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ABSTRACT

In industrial applications, large quantities of steam are used and then released into the environment as low

temperature waste heat. To realize a low carbon society, it is important to develop a high performance and a high

temperature waste heat recovery heat pump system utilizing this abundant resource. This study aims to develop a heat

pump system that is able to deliver heat at the maximum temperature of 200 °C with coefficient of performance (COP)

above 3.5. Simulation results indicated that the heat pump system can be realized and a test apparatus was developed.
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INTRODUCTION

Reduction of greenhouse gas emissions is intensely
pursued to realize a low carbon society. However, it is
difficult to implement large reductions of greenhouse
gas emissions while maintaining social and economic
activities.

In recent years, high temperature heat pump systems for
hot water supply and vapor generation have gained a lot
of attention. High temperature heat pump systems have
higher energy-efficiency when compared to boilers and
electric heaters that are conventionally used in industrial
heating processes. Moreover, high temperature heat
pump systems can utilize waste heat from industries by
lifting the temperature of a waste heat medium high
enough. This medium can then be reused in heating
processes in factories. High temperature heat pump
systems, therefore, can largely contribute to effective use
of energy and reduction of greenhouse gas emissions.

These heat pump systems have many advantages, but
are still not that popular technology because of long
payback time.

The maximum supply temperature of present system is
about 165 °C, and the COP of the system is 2.5[1].

This study aims at elevating both the maximum supply
temperature and COP of the high temperature heat pump

system in order to cover wider range of applications and
accelerate their use in the industry.

Therefore the initial aim of this research is to develop a
high temperature heat pump system which is able to raise
the temperature of a heating medium from 80 °C to 160
°C with a COP of more than 3.5. The final goal is raising
the temperature of the heating medium from 80 °C to 180
°C with the same COP of more than 3.5. In order to
achieve this objective, suitable working refrigerants
were considered and heat pump cycle simulations were
carried out. In addition a prototype heat pump system
with compressors and heat exchangers for high
temperature and pressure application were fabricated to
establish essential technology of the system.

This paper reports on the technology development and
fabrication of a 300 kW heating capacity prototype
system.

TARGET SYSTEM

A summary of the targeted high temperature heat pump
system is given below.

The heat source of the target system is hot water at
approximately 80 °C which is exhausted from factories
as a waste heat. The waste heat is extracted by the
evaporator as the heat source to evaporate the refrigerant



which is then compressed and heated to about 200 °C in
the compressor. A transcritical cycle is adopted for this
system because discharged gas from the compressor is at
super critical condition. A transcritical system can be
more easily adopted to operate in large temperature
difference between heat source and heat sink.

The flow diagram of the system is shown in Fig.1. The

system mainly consists of heat exchangers, a compressor,

expansion valve and connecting pipes.

The heat exchangers are an evaporator, a gas cooler and
a internal heat exchanger. The heating medium flowing
through the gas cooler is thermal oil (Thermoil 34AH)
with flash point temperature of more than 250 °C which
is classified as nonhazardous material by the fire service
act.

Butane (R600) was chosen as working fluid after
comparison of theoretical cycle calculations of several
working fluids, GWP and availability in the market.

In the previous study of this project, Oil free turbo
compressors and heat exchangers designed at 6 MPa and
200 °C were tested. Heat transfer rates and pressure
drops were measured and compared with calculated
results for the heat exchangers [2,3].

In addition thermodynamic properties such as pressure-
volume-temperature property and critical points of
candidate HFO refrigerants for high temperature heat
pumps were also measured [4,5].
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Fig.1 Schematic diagram of the heat pump system

SYSTEM SIMULATION

A system simulation tool was developed to the design
the heat pump cycle, optimize configuration of the test
apparatus, and to evaluate control method for unsteady
state. A general purpose energy system simulation
software EnergyFlow+M[6] was used to calculate the
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heat pump cycle performance.

To confirm the performance of the high temperature
heat pump system, simulation was carried out at both the
rated design and off-design conditions. During
simulation, heating capacity was varied by changing the
compressor speed.

The COP was calculated from equation (1).

hgas,out - hgas,in

COP =

1)

hcomp,out - hcomp,in

Fig.2 shows the p-h diagram of the heat pump cycle in
relation to compressor speed while Fig.3 shows COP in
relation to heating capacity. Fig.3 also shows that the
final goal of heating the medium from 80 °C to 180 °C
with a system COP of more than 3.5 can be achieved.

