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Nomenclature

A The upper limit of the measuring range

f: Pressure loss per unit length (kPa/m)

g: Gravitational acceleration (m/s?)

H: Total head loss through system (m)

k: Turbulent kinetic energy (m?/s?)

ks: Equivalent sand-grain roughness height (m)

L: Total length of the piping system (m)

Ap: Pressure loss of entire hydronic system (kPa)

Pp;: Pump inlet pressure (kPa)

Pyo: Pump outlet pressure (kPa)

P;: Theoretical power requirement of pump (W)

AP, : Total pressure loss of entire hydronic system for pump in branch pipe 1 (kPa)
AP,,: Total pressure loss of entire hydronic system for pump in branch pipe 2 (kPa)
AP,,: Total pressure loss of entire hydronic system for main pump (kPa)
R: Virtual resistance (kPa)

ARy : Virtual resistance in branch pipe 1 (kPa)

ARy,,: Virtual resistance in branch pipe 2 (kPa)

ARy _po: Virtual resistance between branch pipes 1 and 2 (kPa)

AR,,: Virtual resistance in main return pipe (kPa)

V: Volumetric flow rate (L/min)

Vp1: Volumetric flow rate in branch pipe 1 (L/min)

Vp2: Volumetric flow rate in branch pipe 2 (L/min)

Vi Volumetric flow rate in main pipe (L/min)

Subscripts
ac: air conditioning

b;: Branch Pipe 1



b>: Branch Pipe 2

b2 Between Branches 1 and 2
eg: extraction from ground
fh: floor heating

fit: Pipe fittings

hw: hot water

in: inlet

m: Main pipe

out: outlet

str: Straight pipe

Sys: system

w: water

wl: water loop

Greek letters

y: Accuracy grade (%)

&: Turbulent dissipation rate (m?/s®)

u: Dynamic viscosity of the fluid (Pa-s or kg/m-s)
v: Kinematic viscosity of the fluid (m?/s)

p: Fluid density (kg/m?)

T: Shear stress (Pa)

abbreviations

ACHP: air conditioning heat pump
CFD: computational fluid dynamics
COP: coefticient of performance
Cu: copper

EER: energy efficiency ratio
FHHP: floor heating heat pump

GHX: ground heat exchanger



HP: heat pump

HVAC: heating, ventilation and air conditioning
HWHP: hot water heat pump

NREL: national renewable energy laboratory
PCM: phase change material

PE: polyethylene

PID: proportional-integral—derivative

PV: photovoltaic

PVC: polyvinyl Chloride

SSHP: sky source heat pump
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Background

Current status of renewable energy application for

buildings

The energy input for building operations is mainly composed of fossil fuel-based energy carriers. It,
therefore, accounts for a large proportion of global greenhouse gas emissions (~30% of the total
worldwide emissions)[1-3]. Although the exact quantity varies by country and region, energy use
in buildings is thought to constitute 35-40% of global energy usage[4—7]. Driven by developing
countries' increasing demand for more energy, extensive use of energy-consuming equipment, and
the rapid growth of global building construction area, the energy demand of buildings and buildings
continues to grow[8]. Thus, to decrease the energy demand and its related emissions, significant
effort has been focused on boosting renewable energies and improvement of energy efficiency in

building operations such as heating and cooling.

Industry —

_——

//—’\/I’_ﬁmww‘
/ Residential

Non-energy use

——— Commercial and public services

Non-specified
Agriculture / forestry

T T T T T T T T T T T T T T
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Figure 1. 1 World total final energy consumption (TFC) by sector from 1990 to 2017[9]

However, the growth of floor area and population exceeds the improvement of energy efficiency,
leading to strong growth in energy consumption in significant construction industries. Still, the
growth of the floor area under current conditions continues to be out of line with increasing global
energy demand[10]. As shown in Figure 1. 1, for the world total final consumption by sector from
1990 to 2017, various reasons such as extreme weather result in the increasing energy demand for

heating and cooling in almost every country, the energy consumption of the construction industry
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represented by residential has increased by as much as 30%. According to the latest research report
of International Energy Agency (IEA), due to the widespread use of traditional inefficient energy
supply technologies such as coal, the lack of effective policies and insufficient investment in the
development of sustainable energy application in the building sector, the energy and building

industry has great potential and needs to be developed[11,12].

Coal

Natural gas

Biofuels and waste

Nuclear

Hydro

0 Wind, solar, etc.
v T T T T T T T T T T T T
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

Figure 1. 2 World total primary energy supply (TPES) by the source from 1990 to 2017[9]

Figure 1. 2 shows the world total primary energy supply (TPES) by the source from 1990 to 2017,
which will be statistical analysis by IEA every year. Based on this result from 1990 to 2017, it
indicates that if we focus on the world's overall energy supply, we can see that traditional fossil
energy represented by oil, coal, and natural gas still occupies a significant position in the supply
chain. It is worth noting that the use of biofuels and waste heat has gradually increased in recent
years. However, although renewable energy sources such as wind and solar are also growing, their
share of the overall energy supply is still meager[13]. Therefore, the energy and emissions savings
potential remain untapped, mainly because of the continued use of less efficient technologies. A
drastic shift towards clean energy technologies such as heat pumps and solar thermal heating is
needed to achieve sustainable development goals.

Heat accounts for 50% of global final energy consumption in 2018 and is the largest end-use of
energy, accounting for 40% of global carbon dioxide (CO>) emissions. Approximately 46% of the
total heat generated is consumed in buildings for heating spaces and water. Especially in modern
society, heating and cooling are the main components of building aggregate energy demand[14,15].

In recent years, due to the ever-changing extreme weather, the building's energy demand for heating
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and cooling has increased. However, due to the limited introduction of renewable energy, the use of
fossil fuel-based heating equipment has been used. Also, the growing demand for cooling is
affecting power generation and distribution capabilities, especially during peak demand periods and
extremely high-temperature events. As shown in Figure 1. 3, which indicates the year-to-year trend
of heat from renewable energy and waste, the heat from geothermal and solar thermal energy is not
used on a large scale, and these parts are very suitable heat sources for the heating of buildings[15].
Through reasonable heat pumps and energy storage technologies, a stable and efficient operation
can be guaranteed for building heating purposes. The scorching weather makes a must for people to
keep air conditioning for cooling use; this phenomenon is especially noticeable in tropical regions.
Through soil heat storage, the cross-peak ice thermal storage application, it can help alleviate the

electricity demand of air-conditioning cooling during peak hours.

Primary solid biofuels

S~ T

Industrial waste

Liquid biofuels g olar thermal BI0985€5
T T T T T T

T T 1 T
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

Figure 1. 3 World heat generation from renewables and waste by source from 1990 to 2017[9]

As shown in Figure 1. 4, due to two oil shocks in the 1970s, energy conservation progressed mainly
in the manufacturing industry, and the development of energy-saving technologies also flourished
in Japan. While crude oil prices remained low throughout the 1990s, energy consumption increased
mainly in the household sector and business sector. After the mid-2000s, the cost of crude oil rose
again, and the final energy consumption peaked in 2005, showing a downward trend. From fiscal
2011 onward, the number has decreased further due to increased awareness of power-saving since
the Great East Japan Earthquake. In 2017, the final energy consumption increased for the first time
in seven years, as real GDP increased from 2016, and heating demand increased due to the severe

winter compared to the previous year[16].
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Figure 1. 4 Changes in final energy consumption and real GDP of Japan from the 1970s[16]

Figure 1. 5 shows the changes in energy consumption per household and energy consumption by
application in Japan. The household energy consumption can be divided into five methods: cooling,
heating, domestic hot water supply, cooking, power, and lighting (use of home appliances). The
share in 1965 was in the order of hot water supply, heating, power/lighting, etc., and then air
conditioning, but due to the spread, upsizing, and diversification of household appliances and
changes in lifestyles, the share for power/lighting has increased.

Besides, due to the popularization of air conditioners, cooling applications have increased, while
the demands for heating, cooling, and hot water supply have been relatively reduced. As a result,

the market share for power and lighting, etc. in fiscal 2016 was in the order of hot water supply,

heating, air conditioning, and air conditioning[17].
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Figure 1. 5 Changes in energy consumption per household and energy consumption by

application in Japan[17]
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Overall, the building sector accounts for a large portion of total energy-related CO, emissions,
mainly due to emissions from the power generation of buildings used for cooling and heating and
lighting. In recent years, the construction area has increased, and the demand for energy services
has, therefore, continued to grow; the electricity consumption has also increased. With the
acceleration of urbanization and the impact of extreme weather, the increasing demand for air
conditioning and other equipment has put pressure on the power system.

Because of the utilization of heat pumps in buildings and industries, the increase in energy
conversion efficiency keeps the power demand for other end uses (such as lighting and cooling)
relatively stable, resulting in improved power supply worldwide. Therefore, integrating more

renewable energy into the energy system will become the key to solving energy problems.

Development of renewable energy technologies for

sustainable and energy-efficient building

As mentioned in the previous section, appropriate energy measures are also essential for energy
supply stability and security issues, and the reduction of greenhouse gas emissions. It is expected
that the significant use of renewable energy will be the key to solving these problems. Generally,
the use of renewable energy imagines the creation of electricity, such as solar power generation and
wind power generation. Still, renewable energy for heat utilization, such as solar heat and
geothermal heat, has an enormous endowment; renewable energy for heating and cooling purpose
is also essential as power generation. However, modern renewable energy such as solar energy,
geothermal energy, etc. (biomass energy excluding traditional uses) only met 10% of global thermal
demand in 2018[11,12].

As shown in Figure 1. 6, bioenergy accounts for a large portion of the total renewable energy heat
consumption, while solar thermal is only a small part. To achieve higher penetration of renewable
energy and improve energy efficiency, especially in the building sector, to increase the use of
renewable energy in the field of heating, and to improve energy efficiency in buildings and industries
have become very important. This same goal as sustainable development can be achieved by
increasing solar heat and geothermal utilization in building energy systems in the modern city

energy supply system.
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Figure 1. 6 World renewable heat consumption from (2007-2024)[9]

Figure 1. 7 shows the heating technology sales in the Sustainable Development Scenario by IEA
from 2010 to 2030. Since 2010, sales of heat pumps and renewable heating equipment (such as solar
water heating systems) have continued to grow by about 5% each year. However, fossil fuel-based
equipment still accounts for more than half of sales, while traditional electric heating equipment
with lower efficiency has increased by another 30%. In order to achieve the goal of renewable
development, the share of heat pumps and renewable heating must continue to grow globally.

Heat pumps can still only meet less than 3% of global heating demand in buildings. But at the same
time, the installed solar thermal capacity has increased substantially, almost equivalent to the
installed solar photovoltaic capacity. Many countries use solar energy as part of their heating
measures for sustainable heating of buildings. The field of application is also constantly expanding
to change the industrial and regional energy infrastructure. However, on a global scale, solar thermal
technology only met 2.1% of space and water heat demand in 2018. For the growth in renewable
energy consumption for space heating purposes (Figure 1.8), we can know that although the
application of renewable heat such as geothermal energy in the construction field remains at a low
level, this takes up a large part of the energy consumption of the building [18,19].

The energy supply of buildings mainly depends on fossil fuels, which account for 25% of global
greenhouse gas emissions. The source of energy is a factor that cannot be ignored at the beginning
stage of energy system design[20,21]. Heat pumps are attracting attention as an essential technology
to solve this problem, and renewable energy sources such as solar and geothermal heat that have

less impact on the environment can be used as heat sources for buildings using heat pumps[22-25].
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Figure 1. 7 Heating technology sales in the Sustainable Development Scenario (2010-2030)[9]
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Figure 1.8 Growth in renewable energy consumption for heat (2013-2024)[9]

Correctly, the utilization and integration of solar and geothermal heat play an essential role in the
improvement of the efficiency and stability of building energy systems. Photovoltaic panels (Figure
1. 9) and systems that use solar panels and geothermal heat exchangers to introduce solar energy
and geothermal energy into building utilization have received more and more attention this year.
However, as described above, many traditional heat pump systems only used one type of renewable
energy sources such as geothermal heat or air heat to meet the demand for heating and cooling in
buildings[26—30]. Although such a single source heat pump system has contributed to the reduction
of the energy consumption of the building, each renewable energy source such as solar heat and
geothermal heat has advantages and disadvantages according to its characteristics. For example,

since solar heat is intermittent and uncertain, it is difficult to use it alone as a stable heat source,
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geothermal heat has a steady output, but the available amount is limited.

Through the complementary use of different renewable energy sources, the development of a stable
and efficient renewable energy supply system can solve the current and future building energy
problems (example is shown in Figure 1. 10). Such technologies and attempts will play an essential
role in the improvement of future urban energy systems and the achievement of the smart and

flexible city (the introduction of renewable energy, low-temperature heating, and electric-heating).

DHW

DHW tank

Electric heater

Q/
e

Air-to-water
heat pump

Il

Space heating loop

Hot water storage

Figure 1.9 A schematic drawing of the thermal part of the building energy system.[24]

Figure 1. 10 Integrated system of the photovoltaic system and geothermal heat pump for

residential buildings.[23]

Research objectives

As mentioned before, conventional renewable energy heat utilization systems have problems in
efficiency and introduction cost and are currently not widely used in comparison with the actual
amount. It is crucial to improve the performance of the renewable energy heat utilization system

and reduce the introduction cost.
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Therefore, in this research, we plan to develop a new distributed heat pump system that can utilize
various types of renewable energy. By this kind of structure, we can add a variety of renewable
energy into the system through the water circulation loop. It is possible to take these renewable
energy sources as heat sources for heat pumps, which can effectively provide cooling, heating, and
domestic hot water supply at the required temperature in buildings.

Specifically, the objectives of this research can be concluded as follows:

(1) the development and improvement of the prototype of each component such as water loop, sky
source heat pump, water source heat pump for different purposes, and the whole system;

(2) the performance evaluation of each heat pump machine and the overall operating performance
of the whole system by field testing under different conditions, including winter, summer, and
intermediate period;

(3) Validation and accuracy evaluation of pressure drop and temperature analysis in the piping
system based on CFD method by comparing with experimental data;

(4) the development of system modeling suitable for this novel system based on the Modelica
language. This modeling makes it possible to evaluate the performance of the system, optimize the
operation, and redevelop the system under different operating conditions, control methods, and

locations.

Originality of this study

(1) As the originality of this study, a novel distributed water-source heat pump system that can
utilize multiple kinds of renewable energy was proposed based on daily cycle operation at a
residential scale.

(2) Then, the heating and cooling operation performance were first evaluated under different
conditions based on field testing using a residential scale test building.

(3) Besides, a CFD method for predicting pressure loss and temperature in the piping system
including ground heat exchanger was implemented, and the accuracy was assessed.

(4) Moreover, this study first developed a Modelica based modeling for this distributed heat pump
system for further improvement and optimization, the validity, and accuracy were evaluated by

comparing with experimental data.
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Thesis structure

The flow chart below demonstrated the structure of this thesis. This thesis is briefly divided into six
sections: introduction; application of heat pump system in building for energy conservation;
fundamentals of distributed water source heat pump system using renewable energy; evaluation of
the performance of the heat pump system; validation of pressure and temperature prediction in the
piping system based on CFD; and Modeling and simulation of distributed water source heat pump
system using renewable energy with Modelica. This thesis is divided into seven chapters.

The Chapterl introduction describes the research background and the purpose of this thesis.

To have a better understanding of the concept and design of this system, we review the related
research of different heat pump systems in Chapter2, analyze the existing problems, and explain
how the heat pump system proposed in this study solves these problems.

Next, In the Chapter3, we demonstrate the principle and concept of this system in detail. After that,
the development of each component that constitutes this system will be described, including the
water loop system, each heat pump, and geothermal heat exchanger.

Then, we detailed demonstrate the field testing and experimental performance analysis of the
proposed heat pump system in Chapter4. Here, we conduct field testing in winter, summer, and
interim period. Based on the experimental results, the heating and cooling performance of this
system were tested and evaluated detailedly. The results under different conditions were also
collected for modeling and simulation in the next chapter.

In Chapter5, we firstly review a previous study of pressure drop analysis in the piping system based
on the CFD method. Then, we discuss and validate the accuracy of the prediction of pressure loss
and temperature in the piping system of the RE house based on the CFD method.

Then, in Chapter6, we work on modeling and simulation of the distributed heat pump system based
on Modelica language. We firstly review the methods and tools for building energy system modeling
and introduce the principle of Modelica language. Then, based on the experiment, we conduct the
modeling of the proposed heat pump system and validate its validity and accuracy by comparing it
with experimental data.

Finally, Chapter7 summarizes all the critical points in this thesis and describes future subjects about

this research.
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Chapter 1 Introduction
=  Background
= Research objectives

Chapter 2 Application of heat pump system in building for energy conservation

= Air source heat pump system
= Geothermal heat pump system
= Solar assisted heat pump system

¥

=  Concept and development of distributed water source heat pump system

=  Construction of water loop including initial cost and pumping system

=  Development of sky source heat pump, water source heat pump for floor heating, air
conditioning and domestic hot water supply

=  Overview of double helical ground heat exchanger

¥

Chapter 4 Experimental performance analysis of distributed heat pump system using renewable

energy

=  Winter experiment and | ®

performance analysis of
sky source heat pump,
floor heating heat pump
and whole system on
sunny/cloudy day, and

one month.

Summer experiment and | =

performance analysis of
sky source heat pump, air
conditioning and
domestic hot water heat
pump and whole system

in July.

Interim experiment and
performance analysis of
sky source heat pump, air
conditioning and
domestic hot water heat

pump in November.

¥

Chapter 5 Pressure and temperature analysis of piping system based on CFD

Previous study of pressure drop analysis in piping system based on CFD method
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Summary

This chapter demonstrates the research background, research objectives, originality of this research,
and the overall structure of this thesis. In a modern city where energy is becoming more precious,
the use of renewable energy and the vitality and transformation of energy systems has become an
inevitable trend of the future energy system. In this context, this study proposed a heat pump system
designed to utilize multiple renewable energy sources, providing an idea and possibility for the next
generation building or district energy or heat supply systems. Our purpose is to verify the feasibility
and performance of this system through field testing and to build a suitable system model, which
can optimize the system composition and control strategy for further explore the performance under
different conditions. This thesis reports the detailed system development process and field testing

based verification, as well as the modeling of the heat pump system.
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2.1 Background

With the electrification of heat in buildings (through electric heaters and heat pumps) and the
increasing share of renewable energy in power generation, renewable energy has become the largest
source of renewable heat absorption in buildings in the past decade. New technology solutions such
as hybrid heat pumps can help improve the overall energy efficiency of heating equipment, ensuring
performance even under extreme conditions. High-performance deep energy renovation of air
source, geothermal, and hybrid heat pumps play a crucial role in achieving those energy savings and
emissions reduction.

In this chapter, we will briefly introduce the principle of heat pump, and review the application and

research of heat pump technology in the construction field in recent years.

2.2 Heat Pump Basics

Generally speaking, a heat pump, also known as refrigerator, is an efficient heating device based on
the second law of thermodynamics, which can transfer energy from low-temperature source to high-
temperature source. The sum of the energy it can provide to the high temperature is greater than the
energy required for its operation. The extra heat is obtained from the lower temperature source under
the action of its operation.

The heat pump uses a low-boiling liquid to decompress through a throttle valve and then evaporates.
It absorbs heat from a lower temperature source, and then compresses the steam through a
compressor to increase the temperature. After passing through the condenser, it releases the
absorbed heat and liquefies, then returns to the throttle. Such cyclic work can continuously transfer

heat from a place with a lower temperature to a place with a higher temperature.
Principles

The law of conservation of energy tells us that when work and heat are exchanged, there is no net
gain or energy loss. However, the amount of heat energy that can be converted into work is limited.

When heat flows from hot to cold, a certain amount of energy may be converted into work and
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extracted. The first law of thermodynamics and the second law of thermodynamics control the
working principle of the heat pump. In particular, unlike heat engines (Figure 2. 1), heat pumps
operate in reverse circulation. The purpose of the heat engine is to generate work (W) from the heat
source ((2), and the purpose of the heat pump is to raise the heat from the low temperature heat
source (Q;) to the high temperature radiator (Q>). It must be said that the heat pump can be used as
a heating device or a refrigerator to reverse the refrigerant flow. In order to obey the first law of
thermodynamics, the heat engine must emit a certain amount of heat (Q;) to the radiator, and the

heat pump must accept W. Obviously, 7> temperature is higher than 7; (Figure 2. 1).

Power cycle Reverse cycle
Heat source Heat sink
at T, atT,
Q;
Wout Refrigerator
or
Heat pump
Q,
Heat sink Heat source
atT, atT,

Figure 2. 1 Operating principles of heat engines and heat pumps [1]

For heat pump systems, two efficiency indicators can be formulated according to Figure 2. 1 to
evaluate heating or cooling performance. They are the coefficient of performance (COP, mainly
used for heating operation) and energy efficiency ratio (EER, mainly used for cooling operation).
The higher the COP or EER, the lower the operating cost. COP usually exceeds 1, because COP
does not just convert work to heat (if the efficiency is 100%, COP is 1), but pumps additional heat
from the heat source to where it is needed. For a complete system, the COP calculation should
include the energy consumption of all power-consuming auxiliary equipment. COP is highly
dependent on operating conditions, especially the absolute temperature and the relative temperature

between the sink and the system, and is usually plotted or averaged for the expected conditions.
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Using the characters shown in Figure 2. 1, the COP and EER can be calculated as follows:

Q2 Q2
COP=—-=—"— 2.1
W] Q2 — 1@l @D
Q1 Q1 Q2
EER=—=—" =[] -1 22
Wl Q-1 W @2
G Q% _ 06 &6 W _, 2.3)

T T, T, T, T,

Considering that the temperature of 7> is higher than 7;, W must be large enough to offset the
algebraic sum of the first and second terms in Equation 2.3. Therefore, the performance of the heat
pump is affected by the temperature levels of the heat source and heat sink. Fixing the heat
transferred or discharged from the building, the closer the temperature of the heat sink and source,
the less work is required. Theoretically, according to climatic conditions and building energy
consumption requirements, if these temperatures are closer during the cooling period than the

heating season, the EER value can be higher than the COP value.
Practice

For a real heat pump, based on the physical characteristics of energy transfer, the heat pump uses
renewable energy in combination with power input to generate useful energy through the
refrigeration cycle. As shown in Figure 2. 2, the refrigeration cycle usually includes four stages. The
refrigeration cycle is divided into four stages: 1) The first step is that the refrigerant enters the
compressor in gas form and overheats after the compressor is present. 2) The second stage is the
superheated gas exhaust heat through the condenser. The condenser takes away the heat and
condenses the gas into a liquid. 3) In the next stage, the liquid refrigerant flows through the
expansion valve, forming a mixture of liquid and gas at low pressure and low temperature. 4) Then,
the cold air mixture is entirely evaporated by the evaporator in the final stage, and then returned to
the compressor to start the cycle again.

Figure 2. 3 shows a simple vapor compression cycle with pressure and enthalpy values for
refrigerant R134a. The cooling effect is the heat transferred to the working fluid during evaporation,
i.e., the enthalpy change between the fluid entering the evaporator and the steam leaving the
evaporator. A simple vapor compression cycle is shown on the P-h diagram in Figure 2. 4. The

refrigerant evaporation process or evaporation is a constant pressure process, so a horizontal line
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represents it in the figure. In the compression process, the energy used to compress the vapor is
converted into heat, which makes its temperature and enthalpy are increased. So at the end of the
compression process, the vapor is in the superheated state. Before starting to condense, the vapor
must be cooled. As shown in the figure, the final compression temperature is almost always higher
than the condensation temperature so that some heat will be discharged at a temperature higher than
the condensation temperature. The actual condensation process is represented by the horizontal part

of the saturation curve.

