boiler station was previously
exclusively oil-fired with an annual consumption of 5 500 m3 of
low-sulphur fuel oil 4, equivalent to 50 000 GWh of delivered
heat. Today the facility has a 4 MW electric boiler and a 3.4 MW
heat pump facility in addition to the o0il burners.

The heat pump recovers heat in the exhaust air from about
2 000 of the apartments in the area. Heat is recovered indirectly
using the brine to carry the heat from the exhaust air to the
evaporator in the heat pump unit.-The brine, consisting of more
than 100 m3 of a 20 per cent ethanol-water solution, circulates in
a system of pipes, partly laid underground, from the boiler
station where the heat pump 1is located to the attics or roofs of
the apartment blocks where the cooling coils exchange heat
between the exhaust air and the brine. There 1is a total of 51
sites where heat 1s recovered from the exhaust air in the area.
The brine system is divided into three main loops each equipped
with motorized gate valves. Motorized valves are used, together
with check valves, to contain the brine to minimize discharge in
the event of a leakage. They can also be used for automatic
defrosting of the cooling coils.

A 9 MW oil-fired boiler was removed from the boiler station to
make room for two STAL VSP73EC screw compressors powered by 10 kV
electric motors. R12 is used as refrigerant. Pumps, refill tanks,
expansion tanks, monitoring equipment, automatic control cubicles,
high-tension switchgear and other equipment are located in the
boiler station.

The use of a central facility offers several advantages over a
system incorporating several local units in the buildings in terms
of operation and maintenance.

The return circuit in the heating culvert 1s run to the heat
pump condensers connected in series in the water circuit.

Water temperature is raised by up to 15 °C, depending on operating
conditions at the time. The heat recovered by the heat pump is
sufficient to cover all requirements for about 2 000 hours per
year at ambient temperatures in excess of 13-15 °C. At lower
temperatures, auxiliary heat is provided by the electric or
oil-fired boilers.

The heat pump is estimated to supply more than 27 GWh, or
55 per cent of total annual heating requirements of 50 GWh. If
heat pump input energy is included, the annual energy savings are
more than 15 GWh, or 30 per cent. The heat pump saves 3 000 m3 of
fuel o0il per year with a reduction of about 55 tonnes in sulphur
pollution alone. Rated performance has been achieved during the
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six months that the facility has been in operation so far. The few
malfunctions that have occurred are associated with the adjustment
and calibration of the equipment.

Operating results when using the heat pump

The operating results from the seven first months of commercial
operation of the heat pump are evident from Fig. 1. The lower
portion of the columns show the total electrical input to the heat
pump facility. Since the full column height represents the heat
emission, the upper portion corresponds to the amount of energy
saved by the heat pump. All in all, 9.7 GWh was delivered during
the period, with an input of 4.2 GWh, giving a COP of 2.3. This
figure may seem low, but shows good agreement with calculated
performance data. A reason is the high heat emission temperature,
frequently in the vicinity of 80 °C. The temperature can
nevertheless be lowered with relatively simple means and give
room for more profitable operation.

During the month of May in particular, the operation of the
heat pump was limited by requirements for a high pipeline
temperature and, at times, by too low a water flow in the piping
network., These problems could be remedied with technically simple
actions. In this context there is reason to stress the importance
of regarding the entire heating system as an integrated system,
including heat pump, electric and oil-fired boilers, pipelines,
substations and the distribution network and heat technical status
of the property.
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Figure 1. Main operating data 1986
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Using Exhaust Air Heat Pumps for Cooling Purposes

If a cooling facility is required for air conditioning or some
other purpose, supplementary equipment for heat pump operation can
frequently be added at relatively low cost. The overall operating
cost of the heat pump will improve substantially. Figure 2
illustrates an example of an installation of this type. It can be
used simultaneously to cool and heat or for either one of these
purposes. Figure 3 illustrates the performance of an installation
normally designed either for cooling or heating. This combined
cooling~heat pump equipment was installed between 1970 and 1974 in
20 or so department stores and office blocks in Sweden. Most of
the installations have an excellent record of reliability and
operating economy. For cooling purposes in the summer, the supply
air coils are cooled and in one case, a Frenger-type suspended
ceiling. In winter the heat pump supplies hot water to the same
coils to heat the supply air. Ambient air can also be used as a
heat source in the absence of exhaust air, typically at night.

SURPLUS HEAT COOLER
{when cooling demand  exceeds heating demand}

*
173

HEAT SOURCE AND COOLED OBJECTS
eg. exhaust and supply air coils

HEAT SINK

eg. heating of tap water,
supply air colls and room
heaters

Fig@, combined heat pump and cooling plant
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Fig® . Combined heat pump and cooling plant,
capacity in heating and cooling mode

The diagram in Figure 3 relates to the reciprocating
compressors with a power consumption of above 50 kW and with Q2D
(kW) as cooling capacity at design conditions:

- evaporating temperature +5 °C at outlet water temperature
+10 °C.

- Condensing temperature +40 °C at an air flow of V1 to the
condenser coils for cooling operation with +25 and +32 °C
inlet and outlet temperatures. V1 1.2 - Q2p/1.2 - (32-25) =
= 0.14 - Q2D (m3/s).

Figure 3 illustrates the heating capacity Ql that is obtained
and the compressor power consumption EC needed for the rated
cooling performance Q2D, firstly for an exhaust air heat source
with +20 and +40 °C inlet temperature with different relative
exhaust air flows VE/V1, where V10 = 0, and secondly with ambient
air as the heat source, VE = 0, with different ambient
temperatures tO. Figure 3 can, for example, be used to determine
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when the ambient air will be a more efficient source of heat than
the exhaust air. This will be evident from the following examples:

- VE/VI = 0.2 and tE = +25 °C interpolated from the diagram will
give:

Q1/Q2p = 0.95

With V10 = V1, VE = 0, i.e. with ambient air as the heat
source will give:

Ql/Q2p > 0.95
for

t0l > +8 °C

Obviously ambient air and exhaust air may be mixed for heat
pump operation. In such cases the relative output can be read off
from the unbroken lines marked:

"Ql/Q2D for V10 = V1, VE = 0" and "EC for V10 = Vl, VE = 0"
with tO (in diagram) = tE + VE/(VE + V10) + tOR - V10/(VE + V10).
tOR for this calculation is the temperature of the air from the
outdoor air fan.

Heat Pump Operating Economy

The profitability of a heat pump installation may be
calculated from the Equatiom (1):

S =T - (HC - HH/COPT) - I + (a + i + m) (1)
where
S = total savings US$/year and kW QI
T = equivalent heat pump operation time at full capacity,
hours/year

HC = cost of heat saved by heat pump (Ql) US$/kWh

HH = cost of energy to operate heat pump (EC + E), US$/kWh

= amortization factor for I, l/year

= interest for I, 1l/year

m = maintenance factor for I, m + I = total maintenance cost
of the heat pump installation, m = 0.01 to 0.02 per year.

oy
]

To get a positive saving:

T - (HC - HH/COPT) > I + (a + i + m)
or

T + (HC - HH/COPT)/I > a + i + m

Example: air conditioning plant also operated as heat pump
with condensing temperature tl = +40 °C and evaporation
temperature t2 = -5 °C,

T = 3000 HC = 200 US$/m3 06il1)/(9000 kWwh/m3)
= 0.022 (US$/kWh)
HH = 0.05
Referring to Figure 4, tl = +40°C and t2 = -5 °C will give

EC/Q2 = (1/0.50) - 45/268 = 0.34
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With auxiliary pumps and fans connected to the heat pump
operation of E = 0.05 * EC power demand. Figure 3 will give
Ql/Q2 =1+ 0.95 - 0.34 = 1.32 and COPT = 1.32/(1.05 « 0.34) =
= 3.7. Normal value of I is assumed at 100 US$ per kW Ql.

T + (HC - HH/COPT)/I = 3000 °+ (0.022 - 0.05/3.7)/100 = 0.25

S is positive, if a + i + m < 0.25.
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Chapter 7

Development of a System for Hot
Water Supply by a Heat Pump That
Recovers Heat from Daily
Wastewater

Masaaki Ukaji

ABSTRACT: a¢ present, hot waste water from the bathroom and
cookery of the hotels and residential houses is discharged to the
sewerage and at the same time, a large amount of heat is discarded
uselessly. This kind of waste heat is abundant, but the waste
water is seldom used for any purpose because it is dirty and the
temperature level is low. This thesis states an effective energy
saving method which uses waste heat for heating water. We use the
water source heat pump with the automatic cleaning mechanism of the
evaporator for this aim.

This system is operated satisfactorily in a city hotel in Tokyo
and achieved good results that the daily average COP is 4.5 to 5.5.
At present, we have only an experience of using waste water from
the bathroom of hotels for this development, however this method
will be applied for heat recovery from the toilet and other sewage
in near future. As a result, the application will be widened over
the housing complex, hospital, and other buildings.

INTRODUCTION

The idea has been in Europe and America for about 20 years
that daily waste water from baths and kitchens can be utilized
for providing the heat source for the heat pump, though there has
been little information on actually realized examples of such idea.
The possibly reasons why there were few actual practices and
experiments in this field can be considered to consist in a lowered
heat-exchange performance due to both the contamination of the
evaporator and mechanical failures caused by foreign bodies in
waste water. Hotels and housing complexes still discharge hot
waste water from bath and kitchen directly into the sewer. This is

HEAT PUMPS. Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 IEA Heat Pump Conference)
Edited by Kay H. Zimmerman © 1987 Lewis Publishers. Inc.. Chelsea. Michigan 48118, Printed in U.S.A
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waste of energy resources, and in Japan, a country poor in energy
resources, more importance should be set on development of the
effective technique of recovering waste heat. This report
describes effectiveness of the Hot water-supplying system by Heat
pump Recovering heat in daily waste water (HHR) as a future
effective energy saving technology, mainly based on the data from
the experiments conducted with the real-scale experiment system
set up in a certain hotel in Tokyo.

CONCEPT OF THE HEAT RECOVERY SYSTEM

Figure 1 shows the basic configuration of the heat recovery
system for daily waste water using the heat pump. Hot waste water
from bath and/or kitchen is saved in a sump pit for the later use
as the heat energy source for the heat pump. Such waste water is
sent to the evaporator in the heat pump, where the hot waste water
is deprived of its heat and then sent back to the sump pit as
cold water. On the other hand, feed water is fed to the condenser
and heated there with heat recovered from waste water in order to
be supplied as hot water.

ELEVATED
TANK

~

DISCHARGE

Fig. 1. Outlines of hot water-supplying system
by heat pump recovering heat in daily
waste water.
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APPLICATION ON HOTEL

In Japan hotels are known to be buildings where a great deal
of energy is sgpent. Especially energy for hot water supply is
calculated to account for approx. 60% of all the energy consumption
quantity in a hotel. Therefore, recovering and reutilization of
heat generated in supplying a great deal of hot water to be
consumed is one of the effective means to realize energy saving.

This document reports on the hot water supply system operating
in a certain hotel in Tokyo as an example of application of HHR
whose concept was described in Section 2. Please note rthat
the experiment was conducted in the real-scale as the final stage
of the HHR development project.

Now, we are going to explain, for the purpose of carrying out
this project, the actual conditions of waste water, the outlines
of the system used, its operation records as well as economic
assessment results.

Researches on the Actual Conditions of Waste Water

For the purpose of obtaining basic data required for the
designing of system, researches were made, before execu:iion of
this project, on a variety of points about actual state of waste
water in a hotel, such as quantity, quality, and temperature of
the supplied/drained water and service hot water in the hotel.
The research was made in a city hotel in Tokyo (with 685 beds on
the upper floors and 1099 beds on lower floors).

Quantity and temperature of waters for various uses

Figure 2 shows measurements which are made for the water
supply and draining system in lower floors. Hot water-supplying
flow rate, as having its close reaction with the temperature at
outlets of supplied hot water, is calculated as water flow of
43°C (equivalent to bathing water), assuming that, before used,
hot water is mixed with feed water. 1t was found that temperature
of waste water was 30°C or more all the year round probably hecause
such water is waste largely from bath and has little seasonal
variations.

Table 1 lists measurements of quantity and temperature and
calorie of different types of water related to the guest rooms.

It was found that most calorie (70 - 90%) spent for heazing water
remains in waste water.
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Fig. 2. Quantity and temperature of each kind of water for guest
rooms on lower floors.

Table 1.

from guest rooms

Quantity, temperature, calorie of each kind of water

Lower floors

Upper floors

Season of research Summer Autumn Winter Summer Autumn Winter
(Total days) ) (9) ) (8) 9 (8)
Water Feed water 0.210 0.213 0.233 0.260 0.204 0.245

quantity
measured |Service hot
3 - s
(m*/d- water included 0.087 0.108 0.141 0.095 0.105 0.133
person) in the above
item
Feed water 23.5 13.9 6.3 24.4 14.6 5.9
Measured | Service hot 55.2 $6.0  55.7 55.2  57.7  54.3
tempera- |water
ture
°c) Waste water 32.5 31.1 32.2 32.7 33.2 32.4
Kind of waste Waste water of bath room Ditto
water
Calorie Service hot 11.7 19.1 27.7 12.3 18.5 26.1
(MJ/d- water
person)
Waste water 7.8 15.3 25.6 8.9 16.5 25.9

{m%/h-PERSON)
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Water quality analysis

Table 2 shows the results of quality analysis of waste water
from the guest rooms in winter. Foreign bodies of 1 mm or more
in size contained in such water were hairs, tea leaves, etc.
N-hexane extracts were quite little, only 3 g/m3 in 14:00 and
23:00 when quantity of waste usually reaches peak. As no oil
film was found in sample, it was assumed that waste from guest
rooms mostly contained interfacial active agent such as soap and
shampoo.

Table 2. Quality of waste water from guest rooms (g/m3)
Sampling 19851 ;.44 .30 11:30 14:30 17:30 20:00 22:00 23:00
time (2/18)

10mm on <0.2 <0.1 <0.1 <0.1 <0.1 <0.05 <0.01 <0.01
S lmm on 1.6 0.4 0.5 0.6 0.8 0.9 0.1 0.1
1 mm pass 13 20 13 10 8 15 24 21
Residue on 230 240 260 230 220 250 240 230
eVapOrathn
n-hexan ex- <1 5 1 3 <1 1 » 3
tracts
BOD 20 21 20 18 9 9 24 18
COD 15 12 19 22 11 10 16 12

Aptitude as heat source water

The above results show that the most of calorie used for hot
water supply, remaining in various waste waters from each of guest
rooms, can be recovered successfully as a heat source for the heat
pump, which will be able to satisfy the thermal conditions
required.

As to quality, such waste contains relatively large quantity
of hairs. This can cause mechanical failures in the system.
Appropriate precautions against possible occurrences of malfunction
of the machine shall be considered necessary. The nature of waste
in Japanese hotels may be slightly different from that in western
hotels due to differences in the climates, cultures, and ways of
living.

System Applied
Principles for development and outlines of the system

We have developed the system by taking into consideration
the following targets:
- Reduce the cost as low as possible, with its possible spread.
- Attain a higher COP.
- The system must be of maintenance free type, in principle.
In order to attain the above targets, we have selected a shell
and tube type among many of evaporators for heat pump, because of
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its long experience for practical use and of its good durability
attested. To resolve the problem of the contamination of the

tube inner wall, we have developed a new automatic cleaning
equipment. Table 3 lists the outlines of building and equipment
information of the hotel. The configuration of the system is as
shown in Figure 3. The overall major equipment is shown in Figure
4.

Waste water from guest rooms is saved in the sump pit and
pumped to the evaporator of the heat pump by the heat source water
pump. Here waste water is deprived of its heat and then sent
back to the sump pit. Slime produced inside the tube of the
evaporator as waste water passes through the tube will be removed
by the automatic cleaning equipment.

In the hot water system, water saved in the storage tank is
pumped out to the condenser by the hot water circulating pump
and heated there. Such heated water is supplied to guest rooms
in the lower floors in the building via the existing hot water
supply system of the hotel.

Table 3. Outlines of building & equipment

Building Equipment (sanitary)
Location: Feed water equipment:

Shinjuku-ku, Tokyo Gravity water supply system
Main application: Retreatment equipment:

Hotel, shop Gravity water supply system
Building area: Hot water supply equipment:

681.91 [m2] Central supplying system
Total floor area: Waste water equipment:

13,906.61 [m?] Sanitary drain, waste water, storm

drain separate system
Floor area of typical floor

651.16 [m?]
( Heat recovery system )

Floors:

18 stories above and two

under the ground, pH 2 Heat recovery heat pump unit:

stories 335,000 [kJ/h], (93 kW)
Main structure:

2nd basement to 4F/SRC, Storage tank: 4 [m3]

SF-18F/S

Automatic cleaning equipment: 1

Number of guest rooms:
337 (676 beds)
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Fig. 3.

Hot water-supplying system by heat pump recovering
heat in daily waste water.

Fig. 4. General view of main equipment.

N



92 HEAT PUMPS: TECHNOLOGY AND MARKETING

Automatic cleaning equipment

Figure 5 is the flow chart of the automatic cleaning equipment.
The equipment is intended to automatically clean the tube of the
evaporator with the following operation:

- The ball circulating pump is activated periodically once a day
and circulates sponge balls (dia. approx. 20 mm) through the
closed circuit including the evaporator so that circulating
balls remove slime and other contaminants attached the inlet
port and inner wall of the tube. The balls circulate per cycle
for 16 minutes.

- Back washing is conducted for approx. two minutes before
starting of the ball circulating pump by switching the three-
way valve to clean the tube inlet port where hairs and other
foreign bodies are most easily caught.

Figure 6 shows how sponge balls move under water, cleaning
the tube of the evaporator. The cleaning efficiency by means of
balls is shown on Figure 7.

Q
Cm— (-_—.. I
N
EVAPORATOR

RECOVERING
UNIT

¢ )
QUTLET OF INLET OF
WASTE WATER WASTE WATER

£——=—> FORWARDING WASHING CIRCUIT
> BACK WASHING CIRCUIT

Fig. 5. Flow chart of automatic cleaning equipment.
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Fig. 6. Sponge balls circulating through the evaporator.

Fig. 7. Efficiency actually realized by automatic cleaning
equipment.
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Operation Record

The system has been successfully operated since April, 1986.
Figure 8 indicates the operation record of the system for June
to September. COP of the heat pump, which depends on temperature
at the outlet port of the condenser, has kept at a high level
of ave. 4.5 - 5.5 per day. Recently in Japan COP % 2.5 represents
a running cost equal to that of kerosene. Thus COP of our system
can be evaluated as quite advantageous. According to our
calculation based on the operation record, the system provides
the annual energy saving of 50% or more in the primary energy
conversion (see Table 4).

i MNWMS

cop
1S
cae

SERVICE HOT WATER pr—————— |
ol T o

WASTE WATER

WASTE WATERY A S I

0 ] o
FEED WATER e

204 k20

5000 FULL LOAD 5000

WATER TEMPERATURE (C}
WATER TEMPERATURE {C}

CUMULATIVE DAILY
SUPPLIED CALORIE(M.J);D}
CUMULATIVE DAILY
SUPPLIED CALORIE (MJ;D]

Ji

Fig. 8. Operation record.

AUGUST SEPTEMBER

Table 4. Comparison of consumed energies (converted in primary

energy) (GJ/year)
System Hu R* Conventional **

Head system
Oil-fired boiler - 2,037.2
Heat pump 800.5 -
Heat source water

pump 66.6 -

Total 867.1 (43%) 2,037.2(100%)
*1 kwh—] Primary energy: 10,256 kJ (2450 kcal)

Secondary energy: 3,600 kJ ( 860 kcal)

**Kerosene calorific power
— Primary energy: 37.3 kJ/m? (8900 kcal/lit)
Secondary energy: 34.3 kJ/m3 (8200 kcal/lit)
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Economical Evaluation

In determining whether the system is to be installed or not,
the relation between the initial cost and the running cost will
be critical parameters. In this study, we made an economical
evaluation on the annual running cost calculated based on data
on the past operation and the initial cost invested to construction
of the experimental system.

Table 5 indicates the initial costs and annual running costs
of our experimental system and conventional system (oil-fired
boiler). The annual running cost is ¥1.43 million (US39,200%),
i.e. approx. 45%, less than that of the conventional system,
while the initial cost is increased by ¥9.0 million (USSSS,OOOX).
The increment in the initial cost will be paid off in approx. 6.3
years by the saved amount of the annual running cost. Please
note that the rather long period for paying off is due to the
fact that our experimental system had to contain various
experimental elements, causing a higher initial cost. Our case
study showed that the system if applied to a middle- or large-scale
hotel with 300 beds or more can be paid off in four years or so.

According to the evaluation using the LCC (Life cycle cost),
the system has the LCC ratio of 0.78 in 15 years (0.73 for a
practical system) (see Figure 9). It is expected that the system
will be more attractive as the cost will be reduced by the future
mass production.

Table 5. Economic assessment (1)

System HHR Conventional Difference
Head — system in cost

Initial cost
(ten thousand yen 2,500 1,600 A : 900

(us $) (2160,000) (103,000) (58,000)

Running cost

(ten thousand yen) 163 306 B : 143
(Us $) (10,500) (19,700) (9,200)
Difference

A/B = 6. r
recuperation cost / 6.3 years

[Calculation condition]

1) Hot water supply load/year: 1405 (GJ/year)
(Assumed on the basis of actually measured data upto now)

2) Electric power cost: 19.30 (yen/kwh), 12.45 (cents/kwh)
3) Kerosene cost : 56 (yen/lit), 36.1 (cents/lit)

* Calculated on the exchange rate of ¥155 per US$1.00.
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Fig. 9. [Economic assessment (2).
CONCLUSION

This document delivered the outlines of the system and its
economical features mainly looking at the HHR applied to a hotel
in Tokyo. This can be summarized as follows:

(1) As waste water from guest rooms of the hotel is 30°C or more
and the most of calorie spent for heating hot supply water
was conserved in waste water, it can be used successfully as
a heat source for the heat pump (if contaminants are
successfully removed).

(2) The system has the high COP of daily average 4.5 -~ 5.5 and
40% of the annual running cost reduction rate will be obtained
compared with that of oil-fueled unit. (Energy saving rate
is 507 or more in the primary energy conversion.)

(3) Difference in the initial costs between this system and the
conventional system can be paid off in four years or so.

The LCC rate is 0.73 which is regarded as economically

excellent.

(4) Cooling hot waste water in the heat recovery stage may lead
to prevention of heat contamination of the big city.

Though the present study considers, for heat source, waste
water from guest rooms of a hotel only, we are further developing
a technology to establish an advanced technology for recovering
heat from more contaminated waste (sanitary and other sewage)
based on the results obtained from this experiment. When such
technology is established, the hot water-supplying system by heat
pump recovering heat in daily waste water will be applied to a
wide range of users, such as the housing complex and hospital,
and the other buildings.
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Chapter 8

Technology, Economics, and Future
Potential of Variable-Capacity Heat-
Pump Room Air Conditioners

Sei Suma

ABSTRACT: The air conditioning industry is showing great interest
in the application of inverter technology to small and medium-sized
air conditioners. In Japan, about one million units of variable
capacity heat pump room air conditioners were sold in 1985, and the
market is expected to expand in the coming years. This paper
discusses the technologies applied in the variable capacity
(inverter) heat pump room air conditioner. As examples of such
technologies, l)the control system of inverter heat pumps, 2)the
non-reverse defrosting refrigeration cycle, 3)research in rotary
compressors, and 4)application of the inveter system are discussed.
The economics of the inverter heat pump is also compared with that
of the conventional heat pump. Futhermore, future technical trends
and future potential are described.

INTRODUCTION

In order to increase heating capacity and to improve energy
savings, various kinds of capacity control systems have been
developed. Before 1981, the methods of capacity control in room air
conditioners in Japan depended on mainly refrigeration cycle
techniques such as liquid injection, gas injection and gas release
cycle and electric heaters., In 1981, the variable capacity heat
pump with inverter system came on the market. Figure 1 shows the
sales of room air conditioners in Japan. After the inverter heat
pump came on the market, the occupation rate of heat pump for all
room air conditioners rose gradually, and it has reached about 65%
according to 1985 statistics. The ratio of the inverter heat pump

HEAT PUMPS: Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 IEA Heat Pump Conference),
Edited by Kay H. Zimmerman © 1987 Lews Publishers, Inc.. Chelsea. Michigan 48118. Panted in U S.A
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CONVETIONAL COOLING ONLY
4000 — HEAT PUMP
[7)] \\
[a]
s r—--
< |
g INVERTER !
o 3000 - HEAT PUMP :
E |
o |
£
[0
L,ZJ = 2000 |-
s Z
)
I
T3
1000 |-

' ‘80 81 82 '83 ‘84 85 86
YEAR

Figure 1. Sales of room air comditioners in Japan.

among all the heat pump room air conditioners has risen rapidly and
at present about 50% of all heat pumps are the inverter aided type.
In Japan, the term "INVERTER" has became very popular and the
"INVERTER" is being applied in many electric home appliances fields
such as refrigerator,ice stocker,flourescent lamp, oil heating
devices, etc.

In this report, the technology and economical advantage of the
inverter heat pump and future technical trends of the variable
capacity heat pump are discussed.

TECHNOLOGY OF INVERTER HEAT PUMP
Characteristics and Techniques of Inverter System

An example of basic characteristics of inverter heat pump are
shown in Figure 2. Figure 2.(a) shows the variation of both heating
capacity and input power as a function of frequency. Figure 2(b)
shows the variation” of heating capacity almost linearly as a
function of outdoor temperature. Heating capacity and input power
increase as the frequency increases. EER increases as the frequency
decreases, because the heat exchanger capacity relatively increases
in the low-frequency region and consequently low compression
operation is obtained. At outdoor temperatures above 0°C , the
conventional air conditioners are ON-OFF controlled because heating
capacity is larger than the load, with a consequent energy loss.
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Figure 2. Basic characteristics of inverter heat pump.
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However, in the case of the inverter air conditioner, the unit
stays in continuous operation in the low speed zone of 30-60Hz for
most loads. As a result, because the operating efficiency is high
at low rotational speeds of the compressor and ON-OFF cycling loss
is so much less, energy can be saved to a great extent. The
economics of an inverter heat pump will be discussed later.

Control System [!]

An example of inverter heat pump system control is shown in
Figure 3. Since the inverter air conditioners most available in the
market are split type, the control sections of both the indoor and
outdoor units have been equipped with a respective micro computer.
The indoor controller section receives an instruction of operation
mode and set temperature from the remote controller and computes
the optimum operating frequency of the compressor with the input
values from the room temperature sensor and heat exchanger sensor.
Then the signal is transmitted to the outdoor controller section.
The outdoor controller section instracts the inverter section to
apply an AC power of specified frequency to the compressor. The
inverter uses the pulse width modulation(PWM) type which is widely
used for the reason of simple configuration of the main circuit and
good response to load change.

POWER SUPPLY

REMOTE <{}, FAN MORTOR

CONTROLLER [N
~3) MICRO PROCESSOR ::‘>@

A
SENSORS
POWER SIGNAL LINE

INDOOR UNIT LINE

OUTDOOR UNIT
N\ / J}Z FAN MORTOR
L TEMP. SENSOR I * :
[CURRENT SENSOR b MICRO PROCESSOR ﬂ

! ! REVERSING VALVE

INVERTER

COMPRESSOR

Figure 3. Control system of inverter heat pump room
air conditioner.

Several controlling systems have been adopted in order to make
the best use of the merits of a variable capacity air conditioner.
For designing the control system and for selecting the operation
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frequency patterns, the following essential factors and points
should be taken into consideration.

(1) Comfort (room temperature, air draft, air temperature)

(2) Energy savings (heating capacity and compressor size)

(3) Other designing criteria (total electric current, etc)

(4) Additional new merits whenever required.

Figure 4 shows the operation frequency control pattern under
heating mode and the automatic indoor fan control. When starting
operation, the room temperature quickly rises to the approximate
level as set, since the operation frequency is quite high, as
determined by the indoor controller monitoring difference AT
between room temperature (Tr) and the set temperature (Ts) shown in
Figure 4. After the room temperature reaches the set temperature,
the frequency is set to the values which give enough heating
capacity corresponding to the load. At the automatic indoor fan
control mode, the fan speed decreases asl|A T|decreases, and after
the room temperature reaches the set temperature, air draft and
noise are minimized. In addition to the frequency control mentioned
above, other main frequency control examples are shown in Table 1.

*IF THE ROOM TEP. STAYS IN SAME ZONE
FOR 3 MIN., THE HZ 1S CHANGED.
a~f: +10~15Hz, g:SAME, h:—10~—15Hz, ::0

+1 |-

. START Hz
SET TEMP. Py I ¥ seT TEMP. g |-
e \ 0 | 500
A Lo TN
| e I ‘ 45 N | [ \ ‘ 800
PR I / | e b / 1 s
: ] | S S A N BT
=L b [ [ L =L ] 1 oo
% L a/ qu 5 i / ‘ 1200
‘ 120 ‘ISM
RPM
FREQUENCY CONTROL INDOOR FAN AUTOMATIC
CONTROL.
Figure 4. Examples of frequency and indoor fan control.
Non Reverse Defrostimg Cycle [2]

The defrosting operation of a heat pump is generally a reverse
cycle operation. During the defrosting operation, the room
temperature sharply drops because the heating capacity is zero or
minus. Furthermore, the inversion noise of the reversing valve 1is
by no means low. Improving these problems, a new non reverse
defrosting refrigeration cycle with inverter system began to be
utilized, Figure 5 shows an example of non reverse refrigeration
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Table 1. Other control examples

Control Control content
Current release The outdoor current sensor detects input control
control current to the compressor. The compressor speed

is controlled to maintain a current of a set
value or less.

High temperature When the indoor heat-exchanger temperature

release control detected by the indoor heat-exchanger sensor is
a set value or above, the compressor speed is
reduced to prevent excessive increase of
condensation pressure,

Sleep operation When sleep operation mode is selected, the low

control capacity operation range increases with time
according to the set temperature.

Radiation sensor The set temperature is adjusted using a

control correction value according to the difference
between the temperature detected by the
radiation sensor and room temperature. The
radiation sensor detects surrounding surface
temperature,

cycle with use of the electronic control expansion valve. When the
preset quantity of accumulated frost is detected in the heating
operation, the compressor is driven at maximum speed and the
opening of the expansion valve is reduced in order to raise the
compressor temperature. Then the expansion valve is fully opened
together with the bypass two-way valve of the defrosting hot gas
and the compressor speed is kept at maximum, which pervents
refrigerant stagnation in the indoor coil, and which raises the
suction pressure. In this way, the defrosting work is completed
quickly using the compressor's high input and the sensible heat of
the compressor, The defrosting time 1s shortend to half the average
length previously required , and the drop in the room temperature
during the defrosting operation is decreased because the indoor
coil is never cooled. In this method, there is no conversion noise
of the reversing valve.

QUTDOOR HEAT EXCHAGER

2-WAY ELECTRIC
REVERSING VALVE Q{) EXPANSION
VALVE COMPRESSOR VALVE
(4-WAY
VALVE)

INDOOR HEAT EXCHAGER

Figure 5 Non-reverse defrosting cycle.
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Research in Rotary Compressors [3]{4][5]

Rotary compressors of rolling piston type have many
advantageous characteristics such as high efficiency, reliability,
small size, light weight. The rotary compressors, therefore, are
most popularly used in inverter heat pump room air conditioners,
and much research is performed in order to improve their
performances and to maintain their reliability. The
characteristics of the typical capacity control rotary compressor
are shown in Figure 6.
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The inverter control system is by PWM control of the ratio in
relation to voltage and frequency being constant, and this system
posseses high efficiency suitable for the inverter motor control
system. The efficiency of the motor rises as the frequency goes up.
Regarding the inverter efficiency, it rises slightly as the
frequency increases.

The volumetric efficiency is determined primarily according to
the leakage from the sliding surface. Since the leakage decreases
as the rotational speed increases, it will result in the volumetric
efficiency rises as the operating frequency increases. The
compression efficiency is significantly related to work loss in gas
suction and discharge. This work loss is determined by the gas flow
area and the piston speed. Therfore, the compressor efficiency goes
down as the operating frequency increases. The mechanical
efficiency decreases as the operating frequency increases because
the friction losses increase as the sliding speed as well as load
increases. Total efficiency (COP) is determined from the
efficiencies mentioned above, and it has a maximum point for
frequencies like a gentle curve of second degree.

The total system efficiency depends not only on the compressor
efficiency but also on the whole refrigeration cycle such as heat
exchangers, control of an expansion valve, fans and system control.
The improvement of compressor performance, however, is a basic
technique essential for improving the total system efficiency.

Many compressor companies have made extensive efforts to study
and develop a wide variety of innovative and effective compressors.
The main subjects of research and development for rotary
compressors are design improvement,simulation, performance
improvement, noise reduction and component life time improvement,
The trends of research work for improving each efficiency of rotary
compressor may be clasified as follow.

— Designing component dimensions for reduction of gas leakage
and friction losses

- Suction and discharge passage shape for reducing compression
losses

~ Component materials and their surface treatment for reducing
friction losses and improving their reliability

Application of Inverter System

The inverters are used not only for heat pump room air
conditioners but also for package (commercial) heat pump air
conditioners. Where the heating capacity is large, a large and
expensive inverter and compressor are required. If a large
compressor is used, its minimum capacity is limited and capacity
control range is narrow, since the inverter minimum frequency is
limited. In this case, system energy efficiency such as Heating
Seasonal Performance Factor (HSPF) will be lower. In order to solve
this problem, a two compressor-one inverter system has been
developed of which refrigeration cycle is shown in Figure 7. [6]

This system consists of two completely separated refrigeration
cycles. Only the fins of the indoor heat exchanger are shared.
Therefore, there' is no fear that the compressor oil might
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accumulate in one compressor. Figure 8 explains the function of the
capacity control system. One refrigeration cycle is operated with
an inverter("inverter cycle") and the other is operated with the
commercial power at constant frequency('base cycle"). When a high
heat load is required, both cycles operate, while only the inverter
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Figure 7. Two-compressors and ome imverter
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cycle operates at low heat load. For a medium load, the inverter
cycle operates all the time, though the base cycle operates
intermittently. In this two compressors-one inverter system, the
heating capacity range is 100-25 7%. If one-large size compressor
and one corresponding inverter were to be used, the capacity range
might be only 100-50 %. Since this system works effectively for
high and low heat loads by using an inverter system, the energy
saving will be realized up to about 30 % comparing with a
conventional heat pump air conditioner installed in the Tokyo area,
Japan.

ECONOMICS OF INVERTER HEAT PUMP ROOM AIR CONDITIONER

The economics of the inveter heat pump room air conditioner
should be evaluated from a view point of average annual energy
efficiency such as HSPF., However, the calculation method of HSPF
for inverter heat pump room air conditioners has not yet agreed
upon formally.