10 T

| 1140
160
180
200

g V“

= Q

21 & e e e e
= 7\ | 1 1 | !
2 y AR | NN N I—
a A I T
E — B - Compressor speed 110/ \ \ l \ \ \\ \

— @®— Compressor speed 90% \) \ l\ l]

/|
——a— Compressor speed 100/ \ \

200 400 600 800 1000
Specific enthalpy h k/kg

Fig. 2 Simulation result (ph diagram)
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DEVELOPMENT OF TEST APPARATUS

A test apparatus was fabricated based on simulation
results. The prototype was designed to heat thermal oil
from 100°C to 180 °C. This design temperature was



decided by considering the first and the final objective
goal. In comparison to the first objective of heating from
80°C to 160 C, the higher design temperatures will
enable analysis of thermal resistances of the components
and materials as well as heat losses from the components
and its effect on COP. This will be beneficial in
preparation for the final target of heating from 80°C to
180°C.

A schematic diagram of the test apparatus is shown in
Fig.4. Specifications of the test apparatus are given in
Table 1. The working fluid is R 600 (butane) which is
flammable. Therefore, the test apparatus is explosion
proof and enclosed in a casing with active ventilation. A
Picture of the casing and prototype is shown in Fig.5.
The size of enclosure is L4800xW2200x H2275.

The compressors are oil free centrifugal type
compressors, which use active magnetic bearings. The
system uses two sets of compressors. The first set is the
low pressure side compressor with two stage
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compression and the second set is the high pressure side
compressor with single stage compression. The
compressors were newly designed for operating at high
temperatures and high pressure conditions. Pictures of
the two compressors are shown in Fig.6 and Fig.7
respectively.

The gas cooler with a capacity of 300 kW consists of
two heat exchangers with 140 plates connected in
parallel. The heating medium used is thermal oil
(thermoil 34AH) and exchanges heat with the refrigerant
in super critical state. It is heated from 100 °C to 180 °C.

The heat source is hot water, the assumed waste heat
from factories at 80 °C.

Super heat, heat capacity and discharge pressure are
controlled during operation. Super heat is controlled by
the expansion valve while heat capacity is controlled by
varying the speed of compressors and discharge pressure
is controlled by refrigerant flow using a refrigerant tank
connected to the heat pump system.
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Fig.4 Schematic diagram of the test apparatus



Table 1. Specifications of test apparatus

Type Brazed plate
Gas cooler ]
Capacity 300 kw
Type Centrifugal
Compressor
Qil Oil free
Refrigerant R600
Design pressure 5.7 MPa
Low pressure
45,000 rpm
Rotation compressor
frequency High pressure
70,000 rpm
compressor
Thermal oil inlet temperature 100 °C
Thermal oil outlet temperature 180 °C
Hot water inlet temperature 80 °C

(b) Inside
Fig.5 Test apparatus of high temperature heat pump

(@) Casing

Fig.7 High pressure
compressor

Fig.6 Low pressure
compressor

CONCLUSIONS

This project aims to develop the high temperature heat
pump system which is able to lift the heat from 80 °C to
180 °C with a COP of more than 3.5. Simulation results
showed that the initial target of heating the medium from
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80 °C to 180 °C with a system COP of more than 3.5 can
be realized.

Performance evaluation of the prototype high
temperature heat pump system will be carried out.
Compressors and heat exchangers will then be optimized
using the experimental results. In addition, application of
other nonflammable refrigerants will be considered since
R 600 used as the working fluid in this study is
flammable.
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NOMENCLATURE
COoP . Coefficient of performance
Subscripts
comp . Compressor
gas . Gas cooler
In o Inlet
Out : Outlet
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In industrial applications, large quantities of steam are used and then released into the environment as low
temperature waste heat. To realize a low carbon society, it is important to develop a high performance and a high
temperature waste heat recovery heat pump system utilizing this abundant resource. This study aims to develop a
heat pump system that is able to deliver heat at the maximum temperature of 200 °C with coefficient of performance
(COP) above 3.5. Simulation results indicated that the heat pump system can be realized and a test apparatus was

developed.
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Fig.1 Schematic diagram of the heat pump system
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Table 1 Specifications of test apparatus

Type Brazed plate
Gas cooler ]
Capacity 300 kw
Type Centrifugal
Compressor ] ]
Oil Oil free
Refrigerant R600
Design pressure 5.7 MPa
Low pressure
. 45,000 rpm
Rotation compressor
frequenc High pressure
a Y anp 70,000 rpm
compressor
Thermal oil inlet temperature 100 °C
Thermal oil outlet
180°C
temperature
Hot water inlet temperature 80 °C

(d) Inside
Fig.5 Test apparatus of high temperature heat pump

(c) Casing

Fig.6 Low pressure
compressor

Fig.7 High pressure
compressor
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NOMENCLATURE
COP . Coefficient of performance
Subscripts
comp : Compressor
gas . Gas cooler
In . Inlet
Out : Outlet
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