Expansion Valve

=l

Low pressuggliquid Nressure liquid

Low presSyre gas M)ressure gas

Compressor

Figure 2. 2 Four-stage refrigerant cycle

Critical pressure
Liquid at 35°C Condenser /

249.7 kJ/kg Saturation curve
Superheated
vapour at 8.87 bar .
422.5 kd/kg Condensation
Heat out Liquid M
Compressor
ExpansionX | M é
valve I P k5 &
@ &
< & Vapour
Liquid and =3 O
vapour Heat in .
249.7 kJ/kg Dry saturated Evaporation
vapour at -5°C
395.6 kl/kg
Evaporator n
Figure 2. 3 Simple vapor compression cycle with Figure 2. 4 Pressure—enthalpy diagram,
pressure and enthalpy values for R134a. showing the vapor compression cycle.

The heat pump converts heat from natural renewable energy or heat from natural renewable energy
into useful energy for heating or cooling to ensure the quality of the indoor climate. The renewable
natural energy sources used for heat pumps can be air heat energy, geothermal energy, water heat
energy, or unnaturally treated waste heat. Next, we will analyze several heat pump systems that are

widely used in buildings.
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2.3 Air source heat pump system

Air source heat pumps are the most popular systems in sustainable building and industrial
applications. The system absorbs heat from the outside of the building to provide domestic water
and space heating. In a hot climate, reversible external heat dissipation operation can provide indoor
space cooling. As shown in Figure 2. 5, the essential components used in refrigeration systems are
compressors, expansion valves(capillary tube in this case), heat exchangers as evaporator and
condenser(refrigerant-air heat exchangers in this case) and blowers. The air source heat pump
absorbs heat from the outside cold air to heat the water. Heat can be used for space heating or
domestic hot water supply in cold climates. The heat pump can run in reverse. Therefore, it can also
produce chilled water for space cooling and discharge heat to the outside in a hot climate. Air source
heat pumps can be devices that integrate advanced programmable logic controllers and sensors to
provide a constant indoor temperature solution for summer cooling and winter heating.

However, the gas source has some disadvantages. Outdoor temperature changes can significantly
affect capacity and efficiency. Especially the low outdoor temperature will lead to poor performance
and bring other problems of icing on the outdoor coil. Although defrosting can be accomplished by
using a reversing valve to deliver hot air to the outdoor coil temporarily, this may suddenly cool the

hot water supply and cause an undesirable operating condition[2].

P2 T2

four-way 0
valve

—

compressor .
indoor heat

outdoor heat exchanger

exchanger check valve

P4
Ta

capillary tube

Figure 2. 5 Diagram of a typical ASHP system [3]



Chapter 2: Application of heat pump system in building for energy conservation — 23

L.~ %"g

My oA S

e 10
PAC
A O N ® l l
12 |G
) s
e % 41 2 —> Regeneration Mode
lommd l ‘ .
| —> Heating Mode
O EAS O 4 & Temperature Transducer
1
Y — ® Pressure Transducer

1-Compressor; 2/14-High/Low pressure protection device;
3-Four-way valve; 4-Water tank; 5.13,15.18-Solenoid valve;
6- Energy storage device; 7,10,16-Filter drier; 8,11,17-EEV;
9-HECSD; 12-Evaporator

Figure 2. 6 Schematic diagrams of a novel frost-free air source heat pump system[19].

Previous studies have discussed techniques for improving the performance of air source heat pumps
and solutions for defrosting [3—19]. Figure 2. 6 shows a novel air source heat pump water heater
system developed by Wang et al.[19]. This system does not require the operation of initial frost
during operation. An additional heat exchanger coated with solid desiccant and energy storage
device was installed in this system. When the air source heat pump water heater/chiller (ASHPWHC)
operates at a lower ambient temperature in winter, frosting on the surface of the air-side heat
exchanger will cause the performance of the heat exchanger to decrease or even shut down. Yao et
al.[20] used the developed frosting and heat exchanger model to evaluate the operating
characteristics of the air-side heat exchanger during frosting in the ASHPWHC. Besides, the effect
of frosting on the operating performance of the ASHPWHC was also evaluated. Based on the
simulation, the optimization of the structural layout of the finned tubes used in the air-side heat
exchanger and measures to improve defrosting control were discussed. Byun et al. studied the
feasibility of the hot gas bypass method to prevent the formation and spread of frost in the air source
heat pump based on the experiment, and compared the performance of this method with the
conventional air source heat pump system. Without defrosting equipment such as heaters. The
results show that the hot gas bypass method can be used to delay the formation and growth of frost
at outdoor coils. In the case of bypass refrigerant flow rate of 0.2 kg/min (accounting for 20% of the

entire system refrigerant flow rate), it shows the best performance and obtains an increase in
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COP[21]. Shen et al. proposed the design of an air source heat pump with dual drying mode. The
operating mode changes between single-stage and cascade cycles to meet the heating requirements
at different ambient temperatures. The prototype of this dual-mode heat pump was developed using
R22 and R134a as refrigerants. An experiment was conducted to verify the feasibility and
characteristics of the heat pump. The supply air temperature, heating capacity, and electrical power
in both operating modes will increase as the ambient temperature increases. The difference in energy
consumption between the two ways also increases with the ambient temperature, but the difference
in supply air temperature will decrease[22]. Wang et al.[23] proposed a new type of jet structure on
the blades of a rotary compressor to avoid severe degradation of the air source heat pump at low
ambient temperatures. Based on the validated numerical model, the thermodynamic performance of
the air source heat pump of the new gas jet rotary compressor was studied. The results show that the
injection structure can improve the heating capacity and COP of the air source heat pump by 23.1—
28.2% and 4.5-8.1%, respectively, compared with the air source heat pump of the conventional
single-stage rotary compressor. Wang et al. proposed a study on a new frost-free ASHP system that
combines dehumidification and thermal energy storage functions and works with refrigerant R134a
and R407C as R22 alternatives. The simulation results show that at the end of the working time, the
compressor discharge pressure of R134a is 29% and 32% lower than the discharge pressure of R22
and R407C. Besides, at a given ambient temperature of 10 °C and relative humidity of 85%, the
average COP of R134a is higher than the average COP of R22 and R407C[24]. Wang et al. proposed
a new injection structure for the blades of rotary compressors to overcome the shortcomings of
traditional injection structures in air source heat pumps[23]. Based on the validated numerical model,
the thermodynamic performance of the air source heat pump with a new gas jet rotary compressor
was studied. The simulation results show that the proposed injection structure can increase the heat
capacity and COP of the air source heat pump by 23.1-28.2% and 4.5-8.1%, respectively, compared
with the air source heat pump of the conventional single-stage rotary compressor. In order to save
energy of air source heat pump unit, Song et al. proposed an experimental method. The optimal
temperature setting of the defrosting operation of the air source heat pump unit with a three-circuit
outdoor coil was experimentally studied[8]. Based on the experiment, it is concluded that the defrost
termination temperature of this study is suitable at 20-25 °C, about 22 °C. This method has

contributed to the optimization of the control strategy and energy saving of the air source heat pump
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unit. Tang et al. introduced a new technology for preventing frost and blocking air source heat pumps
(ASHP) that reduce thermal discomfort. It uses an auxiliary electric heater (AEH) on the pipeline
before (B-AEH) and after (A-AEH) the outdoor evaporator to prevent the formation of frost or
prevent the accumulation of frost on the outdoor heat exchanger[7]. This makes it possible to supply
hot air to the internal space without interruption. In this study, the orthogonal experimental design
(OED) was used to evaluate the performance of an air source heat pump (ASHP) with different AEH
powers under a range of frost conditions. The optimal parameter combination that affects ASHP
performance is determined, and the most important parameters are determined. Song et al. reported
a detailed description of the specially constructed air source heat pump experimental device, as
shown in Figure 2. 7. Experiments were carried out to discuss the influence of the downward flow
of melted frost on the outdoor coil on the defrosting performance during the reverse cycle defrosting
process were given[5]. Li et al. introduced the energy characteristics of the air source heat pump

(ASHP) based on the concepts of "cold exergy " and "heat exergy." The quantitative analysis
followed by the theoretical analysis shows that in ASHP, the refrigerant cycle divides the compressor
power input into "cold exergy" and "heat exergy." The "cold exergy" enters the indoor air, and the
"heat exergy" is discharged into the surrounding environment. The analysis also shows that, of the

total exergy input, the compressor requires the largest exergy input, and the refrigerant cycle has the

highest exergy consumption. Therefore, it is important to improve compressor performance to
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Figure 2. 7 Schematic diagrams of the experimental ASHP system for defrosting test [5], which

can help optimize the control strategy and energy saving of the air source heat pump.
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reduce power consumption and unnecessary exergy consumption|[18]. Kelly et al. [13] used the
monitored data and simulations to evaluate the performance of the renovated residence using air
source heat pump (ASHP), developed and calibrated the ASHP equipment model, and integrated it
into the dynamic simulation tool of the entire building. The comparison between the prediction of
the entire building model and the field test data shows that the model provides a suitable test
platform for energy performance evaluation. Annual simulations show that compared to an
equivalent condensing gas boiler system, the carbon produced by ASHP is reduced by 12%, but the
operating cost is about 10% higher. Heo et al. studied and measured the heating performance of the
air source heat pump, which used a novel flash tank and super cooler (FTSC) cycle and double
expansion supercooler (DESC) cycle steam injection technology. The performance of these cycles
was compared with the performance of the flash tank (FT) and subcooler (SC) cycles. Compared
with the SC cycle, the average heating capacity of FT, FTSC, and DESC cycles increased by 14.4%,
6.0%, and 3.8%, respectively, but a similar average COP was obtained|[14]. Byun et al. [21] studied
the feasibility of the hot gas bypass method through experiments, and compared the performance of
the method with a common 1.12 kW capacity air source heat pump system, which does not have
defrost equipment such as resistance heaters. The results show that the hot gas bypass method can
be used to delay the formation and growth of frost at outdoor coils. In the case of bypass refrigerant
flow rate of 0.2 kg/min (accounting for 20% of the entire system refrigerant flow rate), it shows the
best performance. During 210 minutes of heat pump operation, the hot gas bypass method increased
COP and heat capacity by 8.5% and 5.7%, respectively, relative to the normal system.

Based on a review of previous literature, it is not difficult to find that the air source heat pump is the
most widely used because of its simple installation and low cost. However, because of its reduced
efficiency due to frosting problems in cold conditions, its most significant disadvantage, and studies
aimed at improving the performance of air source heat pumps, almost all focus on defrosting.

Therefore, eliminating degradation caused by frosting is the key to improving efficiency.

2.4 Geothermal heat pump system

A ground source heat pump is a heating and cooling system that transfers heat to or from the ground.

It uses the earth as a heat source (in winter) or a radiator (in summer) all the time. This design
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utilizes moderate ground temperatures to increase efficiency and reduce operating costs of heating
and cooling systems. It can be used in conjunction with solar heating to form a more efficient
geothermal system. The ground source heat pump is a promising technology. The ground source
heat pump can be introduced into various buildings such as offices, schools, single houses, or
apartment buildings. Among different types of heat pumps, in terms of performance, ground source
heat pumps are the most competitive and therefore have recently been extensively studied.
Compared with the most widely distributed air source heat pump, it has a more stable temperature
during the day and throughout the year. Also, if GSHP is appropriately designed, the risk of
performance degradation due to frosting of the evaporator during the heating season can be reduced

to almost zero.
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Figure 2. 8 Typical temperature of the undisturbed ground for a northern hemisphere[25].
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Figure 2. 9 Schematics of different ground-source heat pump systems[26].

According to (IEA Heat Pump Center 2010), as shown in Figure 2. 9, ground source heat pumps

can be classified as:

1) Groundwater heat pump: underground (aquifer) water is used as a heat source and sink.
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2) Surface water heat pump: surface water (sea, lakes, etc.) is used as a heat source and sink.
3) Ground-coupled heat pump: the ground is used as a heat source and heat sink, and the heat is
extracted/dissipated through a vertical or horizontal ground heat exchanger.

Here we focus only on the first type (ground-coupled heat pump system) because it can potentially
be installed anywhere and does not require any water source. As shown in Figure 2. 8, for the soil
temperature, it is warmer than winter, cooler in summer, and much more stable throughout the year,
so it provides better energy for heat pumps than air. This improvement in performance is especially
true in extreme climatic conditions where heating or cooling needs are highest. The performance of

a geothermal pump is about 20-30% higher than that of an equivalent air source heat pump.
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Figure 2. 10 Closed-loop ground-coupled heat pump with different ground heat exchangers.

The ground heat exchanger can be divided into horizontal and vertical according to its physical
expansion, and they also determine the depth of heat exchange. Figure 2. 10 shows A variety of
different types of ground heat exchangers, including vertical bore, trenched horizontal, horizontal
slinky, and horizontal bore types. Although the names are sometimes different, the types are
basically the same. Generally, the vertical ground heat exchanger is more efficient. Because more
substantial depth grounds have better thermal characteristics, they require less land area and less
pumping energy. Therefore, they are more suitable for large systems. However, compared to drilling,
the installation cost of the horizontal ground heat exchanger is usually lower, and the risk is less
during construction.

The vertical ground heat exchanger consists of vertical boreholes with a typical length ranging from
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45 to 150m and a diameter of 10-15 cm. Each borehole is equipped with concentric, U-tube, or
double U-tube thermoplastic tubes, spiral with a diameter of 2-4 cm and backfilled with grouting
material to enhance heat transfer, usually made of sand and bentonite. The characteristic of the
horizontal ground heat exchanger is that placed at a shallow depth, generally between 1-3 m. The
horizontal ground heat exchanger can be divided into three types: 1) horizontal, 2) vertical oriented,
and 3) architectural integration. Some examples of horizontal directions are zigzag, harp, double
wire, capillary, and ground-to-air heat exchangers. Grooves, cages and baskets/spirals are examples
of vertical types. Compared with the air source heat pump, the ground heat pump system does not
need to defrost, and because the source temperature is more stable, the mechanical stress and thermal
stress of the heat pump compressor are smaller. Therefore, the reliability is higher, and the service
life of the ground-coupled heat pump is expected to reach 20-25 years[25].

Because the defrosting operation is not required in a ground heat pump system, most of the research
on the improvement of ground source heat pumps is to develop advanced operation strategies that
can help to ensure the long-term performance of the system. Besides, the development of high-
performance geothermal heat exchangers, how to reduce unbalanced soil temperature changes
caused by excessive heat extraction, and integration with other types of heat pump systems is also
prevalent for researchers. Therefore, here we will review some typical studies in recent years.
Deng et al. proposed the actual energy performance of a mid-deep geothermal heat pump system
(MD-GHP) with a temperature of about 70-90 °C and at a depth of nearly 2-3 km underground.
The system uses vertical concentric tubes as ground heat exchangers (GHE) to extract heat from
mid-depth geothermal energy for space heating purposes in the building. The energy performance
of the MD-GHP system and the heat transfer performance of GHE are analyzed based on the short-
term and annual field test. The results show that the average temperature of the ground effluent can
reach 33.0 °C, which significantly improves the performance of the entire system. The COP of the
heat pump reaches 5.43, and the COP hs of the heat source reaches 4.58. Therefore, the energy-
saving performance of MD-GHP is significantly improved compared with the air source heat pump
system, conventional ground source heat pump system, and gas boiler[27]. Esen et al. [28]
established a slinky (spiral ring of flexible plastic tubes) type ground heat exchanger (GHE) for
solar-assisted ground source heat pump systems. Artificial neural network (ANN) and adaptive

neuro-fuzzy inference system (ANFIS) were used in the modeling based on the data obtained from



Chapter 2: Application of heat pump system in building for energy conservation — 30

experiments. On the horizontal tight-fitting GHE, the system performance coefficient (COPsys) and
heat pump performance coefficient (COPhp) are calculated as 2.88 and 3.55 respectively, while in
the vertical state, COPsys and COPhp are calculated as 2.34 and 2.91 respectively. The results also
show that ANFIS is more suitable than ANN in predicting the performance of solar ground source
heat pump systems. Sivasakthivel et al. proposed a method to optimize the operating parameters of
the ground source heat pump system, which will operate in heating and cooling modes. The
condenser inlet temperature, the condenser outlet temperature, the dry fraction at the evaporator
inlet, and the evaporator outlet temperature are regarded as the influencing parameters of the heat
pump. By using the Taguchi method to use L9 (34) orthogonal arrays to make three-level changes
to the above parameters, the optimization of these parameters for heating or cooling mode only can
be achieved. Higher concepts are used to improve COP. Also, a computer program in FORTRAN
has been developed for calculations, and the results under optimal conditions have been analyzed
using signal-to-noise ratio and analysis of variance methods[29]. Sebarchievici et al. developed an
energy operation optimization device for the ground-coupled heat pump (GCHP) system. This
device involves inserting a buffer tank between the heat pump unit and the fan coil unit and using a
variable speed circulating pump for quantitative adjustment to achieve user power supply[30]. Then,

through experimental measurements, they tested the performance of the GCHP system in different
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Figure 2. 11 Schematic of a direct expansion geothermal heat pump system[31].

Loop mixed water with a heat source

Compressor

Accumulator

o\

Ground



Chapter 2: Application of heat pump system in building for energy conservation — 31

operating modes. By using the classic adjustment and optimization adjustment of the GCHP system,
the main performance parameters (energy efticiency and CO- emissions) for one month of operation
can be obtained, and these performances are compared and analyzed. Two simulation models of
thermal energy consumption in heating, cooling, and domestic hot water operation were developed
in TRNSYS. Fannou et al. [31] conducted an experimental analysis of the direct expansion (DX)
geothermal heat pump (GHP), which consists of three geothermal wells with a depth of 30 m, which
use R22 as the refrigerant. During the one-month test activity in early spring, the tests conducted
helped highlight the pressure drop and the relatively high overheating phenomenon, thereby
revealing the uneven flow distribution in the geothermal evaporator. It also introduces the influence
of some factors that affect the performance of the DX system (condenser cooling water inlet
temperature, condensation temperature, the pressure drop in the evaporator, and thermal
characteristics of soil and cement slurry). Renewable energy and intelligent control are interrelated
and interrelated. Without intelligent control, it may not be possible to realize the full benefits of
renewable energy technologies, especially ground source heat pump technology[32]. Mokhtar et al.
proposed an intelligent multi-agent building management system (MAS BMS) designed to solve
this problem to solve the problem of low control efficiency and poor performance of GSHP
implemented by GSHP. Intelligence is provided by ARTMAP, which is an artificial neural network
that provides incremental learning based on how humans handle memory. The simulation results
show that the proposed intelligent MAS BMS can effectively utilize GSHP by analyzing, predicting,
and coordinating other energy resources. The proposed method performs better than GSHP's
existing control strategies. Guo et al. conducted a technical and economic comparison between the
direct expansion ground source heat pump system (DX-GSHP) and the secondary loop ground
source heat pump system (SL-GCHP)[33]. Through a demonstration building experiment, the
average cooling performance coefficient of the DX-GSHP system is 6.03, and the average cooling
performance coefficient of the SL-GCHP system is determined to be 5.64. they found that in the
cooling mode, the efficiency of DX-GSHP is 23.8% higher than that of SL-GCHP. For the initial
investment of these two systems, based on the annual cost and present value, DX-GSHP is more
economical than SL-GCHP. Besides, the DX-GSHP can ensure the minimum refrigerant speed for
refrigerant oil return, which can effectively solve the oil return problem. Benli designed[34] a

ground source heat pump heating system with a latent heat storage tank and studied its thermal
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energy storage performance. The heating system is mainly composed of a ground heat exchanger, a
heat pump, a cylindrical latent heat storage tank, a measuring unit, and a 30 square meter model
glass greenhouse heating space. Through experiments, it is found that the thermal coefficients of the
performance of the ground source heat pump and the entire system are in the range of 2.3-3.8 and
2-3.5, respectively. Although using this heating system can save a lot of money, it may require a lot
of investment in equipment and facilities. Pulat et al. [35] evaluated the performance of horizontal
ground source heat pump (GSHP) by considering various system parameters of winter weather
conditions in Bursa, Turkey. The soil thermal conductivity estimation was extended and discussed,
and the preliminary numerical temperature distribution around the ground heat exchanger pipeline
was obtained. By testing space heating under laboratory conditions, the effect of outdoor
temperature on system capacity and COP relative to outdoor air and average soil temperature was
discussed. In the economic analysis, comparing the GSHP system with conventional heating
methods, the results show that the GSHP system is more cost-effective than all other conventional
heating systems. Similarly, Tarnawski et al. conducted simulation and analysis of a ground-source
heat pump system equipped with a horizontal ground heat exchanger in heating and cooling mode
for a typical house in Sapporo. Despite the high electricity cost, the ground source heat pump system
is more conducive to space heating than oil furnaces and resistance systems. In addition, compared
to resistance heating or air source heat pumps, heat pump technology provides relatively low ground
environmental thermal degradation, lower heating and cooling costs, and higher operating efficiency.
The use of cooling mode can bring more benefits; for example, a shorter return on investment and
higher human comfort in summer[36]. Nam et al. [37] established a numerical model that combines
a heat transfer model with groundwater flow and a heat exchanger model with an accurate shape. In
addition, a soil property estimation method based on ground survey is proposed. Under the
experimental conditions started in 2004, the experimental results and numerical analysis were
compared based on the above model. The analysis results are in good agreement with the
experimental results. The proposed model is used to predict the heat exchange rate of actual office
buildings in Japan. Nagano et al. developed a novel design and performance prediction tool for a
ground source heat pump (GSHP) system[38]. They verified the temperature calculated by the
development tool by comparing it with the experiment and achieved an acceptable accuracy of the

development tools. Lazzarin studied two arrangements of dual-source heat pump systems: an air-
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source heat pump combined with a solar collector(shown in Figure 2. 12); and a ground-source heat
pump connected to a solar collector(shown in Figure 2. 13)[15]. They found that when the solar
system is used in series with other heat sources, and when placed in series, a higher COP can be
obtained. Based on previous research directions and focus, it can be found that the balance of soil
temperature is the key to ensuring the long-term and efficient operation of the ground source heat

pump system. Therefore, many researchers optimized the operation mode and tried to introduce
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Figure 2. 12 Schematic of a dual-source(air and ground) heat pump system[15].
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other renewable energy to develop composite systems. The development of a suitable compound
energy heat pump system is also one of the critical points of this study. We use solar energy,
geothermal energy, and air as the heat source of the system because this can make up for the
shortcomings of different renewable energy sources and ensure the overall high-efficiency operation

of the system.

2.5 Solar assisted heat pump system

As mentioned in the previous section, the solar-assisted ground source heat pump (SAGSHP) system
also uses a solar collector to improve the performance of the whole heat pump system, which is
somehow connected to the heat pump evaporator. The connection method may be through a water
tank, or the solar heat collector panel can directly be used as an evaporator or condenser of the heat
pump, which is the so-called direct expansion type. The working principle of using solar heat to
increase the temperature of the evaporator is to reduce the ratio of Q;/T; by increasing 77, thereby
reducing the workload of the heat pump. Another important mode of operation is ground
temperature and heat recovery. The process of recovery of the heat or temperature of the soil is
designed to heat the soil by using solar energy when the ground source heat pump is turned off.
The circulation pump is a critical component of the SAGSHP system with a water tank and is
responsible for pushing the fluid through the solar collector and ground heat exchanger. Circulation
pumps must overcome pressure drops in pipes, ground heat exchangers, solar collector panels, and
heat exchangers. Typically, there are two pumps in solar collector panels and ground heat
exchangers separately, mainly due to specific pressure requirements and enabling multiple operating
modes. If it is a direct expansion type, the solar collector circuit loop does not need to be equipped
with a circulating water pump. The direct expansion solar-assisted heat pump is a series system in
which the solar collector is not filled with antifreeze, but is filled with refrigerant circulated by the
heat pump.

Because of its excellent performance for heating and wide application in buildings and industries,
the solar-assisted heat pump system has been receiving much attention in recent years. Regarding
the previous research on solar-assisted heat pump systems[28,39—61], in terms of innovative system

design, many studies have focused on the development of high-efficiency solar collector panels and
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Figure 2. 16 Schematic of solar-ground source heat pump experimental system[41].

even solar collectors that can generate electricity while introducing photovoltaic cells. This kind of
solar collector panel is the so-called photovoltaic thermal hybrid solar collector. On the other hand,

a reasonable mix of renewable energy and system design are also the focus of the researcher's
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attention. For example, the ground source heat pump system coupled with the solar energy heat
pump can provide up to power generation, heating, and cooling. Hence, here we will review
representative relevant studies in recent years.