Figure 9 shows an example of characteristics of input power of
both the inverter and conventional heat pump room air conditioners
as a function of outdoor temperature. In this figure, the heating
capacity range of a inverter heat pump is 1.45-4,88 KW and the
heating capacity of a conventional unit is 4,2KW. The input of
inverter heat pump is less than that of a conventional heat pump in
the figure because the inverter heat pump is operated continuously,
responding to its heat load. On the contrary, the conventional type
uses inefficient ON-OFF cycling. Total seasonal input power can be
calculated using these input power data and the temperature
distribution, The total calculated input power of inverter and
conventional heat pumps is 860 KWH and 1150 KWH respectively. The
inverter heat pump has achieved about 257 of energy saving
comparing with the conventional heat pump. Of course, this energy
saving rate will change according to the temperature distribution
shapes and heating capacity. When an adequate heating capacity and
control system is selected, more than 30% energy saving can be
expected,

FUTURE TECHNICAL TRENDS AND POTENTIAL OF CAPACITY CONTROL

The inverter heat pump room air conditioners have already
gained their position in the market as mentioned before. Of course,
their cost is higher than that of the conventional heat pump.
However, users and traders have recognized their merits, At the
present time, the heat pump room air conditioners are sold in mild
climate areas mainly, and the diffusion rate of heat pumps in cold
regions is still low. In the future, one of the important
determinants for wider applications of the heat pump room air
conditioner in Japan 1is how promptly and effectively the
manufacturers can develop an advanced heat pump which will be
accepted in cold climate areas. Recently, some models for cold
climate areas have been introduced on a commercial basis. Some
models have improved defrosting characteristics and the others have
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improved heating capacity.

Needless to say, variable capacity control itself is not only
possible by the inverter system. Although there are many variable
capacity control systems, the inverter system is the most relevant
considering its functions, cost and reliability at the present
time. The inverter systems so far as existing in the Japanese
market are applied to air-to-air heat pump air conditioners. Why is
the inverter not used yet in the air-to-water heat pump? The answer
is simple. This system is not popular in Japan now. The
effectiveness of variable capacity control for the air-to-water
heat pump 1is basically the same as that of the-air-to air heat
pump. When heat load fluctuates widely, then the capacity control
system works more effectively. In the case of the water-to-air heat
pumps, they can be used for central heating systems, in which heat
load fluctuations in a day are relatively small since their
environment is heated almost all the time. On the contrary. the
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air-to-air heat pump room air conditioners are used as individual
heating room-by-room or in segmented areas, and in general, they
are operated not much in daytime but in the evening and nighttime,
in Japan. Their heat load fluctuations are relatively large.
Supposing the variable capacity control is applied to the
air-to-water central heat pump system, some individual control
method, in which each room temperature can be controlled
separately, will be required in order to derive its merits
effectively.

Anyway, the variable capacity control will be an essential part
for getting energy savings, comfort and producing products with
high additional values,

The basic objective in the technical area for application to
heat pumps is improvement of COP and HSPF. There are still many
aspects to be researched and developed, the main items of which. are
as follow.

Compressor COP. This is an essential factor to improve the system
COP and HSPF. Although rapid progress might not be expected, they
will be improved step by step with the items mentioned before.

Heat exchanger(air-to-air). The fin and tube heat exchanger has
been improved recently by applying aluminum slit-fins, inner
grooved tubes and hydrophilic treated fins. Especially, the
hydrophilic treatment is very useful to shorten the defrosting
operation time since deiced water falls instantly without staying
between fin plates. The defrosting operation time effects the
actual system HSPF, and non-frost or frost resistance heat
exchangers, are expected.

System control. System control techniques have been improved
rapidly by using micro-processors and various sensors, and more
effective and lower cost system control techniques are expected.

Heat storage. Recently a new variable capacity control heat pump
has been developed, which incorporates an inverter and new
refrigeration cycle using heat storage. In this system, the maximum
heating capacity at starting the heat pump is larger than that of
the conventional inverter heat pump because the heat which is
stored during nighttime with low price electricity is utilized. In
a cold climate area, a large heating capacity is required to
shorten the time to reach the set temperature, As the heat in the
heat storage is used during defrost operation, the defrosting time
is quite short so that the room temperature drops are less than
normal during the defrosting operation. By using this heat storage
councept and inverter, the range of heating capacity becames wider
than that of the inverter only. This heat storage technique is
significant and further research and development in regard to the
refrigeration cycles with the heat storage techniques, as well as
heat storage devices and its materials, will advance considerably
major achievement in the near future.

Compound technology. Various variable capacity control
technologies will be necessary for improving the COP and HSPF and
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heating capacity of heat pump. As an example, a compound system of
an inverter, heat storage and capacity control refrigeration such
as the gas injection techniques will be considered. The system
combining the units of multi indoor fan coil units and one outdoor
unit which is integrated with several compound technologies is to
be introduced gradually into the market. This kind of system will
work very effectively to meet the needs of a wider capacity control
range as an alternative to the central system.

CONCLUSION

Variable capacity control is considered to be one of most
important technologies for the wider application of heat pumps in
the market since it has great potential merits such as energy
savings, application for more comfortable environment and
additional functions of various kinds,

At the present time, the inverter system can be recommended as
the most useful technique for variable capacity control. Judging
from the recent trends of advanced micro electronics technology,
the inverter application will become more widely accepted and be
utilized more easily for various heat pump systems.

The inverter system employed in the air conditioning will,
however, be continually improved by futher refinements. Futher
research work and subsequent developments are necessary in every
direction to attain results, including reducing cost and improving
the efficiency of each component and system 1in order to increase
effectiveness. But it can definitely be said that the encouraging
efforts to overcome obstacles promises future development.
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Chapter 9

Prospects for Improved Components

Richard G. Maier

ABSTRACT :

This paper reports on the situation of components for heat
pumps anc heating plants in Europe. Due to decreasing sales
fipures, interesting results of new developments have not fully
been implemented. IZxamples such as rotary-type compressors,
special condensers for hot water preparation, and low noise
fans will be described. A considerable number of new
developments are not very cost increasing and have led to
remarkable improvements, especially in the field of diagnosis
and service. Here we will report on sophisticated controls of
the heat pumn as the whole plant as well.

Improvements of components must always be seen in relation to
their environment, where special recuirements

exist which will influence special developments. Therefore
first of all I am going to make some important and indeed
essential remarlis about the tyve of heating system which is
most common in Yestern =urone. As can be seen in FIGURE 1 a
hydronic central-heating system fired by an oil-furnace is
usec. Some elements of such a configuration seem to be of minor
importance at first sight but in reality have a deciding
influence on the effectiveness and reliability of the heating
nlant.
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lst: the heat itself is produced by an oil- (or gas-) boiler,
which not only provides space heating but also hot water (''Hot
tlater" means domestic or household hot water). Thus,
considering a long list of safety factors while calculating the
heat demand, the boiler as well is overdesigned at least by a
factor of two.
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1:Floor heating (example) 4:Motor of mixing valve
2:Heating water circulating pump 5:Mon-return valve
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11:Hot water loading pump 12:Cold water supply
ldzﬁeat pump and plant control 13:Hot water outlet
16:Heating water temperature sensor 18:Hot water thermostat
17 :0utdoor temperature sensor 18:Condensed water dis-

charge

FIGURE 1: Usual heating plant with hot water preparation by
boiler and heat pump.

2nd: because the boiler is overdesigned for its job it becomes
unnecessary to consider whether the circulating pump is strong
enough to ensure a proper mass flow of water through the
radiators. In many cases the mass flow is also reduced by
thermostatic controlled valves, which are often without bypass
holes.
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3rd: a need for cooling in the Furopean summer is so seldom,

that almost no one is going to install a fan-coil instead of

the usual radiator. As a fashion these are becoming flat and

wide but with little depth. Here is the reason that in Europe
heating water temperature on cold days goes un to 70 to 80 °C
(some decades ago, 90 °C was the designing value).

4th: the ncise disturbance of the oil-burner is the nroblem of
the house owner, not of the neighbour.

If one tries to place a normal air to water hea*t pump into such
2 heating plant, he will fall head over heels into a never
ending list of problems, because this ordinary heat pump will
fail to serve the demands for the following reasons:

—-the heating capacity is well below the heating demand and far
below the cavacity of the furnace. If there are provisions macde
that the hot water is also prepared by the heat pump, the user
sometimes has to wait longer than he expects until the house is
warmecd up again -~ especially when cdefrosting is necessary.

-the mass flow of the heating water is usually too small to
ensure heat transfer from the heat pump to the radiators. High
pressure or some other cut-outs will conseouently lead to a
failure or malfunction of the heat pump

~the normal heat onump has an outlet temperature of + 55 °C if
the evaporating temperature is not too low, let us say not
less than - 30 °C. In case of coldness of - 10 °C or less, the
limits of the temperatures on the high pressure side will be
reached, especially in the valves of the compressor. Sometimes
even the desired 55 °C cannot be attained, an awful event for
the housewife. In any case we do not recommend a heat pump
operating for long heating periods under conditions described.

-the fan cutside the house forcing some thousand cubic meters
air per hour through the evaporator disturbs the neighbor's
peace and culet and not the owner's.

llow certainly the impression occurs that heat pumps are not
suited to fit into such heating systems. This is of course only
partly true.

On the other hand one can lookx for improved future components,
cdesipgn and control to match the recuirements better. But in no
way can we see monovalent air-to-water heat pumns without a
baclkup system ecualling the extraordinary high heating capacity
of an oil-furnace of some 25 and more kilowatts at a reasonable
orice.

In the bivalent mode which is superior to all others in '‘est-
Germany, the heat pump can be switched off at rather moderate
ambient temperatures from — 5 to + 3 °C denendinz on the
regulations of the utilities or personal wishes. Therefore no
serious problem will result from too low evaporation
temperatures. However, attention should be given to defrosting.



118 HEAT PUMPS: TECHNOLOGY AND MARKETING

DEFROSTING CONTROL

The following problems have to be solved in an optional manner:
-maximum efficiency between defrosting
cycles
—-defrosting cycles as few as possible
—defrosting time as short as possible
-drying of evaporator {ins obligatory

The first task can be solved by a defined fin distance which
should be neither too small nor too wide. Our measurements and
field tests have shown that with too narrow fins svacing ice
and hoar-frost grows rapidly and make the heat transfer worse
and hinders the air flow through the evaporator earlier than
wider fin spacing of 2,5 mm and more do. A fin spacing of 5 mm
would be very welcome but costs would increase astronomically.

The second task is to reduce the defrosting cycles and is of
course related to the first task. The worst, but cheapest
method, is to defrost regularely after a certain pre-adjusted
time, for instance every hour. This method is not the best one,
because often the evapcrator will be defrosted while no ice at
all is present. On the other hand it can happen with foggy
weather that the evaporator is full of ice in a remarkably
short time before defrosting is begun again.

There are quite a lot of opinions about when to start
defrosting. Many producers take the signal from a low-pressure
cut out. A very interesting method is to take the increase of
the fan motors resistance as a trigger which is more or less a
function of the growth of ice and decrease of air flow (1). Ye
decided after a series of tests to make the actual defrosting
time the measure of running time between defrost-cycles (2).
The results are encouraging. Compared to conventional methods
we were able to reduce the energy consumption per heating
period by approximately half the original amount. Typilcal
seasonal operation times are:

compressor running time : 2.1 hours

defrosting time : 3 to 5 minutes

DEFROSTING METHOD

At this point I would like to make some comments about the

defrosting method itself. In Vestern Furope with almost no

exception two methods are common: '"hot gas' defrosting
"reverse cycle" defrosting

We have made experiments with both methods and additionally
with an improved 'hot gas' method (3). Our results are measured
at the following conditions: incoming air: 7 °C/ water
outlet: 35 °C

evaporation: - 6 °C/ condensation: 4G °C
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DEFROSTING CONTROL

The following problems have to be solved in an optional manner:
-maximum efficiency between defrosting

cycles

—-defrosting cycles as few as possible

-defrosting time as short as possible

-drying of evaporator fins obligatory

The first task can be solved by a defined fin distance which
should be neither too small nor too wide. Our measurements and
field tests have shown that with too narrow fins spacing ice
and hoar-frost grows rapidly and make the heat transfer worse
and hinders the air flow through the evaporator earlier than
wider fin spacing of 2,5 mm and more do. A fin spacing of 5 mm
would be very welcome but costs would increase astronomically.

The second task is to reduce the defrosting cycles and is of
course related to the first task. The worst, but cheapest
method, is to defrost regularely after a certain pre-adjusted
time, for instance every hour. This method is not the best cne,
because often the evaporator will he defrosted while no ice at
all is present. On the other hand it can happen with foggy
weather that the evaporator is full of ice in a remarkably
short time before defrosting is begun again.

There are quite a lot of opinions about when to start
defrosting. Many producers take the signal from a low-pressure
cut out. A very interesting method is to take the increase of
the fan motors resistance as a trigger which is more or less a
function of the growth of ice and decrease of air flow (1). Ve
decided after a series of tests to make the actual defrosting
time the measure of running time between defrost-cycles (2).
The results are encouraging. Compared to conventional methods
we were able to reduce the energy consumption per heating
period by approximately half the original amount. Typical
seasonal operation times are:

compressor running time : 2.1 hours

defrosting time : 3 to 5 minutes

DEFROSTING METHOD

At this point I would like to make some comments about the

defrosting method itself. In Western Europe with almost no

exception two methods are common: '"hot gas'" defrosting
"reverse cycle" defrosting

Ve have made experiments with both methods and additionally
with an improved 'hot gas' method (3). Our results are measured
at the following conditions: incoming air: 7 °C/ water
outlet: 35 °C

evaporation: - 6 °C/ condensation: 40 °C
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As a measure of the "effectiveness" we consider the fraction of
the relative time of defrosting, which is cdefined as the
defrost time divided by the sum of defrost and heatings times.
This value is limited by our regulation according to DIMN 8900
to a maximum of 15 %.

Zcouioment Absolute Effective-
defrost time ness
(min) (%)
Hot gas 10.5 0,z
Imoroved het gas 7.2 0,4
Reverse cycle 3.5 1,0

These results allow us to hold to the reverse-cycle. But care
must be taken in order not to destroy the condenser (which is
the evaporator in the defrost mode). To avcid this, we have
incorporated independent elements of safety:

—-temperature control of the heating water

-defrost security program (patents pending)

-mass flow control of heating water by senarate safety cuarc
—-temperature control of evaporator body.

t’e admit that in exceptional cases all these safety provisions
were not sufficient, mainly when the installer or the user did

not teke pains enough to follow exact instructions.

MASS FLOW OF HEATING VWATER

e have found that the mass flow of the heating water very
often is small- even too small. To avoid high pressure cut
cuts, in modern plants by-pass—-valves together with a storage
tank are recommended. They insure enough water flow and enough
storage capacity to keep the heat pump running a definite and
necessary veriod of around 6 to 10 min. In addition this
ecuipment provides the heat pump with a sufficient volume of
hot water during defrostins. In case of malfunction a
micronrocessor control (which is the usual control for all heat
numps ) signals that insufficient water {low has come through.
In this case, the user should call the installer for heln.

HOT WATER HEAT EXCHANGERS

l"any problems still arise from the heat exchangers in the hot
water boilers, because no circulating pumn is working. All the
heat must be transferred by thermal convection in the laminar
region with its low heat transfer coefficlents. Especially in
summer, when the ambient temperature is high, the heating
capacity of the heat pump is at a maximum but this cannot be
transferred to the hot water. The heat nump control will signal
high presure fault, the user will have a refreshing cold shower
instead of a comfortable warm one. To overcome this problem we
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have developed (patents pending) a special design of heat
exchanger which has a 3-tube concdenser within the heat oump.
FIGURE 2 shows how the condensating refrigerant first heats up
the heating water which serves only as a heat transfer mecdium
to the hot water tube, which is the inner one. Of course,
provisions must be taken to avoid separation of minerals such
as chalk on the walls of the inner tube. This tyve of condenser
is widely used in small heat pumps which are run from a simple
220 V single phase plug in socket.

reaction: Ca*™
pH

) growth of

limestone

+ 2(HCD3) — CBCUg‘ + H20 + [:Ozf

8 temp. heating
o water
7 . c
agressive area
] 100 200mg Cal

FIGURE 2: Hot water nrevaration without mineral layer forming

ELECTRICAL INSTALLATION

At this point some remarks about the electrical installation
habits in 'lest-Germany may be of interest. From several reasons
which are more or less pertinent we have a wide variety of
regulations of many utilities to meet. The strictest ere:
-three vhase 380 V alternating current recuired

—extra electricity meter

-sometimes new switchboards

-very strict limitation of starting current

-not more.than three starts per hour

-electricity switch-off, up to three times a day, for un to two
hours

-sometimes special tariff meter

~temperature limit of operation, for instance greater than + 3 °C

To overcome most of these regulations we developed 2 small 220 V
single phase hea%t pump with a nominal vower input of 1.4 k7 de-
signed as an incdoor unit for n»reparation of hot water =2nd some
space heating as well. This heat nump is 2 genuine German heat
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pump with full defrosting and control facilities. There can be
no doubt that matching most of the ahove listed recuirements
led to extraordinary hich costs and %o a remarianly high

price of course.

Tn case of heat »numns beyond 1.4 nominal nouer inout there
is no releasge from the ahbove men-ioned regulations. Tor “hese
cases we develoned microprocessor controls vhich trace defects,
sives us supervisino end indicating sion=ls to control
oneration znd *o assist service. Tnlv one =ramnle shoulcd show
in TABLE 1 oo ~cieve 2 sunervicory Ji=rnosis of a he i
nlant with almos* ng erirz costs. It will e nos® convenient to
the service personal to have in 2ddition to this control =
gsignalisin~ display which indicates function or faults or
malfunction without a compiling orocedure. Ye are sure that
this way will be in general the next step to a better control
of the heating plant.

W

TABLE 1: Diagnosis of operating moce and of malfunctions of
brine-to-water heat pump in a heating plant with hot
water preparation

PULSE Green lamp Red lamo
Code indicates indicates
1 Minimum stand-by time, High pressure fault of
Minimum cycle number of hot water circuit
2 Minimum interruption High pressure fault of
time, utilities I/1I heating water circuit
ain power supply
breakdown
3 High pressure diagno- Low pressure cut out
sis, hot water circuit
4 High pressure diagnosis Malfunction of brine
heating water circuit, flow
10 minutes limit
5 dito, but 2 hours Defect of starting
current device
6 Low application limit Defect of brine cir-
of brine culating pump
7 High nressure refri-
gerant cut out
8 Freezing protection,
evaporator
S Heating water limitation
10 Mo heating demand
11 Boiler in heating mode

In our opinion we will have in the near future hetter sensors
for pressure and temperature to control function much better
than with a great number of discrete On/Off-switches as
indicated in FIGURE 3 which shows the usual heat pump
refrigeration cycle.
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1:Compressor 3:Condenser

2:2/4-way reversing valve 4:Sight glass

7:Expansion valve (thermostatic) 5:MNon-return valve

12:Low pressure cut out 6:Filter dryer
13:Defrosting start switch 8:Refrigerant distributor

14:High pressure cut out 9:Evaporator
15:Defrosting end switch 10:Fan

17:Degassing valve (heating water) 11:By-pass capillary tube
19:Pressure relief capillary 16:Service valve

18:Muffler

FIGURE 3: Typical refrigerant cycle of heat pump with control
devices

NOISE OF HEAT PUMP FANS

Up until now, we have dealt mostly with factors independent of
the place where the heat pump is to be installed, but some
comments are necessary about the noise caused, while moving
enormous volumes of air through the evaporator. More from the
Japanese- than from the US-producers we have learnt, that the
noise is not annoying you but your neighbour. The Japanese Air-
conditioners and heat pumps offered on the European market in
1980 and 1981 were rather quiet so we had to learn how to make
quieter fans. te tried to improve the noise levels by applying
the evolutions theory which is nature's favourite method.
FIGURE 4 shows in an astonishing manner how nature first
produces a rather complicated, even funny shape of the fan
blade before it comes to a fairly simple shape, which is
approximately 2...3 decibels (A) less than the original fan
was.
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One very important possible development of the refrigerant
cycle should be mentioned: the variation of output.

VARIATION OF HEATING CAPACITY

FEspecially with air to water heat pumps the heating capacity
decreases when the heating demand increases. Consecuently it is
necessary to control heating capacity according to the demand.
In the first approach (which is by far the cheapest) it is a
simple on/off control. Depending on the heating system and the
climatic region/area one can get:

- a seasonal performance factor (SPF) of about 2.5,

- a seasonal running time of about 2000 hours

- an average running time of about 1 hour per "on'"-switching

One aspect has most interest in a more continuous control:

- an increase of the SPF

which comes from less losses as in the on/off-mode and the
overdesigned heat exchangers in the less than nominal operation
mode. The reduction of dynamic heet transfer losses is
according to (5) and to our own measurements neglibible as long
as the operating time of one cycle is more than about ca. 10
nmin. This — on the other hand - is guaranteed by the limitation
of three cycles per hour due to utility wishes. %We have
calculated and confirmed by extensive measurements in some
heating plants that a maximum increase of 20 % of the SPF can be
achieved if a continuous variable control is used compared %o a
simple on/off control.

The first to hand solution from a cost/profit point of view is
to make use to two compressors in a heat pump unit or of a 2/4-
pole motor. %With such a two stage control we can approach the
theoretical value quite close, maybe about 70 to 80 %. The most
interesting features are hot water preparation and defrosting
with half the capacity of the normal mode.

A still better SPF can be reached by a continuous control with:
-non-aceotropic mixtures of refrigerants or
-freguency control of compressor speed.

Yith non-aceotropic mixtures and with 2 or 3 storage tanks one
can cover a capacity range between 20 and 100 % depending on the
relation of vapour pressure as shown in FIGURE 5. As we also
can see from this figure, the costs of heat pumps with such
refrigerant mixtures will at any rate be higher than with
homogenous refrigerants. There are still unresolved problems
mainly with lubrication, phase-separation and control of the
process.
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Easier but within a limited range of capacity control seems to
be the use of a frequency inverter. TABLE 2 indicates the most

important features of such a device.

TABLE 2: Advantages and Disadvantages of frequency inverters
combined with air-to- water heat pumps.

ADVANTAGES

Starting current not exee-
ding nominal current

Starting a2t high pressure
possible

Overcurrent protection
switch unnecessary

Frequency range from Zero
to 50 or 70 Hz

Starting with minimal speed
is is a plus because of slow-
ly degassing of refrigerant

fan can be controlled in
the same manner as compressor

At single phase alternating
current capacitors for star-
ting and operation can be
omitted

Cycling decisively reduced

Increase of SPF up to 20 %
against simple On/0Off control

DISADVANTAGES

Material portion about
twice as much es for
ordinary heat pumps

High extra costs for good
radio freguency protection

Must not run with recipro-
cating compressors below a
limited minimum speed

Behaviour of long time low
speed operation difficult
to judge

Utilization of full range
of control not possible
(vibration, lubrication)

Long running time up to
6000 hours per year

Little saving of operation
costs, bad cost/nrofit-
ratio

Assuming the technical problems can be solved remains an
additional amount of about 5000,--~ DM to the end-user which
cannot be payed back by additional savings in a reasonable
period of time. It is said that Japanese makes of air
conditioners already include such an inverter. As we can
analyze at the moment, this has two important reasons:
According to FIGURE 6, compressors with air-conditioning
equipment have to operate within the very limited area "A/C" in
the High Back Pressure (H4BP)-field. This enables the rotary-
(and scroll) compressors to be used which covers the operating

range easily.
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Because of the superior behaviour of the rotary
compressors in case of speed variation it is an unavoidable
step of further development to combine both technicues. Ye can
see from FIGURE 5 that air to water heat pumps must run in a
much wider field of pressure values.

Tn our SIEMENS R+D department we studied the hehaviour of
rotary and reciprocating typne compressors. FIGURE 6 shows also
a comparison between common types. There is not much difference
regarding the COP of both makes, but as you can see, the rotary
type is better at small pressure differences. A West-German
heat pump runs most of the time at high pressure differences
either to heat the house at low ambient temperatures or to
prepare hot water. In this case (which covers the predominant
portion of our heating season) the reciprocal type is superior.
A better behaviour of the rotary type compressor may have been
achievedin the meantime, but on the other hand the heat pump
turnover in Europe is at such a low level that intensive
research in this field has been reduced.

SUMMARY

After defining the requirements of the European market by
describing an ordinary heating plant fired by an oil-furnace,
we tried to show that some improvements have been implemented
within the last years. We mentioned:

—a rather sophisticated control of the heat pump and the
heating plant

~starting current limitation

-special developments as heat exchangers, evaporators, fans
and condensers

-possibility of rotary and frequency controlled comopressors

The great problem of cost/profit -ratio does not encourage R+D
into heat pumps at the moment. The European market wants heat
pumps with a reasonable efficiency giving good seasonal
performance factors. It wants high reliability under running
conditions which are within the allowed limits. Most of all it
wants low prices.
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Chapter 10

The Latest Compressor Technologies
for Heat Pumps in Japan

Katsumi Matsubara, Kazutaka Suefuji,
and Hiroaki Kuno

ABSTRACT

To meet the demands of the air conditioning market, two types
of rotary displacement compressors have been developed. One of
them 1s the hermetic type scroll compressor with a new operating
mechanism and the other is the semi-hermetic type screw compressor
with a new rotor profile. With volumetric and adiabatic
efficiencies superior to the reciprocating compressors, they can
meet heat pump requirements and their simple mechanism and high
reliability are applicable to speed controlled compressors such as
those with inverters. They are expected to be applied more widely
in the air conditioning market in the future.

HEAT PUMPS: Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 IEA Heat Pump Conference),
Edited by Kay H. Zimmerman ® 1987 Lewis Publishers. Inc., Chelsea, Michigan 48118. Prnted in U.S.A.
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1 INTRODUCTION

Since the o0il crisis in 1973, energy and resource conservation
has been one of the most important subjects in Japan, as in many
other countries. Much effort has been exerted to develop new
technologies for energy conservation and utilization of
alternative energy sources.

As air conditioners consume a significant amount of energy,
the Japanese goverment enacted a new law in 1979 that required the
EER of air conditioners to be higher than a specified value.

On the other hand, consumers have demanded more efficient air
conditioners and alternatives to heating oil.

As a result, heat pump air conditoners have been emphasized
because of their dual cooling and heating functions. Also, their
energy saving performance during heating is superior to that of
oil burning equipment.

The compressor accounts for about 90 % of the air conditioner's
electric power consumption and improvements in compressor
efficiency have a remarkable effect on the EER of the air
conditioner. Therfore, many efforts have been concentrated on
developing a new compressor with high efficiency, small size and
light weight.

In recent years, conventional reciprocating compressors in
Japan have been replaced by many types of rotary displacement
compressors, because the rotary compressors better meet the above
demands. The types of compressors available in the Japanese air
conditioning market are shown in Fig. 1.

I Residential

Applications [  Commercial

( Industrial

. | Rolling Piston VA
o)
o | Sliding Vane
[ V]
19
g Scroll
8

Screw
k]
o | Reciprocating
(=9
& Turbo

Jou 1 10 100

Compressor Capacity (kW)

Hermetic type Semi-hermetic type E: Open type

Fig. 1. Compressors that are available in the Japanese
air conditioning market.
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2 COMPRESSOR CHRACTERISTICS REQUIRED FOR HEAT PUMPS
2.1 Operating Pressure Range

Japanese heat pumps have been developed as cooling/heating air
conditioners, because Japan is an island country which ranges
widely from the sub-tropical zone at 27°N to the frigid zone at
Us°N, and 85 % of the population lives in regions with less than
2,500 heating degree days. As for the heat scurce, air sourced air
coditioners have become the main type used due to their easy
installation.

As a result, the compressors mounted in the heat pumps are
required to operate in wide pressure ranges, as shown in Fig. 2.

2.2 Capacity Control

The relationship between heat pump capacity, cooling/heating
load and ambient temperature is shown in Fig. 3. The load varies
widely and the heat pump must adjust the capacity to the load.

There are several methods of capacity control, such as a
compressor on/off system, a mechanical unloader compressor, a
multi-compressor system and a compressor speed control system.
Among these methods the compressor speed control system with an
inverter is ideal for heat pumps because it enables continuous
changes in capacity. The capacity changes of a speed controlled
compressor which varies from 0.5 to 1.5 times nominal speed are
shown by the dark lines in Fig. 3. Capacity changes of the on/off
controlled compressor are indicated by the dotted lines.

Constant speed compressor
(rotational speed N)

§ Speed controlled compressor
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Fig. 2. Operating pressure Fig. 3. Relationship between loads
ranges of compressors. and ambient temperature.

(Refrigerant; R-22) (3.7kW Heat Pump)
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2.3 High Efficiency

The simulation results of operating modes in a speed
controlled compressor and an on/off controlled compressor which
are mounted in packaged type air conditioners are shown in Fig. 4.
Real circles show operating hours of the speed controlled
compressor and dotted circles show those of the constant speed
compressor.

The results indicate that;

(1) The speed controlled compressor operates mostly in a low
pressure ratio and low rotational speed ranges. Therfore,
improvement of adiabatic efficiency in the low pressure ratio
and low rotational speed ranges is important for energy
conservation.

(2) The improvement of volumetric efficiency in the high pressure
ratio and high rotational speed ranges is required to deliver
high level heating capacity.
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3 SCROLL COMPRESSORS

3.1 Scroll Compressor Principle

The idea of the scroll compressor is not a new one. It was
first patented in the United States in 1905, but not fully
developed for practical application because of the lack of precise
production techniques and a good mechanism to support the orbiting
scroll. These problems have been solved and scroll compressors
have been used irn heat pump air conditioners since 1983.

The scroll compressor gas compression process is shown in
Fig. 5. The main scroll compressor components are a fixed scroll
and an orbiting scroll which have identical involute spiral walls.
They are assembled with a 180 phase-difference and the centers
are seperated by the distance of the orbit radius to form a series
of working chambers. The orbiting scroll is coupled with a
crankshaft and an anti-rotational coupling such as an Oldham ring.
The orbiting scrcll is driven by the crankshaft and orbits around
the center of the fixed scroll at a fixed angular orientation.

The contact points between the two spirals shift along the spirals
towards the center. As the working chambers are gradually reduced
in volume, a gas is compressed. The compressed gas is exhausted
through a discharge port at the center of the fixed scroll.

Suction port

Working chamber \SQ _

Discharge por‘t‘

,Orbiting scroll

Fig. 5 Principle of scroll compressor.
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3.2 Scroll Compressor Applications for Air Conditioners
3.2.1 Hermetic type scroll compressor

A cutaway view of a hermetic type scroll compressor developed
for residential and commercial air conditioners is shown in Fig. 6.
The scroll assembly is housed in the top of a cylindrical hermetic
casing. The two-pole refrigerating compressor drive motor is
located below the scroll assembly. The fixed scroll and the motor
staitor are mounted on a frame member which is attached to the
inner wall of the hermetic casing. The Oldham coupling fits
between the back of the orbiting scroll plate and the frame
member.

3.2.2 Advantages of scroll compressors

(1) High efficiency

The efficiency of a scroll compressor is compared with that of

a conventional reciprocating compressor in Fig. 7. Great

improvement of volumetric and adiabatic efficiency is achieved

over a wide range of operating pressure ratios. The efficiency
improvement in the high pressure ratio range is especially
suited for heat pump air conditioners.

The higher efficiency is due to the following;

(a) Refrigerant gas flows directly into the suction chamber,
which avoids an addition of heat to the suction gas. There
is no process analogous to the re-expansion in the
reciprocating compressors. The pressure difference between
the two neighbouring working chambers is much smaller than
the total pressure difference of the discharge and suction
pressures. Thus, very small gas leakage loss and high
efficiency are achieved.

(b) All points on the orbiting scroll move in synchronization
with the small radius. This results in low friction loss
due to the low rubbing speed.

Fixed scroll —

Orbiting scroll—v

Fig. 6 Structure of hermetic type scroll compressor.
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(2) Low vibration / noise level

A scroll compressor requires no valves and discharge gas flow

137

is relatively continuous. The compression process is performed
slowly and two to three compression processes go on
simultaneously. This results in smooth operation and little
fluctuation in shaft driving torque. Driving torque
fluctuation in a scroll compressor is about a tenth of that in
a reciprocating compressor. The smooth operation makes it
possible to drive a scroll compressor at higher rotational
speeds, and it is applicable to speed controlled compressors

suc

h as those with inverters. Scroll compressor

characteristics at different rotational speeds are compared
with those of the reciprocating compressor in Fig. 8..

(3) High reliability

The simple mechanism,

rub
req

bing speed, coupled with the fact that no valves are
uired give the scroll compressor high reliability.

(4) Small size and light weight
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4 SCREW COMPRESSORS
4.1 Semi-hermetic Type Screw Compressors

Screw compressors have been used in the refrigerating and air
conditioning markets for more than two decades, but their
acceptance in air conditioning equipment has been limited to heavy
commercial and industrial applications. They were open type
compressors, and it was more difficult to make small capacity
screw compressors competitive with conventional reciprocating
compressors, both in efficiency and manufacturing costs.

However, more effective and smaller capacity semi-hermetic
type screw compressors that are acceptable for light commercial
apprications have been developed and mounted in heat pump air
conditioners since 1981.

A cutaway view of a semi-hermetic type screw compressor is
shown in Fig. 9. The compressor essentially consists of a low
pressure portion and a high pressure portion. The former is
made up of a cast iron casing contaning a pair of rotors and a
drive motor, while the latter consists of a discharge chamber
containing a separator element for oil separation. A slide valve
mechanism is provided for capacity control and is controlled
hydraulically by an unloader piston. No oil pump is required for
lubrication or unloader piston actuation, because o0il is
distributed throughout the compressor by the pressure difference
between the suction and discharge portions.

0il separator

Hermetic motor

Fig. 9 Structure of semi-hermetic type screw compressor.
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4.2 New Rotor Profile

The efficiency of screw compressors is determined by internal
gas leakage. Compressed gas leaks through internal clearances
between the rotors themselves and between the rotors and the
casing, and thus, the rotor profile is the most influential factor
in achieving higher efficiency. Many efforts have succeeded in
developing the new rotor profile shown in Fig. 10.

Higher efficiency is achieved because of);

(1) The five male to six female lobe combination makes the
pressure difference between the two neighbouring working
chambers smaller and reduces gas leakage.

(2) The gas leakage passages of the new rotor profile are reduced
by 19 % in the blow hole area and 22 % in seal line length
compared with the conventional rotor profile.

