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ABSTRACT

The industrial heating process has conventionally used steam generated by combustion of fossil fuels for heat
treatment in heating, drying, sterilization, and other processes. To decarbonize and electrify the steam generation
process, an industrial steam generation heat pump that uses a low GWP refrigerant which is also non ozone depleting,

and has low flammability and toxicity was developed.
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1. INTRODUCTION

Japan aims to achieve carbon neutrality (CN) by 2050
and is working to decarbonize its energy supply and
demand structure and promote thorough energy
conservation. Heat pump technology is expected to play
an important role in electrification at high temperatures
in the industrial sector. Wide use of heat pump
technology is an important pillar for the achievement of
Japan's carbon neutrality, as it enables a significant
reduction of CO2 emissions in the heat sector if pursued
in parallel with the decarbonization of electricity.

In the industrial sector such as factories, steam boilers
are widely used to generate heat used in various heating
applications such as water heating, cleaning, sterilization,
drying, boiling, steaming, fermentation and brewing,
direct heating, etc., with a high demand for heat below
200 °C.

If a steam generation heat pump capable of generating
steam above 140 °C is developed as an alternative to
steam generated by fossil fuel combustion, it would be
possible to construct all-electric and boiler-less factories.
Steam generation heat pumps are currently available in
Japan, but they are limited to system applications that use
refrigerants with high global warming potentials of 1000
or more, resulting in large environmental impacts. This
project, therefore, aims to develop an industrial steam
generation heat pump that can supply high temperatures
using a green refrigerant with low environmental impact,
and promote energy conservation and electrification of
factories with high heating demand.

2. STEAM GENERATION HEAT PUMP SYSTEM
OVERVIEW
(1) System flow

The system is mainly divided into two parts, the steam
generation heat pump and flash tank. The main
components of the heat pump part are the compressor,
condenser, sub cooler (1) (for heating supply water to the
flash tank), sub cooler (2) (for providing water for

process heating), liquid-gas heat exchanger, expansion
valve and evaporator.

As shown in Fig.1, the refrigerant in the heat pump
exchanges heat with heat source water in the evaporator
and evaporates, the evaporated refrigerant then flows to
the liquid-gas heat exchanger where it is further heated
by the hot refrigerant liquid to ensure superheated
refrigerant enters the compressor. In the compressor, the
refrigerant gas is compressed to high temperatures and
pressure before being sent to the condenser. In the
condenser the refrigerant exchanges heat with hot water
from the flash tank and condenses. The condensed
refrigerant further exchanges heat with supply water in
sub cooler (1) and sub cooler (2) before being sent to the
liquid-gas heat exchanger where again it is further sub
cooled. The sub cooled refrigerant flows to the
expansion valve where it is expanded to low
temperatures and pressure before being sent to the
evaporator again.

Hot water held in the flash tank is supplied to the
condenser by a pump. Hot water exchanges heat with the
refrigerant in the condenser and its temperature is
elevated before being returned to the flash tank. In the
flush tank, steam is generated. Steam generated in the
flush tank is supplied for process heating from the top of
the tank while the remaining hot water is stored at the
bottom of the tank and resupplied to the condenser for
reheating.

During process heating, the amount of hot water in the
flash tank decreases because steam is generated and
supplied form the tank. To control the amount of hot
water in the flash tank during steam generation, supply
water of the same volume as the amount of steam
supplied from the flash tank is supplied to the flash tank
after being heated in sub cooler (1).

The system can also generate hot water for processing
heating in sub cooler (2) while simultaneously
generating steam. The temperature of hot water from sub
cooler (2) and the amount are independently controlled.
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Fig.1 Steam Generation System

Figure 1 shows a simple flow of the steam generation
system. The heat pump, on the left side of figure 1 is
housed in a machine casing (components within the grey
rectangle), while the flash tank is installed outside the
machine casing. Supply water to the sub coolers, hot
water to the condenser and heat source water to the
evaporator are connected to the heat pump by piping.
Figure 2 shows an external view of the unit.

Fig.2 Unit Exterior Appearace

(2) System specifications

The heat pump system uses HFO1336mzz(Z) as the
refrigerant to recover heat from the source water and
dissipate it in the condenser to produce hot water for
steam generation. HFO1336mzz(Z) is used because of its
low environmental impact and high safety. A standard
screw compressor was modified with special
specifications to satisfy the high temperature
requirements needed for steam generation heat pumps

using this refrigerant. The maximum discharge
temperature of the compressor is 180°C.

The design conditions are to supply 140°C steam at
300 kg/h with a condensation temperature of 150°C and
an evaporation temperature of 75°C, with a target COP
of 3.0. Heating capacity is defined as the total amount of
heat derived from the condenser, sub cooler (1) and sub
cooler (2).

To satisfy the conditions mentioned above, a standard
model compressor was selected and modified. The main
heat pump components, the evaporator, condenser, sub
coolers, liquid-gas heat exchanger, expansion valve and
flash tank were designed and fabricated. Table 1 shows
the heat pump specifications.

Table 1 Heat Pump Specifications

Item Conditions/Specifications

Water source steam

Type generation heat pump
Refrigerant HFO1336mzz(7)
%“ Type Oil-injected screw
© Specification Max. discharge temp.180°C
Steam generation Flush tank method
2 Cond. Temp. 150°C
Z_% Eva. Temp. 75°C
§ Heat capacity 200~300kW
go Steam temp. 140°C
& | Steam flow rate 300~350kg/h
Target COP 3.0




3. TEST METHOD

To verify the performance of the steam generation heat
pump, a test facility was fabricated. The test facility was
designed to test the performance of the heat pump system
under various conditions of condensation and evaporation
temperatures, refrigerant and water flow rates of both
sources. Table 2 shows temperature conditions under
which tests were conducted.