Hawlader et al. studied the solar-assisted heat pump water heating system(shown in Figure 2. 14)
through experiments and simulations. The system uses an unglazed flat-plate solar collector and
uses refrigerant R-134a. It was found that the performance of the system was greatly affected by the
collector area, compressor speed, and solar radiation[39]. Chyng et al.[40] studied an integral-type
solar assisted heat pump water heater(shown in Figure 2. 15) through simulation. The results found
that the total daily COP is about 1.7 to 2.5, depending on the season and weather conditions. Besides,
they also studied the online adjustment requirements of the expansion valve through simulation and
found that the device does not require online control. Figure 2. 16 shows a solar-ground source heat
pump system proposed by Yang el al.[41]. Based on this apparatus, they studied the performance
under different dual heat source coupling modes through experiments. As a result, it was found that
the solar and ground heat sources were most efficiently operated by the dynamic coupling of the
water tank and the plate heat exchanger. Through another simulation result of the system, it is found
that the area of the collector and the number of ground heat exchangers have a significant effect on
the system efficiency, but the effect of the water tank volume can be ignored.

Kuang et al. [59] studied the direct-expansion solar-assisted heat pump (DX-SAHP) water heating
system based on the experiment. The flat solar collector is used as the evaporator. A simulation
model was developed to predict the long-term thermal performance of the system roughly, used to
obtain the optimal design of the system, and determine the appropriate strategy for system operation
control. The effects of various parameters such as sunshine, the ambient temperature on the thermal
performance of the DX-SAHP system were studied. The results show that the performance of the
system is affected by the sunshine intensity, collector area, compressor speed. Kuang et al.
conducted a long-term reliability test of an integrated solar-assisted heat pump water heater. In 5
years, the prototype has been in continuous operation for more than 13,000 hours, with a total
operating time of over 20,000 hours. At 57 °C, the measured energy consumption is 0.019 kWh/L
of hot water, which is much lower than the backup power consumption of conventional solar water
heaters[52]. Ozgener et al.[53] studied the performance characteristics of a solar-assisted ground

source heat pump greenhouse heating system (SAGSHPGHS). Ground heat exchanger with a
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Figure 2. 17 Schematic of a solar assisted ground source heat pump system by Dai et al.[49].

nominal diameter U-tube elbow using exergy analysis. Based on the measurement parameters
obtained from the experimental results, the exergy transfer between SAGSHPGHS components and
the loss in each part was determined. They determined the efficiency of system components to
evaluate their performance and propose the possibility of improvement. Dai et al. [49] conducted
an experimental study on the heating performance of a solar-assisted ground source heat pump
system (SAGSHPS, as shown in Figure 2. 17). The results of the experiment conducted in January
showed that solar energy could be used to accelerate the recovery of soil temperature, but the time
to supplement solar energy for the borehole should be optimized according to the water temperature
in the solar storage tank. Kuang et al. studied the long-term performance of a direct-expansion solar-
assisted heat pump (DX-SAHP) system for home use(shown in Figure 2. 18). Through experiments,
they introduced and analyzed the performance of different operating modes in detail, and proved
that the system can run stably under different weather conditions for a long time, and has a lower
operating cost[54]. Li et al. analyzed the direct-expansion solar-assisted heat pump water heater
(DX-SAHPWH); the experimental device is shown in Figure 2. 19. Exergy analysis of each
component of the system revealed that the most considerable exergy loss occurred in the compressor,
followed by the collector/evaporator, condenser, and expansion valve[55]. Ji et al. studied a novel
photovoltaic solar-assisted heat pump (PV-SAHP) system. The performance test was conducted at
a specific range of condenser water supply temperature, and the dynamic performance of the PV-
SAHP system was analyzed. The results show that the PV-SAHP system has a higher coefficient of

performance than the conventional heat pump system. At the same time, photovoltaic efficiency is
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also higher. The COP of the heat pump can reach 10.4, with an average value of about 5.4. The
average photovoltaic efficiency is about 13.4%. Combining photovoltaic and thermal efficiency, the
highest comprehensive coefficient of performance is about 16.1[62]. Wang et al.[63] developed a
new type of hybrid solar ground source heat pump system (HSGSHPS), which is composed of
GSHPS and solar-assisted GSHPS (SAGSHPS), and developed a simulation model in TRNSYS to

predict the multi-year performance of the system. The simulation results show that the proposed
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HSGSHPS can solve the problem of ground temperature imbalance every year. According to the
coefficient of performance (COP) of SAGSHPS, a control strategy suitable for solar energy
collection and storage was found. Before extracting heat from BHE/BTES, injecting thermal energy
into the wellbore heat exchanger (BHE) or wellbore thermal energy storage device (BTES) is
beneficial to the overall COP of the system. Fiorentini et al. proposed a new type of solar-assisted
HVAC system. The HVAC system consists of an air-based photovoltaic heat (PVT) collector
integrated with a reverse circulation heat pump and a phase change material (PCM) heat storage
unit in the piping system. The system is designed to operate based on the solar radiation during the
day and sky radiation during the night in winter and summer, respectively. The PVT collector heats
or cools the ambient air, thereby directly providing heating or cooling to the indoor space or PCM
storage unit. The heat stored in the PCM can later be used to adjust the area temperature or pre-treat

the air entering the air treatment unit[47].

2.6 Summary

This chapter reviews several heat pump systems widely used in the building/industries and analyzed
their characteristics based on the review of previous research. In the field of building heating and
cooling, heat pump technology has significant advantages over traditional heating and cooling
systems. For example, renewable energy can be introduced into the building's energy supply system
to improve overall operating efficiency and reduce dependence on non-renewable fossil energy. On
the other hand, with the proposal and development plan of the fifth generation heat supply network,
the realization of low heating temperature and the integration of renewable energy have become the
future trend. These trends require the use of systems that can cope with such low-temperature heat
sources, and heat pumps are the best choice that can meet the requirements. However, as mentioned
above, each renewable energy has its advantages and disadvantages. The energy supply system that
relies on a single heat source cannot efficiently and stably meet the heat demand of buildings that
may change at any time. The heat pump system will become an optimal solution. Therefore, this
research is also from this aspect; the goal is to build a heat pump system that can utilize a variety of
renewable energy, can provide a stable and high-efficiency building heat supply.

As far as I know, this technology is still in its infancy in the world. This principle helps to achieve
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the fifth generation of district heating, and cooling network is intimately connected, so it is very
promising to become a mainstream solution. Therefore, we built an actual system based on this
principle and verified and evaluated its performance through experiments. Then, based on the
experimental results and physical laws, a model of this system was constructed based on Modelica,
and general and advanced control can be achieved based on this model. The development of the

scheme can further promote and improve system performance.

2.7 Reference

[1] Chwieduk DA. Solar-assisted heat pumps. Compr. Renew. Energy, 2012. doi:10.1016/B978-0-
08-087872-0.00321-8.

[2] Hundy GF, Trott AR, Welch TC. REFRIGERATION, AIR CONDITIONING AND HEAT
PUMPS. vol. 44. Fifth Edit. 1970.

[3] Guo XM, Chen YG, Wang WH, Chen CZ. Experimental study on frost growth and dynamic
performance of air source heat pump system. Appl Therm Eng 2008;28:2267—-78.
doi:10.1016/j.applthermaleng.2008.01.007.

[4] Wang F, Wang Z, Zheng Y, Lin Z, Hao P, Huan C, et al. Performance investigation of a novel
frost-free air-source heat pump water heater combined with energy storage and
dehumidification. Appl Energy 2015;139:212-9. doi:10.1016/j.apenergy.2014.11.018.

[5] Song M, Pan D, Li N, Deng S. An experimental study on the negative effects of downwards
flow of the melted frost over a multi-circuit outdoor coil in an air source heat pump during
reverse cycle defrosting. Appl Energy 2015;138:598-604. doi:10.1016/j.apenergy.2014.09.010.

[6] Kelly JA, Fu M, Clinch JP. Residential home heating: The potential for air source heat pump
technologies as an alternative to solid and liquid fuels. Energy Policy 2016;98:431-42.
d0i:10.1016/j.enpol.2016.09.016.

[7] Tang J, Gong G, Su H, Wu F, Herman C. Performance evaluation of a novel method of frost
prevention and retardation for air source heat pumps using the orthogonal experiment design
method. Appl Energy 2016;169:696—708. doi:10.1016/j.apenergy.2016.02.042.

[8] Song M, Gong G, Mao N, Deng S, Wang Z. Experimental investigation on an air source heat

pump unit with a three-circuit outdoor coil for its reverse cycle defrosting termination



Chapter 2: Application of heat pump system in building for energy conservation — 41

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

temperature. Appl Energy 2017;204:1388-98. doi:10.1016/j.apenergy.2017.01.068.

Zhao M, Gu ZL, Kang WB, Liu X, Zhang LY, Jin LW, et al. Experimental investigation and
feasibility analysis on a capillary radiant heating system based on solar and air source heat
pump dual heat source. Appl Energy 2017;185:2094-105. doi:10.1016/j.apenergy.2016.02.043.
Su W, Zhang X. Performance analysis of a novel frost-free air-source heat pump with
integrated membrane-based liquid desiccant dehumidification and humidification. Energy
Build 2017;145:293-303. d0i:10.1016/j.enbuild.2017.04.024.

Qu M, FanY, Chen J, Li T, Li Z, Li H. Experimental study of a control strategy for a cascade
air source heat pump water heater. Appl Therm Eng 2017;110:835-43.
doi:10.1016/j.applthermaleng.2016.08.176.

Bertsch SS, Groll EA. Two-stage air-source heat pump for residential heating and cooling
applications in northern U.S. climates. Int J Refrig 2008;31:1282-92.
doi:10.1016/j.ijrefrig.2008.01.006.

Lohani SP, Schmidt D. Comparison of energy and exergy analysis of fossil plant, ground and
air source heat pump building heating system. Renew Energy 2010;35:1275-82.
doi:10.1016/j.renene.2009.10.002.

Kelly NJ, Cockroft J. Analysis of retrofit air source heat pump performance: Results from
detailed simulations and comparison to field trial data. Energy Build 2011;43:239-45.
doi:10.1016/j.enbuild.2010.09.018.

Heo J, Jeong MW, Baek C, Kim Y. Comparison of the heating performance of air-source heat
pumps using various types of refrigerant injection. Int J Refrig 2011;34:444-53.
doi:10.1016/j.ijrefrig.2010.10.003.

Lazzarin RM. Dual source heat pump systems: Operation and performance. Energy Build
2012;52:77-85. d0i:10.1016/j.enbuild.2012.05.026.

Safa AA. Masters thesis 2 2012.

Ibrahim O, Fardoun F, Younes R, Louahlia-Gualous H. Air source heat pump water heater:
Dynamic modeling, optimal energy management and mini-tubes condensers. Energy
2014;64:1102-16. doi:10.1016/j.energy.2013.11.017.

Li R, Ooka R, Shukuya M. Theoretical analysis on ground source heat pump and air source

heat pump systems by the concepts of cool and warm exergy. Energy Build 2014;75:447-55.



Chapter 2: Application of heat pump system in building for energy conservation — 42

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

doi:10.1016/j.enbuild.2014.02.019.

Yao Y, Jiang Y, Deng S, Ma Z. A study on the performance of the airside heat exchanger under
frosting in an air source heat pump water heater/chiller unit. Int J Heat Mass Transf
2004;47:3745-56. doi:10.1016/j.ijheatmasstransfer.2004.03.013.

Byun JS, Lee J, Jeon CD. Frost retardation of an air-source heat pump by the hot gas bypass
method. Int J Refrig 2008;31:328-34. doi:10.1016/j.ijrefrig.2007.05.006.

Shen J, Guo T, Tian Y, Xing Z. Design and experimental study of an air source heat pump for
drying with dual modes of single stage and cascade cycle. Appl Therm Eng 2018;129:280-9.
doi:10.1016/j.applthermaleng.2017.10.047.

Wang B, Liu X, Shi W. Performance improvement of air source heat pump using gas-injected
rotary compressor through port on blade. Int J Refrig 2017;73:91-8.
doi:10.1016/j.ijrefrig.2016.09.017.

Wang Z, Wang F, Ma Z, Song M. Numerical study on the operating performances of a novel
frost-free air-source heat pump unit using three different types of refrigerant. Appl Therm Eng
2017;112:248-58. doi:10.1016/j.applthermaleng.2016.10.040.

Hadorn J-C. Solar and Heat Pump Systems for Residential Buildings. Ernst & Sohn; n.d.
Sarbu |, Sebarchievici C. General review of ground-source heat pump systems for heating and
cooling of buildings. Energy Build 2014;70:441-54. do0i:10.1016/j.enbuild.2013.11.068.

Deng J, Wei Q, Liang M, He S, Zhang H. Field test on energy performance of medium-depth
geothermal heat pump systems (MD-GHPs). Energy Build 2019;184:289-99.
doi:10.1016/j.enbuild.2018.12.006.

Esen H, Esen M, Ozsolak O. Modelling and experimental performance analysis of solar-
assisted ground source heat pump system. J Exp Theor Artif Intell 2017;29:1-17.
doi:10.1080/0952813X.2015.1056242.

Pandey N, Murugesan K, Thomas HR. Optimization of ground heat exchangers for space
heating and cooling applications using Taguchi method and utility concept. Appl Energy
2017;190:421-38. doi:10.1016/j.apenergy.2016.12.154.

Sebarchievici C, Sarbu I. Performance of an experimental ground-coupled heat pump system
for heating, cooling and domestic hot-water operation. Renew Energy 2015;76:148-59.

doi:10.1016/j.renene.2014.11.020.



Chapter 2: Application of heat pump system in building for energy conservation — 43

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Fannou JL, Rousseau C, Lamarche L, Stanislaw K. Experimental analysis of a direct expansion
geothermal heat pump in heating mode. Energy Build 2014;75:290-300.
doi:10.1016/j.enbuild.2014.02.026.

Mokhtar M, Stables M, Liu X, Howe J. Intelligent multi-agent system for building heat
distribution control with combined gas boilers and ground source heat pump. Energy Build
2013;62:615-26. doi:10.1016/j.enbuild.2013.03.045.

Guo Y, Zhang G, Zhou J, Wu J, Shen W. A techno-economic comparison of a direct expansion
ground-source and a secondary loop ground-coupled heat pump system for cooling in a
residential building. Appl Therm Eng 2012;35:29-39.
doi:10.1016/j.applthermaleng.2011.09.032.

Benli H. Energetic performance analysis of a ground-source heat pump system with latent heat
storage for a greenhouse heating. Energy Convers Manag 2011;52:581-9.
doi:10.1016/j.enconman.2010.07.033.

Pulat E, Coskun S, Unlu K, Yamankaradeniz N. Experimental study of horizontal ground
source heat pump performance for mild climate in Turkey. Energy 2009;34:1284-95.
doi:10.1016/j.energy.2009.05.001.

Tarnawski VR, Leong WH, Momose T, Hamada Y. Analysis of ground source heat pumps
with horizontal ground heat exchangers for northern Japan. Renew Energy 2009;34:127-34.
doi:10.1016/j.renene.2008.03.026.

Nam Y, Ooka R, Hwang S. Development of a numerical model to predict heat exchange rates
for a ground-source heat pump system. Energy Build 2008;40:2133-40.
doi:10.1016/j.enbuild.2008.06.004.

Nagano K, Katsura T, Takeda S. Development of a design and performance prediction tool for
the ground source heat pump system. Appl Therm Eng 2006;26:1578-92.
doi:10.1016/j.applthermaleng.2005.12.003.

Hawlader MNA, Chou SK, Ullah MZ. The performance of a solar assisted heat pump water
heating system. Appl Therm Eng 2001;21:1049-65. doi:10.1016/S1359-4311(00)00105-8.
Chyng JP, Lee CP, Huang BJ. Performance analysis of a solar-assisted heat pump water heater.
Sol Energy 2003;74:33-44. doi:10.1016/S0038-092X(03)00110-5.

Yang W, Zhang H, Liang X. Experimental performance evaluation and parametric study of a



Chapter 2: Application of heat pump system in building for energy conservation — 44

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

solar-ground source heat pump system operated in heating modes. Energy 2018;149:173-89.
doi:10.1016/j.energy.2018.02.043.

Huang BJ, Chyng JP. Performance characteristics of integral type solar-assisted heat pump. Sol
Energy 2001;71:403-14. doi:10.1016/S0038-092X(01)00076-7.

Kuang YH, Sumathy K, Wang RZ. Study on a direct-expansion solar-assisted heat pump water
heating system. Int J Energy Res 2003;27:531-48. doi:10.1002/er.893.

Kuang YH, Wang RZ, Yu LQ. Experimental study on solar assisted heat pump system for heat
supply. Energy Convers Manag 2003;44:1089-98. doi:10.1016/S0196-8904(02)00110-3.
Huang BJ, Lee JP, Chyng JP. Heat-pipe enhanced solar-assisted heat pump water heater. Sol
Energy 2005;78:375-81. doi:10.1016/j.solener.2004.08.009.

Ji J, He H, Chow T, Pei G, He W, Liu K. Distributed dynamic modeling and experimental
study of PV evaporator in a PV/T solar-assisted heat pump. Int J Heat Mass Transf
2009;52:1365-73. doi:10.1016/j.ijheatmasstransfer.2008.08.017.

Tor © H, Angelotti A, Schmidt D. Exergy analysis of renewable energy-based climatisation
systems for buildings: A critical view. Energy Build 2009;41:248-71.
doi:10.1016/j.enbuild.2008.10.006.

Rezaie B, Esmailzadeh E, Dincer I. Renewable energy options for buildings: Case studies.
Energy Build 2011;43:56-65. doi:10.1016/j.enbuild.2010.08.013.

Shi L, Chew MYL. A review on sustainable design of renewable energy systems. Renew
Sustain Energy Rev 2012;16:192-207. doi:10.1016/j.rser.2011.07.147.

Fiorentini M, Cooper P, Ma Z. Development and optimization of an innovative HVAC system
with integrated PVT and PCM thermal storage for a net-zero energy retrofitted house. Energy
Build 2015;94:21-32. doi:10.1016/j.enbuild.2015.02.018.

Sichilalu SM, Xia X. ScienceDirect Optimal energy control of grid tied PV — diesel — battery
hybrid system powering heat pump water heater. Sol Energy 2015;115:243-54.
doi:10.1016/j.solener.2015.02.028.

Dai L, Li S, DuanMu L, Li X, Shang Y, Dong M. Experimental performance analysis of a solar
assisted ground source heat pump system under different heating operation modes. Appl Therm
Eng 2015;75:325-33. doi:10.1016/j.applthermaleng.2014.09.061.

Buker MS, Riffat SB. Solar assisted heat pump systems for low temperature water heating



Chapter 2: Application of heat pump system in building for energy conservation — 45

[54]

[55]

[56]

[57]

[58]

[59]

[60]

applications: A systematic review. Renew Sustain Energy Rev 2016;55:399-413.
d0i:10.1016/j.rser.2015.10.157.

Poppi S, Sommerfeldt N, Bales C, Madani H, Lundqvist P. Techno-economic review of solar
heat pump systems for residential heating applications. Renew Sustain Energy Rev
2018;81:22-32. d0i:10.1016/j.rser.2017.07.041.

Huang BJ, Lee CP. Long-term performance of solar-assisted heat pump water heater. Renew
Energy 2004;29:633-9. doi:10.1016/j.renene.2003.07.004.

Ozgener O, Hepbasli A. Experimental performance analysis of a solar assisted ground-source
heat pump greenhouse heating system. Energy Build 2005. doi:10.1016/j.enbuild.2004.06.003.
Kuang YH, Wang RZ. Performance of a multi-functional direct-expansion solar assisted heat
pump system. Sol Energy 2006;80:795-803. doi:10.1016/j.solener.2005.06.003.

Li YW, Wang RZ, Wu JY, Xu Y X. Experimental performance analysis on a direct-expansion
solar-assisted heat pump water heater. Appl Therm Eng 2007;27:2858-68.
doi:10.1016/j.applthermaleng.2006.08.007.

Ji J, Pei G, Chow T tai, Liu K, He H, Lu J, et al. Experimental study of photovoltaic solar
assisted heat pump system. Sol Energy 2008;82:43-52. doi:10.1016/j.solener.2007.04.006.
Wang E, Fung AS, Qi C, Leong WH. Performance prediction of a hybrid solar ground-source

heat pump system. Energy Build 2012;47:600-11. doi:10.1016/j.enbuild.2011.12.035.



Chapter 3: Fundamentals of distributed water source heat pump system using renewable energy — 46

Chapter 3: Fundamentals of distributed
water source heat pump system using
renewable energy



Chapter 3: Fundamentals of distributed water source heat pump system using renewable energy — 47

3.1 Introduction

In this chapter, we will introduce the development concept and composition of this system in detail.
The critical components in this system include a water loop pipe network and heat pumps for
different purposes. Besides, we will also briefly introduce the spiral tube geothermal heat exchanger
used in this system, which is designed for shallow (10-15m) geothermal utilization.

As mentioned in the previous chapter, every renewable energy has its advantages and disadvantages.
For example, solar radiation is a type of energy that has a property of flow and therefore is almost
no restriction in quantity. Still, it has a problem of fluctuation and cannot be utilized effectively at
night. On the other hand, geothermal heat is a heat source with a stable temperature, but there is an
upper limit to the amount that can be used because of its stock property (a type of stored energy).
Terrestrial radiation is an essential heat radiation source of the earth and radiates long wavelengths
radiation into outer space day and night, but it becomes evident at night. Air heat, like geothermal
heat, is a heat carrier that maintains temperature by the balance between solar and terrestrial
radiation and is therefore considered as renewable energy when used by high-performance air source
heat pumps. The atmosphere is a simple heat-collecting and heat-dissipating source of the air source
heat pump. But there is a problem that the heat-collecting ability of the air source heat pump will
decrease when the heating load becomes large in cold weather. Therefore, the heating ability cannot
be obtained during the defrosting operation. In the cooling mode, when the outside air temperature
rises, the refrigerant condensing pressure increases, and the power consumption increases
accordingly, which causes a power shortage during the summer daytime. The air source heat pump
can get and dissipate heat with the atmosphere by forced ventilation. However, if the heat exchange
is conducted through natural ventilation by wind, it will be a more effective utilization of wind to
generate power than running the fan by the power of wind power generation.

In this study, we are aiming to develop a system for a small-scale residential house that can supply
such as heating, cooling and domestic hot water. By installing this heat pump system into a test
building, we will verify this technology and evaluate its performance through experiments. In
addition, this system can be expanded for various applications in the future due to a thermal network

in the building, other functions such as refrigeration will be discussed and evaluated in the future.
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3.2 Concept of distributed water source
heat pump system using renewable energy

As described previously, a lot of previous studies focused on only one renewable energy source,
such as ground heat or air heat to meet the heating and cooling demand of buildings. Such a single
heat pump system has contributed to the reduction of the energy consumption of the building. Still,
it is difficult to provide a highly efficient and stable energy supply system in this way. The multi-
source, multi-use heat pump system (MMHP system) researched and developed by Ooka and Hino
et al. Correspond to the heat pump system that uses all of the geothermal heat, solar heat, and air
heat in Japan. In the MMHP system, several renewable energy such as solar radiation, geothermal
heat, and air heat, and various heat-use heat pumps for cooling, heating, domestic hot water supply,
freezing, etc., are used to construct a thermal network heat through water pipes within the building.
A full-scale test building facility for verification of the proposed novel system was built at the Chiba
Experiment Station, Institute of Industrial Science, The University of Tokyo. Also, there is room for
improvement in each heat pump device such as air conditioning and hot water supply, and the effect
and efficiency of the system were not apparent.