(3) The new rotor profile is suitable for manufacturing and makes

precise cutting possible.

The performance of the newly developed semi-hermetic type
screw compressors with new profile rotors has been greatly
improved, as shown in Figs. 11 and 12. A major part of power loss
in the conventional compressor is due to internal leakage, and
leakage loss 1is greatly reduced in the new compressor. The
improvement of adiabatic efficiency is greater in the higher
pressure ratio ranges.
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Fig. 10 Rotor profile
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5 HEAT PUMPS WITH SPEED CONTROLLED COMPRESSOR

5.1 Speed Control by Inverter

Recent developments of commercial electric equipment have made
it possible to use speed controlled compressors with inverters for
air conditioners. The inverters have been utilized in room air
conditioners since 1982 and in packaged air conditioners since
1983 in Japan. At present, inverter utilization is limited to
residential and light commercial air conditioners having capacity
under 7.5 kW because of power transistor cost. However, rapid
improvements in electric technologies will make it possible to
expand the use of speed controlled compressors up to larger
capacity air conditioners in the near future. Changes in maximum
power supply frequency are shown in Fig. 13.

5.2 Heat Pump Performance Improvement.
5.2.1 Rapid start up

As conventional heat pump air conditioners could not deliver
the necessary heating capacity at a start up and at low ambient
temperatures, they had to include electric heaters to make up for
the deficient heating capacity. Heat pumps with speed controlled
compressors can temporarily improve the heating capacity and will
lessen the consumer's dissatisfaction. Changes in room
temperature at start up are shown in Fig. 14. The heat pump with
a compressor operating at 1.5 times the nominal operating speed
can shorten start up time to half that of the unit with a constant
speed compressor.
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5.2.2 Defrosting

Conventional heat pumps exchange a heating operation with a
cooling operation in defrosting, and this results in a reduction
of room temperature. Heat pumps with speed controlled compressors
can solve this problem because the units are operated both in
heating and defrosting at the same time. The system and the
improved characteristics are shown in Fig. 15. When defrosting,

a stop valve in a bypass line is opened and part of the high
temperature refrigerant gas, which is delivered by the compressor
operating at the highest speed, flows to an outdoor heat exchanger
for defrosting. At the same time, the rest of the refrigerant gas
flows to an indoor heat exchanger to continue heating. This system
can prevent room temperature reduction.
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speed controlled compressor.
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6 CONCLUSION

(1) With the spread of heat pump air conditioners and speed
controlled compressors, operating conditions and requirements
in compressors have become more stringent year by year.

(2) Japanese manufactures have made many R & D efforts and have
developed new types of rotary displacement compressors to
improve compressor performances.

(3) Rotary displacement compressors have many chracteristics
matching present requirements and they are exepted to be
applied more widely in the air conditioning market in the
future.
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Chapter 11

Dynamic Loss Reduction with
Electric Heat Pumps

Charles E. Bullock

ABSTRACT: Although much is known and has been published about the
design and performance of electric heat pumps under steady-state
operating conditions, much less has been documented regarding their
performance under dynamic or non-steady-state conditions. The two
principal effects which can degrade system performance are

(1) on/off cycling and (2) outdoor heat exchanger frost build-up and
removal. This paper reviews current knowledge of the magnitudes of
these two effects and the success of efforts to reduce them. On/off
cycling with conventional heat pumps increases the seasonal energy
consumption by about 5 - 10% in heating and 10 - 15% in cooling. By
employing procedures suggested in the paper, such as lighter weight
heat exchangers, variable-speed compressors, or refrigerant
isolation valves, these losses can be reduced by as much as 50%.

The outdoor coil frost/defrost seasonal energy penalty has been
measured from as low as 5% to as high as 20%. By using design
principles outlined in the paper, it should be possible to reduce
this factor to less than 5%. Recommendations are given for further
work in both areas and the probable benefits that can be achieved.

INTRODUCTION

Over the past 30 years, the electric heat pump has become
established as an efficient and dependable means for heating and
cooling occupied spaces, residential as well as commercial. The
level of understanding of the complex fluid flow and heat transfer
processes occurring during the steady-state operation of a typical
heat pump has risen to the point where manufacturers can routinely
design units for maximum steady-state efficiency, minimum
fabrication cost, or some optional combination of these two factors.

HEAT PUMPS: Prospects in Heat Pump Technology and Markeiing (Proceedings of the 1987 IEA Heat Pump Conlference),
Edited by Kay H. Zimmerman & 1987 Lewis Publishers, Inc.. Chelsea, Michigan 48118. Prnted in U.S.A.
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Probably as early as when the first heat pump was field- or
lab-tested under varying load conditions requiring the on/off
operation of the unit, it was recognized that capacity as well as
efficiency can be reduced somewhat in real applications. 1In the
case of outdoor air-source heat pumps operating in the heating mode,
the gradual accumulation of frost on the outdoor evaporator coil was
also found to reduce the unit's performance. Since these two
effects, i.e., on/off cycling and outdoor coil frost/defrost, both
involve the transient behavior of the system and involve even more
complex fluid flow and heat transfer phenomena than in steady-state
operation, our understanding of them has been limited and has lagged
far behind that for steady-state. In the past decade, however,
significant progress has been made by numerous researchers in
analyzing and quantifying these phenomena and in exploring ways to
reduce their effects on real system performance.

This paper will summarize the principal findings of these prior
studies and will indicate areas where more work is justified.

REVIEW OF ON/OFF CYCLIC PHENOMENA

Prior to the start-up of a heat pump or air conditioner, most
(as much as 80%) of the refrigerant migrates to the evaporator
because of its low temperatures [1,2,3,4]. After the compressor is
started and has reached steady-state, however, most of the
refrigerant (again as much as 80%) will be in the condenser, or
high-pressure side. The start-up of an electric heat pump is thus
followed by a transient period during which the distribution of
refrigerant within the system as well as its temperatures and
pressures and also the temperatures of all of the system components
undergo rapid and fairly drastic changes while approaching their
steady-state values. The mathematical modeling of the
refrigerant-side phenomena has proven to be extremely difficult.

Although several very good dynamic simulations of heat pump
systems have been completed, they are very complex and thus far have
been used largely for illustrative purposes [5,6,7,8]. These models
as well as purely experimental studies have shown that the various
temperatures and pressures do not approach their steady-state values
at exactly the same rates although they are more or less
interdependent. More details can be found in the references cited.
In spite of the complexities of the refrigerant-side transients, it
is possible to describe the external performance characteristics
(heating and cooling capacities, power consumption) in simple yet
accurate terms. Figure 1 shows typical capacity and compressor
power consumption curves for a unit operating at a duty cycle of 50%
(equal "on" and "off" time periods). Each start-up period is
characterized by a fairly uniform approach to steady-state capacity
which can be described fairly accurately by a simple first-order
time constant. Mulroy and Didion [3] suggest that a
two-time-constant representation may be slightly more accurate. The
start-up period is accompanied by a loss of output capacity as
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compared to the capacity that could have been realized if
steady-state conditions had been achieved at the instant of
start-up.

Immediately following compressor shut-down, some of the capacity
"lost" during start-up can be recovered if the indoor air blower (or
water pump in a hydronic heating or cooling system) continues to
run, as indicated in Figure 1.

Compressor power also has a transient response on start-up as
indicated by the example curve in Figure 1., Power typically rises
quickly to a peak (which can be 5 - 10% higher than the steady-state
value) and then gradually returns to its steady-state value. As
Miller and Jaster [11] point out, this peak is likely due to the
higher density of refrigerant gas (or liquid) coming from the
evaporator (or accumulator) during start-up. The magnitude and
duration of the peak are affected by the outdoor temperature as well
as the off-period length.

Air-to-water heat pumps are appropriate for hydronic heating
systems, which are common in Europe. Bergman [9] reports that
start-up and shutdown transients in such system are essentially
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negligible. This appears to be a consequence of the closed-loop
type of heat distribution piping network rather than any difference
in heat pump design. During an off period, the water loop
temperature drops substantially, so that at the next start-up the
heat pump's capacity and efficiency are enhanced compared to
steady-state. This type of heat pump has the same frost/defrost
problems as air-to-air units, however.

The net or average capacity, power and efficiency of a heat pump
or air conditioner can be seen to depend not only on the response
rate of the equipment itself but also upon the length of the on/off
cycles themselves. Longer cycles will naturally diminish the
effects of start-up transients. Cycle length is affected by four
principal factors:

1. The heat pump or air conditioner output capacity relative to
the building load.

2. The heat pump or air conditioner transient response rate.

3. The building thermal mass C, which can be expressed as:
C =Mx Cp,
where: M = building mass, kg
Cp = specific heat, kJ/(kg.K)

4. The room thermostat cycling characteristics, principally its
deadband (or differential) width AT.

Figures 2 - B illustrate the relative significances of these
factors. The curves are based on an analysis similar to that used
by Miller and Jaster in [11]. They are expressed in terms of

(1) the part-load factor (PLF) or cyclic efficiency, which is the
ratioc of the average cyclic coefficient of performance (COP) to the
steady-state COP, and (2) the load factor LF, which is the ratio of
the average cyclic output capacity to the steady-state capacity. In
all these figures, the following typical values were used for the
parameters, unless otherwise noted: Heat pump time constant TC = 1
min., Building thermal mass factor C/QS = 10 K-, AT = 1K.

Figure 2 shows the influence of heat pump capacity relative to
building load as expressed by the load factor LF. At steady-state,
LF=1, and PLF=1.0. However, as the load drops, so does PLF, falling
nearly linearly until LF=0.2, then dropping rapidly toward zero for
lighter loads. Figure 2 also shows the influence of the heat pump
transient response. As the time constant TC increases, PLF also
decreases. Figure 3 shows the effects of building thermal mass C,
expressed relative to the steady-state heat pump capacity Qs. As C

is increased, the cycling rate decreases, lowering the influence of
start-up transients and raising the cyclic efficiency. Figure 4
shows the effects of room thermostat differential AT. As AT is
increased, the cycling rate drops, also raising the cyclic
efficiency. Figures 3 and 4 show that factors unrelated to the heat
pump design itself can significantly affect its cyclic response.
Recent field studies by Baxter and Moyers [10] and Miller and Jaster
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{11] showed much lower cyclic rates (less than 1 cycle/hour)
occurring in actual installations than would be expected from usual
design practices, evidently with no adverse comfort problems. This
indicated large values for C/QS and AT. 1In these cases, the net

effects of cyclic losses were very small. The main point of Figures
2 - 4 is that all of the factors noted are very important, and each
must be considered in actual applications in order to minimize
cyclic losses. These figures also clearly show that, in order to
improve the cyclic efficiency of a heat pump or air conditioner, the
following can be done:

1.

2.

Avoid equipment oversizing; i.e, keep LF as large as
possible.

Design or select the heat pump or air conditioner with a
small start-up time constant.

Maximize building thermal mass if possible. The effective
thermal mass can be influenced by the distribution system
layout and by thermostat location.

Install or adjust the room thermostat to provide as large a
room temperature swing as possible, without sacrificing
comfort.

Although not addressed above, off-cycle power consumption
should also be minimized. Creswick [12], for example,
measured seasonal losses of 4% in one case.

Considerable attention has been given by researchers as well as
manufacturers to the second item above, i.e., minimizing the heat
pump and air conditioner transient response time. The following
recommendations have resulted from the work to date:

1.

2.

Minimize the mass and refrigerant-side volume of all
components, especially the evaporator coil [1,12,13].

Minimize refrigerant charge, especially in the
condenser and liquid line [1].

For heat pumps, eliminate or reduce the size of the suction
line accumulator. Preferably, design component volumes so
that refrigerant can be stored on the high side during the
off-period so that the need for a suction accumulator is
reduced. If an accumulator is required, keep it small [1]
and consider adding heat during start-up to accelerate
refrigerant vaporization [12,14].

Keep liquid refrigerant out of the evaporator during the off
period [1,12]. The most obvious way to do this is with
automatic shut-off valves that close when the compressor
stops. Young [14] proposed that if an electric expansion
valve is used, it should be opened wide to increase
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refrigerant flow to the evaporator on start-up to avoid
"starving".

5. Delay the indoor blower shut-off until a minute or two past
the compressor shut-off time in order to recover residual
indoor coil heating or cooling. Mulroy [15] has shown that
this is only effective when the indoor coil is outside the
conditioned space. A continuously-operating indoor blower
is not recommended because of its energy consumption.

Considerable interest has also been shown in recent years to
variable-speed compressors [16,17,13,19]. Although variable-speed
compressors do not reduce the start-up losses per cycle, they allow
the system to adjust its output capacity to meet changing load
conditions, thus drastically reducing the total number of on/off
cycles per year and thereby reducing the significance of start-up
transients. Variable-speed compressors also improve the system
steady-state efficiency at light loads since they will operate at
low speeds, resulting in lower refrigerant flow rates, more
effective heat transfer, lower pressure ratios, and lower compressor
powers.

A certain amount of on/off cycling is inevitable in the course
of a heating or cooling season, even with variable-capacity systems.
Local climate, equipment sizing, and the transient characteristics
of the equipment and building will all influence the magnitude of
the cycling effects. Analytical studies [20,21,22,23] as well as
field tests [10,19] have generally shown that, with conventional
heat pumps, on/off cycling increases seasonal energy consumption by
about 5 - 10% in heating and 10 - 15% in cooling. By employing some
or all of the improvements described above, these losses can be cut
in half.

NEED FOR FURTHER WORK TO MINIMIZE CYCLIC LOSSES

1. Refrigerant charge control: Store refrigerant on the high
side during the off-cycle. There is a need for an alternate
to shut-off valves for refrigerant isolation to avoid
compressor start problems. We also need a quicker way of
supplying liquid refrigerant to evaporator (and suction
accumulator, if there is one).

2. Heat exchangers: We need lighter, more efficient designs.
3. An altesrnate to a suction line accumulator is needed.
4, Equipment/building interaction research: We need more

information on acceptable temperature swings, cycling
rates.
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REVIEW OF FROST/DEFROST PHENOMENA

When the outdoor air temperature drops below about 5°C, the heat
transfer surfaces of the outdoor coil of an air-source heat pump can
drop below 0°C, leading to the formation of frost on the surfaces.
Frost build—-up creates two problems: the gradual degradation of the
heat pump's heating capacity and the need to periodically defrost
the coil. Numerous investigators have studied the formation of
frost on simple geometries (flat plates, cylinders, etc.); O'Neal
and Tree [24] have presented an excellent review of work to date.
Although useful relations for frost thermal conductivity and density
(which are usually interdependent), growth rate and heat transfer
rate are available, there are still many knowledge gaps and a high
level of uncertainty in applying the data. These studies, however,
have generally agreed that the frost layer grows faster and becomes
thicker as the surface temperature drops and/or the air humidity and
velocity rise. The formation of frost on a finned-tube evaporator
coil is further complicated by variations in the surface temperature
and geometry as air passes through the coil, often leading to
non-uniform frost growth.

Stoecker [25] was one of the first to publish data from tests
with multi-row refrigeration-duty evaporator coils, indicating that
heat transfer is enhanced slightly with light frost but that heat
transfer and airflow both drop as heavy flow builds up. Merrill
[26] concluded that frost builds up on a heat pump coil in two
stages, slow at first, then much faster. As O'Neal and Tree [24]
point out, frost tends to grow fastest at the leading edges of the
fins, gradually progressing deeper into the coil along the airflow
path. Tests by Miller [27] showed that, with a typical, medium
efficiency design heat pump, both capacity and COP were improved
with higher air humidities at non-frosting conditions, but both were
reduced under frosting conditions. The transition from a wet to a
frosted surface occurred at about 5°C in this case. This agreed
with the findings of Imaiida, et al. [28]. Analysis of published
data as well as laboratory and field tests with conventional 2.5 ton
(8.8 kW) heat pumps led Miller and Jaster [11] to conclude that
heating capacity and compressor power both drop approximately
linearly with time as frost accumulates. The drop-off in each item
could be correlated by the simple product AW x t, where AW is the
difference in the humidity ratio of air entering the evaporator coil
and the humidity ratio of saturated air at the coil surface
temperature and t is elapsed time. Miller and Jaster also suggested
that spine-fin (also called slit-fin or pin-fin) coils may frost up
faster than plate fin coils. Experience at the author's company,
however, has indicated that system design, particularly as it
affects the refrigerant evaporating temperature, has a far greater
influence than fin type. For comparable fin densities and
refrigerant- and air-side conditions, the frosting characteristics
of plate fin and slit-fin coils are very similar. 1In all cases,
frost has several important effects upon the system:

1. Frost condensation increases the overall heat transfer rate
by adding latent heat flux to the existing sensible heat
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flux. This can amount to 10% or more. The effect is, of
course, minimized at low outdoor air temperatures.

The frost layer thickness adds an element to the overall
thermal resistance between the refrigerant and the air.

The surface roughness of frost can improve heat transfer
slightly for thin layers, but the net effect is a reduction
in overall heat transfer as the frost layer grows, as shown
by Stoecker [25]. As Barrow [29] points out, however, these
latter two effects are generally small in comparison to the
following.

The frost layer reduces the airflow passage area between
fins, thus tending to increase the local air velocity and
the air-side pressure drop. For typical fan-coil systems,
the net effect is a drop in the total airflow rate as the
system re-balances. The drop in airflow may reduce the heat
transfer coefficient and will certainly lead to a drop in
the overall heat transfer rate which, in turn, will cause a
constant—-speed compressor to rebalance with a lower
refrigerant temperature in the evaporator. This is the most
important effect of frost and is the primary reason why
heating capacity, compressor power and COP all drop as frost
builds up.

effects of frost on system performance can be reduced by:

Increasing the size of the outdoor coil. This will raise
both the evaporating refrigerant temperature and the coil
surface temperature, which will reduce the frosting rate.
It is also advisable to use one-row coils in order to spread
the frost more uniformly over the total fin surface.
Fortunately, this is the trend that the residential heat
pump industry is following in the evolution of higher
efficiency unit designs. 1In their tests of a mid-1970s
vintage heat pump, Kelly and Bean [30] reported that the
frost/defrost degradation factor was approximately 0.74
below 5°C. (The frost/defrost degradation factor is equal
to the ratio of the integrated average COP over one full
frost/defrost cycle to the instantaneous no-frost COP.)
Since then, more efficient heat pumps have been designed
with larger heat exchangers (and more efficient
compressors), which have exhibited lower frosting
tendencies. Figure 5 shows this trend schematically. The
"low efficiency" curve represents designs typical cf the
1970s with SEER (Seasonal Energy Efficiency Ratio) ratings
of approximately 6-7 Btu/Wh. The "medium efficiency" curve
applies to units marketed in the early 1980s with SEERs of
about 8-9. The "high efficiency" curve represents today's
top-of-the-line units, with 10-11 SEERs, which will be
tomorrow's typical units. The clear trend toward less and
less frost/defrost penalty is obvious.
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2. Increasing the evaporator airflow rate. This will also
raise the coil surface temperature.

3. Using coils with wider fin spacings [14,25,31], e.g., 12
fins per inch or less. This will allow thicker frost layers
to develop before airflow is affected.

4, Sizing compressors and evaporator coils for higher
evaporating temperatures during those conditions when frost
is most important (-5°C to 5°C). Heating loads tend to be
less, allowing the compressor to operate continuously at
lower capacities and higher evaporating temperatures, again
lowering frost build-up rates. This can also be
accomplished with variable-speed compressors.

Defrosting of the evaporator coil is typically accomplished by
reversing the heat pump cycle, i.e., by temporarily using the
outdoor coil as a condenser and the indoor coil as an evapporator.
To offset the indoor cooling effect, some resistance heat tempering
is generally used. As indicated by Figure 6, this is not a very
energy efficient method. The need for resistance heat tempering
(COP=1) adds a significant energy penalty. Typically, frost/defrost
accounts for about 10% of the total heating season energy with
one-third or more of this due to resistance heat tempering. Passive
defrost, in which the compressor is idle and the coil defrosts by
natural convection, is more efficient but requires a much longer
defrost time [31] and is not effective at outdoor temperatures below
0°C. The use of some form of energy storage as the source of
defrost energy is the most efficient scheme, but it requires
additional hardware and controls. Thus, the reverse cycle approach
remains as the predominant choice in today's units.
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Several methods of initiating the system reversal for defrost
have been proposed. Most heat pumps today utilize the
time-temperature approach, which initiates a defrost after a
fixed interval of compressor run time during which the evaporator
coil temperature is below a set value, such as 1°C. Tnis can result
in defrosts with little or no frost and also with excessive frost.
"Demand" defrost methods, on the other hand, have been proposed
in order to initiate defrosts only when the coil is sufficiently
frosted. These methods have included measurement of the coil
air-side pressure drop, the air-to-coil temperature difference,
compressor or outdoor fan motor current [14] or some other
indicator. Several studies, such as [32,33,34], have concluded that
the defrost initiation method has very little net effect upon the
overall system energy efficiency, however. A method which allows
the system to run longer between defrosts will also have to run
longer (and at lower COPs) because its average heating capacity is
lower and will also require longer defrost times. Demand defrost
methods are often chosen, however, because they can drastically
reduce the number of defrost cycles, with presumed benefits to
system reliability.

Regardless of the method chosen, the defrosting efficiency can
be improved most readily by reducing the time required for coil
defrosting. This can be accomplished by:

1. Designing or selecting the coil/compressor system for low
frost loading, following the suggestions given previously.

2. Designing the outdoor coil with several parallel refrigerant
circuits for even distribution of the hot gas to the coil.
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3. Making sure the coil, particularly the bottom, is dry after
each defrost. This can be done with a vertical (or nearly
vertical) coil, a desuperheat/subcooling circuit at the
bottom of the coil [35] or the use of a surface-active agent
to promote water drainage [36]. Care must be taken,
however, with the use of a desuperheat/subcooling circuit to
avoid penalizing system performance during the normal
cooling or heating modes.

4, Eliminating the suction line accumulator, if possible, in
order to avoid its thermal lag effects.

5. Modifying the system design or operation to insure quick
return of condensed liquid to the indoor coil. This can be
done by opening the expansion valve or using a bypass line

[14].

6. Using variable-speed compressors, there may be advantages to
increasing the compressor speed just prior to a defrost in
order to raise its temperature and thus serve as an
additional heat source during defrost [36].

As mentioned previously, the use of resistance heat for indoor
supply air tempering should also be avoided or at least minimized in
order to improve the overall defrosting efficiency.

The net effects which outdoor coil frost have over a full
heating season depend upon the local climate as well as the design
and the operation of the heat pump system. Analytical studies, such
as [13] and [23], have estimated that the seasonal penalty for
frost/defrost losses at less than 10%. Field tests of mid-1970s
heat pumps at four northern U.S. locations reported by Croff and
Reedy [37] all showed seasonal frost/defrost losses less than 9%.
More recent field tests reported by Baxter and Moyers [10] and by
Creswick [12] showed frost/defrost losses of 8 - 14%. Recent
studies reported by EPRI [38,39] showed seasonal frost/defrost
losses ranging from 4% to 21%, the latter involving the use of
excessive strip heat for defrost tempering. Results reported by
Bouma [29] for an air-to-water heat pump were quite similar. By
employing design principles described above and especially
minimizing the use of strip heat, it should be possible to reduce
the frost/defrost penalty to less than 5%.

NEED FOR FURTHER WORK TO MINIMIZE FROST/DEFROST LOSSES
Research is needed on:
1. Evaporator fan/coil combinations -- the effects of fin shape
and density, number of rows, and the shape of the fan

pressure/flow characteristic.

2. Coil circuiting -- more uniform refrigerant distribution
during defrost.
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Coil water condensate drainage -- the cost-effectiveness of
surface-active agents.

Alternate defrost energy sources.

Refrigeration system design -- alternate to suction line
accumulator.
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Chapter 12

Dynamic Electrical Control for
a Variable-Capacity Heat-Pump
Air Conditioner

Fumio Matsuoka

ABSTRACT: This paper describes electronic control technologies for heat pumps in
Japan.
The requirements for heat pumps are:
1) Comfortable air conditioning
High temperature transpiration
Defrosting characteristics improvement
2) Fundamental performance improvements
Heat capacity increase
High seasonal energy efficiency ratio
This paper discusses how the following control items should be realized in order to
cope with the above-said requirements.
1) Frequency control of the inverter rotary compressor
2) Opening area control of the electronic expansion valve
3) Fan speed control of the indoor heat exchanger
4) 4-way valve, solenoid valve control

HEAT PUMPS: Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 IEA Heat Pump Conference).
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INTRODUCTION

The application of microelectronics is currently a true challenge to refrigeration
and heat pump engineering. Microelectronics and, subsequently, automation and
information processing are subject to revolutionizing changes. The cooperation of
refrigeration technologists with electronics specialists, control engineers and data
processing experts is vital if the complex processes arising from the use of
microelectronics are to be mastered.

Electronics in its general connection with information is the inward determinant
of technology at the highest level. Its proper potential will evolve more and more in
the time to come since it will lay the foundations for overcoming the constraints of
the immediate work process and, moreover, it constitutes the main resource for
revealing the unbounded advantages of economic intensification.

The concept of intelligence simply implies the capacity to acquire and apply
knowledge. It provides the maintenance of programmed goals within a given margin
even under varying conditions. The control of unstable processes and systems is of
greater importance. What we call the “self-organization” of systems is becoming
technical reality at this present time. A new phase in man-machine relations has thus
been inaugurated. The computer integrated sensor concept will be used in ever
greater complexity and it will revolutionize the art of developing intelligent
techniques and man-machine relations in its substructure. On the impulses of this
evolution in decentralized feedback and feedforward structure, the dynamic
interchange impacts all other hierarchical levels.

HEAT PUMP REQUIREMENTS IN JAPAN

In Japan, very few homes have central heating in all rooms throughout the day
during the winter. It is normal for heating to be supplied for individual rooms
during specific time zones. Under these conditions of use, it is necessary to create a
comfortable temperature environment in which the indoor temperature is raised as
quickly as possible as soon as the heating operation is started.

Furthermore, winters in Japan are characterized by a high level of humidity and
so frost necessarily forms on the outdoor heat exchangers. As a result, defrosting
operation is an indispensable requirement and even during defrosting operation, it is
necessary for the user-oriented indoor temperature environment to maintain the state
of comfort.

Unlike cooling operations, heating operations are accompanied by characteristic
requirements and these can be divided generally into problems associated with
reducing the start-up time and into improvements in the defrosting characteristics.

Comfortable Air Conditioning
In order to enhance the degree of comfort by reducing the start-up time, the

compressor must be made to start up rapidly by an inverter. However, there is an
upper current of the inverter, and methods of controlling the inverter frequency for
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rapid start-up at around the upper current limit or below this limit constitute an
important key technology.

When a start-up operation is initiated, the indoor air temperature is still low,
and so special measures need to be taken in order to reduce the amount of air flow
volume by the indoor heat exchanger so that the user does not feel a draft.

When it comes to discussing control with comfort maintained during start-up,
how to control the frequency of the above-mentioned compressor inverter and how
to control the air blown by the indoor heat exchanger are problems targeted for
solution through technical development.

In order to improve the degree of comfort during defrosting and in order to
avoid unnecessary defrosting operations, important themes for consideration are
presented by improvements in sensing technology dealing with methods of sensing
the frosting and methods of sensing the end of defrosting, and also by the
configuration of the refrigeration cycle, which need not employ an indoor heat
exchanger as a low-temperature evaporator even during defrosting, and by control
geared to returning operation to normal heating as soon as possible the end of the
defrosting.

Improvements in Fundamental Performance

In order to do full justice to the functions which will enhance the degree of
comfort as mentioned above, the following improvements need to be made to the
basic performance in the refrigeration cycle.

Improvements in heating seasonal performance factor

The question as to what needs to be done about the control of the electronic
expansion valve so as to keep the amount of refrigerant superheat at the compressor
inlet in the optimum level not only during continuous operation but also during
start-up and after defrosting remains to be answered.

Reduction of start-up time

The frequency is rapidly accelerated in order to reduce the start-up time. The
way in which the frequency is to be accelerated must be below the upper current
limit allowed by the inverter by establishing a correlation with the time constant of
the refrigeration cycle response.
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Reduction of defrosting time

The question as to what is to be done about the configuration of the
refrigeration cycle for removing the frost formed on the outdoor heat exchanger in
the shortest possible time and about the control of the 4-way valve, solenoid valve,
electronic expansion valve, fan and compressor for the defrosting operation itself
remains to be answered.

CONFIGURATION OF HEAT PUMP AIR CONDITIONERS

Given below is an outline of the control targets and configuration of the
refrigeration cycle in order to cope with the requirements placed on heat pump air
conditioners. »

As shown in Figure 1, the elements which configure the refrigeration cycle link
up in sequence the compressor with inverter frequency converter, check valve, 4-way
valve, indoor heat exchanger, electronic expansion valve and outdoor heat
exchanger. During a heating operation, the refrigerant circulates as shown by the
solid lines in Figure 1. At this time, the control targets are the frequency of the
compressor, the electronic expansion valve and the indoor heat exchanger fan.

During a defrosting operation, the refrigerant circulates as shown by the broken
lines in Figure 2. The high-temperature, high-pressure gas refrigerant from the
compressor is bypassed to the solenoid valve side, a part of the gas refrigerant finds
its way to the accumulator, the remaining greater part enters the outdoor heat
exchanger through the check valve, and the frost is defrosted. The refrigerant used
for the defrosting is then liquefied, it flows into the accumulator, mixes with the
above-mentioned gasified refrigerant and is sucked again into the compressor. At
this time, the control targets are the solenoid valve, electronic expansion valve,
indoor heat exchanger fan, outdoor heat exchanger fan and compressor frequency.

5, ; ;
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Fig. 1. Heating operation. Fig. 2. Defrosting operation.
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DYNAMIC CHARACTERISTICS OF REFRIGERATION CYCLE

The control which is to be exercised when a heating operation starts or when,
in other words, the air conditioner has reached the regular operation mode, has been
the subject of varied research and practical application. This is why this paper
focuses specificaily on the transient characteristics of the refrigeration cycle and
mentions important points to be borne in mind for microcomputer-based control.

Compressor

Figure 3 shows the ageing characteristics of the primary current flowing to the
compressor motor when the compressor frequency is raised by 12 Hz (from 60 Hz to
72 Hz) at one stroke. Figure 4 shows the ageing characteristics of the load torque on
the refrigerant side applied to the compressor at this time. Figure 5 shows the ageing
characteristics of the superheated refrigerant gas at the compressor inlet.

The ageing characteristics of the primary current virtually resemble the ageing
characteristics of the load torque applied to the compressor.

The peaks in these ageing characteristics tend to appear between 30 and 60
seconds from the response start time, and they then dip momentarily before they
gradually increase again.

The time constant applying up to these peaks is 3 sec. for the primary current
and 16 sec. for the load torque. The time constant for the response after the peaks
are reached is high with 21 sec. for the primary current and 60 sec. for the load
torque. In comparison, the superheat has a more lenient response with a 70 sec. time
constant.

The current is increased by 2 A and the superheat temperature rises by
7.5 deg.C by accelerating the compressor frequency by 12 Hz.

Electronic Expansion Valve

Figure 6 shows the ageing characteristics of the superheat when the opening of
the electronic expansion valve is suddenly increased by 10% from regular operation.
Conversely, Figure 7 shows the ageing characteristics of the superheat when the
opening of the electronic expansion valve is suddenly reduced by 10% from regular
operation. In both cases, the time constant is 90 sec. However, when the electronic
expansion valve is open, the amount of refrigerant circulating tends to increase and
the superheat temperature falls by 2 deg.C. Conversely, when the electronic
expansion valve is closed, the amount of refrigerant circulating tends to decrease and
the superheat temperature rises by 4.3 deg.C.
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Primary Current (A)
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DC Fan Motor

In order to enhance the degree of comfort indoors during the start-up of
heating, the air blown into the indoor heat exchanger is kept down to the absolute
minimum in order to prevent the user from feeling a draft, when the room
temperature is still low. As the time passes and it becomes possible for warm air to
be blown out, the fan DC fan motor used for the fan is accelerated and the amount
of air is increased.

Figure 8 shows the ageing changes in the temperature of the defused indoor air
when the air flow is increased by the DC fan motor from 6.13 m*/min. to
7.84 m*/min., and Figure 9 shows the ageing changes of the superheat.

The temperature of the indoor air blown out falls by 3.5 deg.C at a time
constant of 72 sec.

On the other hand, the superheat rises by 7 deg.C at a time constant of 93 sec.
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Cyclic Time Constants and Correlation between Actuators

By changing the actuators (simply speaking, the frequency Hz, electronic
expansion valve opening EV and DC fan motor speed DC of the indoor heat
exchanger) which configure the refrigeration cycle, the responses (compressor
primary current I, superheat SH of refrigerant gas taken in by compressor and
temperature Ti of indoor defused air) come to have alternately different time
constants, as shown in Figure 10. Even so, the time constants and gains come in a
very wide range, depending on the environment, operating mode and operating
history.

It is now beginning to be necessary to study the constantly changing time
constants and gains even during operation and to conduct intelligent control.

1as
ONORD,

Fig. 10. Correlation between actuators.

Preview Tracking Algorithms

(1) Past data relating to operational amounts of the ever-changing actuators
and past data relating to the responses should be stored.

(2) Past data relating to responses should be used to predict future trends.

(3) New target trends should be determined by means of the deviation between
the predicted trends and target trends.

(4) Actuators should be operated with respect to the new target trends.

(5) The operational amounts of the actuators and response data should be
updated and fed back to (2).

In (1), the past data to be stored will differ for each actuator, and each
response and the time constants (in hours and minutes) should be provided.

The future trend predictions in (2) should be based on three-point problems.

The anticipated value of “*/-t” should be used for the new target trends in (3).
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ELECTRONIC CONTROL BY MEANS OF HOLONIC DATA
PROCESSING SYSTEMS

Using a control system for an ecosystem as a model, it is possible to exert
balanced and harmonious control, bearing in mind the correlation between the
individual elements with their individual functions and the overall system.

Figure 11 shows a study of the ageing changes and gain using a buffer control
subroutine for estimating the gain and a change buffer control subroutine.

After the new target trends have been determined with preview tracking
algorithms by means of the correlation command subroutine, the ignition output of
the neurons is produced by the nervous activity and principle of neurodynamics
model which is being used with the latest developments in artificial intelligence (AI).

In the balance control subroutine, the above correlation commands and system
commands based on future control methods are generalized and integrated and
commands are issued by which the overall system harmonizes with the various
actuators.