Table 2 Test Temperature Conditions

Item Conditions
Condensation temperature 115~150°C
Evaporation temperature 50~75°C
Suction superheat temperature 17~42°C
Heat source water temperature 60~90°C
Steam temperature 110~140°C

Heat capacities on the refrigerant side of the heat pump
system as well as the steam side of heat generation system
were calculated as the product of the enthalpy differences
Ah [kJ/kg] and mass flow rates in each component of the
system. The enthalpies were calculated from the measured
values of the pressures and temperatures measured at the
inlet and outlet of each component and the flow rate was
measured by a flow meter. The capacities at the water side
were calculated from measured temperatures at the inlet
and outlet of the heat exchangers, calculated mean specific
heat [kJ/kg-K] over the heat exchangers and water mass
rate [kg/s] measured by flowmeters. The Compressor
power [kW] was measured by an electric meter.
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4. TEST RESULTS
(1) Design condition test results

Figure 3 shows the test results under design conditions.

When operated under the following conditions: heat
source water inlet temperature of 86°C, heat source water
outlet temperature of 79°C, and supply water inlet
temperature of 81°C for sub coolers (1) and (2), the flash
tank could supply 330 kg/h of steam at 140°C and sub
cooler (2) could supply 6.4 t/h of hot water at 92°C. In this
case, the total heating capacity of the condenser, sub
coolers (1) and (2) was 317 kW, while the compression
power was 107 kW and the heating COP was 3.0. It was,
therefore, confirmed that this system can provide a stable
supply of 140°C steam.

The system shown in Figure 3 can generate steam and
hot water simultaneously, but there may be cases where
hot water is not required. Figure 4 shows test results when
sub cooler (2) is not used.

When the system was operated under the following
conditions: heat source water inlet temperature of 85°C,
heat source water outlet temperature of 80°C, and sub
cooler (1) supply water inlet temperature of 80°C. The
flash tank was able to supply 362 kg/h of 140°C steam.
Although the total heating capacity and heating COP are
lower than those of the system shown in Figure 3, it was
confirmed that stable operation is possible even with a
system requiring steam only.

(2) Variable temperature condition test results

Tests were conducted to confirm changes in heating
capacity and steam supply when evaporation and suction
superheat temperatures were varied.

Figure 5 shows test results at various evaporation
temperatures, while Figure 6 shows results at various
suction superheat temperatures.
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Fig.3 Test results under design conditions
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Fig.4 Test results under design conditions (Sub cooler (2) not used)

With various evaporation temperature tests, the heating
capacity ranged from 110 to 216 kW while steam supply
rate varied from 179 to 358 kg/h. The evaporation
temperatures varied from 51 to 78°C while steam supply
was kept at 140°C. Under the experimental conditions
mentioned above, increments in evaporation temperatures
of3t0 5°C resulted in an increase in heating capacity and
steam supply rate of 10 to 15%. As a result, the heating
capacity and steam supply at the evaporation temperature
of 78°C were approximately twice as much as those at
51°C.

In various suction superheat temperature tests, the
heating capacity ranged from 191 to 221 kW while steam
supply ranged from 310 to 362 kg/h. Suction superheat
temperature was varied from 17 to 42°C while steam
supply was kept at 140°C. Increments in suction superheat
temperatures of 3 to 5°C showed slight increments in
heating capacities and steam supply rates, 2 to 5%.

Figures 5 and 6 show that high evaporation
temperatures and compressor suction superheat
temperatures give high heating capacities and steam
supply rates.
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Fig.5 Evaporation temperature variable test result
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5. CONCLUSION

In this study, an industrial steam generation heat pump
using a low GWP refrigerant HFO1336mzz(Z) was
developed and experiments confirmed it can supply
140°C high temperature steam stably. In tests under
design conditions, a heating COP of 3.0 was achieved, and
it was demonstrated that the heat pump can also generate
hot water for process heating at the same time. Changes in
heating capacity and steam supply rate under various
evaporation temperatures and compressor suction
superheat temperatures were evaluated, and it was shown
that system performance can be improved by optimizing
the operating conditions.

This system is expected to be widely used as an
environmentally friendly heating technology that replaces
the conventional fossil fuel steam supply systems,
contributing greatly to decarbonization, electrification,
and energy conservation in the industrial field.

This paper is based on results obtained from project,
JPNP21005, subsidized by the New Energy and Industrial
Technology Development Organization (NEDO).
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The industrial heating process has conventionally used steam generated by combustion of fossil
fuels for heat treatment in heating, drying, sterilization, and other processes. To decarbonize and electrify the steam
generation process, an industrial steam generation heat pump that uses a low GWP refrigerant which is also non
ozone depleting, and has low flammability and toxicity was developed.
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Table 1 Heat Pump Specifications
Item Conditions/Specifications
Type Water source steam
generation heat pump
Refrigerant HFO1336mzz(Z2)
g‘ Type Oil-injected screw
o Specification Max. discharge temp.180°C
Steam generation Flush tank method

2 Cond. Temp. 150°C

:§ Eva. Temp. 75°C

§ Heat capacity 200~300kW

& Steam temp. 140°C

gg Steam flow rate 300~350kg/h

Target COP 3.0
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Table 2 Test Temperature Conditions

Item Conditions
Condensation temperature 115~150°C
Evaporation temperature 50~75°C
Suction superheat temperature 17~42°C
Heat source water temperature 60~90°C
Steam temperature 110~140°C
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Fig.3 Test results under design conditions
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