Therefore, in this thesis, we carry out the development research of the improved equipment and
import it to a full-scale test building for verification, and confirm the system performance based on
field testing. As shown in Figure 3. 1, the basic configuration of this system is introduced in detail.
This figure is the distributed heat pump system designed to use these multiple kinds of renewable
energy complementarily. Renewable energy, such as geothermal heat is utilized through the
underground heat exchanger(GHX). A sky source heat pump(SSHP) uses renewable energy from
the sky, such as solar radiation and air heat from the atmosphere. A water circulation loop integrates
both renewable energy sources from earth and sky. The HVAC system for heating, cooling, and
domestic hot water supply purposes are constructed by using several water source heat pumps.
This system is a technology that realizes energy saving of heat supply by aiming to maximize
efficiency based on the second law of thermodynamics, based on a heat pump (HP). HP is a technical
means that uses power to move heat from a low-temperature source (source) to a high-temperature

location (sink). A heat source (heat collection source) and a heat sink(heat demand sink) require a
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large heat capacity, and reducing the temperature difference between the two is the key to reducing
power and increasing operating efficiency (coefficient of performance, COP). From this point of
view, the earth (underground) is optimal as a heat source, and an individually distributed HP that
supplies heat at a temperature that is just enough for the heat demand is desirable. Therefore, in the
proposed system shown in Figure 3. 2, since each element is connected to a water loop, each
component allows mutual heat exchange. As a result, the hot exhaust heat of the water source HP
that supplies the cooling demand for space cooling will become the heat source of the water source
HP that provides the heating demand such as space heating and domestic hot water supply. On the
other hand, the exhaust heat of the water source HP for space cooling can be seen as the heat
radiation source of the water source HP that provides the cooling purpose. The heat storage effect
of soil adjusts the non-simultaneity of the exhaust heat, and the imbalance of the daily integrated
amount can be adjusted by using the ground heat exchanger and collecting and dissipating heat by
SSHP. For example, although the soil temperature around the GHX decreases due to the heat
collection of heating, it is possible to recover it to the undisturbed soil temperature by collecting
heat from solar radiation and air with SSHP. For air conditioning, the exhaust heat of daytime air
conditioning raises the soil temperature near GHX, and by lowering it by SSHP through terrestrial
radiation and natural ventilation at night. This operation can make soil temperature recover to a
natural condition. This system has not only the normal use of geothermal heat but also the use of
solar radiation and air heat that takes the ground as a heat storage medium. This operation can also
be seen as the concept of a two-stage heat pump system that uses the underground heat as a buffer.

In this way, the soil temperature around the ground heat exchanger can be kept close to the natural
soil temperature (for example, the temperature of the constant-earth-temperature layer in Tokyo is
about 17 °C). Therefore, the water source HP is optimal for both heating and cooling operation and
maintain a high-performance simultaneously. In cold regions and warm regions, the temperature of
the constant-earth-temperature layer can vary from around 10 °C to around 25 °C. Still, even so, a
significant improvement in performance is possible compared to the conventional HP that uses
outdoor air as a heat source. The heat pump and circulating pump in this system are distributed and
installed to reduce the heat transfer power, and the start and stop of the circulating pump, and the

flow rate control are controlled according to the heat pump operation.
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Figure 3. 2 System configuration of the water loop and heat pumps

With this configuration, the following effects can be obtained in the utilization of geothermal heat:

« In the conventional geothermal heat utilization technology, the U-tube type GHX required a large
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installation area. This requirement is one of the obstacles to the spread of geothermal heat
applications in Japan. In this system, the recovery of the ground temperature is conducted by the
daily cycle through the SSHP. Therefore, the distance between the boreholes can decrease, and the
laying area of the GHX becomes small. For this reason, the possibility of utilizing geothermal heat
will significantly expand even in buildings built on restricted sites in Japan.

» For excavation, a simple construction method using a special screw can be used so that the
excavation cost can be reduced compared to the conventional drilling method.

» Due to the soil heat storage, it is possible to expect power load leveling comparable to thermal
storage air conditioning. That is, in the summer, the SSHP can help recover the soil temperature by
radiative cooling using night-time off-peak power. Therefore, in the daytime, the high COP
operation for space cooling of the water source heat pump halves the power consumption during
on-peak. In the winter season, since the soil temperature will increase by the daytime heat collection
operation of the SSHP, it is possible to improve the performance of the water source heat pump at
night.

 This system recovers soil temperature in a daily cycle, so soil heat pollution does not occur. For
this reason, it is possible to cope with future applications such as when geothermal heat utilization
facilities are adjacent to each other.

» The antifreeze can be eliminated because the temperature of the circulating water in the water
loop can be prevented from being too low by the heating operation of the SSHP.

In this system, a water loop network constitutes a thermal network within the building, and the
individual distributed water source HP that exchanges heat with this network can supply the
necessary heating and cooling. This individually distributed network system can be used for a
variety of purposes. It can be expected to offer the advantage of a high potential to expand for

various applications[1-16].

3.3 Development of distributed water
source heat pump system

3.3.1 Construction of water loop system
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In Japan, there are few examples of air conditioning system using a water piping system. The reasons
are: 1) the installation cost of the water piping system is expensive. 2) it is difficult to reduce the
operating cost due to the energy consumption of the circulating water pump, and 3) the
commercialization and popularization of the air source heat pump using the refrigerant piping
system directly; and so on.

Concerning reason 3) above, since the amount of refrigerant enclosed is large and it is challenging
to avoid leakage of refrigerant when discarded, so we think that it will be necessary to reuse the
water piping system in the future regarding the global warming issue. In the case of the water source
HP, we can modularize the refrigerant circuit, which means the amount of refrigerant enclosed can
be minimized. Also, it can be returned to the facility for thorough recycling and destruction of the
refrigerant when discarded. Based on this way, it is possible to solve the problems 1) and 2) related
to the water piping system. Regarding the above issue 2), we confirmed the reduction effect of heat
transfer power (operation cost) by adopting a distributed pumping configuration through
experiments. Regarding the above problem 1), reduction of the installation cost and the operation
cost under actual conditions can be verified using the RE house (the test building for verification of
this system). In this part, we will introduce the content of the pumping experiment to demonstrate
that the decentralized pumping system has the highest energy saving potential and is the most
suitable pumping configuration for the distributed heat pump system. In the water loop, the heat
transport is based on the distributed pump system. Water is circulated by a dedicated pump installed
separately with each heat pump unit. This configuration can reduce the pressure loss caused by the
control valve, and the flow rate is controlled by an inverter when necessary. Figure 3. 3 shows the
configuration of installing the circulating pump with a heat pump unit together. Figure 3. 4 shows
the circulating pump adopted in this system, this kind of water pump (Grundfos ALPHA2) can be

used to transport domestic hot water; hence it can be used in the temperature range in this system.
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Figure 3. 4 Small DC water pump (Grundfos ALPHA?)

Energy saving potential of centralized and decentralized pumping systems

In order to reduce equipment costs, heat transfer consumption, and improve heat exchange
performance, this system has a configuration in which individually distributed equipment (water
source heat pump) is connected to a thermal network (water loop). Therefore, there are advantages
that the degree of freedom of use and the expandability are high, and the fault of one terminal won’t
affect the whole system. In addition, the water loop is powered by a distributed pump for each heat
pump through interlocking to avoid unnecessary pressure loss; high-efficiency DC pumps are used

to reduce the pressure loss due to control valves. In energy distribution systems, thermal energy is
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usually transferred by a heat carrier fluid via pumps. Improper design and unreasonable control of
pumping systems result in inefficient operation, which accounts for a significant part of electricity
consumption in the industry. The need to save energy has been sharpened the focus on improving
energy efficiency in pumping systems. The application of a decentralized pumping system with the
variable-frequency drive can be considered a technological improvement that has the potential to
save energy compared to the conventional centralized pumping system[1,8].

In this study, a reduced-scale hydronic system was built to carry out experiments comparing the
performance of centralized and decentralized pumping systems under the same flow rate conditions.
Figure 3. 5 shows the experimental system from the front perspective. Figure 3. 6 shows the console
in the experimental system, including a computer for collecting/monitoring data, and the control
panel for controlling all circulating pumps. Figure 3. 7 shows a schematic and photos of the
experimental system. To ensure the consistency of unrelated variables in experiments in which
different pumping control strategies were adopted, the experimental apparatus was designed to be
switched between different configurations by switching the gate valves installed in the bypass. The
experimental system consisted of two branches and a bypass which was connected in parallel with
the branches. The size of the entire piping system was 4.5 x 2.4 m (length x width, as shown in
Figure 3. 7). The entire piping system was made from stainless steel. The main pipe had an inner
diameter of 26.58 mm; the branch and bypass pipes had the same inner diameter of 20.22 mm. Water
was used as the heat carrier fluid.

Valves R;; and Rj> were arranged in each branch pipe to model the pressure loss caused by HVAC
components such as heat exchangers and fan coil units in real piping systems. Because the actual
length of a piping system is typically much longer than that in a reduced-scale experimental setup,
valves Rp1.»2 and R, were arranged in the branch pipe 1 and main return pipe respectively, in order
to model the pressure loss over a long pipeline. To prevent reverse-flow between the two branch

pipes, a check valve was installed in between branch pipes 1 and 2.
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Figure 3. 6 Photos of experimental apparatus(side).
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Figure 3. 7 Schematic of experimental apparatus that can implement different pumping systems

The system was equipped with three variable speed pumps. One pump, regarded as the main pump,
is installed in the main pipeline for the centralized pumping system. Two other pumps, regarded as
the branch pump, are installed in the branch pipe with motorized two-way control valves for the
decentralized pumping system. The two-way valves were manually or automatically able to regulate
the flow rate in the branch flow paths. The main pump and branch pumps had a hydraulic head of
78 kPa and 59 kPa, respectively.

Diaphragm-type pressure sensors and electromagnetic flow meters were installed to measure the
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gauge pressures and flow rate with high accuracy. As shown in Figure 3. 7, a total of twelve pressure
sensors were installed at the inlet and outlet of the main pump, the outlet of two branch pumps,
before and after the virtual resistances, and the branch inlet. Three electromagnetic flow meters were
installed at each branch pipe and the main pipe. A data logger was used to record the analog output
from the pressure and flow rate sensors. The specifications of sensors used are listed in Table 3. 1.

Table 3. 1 Specification of measuring devices used in experiments

Device Accuracy
Pressure sensor 1 1.0% of the full scale
Flow rate sensors 1 1.6% of the full scale
Data Logger 1 0.05% of reading + 2 digits

(a) (b) i (C) Pump

Terminal [: :} Terminal a Terminal
Unit Unit A Unit
Terminal [:- -:} Terminal | | Terminal
Unit Unit Unit

Pressure meter Pressure meter —®Pressure meter

(‘ H Flow meter( F ‘ Flow meter
Pump §

<~ s

---------

Figure 3. 8 Three different configurations of pumping system: (a) Centralized pumping system
with constant pressure control, (b) Centralized pumping system with constant terminal flow rate

Control, (c) Decentralized pumping system.

In the experiments, three different variable water volume systems—two different control strategies
for the centralized pumping system and the decentralized pumping system—were compared, as
shown in Figure 3. 8. Figure 3. 8(a) depicts the centralized pumping system with constant pressure
(CP) control, which is typically used for water supply and pressure holding in circulation systems.
For this system, the discharge pressure of the pump was maintained at a constant value during
operation, regardless of changes in flow rate due to heating or cooling load changes. In general,
although adjustment according to changes in the load mainly depends on pump speed regulation
and two-way valves, the pump discharge pressure is constant. As a result, the rotation speed of the
pump cannot be too significantly reduced; therefore, the energy savings that can be achieved are
very limited. Specifically, even if the flow rate decreases, it is necessary to operate the pump to

maintain a constant pressure, and thus this unnecessary pump head results in inefficiency. Figure 3.
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8(b) depicts the centralized pumping system with constant terminal flow rate (CTF) control. In this
control strategy, the rotational speed of the pump was regulated by inverters in accordance with the
necessary heating or cooling load. Unlike CP control, it is not necessary to maintain a high pressure
at a small flow rate, so the rotational speed of the pump can be reduced as the flow rate decreases,
offering improved energy efficiency. Finally, Figure 3. 8(c) depicts the decentralized pumping
system. In this configuration, variable speed pumps were installed at each branch pipe; speed can
be adjusted according to the load change of each user. The flow rates of all pumps in three control
strategies can be controlled by the proportional-integral-derivative controller. There were no
balancing or control valves to regulate the flow rate in the branch pipe.

Because the energy use of each pump is affected by its mechanical characteristics, a direct
comparison between different types of pumps is not valid. Therefore, to avoid the effects of the
different performance characteristics of the pumps and to enable the comparison of the energy
savings potential of three different pumping system configurations, the theoretical power
requirement of the pump P, was used as the evaluation index. The theoretical power requirement
represents the kinetic energy loss in the form of a pressure loss in the pipe. This index is typically
used to analyze and calculate the hydraulic performance of pipelines. The theoretical power
requirement of the pump depends directly on the flow rate V', water density p, total head loss A, and
gravitational acceleration g, as expressed in Eq.(1). It should be noted that the denominator in Eq.(1)
is for the conversion of the flow rate, V', in units from L/min to m3/s. The denominator in Eq.(2) is
for the conversion of pressure units from kPa to m. P,; and P, is the pump inlet and outlet pressure,
respectively.

Based on the three different configurations mentioned above, the five different cases were

established to compare energy use via the theoretical pump power requirement.

__PgVH
760 x 1000
H = (Py, — P;)/9.8 )

(M

The five cases described in Table 3. 2 were investigated to compare the performance of decentralized

and two typical centralized pumping systems under various flow rate conditions. The branch pipe
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closest to the main pump was labeled Branch Pipe 2, and the other was labeled Branch Pipe 1, as
shown in Figure 3. 7. Cases 1 and 2 represent a centralized pumping system with CP control and a
decentralized pumping system, respectively, at the rated flow rates condition. Cases 3 and 4
represent centralized pumping systems with CP control and CTF control, respectively, at partial
flow rates condition(80% of the rated flow). Case 5 represents a decentralized pumping system with
the same flow rates as in Cases 3 and 4. In all cases, the flow rate in each branch pipe was assumed
to be half of the total flow rate. The two-way electronic valve was only used in the centralized
pumping system to regulate the flow rate and control the balance between the branch pipes. The
effective length of the virtual resistance in the main return pipe was assumed to be 4.7 m, and
between branches 1 and 2 it was assumed to be 15 m. For CP control in Cases 1 and 2, the setting
discharge pressure was set to the value at the rated flow rate (rated load condition), which was 21.5
kPa in this experiment.

In the centralized pumping systems, only the main pump was operated, so the two branch pumps
were turned off, while in the decentralized pumping systems the circumstance is reversed. At the
rated flow rate, the virtual resistances ARyq(p2), ARp1_p2, and ARy, were set to 5, 1.5, and 4.5
kPa, respectively. These values were reduced to 3, 1.1, and 3.3 kPa, respectively, when the flow rate

was decreased to 80% of the rated flow.

Table 3. 2 Experimental conditions of five experimental cases, under the same flow rate conditions

Design flow rate Design virtual resistance
System Control .
Case i ) (L/min) (kPa)
configuration strategy - - :

Vin Vb1 Voz  ARpy  ARp;  ARpi—p; ARy

1 Centralized CP control 26 13 13 5 5 1.5 4.5
) Inverter

2 Decentralized 26 13 13 5 5 1.5 4.5
control

3 Centralized CP control 21 10.5 10.5 3 3 1.1 3.3
) CTF

4 Centralized 21 10.5 10.5 3 3 1.1 3.3
control
) Inverter

5 Decentralized 21 10.5 10.5 3 3 1.1 3.3
control

A comparison of the theoretical power required by the different cases is shown in Figure 3. 9. Under

the same flow rate conditions, the theoretical power requirement of the centralized pumping system
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is higher than that of the decentralized pumping system due to additional energy for throttling.
Compared to the rated flow rate operation, the theoretical power of the centralized pumping system
decreased by 19% under constant pressure control at the partial (80%) flow rate. In the decentralized
pumping system, the theoretical power decreased by 47% when the flow rate was decreased to 80%
of the rated flow rate, which shows that the energy saving effect is more remarkable when system
is operating at the partial load than at the rated load. This is of particular interest for buildings with
frequent load changes, such as office buildings.

The pumping system is generally designed according to the maximum heat/cold load, but most
pumping systems operate at partial load inefficiently for most of the time. In the decentralized
pumping system, the flow rate is adjusted by changing the pump speed rather than throttling to cope
with load changes, there is no need to input extra energy for throttling and balancing. Therefore, the
use of a decentralized pumping system helps to improve the energy efficiency in buildings, which
can significantly reduce the overall energy demand and eventually reduce the global environmental
impact. In addition, based on the results of this study, this kind of decentralized configuration can

also be extended to other fluid delivery systems for efficient energy supply.

Mcentralized pumping M Decentralized Centralized pumping
0 system with CP Control pumping system system with CTF Control

Rated flow rate

[ee]
T

Partial flow rate (80% of
rated)

(o))

Theoretical power [W]
N

N

Casel Case2 Case3 Case4 Case5

Figure 3. 9 Comparison of theoretical power requirement under different scenarios.

For example, the decentralized configuration can be adopted in the HVAC duct system to achieve
variable air volume operation while avoiding energy waste at the damper. Also, the decentralized
configuration can be used in cooling water systems to improve the efficiency of a chilled water plant

and district heating/cooling system. These applications can help realize the optimal use of energy
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resources and optimization of fluid and energy delivery in whole industries, such as the energy

industry and the chemical industry.

Reduction of installation costs of water loop

No antifreeze

Usually, the equipment for utilizing geothermal heat uses antifreeze liquid for circulating water of
the ground heat exchanger and the water source heat pump. The main reason why antifreeze liquid
is needed is that if the geothermal heat is insufficient during the heating operation in winter, the
ground temperature and circulating water temperature will drop, and freshwater may cause freezing.
Freezing occurs on the waterside of the evaporator of the water source heat pump that supplies heat,
such as space heating and domestic hot water supply. As a result, the flow rate of circulating water
decreases, and the heat exchanger may be damaged. Even when the heat pump is stopped, a pipe
freezing accident due to cold outside air may occur. For these reasons, it is common to use antifreeze
for circulating water.

The antifreeze is typically an aqueous solution of ethylene glycol (EG) or propylene glycol (PG).
EG is toxic, and there is concern about soil contamination due to leakage. When PG is adopted, the
cost will increase, and the energy consumption of the circulating pump will increase due to the high
viscosity, and the heat transfer coefficient in the heat exchanger will decrease accordingly. In the
geothermal heat utilization system, the amount of antifreeze added into the ground heat exchangers
is very large, so the cost of antifreeze and work costs cannot be ignored.

In the developed system, the sky source heat pump (SSHP) is used to collect heat regardless of day
or night weather (however, operating efficiency may fluctuate)[10]. Using this method, we have
developed a system in which the water loop circulating water is made fresh, and antifreeze is not
required. In the test system described later, the tap water was enclosed in the water loop, and the
antifreeze control based on the SSHP was developed so that the circulating water temperature will
not fall below three degrees. For about two years of field testing(2017-2019), The operation result

showed that the freezing accident could be avoided.
Piping cost reduction

In the geothermal heat utilization system, it is common to use polyethylene (PE) pipes for the pipes
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of the geothermal heat exchanger and the connecting pipes to the water source heat pump. It has
been confirmed that PE pipes have long-term (50 years) durability unless exposed to ultraviolet
light. However, since PE pipes cannot be connected using an adhesive, they must be melted by heat
before joining. Therefore, a particular joint with a built-in heating wire is used, and a dedicated
fusion machine is used to control the melting temperature.

On the other hand, since vinyl chloride (PVC) pipes can be connected with an adhesive, so the
workability becomes higher. It is also confirmed to have almost the same or better durability as PE
pipe. However, PVC is generally not used in geothermal heat utilization systems because it tends to
dissolve in glycol antifreeze. As mentioned above, the developed system does not require antifreeze
liquid, so there is a possibility that inexpensive PVC piping can be used.

According to previous research, the material cost of PE piping is about five times that of PVC piping.
From this, it was judged that the adoption of PVC piping would be indispensable for the diffusion
of geothermal heat utilization technology, and the subsequent technological development was
advanced. The water loop system of the test building consisted entirely of PVC piping, the main
pipe was 40A, the branch pipe was 25A in Japanese standard, and tap water was used as the

circulating water for the operation experiment.

Control method

The circulating water temperature of the water loop of this system is designed to operate not only
the heat pump for heating and domestic hot water supply but also the heat pumps for cooling with
high efficiency. To maintain a natural soil temperature of + 5K (corresponding to the annual average
temperature, about 12-22 °C in Tokyo) by "natural recovery" by the ground heat exchanger and
"artificial recovery" by using sky source heat pump[3-6,13].

Since this temperature range is close to the underground temperature, the underground heat can be
used efficiently without being diffused and lost. On the other hand, the water loop can be used as
the heat source for heating and domestic hot water supply, and can also be used at a heat sink for
cooling and refrigeration. That is, the exhaust heat from the different equipment can be recovered
effectively. For the actual operation, the sky source heat pump is turned on and off at the water loop
circulating water temperature to keep the circulating water temperature of the water loop close to

the natural soil temperature.



Chapter 3: Fundamentals of distributed water source heat pump system using renewable energy — 63

3.3.2 Development of sky source heat pump

Development of a prototype of the sky source heat pump

To further improve the economic efficiency and energy saving of this system, based on the sol-air
heat pump by Hino et al., we developed and improved the new sky source heat pump[2,3,7,10,14].
We developed a sky-source heat pump (SSHP) that can collect and dissipate heat using solar
radiation, air, and longwave radiation. Figure 3. 10 shows the outdoor panel of SSHP, which can
work as an evaporator or condenser. Figure 3. 11 shows other parts of the SSHP, mainly including
the compressor and refrigerant circuit, as well as the control board. As shown in Figure 3. 12, the
SSHP has composed of an outdoor heat collecting and dissipating panel (right side in Figure 3. 12,

abbreviated as SS panel) and a refrigerant compressor unit (left side in Figure 3. 12).

Figure 3. 10 The outdoor panel of sky source heat pump.
= 'Tl =W L) |

Figure 3. 11 Compressor unit of sky source heat pump.
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Figure 3. 12 Structure and refrigerant circuit of sky source heat pump

SSHP outdoor panel

The outdoor panel is constructed by arranging multiple finned tubes, which are formed by extruding
aluminum, in parallel. The finned tube has a central refrigerant passage and a plurality of outside
air heat exchange fins, and evaporates the liquid refrigerant to absorb heat during the heat collection
operation, and condenses the gas refrigerant to release heat during the heat dissipation operation.
The fin is installed to facilitate heat exchange with air using natural convection and wind. For
example, at the time of heating operation (heat collection), the panel temperature is made lower than
the outside air temperature so that that heat can be quickly taken from the air. Similarly, during

cooling operation (heat dissipation), the panel temperature is higher than the outside air temperature



Chapter 3: Fundamentals of distributed water source heat pump system using renewable energy — 65

980

1,980

20

\_ 3,980 J

E EJ &)

\ﬁili‘ﬁﬁ’.f'} EFE ] RREmER

) LE

(|

Figure 3. 13 Dimensions of the outdoor panel
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Figure 3. 14 Part cross-section of the outdoor panel

Figure 3. 15 Solar cell module of sky source heat pump

so that heat can be efficiently dissipated from the fins to the air. Although the fin is provided based
on the above basic design, heat may be lost depending on environmental conditions because

sometimes the real operation does not follow the design purpose. For example, in the heating
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operation (heat collection), when the solar radiation is sufficient, the panel fin temperature may rise
and become higher than the outside air temperature, which means the heat escapes to the
surrounding air. Although this will be a heat loss, this is acceptable when considering the prevention
of compressor failure due to the excessive rise of the evaporation temperature and total
environmental conditions (such as when there is little radiation). We made the panel with fins
because the efficient extraction of heat from the air when there is little sunlight is more important

than the heat loss.

Figure 3. 16 Installation status of the outdoor panel on the roof of RE house.