Sensor Section | Data Input
Subroutine

ASH Al
butter buffer

Buffer Control
Subroutine for
Estimating Gain

Operation Pattern
Decision Subroutine

System
/ Command
Subroutine

Correlation
Command
Subroutine

Balance Control
Subroutine
AEX buffer . ADC buffer AHz buffer
] F 1 [
T - -
Change Buffer AEX output
Control Subroutine ‘ ADC AHz output
) Electronic output
Expansion ; Inverter
Vaive

DC Fan Motor
Fig. 11. Holonic data processing system.



ADVANCES IN ELECTRIC HEAT PUMPS 169

EXPERIMENTAL EFFECTS

Figure 12 shows the ageing characteristics of the primary current with a rapid
start heating operation, which is one means of enhancing the degree of comfort.

This control makes it possible to halve the amount of time it takes for warm air
to be blown out, compared with the time taken in the past.

Furthermore, as shown in Figure 2, the defrosting cycle is such that the
high-temperature refrigerant, which passes through the check valve at the
compressor outlet and through the indoor heat exchanger and which flows to the
electronic expansion valve, collects inside the indoor heat exchanger since the
electronic expansion valve is closed even during the defrosting period, and for several
minutes warm air can be blown out to indoors.

Even when it comes to the defrosting of the outdoor heat exchanger, the
high-temperature refrigerant gas which has left the compressor passes directly
through the solenoid valve and is used for defrosting. As a result, the conventional
defrosting time is halved.

Even when operation returns to heating upon completion of the defrosting, the
refrigeration cycle is characterized by a cooling of the indoor heat exchanger and so
it is possible to blow high-temperature air into the room immediately.

To deal with rapid changes in the operating mode such as these, the electronic
expansion valve serves to control the superheat of the refrigerant gas at the
compressor inlet with a view to protecting the liquid flowing back to the compressor
and, while sudden torque fluctuations in the compressor are being monitored by the
primary current, the temperature of the air blown out from the indoor heat
exchanger, whether during heating start-up or defrosting operations, serves to
provide the user with comfort through the control of the DC fan motor.
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Fig. 12. Primary current during start-up by holonic control.
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CONCLUSION

It has been shown that as electronic technology advances, the demands on
inverter air conditioners to adopt intelligent and self-learning functions are steadily
increasing and are being made possible. Using microcomputers as the brains,
progress in man-machine interfacing is being realized and in the future it will surely
be possible to create even more comfortable environments.
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Chapter 13

Current Status and Future Potential
of Nonazeotropic Mixed Refrigerants

Horst H. Kruse

ABSTRACT

The application of non-azeotropic refrigerant mixtures in
refrigeration systems, because of energy saving aspects, already
has been proposed at the beginning of the century. Especially for
heat pumps this aspect and others led ten years ago to the
proposal to use mixed refrigerants for this special application
of  refrigeration. Besides the energy saving aspects the
additional advantages for this application could be a capacity
control by concentration shifting, an adaption of capacities,
temperatures and pressures to the desired values with given
hardware to allow the wuse of low cost, mass produced hardware
components.

In several research laboratories special investigations on
mixed refrigerants concerning thermophysical data and their
behaviour in heat pumps had been done.

The paper will sum up those results gained up to now and
evaluate the predicted advantages concerning further heat pump
developments. Special fields of favourable mixture application
will be shown.

INTRODUCTION

Although the  application of non-azeotropic refrigerant
mixtures in refrigeration systems has been proposed since the
beginning of this century and a lot of investigations concerning
those systems with mixed refrigerants and regarding their
thermophysical data have been done since that time first in the
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seventieth non-azeotropic refrigerant mixtures were proposed
especially for heat pump application.

Whereas in refrigeration systems up to that time there was no
great incentive to use refrigerant mixtures instead of pure
fluids as working media because of lacking competition to the
vapour compression systems by other processes the scene changed
drastically after the first energy crisis in 1973, Although
already marketed before, from that time on the heat pumps gained
much more interest in order to save energy especially in the
field of space heating. Here the heat pumps have to compete with
the conventional low first cost heating systems like firmnesses.
So proposals were made (1), (2), (3) to use the possibilities of
nonisothermal phase change of non-azeotropic refrigerant mixtures
in heat pumps in order to decrease the irreversibilities in the
heat exchangers of heat pump systems and consequently save energy
as proposed earlier for refrigeration systems (4), (5). Depending
on the temperature change of the working fluid in the evaporator
and condenser 25% increase 1in energy efficiency for the
refrigerant mixtures R12/R114 and about 12% for the mixture
R13B1/R114 have been predicted at that time for instance for
temperature gradients of 10 K in the evaporator and condenser
according to Figure 1 (3).
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Fig.1l. Relative energy efficiency of different possibilities
to realize the Lorenz-Cycle.

At that time also, based on patents for variable capacity
refrigeration sytems (6), (7), (8) a proposal (1) was made to use
the properties of non-azeotropic refrigerant mixtures especially
for the very important capacity control of heat pumps where the
heating capacity has to be changed according to the outdoor
temperature. Continuous capacity control by a composition change
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of the mixture can contribute to avoid transient system losses
occuring in heat pumps with on/off control.

Further, based on extensive measurements of refrigerant
mixtures in refrigeration systems (9) the use of non-azeotropic
refrigerant mixtures for adaption of the heat pump to the
required capacity and working conditions by a tailormade
refrigerant had been proposed also (10). The background of this
proposal was not to develope special refrigerants and hardware
components for heat pump working conditions but to use tailormade
refrigerant mixtures in order to apply the mass produced
components of refrigeration systems under the other working
conditions of heat pumps.

These possibilities of non-azeotropic refrigerant mixtures as
energetic dimprovements by using the gliding temperatures in the
evaporator and condenser, continuous capacity control by
composition shifting, capacity adaption and adjustment to the
application 1limits of the components by wusing a tailormade
refrigerant mixture have led in the following vears to a growing
interest in these fluids for heat pump application as shown in
Figure 2.
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Fig.2. Number of publications about heat pump systems with non-

azeotropic mixtures

Also the International Energy Agency created a special
working group in its Annex VI to update the state of the art and
investigate the potential of the application of refrigerant
mixtures for heat pumps. Three reports have been prepared by this
working group about this topic (11), (12), (13).

Further, the IEA Heat Pump Center published a bibliography
about non-azeotropic refrigerant mixtures as working fluids in
compression heat pumps (14). Finally the ASHRAE published a
Technical Data Bulletin on Advances in Non-azeotropic
Refrigerants for Heat Pumps (15).
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All these publications show the great interest in non-
azeotropic refrigerant mixtures for heat pumps offering by their
adaptable composition a new dimension concerning the layout and
design of vapour compression systems and the amount of work which
has been done since the first proposal to use those fluids in
heat pumps. The question is what results according to these
proposals have been gained and what are the future aspects of
refrigerant mixtures for heat pumps.

CURRENT STATUS OF REFRIGERANT MIXTURES FOR HEAT PUMPS

Because of the advantages of non-azeotropic refrigerant
mixtures of heat pumps after a thorough experimental
investigation (16) the research and development mainly has
concentrated on three binary mixtures RI12/R114, R22/R114 and
R13B1/R152a. Mixtures with R11 show some problems with oil
solubility and hence lubrication so that R114 instead of R11 is
the better choice in normal heat pump temperature range for space
and tap water heating whereas in the higher range for industrial
heat pumps R114 is prefered against R11 and R113 as well because
of stability problems of the refrigerants themselves.

Besides those three binary non-azeotropic mixtures also
ternary mixtures have been proposed for heat pump application in
patents like R13/R22/R11 (17) and investigated like R12/R114/R11
(18), R23/R22/R114 (19) and R13B1/R12/R152a (20). They can offer
special advantages over binary mixtures which shall be discussed
later.

All research and development of non-azeotropic mixture
application in heat pumps can be divided into two subsections,
namely into the investigation of the thermophysical data of the
fluids and the evalution of the potential of mixture application
in heat pumps.

Thermophysical Data of Refrigerant Mixtures for Heat Pumps

At the beginning of the heat pump mixture research very
little information about the behaviour of the mixed fluids for
heat pumps was available because that time those investigations
had been made  especially for lower temperature cooling
application. Therefore an intensive research of the state and
transport properties of those mixed refrigerants for heat pumps
was necessary. Up to now a consibarable knowledge has been gained
in this field so that a better theoretical evaluation and
preliminary design of heat pumps with mixed fluids can be made.

State properties

Whereas in the first evaluation of mixture potential for heat
pumps because of lacking information on fluid properties the
blend was considered as an ideal mixture. After measurements of
the state properties it was possible to use equations of state
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predicting also the non ideal behaviour of those mixtures.

Besides of a lot of experimentally investigated properties of
refrigerant  mixtures (21) the three important refrigerant
mixtures for heat pump application have been investigated by
measurements of the state properties in different laboratories
and presented 1in publications for R12/R114 (22) (23), R22/R114
(24) and RI13B1/R152A (25), so that was it possible to establish
equations of state to predict the thermcdynamic properties of
those mixtures.

Ternary Mixtures for Heat Pump Application have been
investigated experimentally for the mentioned ternary mixture
R13B1/R12/R152a (20) and R22/R12/R114 (21) besides some other
ternary mixtures not investigated up to now for heat pump
application. Also for the measured data for ternary mixtures
equations of state have been applied to predict their state
properties.

In  order to predict the thermodynamic properties of
refrigerant mixtures and use the equations of state for
performance evaluation of the heat pump system the equations must
not be not too complicated since additional mixing rules have to
be applied as compared to the equations for pure fluids.
Therefore the very often used Martin-Hou-Equation for pure
refrigerants with its 12 individuell parameters gets too
complicated and very often simpler equations with reasonable
accuracy are sufficient for that purpose.

The Benedict-Webb-Rubin-Equation in the modified form of Lee,
Kessler and Plocker (LKP) is used very often as well as
modifications of the simpler Redlich-Kwong-Equation for instance
in the modification of Soave (RKS). The advantage of this R-K-S
equation is the possibility of a solution according to a cubic
root. This equation therefore 1is wused very often for the
prediction of refrigerant mixtures for heat pumps as well as for
binaryv blends (25), as also for ternary mixtures (20). Since this
very simple R-K-S equation does predicts very well the vapour
properties but very poor the liquid properties of the mixed
fluids efforts were made by Carnahan, Starling and De Santis
leading to an improved but also again more complicated equation
(27), (28). Using the measured data to adapt the equations of
state to the properties of the mixture and predicting in the
whole application range those properties thermodynamic diagrams
for the non ideal blends have been calculated and published for
instance for mixtures of RI2/R114, R22/R114 and R13B1/R152a (23),
(29), (30), (25), (31), Figure 3 (23). Those diagrams allow a
rough estimation of performance of a mixed refrigerant cycle for
heat pumps when no thorough calculation using the equations of
state is possible.

Transport properties

The transport properties as viscosity, thermal conductivity,
surface tension and diffusion coefficient are important for the
heat transfer between fluid and heat exchanger wall. Very poor
information about those properties is available in the
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literature, only concerning the important non-azeotopic mixtures
for heat pumps a few data of the viscosity of the fluid R22/R114
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Fig.3. p-h diagram of R-12/R-114 (70% R-12)

are available (32). Besides of viscosity of those refrigerant
mixtures also the viscosity of a blend of the non-azeotropic
refrigerant mixture R12/R114 together with o0il had been
investigated in the o0il rich region (33). Therefore currently
very little information about the transport properties is
available. Concerning the heat transfer coeffients as influenced
by those transport properties in contrary more investigations
have been made.

Heat transfer coefficients

The main work on heat transfer investigations concerning
refrigerant mixtures has been made for the evaporation and only
one for the condensation.

The heat transfer measurements during evaporation in the
earlier investigations have been made namely under pool boiling
conditions (34). The measurements show a great degradation of the
heat transfer coeffient of a non-azeotropic refrigerant mixture
as compared to its pure components,

For heat pumps the heat transfer coefficients of flow boiling
during evaporation 1is more important because of the mainly used
dry expansion evaporators in those systems. Here investigations
(35), (36) show that a degradation in the range of 30% can be
observed which decreases with increasing mass flow because of
better remixing effects with high turbulency. On the other hand
with high mass flow rates the pressure drops decrease and
counteract the advantage of gliding temperatures of non-
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azeotropic refrigerant mixtures. So to a certain extent also for
flow boiling inside tubes a degragation of the heat transfer
coeffient has to be accepted.

Flow boiling in falling films show better behaviour with only
15%Z degradation as a very thorough investigation (37) show. So
the design of a falling film evaporator shows a very good
performance for non-azeotropic refrigerant mixtures concerning
the heat transfer, but normally can be applied only for larger
systems.,

For condensation also a degradation of the heat transfer can
be expected to a certain degree as far as first measurements show
(38). The reason is a separation of vapour and liquid mainly in
the midrange of the condenser (40). The degradation of the heat
transfer coeffient is 1in the order of approximately 30% in
maximum.

Concerning the degradation of the heat transfer coeffients
for evaporation and condensation it should be stated that
according to parameter studies (39) 307 lower heat transfer
coeffients both on condenser and evaporator side ot the heat pump
system lead to a decrease of the coeffients of performance of 2%
by the degradation in the heat exchangers each. It should be
taken in mind if the evaluation of the performances of heat pumps
with mixtures are concerned.

Evalution of the Mixture Potential in Heat Pump Systems

As explained earlier the advantages of mixture application in
heat pump systems can be the possibility of energy saving by
applying gliding evaporating and condensing temperatures, by
continuous capacity control and by adapting hardware components
concerning capacity and application limits to the special working
in heat pumps.

Energy saving

One of the main incentive to propose refrigerant mixtures for
heat pumps was the aspect of possible energy saving by using the
gliding evaporating and condensing temperature in order to
decrease irreverasibilities of the heat exchange created by the
temperature differences in the heat exchangers. This evaluation
has been made as well theoretically with computer programs for
those systems with mixtures as well as also by measurements made
with refrigerant cycles at special test arrangements as also in
real heat pump systems.

Computer programs for heat pump systems using non-azeotropic
refrigerant mixtures have been written (39), (40), (41) and
applied in order to predict the potential of energy saving for
heat pumps of different application cases as for instance for
space heating, tap water heating and industrial heat generation.
As already Figure 1 showed the possible amount of energy saving
depends on the temperature change of the secondary fluids in the
evaporator and condenser to which the temperature change of the
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non-azeotropic refrigerant mixture has to be adapted in an ideal
manner. This normally is difficult to obtain because the
secondary fluids change their temperature according to their
sensible heat along the heat exchanger in a linear manner whereas
the refrigerant mixture shows a non linear behaviour during phase
change. In order to obtain as parallel as possible temperature
profiles of both secondary fluids and the refrigerant mixture in
the heat exchangers the composition of the mixture has to be
chosen that way that the temperature lift during evaporation or
condensation is nearly the same 1like those in the secondary
fluids. The maximum width A tmax between dew and boiling line
lies in the region of a 507 composition and depends on the
distance of the normal boiling points A‘ts at, atmospheric
pressure (42).

So if this 50% composition has the same temperature change as
the secondary fluids a maximum of the coefficient of performance
(cop) by a good parallelity of the temperature profiles in the
heat exchangers can be expected at this composition. For mixtures
with higher temperature changes between dew point and boiling
point at the midths of the lense two compositions should show the
optimum COP values one the left hand and the other on the right
hand side of this maximum width at those compositions where the
temperature change during evaporation and condensation is the
same as in the secondary fluids. Indeed those computer programs
as established to predict the heat pump performance with non-
azeotropic mixtures show these results. Simpler computer programs
(41) used ideal behaviour of the mixtures itself and did not take
into account their behaviour concerning heat transfer coeffients
and pressure drops whereas later developed physical models (42)
include those effects. In general especially the simpler computer
programs which allow extensive parameter studies indicate that
for approximately 10 K temperature change in the secondary fluids
by making use of the gliding temperatures of non-azeotropic
refrigerant mixtures a COP improvement roughly 15% should be
gained. The  computer evaluation of ternary mixtures show
according to figure (18) for the COP that the highest COP is
obtained by a binary mixture of the three components so that
other effects of ternary mixtures should be more interesting than
the energy saving aspect. The question is to what extent the
theoretical predictions of energy saving with non-azeotropic
refrigerant mixtures in heat pumps have been confirmed by
experiments.

In the 1last 10 years a lot of experimental evaluations have
been made with special heat pump test rigs or with real heat
pumps in order to confirm the predictions or not. The result of
those measurements is that very different amounts of improvements
of the COP have been measured and very contradictory results have
been obtained. The main reason for the contradicting results is
the kind of comparison of test results with pure fluids and mixed
refrigerants. There are two extrem possibilities to compare those
tests assuming on the one hand by applying the same evaporator
and condenser inlet temperatures that the heat exchangers have
infinite areas as well for pure fluids as for mixtures and on the
other hand with finite areas both the same size for pure and
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mixed refrigerants, Figure 4. The first case is very favourable
for the mixture
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Fig.4. Two ways of comparing a mixture and apure working fluid
( A = heat transfer area )

because it allows for the mixture an infirite small temperature
difference during heat exchange whereas the pure fluid has still
a given difference because of the pinch point. In the second case
where for both fluids the heat exchanger size is the same and,
assuming that the heat transfer coeffients ere also the same than
the mean logarithmic temperature difference must be also the same
for a given heat load. This results in neerly the same COP or a
slightly  smaller COP if the degradation of heat transfer
coefficients and certain pressure drops are taken into account.
The conclusion of this is that in order to get energetic
improvements with non-azeotropic refrigerant mixtures the heat
transfer areas must be enlarged to a certain size as given by
economical aspects where the smaller runnirg costs as given by a
better COP lead to reasonable payback time for the higher capital
costs of the heat exchangers.

So the different test results ranging from for instance from
30% COP improvement for a mixture of R2Z/R1l4 (16) to 0% or a
small degradation of the COP can be explained by the special test
conditions. Both cases show the limits of the possible range of
COP  between a maximum value with infinite areas and a minimum
value with the same heat exchanger size. The problem evaluating
experimentally refrigerant mixtures in heat pump systems is that
with the composition although the «capacity changes. Changing
capacity leads to changing heat loads in the heat exchangers and
consequently changing temperature  differences so that a
comparison to the pure fluids with the same heat exchanger area
cannot be made.

Taken into account all experimental results as known up to
now to evaluate the energetic improvement of refrigerant mixtures
in heat pumps it can be stated that in general not the predicted
values could be achieved.

Besides of the difficulty to enlarge in tests the heat
exchanger size it is nearly impossible to maintain experimentally
the same heat loads with pure fluids and mixtures of different
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compositions without any other difficulties. Adapting the heat
load by the mass flow via compressor speed changes pressure drops
in the 1lines and compressor efficiency too. The right way would
be to use for each mixture an optimized heat pump system. This is
nearly impossible experimentally. The only possibility is to
evaluate with a good and confirmed heat pump model for non-
azeotropic refrigerant mixtures the performance theoretically.

Also a reason for the discrepancy between calculations and
tests is the fact that the computer models do not take into
account the real behaviour of the system components when using
refrigerant mixtures, especially the heat exchangers with their
degradation in heat transfer coefficients and their pressure
drops and the compressor with its different behaviour concerning
its efficiency. Especially a better knowledge about the
compressor efficiency is necessary.

Measurements have been made and computer programs established
which take those effects into account (43), they show that for
instance for the mixture of R22/R114 according to Figure 5 only
slightly changings of compressor effiency with the mixture can be
stated. On the other hand according to the applied
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Fig.5. isentropic indicated efficiency as a function of pressure
ratio and R-22 concentration

working conditions as given by the gliding temperatures the
pressure ratio also is changed. Changing pressure ratio has also
an effect on compressor efficiency and on the isentropic
compression work. So the different behaviour of a compressor
running with a pure refrigerant on the one hand and a refrigerant
mixture on the other depends as well as on the influence of the
fluid onto the efficiency for instance by influencing the
pressure drops in the valves as also by the applied external
pressure ratio leading to different efficiencies and isentropic
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works. Hence it is very important to include into the models the
influence of pressure ratio and mixture compostion c¢n the
compressor efficiency.

The conclusion concerning the potential of energy saving when
using refrigerant mixtures 1in heat pumps is that an overall
optimized system including the heat exchangers and the compressor
has to be investigated especially for the mixed fluid. This can
only be done if a theoretical heat pump modell includes all real
effects of the mixture onto the components.

Capacity control

Another incentive to use refrigerant mixtures was the
possibility of capacity control by a continuous composition
shift. This has experimentally demonstrated with a rectifying
column 5 (33). A wide range capacity control with a constant
system COP 1is possible taking not into account the additional
heat supply to the sump of the columne. This system was
investigated for internal combustion engine driven heat pumps
where the waste heat of the engine can be used to heat this sump
and consequently does not effect the coeffient of performance.
For smaller heat pumps other systems have been proposed (44),
(45) with the refrigerant mixture R13B1/R152a with a single
distillation stage in the suction line or in the liquid line or
both. Whereas with binary mixtures only small amounts of
composition change in the region of 107 could be stated (45), by
using a ternary mixture of R23/R22/R114 a greater capacity range
of 28% to 100% could be achieved with the last mentioned system
(19).

Adaption of capacity and applications limits

An interesting aspect when using non-azeotropic refrigerant
mixtures is the possibilitiy to wuse mass produced hardware
components for refrigeration systems and adapt them according to
the wanted capacity or the allowed application limits when
running in heat pump systems. For instance using a mixture of
R22/R114 the capacity can be changed between the values of 1007%
R22 and of R12 at a mass friction of around 40% R22/R114 with
nearly the same COP (46), also the application limits can be
changed by applying a refrigerant mixture instead of a pure
component for a given hardware. Running a screw compressor with a
maximum casing pressure of 13 bar with a mixture of R12/R114
instead of a pure refrigerant R12 higher condensing temperatures
than 56 C for the pure fluid could be obtained (33). Also the
torque of such a compressor can be adapted to the driving torque
of internal combustion engines if not the right compressor size
is available. So in this way tailormade refrigerants for certain
given hardware components can contribute to a better economy of
heat pumps.
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Practical problems

When substituting pure refrigerant by non-azeotropic
refrigerant mixtures problems have been predicted very often
concerning leakage and oil behaviour. An investigation published
recently (47) showed that simulating leakages in the two phase
region at the condenser the receiver and the evaporator leading
to a diminishing of the charge of about 50% in the first 2
components and 12% in the eveporator no remarkable composition
change could be measured. No problems with leakage should not
occur when using non-azeotropic refrigerant mixtures instead of
pure fluids.

In order to design adequately heat pump systems with
refrigerant mixtures a good knowledge of the behaviour of the oil
together, with the mixture is necessary as far as the viscosity
and solubility later are concerned. It has been shown that from
the data of the mixture of o0il with each component the behaviour
of the so called ternary oil refrigerant mixture can be predicted
very well (33). So a good basis for system design from this point
of view is also available.

FUTURE POTENTIAL OF REFRIGERANT MIXTURES FOR HEAT PUMPS

When  trying to evaluate the future potential of non-
azeotropic refrigerant mixtures in heat pumps it is favourable to
judge their application concerning the three main advantages
which they offer, namely energetic improvement, capacity control
and adaption of hardware components regarding capacity and
application limits.,

Further, concerning an evaluation of the potential the
different types of heat pumps have to be considered. The
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International Energy Agency in its Annex VI has defined by a
questionaire several heat pump profiles of heat pumps of
different sizes which can roughly be divided into three cases,
namely heat pumps for space heating, tap water heating and
industrial heat pumps. For those three cases under the different
aspects of the advantages which refrigerant mixtures do offer the
evaluation concerning a future potential shall be made.

Heat Pumps for Space Heating

According to  the IEA questionaire in most cases the
temperature change in the secondary fluids of evaporator and
condenser are less than 10 K. In this case only small
improvements of COP by wusing the gliding temperatures of non-
azeotropic mixtures in comparison to pure fluids theoretically
can be gained and have been confirmed by experiments. Also an
increase of the heat exchanger area to double the size, see
Figure 7, does not increase remarkable the COP further. So, under
the assumption of small
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Fig.7. COP of pure refrigerant R-12 and blends R-12/R-114 versus
heat exchanger size {( space heating case ) (39)

gliding temperatures according to the IEA questionaire there is
only very small potential for improvements in the future. Higher
temperature changes in the secondary fluids as for instance in
older hydrolic radiator systems with 20 K difference on the
condenser side could improve the situation but especially in new
heating systems these temperature differences are very small so
that it «can be stated that for space heating heat pumps the
potential in the future as far as energy saving aspects are
concerned is small,

The aspect of a continuous capacity control on the other hand
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is for those heat pumps very important since very often the heat
source 1is ambient air and changes its temperature in contrary to
the heating demand. In those cases the heat pump has to be
designed so that at a certain balance point its heating capacity
can cover the heating demand. At higher outdoor temperatures a
capacity control is required which mainly is done by on/off
control. It has been shown that capacity control by composition
shifting is a possibility of non-azeotropic refrigerant mixtures.
A very wide capacity range be controlled by a rectifier but this
for small residential heat pumps is normally a too expensive
device. So only very simple configurations which are based on the
distillation process can be used because of cost considerations.
Here the future potential of refrigerant mixtures lies in the
possibility of designing a better system than the mainly
investigated distillation process with R13B1/R152a. One way for
improvement in the future could be the use of a ternary mixture
(49) which seems to be a better fluid for capacity control. Other
ways are thinkable and under investigation,

The future potential of a capacity control using non-
azeotropic refrigerant mixtures depends further mainly on the
development of marketable speed inverter control equipment. If a
non-expensive inverter control for refrigeration compressors is
available then the incentive to use non-azeotropic refrigerant
mixtures for capacity control will be diminished. It is
questionable if an additional mixture control to an possible
inverter control will be reasonable from a cost point of view.

Another future potential for heat pumps for space heating
purposes 1is the possibility of using a refrigerant mixture for
special adaptation concerning the capacity and application limits
of the compressor. Whereas for smaller heat pumps a lot of
components of different sizes are available for larger
compressors it could be advantageous to adapt the capacity by
using a suitable refrigerant mixture instead of pure fluid. So if
for instance R114 gives a too low capacity and R12 a too high one
a mixture of both fluids could use a given hard ware component
for the required capacity as for instance for large turbo
compressor. Also the application 1limits for all sizes of
compressors can be extended by using a refrigerant mixture for
instance in the case if the condensing temperature is too high
for R12 application and when using R114 the volumetric capacity
of this refrigerants lead to a too large compressor. So also a
mixture could be a good choice to adapt the application limits of
a compressor to the required temperatures.

In total it can be stated that the future potentials of heat
pumps for space heating purposes are capacity control and
adaption of hard ware components by wusing non-azeotropic
refrigerant mixtures.

Heat Pumps for Tap Water Heating
According to the mentioned questionaire tap water heat pumps

normally have higher temperature gradients then heat pumps for
space water heating purposes. So here in future there could be a
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better potential for energy saving purposes. On the other hand
very often the design of tap water heat pumps are so that at
least the condenser because of being inside the storage has only
a very small temperature gradient because of the stratification
of the water. In these cases tap water heat pumps show nearly no
energetic potential for improvements by using non-azeotropic heat
pumps. For tap water heat pumps the capacity control because of
the small size of those heat pumps should be in future normally
an on/off control or maybe later a inverter control. It is felt
that a capacity control wusing control devices by shifting
composition of a non-azeotropic mixture 1is too expensive for
those small heat pumps. Here no future potential for non-
azeotropic mixture can be seen. Because of the limited
temperature of the tap water and the heat source the possible
extension of application range of heat pump compressors cannot
offer a special advantage in this field. Also, because for tap
water heat pumps hermetic compressors of small sizes are used
which are offered with a 1lot of various swept volumes no
advantage can be seen to adapt the capacity by using an non-
azeotropic mixture instead of a pure refrigerant in tap water
heat pumps with those small hermetic compressors.

Industrial Heat Pumps

According t©o the IEA questionaire the industial heat pumps
offer very often temperature changes in the secondary fluids of
15 - 20 XK. As can be seen from figure 47. Those temperature
changes 1lead 1o energetic improvements as predicted by computer
programs 1in the range of about 12%. So here, if special cases
with high temperature changes in the secondary fluids can be
detected the application of non-azeotropic refrigerant mixtures
can offer a favourable potential in the future. Enlarging the
heat exchanger areas it can be seen from Figure 8 for industrial
heat pumps the mixture increases still in COP when the pure
refrigerant levels out already.

Here the investment cost for greater heat exchanger sizes can be
contribute to a better economy by lower running cost. Computer
calculations have shown that the payback period when using a
adequate mixture as compared to R114 for an industrial heat pump
a decrease of up to 10% can be gained. This amount of economic
improvement seems too small to influenced decision making in
industry for the wuse of a heat pump with non-azeotropic
refrigerant mixtures. Although there 1is a remarkable energy
saving potential when using those fluids the question is if the
incentive 1in the industry is great enough from the economy point
of view. Additional advantages have to be created by the use of
non-azeotropic refrigerant mixtures. The composition shifting
when using non-azeotropic refrigerant mixtures can be an
important aspect of future application of those fluids in
industrial heat pumps because additional energy saving from the
system efficiency can be gained if a continuous control can be
achieved. For larger industrial heat pumps also more
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sophisticated capaciy control devices like rectifying columns can
be used which are able to change the capacity of the heat pump
continuously in a wide range. If those heat pumps are driven by
electrical motors this advantage of non-azeotropic refrigerant
mixtures can be an important future potential for industrial heat
pumps. If they are driven by internal combustion engines then
because of the possible speed control in a wide range this is a
hard competition to the method of composition shifting.
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Another advantage of non-azeotropic refrigerant mixtures, the
possible hardware adaption concerning capacity and application
limits as discussed earlier can be a important future potential
especially for industrial heat pumps. In this case not big series
of hardware components like compressors are available on the
market and very often the steps of possible swept volumes are
very large. So a tailormade refrigerant in this case can adapt
the same compressor to special required capacities. Industrial
heat pumps normally have to cover a wide range of capacities
according to the given situations in industry and the hardware
components have to be adapted in a wide range. Also it has been
shown that the temperatures of heat source and sink vary in a
wide temperature range. This also can influence as well the
capacity of the components as also the application limits for
given compressors with certain pure refrigerants. Also here a
continuous extension of the application limits can be made when
using non-azeotropic refrigerant mixtures.
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SUMMARY

Summing un all future potentials of non-azeotropic
refrigerant mixtures it can be stated that heat pumps for space
heating mainly can apply refrigerant mixtures for capacity
control in an advantageous, if a 1low cost device for a wide
manner range capacity control by composition shifting can be
designed.

Tap water heat pumps offer only some potential if they show
larger gliding temperatures in the secondary fluids which not in
all cases 1is wvalid. So in total the potential of applying non-
azeotropic refrigerant mixtures in tap water heat pumps seems to
be limited.

Industrial Heat  Pumps normally have high temperature
differences 1in the heat source as well as in the heat sink if
they transport sensible heat. A remarkable amount of energy
saving by wusing non-azeotropic refrigerant mixtures is possible
but at the recent energy prices the economic advantage is not so
great that a decision in industry for those heat pumps can be
expected alone by this possibility. Additional the possible
capacity control  which allows for larger systems more
sophisticated devices with wide range capacities and special
tailormade refrigerants which can adapt the hardware of an
industrial heat pump to the very different situation in each case
in industry can be a great advantage to use non-azeotropic
refrigerant mixtures in those systems. So the conclusion is that
the best potential for using non-azeotropic refrigerant mixtures
in future should be in industrial heat pumps.

REFERENCES

/1/ Kruse, H. Energy Saving by Using Suitable
Refrigerants for Heat Pumps in Europe
ASHRAE Sminar International Day
Seminannual Meeting Chicago 1977

/2/ Kruse,H. Die Bedeutung der nichtazeotropen

Jakobs, R. Zweistoff-Kdaltemittel beim Einsatz in

Warmepumpen und Kalteanlagen
KI Klima + Kdlte-Ingenieur 7-8/1977

/3/ Lotz, H. Behaviour of Single-~ and Manifold-
Medium Heat Pumps
Vortrag auf der Warmepumpentagung
Essen (Germany, F.R.) 1977

/4/ Haselden, G.G. Refrigeration Cycles Providing Cooling

over a Temperature Range
Proc. Inst. of Refrigeration,
London, 49

(1952/53) p. 136/141



190

/5/

/6/

17/

/8/

/9/

/10/

/11/

/12/

/13/

/14/

/15/

/16/

HEAT PUMPS: TECHNOLOGY AND MARKETING

Haselden, G.G.
Klimek, L.

Etherington, T.L.

Schwind, H.

Herrick, C.S.

Mc Harness, R.C.
Chapman, D.D.

Jakobs, R.
Kruse, H.

Berntsson, T.
Ljungvoist, K.
Moser, F.
Schnitzer, H.

Berntsson, T.
Schnitzer, H.

Berntsson, T.

Schnitzer, H.

Herrmann, J.

Jakobs, R.

An Experimental Study of the Use of
Mixed Refrigerants for Non-Isothermal
Refrigeration

J. Refr. 1 (1958)4, pp. 87-89

Variable Capacity Refrigeration System
US Patent 2 951 350 Cl. 62-149 (1960)

Multiple Fluid Refrigeration System
US Patent 2 938 362 CI. 62-149 (1960)

Variable Temperature Refrigeration
US Patent 2794 329 Cl. 62-115 (1957)

Refrigeration Capacity and Performance
Data for Various Refrigerants,
Azeotropes and Mixtures

ASHRAE Trans. 67 (1961), pp. 441-464

The Use of Non-Azeotropic Refrigerant
Mixtures in Heat Pumps for Energy
Saving

IIF - IIR Commission B2 Delft

(The Netherlands) -1978-3

High Temperature Working Fluids and
Non-Azeotropic Mixtures in Compressor
Driven Heat Pumps

IEA Annex VI, State of the Art Report

Study of Working Fluid Mixtures and
High Temperature Working Fluids for
Compressor Driven Systems

IEA Annex VI, Final Report Part A 1985

Study of Working Fluid Mixtures and
High Temperature Working Fluids for
Compressor Driven Systems

IEA Annex VI, Final Report Part B 1986

Non-Azeotropic Refrigerant Mixtures as
Working Fluids in Compression Heat
Pumps

IEA Heat Pump Center, Edition 2,
December 1985, Report No: HPC-B1

Advances in Non-Azeotropic Mixture
Refrigerants for Heat Pumps

ASHRAE Technical Data Bulletin
ASHRAE Annual Meeting at Homolulu,
Hawaii, June 1985

Die Verwendung von nichtazeotropen



ADVANCES IN ELECTRIC HEAT PUMPS 191

Zweistoff-Kdltemitteln in Warme-
pumpen

Deutscher Kalte- und Klimatechnischer
Verein

Forschungsbericht Nr. 3

/17/ Rojey, A. Heat Production
UK Pat. Appl. GB 2 068 996 A.
(1981), 6 pp.
/18/ Moser, F. Mixtures of Two or More Refrigerants
Schnitzer, H. as Working Fluids for Compression Heat
Pumps

VDI Berichte 539, ORC-HP-Technology,
Proc. Int. VDI-Seminar, Ziirich (1984},
pp. 117-131

/19/ Vakil, H.B. Means and Method for Modulating and
Controlling the Capacity of a Vapor
Compression Cycle Device
US Patent 4,384,460 (1983)

/20/ Wright, E.G. Prediction of Refrigerant Ternary
Mixture Properties Using the Redlich-
Kwong-Soave Equation of State
ASHRAE Technical Data Bulletin
ASHRAE Annual Meeting at Honolulu,
Hawaii, June 1985

/21/ Schulz, U.W, Thermodynamic Properties of Multi-
component Refrigerants
IIF - IIR Commission Bl, B2, El, E2
Purdue (USA) 1986

/22/ du Pont Vapor Pressure and Liquid density of
"Freon" Propellants
E.I. du Pont de Nemours 1957

/23/ Xiiver, M. Measurement and Calculation of
Schroeder, M. p-v-T-x Data of the Binary Mixture
Kruse, H. R12/R114

IIR-XVIth International Congress of
Refrigeration (Paris 1983)
Proceedings Tome 11

/24/ Hacksteir, G. Fin Beitrag zur experimentellen
Bestimmung thermodynamischer Stoff-
werte an halogenierten Kohlenwasser-
stoffen, deren Gemischen sowie deren
Gemische mit Kdltemaschinencl
Dissertation, Universitdt Dresden,
1976

/25/ Connon, E. Estimation and Application of Thermo-



192

/26/

127/

/28/

/29/

/30/

/31/

/32/

/33/

/34/

HEAT PUMPS: TECHNOLOGY AND MARKETING

Drew, D.
Kiver, M.
Kruse, H.