Compared with conventional solar heat collectors, it has a simple structure with only a heat
collecting panel without a cover glass or heat insulation box, and because it gathers heat by
evaporating the refrigerant. The metal corrosion and freezing will not occur. It also condenses the
refrigerant to become a radiator at night. The dimensions of the outdoor panel are shown in Figure
3. 13. The heat collection area is about 8 m?, the solar heat collection capacity is about 6 kW, and
the air heat exchange capacity is about 5 kW.

Photovoltaic cells were attached to the upper surface of the outdoor panel (Figure 3. 14). As shown

in Figure 3. 15, the photovoltaic cell is a module in which 36 6-inch single-crystal type cells are
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connected in series, and thin glass is used on both sides to seal them with an ionomer (I0) (Figure
3. 14). These eight modules were silicon-bonded to the surface of the aluminum extruded fin tube.
Figure 3. 16 shows the outdoor panel installed with photovoltaic cells on the roof.

The compressor is a closed rotary type compressor. Besides, in the sky source heat pump, in the
case of the panel work as an evaporator, it is necessary to spread a gas-liquid two-phase flow over
the entire surface of the panel, prevent liquid back to the compressor and make oil (lubricating oil)
return to the compressor reliably. When the panel works a condenser, it is necessary to discharge

the condensed liquid refrigerant from the panel quickly. The commonly used expansion valve

Figure 3. 17 The steam trap used as the drainer in SSHP refrigerant circulation.
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Figure 3. 18 The structure of the steam trap. Number in the figure: 1. body; 2. inner cover; 3.

brim; 4. guide; 5. screen; 6. spacer; 7. float; 8. name plate; 9. orifice; 10. copper pipe; 11. cap
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method cannot sufficiently perform such a function, and therefore the drainer method is used. T
steam trap is used as the drainer(TLV: SS5N-HP-32, appearance is shown in Figure 3. 17), it has a
maximum operating pressure of 3.2 MPa, and a maximum operating temperature of 425°C. Figure

3. 18 shows the detailed structure of the seam trap used as the drainer in this system.

Principle of heating and cooling operation mode

Heat collection operation

For the heating and domestic hot water supply in this system, the heat is collected during the daytime
when solar heat is sufficient and stored in the ground. Then the heat is supplied by individually
distributed water source heat pumps, which outdoor panel work as an evaporator. On a cloudy day
or at night, when there is not enough solar radiation, the outdoor panel temperature becomes lower
than the outside air temperature, heat is absorbed from the ambient air by natural convection, and
heat is exchanged with the sky by long-wavelength radiation. Based on the experiment, it has been
confirmed that when the wind speed is low, the temperature drops by about 10 K compared to the
outside air, and when the humidity is high, dew condensation occurs and frost forms below freezing,
but defrosting is not required.

If there is not sufficient solar radiation, the refrigerant evaporating temperature will rise. When the
amount of solar radiation is enough (approximately 1 kW/m?), the average panel temperature
(almost refrigerant evaporation temperature) may exceed the outside air temperature. However,
since the temperature difference between the panel and outside air is small, the heat loss can be
ignored. When the amount of solar radiation is low, the temperature at which the refrigerant
evaporates falls below the ambient temperature, gathering both solar radiation and air. For this
reason, the cover glass and heat insulation box, which are indispensable for ordinary solar water
heaters, are not required in this system. This outdoor panel is also advantageous in terms of solar
cell power generation efficiency. For example, when the heat pump is turned off, the fins on the
back surface act as a radiator to suppress the temperature rise of the solar cell and prevent the power
generation efficiency from decreasing. Furthermore, when the heat pump is operating, the solar cells

are actively cooled, which increases the power generation efficiency.
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Heat dissipation operation

In the heat dissipation operation in this system, the cooling exhaust heat from space cooling during
the daytime is stored in the ground, and this heat stored underground is dissipated mainly by the sky
source heat pump at night to recover the ground temperature. At this time, the outdoor panel
becomes a condenser, and the temperature of the outdoor panel rises accordingly. Then, the long-
wavelength radiation is enhanced, and natural convection and wind are utilized to dissipate heat to
the ambient air. If there is rainfall, the latent heat of vaporization of water can also be used, and the
refrigerant condensing temperature decreases. As a result, the heat dissipation operation efficiency
(take COP as a factor) can increase. It can be said that this system is a peak shift system that not
only increases the cooling COP to reduce power during the daytime but also uses the power at night
to dissipate heat. The solar cells dissipate heat through the fins on the backside during the daytime
in summer, so the maximum stays around outside temperature plus 15 K.

For example, when the outside air temperature is 35 °C, the maximum temperature is about 50 °C
even in the daytime on a sunny day, which is significantly lower than that of a typical solar cell, so

it can help keep the power generation at an adequate level.

Figure 3. 19 Heat pump unit imported into the ~ Figure 3. 20 Pipe connection with the water

circulating water temperature control system loop and sky source heat pump
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Compressor and circulating water control

The compressor unit of the sky source heat pump (SSHP) (left part in Figure 3. 12, Figure 3. 19) is
connected to the outdoor panel by the refrigerant circulation loop. During heat collection operation,
the gas refrigerant evaporated in the outdoor panel is compressed to heat the circulating water in the
water loop. During heat dissipation operation, the condensed liquid refrigerant in the outdoor panel
is evaporated to cool the water loop circulating water.

As described above, the tap water is used in the water loop system as the water loop circulating
water. For the material of the piping system, the insulated PVC pipe was buried underground in the
refrigerant compressor unit, and water loop communication piping (Figure 3. 20), and the
geothermal heat from GHX and the heating operation of SSHP were used to prevent freezing occurs
in water loop.

In the heat collection operation of SSHP, the refrigerant evaporation temperature rises during fine
weather on warm days, and conversely, the refrigerant evaporation temperature decreases during
cold nights. The heat collection capacity changes greatly depending on the weather conditions. To
avoid drastic changes and obtain a stable output of the compressor, the rotation speed of the
compressor was controlled by an inverter.

That is, as shown in Figure 3. 21, when the refrigerant evaporation temperature is above 10 °C, the
minimum speed is 30 rpm, and below minus 26 °C, the maximum speed is 90 rpm, and the
compressor speed will change linearly.

Besides, we developed a program for operation control of SSHP to keep the circulating water
temperature of the water loop near the natural temperature. The control flow is improved based on

the feeding back from the experimental result. The latest version is shown in Figure 3. 22.
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Figure 3. 21 Speed control of the compressor unit
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3.3.3 Overview of double-helical ground heat exchanger

Shallow depth geothermal utilization

In the use of geothermal heat, it is desirable that the amount of soil heat collected in winter heating
be almost equal to the amount of soil heat released in summer cooling to maintain high-efficiency
operation over many years. In other words, the use of geothermal heat is an annual heat storage
process, and it is necessary to exchange heat with a large amount of soil, which is a heat storage
medium. The U-tube ground heat exchanger is usually buried by excavation, and the space between
each heat exchanger is about 3 to 5 m. Deeply burying the ground heat exchanger reduces the laying
area of the geothermal heat exchanger, but it still requires nearly half of the air conditioning area.
The requirement fo burying area is one of the reasons why it cannot be covered all the air
conditioning load. Furthermore, since hot water is only heat collection from the soil, it is not suitable
for underground heat utilization due to the unbalance of heat storage.

Conventional ground heat exchangers generally is a U-tube type that buried up to a depth of about
100 m. Therefore, it takes a long time for excavation and bury, which also causes high installation
costs. In addition to the use of such a significant depth, a horizontal spiral loop method of burying
at a depth of about 2 m is another solution. However, there is a problem that the required area is still
considerable. Therefore, considering the daily operation in this heat pump system, we developed a
helical ground heat exchanger that aims to use the shallow depth geothermal heat at a depth of about
15 to 20 m.

As shown in Figure 3. 23, the soil temperature deeper than 10 m is constant temperature throughout
the year and is called a constant-earth-temperature layer. While seasonal temperature fluctuations
occur in shallower strata. For example, in a level with a depth of 5 m, there is a fluctuation of 3 to
4 K per year. The change in soil temperature at this depth was greater than the hard layer temperature
in January and lower than the hard layer temperature in July. In other words, it was more
advantageous than the constant-earth-temperature layer for heating heat collection in winter and
cooling heat dissipation in summer. It was judged that this critical depth was up to 3 m.

Moreover, the advantage of using geothermal heat at shallow depth is that high-speed excavation is

possible by using a dedicated excavator[9,11,13].
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Figure 3. 23 The calculation result of soil temperature change at a shallow depth[9,11].

(number indicates month)

Principle of double-helical ground heat exchanger

Helical type ground heat exchangers have been used for a long time[9,11,13], but we point out the
problem from the viewpoint of practical use. One of the issues is that since the heat exchange tubes
are arranged at a high density, heat exchange capacity for a short time is possible, but it is not
suitable for heat exchange for a long time. This is because the soil temperature around the heat
exchange tube is saturated. For example, when the helical pitch (tube interval) is small, the
temperature of the sandwiched soil will be saturated in a few hours to a few days. Conventional
geothermal heat utilization is usually annual cycle heat storage; the temperature influence range
(thermal diffusion length) can reach 3 m or more[9,11]. The ideal pitch needs to be 6 m or more, so
it is hard to say that it is a proper helical shape utilization.

This system collects and dissipates heat from the sky source heat pump to store heat in a daily cycle.
For example, in the winter, heat is collected (stored) during the daytime and used (dissipated) at
night time. In the summer, exhaust heat from space cooling is stored in the soil and dissipated at
night time by long-wavelength radiation.

The thermal diffusion length of this kind of operation method is less than 20 cm, which means the
heat exchangers can be arranged more closely[11]. Figure 3. 24 illustrates the thermal diffusion

length by image. Collecting heat or dissipating heat to the soil can be seen to give a temperature
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wave to the soil. As the temperature wave diffuses, the distance at which the temperature amplitude
decreases to 1/e is defined as the thermal diffusion length u. The thermal diffusion length can be
calculated as equation (1)[11]; in this equation, £ is the thermal conductivity, p is the density, ¢, is

the specific heat, and f'is the frequency.

(M

{

thermal diffusion length £ l

Temperature amplitude A4 » distance

7
Figure 3. 24 Image of thermal diffusion length[11].

The typical conventional helical shape is a structure in which the connecting pipe (starting pipe)
from the bottom of the coil is raised inside the coil, and the manufacturing method is typically the
method of winding around the reinforcing bar basket on site. In the improvement in this study, a
double-helical shape was formed by folding back at the bottom and winding up (show in Figure 3.
25). This kind of structure made it possible to manufacture long resin pipes without connecting them
in the middle part, and because there was no start-up pipe, it was possible to compress compactly
and transport easily.

The double helix ground heat exchanger has a unique three-dimensional structure and is
accompanied by unsteady heat transfer due to the heat storage effect. The design parameters of the
double-helical exchanger were decided based on simulation; the design parameters are shown in

Figure 3. 25. Accurate calculation and introduction can be found in the previous study[9,11].
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Figure 3. 25 Double-helical GHX and configuration

In the double-spiral structure, circulating water enters from the top and goes down to the bottom,
then rises from the bottom and back to the top. Therefore, the temperature of spiral tubes adjacent
to each other has a significant difference at the top of helix but a small difference at the bottom.
However, the amount of heat exchange with soil between spiral pipes is expected to be almost the
same regardless of the top and bottom of the spiral part. In this way, the fact that uniform ground
heat exchange can be carried out over the entire spiral part is also an advantage over the conventional
ground heat exchanger.

The double-helical ground heat exchanger used this time is made of PVC corrugated pipe with a
length of 150 m and an inner diameter of 36 mm, and three tubes are installed at 2 m intervals.

As shown in Figure 3. 26, a straight pipe section is used as a transition for 3m from the ground
surface to avoid the influence of the weather. The spiral tube section (heat exchange section) is
below 3 m underground, with a borehole length of 15 m and an inner diameter of 0.7 m.

The double-helical structure also has an advantage in manufacturing. As shown in Figure 3. 27, the
middle of the PVC corrugated long tube (about 150 m) was set on the winding machine, and it was
confirmed that a double-helical tube could be manufactured at a stretch while rotating the whole.
Since the coil is likely to come loose if left as it is, we also devised a coil unit (outer diameter 600
mm, length 3.5 m) by covering the outer circumference of the coil with a steel plate (Fig. 2.4.7).

Unitization also reduced transportation costs.
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Figure 3. 27 Manufacture of double-helical ground heat exchanger

3.3.4 Development of water source heat pump for floor

heating

Overview of water source heat pump for floor heating

This system uses a water source heat pump that optimizes the equipment configuration and
supplying temperature according to the cooling, heating, and domestic hot water supply. Duct air
conditioning and floor heating The water source heat pump used drainer (steam trap) for the
expansion mechanism instead of the conventional expansion valve. The drainer quickly discharges

the liquid refrigerant by the action of the float and blocks the passage of uncondensed vapor to
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reduce the necessary pressure, and the correction operation is fast. Compared to the conventional
expansion valve, the flow rate control range is more extensive with quicker and more stable
operation. It is expected to have high evaporation heat transfer, and high condensation heat transfer
with improved condensate discharge performance can be achieved, maintaining a wet condition up
to the evaporator outlet during operation. The system is individually distributed and has a thermal
network inside the building, so it has excellent expandability.

For air conditioning in the building, not only energy saving but also comfort is essential. Although
the floor heating system is highly comfortable because of the radiant heating method, the
conventional floor heating system is not energy saving because it usually uses electric heaters and
hot water from gas and oil boilers. Therefore, we developed a floor heating heat pump (has a heat
output of about 5 kW) for floor heating based on a water source heat pump that can utilize the
geothermal heat, which is a stable heat source, to improve the COP by supplying water at a low-

temperature zone.
Development of the prototype heat pump for floor heating

The prototype is developed based on a commercial water source heat pump that can use geothermal
heat. The heat exchanger (evaporator and condenser) is changed to a plate-type to improve heat
exchange performance, and the expansion valve is replaced with a drainer. Besides, it is a refrigerant
circuit with a low-pressure receiver (Figure 3. 28). R32 was used as the refrigerant in the circulation.
Regarding the capacity of the plate heat exchanger, the heat transfer area is 1.44 m?, and the external
dimensions are width 820 mm, depth 300 mm, and height 300 mm.

The operation performance of the prototype (Figure 3. 29) was tested at the manufacturer's test
facility. The results are shown in Figure 3. 30. Compared to the base machine for the modification
(H6000 in Figure 3. 30, called commercial HP), the COP is about twice higher than the base product.
The reason for the improvement in COP is that the evaporator and condenser are replaced with plate
heat exchangers to improve the heat exchange capacity. Because of the drainer system, the
evaporator keeps the wet condition up to the outlet, and the condenser keeps the refrigerant liquid.
The improvement is considered to be the effect of eliminating the retention of liquid refrigerant. The
prototype water source heat pump for floor heating was connected to a cross-linked polyethylene

pipe (Figure 3. 31 and Figure 3. 32) installed on the floor of the RE house and used for operation
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experiments. Figure 3. 33 is a thermal image when circulating hot water at 28 °C. The floor surface
temperature was 23.3 °C, and it demonstrates that the floor heating function was fulfilled. Figure 3.
34 shows the detailed configuration of the floor heating system, the material for the floor heating

pipe is PEX 20, the piping length of the multi-purpose and measurement room is 200m, 100m,

respectively.
Compressor ;
B P |
. —F] ! | -
€5 LF 127 '{I 215.88 / >
Floor heating :
loop Condenser Evaporator | Water loop
25A 25A
Airpurge Liquid
29.5 qui 29.5 |
> ‘E receiver . a' «
Drainer :

Figure 3. 28 Refrigerant circuit of prototype heat pump for floor heating

Figure 3. 29 Performance test of a prototype heat pump for floor heating
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Figure 3. 30 Results of the performance test of the prototype heat pump for floor heating

Figure 3. 32 Water source heat pump for floor heating installed in RE house.
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Figure 3. 33 Infrared photography of floor heating. (when circulating hot water is 28 °C)

facility room

. floor heating heat pump
S N0t Water head

foor heating pipe (PEX-20, 100m x3)

O Minimum bending radius 300mm

Figure 3. 34 Configeration of floor heating pipe system.
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3.3.5 Development of water source heat pump for air
conditioning
Overview of water source heat pump for air conditioning

Besides the requirement of floor heating for a better comfort environment in the room, as the airtight
insulation of the building improves, the importance of space cooling increases accordingly. The
problem of space cooling in the prior art is that a power peak (power shortage) requirement problem
occurs because the power consumption increases as the outside temperature rise, such as in the
afternoon in summer. On the other hand, in this heat pump system, we developed a system (peak
shift system) that uses soil heat storage to increase the daytime cooling operation COP and shift part
of the power consumption to nighttime. The water source heat pump for air conditioning developed

was a duct-type air conditioning system(heat output of about 5 kW) throughout the building.

Figure 3. 35 Inside the heat pump for air conditioning

It is known that to maintain the indoor air temperature only by floor heating, it is necessary to keep
the floor temperature at a high level, and comfort may reduce accordingly. Here, we made a

prototype of a water source heat pump assuming that the floor heating system and space heating
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system are used together, that the entire building is air-conditioned with a ventilation duct. With this
duct-type water source heat pump for air conditioning, we focused mainly on improving the cooling

COP during the daytime in summer.
Development of the prototype heat pump for air conditioning

The water source heat pump for air conditioning is an improvement of an existing commercial
product for buildings. Figure 3. 35 shows the internal structure of the prototype when manufacturing.
The water heat exchanger was changed from a double-pipe type to a plate type, the capacity of the
plate heat exchanger, the heat transfer area is 1.44 m?. The superheat degree control based electronic
expansion valve was changed to a drainer. Besides, the refrigerant R-32 was adopted, and the blower
was turned from a sirocco fan to an axial fan. Standard parts in the commercial based product were
used for the refrigerant compressor and the air heat exchanger. The external dimensions are width
820 mm, depth 300 mm, and height 300 mm. The facility room and measurement room have a 200
mm wide x 200 mm long outlet on the ceiling. The appearance of the prototype water source heat

pump for air conditioning is shown in Figure 3. 36.

Figure 3. 36 Appearance of the prototype water source heat pump for air conditioning.

The manufacturer's calorimeter tested the performance of the prototype after finished the prototype.

The results are shown in Table 3. 3 and Table 3. 4. The heat source water temperature was set at
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around 17 °C, which is the same for both the cooling cycle and the heating cycle, assuming the use

of underground heat. From Table 3. 3, the COP for the air-conditioning operation was about 15, and

we can know that the possibility of reducing the power consumption during the hot summer daytime

is considerable.

However, the heating operation COP was about 6. The low operating efficiency means that the low-

pressure pressure (gauge pressure) is 0.84 MPa when the outlet water temperature (heat source water)
is about 14 °C in heating in Table 3. 4, which is 5.3 °C when converted to the evaporating

temperature. The reason is that because there is a problem with the shape of the refrigerant pipe

inside the air heat exchanger, and the condensate is hard to flow down, so the refrigerant flow rate

to the evaporator was insufficient. Based on the result, this part (air heat exchanger) needs to be

improved further.

Table 3. 3 Calorimeter test results of water source heat pump for air conditioning. (cooling)

Space cooling

Operating frequency (rps) 43
Indoor dry bulb temperature (°C) 26.94
Indoor wet bulb temperature (°C) 19.08

Inlet temperature (°C) 16.94

Outlet temperature (°C) 20.81

Flow rate of source water (L/min) 20

Voltage (V) 200.1
Current (A) 2.18

Cooling capacity (kW) 5.049
Energy consumption (kW) 0.332

COP 15.207

Pressure at high pressure side (MPaG) 1.42 Pressure sensor

Temperature of high-pressure gas (°C) 37.5
Temperature before drainer (°C) 21.1
Temperature after drainer (°C) 15.6
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Pressure at low pressure side (MPaG)

1.14

Evaporating temperature: 14.7°C

Pressure at high pressure side (°C)

21.9

Table 3. 4 Calorimeter test results of water source heat pump for air conditioning. (heating)

Space cooling

Operating frequency (rps) 58
Indoor dry bulb temperature (°C) 20.01
Indoor wet bulb temperature (°C) 14.04
Inlet temperature (°C) 17.08
Outlet temperature (°C) 13.92
Flow rate of source water (L/min) 20
Voltage (V) 200.2
Current (A) 5.38
Cooling capacity (kW) 5.264
Energy consumption (kW) 0.856
CcopP 6.147
Pressure at high pressure side (MPaG) 1.88 Pressure sensor
Temperature of high-pressure gas (°C) 71.2
Temperature before drainer (°C) 31.2
Temperature after drainer (°C) 6.8
Pressure at low pressure side (MPaG) 0.84 Evaporating temperature: 5.3°C
Pressure at high pressure side (°C) 18.8

Figure 3. 37 and Figure 3. 38 show the configuration of the heat pump unit and the ducts. Through

the duct, the heat pump for air conditioning delivers treated air to the facility and the measurement

room. And the treated air is directly delivered to the multi-purpose room through the outlet.
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Figure 3. 38 The heat pump for air conditioning set on the loft and duct

3.3.6 Development of water source heat pump for
domestic hot water supply

Overview of water source heat pump for domestic hot water supply

The utilization of geothermal heat is not suitable for domestic hot water supply. The reason is that

the domestic hot water supply needs to consume heat over the whole year; therefore, there will be
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is a shortage of geothermal heat. Here, as mentioned previously, it was confirmed experimentally
that the sky source heat pump could collect solar radiation and air heat to compensate for the lack
of geothermal heat. Besides, due to the water loop system, the exhaust heat from space cooling

during summer can be stored in the soil in the cooling operation for recovery and utilization.
Development of the prototype heat pump for domestic hot water supply

Domestic hot water supply in the building may require a large amount of heat instantaneously, such
as filling the bathtub, so the hot water storage type is suitable for this purpose. Although the
commercially available EcoCute[16] heat pump is a hot water storage type, it has a problem that
performance deteriorates in cold weather because it is a heat pump that uses the air as a heat source.
Therefore, we made a prototype of a water source heat pump based on the EcoCute (a hot water
storage type and using the CO; refrigerant) that can utilize geothermal heat in this way.

As shown in Figure 3. 39, the prototype was developed based on a commercial EcoCute product,
but the water/air heat exchanger was changed to a water/water heat exchanger (evaporator in Figure
3. 39). The internal structure is shown in Figure 3. 40. As shown in Figure 3. 41, through the
manufacturer's environmental laboratory, the operating data under cold conditions was tested, and
the result is shown in Table 3. 5.

Figure 3. 42 shows the top view of the heat pump for domestic hot water supply installed in the
system. Figure 3. 43 shows the actual setup of the hot water tank and heat pump. The gray pipe is

the connection to the water loop, and the white pipe is the connection to the water tank.

Invertor & engine control unit

Refrigerant W ater Heat
Exchanger

Evaporator

Inner Heat Exchanger

Cooling fan for\>

invertor Expansion valve

M&condary side exit joint

| Secondary side entrance

y joint
Secondary side circulating
pump

Compressor

Figure 3. 39 Configuration of water source domestic hot water supply heat pump prototype
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Figure 3. 41 Performance test of hot water supply heat pump in cold weather(test room).
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Table 3. 5 Operating performance test results under cold conditions (test room data)

Outlet of compressor (°C) 75
Outlet of water/water heat exchanger (°C) 17.4
Expansion valve (°C) 17.2
Inlet of evaporator (°C) 11.6
Outlet of evaporator (°C) 16.2
Inlet of compressor (°C) 16.5
Water supply temperature (°C) 8.95
Water heat temperature (°C) 63.7
Inlet temperature of primary water (°C) 17.0
Outlet temperature of primary water (°C) 13.3
Primary side flow rate (L/min) 16.0
Secondary side flow rate (kg/min) 1.15
Energy consumption (kw) 0.780
Low pressure (MPaG) 4.52
High pressure (MPaG) 9.56
Heat output capacity (kW) 4.38
COoP 5.62
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Figure 3. 43 The water storage tank and heat pump for domestic hot water supply.

3.4 Summary

In this chapter, we started with the basics and explained the concept and composition of this system.

These include the development of sky source heat pumps, floor heating heat pumps, air conditioning
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heat pumps and hot water heat pumps. The concept, structure and performance test of each machine
are also explained in detail. The development and improvement of each device are to cooperate with
the design and operation concept of the system, that is, the integrated use of multiple renewable
energy sources, including solar radiation, air heat, and geothermal heat. Also, the soil is used as a
heat storage body to achieve peak shaving operation.

In the next chapter, we will introduce experiments which are the field testing, and test each machine

and the overall performance of the system through experiments.
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Chapter 4: Experimental performance
analysis of distributed heat pump system

using renewable energy
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4.1 Introduction of test building and
control method

Testing building (RE house)

In this distributed heat pump system, a water loop network constitutes a thermal network within the
building, and the individual distributed water source heat pump that can exchange heat with this
thermal network to supply the necessary heating and cooling. Such an individually distributed
network system can be used for a variety of purposes and can offer the advantage of high flexibility
in scale expansion.

To verify the concept of this technology and test the performance of the proposed heat pump system,
we constructed a small-scale experimental facility (test building,) assuming a detached house and
verified the feasibility of both the essential components and the whole system. Figure 4. 1 and Figure
4. 2 show the appearance of the test building (called RE house, located in the Chiba Experiment
Station, Institute of Industrial Science, University of Tokyo) incorporating the proposed distributed
heat pump system using multiple kinds of renewable energy[1-10]. As shown in Figure 4. 3, this
heat pump system is a research and development targeting a residential system that can offer heating,
cooling, and domestic hot water supply while refrigeration is an issue for future development and
improvement of this system.

As mentioned in the chapter3, Renewable energy, such as geothermal heat is utilized through the
underground heat exchanger(GHX). A sky heat source heat pump(SSHP) uses renewable energy
from the sky, such as solar radiation and air heat from the atmosphere. A water circulation loop
integrates both renewable energy sources from earth and sky. The HVAC system for heating, cooling,
and domestic hot water supply purposes are constructed by using several water source heat pumps.
This system is a technology that realizes energy saving of heat supply by aiming to maximize
efficiency based on the second law of thermodynamics, based on a heat pump (HP). HP is a technical
means that uses power to move heat from a low-temperature source (source) to a high-temperature
location (sink). A heat source (heat collection source) and a heat sink(heat demand sink) require a

large heat capacity, and reducing the temperature difference between the two is the key to reducing
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power and increasing operating efficiency (coefficient of performance, COP). From this point of
view, the earth (underground) is optimal as a heat source, and an individually distributed HP that
supplies heat at a temperature that is just enough for the heat demand is desirable. Therefore, in the
proposed system shown in Figure 4. 3, since each element is connected to a water loop, each
component allows mutual heat exchange. As a result, the hot exhaust heat of the water source HP
that supplies the cooling demand for space cooling will become the heat source of the water source
HP that provides the heating demand such as space heating and domestic hot water supply. On the
other hand, the exhaust heat of the water source HP for space cooling can be seen as the heat
radiation source of the water source HP that provides the cooling purpose. The heat storage effect
of soil adjusts the non-simultaneity of the exhaust heat, and the imbalance of the daily integrated
amount can be adjusted by using the ground heat exchanger and collecting and dissipating heat by
SSHP.

The floor area of RE house is about 60 m?, which is enough for testing the performance of the
distributed heat pump system on a practical scale. There is a facility room, a measurement room,
and a multipurpose room. Considering the weight of the outdoor panel of the sky source heat pump
on the roof, we used the galvalume steel sheet as roof material, and the outer wall is also the
galvalume steel sheet. The heat transmission coefficient U of the outer wall is 0.40 W / (m?-K), and
the heat loss coefficient Q of the test building is 0.90 W/(m?K). There is a ventilation fan in the

multi-purpose room that operation for 24 hours, and the design ventilation rate is 0.6 times/h.

Figure 4. 1 Photography of RE house in spring.
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Figure 4. 2 Test building of development system (RE house).
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Figure 4. 3 System configuration of the heat pump system in the RE house.
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Figure 4. 6 Configuration of RE house floor heating system.
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Figure 4. 4 shows the facility plan and elevation of RE house. The whole heat pump system is
connected by a water loop, to form a thermal network within the building. The main pipes of the
water loop system are PVC 40A (main pipe) and PVC 25A (branch pipe) in Japanese standard. The
dotted line indicates the underground pipeline. The pipe of the floor heating system is PEX20. Figure
4. 5 shows the setting of the duct system in the RE house. The treated air is sent to all rooms from
the heat pump for air conditioning through the duct with an equivalent diameter of 200 mm. Also,
two adjustable blowers are used for the multi-purpose room. Figure 4. 6 shows the configuration of
the floor heating system, as mentioned earlier, the multi-purpose and measurement room is installed

with a floor heating system except for the facility room.

Control method

As described in chapter3, we developed a program for operation control of SSHP to keep the
circulating water temperature of the water loop near the natural soil temperature. The control flow
is improved based on the feeding back from the experimental result. The latest version is shown in
Figure 4. 8.

In the heat collection operation of SSHP, the refrigerant evaporation temperature rises during good
weather on warm days, and conversely, the refrigerant evaporation temperature decreases during
cold nights. The heat collection capacity changes greatly depending on the weather conditions. To
avoid drastic changes and obtain a stable output of the compressor, the rotation speed of the
compressor was adjusted by an inverter. That is, as shown in Figure 4. 7, when the refrigerant
evaporation temperature is above 10 °C, the minimum speed is 30 rpm. Below minus 26 °C, the

maximum speed is 90 rpm, and the compressor speed will change linearly.
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Figure 4. 8 Control method of SSHP for water loop temperature.

During the winter field experiment, the circulating water temperature of the water loop was
maintained within a specific temperature range by the SSHP, and this temperature range was based
on the underground temperature. The circulating water inlet temperature of the SSHP was set as the

reference point. Two different control schedules based on the SSHP turn-on/turn-off time were
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adopted, as shown in Figure 4. 8. Based on the above control logic shown in Figure 4. 8, we set the
control schedule described as follows. During the period from the 1st to the 9th of March, the heat
pump collected heat from the circulating water loop during the daytime (i.e., from 8:00 to 18:00).
The SSHP later began heat collection when the inlet circulating water temperature dropped to 15 °
C and kept heating the water until it exceeded 17 °C. During the night (i.e., from 18:00 to 8:00 the
following day), the SSHP start/stop temperature setting was lowered, and it was set to utilize
geothermal heat.

From the 10th to the 31st of March, the daytime period was altered to range from 12:00 to 20:00, to
ensure that the SSHP turn-on time coincided with the time at which solar radiation was at its
maximum. The nighttime period was also changed, in this case, from 20:00 to 12:00 the next day.
Furthermore, the setting of the SSHP and the turn-off temperature were lowered to 10 °C. For the
sampling of the temperature of the water loop circulating, we made the SSHP operate at a cycle of
30 min. In one operation cycle of SSHP, where the circulation pump in the SSHP ran every 27 min
and stopped after 3 min of operation. Therefore, when the circulating water temperature dropped,
the heat collection operation of the SSHP began to heat the circulating water in the water loop

regardless of the time, which prevented the freezing of the circulating water.

(a) Start Stop

Ci lati t
irculating water % %1|01|11?1?1?1?1?171?1?2?%‘]2|22|3
temperature at the 1T 1T 1T T 11T 17T 17T 1717 1T 1T 1T
inlet of SSHP(°C)

Night time (20:00-11:59 the next day)

Start Stop

Start Stop

(b)

roulati
Circulating water % % 1|01|1 1?1?1?1?1?171?1?2?%‘] 2|2 2|3
temperature at the [ T 1T 1T 1T 1T 1T 1T 1T 1T 1T T1T°7

inlet of SSHP(°C)

Night time (18:00-7:59 the next day)

Start Stop
Figure 4. 9 The SSHP control schedules for the circulating water loop temperature:

(a) from the 1st to the 9th of March, and (b) from the 10th to the 31st of March.
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For the control schedule of FHHP, the operation control of the FHHP was carried out based on the
hot water temperature in the warm water loop, i.e., the underfloor heating pipes. More specifically,
when the warm water supply temperature (outlet in the floor heating system in Figure 4. 10)
exceeded 27 °C, the FHHP stopped heating. To maintain the room at a suitable temperature, the
FHHP turned on once again to heat the water in the warm water loop when the water supply

temperature dropped below 22 °C.

D Expansion tank ACHP

20L5.8) 5.5 kWth, 20 L/min
Inner diameter 25, 20 L/min, 0.68 m/s, 0.255 kPa/m zbﬁrﬂmAq 'm)

PVC 25A H

25A

outlet - Inlet

floor heating pipe (inner diameter 21mm, 100m x3)
FHHP, 5.5 kwth, 20L/min

[

Figure 4. 10 measuring point for control of FHHP

4.2 Measurement items and measuring
equipment

To calculate and evaluate the performance of each heat pump and the whole system, the following
physical quantities were recorded with regular time intervals of 5 s, and the average values were
calculated per minute:

(@) Measurement of the volumetric flow rates of the circulating water in the water loop system at
each heat pump (including the hot water side in the floor heating system in the room) using a
flowmeter (appearance shown in Figure 4. 13, accuracy: £+ 1.6% of full scale);

(b) Measurement of the inlet and outlet temperatures of the circulating water in the water loop
system at each heat pump (including the warm water side of the floor heating system in the
room) using platinum resistance bulbs (Pt-100, accuracy: = (0.15 + 0.002]t|) °C);

(c) Measurement of the inlet (before diversion) and outlet (after confluence) temperatures of the
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circulating water at GHX using platinum resistance bulbs (Pt-100, accuracy: + (0.15 +
0.002[t]) °C);

(d) Measurement of the outside air temperature and humidity using a weather station equipped with
a thermo-hygrometer (temperature measurement accuracy: + (0.226 — 0.0028t) °C);

(e) Measurement of solar radiation using a weather station set with a pyranometer (accuracy: non-
linearity < 1%);

(f) Measuring the energy consumption of each component using a power monitor (accuracy: + 2.0%
of full-scale = 1 digit). The data were recorded and total calculated over the measurement period,

(g) Measurement and monitoring on a computer of the instantaneous total power consumption of
each heat pump compressor and pump unit, in addition to all other parameters.

Besides, the power consumption was recorded at time intervals of 1 min. As shown in Figure 4. 11,

the energy consumption of each heat pump unit is measured separately. As the power consumption

of the compressor and the circulating water pump of each heat pump were measured together and

could not be separated due to the initial installation, the energy consumption of the pumping system

is not discussed separately. However, we can calculate an estimate based on the performance curve

of the pump because each pump runs at a constant rotation speed. Figure 4. 12 shows the

measurement of the soil temperature, mainly including the central borehole temperature, natural

underground temperature, and soil temperature under the floor.

Based on the field experiment measurements, we can get the coefficient of performance(COP) for

each heat pump and the whole system.

Table 4. 1 Main parameter of each heat pump in the system.

Maximum heat output (kW) Remarks

Facing soutch; tilt angle: 30 degree

SSHP 6(solar)/5(air) Refrigerant: R32; Panel area: about 8 m?

Photovoltaic power generation: 1.2 kW

GHX - Spiral part depth: 12 m; parallel installation
FHHP 5 Refrigerant: R32; Floor heating area: 47 m?
ACHP 5 Refrigerant: R32; Duct covers every room

HWHP 5 Water storage type
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Figure 4. 11 Measurements of the energy consumption of each heat pump unit.
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Figure 4. 12 Measurements of underground temperature.
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Figure 4. 14 Screenshot of data logger of the weather station.
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Figure 4. 15 Screenshot of the data logger for measuring the main parameters for system.

Besides, as shown in Figure 4. 14 and Figure 4. 15, we can monitor the operating status and weather
conditions from the data logger through the computer. The weather data and system operating are
measured and recorded separately. Figure 4. 16 shows the distribution of measurement points in the
system. The measurement mainly includes the inlet/outlet temperature and flow rate of each heat
pump unit. Also, the amount of electricity generated by the photovoltaic cell is also measured.

Besides, the capacity of each heat pump and the detailed specifications of the piping system are also

clearly marked.
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Figure 4. 16 Dimensions and measuring points in the heat pump system.
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4.3 Evaluation method

The measured values for the flow rates, changes in the circulating water temperature, and the
electrical power inputs were used to determine the performance of the heat pump system. Although
Energy Efficiency Ratio (EER) is usually used to indicate the cooling energy efficiency of the heat
pump or chiller, the coefficient of performance (COP) is used to express the performance of each
heat pump in this article. The reason is that the principle of EER is totally same as the COP. It is
noted that the calculation of method and energy under refrigeration conditions the efficiency ratio
is consistent.

In the case of the cycle calculations for the distributed heat pump system, it was assumed that there
was no heat loss on the pipe due to enough insulation layer installed, and so for the overall system

during the winter experiment, the thermal energy balance can be expressed as follows:

Qeg + sthp = th

Where, Q. is the heat extracted from the ground [kW], Qs is the heat transferred into the water
loop by the SSHP [kW], O is the heat for space heating that rejected to the floor heating room

[kW]. The heat rejected to the floor heating room, Qp, is calculated from the following equation:
th =p Xcy XV X (Twl,out - Twl,in)/60

Where, the T 0w and Ty in 1s the temperature of hot water in the floor heating pipe system [°C], Vi

are the volumetric flow rates [L/min], p is the density of water [0.999 kg/dm?3], c, is the specific

heat capacity of water [4.18 klJ/kg-°C].

The heat output of the SSHP Qs1p, which is the heat transferred into the water loop by the SSHP,

can be calculated as follows:

sthp =p X Cw X Vsshp X (Tsshp,out - Tsshp,in)/60

Where, the Tisnp,ou and Tsnp,in 1S the temperature of hot water in the floor heating pipe system [°C],
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Vssnp are the volumetric flow rates [L/min], p is the density of water [0.999 kg/dm?], ¢,, is the specific

heat capacity of water [4.18 kJ/kg-°C].

According to equation (1), the heat extracted from the ground Q.. can be calculated from the

following equation:

Qeg = th - sthp

Thus, for the heat pump system, the COP of the heat pump unit (SSHP : COPysp, , FHHP : COPp)

and for the whole heat pump system (COPs,,) can be defined as follows:

COPsshp = sthp/Wsshp; COPfh = th/th

COPsys,heating = th/(th + Wsshp)

Where, Wy, and Wi, are the power consumptions of the heat pump unit, which includes the power

input to the compressor, the circulation pump, and the automatic control system.

Similarly, for the space cooling and domestic hot water supply operation, the heat out of heat pump

for air conditioning Q.. and domestic hot water supply O, they can be calculated as follows:

Qnw = P X €y X Vyy X (Thw,out - Thw,in)/60

Quc =p Xy X Ve X (Tac,out - Tac,in)/60

COPpyy = (Qnw + Whw)/Why

COPac,cooling = (Qac = Wae) /W COPac,heating = (Qac + Wae) /Wac

COPsys,cooling = (Qac + Qhw + th - Wac)/(th + Wac + Wsshp)
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Where, QO 1s the heat for domestic hot water supply by the how water heat pump, Q. is the heat
for space cooling or heating that put to the floor heating room by the air conditioning heat pump,
Viw and V. are the volumetric flow rates, p is the density of water, ¢, is the specific heat capacity
of water, and Wj,, and W, are the power consumptions of each heat pump unit, which includes the

power input to the compressor, the circulation pump, and the automatic control system.

4.4 Winter experimental results and
analysis

Introduction of the winter experiment

The winter field testing was conducted from March 1 to March 31, 2018 (continuous operation for
one month). By filed testing of the floor heating heat pump (FHHP) and sky source heat pump
(SSHP), we verified and evaluated the performance of each component. During the experiment
measurement period, SSHP and GHX were used as heat source devices to provide heat for space
heating in RE house, and only FHHP operated as a heating device to heat the multi-purpose and
measurement room.

Based on the amount of solar radiation and outside dry bulb temperature, the most suitable day for
collecting heat (March 25, clear weather, the average dry bulb temperature was 11.3 °C, sunshine
duration was 11.5 h); the most unsuitable day (March 21, cloudy day, the average dry bulb
temperature was 3.8 °C and the sunshine duration was 0 h) was selected as a representative example
to analyze the performance of this system in detail.

Because the SSHP mainly collect heat from solar radiation on a sunny day and from the air on a
cloudy day, we made this selection. We will evaluate the heating operation performance of this
system by using the coefficient of performance(COP)) as a representative value of the actual

measurement results.
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4.4.1 Winter field testing on a sunny day

Operation status analysis of sky source heat pump and water source heat pump

for floor heating

Figure 4. 17 to Figure 4. 26 show the experimental results obtained on March 25%. Figure 4. 17
shows the weather of March 25, 1t is evident that 25" was a sunny day, there was sufficient solar
radiation during the daytime, and the dry bulb temperature was above 10 °C during the daytime.
Therefore, it can be expected that SSHP will have excellent performance, and the heat load of the
RE house will not be too much.

Between 0:00 and 12:00, and from 15:00 to 24:00, the SSHP stopped, but the GHXs extracted heat
from the ground and supplied heat to the FHHP to heat the room. From 12:00 to 15:00, the SSHP
gathered heat from both solar radiation and the air. During the operation from 12:00 to 15:00, the
SSHP maintained a heat output of ~5.5 kW. From the beginning of the operation, the COP of the
SSHP continued to rise with increasing solar radiation and outside dry bulb temperature, giving a
maximum COP of ~50 during this period. However, when less solar radiation was available, the
COP of the SSHP dropped, and an average COP of 42.9 was obtained for the overall heat collection
operation.

As shown in Figure 4. 19, the heat generated by the SSHP was used to heat the ground through the
GHXs, which can recover the decrease in the soil temperature due to heat extraction for floor heating.
Besides, Figure 4. 20 shows the changes in FHHP performance over time. In this case, the COP
remained relatively constant in the stable period from 23:30 to 10:30 the following day. Because of
the increase in indoor temperature, the decrease in the temperature of the circulating water in the
floor heating loop gradually decreased, and the operation was stopped after reaching the set value
around 10:30. The observed fluctuation in the COP every 30 min is due to the temperature change
caused by switching on of the SSHP circulation pump, which is set to sample the water temperature.
This sampling is to prevent freezing in the water loop system.

Figure 4. 23 shows the change in the indoor temperature of the multi-purpose room and its floor
surface. Because there is a wide French window in the room, the indoor temperature increased as
the increasing solar radiation during the daytime. At around 3 pm, the indoor temperature became

higher than floor temperature, which caused by solar radiation through the window.
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Figure 4. 25 and Figure 4. 26 show the relationship between the COP of SSHP, solar radiation, and
dry bulb temperature, respectively. As shown in Figure 4. 25, we can know that on a sunny day, the
performance of SSHP is correlated with the intensity of sunlight. As the intensity of solar radiation
increases, the performance of SSHP increases accordingly. In comparison, in the case of a sunny
day, the performance of SSHP is not directly related to the outside temperature. The reason is that
the SSHP is a direct expansion heat pump. When the sunlight is sufficient, the SSHP can get enough
heat from the sunshine, and does not need to get heat from the air. As can be seen from Figure 4. 24,
during this period, the temperature of the panel is higher than the surrounding air temperature, that
is, there will be heat loss to the surrounding air at this time.

But the heat loss is acceptable because, during this period, the SSHP achieved an excellent
performance in heat collection, though there is heat loss from the panel to ambient air. At the same
time, because the evaporation of the refrigerant absorbs heat from the outdoor panel installed with
photovoltaic cells on the top. This kind of heat collection makes the temperature of the photovoltaic

cell not increase too high to avoid the reduction of power generation efficiency.
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Figure 4. 17 Weather conditions on March 25%.
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Figure 4. 21 Changes in the circulating water temperature at the FHHP unit.
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Figure 4. 22 Changes in the floor heating loop of the FHHP unit.
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Figure 4. 24 Changes in the SSHP outdoor panel and refrigerant circulation.
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Operation status analysis of double-helical ground heat exchanger

Figure 4. 27 and Figure 4. 28 show the changes in the central borehole temperature and undisturbed
underground temperature. As shown in Figure 4. 27, on 24" March, the solid blue line is the central
borehole temperature; it is around 11 °C at 10:30 on 24" pm when the FHHP stopped. The solid
orange line represented the central borehole temperature at 16:00 24™ when the heating operation
of SSHP stopped. Based on the results, we can know that the central borehole temperature recovered
from 11 °C to 13.5 °C after a 4-hour SSHP heating operation, which collected heat from solar or air
to heat the soil. On 25™ March, the results represented by the dashed line at 10:30 and green solid
line at 15:00. Based on the results, we can know that after a daily cycle operation, the central
borehole temperature at 10:30 kept almost the same between 24™ and 25", with only a small
deviation, which was about 0.2 °C. We also got the same result of central borehole temperature after
the heating operation of SSHP, which can be seen as the recovery of soil temperature. The value
after heating operation of SSHP restored to around 13.5 °C on both 24" and 25", which shows the
control schedule adopted during this period has an acceptable performance on the soil temperature
recovery.

Figure 4. 28 shows the result between the undisturbed underground and borehole central temperature.
A dashed line represents the undisturbed underground temperature(also is the natural soil
temperature), while the solid line represents the central borehole temperature. The results indicate

that the undisturbed underground temperature was higher than the central borehole temperature.
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Figure 4. 27 Changes in the central borehole temperature.
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Figure 4. 28 Difference between undisturbed underground and borehole central temperature.

In soil layers less than 1-meter depth, the undisturbed underground temperature was lower than the
central borehole temperature due to the influence of winter weather conditions(low air temperature),
which means there is no usable geothermal heat at this level. Therefore, we put the spiral part from
the 3-meter depth from the ground surface; the soil temperature was higher and stable, which
indicates an available geothermal heat can be achieved.

The difference between undisturbed underground and borehole central temperature varied according
to the depth, and the maximum temperature difference started from about 3-meter depth, and the

minimum value was about 15.5 °C.
Summary of system performance on a sunny day

This section described the field testing on 25" March that is a sunny day. Based on the experimental
results, we analyzed and evaluated the performance of the SSHP heating operation, and the floor
heating system includes the FHHP and floor heating loop.

The results show that the SSHP achieved excellent performance on heat collection with an average
COP 23.2, mainly from solar radiation on a sunny day. The performance of FHHP was also tested,
and the experimental results showed noticeable improvement compared with a basic commercial
product by changing components such as the heat exchanger.

The FHHP can offer a stable and efficient heating output with a COP around 11. The COP of SSHP
and FHHP during 25" March are shown in Table 4. 2, as marked in grey shading. The heat output,

energy consumption, and power generation are shown in Figure 4. 29.
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Table 4. 2 COP of each heat pump and the whole system in March

21t March 25% March Monthly average
SSHP 7.4 232 14.9
FHHP 11.3 11.4 11.6
Whole system 8.2 9.6 8.4

70 ¢
C BSSHP ®BGHX mDFHHP

Heat output& Power consumption &
generation [kWh]

10
15.24 @549 14.09
0 2.07 0.70== 0.
Heat Power Power Heat Power Power
output consumption generation output  consumption generation
21 March, Cloudy 25 March, Sunny

Figure 4. 29 Heating operation performance on 25 March(on the right).

4.4.2 Winter field testing on a cloudy day

Operation status analysis of sky source heat pump and water source heat pump

for floor heating

Figure 4. 30 to Figure 4. 39 show the experimental results obtained on March 21%. Figure 4. 30
shows the weather of March 215, It is evident that 25" was a sunny day, there was almost no solar
radiation due to the cloud, and the dry bulb temperature was also at a low level that was lower than
5 °C all day. Therefore, it can be expected that the performance SSHP will drop due to the weather,
and the heat load of the RE house will increase accordingly.

Figure 4. 31 to Figure 4. 33 show the measurement results obtained on the 215 of March. From
20:00 to 12:00 the following day, the GHX extracted heat from the ground and supplied heat to the
FHHP unit. Between 12:00 and 20:00, the SSHP maintained the temperature of the circulating water

between 15—17 °C. This operation caused a fluctuation in circulating water temperature and flow
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rate every 30 minutes, which is the same as the schedule.