Morrison, G.

Morrison, G.
Mc Linden, M.

Pedersen, P.H.

Fushimi, K.
Daikin Ind.
Ltd.

Domanski, P.A.

Didion, D.A.

Heide, R.

Schroeder, M.

Jungnickel, H.

Wassilew, P.
Kraus, W.E.

dynamic Properties for a Non-Azeotro-
pic Refrigerant Mixture

IIF -1IB Commission Bl, B2, El, E2
Essen (FRG) -1981-5

The Application of Non-Azeotropic
Refrigerant Mixtures in Two Tempera-
ture Refrigerators

ITF - IIR Commission Bl, B2, El1, E2
Purdue (USA) 1986

The Importance of Including the
Liquid Phase in Equations of State of
Non-Azeotropic Refrigerant Mixtures
ASHRAE, Transactions, 1985

Two Refrigerant Mixtures and the Hard
Sphere Fluid

ASHRAE Technical Data Bulletin

ASHRAE Annual Meeting at Honolulu,
Hawaii, 1985

Stofegenskaber for R12/R114 kole-
middelblandinger

Refrigeration Laboratory, Technical
University of Denmark, Lyngby,
March

1982, Report F67

Heat Pump with Non-Azeotropic
Refrigerant Mixture
IEA Annex VI, Final Report, Part B

Equation of State-Based Thermodynamic
Charts for Non-Azeotropic Refrigerant
Mixtures

ASHRAE Transactions, 1985

An Instrument for Measuring the Vis-
cosity of Refrigerants and Refrigerant
Mixtures

Sci.Tech.Froid (1980) 1, pp. 99-104

10 ref.

Entwicklung und Erprobung eines preis-
glinstigen Schraubenverdichters fiir die
Kdltemittel R12 und R114 sowie deren
Mischungen

BMFT-FB-T 86-022, Februar 1986

Investigations into Heat Transfer in
Boiling Binary Refrigerant Mixtures
Proc. XVth Int. Congress of Refr.

Venice, Sept. 1979, Paper No. Bl -47



/35/

/36/

/377

/38/

/39/

140/

/41/

/427

143/

ADVANCES IN ELECTRIC HEAT PUMPS 193

Pedersen, H.

Radermacher, R.
Ross, H.
Didion, D.A.

Berntsson, T.
Berntssion, K.M.
Panholzer, H.

Stoecker, W.F.

Kornota, E.

Berntsson, T.
Schnitzer, H.

Connon, H.A.

Domanski, P.A.
Didion, D.A.

Lorenz, A.

Quast, U.
Kruse, H.

Heat Transfer to Evaporating Refri-
gerant Mixtures

EFP81, Projekt 7.5, Teknologisk Insti-
tuts Forlag 1983

Experimental Determination of Forced
Convection Evaporative Heat Transfer
Coefficients for Non-Azeotropic Re-
frigerant Mixtures

ASME-Paper 83-WA/HT-54, 1983, 16 ref.

Heat Transfer of Non-Azeotropic
Mixtures in a Falling Fim Evaporator
ASHRAE Technical Data Bulletin
ASHRAE Annual Meeting at Honolulu,
Hawaii, 1985

Condensing Coefficients when Using
Refrigerant Mixtures

ASHRAE Technical Data Bulletin
ASHRAE Annual Meeting at Honolulu ,
Hawaii, 1985

Study of Working Fluid Mixtures

and High Temperature Working Fluids
for Compressor Driven Systems

TEA Annex VI, Final Report Part A
Sept. 1985

Chapter 5, Munch Bertsson, K.
Berntsson, T.

"Technical Sensitivity Analysis"

A Generalized Computer Program for
Analysis of Mixture Refrigeration
Cycles

ASHRAE Transaction 1983

Simulation of a Heat Pump Operating
with a Non-Azeotropic Mixture
ASHRAE Technical Data Bulletin
ASHRAE Annual Meeting at Honolulu,
Hawaii, 1985

Application of Binary Refrigerant
Mixtures in Compression Refrigeration
Systems

Luft-Kdaltetech. 9 (1973) 6,

pp. 296-301

Experimental Performance Analysis of
Reciprocating Compressor Working with
Non-Azeotropic Refrigerant Mixtures
1986 Int. Compressor Engineering
Conference -at Purdue



194

oy,

145/

146/

/477

HEAT PUMPS: TECHNOLOGY AND MARKETING

Vakil, H.B.

Cooper, W.D.

Kruse, H.
Kiiver, M.
Quast, U.

Schroeder, M.

Upmeier, B,

Blaise, I.C.
Dutto, T.

New Concepts in Capacity Modulation
Using Non-Azeotropic Mixtures

ITR XVIth International Congress of
Refrigeration (Paris 1983) Proceedings
Tome II

The Use of Mixed Refrigerants in Air-
to-Air Heat Pumps
ASHRAE Transactions 1982

Theoretical and Experimental Investiga-
tions of Advantageous Refrigerant
Mixture Applications

ASHRAE Technical Data Bulletin

ASHRAE Annual Meeting at Honolulu,
Hawaii, 1985

Some Practical Results Obtained With
Non-Azeotropic Mixtures of Refrigerants
in High Temperature Heat Pumps

IIR Commissions E2

Meeting August 5-8

Purdue (USA), 1986



Chapter 14

What Needs To Be Known About
Working Fluids to Calcuiate
Coefficients of Performance

Georg Alefeld

ABSTRACT: The efficiencies of compressor heatpumps are usually
calculated by enthalpy balances. Complete and accurate enthalpy
diagrams are needed.

Starting from First and Second Law an equation for the COP
has been derived into which fluid properties enter only as ncn-
dimensional parameters. For freons the knowledge of only one
parameter is sufficient to predict COPs quantitatively.

INTRODUCTION

The common procedure for the calculation of COPs of
compressor heatpumps or refrigerators is as follows: First,
ccmplete enthalpy-pressure or enthalpy-entropy or temperature
entropy diagrams must be established. By applying First Law and
using the enthalpy charts, the COP can be determined.

Everybody, trained in basic thermodynamics, knows that the
COP of a heatpump must and will obey the Second Law. But where
has the Second Law come in? The answer is very simple: By using
the experimentally determined data charts of real fluids, the
requirements of Second Law have been taken into account, although
in a rather indirect way. Nevertheless the term "first law
efficiency” for such a COP is at least misleading.

The statements of Second Law are independent of any fluid
properties. In this presentation /1/ a different approach is
made: Second Law is taken into account from the very beginning,
independently of any special properties of the fluid to be

HEAT PUMPS: Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 IEA Heat Pump Conference),
Edited by Kay H. Zimmerman © 1987 Lewis Publishers, inc.. Chelsea, Michigan 48118 Printed in U.S.A.
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considered. By having introduced the requirements of Second Law
in a direct way, the still needed knowledge about fluid
properties is reduced to a few nondimensional parameters. These
paramaters can be used to characterize and evaluate fluids. In
text books the Second Law is usually presented in verbal
formulations. We will use Second Law in an algebraic form by
making use of the fact, that entropy is a state function i.e.
by entropy balances. This "Second Law Analysis" which will be
presented should not be confused with an availability or exergy
analysis, for which the term "second law analysis" is commonly
used. On the contrary: We will show that our analysis does not
have the shortcomings of the exergy analysis, namely to be
dependent on an undefined ambiguous environmental temperature.

THE COP OF COMPRESSOR HEATPUMPS USING FIRST AND SECOND LAW

Figure 1 shows schematically the energy flow in a compressor
heatpump. For the external temperatures i.e. those of the heat
carrier fluids, small letter symbols and for the internal
temperatures capital letters are used. In case of working fluid-
mixtures the internal temperatures have a certain spread as well.
In Figure 2 and Figure 3 the compression process is displayed for
fluids with differing properties at the dew line, namely with
ds/dT <0 (e.g. R 22) or with ds/dT>0 (e.g. R 114).

The First and the Second Law can be written as:

I. Law: W+ qQy = Q2 (1
II. Law: 92 _ @2 _ 0 (2)
ro f 8s;

i=1
where §s; = irreversible entropy increase, qi, 9z, W > 0.

All quantities are actually time derivatives (fluxes) and
refer to one mass unit of circulating working fluid. The right-
hand side of Equation (2) is the sum over all entropy creating
steps of the cycle, including the heat transfer to the carrier
fluids. All centributions §s; are therefore positive. The terms
q./t, and q,/t, are the entropy changes per unit time for the
heat carrier fluids and have to be determined as follows:

2 t2
tj_ i (3)
1 1 c;dt
qi = f Cldt t— = e /
. . t
1 * 9 1
t, t,
i i

where c;= heat capacity of the carrier fluid.
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Figure 1: Internal (T), external (t) temperatures
and heat flow for a compressor heatpump.

-—--T
Tz""7 -—-—T1
92 Y 2
t - -0
-t
t1 T \S___U
94 ! -1
U R

Figure 2: Temperature-entropy diagram for a fluid
with ds/dt < 0 at the dew line.

Figure 3: Temperature-entropy diagram for a fluid
with ds/dt > 0 at the dew line.
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The temperatures t; and t2 are thus precisely determined
averages, which will be called “entropic averages". For most
cases the middle temperature is a good approximation:

t, ® (tl. + tz.) /2 (4)
1 1 1

The following irreversible process steps can be identified:

throttling 3 - 7

desuperheating between 5 and 4, i.e. flow of heat to the

temperature T, after isentropic compression

§s; = ccmpression and desuperheating between 8 and 5, i.e. flow
of heat created by irreversible compression to the
temperature level T,

(SS]_
8s,

8s, = heat transfer at the condenser, i.e. between T, and t:
6ss = heat transfer at the evaporator, i.e. between t; and Ta
8s¢ = pressure drops by flow in pipes etc.

8ss = subcooling of liquid fluid and superheating of gaseous

fluid
8sg = open-ended listing
It is important to note that the individual contribution Gs are
not independent from each other. For example, the
irreversibilities of the compressor are increasing q, and thus §s,
(but not 8ss!). A change in §s; (e.g. by using an expansion
turbine or a different fluid) influences the amount of &8ss .

We will now determine the COP and quality factors for
refrigeration. A conversion to COPs for heatpumping is straight
forward.

Eliminating q, from Equation (1) and (2) yields the following
equations for the work and the COP n for refrigeration:

t2 - t n
w = =1, t, L §s, (s)
ty Y i
n = nr (ti, tz)‘S (6)
1+ t, - t2 X Si
2 — & dx
t . . .
where ny (t,, t,) = ———— = reversible or Carnot efficiency
for refrigeration. t2 ~ &
Completely reversible Rankine process (I &§s; = 0) operate
according to the Carnot efficiency
nirev) = n, ‘ (7)

with the temperatures t, and t, defined in the Equations (3).

A quality factor g(t,, t,) for the process, relatively to a
process with infinite large heat exchanger surfaces, an isentropic
compressor, working with a hypothetical fluid without
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superheating and negligible specific heat capacity of the liquid
(ds/dT = 0 at the bubble and dew line) can be defined as:

n 1
glty, ta) = =
nirev) ti1-t2 L 8sy (8)

1 +
tl "tz d:

The irreversibilities I8s; are weighted by process temperatures
t, and t,, in contrast to similar quality factors, derived from
the exergy concept into which an ambient temperature ty enters.

If Equation (5) is written as

W= wp (t1, t2) + Zwy (9)

one finds for the quality factors g(t;, t2):

glty, t2) = wolts, t2) (10)
w

According to Equation (5) and (9) the work required to
produce a certain refrigeration power q: is determined by the
minimum value wo = qi(tz - t1)/t1 and additional work caused
by irreversibilities. It should be noted that this extrawork is
determined by t, I8s; which is not the exergy loss. t, can widely
differ from the ambient temperature t,.

The irreversibilities &s; in Equation (5) and (6) are partly
caused by fluid properties as 8s; and 8s, , and partly by design,
as e.g. size of the heat exchanger surfaces or properties of the
compressor. First, the irreversibilities dependent on the design,
will be considered. For simplicity the entropy increases 8sg to
8sg are ignored at present.

For the heat transfer in the condenser and evaporator the
following equations hold:

d2 q2

8sy = 5T, (11)
q1 dx

(SSs = T—l-—El— (12)

For fluid mixtures the internal temperatures Ti and Tz are
exactly defined averages similar to Equation (3). Inserting
Equation (11) and (12) into Equation (1) and (2) and eliminating
q,, ylelds:
- 3
w o= u + To T Ss.
T, ot (13)
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The Carnot factor is now determined by the internal
temperatures T, and T, , and only 3 entropy sources remain. The
irreversibilities §s; caused by the compressor can be calculated

in two steps:

§s; (compression) = Sg = Sg (14)

8s; (desuperheating 8-5) {(hg - hg)/T, + s5 ~ sg

(15)

1]

(v - gc)w/T2 + Sg - Sg

where g. is the isentropic efficiency of the compressor, defined
as:

g . W(rev)

C w (16)
The sum of Equation (14) and (15) yields:

8s; = (0 - g5) w/T2 an

This result is immediately plausible: The additional work
(1 - g-)w caused by nonisentropic compression finally ends as heat
at the temperature level T,. To calculate the entropy change the
irreversible compression process is replaced by a reversible
process and the addition of heat at the temperature level T».

With Equation (17; one finds for the work w and the COP n:

1 Ty =T
w = —_ qy ———— + T3 (651 + 8s3)
dc Ty
(18)
= L [Wo (Ty, T2) +W1+W2]
9c
_ Nr (Tlr TZ) .
n 9c - T, T2 8s; + 8s2 (19)
T - T dy
where n,. (Ty, T2) = T,/(T2 - T1).

The value of n calculated with Equation (19) is identical to
that of Equation (6). Again a quality factor g(Ti, T2) for the
process, in comparison to a process with identical internal
condenser and evaporator temperatures, with a reversible
compressor and working with a hypothetical fluid without
superheating and throttling losses can be defined:

n 1
= gc -
n(rev) - Ty T2 &g, + &s, (20)

g (Tlr TZ) =

T2 = Th di
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This quality factor is the product of the quality factor of the
compressor and that of the fluid g¢ with

1 _ wo(Ty,T2)

g = 1 T, T, 0s, * 655 Wo + WL + s (21}

+
T, - T da

The quantities &s)/q, and 8s2/q, are characteristic for the
individual fluids: They can either be calculated analytically or
taken from data charts according to the following equations:

hs = hy
T2

]

8s2 = (s5 = s4) (22)

This term is exactly zero for fluids of the type shown in Fig. 3.

_ h; - h
55;1 = —T—l—-— - (Sg - Sl) (23)

The refrigeration power q, is given by:
4 = hg-h; = 1 - (hy -h) (24)

where r = heat of evaporation/kg at T,).

Using Equations (22) to (24) in Equations (18) and (19), the
work w and the COP n can be calculated.

These formulae must yield exactly the same results as the
commonly used equations:

:
w = — (hs - hg) (25)
9k
_ he - hy (26)
n gx hs - he

since no approximation has been made in the derivation. This can
be proven rigorously /1/. Although Equations (18) and (19) look
more complicated at the first view, they have several important
advantages which will be discussed immediately.
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Using Equation (19) the COP for heatpumping nyzp can be
written as:
(27)
T 1

T, - Ty 1 Ty T2 681 + §s;
+

Nge = 1+ g¢

T =T Q1

With
T2

nHP(reV) = "I‘z_——;—; (28)

the quality factor gyp (Ti, T2), corresponding to Equation (20)
is now given by:

Nyp 1+n
Nyp (rev) 1 + N (T1, T2)

gHP (Tl IT2 )

(29)

Ta
= 1~ — (1 -g {T1, Tz))
T2

A similar relation can be derived from Equation (6) for the
quality factor g, (t;, t,}, which includes the heat transfer:

1+ ta
Iup (ty,ty) = ————— = 1 -— (1 - glty, tz))‘

1+ nr(tlrtz) t2 (30)

The quality factors for the heatpump gy, are somewhat larger
than those for refrigeration g, since the anitional heat output
caused by irreversibilities is now part of the product qa.

In Table 1, results for four typical fluids are shown: NHj;
belongs to the group of fluids according to Figure 2, R 114 to the
group of Figure 3.

Line No. 1 shows the reversible efficiency {(Carnot
efficiency), calculated with internal temperatures, whereas in
line 2 reversible efficiencies are calculated with external
temperatures, taking an "entropic" temperature difference
Tz ~t2= 7K and t1 - Ti1 =7 K. Line No. 3: the refrigeration
power per kg circulating fluid; Line 4: work per kg fluid for a
reversible process between Ti and T2; Line 5 and 6: additional
work due to the irreversibilities in throttling and desuperheating,
in brackets: ratio between the additional work and the reversible
work of line 4. For NHj; the throttling and the desuperheating
cause about the same amount of additional work; for R 22 the
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Table 1: Coefficient of performance n, reversible
efficiencies n,, irreversibilities §s; and
quality factors g (effectiveness) for four
working fluids.

Input parameters: T, = 30°C; T, = -20°C;

T -t =7K, 1 -Th =7K; g =290,7;

g = /g ne(Ty,T2); g(Ty,T) = n/ne(Ty,T2);

gup(T1,T2) = (1 +n )/(1 + n (Ty,Ty) )5

ggp (ti,t2) = (1 +n)/(1 + n (t1,t2]);

R 114 R 12 R 22 NH, Units { Equ.
Tl ng (T1, T2) 5,06 5,06 5,06 5,06 (19)
2 n, (1, t2) 7,22 7,22 7,22 7,22 (6)
3l 94,17 | 114,86 | 160,38 |1098,1 | kJ/kg | (24)
4| we Ty, T2) | 18,6 22,7 31,7 | 217,0 | kJ/kg | (18)

(100) (100) (100) (100) %
50wy = Ty 65y 5,45 5,4 7,1 25,5 | kJ/kg | (18)

Wy /Wy (29,3) (23,8) (22,4) (1,714
6w, =Ty 85 ——- 0,1 1, 23,4 | kJ/kg | (18)
Wz /Wo - (0,4) (3,13 | (10,8)1 %

7| gc 70,0 70,0 70,0 70,0 1% (16)
8 |n (= cop) 2,75 2,85 2,82 2,89 (19,26)
9 | g, 77,3 80,4 79,6 81,6 | 3% (21)
10l g (Ty, T2) 54,0 56,3 55,7 57,2 { % (20)
THag (1, t2) 38,1 39,4 39,0 40,0 | % (8,10)
12 Iyp (Ty, Tz) | 61,9 63,5 63,0 64,1 % (29)
1319, (t1, t2) | 45,6 46,8 46,5 47,4 |3 (30)
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desuperheating causes an effect of only 3.1% (or 2,5% of the total
work), for R 12 of 0,4% and for R 114 it has disappeared
completely. On the other hand the reduction in desuperheating is
compensated by an increase in the throttling-contribution

(line 5), so that the COP (line 8) does not differ strongly for
the four fluids. Line 9 shows, that the fluids by themselves
would reach about 80% of Cammot efficiency. It is the compressor
efficiency g~ = 0,7, which finally reduces the effectiveness to
about 55% (line 10). In line 11, the effectiveness in respect to
external temperatures are shown, and the last two lines give the
analogous values as calculated for heatpump operation. The
sequence from line 9 to 11 demonstrates that the main reduction
in effectiveness is not fluid-caused but caused by the compressor
and the heat transfer. From line 5 it can be deduced that an
expansion turbine instead of a throttle causes increasing
improvements from NH; to R 114,

Equations (18) and (19) together with Equations (22) to (24)
have the following advantage compared to the standard Equations
(25) and (26): With the latter equations the COP is determined by
the differences of large experimental numbers which, therefore,
must be known with higher precision than required for the COP.
With Equations (18) and {19) the CCP is predominantly determined
by the Carnot factor n.(Ty, T.), which for single component
fluids is precisely known once the internal temperatures are
given. The fluid dependent denominator in Equation (19) is only
a correction (for T,- T,= 50 K of about 25%, see Table 1), and
therefore the accuracy requirements are reduced. The absolute
value of the heat of evaporation is of minor relevance for the
COP. Only ratios of fluid properties, like 8s;/r, with the heat
of evaporation in the denominator, enter into the Equation (19).
This will become even more evident, when analytic equations for
the COP are derived. Equation (19) shows furthermore that the COP
is only weakly dependent on the absolute values of the pressures.
These need to be known only with such a precision, that the type
of compressor can be chosen. The isentropic efficiency for a
fluid must be anyhow measured separately.

ANALYTIC EQUATIONS FOR THE COP

Analytic equations would have the advantage that the dependence
and sensitivity on fluid parameters become more transparent.
Furthermore, fast calculations or estimates are possible. The
enthalpy and entropy differences in Equations (22) to (24) can be
calculated using the mean specific heat capacities c and c. The
following relations hold:

@ = T1v-c¢c(T,-T,) (31)
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Tz - T1 TZ )
n = — -1In —
T2 851 ¢ Te ( T, Ty
c (T, -T)*
T2 T, (32)
Ty - T2 TS)
; = " -In —
T2 S84 = Cp T2 ( ) T,
) (33)
N S_E (Ts - TZ)
2 Ts
We thus find for the COPn:
1
n = n B
Ie Ny cT 1 cp T3 1 (Ts - Tz)Z T:
;T e YT om, \T, -1,/ T
1 + 5 (34)
C Tl 1
1 - —
r n,

The efficiency and the quality factors are, in general,
determined by three nondimensional fluid parameters.

c Ty cp Ty Ts — T2 (_ superheating )
r r T, T temperature lift (35)

For not too large temperature lifts T, - Ty, the superheating
is proportional to T, - Ty:

Ts - T = (T2 - T1) (2—8-1) (36)

P

where B = thermal expansion coefficient, with 8 = 1/T for ideal
gases) /2/.

Except for H,0 and NH; the superheating term can be neglected,
compared to the throttling term. For fluids with the properties
of Figure 3, it is anyhow exactly zero. Thus the efficiency for

practically all freons is determined by one parameter, namely
c T, /r.
1
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With 8s, ® 0, Equation (34) can be written as

2
r Ne

l C Tl 1 (37)

For n.» cT1/2r one finds a very simple equation for the COP of
a compressor refrigerator:

. _ Vv ocTy (38)
n = go (n, T 7 )

The Carnot efficiency n, is lowered by a certain value, which
is fluid-dependent, and then multiplied with the compressor
efficiency.

In Figure 4 this dependence is shown, using the numbers of
Table 2.

ﬂlgﬁ

154
10- Carnot
5. R 22
R 114
T2-T‘]
0 T LS L] L) T —.

10 20 30 40 50 60

Fig. 4: COP for two fluids according to
Equation (38) with cTy/r from Table 2
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The more precise Equation (37) would lower the values for
T, - T, = 50 K by only 5%, which is hardly noticable on this
scale.

Table 2: Fluid parameter cTi/r for different
refrigerants (T1 = 273 K); n from
Equation (37) with T,= 30°C, T,= -20°C,
ge = 0,7.

R 114 R 12 R 22 NH 3 H20

cTy/r 1,99 1,75 1,60 1,09 0,46

n 2,77 | 2,87 | 2,92 — -

The efficiencies in Table 2 are calculated with Equation (37),
using T, = 253 and ignoring the temperature dependence of ¢ and
r. They agree very well with those of Table 1 except for R 2Z,
which is 3% larger since superheating has been neglected. For a
temperature rise of 50 K the fluid-dependent term amounts to only
20% of the Carnot factor. The needed accuracy is thus a factor §
lower than desired for n.

CONCLUSION

In this paper rather simple equations for the COP of compressor
heatpumps have been derived. The fluid properties are characterized
by a small set of nondimensional parameters. For new fluids ot the
freon type only cT,/r needs to be determined.

long chain halocarbons which are highly fluorinated, are
considered as potential high temperature working fluids. Due to the
large numbers of internal vibration modes of such molecules, the
ratio ¢T/r will increase. On the basis of the above equations one
must expect that the efficiency of such fluids will be reduced.

For the COP of mixtures of fluids only the entropic averaged
ccndensation and evaporation temperature (Equation 3) and the
effective ratio c¢T;/r needs to be known.

Using the analysis, as in this paper has been done, equations
for COPs and criteria for COP improvements for the following
problems can be found /1/:

1. liquid fluid expansion turbine

2. liquid fluid injection for H,O or NH,

3. heat exchange between gaseous and liquid fluid

4. fluid mixtures

5. compressor heatpump with an absorbing fluid

For the latter two cases details about throttling must be
specified. The analysis has further yielded an equation by which
the investment costs for heat exchanger surfaces at the condenser
and evaporator can be minimized. This is an interesting example
of the impact of entropy on economy.
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Exergy is the potential work which could be gained if heat
of a certain temperature were converted into work in a reversible
power station working against the lower temperature t,. Exergy
losses are considered to be indicative for the effectiveness of
a process step. The exergy loss is proportional to the entropy
increase §s; multiplied by t.

The choice of t, as ambient temperature is rather ambiguous
and may be dependent on the season or on other parameters.
Instead of asking for the loss in potential work due to
irreversibilities we consider the following questions to be of
more relevance: How much additional work must be supplied to
make the process run in spite of irreversibilities. The answer is
given in Equations (5), (13) or (18). This work is also
proportional to the entropy produced but the proportionality
factor T, differs, in general, widely from the ambient
temperature t,. With T, = 150°C for a high temperature heatpump
this work is, at least, 50% higher than what is called the
exergy loss.

According to Equation (18) the entropy increases 8s1 and 8s2
must furthermore be multiplied by the reciprocal compressor
efficiency. Neither the exergy loss nor the absolute values for
the entropy production is sufficient to characterize and compare
the effectiveness of a process step, since the individual
entropy sources are in general not independent from each other.
The proportionality factor, by which the entropy production has
to be multiplied, depends on the process considered and on the
product which the process delivers.
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Chapter 15

Vapor Recompression Systems:
Different Compressor Technologies
and Various Examples of

Industrial Applications

Philippe P. Letout

ABSTRACT : Different types of compressors can be involved in
mechanical vapor recompression system (M.V.R). The most common
are centrifugal compressors, which’ are widely developed in this
paper.

Axial compressors are used with the highest vapor flows when volumetrig
compressors are installed on the smallest units ; the different types
of volumetric compressors are :

- lobe compressors

- twin—screw COMmMpressors

- liquid ring compressors

- piston or reciprocating compressors,

At present, the last three types are not much in use.

The main characteristics of all these types of compressors are given,
and their performances are compared.

The second part of the conference presents six (or so) M.V.R. plants
chosen to cover the largest range of :

- industrial activity branches

— European countries

- industrial processes and components
- compressors powers and types.

Each example sets out the main features of the original plant and
of the new plant with M.V.R. A schematic diagram and an economic
comparison are given.

HEAT PUMPS: Prospects in Heat Pump Technology and Markeung (Proceedings of the 1987 IEA Heat Pump Conference).
Edited by Kay H Zimmerman € 1987 Lewis Publishers. Inc.. Chelsea. Michigan 48118. Printed in U S.A.
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VAPOUR COMPRESSEUR :

In the M.V.C. evaporation, distiltation and drying plants, the compressor
is used to such in vapour, compress it and reintroduce it in the
process as heating steam.

The type of installation defines the paramaters used for the selection
of the compressor.

These different paramaters will be analyzed in this paper.

a) General considerations.

M.V.C. is used in many different industrial processes ; it is therefore
not easy to clearly define the requirements.

In some cases, compressor design is tailored to the specific requi~
rements of the user ; in sectors where operating conditions are
well known standard design compressors are used.

The choice of a compressor depends on specific process conditions
such as :

. Nature of the vapour.
Generally, the vapour is steam : but it can be chemical solvents,
and it is important to known clearly its physical, chemical and
thermodynamic properties.

Erosion.

As the vapour to be compressed is saturated, fine water droplets
may appear and erode various parts of the machine. Design conside-
rations include materials, limitation of high Llocal velocities,
installation of water traps,...

Corrosion.
Appropriate - at times, expensive - materials need to be used
to withstand corrosive vapour.

Fouling. )

The vapour can be impregnated with particles or solutes which,
as result of superheating during the' compression process, deposit
in the machine adversely affecting the performance. Provision
for cleaning devices may sometimes be necessary.

Pressure level.

whenever sub-atmospheric pressures are used, it is necessary
to prevent air ingress to avoid the presence of non—-condensible
gases in the circuit, which reduce heat exchange in the evaporators.
When higher than atmospheric pressure is used, leaks may occur?
these are only significant if the discharge vapours are toxic or
potlutant. '
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Depending on the flow rate and pressure rise to be achieved, the
following compressors will be used :

. Turbocompressors.
Raise the fluid velocity. The resulting energy surplus is transformed
into pressure at the impeller outlet. These machines are used
for high and medium flow rates, while the compression ratio
per stage is relatively low.

Volumetric compressors.

The pressiire rice s achieyed by compression of a gas volume
trapped 1IN & cnamber. lhe pressure ratic depends on the chamber
geometry change and, therefore, can be high. On the other hand,
volumetric flow rates are low as a result of the discontinuous
fluid flow.

Table 1 gives the mean characteristics of com monly used compressors.

Categor: T Volumetric Pressure rise
gory ype flow rate rate per stage
Turbo- — centrifugal 7,000 to 1.8 to 2
compressors — axial 500,000 ma/h 1.2 to 1.8
— reciprocating < 2,000 ma/h 4 t0 6
(piston)
— rotary
Volumetric 3
compressors » lobe 100 — 15,000 m°/h Ap = 1 bar
* screw 1,000 — 25,000 m?/h 3t06
¢ liquid ring < 8,000 m?/h 1.4 to 1.5

Table 3 — Compressor characteristics

The following paragraphs give more details on each type of con=-
pressor.

b) Turbocompressors

1) Centrifugal compressors

These are the most widely used for high and medium capacity
MV C~installations. The operating principle is shown in figure 2.

Gas enters axially in the impeller and is expelled by force. It passes
through a diffuser to the wvolute and enters the high pressure
circuit.

In most cases, impellers are of open helico-radial types.
With this type of compressor, it is possible to achieve pressure

ratios ranging from 1.8 to 2 per stage and isentropic efficiencies
ranging from 0.7 to 0.8.
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By placing one, two, three or even four impellers in series on the
same casing, the pressure ratio increases by a high proportion.

volute

inlet guide

Suction

Fig. 2 Centrifugal compressor

The volume flow rate ‘is. proportionnal to the impeller size and
speed, and the pressure differenceincreases as the square of peri-
pheral speed.

This shows the advantage of having a high peripheral speed, though
within the limits of the material resistance to the strain induced
by the centrifugal force.

With a high guality material, it is possible to build more efficient
unites and to minimize the number of compression stages and conse-
quently the capital investment.

In practice, peripheral speed does not exceed 420 to 450 m/s.

Implellers are made of high—alloy steel, aluminium of even titanium,
using moulding, welding or milling technigues. Impellers in composite
material with carbon fibre and casings in glass fibre have appeared
recently on the market.

Rotors are generally mounted on tilting pads hydrodynamic bearings
and shaft sealings are provided to limit leakage along the shaft.
Volutes are cast or welded, depending on the manufacturers.

To accomodate any change in the operating conditions, the compres-
sor is equipped with either inlet guides vanes (mobile blades)
(fig. 2 or variable pitch blades in the diffuser ; operating condition
can also be modified by adjustable speed drive. These control
systems enable satisfactory efficiency to be achieved under varying
service conditions, and avoid operation of the compressor under
transient or surge conditions.

Centrifugal compressor suction pipes are generally equipped with
water traps, to prevent erosion.
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2) Axial compressors

These compressors are composed of a succession of fixed and mobile
blades mounted on concentric stator and rotor (fig. 3.

After being directed by the first fixed bladeg row, the gas flow
is sucked by the first mobile bladesimpaller :

discharge suction
bearing
_ -
—
seals
fixed blades mobile blades
{impeller)

Fig. 3 Axial compressor

Then it 1is straightened by the second row of fixed blades for
further compression by the second impeller and so on.

Multi-stage arrangements are easy to realize : but the pressure
ratio per stage is relatively low, usually ranging from 1.2 to 1.8.

These machines are particularly suited to very high flow rates
(for example, more than 200.000 m3/h) and attain high efficiencies.
They are difficult to control because departure from rated condi-
tions leads to large variations in performance. Special care 1is
needed to eliminate water droplets from the vapour, as this com-
pressor type 1is susceptible to erosion, especially at the Lleading
edge of the blades.

In spite of their compactness and good efficiency, axial compressors
are not frequently used in MV C because of their high cost.

c) Volumetric compressors

The principle of this type of compressor is derived from air compres—
sor technology. The big difference lies in that, for MV applications,
it is imperative to remove any oil traces in the vapour circuit ;
the moving parts must therefore be contactless or lubricated by
the fluid.

1) Lobe-type compressors

At present, the most commonly used type of compressor for MVC
duty.
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They consist of two conjugated profile rotors driven by external
synchronization pinions so as to move without contact.