In addition, the heat load increased because of low outdoor temperature on the 21%. Therefore, the
FHHP maintained a continuous operation, and the majority of the heat generated by the SSHP was
used for floor heating, with no recovery of the soil temperature being achieved by the SSHP.
Furthermore, as it was a cloudy day, and both the quantity of solar radiation and the outside
temperature was reduced, a lower average COP of 8.3 was obtained for the SSHP.

The result of the FHHP is shown in Figure 4. 33. As mentioned previously, the FHHP maintained a
continuous operation due to the high heat load. Although the FHHP can maintain a stable operation
with a COP of ~11, fluctuation in the COP due to the temperature rise of the circulating water was
observed. As the performance of the FHHP increases as the temperature of the circulating water
increases, it appears that there is still room for improvement in the performance by adjusting the
operating conditions.

Figure 4. 35 and Figure 4. 36 shows the change in the indoor temperature of the multi-purpose room
and its floor surface. Because there is a wide French window in the room, there was a heat loss from
the window. Therefore, the indoor temperature didn’t increase as described on the 25™. As the
outside temperature drops, the indoor temperature drops accordingly.

Figure 4. 38 and Figure 4. 39 show the relationship between the COP of SSHP, solar radiation, and
dry bulb temperature, respectively. As shown in Figure 4. 38, we can know that on a cloudy day, the
performance of SSHP is correlated with the intensity of ambient air temperature. As the intensity of
outdoor temperature increases, it is expected that the performance of SSHP increases accordingly
due to the same operation as an air source heat pump. However, on the 215, the outside temperature
does not change much during SSHP operation, so it can not be seen that its performance has an
apparent relationship with the outdoor temperature from this result. Similarly, as shown in Figure 4.
39, there was no evident relationship between the performance of SSHP and solar radiation because
the SSHP does not collect heat from solar radiation in this case. Still, based on the result in Figure
4. 37, it indicated that during this period, the evaporating temperature in the panel of the SSHP
obviously changed with the change of the outside air temperature. Therefore, it can be inferred that
the performance of SSHP is closely related to the outdoor temperature in this case. However, in the
results on the 21st, because the outdoor temperature range is very narrow, this relationship is not

apparent based on the result.
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Figure 4. 30 Weather conditions on March 21%.
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Figure 4. 33 Changes in the FHHP performance over time.
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Operation status analysis of double-helical ground heat exchanger

Figure 4. 40 and Figure 4. 41 show the changes in the central borehole temperature and undisturbed
underground temperature. As shown in Figure 4. 40, on 20" March, the solid blue line is the central
borehole temperature; it is around 11.5 °C at 12:00 on 20" pm when the FHHP stopped. The solid
orange line represented the central borehole temperature at 14:45 when the heating operation of
SSHP stopped. Based on the results, we can know that the central borehole temperature recovered
from 11 °C to 13.5 °C after a 3-hour SSHP heating operation, which collected heat from solar or air
to heat the soil. On 215 March, the results represented by the dashed line at 10:30 and green solid
line at 19:45. Based on the results, we can know that after a daily cycle operation, the central
borehole temperature at 10:30 kept almost the same between 20" and 25th, with only a small
deviation. However, due to the continuous operation of FHHP on the 21%, the heating operation of
SSHP occurred periodically to recover the soil temperature. Compared with 25" and 20, the value
after heating operation of SSHP only restored to less than 13 °C on both 21%, which shows an
insufficient soil temperature recovery.

Figure 4. 41 shows the result between the undisturbed underground and borehole central temperature.
A dashed line represents the undisturbed underground temperature(also is the natural soil
temperature), while the solid line represents the central borehole temperature. The results indicate
that the undisturbed underground temperature was higher than the central borehole temperature.

In soil layers less than 1-meter depth, the undisturbed underground temperature was lower than the
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central borehole temperature due to the influence of winter weather conditions(low air temperature),
which means there is no usable geothermal heat at this level. Therefore, we put the spiral part from
the 3-meter depth from the ground surface; the soil temperature was higher and stable, which
indicates an available geothermal heat can be achieved.

The difference between undisturbed underground and borehole central temperature varied according
to the depth, and the maximum temperature difference started from about 3-meter depth, and the
minimum value was about 15.5 °C. Compared with 25™, there was no apparent difference in the

distribution of undisturbed underground temperature.
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Summary of system performance on a cloudy day

This section described the field testing on 215 March that is a cloudy day. Based on the experimental
results, we analyzed and evaluated the performance of the SSHP heating operation, and the floor
heating system includes the FHHP and floor heating loop.

The results show that the SSHP achieved a lower heating performance than 25" with an average
COP 7.4, mainly collecting heat from ambient air on a sunny day. The performance of FHHP was
also tested, and the experimental results were almost the same with 25" and showed noticeable
improvement compared with a basic commercial product by changing components such as the heat
exchanger. The FHHP can offer a stable and efficient heating output with a COP around 11. The
COP of SSHP and FHHP during 215 March are shown in Table 4. 3, as marked in grey shading. The

heat output, energy consumption, and power generation are shown in Figure 4. 42.

Table 4. 3 COP of each heat pump and the whole system in March

215t March 25" March Monthly average
SSHP 7.4 232 14.9
FHHP 11.3 11.4 11.6
Whole system 8.2 9.6 8.4

70
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Heat output& Power consumption &
generation [kWh]
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21 March, Cloudy 25 March, Sunny

Figure 4. 42 Heating operation performance on 21 March(on the left).
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4.4.3 Winter field testing results for the whole month

Overview of winter field testing for the whole month

The results obtained from the winter field testing over the heating period between the 1% and the
315t March were evaluated to determine the performance characteristics of the proposed distributed
heat pump system. Based on the accumulated value of heat output and power consumption over
March, we calculated the average COP of each heat pump and the whole system. Figure 4. 43 shows
the heat output, power consumption, and power generation for the two representative days and for
the whole experimental period, respectively.

The COP values of the various heat pumps and for the whole system are given in Table 4. 4.
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Figure 4. 43 Heat output, power consumption, and power generation over March.

Table 4. 4 COP values for the different heat pumps and for the overall system

21st March 25th March | 15-31% March
SSHP 7.4 23.2 14.9
Average for a specific
FHHP 11.3 11.4 11.6
period
Whole system 8.2 9.6 8.4
Average for actual operation SSHP 8.3 429 -
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Operation status and performance analysis of the whole system

The heating output of FHHP is the total value of the heat output of SSHP and GHX. The COP of the
entire system on the 25" was 9.6 per day on average. Besides, the amount of solar power generation
was 8.0 kWh, exceeding the daily integrated power consumption of 3.8 kWh. However, due to the
decrease in solar radiation and the decrease in outside temperature due to cloudy weather, the COP
of the entire system on the 215 was 8.2 on average per day, and the amount of power generation was
0.7 kWh, lower than the daily total power consumption of 7.6. kWh.

For the operation result for one month in winter operation, the ratio of SSHP and geothermal heat
to the total heat output (for floor heating) was almost the same. This result also indicated that SSHP
recovered half of the of heat taken from the ground during the heating period.

In the case of a sunny day (i.e., 25" March), the average system COP was 9.6, and the power
generation by the photovoltaic cell on the SSHP panel was 8.0 kWh, which exceeded the power
consumption of the whole system. However, due to the decreased solar radiation and lower outdoor
temperature on a cloudy day (i.e., 215" March), the average system COP was 8.2, and the SSHP
efficiency also reduced. Moreover, although the heat output of the SSHP was higher than that of
geothermal heat on the two representative days, the SSHP and the geothermal heat accounted for
similar proportions of the heat output from the overall system when considering the complete winter
operation result. Also, the amount of power generated by SSHP was 159.8 kWh, which exceeded
the power consumption of the entire system of 151.4 kWh in the whole experiment period.

Figure 4. 44 shows the changes in central borehole temperature from 1% to 27" March, which is the
start and end time of the winter field testing. As shown in this figure, the central borehole
temperature below from 3m to 15m in depth was 13 degrees on average, which is about 1 degree
lower than the 25", Besides, the natural soil temperature between 3m and 6m in depth decreases
about 0.5 degrees, while there was almost no change in the natural soil temperature between 6m and
15m.

Figure 4. 45 and Figure 4. 46 show the dry-bulb temperature and solar radiation in March 2018,
respectively. Figure 4. 47 shows the performance changes of SSHP in the winter experiment. The
result indicates that the performance of SSHP changes with the weather, the COP can reach about

30-40 on average when there were sufficient solar radiation and high dry-bulb temperature in sunny
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day. However, the COP was about 10 on average when it was cloudy in winter.

Due to the stable circulating water temperature, as shown in Figure 4. 48, the operation of FHHP

kept stable and efficient during the whole experiment in winter, with an average COP of around 11.
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Figure 4.

44 Changes in central borehole temperature from 1%t to 27" March.
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4.4.4 Summary of winter field testing

To the evaluation of the system performance, a winter field experiment was carried out under
different weather conditions in Chiba, Japan. Based on a comparative experimental analysis of the
performance of the heat pump system under different weather conditions, several conclusions were
reached. Firstly, the custom-made heat pump for floor heating (FHHP) maintained a stable operation
with a coefficient of performance (COP) of ~11.5 during the heating period. However, the
performance of the FHHP increased as the temperature of the circulating water increased, and so it
is apparent that there is still room for improving the performance by adjusting the circulating water
temperature. In addition, the operation of the sky-source heat pump (SSHP) had a positive effect on
the recovery of the soil temperature; however, the performance of the SSHP varied significantly
with changes in the quantity of solar radiation and on the outside temperature. The operating
schedule of the SSHP should, therefore, be optimized based on the weather conditions to achieve a
continuous high-efficiency operation. Finally, since SSHP improves the COP of the overall system,
and aids in the recovery of the soil temperature, optimization of the operating method to enhance

the performance of the whole system is necessary[1-3,5,6].

4.5 Summer experimental results and
analysis

As representative examples of space cooling operation, the space cooling performance of this
system will be evaluated based on the measurement results of 24 to 26 July 2018.

Since the cooling load would increase due to the increase in outside temperature and solar radiation
in the summer, and it would be necessary to turn on the cooling, the cooling operation started from
around noon. The details of the building and equipment are the same as the winter field testing
described in the last chapter.

The SSHP and GHX were used as a heat source device, and an air conditioning water source heat
pump (ACHP) operated as a cooling device. A hot water heat pump (HWHP) also served to check

the performance.
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4.5.1 Operation status analysis of water source heat

pump for air conditioning

The results of the ACHP cooling operation from 24™ to 25" July (cooling set temperature 27 °C)
are shown in Figure 4. 50 to Figure 4. 52. Figure 4. 49 shows the weather condition on 24 July,
which is a typical summer afternoon. The dry bulb temperature was around 30 °C, and because the
testing started from noon with a value of approximately 900 kW/m?, so the solar radiation decreased
with the time. As shown in Figure 4. 50 and Figure 4. 51, from 12:30 to 17:00, ACHP cools the
room, and GHX stores heat in the soil by using the ground as a heat storage body. The COP showed
a high COP of about 20 immediately after the ACHP started operating, but then gradually decreased,
and became stable after 2.5 hours at about 10. After that, as shown in Figure 4. 52, the room
temperature was steady at about 27 °C. From the operation results, it can be seen that the
experimental conditions remained flat, and the indoor space was obtained stably. During the cooling
operation, the cooling capacity of ACHP was about 6 kW, the power consumption was 0.48 kW, and
the average period COP was about 12.5.

Figure 4. 52 shows the changes in indoor air temperature during the ACHP space cooling operation.
Since the start of the ACHP operation, the indoor temperature has gradually decreased. After about
2 hours and 30 minutes, the indoor temperature dropped from 33 °C to 27 °C. This temperature
meets the indoor comfort temperature standard set by Japan in summer, so this result proves the
excellent performance of ACHP, which can meet the indoor temperature requirements under high-

efficiency operation.

4.5.2 Operation status analysis of sky source heat pump

for cooling

Figure 4. 53, Figure 4. 54, and Figure 4. 55 show the results of the nighttime heat dissipation
operation of SSHP. As shown in Figure 4. 53, SSHP started heat dissipation operation from 12:00
am. During the heat dissipation period, the refrigerant condenses in the refrigerant passage of the
outdoor panel, the temperature of the panel gradually rises, and heat is radiated to the sky and
ambient are by the convection and long-wave radiation.

During this period, the heat dissipation operation of SSHP eliminates the heat accumulated in the
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ground due to the space cooling operation of the previous day and recovers the temperature rise in
soil. After about 30 minutes, the panel temperature became higher than the outside air temperature
by nearly 10 °C. The condensing temperature of the refrigerant was slightly higher than the panel
temperature. The high COP of heat dissipation operation immediately after startup is considered to
be due to the heat capacity of the panel. During the stable operation period, after 30 minutes, the
circulating water cooling amount was maintained at about 4 kW. The maximum heat dissipation
operation COP of SSHP reached about six from the start of the operation. Still, the average COP of
heat dissipation operation became about five after a stable operation.

As shown in Figure 4. 54 and Figure 4. 55, we found that the refrigerant evaporating temperature
fluctuated during the heat dissipation operation of SSHP. Regarding the reason, the refrigerant
piping distance from the SSHP outdoor panel to the drainer was too long (about 4 meters). It is
conceivable that the liquid and gas refrigerant separated during the process, causing hunting of the
refrigerant flow rate due to sudden opening and closing of the drainer, that is, unstable operation
occurred. As a result, the heat output of the heat pump oscillated, and the refrigerant circulation
amount became insufficient compared to the design value.

The difference between the evaporation temperature and the water loop circulating water outlet
temperature became 10 °C at maximum (ideally 2 °C or less). We think that one of the
countermeasures against this problem is to adopt an electronic expansion valve capable of PID
control instead of a mechanical drainer in the future.

This electronic expansion valve controls the degree of supercooling at the outlet of the condenser,
not the conventional control of superheat at the outlet of the evaporator. After conducting a simple
prototype experiment, a problem remains regarding the optimization of control variables such as the
degree of supercooling, although it is functionally promising. Such an expansion valve has the
advantage of better load followability than the mechanical expansion mechanism, and not only

enhances the stability of control but also has the advantage of downsizing the refrigerant parts.

4.5.3 Operation status analysis of water source heat

pump for domestic hot water supply

Figure 4. 56 shows the operation results of HWHP. From 22:00 to 23:00, the geothermal heat
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exchanger takes heat from the ground and supplies heat to the HWHP. Thie heat extraction
contributes to the elimination of the heat stored in the ground. The vibration every 30 minutes was
caused by water temperature sampling by SSHP. The heating output during the stable operation was
maintained at about 4 kW, and the average period COP was about 3.8.

As explained in the previous chapter, the HWHP got a COP of about 5.5 when we tested the
performance of the prototype at the factory. Because of the performance limitations of EcoCute
itself, the experimental results obtained in this experiment are within a reasonable range. We think
that there may be a performance bonus through the use of instant-heating hot water heat pumps

based on the previous study[11-14].
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Figure 4. 49 Weather condition on 24™ July.
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Figure 4. 50 Temporal change of ACHP performance on 24™ July.
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Figure 4. 54 Temporal change of SSHP heat dissipation performance during the 24" night.
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Figure 4. 58 Temporal change of ACHP performance on 25% July.
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Figure 4. 59 Indoor temperature change during cooling operation on 25 July.
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Figure 4. 60 Temporal change of HWHP performance on 25 July.
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Figure 4. 61 Changes in central borehole temperature from 24-25 July.
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Figure 4. 57 to Figure 4. 60 show the weather conditions and operation result on the 25 July. During
this operation, the SSHP didn’t run because of a machine error. The ACHP and HWHP operation
condition was the same as the day before, and the weather condition was almost the same. Therefore,
as shown in Figure 4. 58 to Figure 4. 60, we can know that the performance of ACHP and HWHP
kept the same high performance represented by COP as the 24 July.

For the indoor air temperature results, as shown in Figure 4. 59, the indoor temperature reached a
stable value after about 3 hours of operation that meets the standard by Japan. This result indicated
that the performance of ACHP maintained the same as 24 July. For the effect of HWHP, there was
no apparent difference between the COP on 24 and 25 July. Because the tap water temperature was
the same in both typical days, which is the heat source water, so the performance of HWHP didn’t

change too much.

4.5.4 Summary of summer field testing

For the evaluation of the entire system in the summer experiment, the performance is evaluated
using the same system COP as the winter experiment. In the summer experiment, however, the
heating and cooling heat output is the sum of the ACHP and HWHP heat outputs, and the power
consumption is the sum of both. Table 4. 5 and Table 4. 6 shows the COP of each device and the
COP of the entire system. Figure 4. 63 shows the cooling operation performance on 24-25 July
because the operation of SSHP was also included on 24 July. The system COP on 24-25 July was
5.3 based on the integrated value for one day. For the experiment on 25-26 July, the system COP
was 9.5 includes only the ACHP and HWHP. However, the heat dissipation operation is essential
because it helps recover the soil temperature, which is a promise for long-term and efficient
operation. For the performance of SSHP, the average COP was 4.5, which was lower than the winter
heat collection operation. For the air conditioning machine, the ACHP achieved excellent
performance for space cooling in summer, which got a COP of about 12 on average. For the HWHP,
however, the result showed a typical performance result due to the limitation of the basic EcoCute

machine.
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Table 4. 5 Results of the performance test of the whole system in summer. (24" -25% July)

Heat output[kWh] Energy consumption [kWh] COP
SSHP 11.3 2.5 4.5
GHX 13.1
ACHP 26.3 2.1 12.5
HWHP 5 1.3
System 31.3 59 53

Table 4. 6 Results of the performance test of the whole system in summer. (25" -26' July)

Heat output[kWh] Energy consumption [kWh] COP
GHX 35.5
ACHP 39.5 3.5 11.3
HWHP 52 1.2 4.3
System 44.7 4.7 9.5

35
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Figure 4. 63 Cooling operation performance on 24—25 July.
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4.6 Interim period experimental results and
analysis

4.6.1 Operation status analysis of water source heat

pump for air conditioning

As representative examples of space heating operation, the space cooling performance of this system
will be evaluated based on the measurement results of 13 November 2018, which is also the so-
called interim period for air conditioning.

Since the cooling load would increase due to the increase in outside temperature and solar radiation
in November, and it would be necessary to turn on the space heating. Therefore, the cooling
operation started from around the afternoon. The details of the building and equipment are the same
as the winter field testing described previously.

During this experiment period, the SSHP and GHX were used as a heat source device, and the air
conditioning water source heat pump (ACHP) operated as a space heating device. The floor heating
was also turned on at the same time, but we only analyzed the ACHP for evaluation of its space
heating performance, and the evaluation of FHHP was already conducted in the winter operation.
Figure 4. 64, Figure 4. 65, Figure 4. 66, and Figure 4. 67 shows the experimental result of the space
heating operation on 13 November. As shown in Figure 4. 64, the dry bulb temperature was around
13 °C, which is a typical autumn temperature in Chiba, there was also no enough solar radiation due
to the cloud. The temporal change of ACHP space heating performance is shown in Figure 4. 65,
within 20 minutes after the machine started running, ACHP achieved a higher COP due to the higher
circulating water temperature and lower indoor air temperature. Over time, the performance of
ACHP for space heating is gradually stable. In the smooth operation stage, ACHP maintains a heat
output of about 4.5KW, and the COP is steady at about 6.5.

Figure 4. 66 shows the temporal change of SSHP heat collection performance on 13 November.
Similarly, there was an increase of COP at the starting period of the SSHP operation. Over time, the
performance of the SSHP gradually stabilized. During the smooth operation phase, the SSHP
maintained a heat output of approximately 5 kW, and the COP stabilized at around 12. Because there

is no solar radiation during this period, SSHP mainly draws heat from the surrounding air, which
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can be regarded as similar to an air source heat pump.

Figure 4. 67 shows the Indoor temperature change during the space heating operation on 13
November. It can be seen from the figure that the indoor temperature starts at 19 °C, and the ACHP
blowing temperature is about 35 °C. As the indoor temperature gradually increases, the blowing
temperature of ACHP also increases, because ACHP maintains a stable heat output. At the end of

the operation, the indoor temperature reached approximately 25 °C.
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Figure 4. 64 Weather condition on 13 November.
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Figure 4. 65 Temporal change of ACHP space heating performance on 13 November.
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Figure 4. 66 Temporal change of SSHP heat collection performance on 13 November.
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Figure 4. 67 Indoor temperature change during the space heating operation on 13 November.

Summary of interim period field testing

To evaluate the entire system in the middle period, we use the same system COP as the
summer/winter experiment to evaluate the performance. For the experiment on November 13, the
average COP of the heat collection operation of the SSHP on cloudy days (without solar radiation
and an average dry bulb temperature of 12 °C) was 13. This performance was higher than the heat
collection operation on cloudy days in winter(21 March with an average dry bulb temperature of
2 °C) in terms of performance of the SSHP Performance. We think that the reason is because of the
higher dry bulb temperature in November. For air conditioning operation in the interim period, the

ACHP generally performed in terms of heating in the 13 November. The average COP was about
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6.5 and lower than the cooling performance in summer. It is inferred that the reason for the low COP
of space heating is that the low pressure (gauge) pressure during heating was 0.84 MPa (saturated
vapor pressure temperature 5.3 °C). However, the evaporating temperature was expected to be
around 12 °C (saturated gauge pressure 1.07 MPa) in the plan(as shown in chapter3). We think that
this is because the condensate stayed in the air heat exchanger; it indicated that the amount of
refrigerant charged was insufficient. To solve this problem, we charged the additional refrigerant, a

COP of 8 for space heating of ACHP or more was obtained as a result in later experiments.

4.7 Summary

In order to evaluate the system performance of each heat pump and the entire system for heating or
cooling supply, a test building (RE house) was constructed for the field testing of the proposed heat
pump system. The heating and cooling operation performance evaluations obtained by the field
testing are summarized below.

We have developed a sky heat source heat pump that collects and radiates heat using solar heat, air
heat, and nighttime radiation. It was confirmed by the field testing that the performance of the heat
collection operation of the sky heat source heat pump greatly changed mainly depending on the
amount of solar radiation and the ambient temperature. A COP of about 23.2 was achieved on a clear
winter day and a COP of about 7.4 on a cloudy day in winter. Although COP was 4.5 for heat
dissipation operation at night in summer, it is considered that there is room for performance
improvement by adopting an electronic subcooling degree control expansion valve. The average
COP of the heat collection operation was 12 on a cloudy day in the interim period because the
outside temperature was higher than that of winter. Besides, it was confirmed by a long-term
continuous operation test that the daily cycle operation method combined with GHX and SSHP
could help eliminates the temporal disagreement between the cold heat demand and the hot heat
demand and the non-equilibrium of the heat quantity. It can expect a stable and efficient long-term
system operation based on this system.

However, we found that the refrigerant evaporating temperature repeatedly fluctuated during the
heat dissipation operation of SSHP. It is conceivable that the liquid and gas refrigerant separated

during the process, causing hunting of the refrigerant flow rate due to sudden opening and closing
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of the drainer, that is, unstable operation occurred. As a result, the heat output of the heat pump
oscillated, and the refrigerant circulation amount became insufficient compared to the design value.
We also have developed water source heat pumps for floor heating and air conditioning. After
satisfying the thermal comfort range, a stable COP of about 11 of the floor heating heat pump was
obtained during the space heating operation in Chiba for one month in March. In a space cooling
experiment conducted on 24-26 July under an average temperature of 26.6 °C and a sunshine
duration of 7.2 hours, the COP of the air conditioning heat pump was stable and achieved a value
of 12.5. In a space heating experiment conducted on 13 November under an average temperature of
12 © C and no solar radiation, the COP of the air conditioning heat pump achieved a value of 6.5.