To minimize internal leakage, the pressure difference between
suction and discharge is limited to 1 bar. So, the isentropic
efficiency, though not high, is at an acceptable level (0.4 to 0.65).
The flow rate range varies from about 100 to 15.000 m3/h of inlet
vapour.

Maximum admissible discharge temperature is about 150°C ; there-
fore, provision for desuperheating by water injection into the
pressure chamber is often necessary.

This injection results in the formation of a water film which has
the favourable effect of cleaning the rotor and reducing internat
leakage.

The merits of this type of compressor are : stability and simplicity,
good resistance to high temperature and vacuum ; attractive price
due to standardisation. In addition, the inlet and outlet pressure
levels tend to adapt to the degree of evaporator fouling.

The main disadvantage is that their sound level is high.

Fig. 4 Lobe.type compressor

2) Dual-screw dry-running compressors.

Are made of two non Llubricated intermeshing helical screws
driven by external synchronizing pinions (figure 5). Clearance
between screws decreases continually from inlet to outL_et port,
so that the sucked fluid is compressed as it transfers to discharge.

Rotor speed is always high to minimize internal leakage but,
as diameters are small, peripheral speeds are low, usually ranging
from 80 to 120 m/s.
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The pressur? ratic iz about 4 and itentrapic efficiency levels
range from 0.5 to 0.7S5. A preccure ratio of 6 is pasaible but
with reduced performancs. Flow rate ranges about from 1,000
to 25,000 m3/h.

The use of this type of equipement is restricted to temperatures
of about 180 © C is steady state condition. Desucerheating by
injection oT water in the casing can be envisaged ; its effect
is the same as for the lobe comgressor.

This _equipeqent _is net ver cam moniy. used for M.Y.C__because.
it is expensive. Extension of the use of this type of compressor

should reduce its cost. Suction
¢ Casing
& .
" s
g g — :
MOTOR o il mu— 4%_
: N H
7 N
\f] /
g
~
Synchronizing ginions ; 1( t
screw

Fig. 5 QDual-screw compressor
2) Liguic ring compressars.

consist ¢f a blade rotor rotating in anm eccantric stater ; a conti-
nually fed lauid ring is sprayed WIS the stator, which ensures
smgrasser tightness ‘nc:' alternaz r of compression

c r r
cha moers (Tigure 6.

The chambersare connected to the sucticn duct during the incres—
sing volume phase &nd communicate with the discharge duct
wher the confined geas has been compreszad.

These compressors can withstand Uquid surges and csn operate
with highly polluted vapour. They have the advantace that the
comeression proce2ss is carried out with little sucerheating as
the ring is supplied with Uguid at a tempgerature stightly lower
than the boiling te nperature under discharge pressure.

The flow rate dces notexczed 8,000 m3/h ; their isentropic effi-
ciency is rather low (0.2 to 0.5). They are not often used for
M.V.C.

Oischarge

¢ b e ez g

Suction

chamber
in the discharge
T sige

a chamber
xqultv . in the suction
njectio side
Fig. 6 Liguid ring compressor lauid

ring
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4) Reciprocating compressors.

Figure 25 gives the principle of this compressor, which is well
known in various industrial applications.

Machines with several pistons operating in parallel or inlser‘ies
are in common use. The maximum stage pressure ratio is high
4 to 6, and the isentropic efficiency ranges from 0.5 to 0.67.

The compressor is not often used for M.V.C. because_ _oiL free
_ _pistons —must_be _used,—which are expensive --in--addition,—the—
valves are sensitive to liquid surges.

They are used for low volumetric flow rates (for example,
less than 2,000 m3/h).

suction port —o» — outlet port

connecting-rod

(SEISTTTICTIIIIGN

o

WSS

R Y

Fig. 25 Reciprocating compressor

3.3. CURENT EXPERIENCE

Some initial reservations about introducing new technology could
have been expressed by industries not used to compressor pratice
(food industry), but experience todate shows that these reservations
were not juistified, and the following conclusions can be drawn:

. Provided ,careful attention 1is paid at the desing stage to the
dimensioning of components and the optimization of the process,
the integration of a Tompressor into an evaporation process

Line raises no major technical problem. Very satisfactory technical
and economic balances haves been obtained. It is essential to
involve an evaporator manufacturer to achieve such good results.
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Machines have proved to be reliable, and Little downtime is due
to unavailability of compressors. Automatic control systems well
suited to the reguirements are being rapidly developed, improving
operational security.

Manufacturers and user are very concerned by the risk of erosion
caused by droplets and particle entrainment. = Experience shows
that there are only a few cases of deterioration due to erosion
and that fouling problems arising in some processes can be resolved
by water injection and washing cycles, which have proved very

efficient.
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EXAMPLE 1
HEAT RECOVERY FROM A LIQUID EFFLUENT

SOLVAY - Couillet Plant (Belgium)

PROCESS REQGUIREMENTS

To valorize a large quantity of thermal energy generated by a
chemical process and previously dissipated in ambient air.

ORIGINAL PLANT

The hot ligquid effluents generated by chemical process were
cooled 1in air-cooler.

NEW PLANT

It comprises two cooling water loops with a unit of 1,200 m3/h
The water is cooled from 92° C to 89 ° C by expansion into two
flash tanks at 0.7 bar (absolute pressure).

A centrifugal compressor raises the pressure of the steam generated
to 1.1 bar (absolute pressure) ; the compressed steam is passed
into the low pressure steam main for use around the factory.
Cooled water leaving the flashing tanks is recycled in the cooling
circuit. A supply of fresh water compensates for the steam (13.5
tonnes per hour) conveyed to the steam main.

M.V.C. was started up in June 1985.

EXISTING | NEW
PLANT = == ® o any
1200 (mi/h vapour 6.75 Uh 13.6¢/h — 0.7 bar abs.
R P S
H 92°¢
[}
H
1 Cooling
1 watar
} $13 kW
1 GOMPRES- {
| SOR
—=1 ]
[ . Q
AR
COOLER
FLASH
T CHEMICAL TANK 1.1 bar abs.
1 PROCESS
-1
: Baromatric o tow
i head pressure
I steam
1 89°C 678 vnh netwark
paasar
} 20 IDENTICAL
| UNIT
l make-up weztar
e 6.75 th

200 kW SCHEMATIC DIAGRAM OF THE UNIT WITH MVC
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ECONOMIC COMPARAISON

Based on the mean prices when the investment was decided :

221

Foreseen operating time h/year 8,000
Steam production by heat recovery t/h 13.5
Primary energy saving GJ/h 36.8
Additional etectricity consumption kwh/h 750
Primary energy cost FB/GJ* 250
Payback time years 1.6
* Net Calorific Value
Engineering : Internal to the Compagny

Compressor manufacturer :: ALSTHOM RATEAU (France)
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EXAMPLE 2
ETHANOL DISTILLATION

SUNTORY Ltd - Osaka (Japon)

PROCESS REQUIREMENTS

The "wine'" containing 6.5 % weight of ethanol is distillted in a
__column, _to produce_an_alcohol containing 94 4. weight—of ethanel
This alcohol is intended for whisky production.

CONVENTIONAL PLANT

The 94 7% ethanol vapours leave the column head at 78 2 C under
atmospheric pressure. They are condensed in a tubular condenser
fed with cold water. The waste liquid leaving the column bottom
contains water, essentially 3 700 kg/h low pressure steam are supplied
into the column bottom.

MODIFIED PLANT

The vapour from the column head is condensed in a tubular con-
denser/evaporator. Make-up water is expansed, the vaporized at
73 ¢ ¢ and 0.37 bar (absolute pressure) in the evaporator. The
water vapour is compressed in a screw compressor up to 1.13 bar
(absolute pressure), desuperheated to 105° C, the admitted in the
column bottom, as heating fluid.

SCHEMATIC OF THE MVC PLANT

78°C
DISTILLATION
GoLUMN 3000 kg/h N
0.37 bar abs. ¥ CONDENSER-
73°C EVAPORATOR
380 kW
Fead
o] { Wt
Ethanal 6.5 % waight h
3300 kg/h %
1.13 bar abs.
o
Make-up steam 1es°¢ a
400 kg/h
Desuperheating Make-up
water injaction  water
e v (=) O

70°C

—(

Waste Product
3000 I/h
Ethanol 94 % waeight
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ESTIMATED ECONOMIC COMPARISON

{Starting up in 1986)

CONVENTIONAL NEW PLANT
PLANT with MVC
Live steam consumption t/n 3.7 0.4
Electricity consumption (excluding pumps) kWh/h 0 380
Operating hours h/year 8 000 8 000
Steam cost Yens/t 5 900 5 300
Eiectricity cost Yens/kWh — 16
Annual energy cost Millions Yens/year 174 640 67 520
Energy saving Miilions Yens/year - 107 120
Additional Investment Millions Yens ~ 170 000
Pay-back time on addlitional investment years - 16

Engineering : MYCOM and SUNTORY (Japan)

Compressor manufacturer : MYCOM (Japan)
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EXAMPLE 3
WORT BOILING

Brasserie du Pécheur (Brewery) - Schiltigheim (France)

PROCESS REQUIREMENTS

To maintain boilina for one and a half hours under atmospheric
pressure, to bring about nteraction between the wort constituents
and to evaporate 1.5 tonnes of water per hour for a 75 tonnes
brew. This process is discontinuous.

ORIGINAL PLANT

This comprises a double-bottom copper with a 40 m2 heat exchanger
area, the heat requirements being met by condensing steam at
2.5 bar (absolute pressure) in the double-bottom.

MODIFIED PLANT

Using the existing copper, with the chimney and all opening sealed
to eliminate air ingress, the vapour is now collected in a Llobe-
type blower. The vapour is compressed to 1.85 bar (absolute pressure)
then condensed in the double-bottom copper. The additional heat
exchanger used for wort preheating is adeguate to compensate
for the pressure reduction. Condensates are used to produce hot
water before discharge at 20° C to the sewer.

The plant was com missioned in 1984.

chimnay

SCHEMATIC DIAGRAM OF THE NEW PLANT

valve

WITH MVC

vapour 1.5 t/h — 1.05 bar abs.

washlng and
desuperheating

9o°C

103 kW

_Q

3 LOBE COMPRES

wart
101°C ~ 76 m3

—_— staam
{start-up)

steam 1.6 t/h — 1.86 bar abs. — 118°C
2.5 bar abs. l
20°
condansate -
—3c AN
' AN AAAA-
|nuum|r2’g wart l

hot water col;asféur

2.2 m3/h - 80°C
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ECONOMIC COMPARISON

Based on 1984 prices :

0Oil cost : 1.85 FF/litre
Electricity cost : 0.54 FF/kWh
Brews per year : 875

Operating time : 1,312 hours per annum

Fuel-oil consumption for boiling (2)

Hot water production (80°C) by
heat recovery

Fuel-oil saving on hot water production
Total fuel-oit saving

Additional electricity consumption
Investment cost of MVC

Payback time an investment (3)

t/year

m3 fyear
t/year
t/year
KWh/year
kFF

years

ORIGINAL
PLANT

NEW PLANT
with MVC

185

2,890
30

202
136,000
1,200

4

Comment

(1) The electricity cost is a mean annual rate inc.uaing peak consumption.

{2) Steam consumption to raise wort to tha boiticg palnt is the same in both plants and is Ignored in tha comparison.
(3) Pavback time is relativaly high because of low annual operating hours.

Engineering : NORDON (France)

Compressar manufacturer : HIBON (Francea)
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EXAMPLE 4
PRECONCENTRATION OF SUGAR BEET EXTRACT

GUIGNICOURT Sugar Works (France)

PROCESS REQUIREMENTS

T~ . pre-concentrate the sweet extract from sugar beet before
—this-—is sent fer erystattization. —Fhe ~works— produce—about 70,000~
tonnes of white sugar per year.

ORIGINAL PLANT

A five evaporator was used to concentrate the sugar beet extract
and also to provide the various steam flows required for the other
processes in the works, different pressures being achieved by tapping
off the multiple effect evaporator at different points. Energy con-
servation reduced the steam requirements through-out the works
to such an extent that there was surplus of steam production in
the evaporator, which had to becondensed with considerable energy
loss.

NEW PLANT

To enable the water evaporated in the multiple effect to constantly
match the amount of vapour taken away, it was necessary to pre-
concentrate the sweet juices with a wide margin on the evaporating
capacity, varyling between 30 and 80 tonnes per hour.

A pre-concentrator using a centrifugal compressor was thus installed.

ing sugar extract
:-—4- prassure balancing
H tappings from
L_— . multlpie effact evaporator

vapaur
<ondensate
-]

EVAPORATOR

]
l
|
!
L]
1
I
t
4
!
i
|
|

VARIABLE SPEED
washing MOTOR

water

COMPRESSOR

DEMISTER

SEPAR
ARATOR SCHEMATIC OF THE

NEW PLANT WITH MVC

ro 1
g &
—  Pr sugar

extraction {to B-effeat evaporetor)

recirculation —
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ECONOMIC COMPARISON

The total investment amounted to FF 6 millions Gn 1983). The
installation of M.V.C. enables the total boiler steam production
to be reduced by 10 %, which meant that the investment was
paid off in 4 sugar campaigns (about 8,000 hours in total, even
though the sugar works use low cost coal for steam production.

Engineering : KESTNER (France)

Compressor manufacturer : ALSTHOM RATEAU (France)



Chapter 16

Vapor Recompression Systems: State
of the Art in Europe — Economic
Analysis and Optimization

Jean-Francois Reynaud

ABSTRACT : The wide variety of applications are described under
four main headings : concentration and crystallization by
evaporation, distillation, drying and thermal effluent
valorization, Practical and technological aspects of mechanical
vapor recompression are emphasized.

Engineering considerations are given, i.e. : technical aspects
(characteristics of the product to be treated, choice of the
compressor, ...), optimization of the heat exchange surface area
and of the compressor saturation temperature rise (to reduce
annual overall expenditure), plant maintenance.

Finally, the results of a recent investigation on the existing
M.V.R. plants in Europe are given and the trends of development in
the near future are shown.

1 - WHAT IS MECHANICAL VAPOR RECOMPRESSION ?

Mechanical Vapor Recompression (M.V.R.) proceeds from the same
principle as the COMPRESSION HEAT PUMP. Vapor generated by an
industrial process can, by this means, be used as heating-steam in
the same - or an adjoining - process. This vapor is compressed,
and thus suited to ensure heat exchange, by increasing its
condensation temperature (Figure 1).

Mechanical power absorbed by the compressor is only a small
part of the thermal energy supplied when condensing compressed
steam. Normally, boiler steam is no longer required, except for
start-up.

HEAT PUMPS: Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 IEA Heat Pump Conference).
Edited by Kay H. Zimmerman © 1987 Lewis Publishers, Inc., Chelsea, Michigan 48118 Printed in U.S.A.
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Figure 1 : Wechanical vapor recompression compared to compression heat puwp
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Though the first M.V.R. plants were constructed during the
last century, a large increase in the number of plants only began
at the end of the 70s ; in spite of a very low power consumption,
this expansion was only made possible thanks to an extensive
availability and competitive cost of electricity, and to the
development of efficient and reliable steam compressors.

Steam Compressors
EJECTORS (or JET COMPRESSORS) have been in use for many years
to perform static compression of low pressure vapor by expanding
high pressure steam generated by a fuel boiler (Figure 2).
Although ejector performance has been improved, this reliable
and hardy device still consumes a significant amount of expensive
energy ; furthermore, it is very noisy and the usable range for
induced vapor is rather limited.
In units equipped with M.V.R., the ejector is used :
- as a stand-by device. A condenser must then be installed ;
- to reduce eventual make-up steam consumption. The ejector
operates in parallel with the compressor, or on another
evaporator body. Make-up steam is used as motive steam.

MECHANICAL COMPRESSORS are used to suck in all (or nearly all)
the vapor leaving a process, to compress it and reintroduce it as
heating steam. Depending on the desired flow rate and pressure
rise, the following compressors are used
. Turbocompressors : raise the fluid velocity. The resulting

energy surplus is transformed into pressure at the impeller
outlet. These machines are used for high and medium flow rates,
while the compression ratio per stage is relatively low.
CENTRIFUGAL compressors are most commonly used, while the
largest plants are equipped with axial compressors,

. Volumetric compressors : the pressure rise is achieved by
compression of a gas volume trapped in a chamber. The pressure
ratio depends on the chamber geometry change and, therefore, can
be high. On the other hand, volumetric flow rates are low as a
result of the discontinuous fluid flow. Lobe-type compressors
are the most common volumetric compressors. Some plants are
equipped with twin-screw or piston non-lubricated compressors,
or liquid ring compressors.

The following chapter, by Mr. LETOUT, will develop compressor
characteristics and their performance.

2 — APPLICATIONS OF MECHANICAL VAPOR RECOMPRESSION

It is estimated that there are 1500 to 2000 MVR plants
throughout the world, a large part of them involving very low
mechanical power to produce small flows of very pure water for
pharmaceutical and other industries.

The wide variety of existing or potential applications of MVR
can be grouped in four main headings
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Figure 2 : Concentration by evaporation
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2.1. Concentration and Crystallization by Evaporation

These are certainly the most widespread techniques and the
most common in terms of energy consumption to remove a solvent
from a solution. This explains that they include the largest
number of MVR plants.

In view of the wide range of MVR installations, only the most
common ones will be quoted
- concentration of milk and by-products,

- concentration of black liquor (pulp and paper industry),

- salt crystallization,

- desalination of sea water to produce "distilled" water,

- effluent concentration to recover fresh water, to valorize the
concentrate (sold as animal feed, for example), and/or for
nature conservation (distillation residues, wool washing water,
etc)...

Conventional plants are MULTIPLE EFFECT evaporators, each
effect being fed by the vapor produced by the previous effect,
operated at a higher pressure and temperature.

THERMO-COMPRESSION consists in drawing out a part of the vapor
leaving the first effect by an ejector, to heat the evaporator, as
shown in Figure 2. The reduction in heating vapor consumption
approaches that resulting from the addition of one effect to the
evaporator.

In any case, the amount of vapor evaporated by the last effect
(about the same amount as that of live steam feeding the first
effect) must be condensed.

MECHANICAL VAPOR RECOMPRESSION aims to recover all (or nearly
all) the energy contained in the vapor for recirculation in the
evaporator as heating steam (Figure 2). Single or multiple effect
evaporators can be equipped with MVR, the higher the number of
effects, the larger the compression ratio to be performed by the
compressor and the smaller the steam flow to be compressed. There
is usually no need for a condenser.

Table 1 shows, in descending order of energy consumption,
various typical evaporator arrangements (the information in this
table is derived from experimental data, studies carried out by
manufacturers and bibliographical literature).

Evaporators and crystallizers : most of the evaporators used
for MVR duty are of the falling film tubular type. Some are plate
evaporators, in which the plates are welded, thus reducing leakage
risks. Forced circulation evaporators are used when scaling or
fouling can occur ; they are also used for continuous
crystallization.

2.2, Distillation

Distillation columns are used in many chemical plants.
Distillation aims to separate two or more miscible solvents,
according to their volatility under a given pressure., Distillation
requires heating the column bottom liquid and condensing the
column head vapor {(which is at a lower tempsrature than the bottom
liquid). MVR aims to recover energy contained in the head vapor to
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Table 4 SPECIFIC CONSUMPTIONS for concentration by evaporation
taking into account the boiler, condenser and auxil-iaries
(a) (b) (a) + (b)
kg live steam per tonne| kWh electricity per Total energy required in MJ
Type of evaporator of water evaporated tonne of water evaporated|per tonne of water evaporated
(1b live steam per 1lb {(kWh electricity per (in B.T.U. per 1ib
of water evaporated) 1b of water evaporated) of water evaporated)
1 eftect 1,100 - 1,300 10 - 20 2,7%0 - 3,320
(.1 - 1.3 (4.5 - 9) (1,200 - 1,430)
2 effects €30 - 6§70 5-10 1,590 - 1,710
{0.63 - 0.67) (2.3 -~ 4.5) (680 - 740)
1 effect with ejector 450 - 550 3-7 1,130 - 1,400
(0.45 - 0.45) (1.4 - 3.2) {490 - 600)
3 effects 400 - 450 3-7 1,010 - 1,150
(0.4 - 0.45) (1.4 - 3.2) (430 - 430)
2 effects with ejector 320 - 400 3-7 810 - 1,020
(0.32 - 0.4) (1.4 - 3.2) {350 - 440)
4 effects 300 - 340 3-7 760 ~ 870
0.3 - 0.38) (1.4 - 3.2) {330 - 370}
3 effets with ejector 200 - 300 3-17 $10 - 760
0.2 - 0.3) (1.4 -3.2) (220 - 330)
5 effets 240 - 260 3 -7 €10 - 670
(0.24 - 0.26) (1.4 - 3.2) (260 - 290)
4 effects with ejector 150 - 230 3-71 380 - 600
(0.15 - 0.23) (1.4 - 3.2) (160 - 260)
S effects with ejector 130 - 170 3-7 340 - 450
{0.13 - 0.1} (1.4 - 3.2) (150 - 130}
€ effects with ejector 115 - 140 3-7 300 - 370
{0.115 ~ 0.14) (1.4 - 3.2) (130 - 160}
71 effects with ejector 105 - 125 3-7 270 ~ 340
(0.105 - 0.125) (1.4 - 3.2) (120 - 150}
1 effect with M.V.R. 0-20 13 - 25 60 - 140
(electric  motor) (0 - 0.02) 6 - 1) (30 - 60)
2 effects with M.V.R. 0 - 20 1t - 25 S0 - 120
(electric  motor) (0 - 0.02) (5 - 1) (20 - 50)
3 effects with M.V.R. o - 20 " - 25 50 - 120
(electric  motor) (0 - 0.02) (5 - 11) (20 - 50)
Equivalent 1 kg steam =2.5M
4 Xwh slectricity = 3.6 M
1.B.T.0./1b = 2,326 MI/tonne

heat the column bottom. This is only possible when the temperature

difference is limited to, say, 50 to 80°C (90 to 140°F), so that

efficiency is acceptable and conventional steam compressors can be

used. Figure 3 shows schematic diagrams available for MVR duty. At

present, only diagrams a, ¢ and d are used in practice :

- diagram a : column head vapor compression and condensation in
reboiler,

~ diagram c¢ : column head vapor condensation to evaporate
demineralized water. Generated steam is compressed and directly
injected in the column bottom. This arrangement is applied in
some of the ethanol/water distillation plants (to produce
alcoholic beverages),
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Figure 3 : Schematic diagrams of distillation with
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- diagram d : heat pump using water as thermodynamic fluid when
physical, chemical or thermodynamic reasons prevent head or
bottom vapor from being compressed. This design is less
efficient than the previous ones.

Average energy savings figures cannot be given because of the
very different distilled liquids and operating conditions. A
detailed example will be stated in the following chapter. In
addition to ethanol/water distillation already quoted, we can
refer to propylene purification (separation from propane),
cyclohexane distillation (for Nylon production), C4/CS5 mixture
distillation (for synthetic rubber production)...

Distillation columns : tray and packing distillation columns
can be used for MVR., Packings appear to be more attractive thanks
to their low pressure drop, but trays allow for faster restart in
case of compressor breakdown.

As for evaporators, distillation columns can be fitted in
multiple effect configuration, energy cost being reduced according
to the number of effects. However, multiple effect columns carry
severe constraints.

2.3. Drying

Drying aims to eliminate a solvent (most often, water)
contained in a non volatile compound, by evaporation. Drying is
very expensive in terms of energy.

Therefore, it is necessary to eliminate as much water as
possible by centrifuging, pressing, evaporating, ..., before
introducing the product or the solution into the drier. Drying
generally needs high temperature difference, for physical and
economical reasons. MVR implementation is therefore difficult
because a high compression ratio is required.

At present, the first two MVR plants (as far as we know) using
drying by ebullition are being commissionned in Europe :

. animal scrap drying and sterilization in Belgium : the animal
scraps are sterilized and dried in a tube evaporator equipped
with a twin-screw stegg compressor. Electricity consumption is
expected to be 26. 10 kWh/1lb of water evapoggted, plus a
little steam make-up corresponding to 6.5. 10 1b fuel oil per
1b of water evaporated ;

. sugar beet pulp and alfalfa drying in France : an air-tight
drier with a sieve belt, heated by superheated steam and using a
centrifuggé compressor. Electricity consumption is expected to
be 82. 10 kWh per 1lb of water evaporated without any steam
make-up during continuous operation.

2.4. Thermal effluents valorization (heat recovery)

This heading concerns very different types of processes, whose
common point is to generate liquid or gazeous hot (generally 80 to
130°C, 180 to 270°F) effluents or products, which have to be
cooled before being directed to a downward process or disposed as
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waste. The purpose of MVR is to produce heating steam (often

passed into the low pressure steam main) by compressing vapor

generated by effluent or product cooling.

- Liquid effluents : unless they are very corrosive, aqueous
effluents are flashed in 1, 2 or 3 stages to generate low
pressure vapor or even vapor under atmospheric pressure (e.g.
amine cooling after regeneration, thermal recovery on effluents
leaving wood defibrators). Non aqueous or very corrosive
effluents are cooled in a heat exchanger generating vapor from

demineralized water (e.g. : sulphuric acid cooling between
absorption towers).
— Gazeous effluents : in certain processes, in particular chemical

reactions, hot gases have to be cooled. As previously, the
effluents are introduced in a heat exchanger to generate vapor
(e.g. @ gazeous acetaldehyde cooling after catalytic reaction ;
heat recovery from exothermic reaction : hydrating quick lime).
Other processes generate steam near atmospheric pressure, which
is pure enough to use no heat exchanger before compression

wort boiling,...).

3 -~ ENGINEERING CONSIDERATIONS
3.1. Technical aspects

Generally speaking, all types of evaporators, reboilers,
driers, cookers, flash tanks, etc, can be operated in conjunction
with MVR. In practice, the choice depends very much on
— characteristics of the product to be treated (flow,

concentration, chemical composition, boiling point rise,
temperature, viscosity, tendency to corrosion, erosion, fouling,
foaming, ...),

- process requirements (flow variations, automation, operating
hours...},

- energy scheme in the factory (hot water needs, in-house
cogeneration, process location...),

- economic aspects (investment capacity, new or partially
refurbished plant, fuel costs, electricity costs, amortization
rules...).

If process requirements allow for a cheaper exchange surface
to be used, a large surface area with a lower temperature
difference is justified ; MVR applications are then economically
very attractive. In this respect, a new type of evaporator is
being developed in France, with an exchange surface made of thin
plastic tubes to minimize investment and power consumption.

The choice of ccmpressor depends on

- Nature of the vapor : generally, the vapor is steam ; but it can
be a chemical solvent, and it is important to know clearly its
physical, chemical and thermodynamic properties.

— Corrosion : appropriate (and often, expensive) materials need to
be used to withstand corrosive vapor.
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- Erosion : as the vapor to be compressed is saturated, fine water
droplets may appear and erode various parts of the machine.
Design considerations include materials, limitation of high
local velocities, installation of water traps, etc...

- Fouling : the vapor can be impregnated with particles or solutes
which deposit in the machine as result of superheating during
the compression process and adversely affect the performance.
Provision for cleaning devices may sometimes be necessary.

- Pressure level : whenever sub-atmospheric pressure is used, it
is necessary to prevent air admission to avoid the presence of
non~condensible gases in the circuit.

- Boiling point rise : an increase in the concentration of the
solution means an increase in its boiling temperature (in
comparison to the pure solvent). This elevation corresponds to a
higher pressure rise of the compressor.

3.2. Optimization

Plants must be optimized to reduce overall annual expenditure
(amortization plus energy costs). The technical and economic
optimization lies essentially in the choice of the saturation
temperature rise and hence of the compressor pressure rise in the
case of MVR processes. '

This will be illustrated with a simplified example of an
existing MVR plant in France, whose analysis and engineering were
carried out by the KESTNER Company (Lille, France) in 1979~1980.

The purpose was to concentrate and crystallize 100 t/h (61.2
lb/sec) of dilute effluents from chemical treatment of ores. The
operation was subdivided into :

— evaporation of 88 t/h (53.9 lb/sec) water until saturation of
solution,

- evaporation of 8 t/h (5.4 lb/sec) water for salt
crystallization.

The economic bases were :

- fuel-o0il cost 450 F/t (1 tonne = 2,205 1lb)
- mean electricity cost 0,135 F/kWh
- amortization rate : 10 %/year, interest rate : 12 %/year.

Figure 4 gives a part of the results of this analysis. MVR was
immediately installed on the concentration unit. The crystallizer
has been operated with a steam ejector for two years (because of
the uncertainty of a totally new chemical process) ; a centrifugal
compressor replaced it in 1982. Both compressors are still in very
satisfactory use according to the operating staff. The overall
specific energy consggption is 19 kWh per tonne of water
evaporated (8.6 . 10 = kWh/lb).

3.3. Maintenance
With MVR, the maintenance of the compressor and of the motor

involves :
. a weekly servicing (1 h/week), checking and lubrication,
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Figure 4 : Optimization of an evaporation plant

(actual case history in France) :
- Top : Rutiple-effect evaporator
- Bottea : Mechanical vapor recompression evaporater

Annual expenditure (106 FF/year)

A
5 4 ° ~—
- : ~ .
\ T—e Total
b4 \\. P — . . .-
. 18.2 "~ . :”“
~ . 15,2 o~\\ggﬁrgy cost '
3 T ¢~ — '\ !
Steam COH;. —~ _13.4 .\‘*{ ..
“Mtion (s se. 119 ! ,
t/h) T e 1008 - 0700
‘1 . + T 0T
2 -7 4110
surface area‘sq - 3560 '
Heat exchan®® 00—~ %p30 ' S
1 & e -t T 2530 pmortization e
- o '
2050 e !
— T — ‘
[}
: —_——— e
5 7 8 s 10 11 12 13 14 15 1p effects
Annual expenditure (106 FF/yean
3.5] \
3 L 4
1 \ /‘/
% |
2+ |
|
I
]
. 4 |
1 54, 30,}\865 | y c‘,()ss'/
/Sece E*c’fa . : y
t 7]
9600 N7 O Ye el
1 4 ~. ———
~ . 1
)
'/ { 1 power (k ) -
— 5170~ ~— 4550 nrectricdl Llae=T% 00
0.54 ___.>“"_3200
""""_-_Ei;r 1600 : 3600'§~—.2'9.80 Compressor
- 656 ! saturation
L)
¢ 4 P ——t——t } —
3 4 5 6 7 temperature

rise (°C)



240 HEAT PUMPS: TECHNOLOGY AND MARKETING

. annual servicing of the compressor by a specialist (approx. 50
hours) ,
. anmual servicing and electric motor cleaning (approx. 40 hours).
The maintenance costs for the compressor and its electric
motor normally account for 2.5 to 3 % of the investment cost of
this unit, i.e. not more than 1 % of the total investment.

4 — EXISTING MVR PLANTS IN EUROPE AND TRENDS OF DEVELOPMENT
4.1. Existing plants

A recent investigation was undertaken by the International
Union for Electroheat on the existing MVR plants in Europe. Though
the answers received are limited, some lessons have been drawn,
which are to be considered as tendency guides. They are presented
in schematic form in Figure 5. The diagrams represent
433 installations with a total absorbed power of 267.4 MW
(199,400 HP). These figures do not include the smallest plants to
produce pure water for pharmaceutical and other industries.

Concerning distillation, these figures include 10 MVR plants

in France, for a total absorbed power of 8.9 MW (6,670 HP), and 10

plants in Great Britain, for a total absorbed power of 6.7 MW

(4,970 HP), 18 of them being driven by electric motors.

The general conclusions we can draw for MVR in Europe are

(rough figures) :

~ two thirds of the plants were installed after 1979,

- the food industry and chemical industry each account for 40 % of
the total absorbed power,

- the number of plants can be classed as follows : 80 % for
concentration by evaporation, less than 2 % for crystallization
by evaporation, 5 % for distillation, less than 1 % for drying
and 8 to 10 % for thermal effluents valorization,

- unit powers range from several dozen HP to 5000 HP, the average
power being 830 HP,

- the percentage of driving machines is distributed as follows :
89 % electric motors, 8 % steam turbines (all of them
commissioned before 1979) and 3 % combustion engines,

- centrifugal compressors account for 80 to 85 % of the number of
plants,

- nearly all the plants were engineered and commissioned by
manufacturers of evaporators, distillation columns...

Various significant examples will be outlined in detail by Mr.
LETOUT in the following paper.

4.2, Trends of Development

At present, there appear to be a small number of favorable
decisions, if compared to the strong increase during the years
1981 to 1985. This seems to result from two causes : companies'
low investment capacity and low fuel costs which decrease the
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Figure S : Existing R.V.R. plants in Europe
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Figure 5 (continuation) :
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competitiveness of MVR plants equipped with electric motors.

The main activity branches where MVR continues to develop are
the milk, chemical, and to a minor extent, pulp and paper, and
sugar industries,

Waste treatment plants are also full of promise, but their
development is linked to the '"pressure" exerted for environmental
protection. Drying applications should also be numerous if the
industrial prototypes being commissionned keep their promise.

Under the present economic conditions, we can forecast a
number in the range of 40 to 60 new plants per annum in Europe
(power exceeding about 100 HP). The number of new MVR plants will
remain closely linked with fuel-oil prices. This number could be
greatly increased if investment costs are reduced, because much
remains to be done in plants involving little flows.

5 — CONCLUSIONS

Experience to-date shows that initial reservations about
introducing new technology in industries not used to compressor
practice were not justified. The following conclusions can be
drawn from current experience
. MVR projects must be studied without any prejudice : plants have

been installed thanks to very economical operating prospects,
even though product flow or compressor power or operating hours
were very small,

. Provided careful attention is paid at the design stage to the
dimensioning of components and the optimization of the process,
the integration of a compressor into a process line raises no
major technical problem. Very satisfactory economic balances
have been obtained. It is essential to involve a specialized
company to achieve such good results.

Machines have proved to be reliable, and little down-time is due
to unavailability of compressors. Automatic control systems are
veing rapidly developed, improving operational security.

. Experience shows that there are only a few cases of
deterioration due to erosion or corrosion and that fouling
problems arising in some processes can be resolved by water
injection and washing cycles.
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Chapter 17

Heat Pumps for Waste Heat
Recovery in the Pulp
and Paper Industry

M. K. Azarniouch and J. Romagnino

ABSTRACT: The application of the high temperature heat pump

in the pulp and paper industry would have an important potential

to accomplish the following objectives:

- recovery of substantial portion of prime energy used in the
mill, and

- allowing a higher degree of white-water recycle, with reduction
in fresh water usage, fibre loss and pollutants discharged.

At present our work centers around process integration studies to

assess the technical and economic feasibility of various steam-—

generating heat pump applications for waste heat recovery in major

sectors of the pulp and paper industry.

INTRODUCTION

The production of newsprint or bleached kraft pulp requires
gross energy inputs of 20-28 GJ/tonne. Since the work actually
required to produce the newsprint or pulp from wood represents
less than 10 to 20% of the gross energy provided, 80 to 907 of the
energy ends up in liquid and vapour phase waste streams discharged
by the mills. Most of this is theoretically recoverable with,
e.g., a heat puwp in the form of steam. The actual technically
and econonically feasible coefficient of performance (COP) depends
on the temperature rise (product vs. source) to be achieved. In
most cases, to achieve satisfactory economic return, it is
desirable to sclect only streams which have sufficiently high
temperatures. It is also generally desirable to keep the COP
above 3 for optimum energy and financial economy. In any case,
the application of heat pumps offers great opportunities for
recycling low level waste enthalpy in usable form, thus reducing

HEAT PUMPS' Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 IEA Heat Pump Conference}.
Edited by Kay H Zimmerman © 1987 Lewis Publishers, Inc., Chelsea. Michigan 48118. Printed in U.S.A.
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both the net energy input, the discharge of waste streams by the
mills, and the cost of production.

In most cases the energy used for driving the heat punmps is
electricity. Gas or diesel engines might also be used with even
greater efficiency in situations where availability and cost make
this advantageous.

BACKGROUND

The major incentives for reducing or possibly eliminating the
discharge of process waters in the pulp and paper mill operations
are:

(i) potential energy savings,

(ii) potential fibre savings,

(iii) reduction of pollutants discharged into the receiving
waters,

(iv) reduction of fresh water requirements.

Furthermore, gaseous discharges represent another important waste

heat source which could potentially provide substantial energy

savings, if the heat can be up-graded with a steam-generating heat

pump.

Newsprint Mill

A comprehensive survey {1} of more than half of the North
American and Scandinavian groundwood/newsprint mills has shown
that effluent discharges average 58 m3 per ton of newsprint.
Fresh water addition to the groundwood mill for stone cooling
varies from 0 to 20 m3 per ton of newsprint, the average being 6
m .

However, newsprint mills are expected to "tighten up" more and
more their operations by increasing recycle of white waters. One
of the consequences of achieving a high degree of process water
recycle is an increase in the overall system temperature. In
order to compensate for this upset, cooling of recycled white
waters is required. This offers an excellent possibility for a
waste heat recovery system such as the heat pump which could be
used to extract "free” heat from recycled white waters at elevated
temperature in order to produce process steam.

A case in point is the large amount of heat generated in the
grinders of the stone groundwood mill. Over 90% of the power
input into the grinders of the stone groundwood pulping in
newsprint mills is converted into heat, most of which ends up in
the white water, which in turn has to be cooled in order to
maintain an acceptable temperature level in the white-water
system. A recent study [2] has shown that close to 1/3 of the 5
GJ/t used in producing stone groundwood pulp can be recovered as
process steam if a high temperature heat pump is used. With an
annual production of over 5 million tons of stone groundwood pulp
in Canada, the following benefits can potentially be derived [1,2]
if the proposed technology could be successfully developed:

(i) Energy savings - 1.25 million barrels of oil equivalent per
year by the newsprint industry.
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(ii) Net operating gains - $5-6/t newsprint.

(iii) Reduction in fresh water usage - 6 m”/t newsprint (10%
reduction).

(iv) Fibre savings — 36,000 tonnes per year by the newsprint
industry.

(v) Reduction in suspended solids discharge - 8.4 kg/t newsprint
(35% reduction).

(vi) Reduction in BODg discharge - 6.4 kg/t newsprint (50%
reduction).

The dryer section of the paper machine uses most of the
thermal energy essential to the paper making process; the steam
requirement amounts to approximately 5 GJ/t newsprint. Most of
this heat appears in vapour—laden air which is exhausted through
some form of heat recovery system to atmosphere. Usually,
air-to—air heat exchangers are used in an open-air cycle to
pre—heat incoming air with the hot vapour-—-laden exhaust air.

These conventional heat recuperators recycle only some of the
sensible heat back, and nearly all of the latent heat is rejected.
However, a heat pump, by providing both a surface that is
sufficiently cool for condensation of the outgoing vapours to
occur and a means to transfer this latent heat to a higher
temperature, is also able to provide a latent heat recycling
mechanism free of the heat and mass balance restraint of vented
systems. This potential has been recognized [3-5], and it has
been suggested that using a de-humidification heat pump to cool
the dryer hood exhaust air at 58°C from conventional economizers
down to 50°C and heating the incoming fresh air to 100°C would
reduce the steam consumption of drying by 6%. Further inprovement
in the energy recovery could be obtained with the use of a largely
closed air cycle using heat pump dehumidification drying of
recycled air.

It has been suggested that this technology is today
technically and economically feasible provided electricity is
available at low cost (i.e. hydro-power) or the heat pump is
driven by gas or diesel engine.

Although the above studies have shown reasonable economic
potential for the heat pump in major newsprint mill operations,
full-scale applications have not yet been widely accepted in the
industry.

Kraft Mill

Potential major sources for heat recovery in kraft mills are:
a) bleach-plant effluent,
b) digester blow heat,
c) recovery—~ and hog fuel boiler flue gases.

a) Bleach plant effluent

The combined bleach-plant effluent has a temperature of
approximately 52°C and its enthalpy is in the order of 11 GJ/t
pulp [6]. On the other hand, the steam demand of the bleach plant
is approximately 3.5 GJ/t [7].
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At present, the fresh water usage of the bleach plant averages
87 m3/t with an internal water reuse of only 29% [8}. Trends
toward partial closure (e.g. 75 to 90%) by increased effluent
recirculation combined with high consistency operation [7,9] could
provide an important source for heat recovery with a heat pump
(e.g. 3 GJ/t).

Based on an annual Canadian production of 5 million tonnes of
bleached kraft pulp the following benefits [8,10] could
potentially be derived if the proposed technology could be
successfully developed:

(i) Energy savings - 2.25 million barrels of oil equivalent per
year by the kraft industry.

(ii) Reduction in fresh water usage - 53 w3/t pulp (347
reduction).

(iii) Fibre savings - 145,000 tonnes per year by the kraft
industry.

(iv) Reduction in suspended solids discharge - 0.35 kg/t pulp (7%
reduction).

(v) Reduction in BODg - 1.4 kg/t pulp (28% reduction).

b) Digester blow heat

The blow heat system of batch digesters produces flashed steam
in the order of 2 GJ/tonne of pulp. Condensers and accumulators
are typically already available. In a typical jet condenser
system the stean from the blow tank is condensed in a direct
contact condenser and hot contaminated water at about 95°C is
produced. In some mills, this hot contaminated water is used
directly for washing purposes, however, it is invariably
contaminated with black liquor and malodorous sulphur compounds.
Either this contaminated hot water or the flash steam itself
provides a potential source of heat recovery with a heat pump to
produce clean process steaw at elevated pressure and temperature.

c) Flue gases

Scrubbers are becoming common on kraft recovery boilers
because (i) they enable the mill to increase recovery furnace load
to 10 to 30% above the design capacity, while still maintaining
both odour and particulate emissions at the required regulatory
levels, and, (ii) heat recovery in the form of 70°C water can
partly cover the operation of the process. The recoverable heat
can be up to 5.0 GJ/t pulp out of the 13.2 GJ/t [7] available in
organic solids. However, it is unlikely that the total amount of
heat recoverable as hot water can be used with credit for fuel
savings. Incorporating a heat pump into the flue gas heat
recovery system could provide (i) process steam (e.g. 1.5 GJ/t),
and, (ii) hot water, thus allowing a higher energy recovery from
the flue sas.

Scrubbers can also be used on hog fuel boiler flue gases to
produce heat pump hot water source at about 70°C. Where hog fuel
dryers are used the vapour in the flue gas from the dryer can be a
heat pump source via a direct contact condenser or scrubber.
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In addition to requiring waste heat sources, the application
of industrial heat pumps is constrained by steam end uses.
Standard pulp and paper operations utilize process steam generally
at three levels. These are:

- 240 kPa - building heating
- 510 kPa - evaporators, dryers, air heaters for paper
machines, steam coils, stock injection heating,
bleach plant processes.
- 1.22 MPa = final paper machine dryers, digester cooking/
in jection, recovery boiler air preheating.
Obviously, the 240 kPa application is limited in its use. The
1.22 MPa needs are significant but the 510 kPa level is easier to
achieve, widely needed, and represents the best target value.

The brief outline of the energy availability and energy end-
use discussions in the previous sections indicate that a number of
applications for heat pumps in the pulp and paper industry exist
which have broad interest.

Industrial Heat Pump Systems

The principal elements of a heat pump are a condenser, an
evaporator, a compressor and an expansion device. A suitable
working fluid is fed to the evaporator, where it absorbs heat at
low temperature and, in doing so, is completely vaporized. The
low temperature vapour is compressed which requires the input of
external work. The work done on the vapour raises its pressure
and temperafture to a level where its energy becomes available for
use at a higher level of enthalpy than that of the original source
of heat. The vapour flows through a condenser where it gives up
its energy as it condenses to a liquid. The liquid is then
flashed and fed back to the evaporator where the cycle repeats.

The performance of heat pump is ordinarily described in terms
of the coefficient of performance (COP) which is defined as:

COP = Heat delivered
Work input

To determine whether it would be worthwhile, in a given
instance, to replace a direct source of heat (such as an oil-fired
boiler) with a heat pump, it is necessary to calculate the minimum
COP at which the heat pump would have to operate to achieve a net
saving of energy. The following is an example:

Assume: Efficiency of conventional fossil fuel boiler — 85%
Overall efficiency of power plant, including
transmission losses = 30%

Efficiency of electric motor driving the heat pump
compressor - 0.95%
Then: COoP = 0.85 = 3.0
0.30 x 0.95

Thus the COP of the heat pump would have to be greater than 3.0 in
order to achieve a net energy saving as compared to steam
generated by a boiler operating at the same efficiency of 85%.
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The above assumptions cannot be used if hydro-electric power
is used to drive the heat-pump compressor.

One major problem with vapour-cycle heat pump systems for
industrial applications is the selection of the working fluid for
high temperature cycles. Halogenated hydrocarbons such as R11l4
(dichlorotetrafluoroethane) used in a number of industrial heat
pumps and in refrigeration cycles are suitable for operating
temperatures of up to about 120°C and could allow to produce low
pressure steam.

At present, the only fully proven commercially available
industrial heat pumps operate with freon Rll4 as working fluid and
generate hot water up to about 98°C. It is likely that steam
generating freon heat pumps will be developed in the near future.
However, it is certain that steam generated with these heat pumps
will not have sufficiently high pressure to be widely usable in
the pulp and paper industry as process steam. It has to be
combined with a steam compressor.

Sweden has tabled a proposal by ASEA-STAL to the International
Energy Agency (IEA) to test a steam generating Rl114 heat pump to
recover heat from humid air of a paper machine. The dryer part of
the machine uses steam at about 350 kPa. The existent
conventional heat recovery system on the machine has a scrubber
unit according to Flakt's standard for paper machine heat recovery
systems. It delivers a water flow of 300 kg/s at a temperature of
42.5°C, recuperating approximately 8 MW from the humid air.

The heat pump is based upon the standard concepts used by
ASEA-STAL in a large number of district heating plants. It is a
R114 process using a two stage turbo—compressor. The refrigerant
is evaporated at a temerature of 31°C and condensed at 110°C. The
refrigerant condenser is cooled by feed water from the mill system
and thereby steam is boiled in the condenser at a temperature of
105°C or about 120 kPa. 11.5 MW is produced in form of this low
pressure steam.

The steam pressure is increased to 350 kPa in a two stage
turbo compressor with guide vane control and a by-pass for part
load. Between the compressor stages and after the last stage
water is injected to cool the steam to a suitable temperature
level. The 350 kPa steam is delivered to the mill's low pressure
steam grid.

Such a heat recovery system would give an output of 12.5 MW at
a coefficient of performance of 2.4.

An alternate option to the above approach is to use a
thermocompressor to increase the low pressure of the steam
generated with the Rl114 heat pump process. This option would have
(i) higher COP, (ii) for a given output it would require less
prine energy input, and (iii) would require less capital
investment. The major drawback of a freon heat pump system with
associated thermo—-compression is its inflexibility in terms of
mill steam balance, since it requires a relatively large amount of
motive high pressure steamn.

Whether or not steam generating freon heat pumps combined with
steam compressors will provide the best solutions for different
mill applications remains to be demonstrated. The technical
capabilities exist and will be enhanced when freon heat pumps
generating steam directly become available.
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The specific volume of steam at atmospheric conditions is
substantially higher than at conditions required for process steam
and consequently electric compressors for steam at near
atmospheric pressure are much more expensive than those for higher
pressure. The need for a heat pump working fluid which (i) has a
lower specific volume than steam at atmopspheric conditions, and
(ii) is more stable at higher temperatures than freon R114,
becomes apparent.

Methano)l vapour has a specific volume much lower than that of
steam at atmospheric conditions and it is stable up to a
temperature of 200°C. Methanol boils at about 65.5°C. The source
leaving temperature must be well above that to avoid a vacuum
during operation. In most cases the source temperature fluctuates
so there must be a substantial margin of safety. If a vacuum were
to develop, and it were to leak into the system, an explosive
mixture of air and methanol is a risk.

Westinghouse {11] has presently a development program funded
by the U.S. Department of Energy, to install and test a 30 GJ/h
high temperature heat pump with methanol as working fluid to
produce slightly superheated steam at 535 kPa from steam at 170
kPa cowming from a TMP refiner. Their unit was tested successfully
in mid 1983. For testing, it has been installed in a laboratory
facility in Pittsburgh, using recirculated steam at about 160 kPa
as a source. When fully developed, the plan is to move the unit
to an industrial location. Another high-temperature heat pump is
near the completion of its development stage {12]. 1In this heat
pump a secret working fluid with properties similar to that of
methanol is used.

Based on the above discussions, the following options of steam
generating heat pump systems appear to have potential to recover
substantial portions of the waste heat from pulp and paper making
operations:

a) A freon R114 heat pump with subsequent thermal recompression of
low pressure steam.

b) A freon R114 heat pump with subsequent mechanical recompression
of low pressure steam.

c) A high temperature heat pump (e.g. methanol as working fluid)
to produce process steam directly.

In this case - a heat pump with methanol as working fluid - the
source leaving tewperature must be at least 7C°C in order to
avoid vacuum during operation. Lower temperature sources could
still be handled by appropriate modifications in the mill
operating practices, e.g. in white-water handling and/or stock
preparation. This may require an investigation of the
capability of the heat pump evaporator to extract heat from
streams with very high fibre content, e.g. to recover heat
directly from the grinder pit of the stone groundwood mill.
Alternately, certain modifications in the operation of the
methanol heat pump could allow the application to lower source
temperature cases, without the risk to develop a vacuum.

d) A freon Rl14/methanol binary system to produce process steam.
Lower temperature sources can also be handled by combining a
freon cycle with a methanol cycle heat pump. Heat can be
removed from a source at less than 65°C by a freon evaporator.
The freon could then be compressed and condensed in a heat
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exchanger which also evaporates methanol. The methanol vapour
could be compressed and piped to a condenser/steam generator.
This freon/methanol binary system for generating steam with
lower temperature sources would require 3 heat exchangers.

CASE STUDY
Mill Closure

A stone groundwood (SGW) mill was chosen for the first
demonstration of the potential benefits of installing a high
temperature heat pump (HTHP). A newsprint mill in northern
Ontario was selected for a case study.

The PAPMOD simulation model for the newsprint mill, developed
by PAPRICAN, was found to be a useful tool to reproduce mass and
energy flows in the mill. PAPMOD is a steady-state, modular
simulation package and is an adaptation of the GEMCS (General
Engineering and Management Computation System). It was designed
to be run with a variable number of flow components and with
process modules of varying degrees of complexity; this allows the
user to start with a simple process representation and add
complexity as the process knowledge improves. Modular simulation
refers to the construction of a model flow sheet out of pre-
written building blocks, or "modules”. The advantage of this
approach is that a substantial process description library can be
kept available for putting together a variety of process models
with relatively little effort.

The case mill is fully integrated with the paper machines, as
are TMP and magnefite mills, and has a high degree of white-water
recycle. The white-water system is such that it evenms out
temperatures throughout the mill, thereby reducing the need to
cool or heat streams. Presently, heat would be recoverable at
about 60°C. Desirable target heat source temperatures are about
70-75°C. This would involve concentrating the heat to a
particular stream or set of streams.

Figure 1 is a PAPMOD simulation flowsheet of the mill under
study. A simplified model of the paper machine wet end was also
included in the overall model in order to evaluate the effect
recycled white water has on the SGW mill. Modules representing
heat loss in the wet end adjust recycled white-water temperatures
to their current levels.

Figure 2 represents a conceptually modified version of the
same mill. The fresh water cleaning showers at the disc filters
(stream #19) would be replaced with white-water showers. Stream
51 would use previously sewered white water instead of heated
fresh water. Both of these changes would reduce fresh water
consumption. Streams 29 and 40 would be removed to help segregate
the SGW mill white water from the. paper machine white-water
system. Replacement of cold fresh water with warmer white water
and white-water segregation between the SGW mill and the paper
machines serve to intensify heat levels -in the SGW mill. Stream
33 would be removed from the clean sump and most of the sewering
done at the wet end, with a minimal amount at the cloudy
white-water chest. Besides intensifying heat levels at the SGW



1 "33

“TTTW MOS 298D 3|1 JO JI33Ys A0]J uoljeymms (JOWIVd

13

SEC.COWAN

SCREENS

115
SEC. COWAN!

SCREENS
oIL'N

114
M

»

SECONDARY
REJECTS

| PRIMARY REJECTS

Y10 13 11s 23 28
STONE COARSE QRINDER PUMP PR. COWAN FILTER DISC awo awo
LOGS. 1 GRINDERS | PIT STOCK SCREENS g | CHANNEL |4 suwp e SCREENS {17 SHOWERS |20 FILTERS |21 oiL'N 46 s::?vcr:n 57
® P ® ®©[H© ® o [ ® g
3 I 2 ) T 22 se
0 Fxrf:‘;rz T
FRESH WATER NO. 5
REJECTS CLEANING SHOWERS
cLouoy CLEAR
L 20 ww. |27 CLOUDY W.W. 27]  ww.
— SPLITTER SPLITTER
30
CLEAR
wWw.
28
cLoubY CLEAR
SUMP 32 32 SUMP
35 [34 | 33
SEAL F.W. .
£XCESS
a GWD W.W. 0
29 NO. 1 P.M.
23 c:?:ov 41| SAVEALL |39 NO. 1 P.M. SAVEALL WHITEWATER
s cuesT  pe—Iay '
OVERFLOW FROM CLOUDY W.W. CHEST
26 s
45 TRAY COLLECTOR CHEST OVERFLOW-P.M. NO. 3/4
TCQ TMP
W.W. CHEST 42 NO. 3/4 P.M. WHITE WATER
43 NO. 3/4 P.M. DECKER FILTRATE
TO MIXED STOCK DILUTION

WATE|

HOTWELL
51 ‘

MAGNEFITE STOCK
OFF THE WASHERS 50

MAGNEFITE
DILUTION 153

&

MAGNEFITE

SPLITTER

@ 55

TE STOCK TO NO. 5 MACHINE CHEST

SNOILLYOINddV TVIHLISNAONI HOH4 SdWNd 1v3H

€62



SITIE MOS 2988l

POI3IpPoOw 3] JO IIRYS AOTI WOTIBTNWES (OHAVA

*Z *81a

RE)
15
SEC.COWAN|
SCREENS 11s
sec. cowanl SECONDARY
s | ScReens
e REJECTS
E‘ PRIMARY REJECTS
10 13 14 23 25
STONE COARSE QRINDER PUMP PR. COWAN FILTER DIs¢ awo awo
LoGs 1 PIT STOCK SCREENS |g CHANNEL |, SumMP L__ Screens [17 | swowers |20 FLTERS |21 DIL'N 48 sTocK EI.
> = ® —t SPLITTER
® ® ® ® Q) ® 3
3 r 12 22 36
ww.
TO P.M.
=~0 FILTRATE
REJECTS No. 5
cLouDY CLEAR
W.W. 27 CLOUDY W.W. 27 W.W.
SPLITTER SPLITTER
30
CLEAR
LA B
28
1
L] cLouDY CLEAR
3] sume )32 32 SUMP
35 [3s
i 36
SEAL F.W. 33 ExcEsS
QWD
W.W.
4
29 NO. { P,
23} cLouoy a1| saveaw [a9 NO. 1 P.M. SAVEALL WHITEWATER
LA P—f w.!
2% cHEST et gy
OVERFLOW FROM CLOUDY W.W. CHEST
28 35
48 TRAY COLLECTOR CHEST OVERFLOW-P.M. NO. 3/4
10 TWP
¥.W. CHEST] 42 NO. 3/4 P.M. WHITE WATER
43 NO. 3/4 P.M. DECKER FILTRATE
TO MIXED STOCK DILUTION
54
MAGNEFITE STOCK MAGNEFITE TE
DILUTION |53 SPLITTER

OFF THE WASHERS §0
—t

81

®

@ 55

E STOCK TO NO. 5 MACHINE CHEST

14504

SdNNd Lv3H

ONILINHVYN ANV ADOTONHOIL



HEAT PUMPS FOR INDUSTRIAL APPLICATIONS 255

mill, sewering at the wet end also conserves fibres, since white
water consistencies would be higher with closure at the SGW mill.

Heat Pump Integration

A simplified high temperature heat pump (HTHP) computer
program was also developed to assess the energy and economic
benefits of the heat pump integration into the mill's white-water
system. The heat pump system considered was a freon Rl1l4 heat
pump with subsequent mechanical recompression of low pressure
steamn.

Two cases were examined. In all cases, the total capital cost
for the installed heat pump system with 1 stage compressors is
estimated at 5.4 x 106 $CDN. Changes in pumping costs are not
considered important. Payback calculations are based on producing
steam at 140°C. Steam compression from 110°C to 140°C is roughly
estimated to consume 54.3 kWh/tonne, using a 1 stage compressor.
The cost of piping wmodifications are assumed to have very little
impact on capital investment. An after—tax DCF-ROI (discounted
cash flow return on investment) was also performed. The
assumptions made for this analysis are:

1. tax rate: 50%;

2. project life: 20 yrs;

3. depreciation: 207% (declining balance); and
4. salvage value: 0.

Other data:
Operation: 350 days/yr
Electricity costs: 2.5¢/kWh
Steam cost: $5.00/GJ (approx. $20 U.S./barrel oil)

Case 1 gives the results of installing a HTHP on Stream 22 in
the modified SGW mill (see Figure 2). The results of Case 1 are
presented in Table I. The estimation was based on a steady-state
source teuperature of 61.3°C and a source temperature drop of
about 4°C. The heat transfer rate was about 30 GJ/h. Payback
period was 6.7 years with an after-tax DCF-ROI of 9.5%.

In an attempt to improve the payback, a simulation was run,
i.e. Case 2, with a HTHP on Stream 8 in the modified SGW mill (see
Figure 2). The results of the Case 2 estimates are presented in
Table II. The source inlet temperature was /78.9°C and the source
temperature cooled down to 67°C. In this case the heat transfer
rate was over 31 GJ/h. Payback period improved to 5.8 years and
the after-tax DCF-ROI to 1l1.1%Z. However, this last case has a
high technical risk, since the HTHP would be installed on a pulp
suspension line instead of a white-water stream as in Case 1. It
may be difficult to find a heat exchanger which could run
satisfactorily with a pulp slurry at 3% consistency.

CONCLUSIONS

While, in general, there are vast potentials for the
application of a HTHP in a variety of pulp and paper making
operations the actual application is mill specific., 1In an
integrated will with a high degree of recycle it requires
simulation of the whole mill. It often requires modifying the
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Table 1. Modified SGW mill: HTHP on Stream 22 (Case 1)

Evaporator:

Process water flowrate: 42328 MTPD @ .013% ¢
Heat transfer rate: 726.5 GJ/day
Inlet temperature: 61.3°C
Outlet temperature: 57.2°C
Steam produced: 452 .4 MTPD
Power consumption:
Heat pump: - 3810.0 kW
Circulating pumps: 140 kW
1 stage steam compressor: 927.9 kW
Total: 4877 .9 kW
Yearly power consumption: 46,974,360 kWh/yr
Cost: 1,024,360 $/yr
Steam generated: 366,080 GJ/yr
Value: 1,832,650 §/yr
Net annual benefit: 808,290 $/yr
Payback period: 6.7 yrs
After—-tax DCF-ROI: 9.5%
C.0.P.: 3.1

Table II. Modified SGW mill: HTHP on Stream 8 (Case 2)

Evaporator:

Process water flowrte: 15038.5 MIPD €@ 3% C
Heat transfer rate: 749.1 GJ/day
Inlet temperature: 78.9°C
Outlet temperature: : 67 .0°C
Steam produced: 429.984 MIPD
Power consumption:
Heat pump: 2799.5 kW
Circulating pumps: 140 kW
1 stage steam compressor: 907.7 kW
Total: 3847 .2 kW
Yearly power consumption: 32,316,500 kWh/yr
Cost: 807,910 $/yr
Steam generated: 347,000 GJ/yr
Value: 1,737,740 $/yrx
Net annual benefit: 929,830 $/yr
Payback period: 5.8 yrs
After-tax DCF-ROI: 11.1%

C.0.P.: 4.0
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mill in order to get higher temperatures. Steam produced by a
HTHP, besides requiring to be an economical operation, must be
justified with respect to end-use and other potential heat
recovery schemes. Further, as suggested by the economic analyses,
running a thermodynamically efficient HTHP will not necessarily
mean that we have an economical operation. However, two iportant
factors would undoubtedly considerably improve the economics of
the HTHP and make its implemention in the pulp and paper industry
possible:

a. A substantial escalation of the oil prices from the present
level of under US $20/barrel.

b. Further research and development into finding acceptable HTHP
working fluids (e.g. methanol, freon R113) which could (1)
reduce the cost of a heat pump system and (ii) improve its
efficiency of energy recovery.
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Chapter 18

Operating Experience with Industrial
Heat Pump Systems: Economic
Advantages, Obtained by Several
Actual Installations

Masahiro Wakabayashi and Shigeru Sakashita

ABSTRACT: This report outlines the distinguishing characteristics
and economic efficiency of the Screw Steam Compression Heat Pump
System, giving as an example an application for an Alcohol
distillation plant, a representative energy-intensive industry.
Additionally, successful applications over the past several years
in Japan and abroad are presented to clarify facilities which can
benefit from heat pump use in various production processes.

INTRODUCTION

In Japan, industry has been endeavoring to reduce srimary and
secondary energy consumption since the first oil crisis in 1973.
When we look at energy saving in the past, however, we see that
most efforts were aimed only at recovery of a portion of waste heat
or just a part of "waste heat being produced": the key processes
that produce waste heat were ignored. By applying a complete
thermal recovery heat pump system to such processes, a remarkable
effect (reduction of primary and secondary energy consumption) is
obtainable. Industry has, however, adopted the heat pump system at
a slow pace despite it's proven advantages.

In order for installation of heat pumps to be considered by
Japanese industries, primary energy ratio (PER) of more than 1.0
times will be the level needed for acceptance. If PER is more than
1.5, an enterprise will find the heat pump of major economic
significance. Industrial heat pumps are, however, sometimes
installed for other reasons and even if a system promises
sufficient economic advantage and achievement of short-term
investment cost redemption less than two years, it is not always be
adopted. Heat pump makers may be required to offer the industry
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advantages other than purely
investigation of such merits

economic merit. This is an
and characteristics based on a study

of industrial heat pumps installed over the past several years.

Screw Steam Compression Heat Pump System (S.S.H.P.)
Vapor recompression (VRC) for alcohol distillation

VRC for malt boiling
Freon Heat Pump:

Dehumidifying/Drying heat pump

Paint temperature con
Malt drying heat pump

trolling heat pump

1. ACTUAL INSTALLATION RESULTS

1.1. Steam Heat Pump for Alcohol Distillation

This is an adaptive instance of the Screw Steam Compression
Heat Pump (5.S.H.P.). The flow sheet (Fig. 1) and specifications

(Table 1) are shown below.

Ethanol vapor

L F :: =
6 Vol. % |-
780C 8800kg/h UI Condenser Co()ling water
"[
j'ﬁ Ethanol vapor

74°C 3200 kg/hr,

Feeding

Motor
390KwW Y

Distillation column

Steam 0.37kg/Cm?

__800 kg/hr,

a Liquid Ethanol

8000 kg/hr.

Water Water supply
injection

450 kg/hr
70°¢ &

Steam 1.28 kg/CmZa
A 114°C superheat
Drain 3600 kg/hr.

Back-up steam, 100 kg/hr.

Fig. 1. VRC Flow Sheet for Alcohol Distillatio..
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This system leads alcohol vapor (96% vol. 789C) from the top of
the distillation column to the shell side of a falling film type
heat-exchanger. Water circulating inside of the tube is evaporated
and the vapor is directly blown to the bottom of the column after
temperature and pressure are raised by the compressor. The
distinguishing characteristic of this system is that only one heat-
exchange unit is needed in the heat pump cycle, resulting in
simplified system configuration. Further, the employment of a high
efficiency falling film type heat-exchanger also successfully
reduces the range of temperature by 5 through 10°C as compared with
a system (e.g., R114 High Temperature Heat Pump Cycle) that uses
two heat—-exchangers for evaporation and condensation.

Consequently, the C.0.P. is improved by about 1.0 and
industrial water consumed is reduced by 20 m3/h. Moreover, a
dramatic reduction in the term of redemption is obtainad.

Regarding other characteristics, this system controls revolution of
the compressor motor by means of a converter to match with the
amount of alcohol production. System control (control of heating
steam temperature, control of condensing alcohol, control of back-
up system and four other controls), and measurement and analysis
necessary for the gystem are all by means of an industrial micro-
computor. This system showed a two year term of redemption though
it involved enterprising trials.

Table 1.
Compressor
Model No. Pd/Ps REV G Q 1.P. C.0.P.
STM400L-M | 1.30/0.37 6000 3600 1920 390 5.73
A u Tc Te Q
427 900 78 73 1920
Where,
Working medium: Steam
Falling film type heat exchanger
Shell side: Alcohol vapor
Tube side: Water
Pd = Discharge pressure (kg/cmZa)
Ps = Suction pressure (kg/cmZa)
REV = Revolution (r.p.m.)
G = Discharge steam (kg/h)
1.P. = Inverter input power (KW), including auxiliary
driving power
C.0.P. = Coefficiency of performance
A = Heat transfer surface area (mz)
U = Overall coefficient of heat transfer (Kcal/m2hoC)
Te = Condensing temperature (°C)
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Te = Evaporative temperature (°C)

Conditions for Merit Calculation:

Unit price of electricity: 18 yen/Kw

Unit price of kerosene: 60 yen/Litre
Kerosene calorific value: 8,200 Kcal/Litre
Boiler efficiency: 0.87

Annual operating time: 8,000 hours

Date of delivery: May, 1986

1.2. Malt Boiling Steam Heat Pump

Only a general outline is presented here as this system was
introduced during a previous meeting. This simplified system, like
the distillation plant, uses a heat pump providing various merits.
The beer boiling process is carried out using a batch system (2,000
batches/year x 1.5 hr/batch = 3,000 hrs/year) and engine driving is
advantageous taking operating time and the change in power rate for
increasing facility into consideration. Industries that consume
large amounts of hot water such as beer plants gain increased
benefit by supplying jacket hot water to other processes.

1033 kg/cmza Speed acceleration gear

- 100°¢, 10000 kg/hr. \ T
Compressor O T
1130 P ! Engine
Wort kettle 1400 PS

Water injection
793 kg/hr.

3

3.28 kg/cmla
136°C.

;Drain 10793 kg/hr.

External heater

Fig. I. VRC Flow Sheet for Malt Boiling
Table 2.
Compressor . : J ’
Model No. Pd/Ps REV G G | E.P. | coP
|
STM510-L 2.38/1.03 {3,000 13,300 5659 ] 830 J 10.1
Where, Working medium: Steam

E.P.: Engine output (KW)
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1.3. Dehumidifying/Drying Heat Pump

The flow sheet and specifications of the heat pump system for
gelatine dehumidifying/drying are shown in Fig. 3 and Table 3,
respectively. The heat pump, together with a refrigeration
compressor used in this process, reduce the moisture in circulating
air to 6.5g/kg at two temperature levels, 30°C and 40°C. The
circulating air is cooled down by the evaporators of the heat pump
and the refrigeration compressor and humidity is reduced by
condensing moisture in the air. The dehumidified air is led to a
drying chamber after being heated by a re-heater and the high
temperature side of the heat pump. Usually the process of
dehumidification is done by chemisorption (regeneration by steam)
and steam and exhaust heat are all discharged into the air.

By replacing such a system with the above heat pump cycle,
steam consumption is reduced from 3.2 Ton/h (1.2 Ton/h for
regeneration) to 0.5 Ton/h.

The following merit calculation is based on unit prices as of
May, 1983 (time of delivery), i.e., heavy petroleum 75 yen/Litre
and electricity 25 yen/Kwh: 38 million yen/year (annual operating
time 10 hr. x 23 days/month x 12 months/year = 2,760 hcurs).
Investment is returned within one year. The reason for the
remarkable merit is concurrent utilization of both low and high
temperature sides, employment of the pre-cooler and re-heater, and
selection of a reasonable temperature range (interlock with
oxisting steam) and circulation system.

Steam, 3 kg/cm?g
140°C

Circulation air

/
52700 kg/hr. !
3500 Atmos- __ "__{ﬁizﬁ
o
13.6g/kg phere
=
2700 kg/hr. ProduCDAnte- D Dyying chamber Product
69C room 153 kg
6.5g/kg
I 25000 kg/hr.
L @ - 300¢C
Pre-cooler :> | Re-heater 6.5g/kg
[Evaporator Fvaporator‘ Condenser iggo kg/hr.
-] | C
1A N\ £S5 /ke
Cooling water| Egm' ?S%E ) ‘;

Fig. 3. Flow Sheet for Dehumidifying/Drying
Heat Pump
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Table 3. Specifications (Delivered in May, 1983)

Drying substance Gelatine 153 kg/h (dry weight)
Dehumidified moisture 375 kg
Heat pump 45 Kw
Refrigeration compressor 75 Kw

1.4. Paint Temperature Control Heat Pump

This is an example of heat pump technology being adopted in an
automobile painting process (Ref. Fig. 4 and Table 4). The system
controls the temperature of a degreasing bath (for removing oil
from the vehicle body), a chemical film coating bath (chemical film
coating) and an electro-magnetic coating bath (electro-magnetic
priming) on the painting line of an automobile body assembly line.

This primer coating process requires considerable precision
control of degreasing, formation and electromagnetic coating at a
constant temperature to secure a fine finish. The heat source is
electrolytic heat in the electromagnetic coating bath and the heat
sink is the degreasing bath and chemical film coating bath.

The main characteristics of this system are successful
achievement of a high COP (6.58) and simultaneous utilization of a
heat source and heat sink. With installation of this system, the
factory reduced running costs by half and recouped their investment
in about two years. Stable quality of products was, of course,
also achieved. Three additional systems have since been supplied,
displaying superlative performance.

Degreasing & chemical
coating bath Electro-magnetic coating bath

o — - —-—-

Heat Heat

Th3 Exchangerf—* Exchange To3
Auxil.
[ "qk'bteam
- 5 A
Heat pum
Junit

Fig. 4. Flow Sheet for Paint Temperature Control
Heat Pump
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Table 4. Specifications of Heat Pump
(Refrigerant: R12)

Qc/Qh MP R.C. M cop S.C.
644/856 280 1544 1510 6.58 100
Where,

Qc = Coating capacity (Mcal/h)

Qh = Heating capacity (Mcal/h)

MP = Motor power (KW)

R.C. = Running cost (Ten thousand yen/year)

M = Merit (Ten thousand yen/year)

cop = Coefficiency of performance

S.C. = Auxiliary steam consumption (tons/year)

Conditions for Merit Calculation:

Unit price of electricity: 15 yen/Kw

Unit price of heavy petroleium: 60 yen/Litre
Calorific value: 9,000 Kcal/Litre
Boiler efficiency: 0.85

Operating time: 3,840 hrs/year

1.5. Malt Drying Heat Pump

This is an installation in France. The system and
specifications are shown in Fig. 5 and Table 5. The heat pump is
installed for the drying process in beer manufacturing (a high
temperature drying required). The drying is carried out by batch
processing (total of 20 hours/batch) which requires a set
temperature pattern and seasonal adjustment for load, as shown in
Table 5. Efficient operation of high At air at a Maximum 65°C is
essential for this process.

The system is comprised of 3 compressor units. In case 85°C
hot air is required, cascade operation of the No. 2 and No. 3
compressors must be carried out. As stated above, the system of
three compressors has shown excellent follow-up properties to
load change and high quality production has resulted. A COP of
3.94 was obtained even in the winter season when load is largest.
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To atmosphere
129C No. 1 No. 2

Z/A\x Screw compressor Screw compressor

5 ) \\\\‘~tczﬁy ‘\\\ No. 3

Screw compressor
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Drying device
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£

Ambient

Pre-heater.

Fig. 5. Flow Sheet for Malt Drying Heat Pump

Table 5. Specifications

Compressor Qc/Qh Tc | Te M.P. REV W.M. | C.0.P.

No. 1 | 1811/2242 | 52| 6 | 502 {2950 | rR12 | 3.84

No. 2 1140/1720 | 62| 6 675 3300 R12 2.96

No. 3 1720/2080 | 90 [ 50 429 2950 R114 | 5.66

Where,
Qc = Drying capacity (Mcal/h)
Qh = Heating capacity (Mcal/h)
Te = Condensing temperature (°C)
Te = Evaporative temperature (°C)
M.P. = Motor power (KW)
REV = Revolution (r.p.m.)
W.M. = Working medium
C.0.P. = Coefficiency of performance
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Table 6. Load Changes

Time (h) | Hot air temp. Load (Mcal)

(°C) Summer |Spring/Autumn | Winter
0 6 60 3459 3847 4088
6 9 65 3983 4382 4612
9 12 70 3858 4288 4395
12 15 75 3300 3755 4110
15 17 80 3043 3533 3853
17 20 85 2889 3401 3646

1.6. Summary of Application Examples

The characteristics of the heat pump are presented giving as
examples five applications installed over the past several years as
stated above.

In brief, industrial heat pumps prove particularly attractive
for the following reasons:

* Superior product quality

With the use of proper detecting and final control elements,
the high degree of control possible with a heat pump allows
for more discreet, higher level product quality control.

* TImproved profitability

The heat pump provides:
High C.0.P.,
Quick return on investment,
Energy, resource and labor savings of a high order.

* Harmony with production processes

Simultaneous heat source and heat sink,

Simplified processes,

Selection of a driving apparatus most suitable to the
production process and heat pump based on careful
consideration of fuel expenses, power rates, the need for
extension of power lines, noise and gas pollution.

* Reliability
High reliability and durability of components,

High reliability of the system as a whole (indispensable
for heat pump installations).
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2. Present Conditions and Future Prospects for Industrial Heat Pumps
2.1. Present Conditions

Falling oil prices in 1986 have had a significant impact on the
industrial heat pump market. Oil prices have declined from the $25
per barrel level of late 1985 to below $10 per barrel in mid-1986.
In Japan, fuel prices have also been dramatically lowered by the
appreciation of the yen (¥), which rose in value from ¥250 to the
dollar level at the end of 1985 to around ¥150 to the dollar.

Naturally, these changes have greatly lowered the cost of steam.
Today, the cost of generating steam is less than half that of a year
ago. It goes without saying that the cost advantages of introducing
heating supply systems based on the heat pump have been considerably
reduced. In fact, numerous heat pump projects have been suspended
in recent months.

The following is a calculation of the economic marginal C.O.P.
in the case of a motor driven heat pump, assuming steam costs to be
¥5,000 per ton in 1985 and ¥2,500 per ton in 1986 and electricity
costs to be ¥20 per KWH in 1985 and ¥18 per KWH in 1986.

Motor-driven Heat Pump 1985 1986
A) Steam unit (¥/Mcal) ¥5/kg + 0.55 Mcal/kg 2.5+ 0.55 =
= ¥9.09/Mcal ¥4.54/Mcal
B) Electricity unit ¥20/KWH + 860 +0.9 18+ 860 + 0.9 x
(¥/Mcal) x 1,000 = ¥25.8/Mcal 1,000= ¥23.2/Mcal
C) Economic marginal 2.83 5.12

C.0.P. B/A

The above calculations show that a heat pump must have a C.O.P.
of at least 5.12 to be considered for introduction.

Reports have been received that the economic efficiency of heat
pumps installed at several factories in this country has not been
sufficiently high and they have been shut down.

The economic marginal C.0.P. is simply an indicator showing if
an operation will lead to economic benefit or not. Usually, the pay
back period or "P.B." is used as a rule of thumb for deciding
whether a heat pump should be installed or not. In this country, 2
~ 3.5 years is the common P.B. for investment projects. If this
period is considered, the C.0.P. of a newly installed heat pump is
much higher than the economic marginal C.0.P.

The economic marginal C.0.P. of a heat pump driven by an
internal combustion engine (gasoline, diesel or gas turbine) is
expressed as follows:

C.0.P. = 1/nE - nR
Where, NE = Power conversion efficiency
NR = Waste heat recovery

For instance, assuming power conversion efficiency nE = 0.35
and waste heat recovery nNR = 0.45, the C.0.P. is 2.4. This value
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is not influenced by the oil energy unit representing a steam unit.
The annual maintenance cost component increases as energy unit cost
decrease, however, so the economic marginal C.0.P. is increased
somewhat.

In calculating P.B., the absolute value of the energy saving
merit decreases and the initial expense for the engine and other
components becomes the major obstacle to installation.

A sudden increase in energy costs to the 1985 level is not
expected but if we assume an annual increase of 5%, it will take at
least ten years to regain the high C.0.P. enjoyed by heat pumps in
1985. We must therefore take steps to disseminate the heat pump
under the currently prevailing energy situation.

Apart from national energy policy measures, it is obvious that
the following two points are indispensable for general acceptance of
the heat pump.

1. Raise the C.0.P. (to at least 5.5).
2. Reduce initial costs.

2.1.1. Raising the C.0.P.

There is a possibility that efficiency can be raised around 10%
compared to the normal type heat pump.

* The range of temperature increase of the heat pump should be
kept as small as possible. Usually, the heating/cooling
systems at factories are designed based on a boiler system
for the heating side and a cooling tower for the cooling
side. The AT required for this process is large. When
using a heat pump system, the AT should be kept as small as
possible. This is because;

a) The heating surface of the heat exchanger can be enlarged
but this has the drawback of increasing initial cost.

b) The AT required by the process itself should be reduced.
For example, in the case of a distillation tower,
modification to a low pressure loss tower such as a packed
tower or double column system can be considered.

c¢) An open cycle heat pump such as VRC is effective. 1In
this case the AT equivalent to one heat exchanger unit can be
reduced and the initial equipment cost likewise reduced by
the one unit. An expensive heating medium thus becomes
unnecessary.

Chemical engineering and process engineering expertise is
essential to facilitate a), b) and c) above. Equally important is a
clear understanding of the heat pump by the end user.

2.1.2. Reducing Initial Costs

* Efforts must be made to reduce the production costs of

components such as the compressor and heat exchanger.
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* The number of components, e.g., heat exchanger, should be
reduced by employing systems such as the open cycle type.

2.2. Future Prospects

1986 has had a serious impact on the prospects of the heat pump.
With the sharp drop in energy costs, the C.0.P. of motor-driven heat
pumps jumped to 5 or more. Numerous system plans have been scrapped
or postponed.

Despite the current cheap energy environment, the heat pump
systems of Mycom and end user plants for next year are still
economically attractive. The particulars of these systems will be
reported on next time but the characteristic feature of these
systems 1is that they are all open cycle.

The open cycle heat pump is superior to the closed cycle type in
terms of both C.0.P. and initial cost.

The steam input of the open cycle heat pump is a process gas so
chemical and mechanical studies become particularly important in
design. The difficulty of heat pump installation under such
conditions increases but teamwork between the end user's process
engineer and the heat pump supplier can surmount this.

In the coming year, various types of open cycle heat pump should
come into general use as end users become more knowledge about the
heat pump. Meanwhile, regarding the closed cycle heat pump,
increased demand for use in low temperature side foodstuffs and
other industries can be expected because of the importance of low
temperature in product quality.

There are a number of favorable factors at work which in the
years ahead will contribute to the appeal of heat pump systems.

1. There is a consensus of opinion that oil costs will increase
over the long term, thus making the heat pump alternative
more attractive.

2. More and more, restrictions on the use of cooling water and
increased water costs will come into play.

3. Factory managers are becoming more involved in environmental
issues, particularly when facilities are located adjacent to
residential areas.

1f we conceptualize the factory of the future as an
environmentally clean facility with a closed thermal cycle and an
energy efficient system, the heat pump is extremely attractive. As
a manufacturer of heat pumps we always keep in mind this image of
the ideal factory in our efforts to promote general use of the heat

pump.




Chapter 19

Overview of Heat Transformers
in Japan

Katsuyuki Mashimo

ABSTRACT: The absorption process is considered to be one promising
method to recover a low potential thermal energy.

The absorption heat transformer can upgrade the low-level waste
heat and get higher temperature hot water or steam, if waste heat,
cooling water and a little electric power are available.

Since 1981, around 10 heat transformers with working pair H,0/LiBr
have been installed in Japan. In this report, typical installation
examples of heat transformer at industrial process are described
as operating experience.

The available heat output of heat transformer is more than 45% of
the waste heat input.

Also, from the economical point of view, payback period of heat
transformer is within 2 years on an average.

INTRODUCTION

Basic ideas on the use of the absorption process for heat
pumps were proposed as reversible absorptionsmachinen by
Altenkirch during 1913-1920. (1)(2)(3)(4)(5)(6)(7)

His ideas were picked up by Nesselmann, who for some years was a
co-worker of Altenkirch. In 1933 he published a comprehensive
paper on the theory of heat transformation with a very systematic
review of the different applications of the absorption process,
according to the very clear and simple sketch. (8)(9)

HEAT PUMPS Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 1EA Heat Pump Conference),
Edited by Kay H. Zimmerman © 1987 Lewis Publishers, inc.. Chelsea. Michigan 48118, Printed in U S.A
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Fig.1 shows principle of heat transformation according to
Nesselmann. TO, Tl and T2 are temperature levels.

CASE 1 CASE I1 CASE II1

REFRIGERATION HEATPUMP HEAT TRANSFORMER
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Fig.l Principle of heat transformation

In case I, the purpose of the absorption machine is cooling at
TO. -absorption chiller or absorption refrigerating machine.

In case II, the purpose of the absorption machine is heat supply
at a medium temperature Tl. -absorption heat pump or type 1
absorption heat pump.

In case III, the purpose of the absorption machine is heat supply
at a high temperature T2. The generator has to be heated at a
medium temperature Tl of part of this heat is rejected at the
temperature TO of the environment, part of it is transformed into
heat at the high temperature T2. - absorption heat transformer or
type II absorption heat pump.

The research and development of the absorption heat transformer
was made in one of the "Moonlight Project” during 1976-1981, under
the sponsorship of Industrial Technology Institute in Ministry of
International Trade and Industry, Japan.
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For the absorption heat transformer, LiBr/H,0 is used as the
working fluid. Because, it is non-flammable, the working pressure
is under atmospheric pressure and it has been widely used as
working fluid for conventional absorption chiller.

THE HEAT TRANSFORMER CONCEPT
Principle

The heat transformer employs an absorber, evaporator,
generator, condenser, solution heat-exchanger absorbent pump, re-
frigerant pumps and the piping to connect these. Fig.2 shows the
flow diagram of the heat transformer. The principle of absorption
heat transformer is to make use of the physical phenomenon where,
at the same pressure, the equilibrium temperature of absorbent is
higher than the saturated temperature of refrigerant, and the heat
is transferred from the evaporator to the absorber.

Evaporator Absorber

Waste Heat => N > Hot Water
Ra 23
—
— ]
& g“ 4 Gencrator || Condenser B }
= Er===
< % >> = & Cooling Water
—_— Solution
J Heat Exchanger

Refrigerant Pummp Absorbent Pump

Fig.2 The flow diagram of absorption heat transformer
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The waste heat is first supplied to the evaporator, When the
refrigerant in the evaporator is heated with the waste heat, it is
evaporated, and then in the absorber, it is absorbed in the absor-
bent. Heat of absorption is generated, and this is used for
heating of hot water or generating of steam. The absorbent that
has been diluted by absorbing the refrigerant vapor is sent to the
generator through the solution heat-exchanger. The diluted absor-
bent is heated by the same waste heat and the refrigerant is
vaporized in the generator. This process concentrates the absor-
bent. Now the concentrated absorbent is sent back to the absorber
through the solution heat-exchanger. While the vaporized
refrigerant is cooled by the cooling water, and condensed. This is
sent back to the evaporator. This whole process comprises the
cycle of the heat transformer.

Characteristics of Temperature rise

The higher the hot water
temperature of the heat trans-
former, the better utilization
is possible in the absorption
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OPERATING EXPERIENCES

Since 1981, around 10 heat transformers have been installed
in Japan. Chemical factories are perhaps the best suited for
introducing the heat transformer for recovery of the waste heat.
Where a different level of heat, very high temperature to low
temperature are used.

Fig.4 shows Installation mep of absorption heat transformers.

140° 145°

L AN 45°

i

40°

35°

30°

Fig.4. Installation map
Case A

The system is designed to recover the heat from an organic
vapor that is discharged out of the distillation tower at a
synthetic rubber factory.

The system, which has been in operation since November 1981,
is composed of distillation tower that produces organic vapor, a
heat transformer to produce hot water, flash tank to produce steam
out of the hot water. Other equipments to supplement the system
are a condensate tank that temporary keeps the discharged organic
liquid condensed in the heat transformer and also a pump that
sends organic liquid.

98°C organic vapor discharged at the distillation tower is
taken into the evaporator and generator in the absorption heat
transformer, and is condensed at 88°C inside heat transfer tubes.
Then, the condensed liquid is sent to the condensate tank.

While 26°C cooling water is taken into the condenser and boosted
32°C. Then hot water(133°C) is produced by the heat transformer
and steam(127°C) in the flash tank with a capacity of 3.8 ton per



276

HEAT PUMPS: TECHNOLOGY AND MARKETING

hour. This steam is used as the heat source for reboiler of the
distillation tower. Table 1 is the typical operating condition of

the heat transformer.

Table 1 typical operating condition
General
Location Chiba
User Butadiene Rubber Plant
Manufacturer Tokyo Sanyo Electric Co., Ltd.
Purpose Steam generation for process

Site Condition

Start of Operation
Load Factor

heating by heat recovery of
waste steam

Pressure and gas proof area

December, 1981
8000 hours/year

Operating Conditions

Heat Source(Waste Heat)
Used Medium Condition
Input (Qe+Qg)
Evaporator

Inlet Temp.
Outlet Temp.

Generator
Inlet Temp.
Outlet Temp.

Available Heat to Process
Used medium Condition
Output (Qa)

Absorber
Inlet Temp.
Outlet Temp.

Cooling Water
Discharged heat (Qc)
Condenser

Inlet Temp.
Outlet Temp.

C.0.P. (Qa/Qe*Qg)

KW

°C
°C

°C
°C

KW

°C
°C

KW

°C
°C

Waste Steam
5000

98
88 (Drain)

o8
88 (Drain)

Low Pressure Steam
2350

127
133

2650

26
32

0.47
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Fig.5 is the picture of the system and Fig.6 is the system diagram,

Fig.5 picture of the system

Generated Steam (1.5 kg/em’G 127°C)

Distiliation
tower

Stoam - é Sea water

condenser

Condensate tank

Main tank

Fig.6 system diagram
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Following is the energy that can be saved in a year. The unit
price of the steam at that time(1981) was 5,000 yen/ton.

Energy Saving

Recovered Energy (Qam) ¥/year 152,000,000
(Expression in Monetary Unit)
Running Cost (Rm) ¥/Year 3,840,000
Net Saved Energy (Qam-Rm) ¥/year 148,160,000
Pay-back Period (Approx, ) year 1

Case B

The system is designed to recover the heat from an alcohol
vapor that has been wasted at an ethylalcohol distillation plant.

The system has been in operation since January 1984, composed
of distillation tower that produces alcohol vapor, the heat
transformer to produce hot water, flash tank to produce steam from
the hot water

80°C alcohol vapor discharged at the distillation tower is
taken into the evaporator and generator in the absorption heat
transformer, and is condensed at 80°C inside heat transfer tubes.
Then, the condensed liquid is sent to the condensate tank.
While 20°C cooling water is taken into the condenser and boosted
to 30°C. Then hot water(124°C) is produced out of the heat
transformer and steam(119°C) in the flash tank with a capacity of
1.4 ton per hour. This steam is used as the heat source for
reboiler of the distillation tower.
Table 2 is the typical operating condition of the heat
transformer.
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Table 2 typical operating condition

General

Locat.ion
User
Manufacturer

Purpcse

Site Condition

Start of Operation
Load Factor

Kagoshima
Ethylalcohol Distillation plant
Tokyo Sanyo Electric Co., Ltd.

Steam generation for process
heating by heat recovery of
alcohol vapor

Pressure and gas proof area

January, 1984
7200 hours/year

Operating Conditions

Heat Source(Waste Heat)
Used Medium Condition

Input(Qe+Qg) Kw
Evaporator
Inlet Temp. °C
Outlet Temp. °C
Generator
Inlet Temp. °C
Outlet Temp. «C

Available Heat to Process
Used medium Condition

Output (Qa) KW
Absorber
Inlet Temp. °C
Outlet Temp. °C

Cooling Water
Discharged heat (Qc) KW

Condenser
Inlet Temp. °C
Outlet Temp. °C

C.0.P. (Qa/Qe*Qg)

Alcohol Vapor
1950

80
80 (Drain)

80

80 (Drain)
Low Pressure Steam

930

119

124

970

20

0.48
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Fig.7 is the picture of the system and Fig.8 is the system diagram.

Fig.7 picture of the system

Vapor
Return liquid
Alcohol -—— vapor 1
<——{L}— 119°C 1kg/cm’G
Tower 80°C Cooling
O @ 124°C water
80°C 119°C
Material ——= Feed

80°C ﬁ water
80°C |> @ 3¢ Cooling

20°C  water

— )
Liquid POT

? - }
Steam —f b—& Steam

Fig.8 system diagram
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Following is the energy that can be saved in a year.

Energy Saving

Recovered Energy {Qam) ¥/year 50,040,000
(Expression in Monetary Unit)

Running Cost {Rm) ¥/Year 1,728,000
Net Saved Energy (Qam-Rm) ¥/year 48,312,000

For reference, the pay-back period of this system is 1.5 years.
Case C - K

The heat transformers operate mainly in the distillation
plants. The other operating experiences are shown in table 3, 4
and 5. Operating case E and K are shown for reference, since case
E is in Republic of Korea and case K is in Kingdom of the Nether-
lands.

Fig.9 1is the picture of case G. The heat transformers in case F-K
are vertical type which are based on the counter current heat ex-
changer technology.

Fig.9 picture of case G
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Table 3 Operating experiences

Operating Case C D E
Location Niigata Tokuyama Korea
User Distillation Distillation Distillation
Plant Plant Plant
Manufacturer Tokyo Sanyo Electric Co., Ltd.
Purpose Steam Steam Steam
Generation Generation Generation
Start of Feb. '84 Jun. "85 May '83
Operation
Heat Source Distillation Distillation Distillation
(Waste Heat) Tower Tower Tower
Top Vapor Top Vapor Top Vapor
Input KW 3450 2220 4890
Inlet Temp. °C 80 125 122 o8
Outlet Temp.°C 80 91 79 88

(Condensation)

Available Heat

Low Pressure

Low Pressure

Low Pressure

to Process Steam Steam Steam
Output KW 1670 1090 2350

Inlet Temp. °C 111(Water) 134 (Water) 127 (Water)
Outlet Temp.°C 116(Water) 135 (Water) 132 (Water)
Cooling Water Ground Water Sea Water Cooling

Tower Water

Inlet Temp. °C 15 27 31

Outlet Temp.°C 20 30 -
C.0.P. 0.48 0.49 0.48
Pay-back Period 1 - 2 Years
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Table 4 Operating experiences

Operating Case F G H
Location Shimonoseki Tokai Sin-Nanyo
User Distillation Distillation Distillation
Plant Plant Plant
Manufacturer Hitachi Zosen Corp.
Purpose Steam Steam Steam
Generation Generation Generation
Start of Jul. 82 May '83 Sep. 84
Operation
Heat Source Distillation Distillation Distillation
(Waste Heat) Tower Tower Tower
Top Vapor Top Vapor Top Vapor
Input KW 3450 3950 6980
Inlet Temp. °C —_ —_— e
Outlet Temp.°C 83 80.5 100

{Condensation)

Available Heat
to Process

Output KW
Inlet Temp. °C
Outlet Temp.°C

Cooling Water

Inlet Temp. °C
Outlet Temp.°C

C.0.P.

Low Pressure
Steam

1660
100 (Water)
111 (Steam]

Cooling
Tower Water

28
32

0.48

Low Pressure
Steam

1880
100 (Water)
112 (steam)

Cooling
Tower Water

32
36

0.48

Low Pressure
Steam

3330

90 (Water)
143 (Steam)
Cooling
Tower Water
31

37

0.48

Pay-back Period

1 - 2 Years
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Table 5 Operating experiences

Operating Case

1

J

K

Location Amaki Fuji The Netherlands
User Hot Waste Water Distillation Distillation
Recovery Plant Plant Plant
Manufacturer Hitachi Zosen Corp.
Purpose Hot Water Steam Steam
Supply Generation Generation
Start of Dec. 84 May "85 Sep. '84
Operation
Heat Source Hot waste Distillation Distillation
(Waste Heat) Water Tower Tower
Top Vapor Top Vapor
Input KW 720 580 13780
Inlet Temp. °C 95 _ _
Outlet Temp.°C 85 g5 100
(Condensation)
Available Heat Hot Water Low Pressure Low Pressure
to Process Steam Steam
Output KW 350 270 6420
Inlet Temp. °C 95 (Water) 25 (Water) 127 (Water)
Outlet Temp.°C 120 (Water) 131 (Steam) 150 (Steam)
Cooling Water Cooling Cooling Cooling
Tower Water Tower Water Tower Water
Inlet Temp. °C 32 32 24
Outlet Temp.°C 37 37 40
C.0.P. 0.49 0.47 0.47

Pay-back Period

1 - 2 Years
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CONCLUSION

The heat transformer as described in the above examples could
contribute greatly to improving energy efficiency at plants.
However much efforts are necessary to develop more efficient,
higher temperature rise absorption heat transformer.

Before ending this paper, great thanks should be acknowledged to
Hitachi Zosen Corp.
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Chapter 20

Industrial Heat Recovery with Heat
Transformers — Practical
Applications and Development of
Advanced Systems

Horst Bokelmann

ABSTRACT: In many industrial thermal processes high-grade energy
is emitted as waste heat to the atmosphere without being utilized
so far. A heat transformer is a device which enables the recovery
of these waste heat flows elegantly and profitably. As it raises
the temperature level of the recovered heat without thereby
consuming considerable quantities of mechanical, electrical or
thermal energy, it allows rejection of the recovered heat to the
same process. Heat transformers nowadays "on Sale” are capable of
achieving a maximum output temperature of 150°C, a temperature
1ift of 50 K and a COP of 0.48. Examples of practical applications
and operational experience are given. However, many inquiries from
potential customers have shown that temperature 1ifts to high
operating temperatures and better overall COPs are often desirable
or demanded. Consequently. a development program ("Advanced Heat
Transformer") was started. Advanced heat transformers utilize new
working fluids and/or multistage sorption plants including
combinations of sorption heat pumps and heat transformers. This
paper presents some of these advanced systems and analyzes their
possible application.

INTRODUCTION

Although we are 1iving an energy price down it is easy
predicting that energy saving will be of booming interest shortly
as, on the one hand, energy prices will rise again on medium-term
basis and, on the other hand, it seems convenient to lower both
the primary energy consumption and the el. energy demand for
reasons of environmental protection.

HEAT PUMPS Prospects in Heat Pump Technology and Marketing (Proceedings of the 1987 IEA Heat Pump Conference)
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Industrial-scale thermal transformation processes are best
suited for high energy savings. Strong efforts were made to cut
the energy consumption in industrial processes during the past
decades. However, as before, major energy flows are being ceased
to the atmosphere without being used/optimally exploited.

The waste heat utilization of a works is said optimal if the
primary energy consumption is minimized. Yet it proves difficult
to fulfill this as such trivial requirement. Generally, the
primary energy consumption cannot be reached by heat insulation
measures and simple heat exchangers for preheating and utility
water heating alone. The requirement can be met almost 100 % if
there is a possibility to directly refeed part of the waste heat
flow to the heat emitting process. This necessitates lifting of
the temperature level of the waste heat flow.

There are different ways to rise the temperature level, namely
steam jet compressors, vapour compressors, absorption heat pumps
and heat transformers. Whereas the first three of the above-named
systems all consume high-grade energy themselves (which needs be
supplied in form of primary energy possibly), the heat transformer
can do without third energy. On the other hand, the heat
transformer utilizes half of the supplied waste heat flow only.
The temperature 1ifts which can be realized with the single-stage
heat transformer are superior to those of the other single-stage
processes, generally.

The present paper deals with the heat transformer mainly. For
better understanding a comparison is made between heat transformer
and absorption heat pump and applications for a combination of
heat transformer/absorption heat pump are referred to. The next
paragraph is meant to give an introduction of the theoretical
grounds of heat transformation.

THEORY OF HEAT TRANSFORMATION

Figure 1 shows the well-known absorption-type heat pump
process in form of a steam diagram with the pertinent energy
flows. Figure 2 illustrates the heat transformer process. In both
processes, the solution comprising refrigerant and absorbent
circulates between generator and absorber. In the generator part
the refrigerant is evaporated from the solution by heat admission.
The refrigerant steam enters the condenser to be liquefied while
emitting heat. In the evaporator it is then reconverted to
vaporized refrigerant by heat admission. The vaporized refrigerant
flows into the absorber and is united with the solution coming
from the generator (and of low refrigerant content). The latter is
now able to absorb the vaporized refrigerant and liquefy it
simultaneously. Again, heat is emitted during this Tiquefying
process. In both processes heat is emitted in condenser and
absorber while heat must be supplied to generator and evaporator.
However, both pressure and temperature levels of the described
part processes vary. While evaporation and absorption take place
at the lower pressure level in heat pump and absorption
refrigeration plant, they take place at the higher pressure level
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in the absorption-type heat transformer. I.e., heat is supplied at
the highest as well as at the Towest temperature Tevel in the heat
pump and useful heat is emitted at mean temperature level, while
the heat transformer is fed with heat at mean temperature level.
The heat transformer is capable of emitting heat at the highest
temperature level provided there is a heat sink with a Tower
temperature level than that of the supplied heat.

Both above described plant alternatives are suitable for
industrial heat recovery, generally. In case of a heat pump waste
heat would be supplied at the lowest temperature level (to the
evaporator) necessitating the additional supply of high-grade heat
energy to the generator. 30 to 70 % more heat (than supplied to
the generator)} can thus be taken from absorber and condenser. The
waste heat can be supplied to the generator, too, of course. At
mean temperature level heat would be emitted to the atmosphere in
this case while the heat to be fed to the evaporator would serve
for refrigeration. The heat transformer, on the contrary, is fed
with mean temperature waste heat. Almost 50 % of the waste heat
can be recovered consuming considerable quantities of high-grade
energy.

HISTORICAL OVERVIEW

The basic idea of heat transformation was developped by E.
Altenkirch as early as 1914 /1/. As with other ideas, he was
trendsetting with this invention, too. In the twenties, the
theoretical idea was translated to practical use in form of the
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so-called Koenemann-transformer, steam converter or pressure
transformer /2/. An alternative solution, the "use of the
Koenemann-transformer for splitting medium-pressure steam to
high-pressure and low-pressure steam" /3/ already was what we call
an open heat transformer today. (Application: heat recovery from
evaporating plants and multistage evaporators) "The realization of
these proposals failed for lack of suitable working fluids

mainly" /4/.

Nesselmann /5/ revived the idea in 1933, and Niedergall /5/ in
1955. Whereas Altenkirch proposed to use the heat transformer for
heating purposes by exploiting the temperature difference between
underground water and outside air /6/ (possibly combined with a
compression heat pump /7/), and whereas Nesselmann favoured the
idea of power-heat coupling /8/, Niedergall /4/ proposed to use
the heat transformer for steam generation in the way we do it
today.

In the late sixties, investigations were made in Siberia using
absorption refrigeration plants for heating and cooling. Under the
test program an absorption refrigeration plant was operated as
heat transformer /9/. In Western Europe, the heat transformer fell
almost completely into oblivion until, in the late seventies, the
topic of energy saving was up again and several European, American
and Japanese scientific researchers took up the development work
again (independently from one another).

During the last few years industrial-scale sorption systems
for heat recovery became increasingly interesting in Europe. In
Sweden /10/, The Netherlands and Germany /11/ plants are being
built or under construction. A1l these plants were built by
Japanese companies except for the plant in Dornten (Germany) which
was built by GEA in cooperation with Kawasaki Heavy Industries.
This heat transformer for an animal carcass plant has been
operated for abt.éz years now to transforg nearly 40 % of the
waste heat of 100°C to useful heat of 145°C. The heat output is 1
MW. Like the other European plants the GEA heat transformer is a
single-stage unit and utilizes the weli-known working fluid
water-LiBr. This pilot plant provided evidence that a heat
transformer is capable of recovering waste heat on industrial
scale /12/.

Lately, several research teams are busy pushing heat
transformer development. Special efforts are being made in Japan,
Sweden, France and the FRG /13/ to suit the heat transformer to
the requirements of industrial application. The present
state-of-the-art and promising new applications shall be presented
in the following paragraphs.

STATE-OF-THE-ART OF HEAT TRANSFORMER

Figure 3 shows a typical heat transformer as built by GEA
three times already. The plant shown is a single-stage heat
transformer (MW-capacity range). Figure 4 shows the structural
details of the heat transformer plant. At present, another plant
of the above type is being installed in a chemical works. The
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Fig. 3: The GEA
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installation of the heat transformer (which will have a useful
capacity of 2.2 MW) is sponsored by the Commission of the European
Communities.
The customary heat transformer is run with the working couple

water-LiBr what involves the following advantages:
- high enthalpy of evaporation of the refrigerant water
- a rectification of the generated vaporized refrigerant is not

necessary
- Tow plant pressure level
- high heat and mass transfer coefficients.

The following features of the working couple water-LiBr are
considered a disadvantage:
- the crystallization max. of the system limits the possible waste
heat temperature 1ift
- the solution is corrosive at high temperatures and necessitates
the use of an inhibitor and 1imits the max. useful temperature

The left column of Table 1 shows the actual heat transformer
applications restricted as explained above. However, as we know
from many inquiries, more universal applications are often
required. The Advanced Heat Transformer is a way to solve this
problem as show the right columns of Table 1. The development of
these Advanced Systems is described in the following paragraphs.

THE HEAT TRANSFORMER l
l I l

i i Working Fluid Working Fluid Working Fluid
‘\:llgirel:‘[‘?.i;md Wu'er‘ -gLiBr‘ Organic Substances Organic Substances

Combination of a Heat

i i Single - Stuge Cycle Transformer and an
Single - Stage Cycle Mutti- Stage Cycle ing ge Cy AL Punp

at Input Temperature
Heat Input Temperature Hegt Input Temperature Heat input emperahre He
7;....1;83( e 50....120°C 50....150°C e.g. 100°C
i i i Temperature Raise
ure Raise Temperature Raise emperature Raise
mK > 50K > 50K eg. 50K
Heat Outpul erperchue

Max.Heat Max, Heat Max. Heat

Output T clure Output Temperature 1. 90°C
%’(')Eléf Temperature 151:) ‘?C lemper L R

ON SALE «—— RESEARCH AND DEVELOPMENT STAGE

EEC - Demonstration Eureka Project EEC - Research and Developl‘r:enf Project
Project " Heat Trunsformer”[ "PACA" “Advanced Heat Transformer

Table 1: State-of-the-art of heat transformer
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ADVANCED HEAT TRANSFORMERS

The above disadvantages of the single-stage water-Li-Br heat
transformer shall be overcome by the development of up-to-date
absorption systems. Developments concern both new working fluids
and multistage designs.

New Working Fluids

A research team of Essen University undertook the task of
finding new working fluids for absorption plant under a
comprehensive research program sponsored by the EEC /14, 15/.
Although the research program concerned new working pairs for
absorption heat pumps mainly, some of the working fluids are
suitable for use in heat transformers, too.

Under the project some 150 different working fluids were
analyzed at least in some respects. Measurements made on the most
promising working fluids concerned steam pressure, density,
viscosity, solubility, thermal stability, phase coincidence,
entha