A prototype water source heat pump for hot water supply was developed based on commercial
EcoCtue. The performance of the heat pump for hot water supply was evaluated based on field
testing in summer. The result shows an average COP of around 4 due to the limitation of the basic
EcoCute machine. Based on the previous studies(an average COP of about 8 for instant hot water
supply type), we think it is possible to get a higher COP, such as by using an instant hot water supply

heat pump.
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5.1 Introduction

Heating ventilation and air conditioning (HVAC) systems are generally responsible for a large
portion of the total building operation energy use in modern cities[1,2]. By optimizing the efficiency
of HVAC systems, the overall energy efficiency of buildings can be improved, and substantial
reductions in energy use can be achieved[3,4]. Although easy to overlook, the pumping system has
a significant impact on the overall energy efficiency of HVAC systems[5]. An essential criterion for
the optimal operation of an energy system is the minimization of the costs of operating a fluid
transport system, which related to the pressure loss in the piping system. The energy used by the
pumps to transport thermal energy into rooms is responsible for a significant portion of the total
HVAC energy use[6,7]. Therefore, it is essential to obtain the pressure loss in the pipeline system
correctly in different conditions.

Although experiments are the most effective and reliable method for verifying the performance of
a new system or system changes under different conditions, model experiments are not always
efficient in terms of the considerable time and resources required to build a hydronic system.
Numerical simulations of HVAC applications make it possible to design and test a device without
manufacturing it[8]. Computational fluid dynamics (CFD) were initially introduced for industrial
applications such as pumps and other mechanical designs, and are now used to study the building
environment and energy efficiency issues[9].

Based on the previous studies, we confirmed that predicting the pressure loss in an experimental
hydronic facility has acceptable accuracy. Therefore, in this chapter, we use the CFD method to
predict the pressure loss in the piping system of the RE house, including the ground heat

exchanger(GHX).
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5.2 Fundamentals of computational fluid

mechanics

Conservation of Mass

w+a(§:/)-%6z
I opv) 15
dy 2 y
7
_ow) 1o 1, ] L9y 1
ox 2 d 2

Figure 5. 1 Mass flow at a tiny fluid element.

The mass change rate can be written as follows in consideration of the mass balance of the tiny fluid

Consider the mass conservation of a fluid (volume 6V = dx Jy dz) in a tiny fluid element whose
lengths on each side in the x, y, and z directions are ox, dy, dz. Assuming that it is in the Cartesian
coordinate system, the surface of the cube is parallel to the coordinate axes. The conservation of
mass within a tiny fluid element indicates that the difference in mass flow in and out of the tiny fluid
element is equal to the mass change rate of the tiny fluid element. As shown in Figure 5. 1, the mass

flow on the surface of a minute volume can be written as follows.
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d(pu) 1 d(pu) 1
(pu - WE 6X> ayaz - (pu + WE ox ayaz
d(pv) 1 d(pv) 1
P — — - 2
+ (pv % 2 6y> 0x 0z (pv + % 2 dy | 0x 0z (2)
d(pw) 1 d(pw) 1
+<pw—7562>axay—<pw+ P 562 0x dy

The following expression (3) can be obtained from equation (1) and (2).

ap 0 i) i)
o , (pu) 4 (pv) 4 (pw) _
Jt 0x dy 0z

0 3)

Equation (3) is the equation of continuity. It is also called the Euler equations.
For non-compressible fluid: For non-compressible fluid, the density is constant because it does not
change. Therefore, when the density is partially differentiated in time and space, it becomes 0.

From this, the equation of continuity for an incompressible fluid is expressed as follows.

Ipw)  0(pv)  9(pw) _

4
0x dy 0z 0 @

Conservation of momentum

The law of conservation of momentum is a physical law in which the sum of momentum in a system
is invariant unless an external force is applied to the system. The law of conservation of momentum
can be applied to a tiny fluid element, and the formula obtained by this is called the law of
conservation of momentum in fluid dynamics. In particular, in the case of the incompressible fluid,
it is called the Navier-Stokes equations, which is a critical equation to describe the behavior of the
fluid.

Similarly to the case of deriving the continuity equation, we take a tiny fluid element (rectangle or
rectangular parallelepiped) in the region and consider the law of conservation of momentum, which

leads to the equation of motion.
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Consider a fluid particle with length dx, dy, dz, and a volume 6V = dx dy Jz. According to Newton's
second law, the temporal change in the momentum of a fluid particle is equal to the sum of the forces
acting on it. Fluid forces can be divided into two types: volume forces and surface forces.
Considering the material derivative of the tiny volume element in the fluid to which the target
momentum conservation is applied, Newton's second law is expressed by the following equation.
DU; U;

dF, = d =d ( +UUi+VUi+WUi) 5
M T G T Y ax T ey T Bz ©)

The stress acting on all surfaces in the x-direction in the fluid element is shown in Figure 5. 2.
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Figure 5. 2 The stress acting on all surfaces in the x-direction.

The stress acting in the x-direction on all surfaces in the fluid element can be expressed by Equation

6 of the momentum balance equation.

dp 1 op1
dFs, = (p — ——Sx) 6ybz — (p + ——6x> 8yéz

0x 2 0x 2
a‘[xx 1 aTxx 1
+ (Txx + % 2 Sx) 6ybz — (Txx e 2 6x> 8yéz

(6)
0Ty, 1 0Ty, 1
yx yx
+ (Tyx + Wz 5}/) 6x6z — (Tyx - Wz 5}/) 6x6z
0T, 1

57 2 52) 6xdy

+( MZEP )5 5 (
sz aZ 2 z xy sz



Chapter 5: Pressure and temperature analysis of piping system based on CFD — 155

By calculating Equation 6 of the momentum balance equation, the surface force applied to the fluid

element can be described by Equation 7 as follows.

dFs, = (——x R >6x6y62 )

The total volume force Sy, acting on the unit area of the surface of the tiny fluid element

perpendicular to the x-direction per unit time can be represented by the following Expression 8.

d ot Jt Jt
dF, = dFy_+ dFs_= <—£ + aix + a;" + a;x + SMx> 5x8y8z (8)

Substituting Equation 8 into Equation 5 using the relational expression of dm = p - §x6ydz, the

equation of motion can be written as the following equation.

Du Op 0Ty 0Tyx 0Ty
pﬁ__a-l_ dx + dy + 0z
Dv Op 0Ty, 0Ty, 07y
'DE__@-I_ dx ady + dz Sy
pD_W _ _a_p 0Ty, N 0Ty, N 0t,,
Dt dz Ox dy 0z

)

Conservation of energy

The Law of conservation of energy is dealt with in various fields of physics. In particular, the law
of conservation of energy in thermodynamics is called the first law of thermodynamics. It is a
fundamental law of thermodynamics.

The first law of thermodynamics is recognized as an essential requirement in thermodynamics. It is
one of the theorems that should be established in constructing thermodynamic theory. The grounds
for establishing the first law are based only on a series of experiments and observations, and in this
sense, the first law is a so-called empirical law.

On the other hand, in general mechanics such as Newtonian mechanics and quantum mechanics, the

Law of conservation of energy is not always premised.
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In the field of fluid mechanics, the energy equation of fluid elements is derived from the first law
of thermodynamics and represents the energy conservation of the system. The rate of change of
energy content in the tiny fluid element is equal to the sum of the net energy content transferred

across the system boundary due to heat transfer and work. Figure 5. 3 shows heat transfer by heat

flux.

dg, 1
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Figure 5. 3 Heat flux at a tiny fluid element.

The heat transfer added to the tiny fluid element by the heat flux in each direction can be described

as Equation 10.

0q, 1 0q, 1 0
Wy, = {(qx - ﬂ—6x> - (qx + %—696)} 8yéz = —%Sxé'y&

dq, 1 0q, 1 aq,
w = —_—— — —_— = —— 10
hy {<Qy dy 2 y) (qy + 3y 26y 0x6z 3y 6x6ydz (10

0q, 1 0q, 1 0
W, ={(a. - S2582) = (a, + 525 62)| 6xdy = - S 5x6y82

The total heat transfer per unit volume can be expressed as in Equation 11 below.

éQx qu EQZ
- - - = —divgq 11
0x dy 0z L ()

According to Fourier's law, the heat transfer coefficient is related to the thermal conductivity &k and
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the temperature gradient, so q is expressed as follows.

oT oT oT
q=—-k——k——k—=—kgradT (12)

Also, Equation 11 can be written as Equation 13 below.

—div q = div(k grad T) (13)

Since the work acting on the surface of the fluid element is equal to the product of the force and the
velocity in the direction of the force, the work acting on the fluid element can be calculated by the

following equation (14).

. (_ O(up) | 0(uts) | 0(utys)  0(uty)
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WZ—< 57 + o + 3y + 57 6x6y6z

Reynolds averaged model

In this simulation, we used the realizable k-¢ model. Therefore the principle of the Reynolds
averaged model and the realizable k- model, which is one of the Reynolds averaged model, will be
mainly described here.

The Reynolds-Averaged Navier-Stokes equation or Reynolds Averaged Numerical Simulation
(RANY) is a general term for turbulent flow analysis methods that perform calculations based on
the time-averaging of the Navier-Stokes equations and the continuity equation. Therefore, it is also
called the “time averaging model” sometimes.

A model that uses the Reynolds averaging is called a Reynolds averaging model or RANS model.
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There are two types of modeling, one for modeling the Reynolds stress of the RANS equation and
the other for modeling the Reynolds stress transport equation. It is a kind of turbulence model.
Since the RANS model models large-scale turbulence, it is considered that the RANS model is also
modeled, including the conditions of the analysis target referenced for modeling. Hence, it is
difficult for it to be general-purpose.

Therefore, various models have been proposed according to the analysis target. Due to the nature of
Reynolds averaging, steady calculation and two-dimensional calculations are possible, and it is
generally used in the engineering field due to its ease of use. Still, it is not suitable for reproducing

detailed unsteadiness of flow.
Standard k- model

The standard k-¢ model developed by Launder and Spalding is one of the most widely applied

models due to its simple form, robust performance, and broad validation[10].

Here, C,, is a constant. The transport equation of 4 is expressed by the following equation 16. The

transport equation of k is represented by the following equation 17.

a(pk)+0(pkui)_il( He
Ok

ok
= —)— — pe— 16
o ox ~om |\MY ) ale + Gy + Gp — pe — Yy + S (16)

d(pe) N d(pew;)
at Oxl-

(17)
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Here,
Gy.: Turbulent kinetic energy generation term due to mean velocity gradients

G, : Turbulent kinetic energy generation term due to the buoyancy effects
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Y: Contribution of expansion fluctuation to dissipation rate incompressible turbulence
Cie, Cye, C3g: constants
Oy, Og: Turbulent Prandtl number of k and ¢

Sk, Sg: Source term

Although the standard k-&¢ model is applied to a wide range of engineering fields, it cannot be a
general-purpose model because it is a RANS model. Hence, various improved models have been
proposed based on the standard k- model.

The standard k-¢ model is a relatively easy model to use in engineering because it does not require
parameters such as length scale. It is necessary to specify the values of k and ¢ as initial values and
inflow conditions, and it is essential to estimate some value. The turbulence intensity / is defined by

the following equation, where U is the representative velocity of the average flow.

=2 (18)

7

This is the ratio of flow to average flow, which is a few percent for fully developed flows. The

following equation estimates the £.
3 2
k = 3 I (19)

The following equation is used to estimates &.

314302
" (20)

I

It is necessary to give the mixing length [,,,, which can be estimated by the following equation in a

fully developed flow.

ln = 0.07L @1)
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Here, L is a representative length. The hydraulic diameter is used as the representative length in the
duct flow. If the hydraulic diameter is D, the cross-sectional area is 4, and the cross-section

perimeter is /, then D=4 A /. In a circular cross-section, D is the diameter of the circle.

Realizable k-¢ model

The Realizable k-¢ model is a model in which physical realizability is considered so that & and the
like do not take negative values. It is effective for flows with curvature and swirl[11].

The equation of the Realizable k-¢ model is as follows.

o, il P +D (24)
a7 =60 —€ k
O O P oD (25)
ot = dx; kU TP ype °
Here,
Cs1 = max (0.43,L (26)
€ n+5
k [— =

The turbulent viscosity coefficient is modeled as in Equation 28.

k
v = Cﬂ; (28)
1
C =—"
" * (29)
Ao + Ag kU
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g _10u y
”_z(ax]- dx; Gh

Ay = V6cosp (32)

1
Q= §arccos (\/EW) (33)

D;;D;;. D; 111
W = min [max 2\/51;”,—

(DijDij)? V6 ’ﬁ] 0

Each constant is as follows.

0=l 0.=2 C;=19 Ay=4.0

5.3 Previous study of gauge pressure and
pressure drop analysis in piping system
based on CFD method

5.3.1 Simulation objectives and method

Simulation target

In the previous study[12], we used the CFD method to predict the pressure loss in an experimental
hydronic apparatus(as described in the construction of the water loop system, chapter3). A three-
dimensional computational model of the flow path was created based on the piping system used in
the hydronic experiments; the scale of the computational model was generally similar to that of the
real experimental conditions. The accuracy of the CFD analysis-based prediction of the piping
system pressure was evaluated by comparing the experimental and CFD results.

Two cases were established to evaluate the accuracy of the CFD-predicted pressure in the hydronic

system. Case A represents the centralized pumping system with constant pressure control, and Case
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B represents the decentralized pumping system. The arrangement of the model in Cases A and B

correspond to the flow path and conditions of experimental Cases 1 and 2.

l 2.4m
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Figure 5. 4 Schematic of the computational model showing the target apparatus.

Figure 5. 5 Schematics of the computational model: (a) combination of concentric reducer and

equal tee; (b) views of the computational grid (polyhedral mesh and prism layer mesh)
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Simulation conditions

The commercial software STAR-CCM-+[13] was used. As mentioned above, the three-dimensional
computational model of the flow path had to be consistent with the actual experimental conditions,
so the diameter of the main pipe was set to 26.58 mm, and the diameter of the branch and bypass
pipes was set to 20.22 mm to match the inner diameter of these pipes in the experiments. To improve
the calculation speed without reducing accuracy, different mesh sizes were used in straight pipe
sections and in special parts such as elbows and tee joints. The reference mesh size in straight pipe
sections was 0.01 m and in elbow and tee joints was 0.003 m. Besides, as shown in Figure 5. 5, the

combination of polyhedral mesh and prism layer mesh was used in this simulation.

Table 5. 1 Summary of boundary and initial conditions.

Type of flow Incompressible flow (water)
Fluid density 998 kg/m?
Main inlet: 0.78 m/s (velocity inlet)
Case A Turbulence intensity: 0.05

Turbulence length scale: 0.001
Sel & Se2 branch inlets: 0.67 m/s (velocity inlet)

Inlet boundary condition

Case B Turbulence intensity: 0.05
Turbulence length scale: 0.001
Case A Main outlet: 4.6 kPa (pressure outlet)
Outlet boundary
. Sel outlet: 4 kPa (pressure outlet)
condition Case B
Se2 outlet: 3.5 kPa (pressure outlet)
Generalized logarithmic law
Wall boundary

Rough wall surface (ks = 0.00005 m)

Case settings

Two CFD simulations were conducted: (1) a centralized system with constant pressure control,
which was Case 1 in the experiments; and (2) a decentralized system with inverter control, which
was Case B in the experiments. In both cases, the flow rate was set to 26 L/min in the main pipe and
13 L/min in each branch pipe, and the virtual resistances were set at the same values. The difference
between these two cases si that they have different flow paths; the inlet velocity of the two cases is

not the same because of the different inlet diameters. The detailed setting is shown in Table 5. 1.
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5.3.2 Results and discussions

Gauge pressure at measuring point

As mentioned earlier, the scale of the computational model in this simulation was the same as in the
real equipment; therefore, the results can be used to assess the validity of CFD in simulating the
pressure of real hydronic systems.

Table 5. 2 shows the comparison between numerically simulated and experimentally measured
gauge pressures in the flow path for Cases A and B. The numbers indicate the same locations shown
in Figure 5. 4, and negative values indicate that the numerically simulated gauge pressure was less
than the measured result. Table 5. 2 indicates that the results are generally in good agreement, with
very small differences, all less than 10%.

In Case A, the maximum discrepancy between the CFD results and experimental results was 6.1%
at Point 12, just before the reducing tee. In modeling the pipe tee, a variable diameter tee was
replaced by a combination of a concentric reducer and equal tee. This structural change may have
caused the relatively high discrepancy at this point. Therefore, the variable diameter tee should be
studied in more detail. The other points exhibited a discrepancy of 5% or less. In Case B, the
maximum discrepancy between the simulated and measured values was 7.2% at Point 7, which is
before the virtual resistance arranged in the main return pipe. For other points, the CFD results and

experimental results are in good agreement, with discrepancies of less than 5%.

Table 5. 2 Comparison of gauge pressure between CFD and experiment (discrepancy of CFD

model against experimental results is given in parentheses)

Case A Case B

Measurement point*
Experiment [kPa] | CFD [kPa] Experiment [kPa] | CFD [kPa]

1 18.3 17.7 (-3.3%) | 18.6 18.9 (+1.6%)
2 14.2 13.5 (-5.0%) | 14.3 14.6 (+2.1%)
3 14.0 13.3 (-5.0%) | 14.1 14.4 (+2.1%)
4 12.6 12.2 (-3.2%) | 12.2 12.8 (+4.9%)

5 12.3 12.0 (-2.4%) | 12.3 12.6 (+2.4%)
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6 16.9 16.7 (-1.2%) | 16.9 17.0 (+1.0%)
11.2
7 11.0 11.1 11.9 (+7.2%)
(+1.8%)
8 6.5 6.3(-3.0%) | 6.8 7.1(+4.4%)
9 4.6 4.6% (0%) | N/A? N/A?
10-1 4 4* (0%)
10 N/A! N/A!
10-2 3.5 3.5*% (0%)
11 12 11.7(-2.5%) | 12.1 12.3(+1.7%)
12 21.3 20(-6.1%) 3.7 3.6(-2.7%)

*Regarding measurement points, please refer to Figure 5. 4.
*Measured value in experiment was used as the boundary condition in CFD.
IThe bypass channels in two branches were used in Case A.

’The bypass channel in the main channel was used in Case B.

Total pressure drop in the whole system

Table 5. 3 shows the comparison between numerically simulated and experimentally measured
pressure losses in the flow path for Cases A and B. The pressure losses were calculated as the
difference between the average pressure at each measuring point cross-section.

The numerically determined total pressure loss throughout the system was 15.7 kPa, which was
slightly less than the experimental value of 16.8 kPa. The discrepancy between the simulated and
measured values in Case A was a maximum of 21.4% between Points 3 and 4. At the other points,
the CFD results and experimental results were in good agreement, with discrepancies of less than
10%. For ARy, there was little difference between the absolute calculated and experimental
values; the discrepancy did not exceed 0.9 kPa. In this CFD simulation, the absolute value of the
pressure loss was small, and so even differences of 0.9 kPa or less resulted in large discrepancies of
up to 21.4%.

In Case B, two decentralized pumps were used, and the total pressure loss of the system in each
branch pipe was labelled AP,; and AP,,. The numerically determined values of ARy, AR,

ARy, _p, and AR,, were 4.3, 4.4, 1.6, and 4.8 kPa, respectively, which were not significantly
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different from the experimental values. The total pressure losses APy, and APy, were 16.3 and
14.5 kPa, respectively. The simulated value of AP,, was almost the same as the experimental value,
whereas APy, was 9% higher than in the experiment. The maximum discrepancy in the prediction
of the pressure losses in Case B was 15.8% between Points 3 and 4. As for Case A, excluding the
virtual resistance part, the total pressure loss of piping system in Branch 1 and Branch 2 was 4.3
and 3.6 kPa, respectively, in the experiment and 5.4 and 3.7 kPa, respectively, in the simulation,

resulting in a discrepancy of 20.4% and 2.7%, respectively.

Table 5. 3 Comparison of pressure loss between CFD and experiment [kPa] (discrepancy given in

parentheses)
Case A Case B
Pressure difference

Experiment | CFD Experiment CFD
ARy, 4.1 4.2 (+2.4%) 43 4.3 (0%)
ARy, 4.6 4.7 (+2.2%) 4.6 4.4 (-4.3%)

ARp1_po 1.4 1.1 (-21.4%) 1.9 1.6 (-15.8%)

AR, 4.5 4.9 (+8.9%) 43 4.8 (+11.6%)
AP, 16.8 15.7 (-6.5%) N/A? N/A?
APy, N/A! N/A! 14.8 16.1 (+9.0%)
APy, N/A! N/A! 14.4 14.5 (+1.0%)

IThe bypass channels in two branches were used in Case A.

The bypass channel in the main channel was used in Case B.

Figure 5. 6 show the comparison of the pressure along the flow path in experiment apparatus shown
in Figure 5. 4. The horizontal axis represents the flow path and the vertical axis represents the pipe
gauge pressure. In both cases, although both methods have the same trend, it is clear that the CFD
method (results represented by the dashed line) has a higher accuracy than equivalent method
(results represented by the dotted line), which is more closer to the experimental value. The results
also prove the CFD method could be used in studies and designs with an acceptable accuracy, and

this is why we chose the CFD method later.
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Figure 5. 6 Pipe internal water pressure distribution for system flow path: (a) centralized

pumping system with CP Control; (b) decentralized pumping system
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5.4 Pressure drop and temperature analysis
in piping system based on CFD method

5.4.1 Simulation objectives and method

Simulation target

The prediction of pressure loss in the piping system using the CFD method is validated by
comparing the numerical simulation results to the experimental results in the last section. The
maximum discrepancy of the developed model for prediction of gauge pressure and system total
pressure loss is 7.2% and 9%, respectively. The results prove this method is feasible for predicting
the pressure in hydronic systems and could be useful in studies that have no access to a laboratory
or full-scale facilities.

Therefore, in this section, the CFD method was used to predict the pressure and temperature in the
piping system of the heat pump system in the RE house[14]. Based on the heat pump system used
in the experimental house, a three-dimensional numerical model used to represent a real piping
system with different operations was developed. Then several simulations such as heating and
cooling operations were performed to verify the prediction accuracy by comparing with
experimental data.

Figure 5. 7 shows the outline of the piping system of the RE house that was the subject of analysis.
It is a system model similar to the experimental device described in chapter3 and connects the sky
source heat pump (SSHP), and the double-helical underground heat exchanger (GHX) with a water
loop to air conditioning, domestic hot water supply, and floor heating. The water source heat pump
for heating exchanges heat with the circulating water in the water loop to offer cooling, heating, and
hot water supply purposes. The circulating water temperature of the water loop is maintained near
the ground temperature by the heat dissipation operation of the SSHP. Since the circulating water
temperature of the water loop does not exceed 40 °C at the maximum, a resin pipe can be used for
the piping system. Furthermore, considering the material construction cost, the PVC pipe was used
to reduce the initial cost of the entire water piping system. Besides, in this system, the size of the
main pipe is 40A, and the branch pipe is 25A in Japanese industrial standards.

Besides, a reverse return piping system was used between the GHX. For predicting the pressure and
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temperature in the actual system, a piping system model of the same size as the actual one was
created. The inner diameters of the main and branch pipes were set to 40 mm and 25 mm,
respectively, which was the same as the inner diameter of the real piping system. As shown in Figure
5. 8, for the size of the created GHX, the inner diameter of the double helix is 36 mm, and the
winding diameter, winding height, number of turns and pitch are 540 mm, 12 m, 75 and 160 mm,
respectively. There are three GHXs in this system; the interval between two GHX is 2 meters. Figure
5. 9 and Figure 5. 10 shows the 3D model of the piping system used for simulation, which is the
combination of pipe and GHX part. The connection with the heat pump unit(red and blue dot) is set
as the inlet and outlet boundary.
ACHP: Air Conditioning Heat Pump

FHHP: Floor Heating Heat Pump
HWHP: Hot Water Heat Pump

SSHP: Sky Source Heat Pump =)
--------- - o
? @
15l Ih
o HWHP ACHP 0% |
v &g oo £5 771 |[SSHP(With PV PANEL)
: Pt i i
S 9 @@ e |
| 2 FHHP [[[ © o 6 S
E. -I'.'_'.'_'.'_'.'_'.'_'_'.'.'_'_'.'_'.'_'_'.'.'_'.'_' [ —— l:.'i'.'_"_ ''''''' JI. ''''''' i Spliel ol
© Pump ---- Water Loop (PVC)
heck Val Floor Heating Loop (PE
P Check Valve ing Loop (PE) Double-Helical GHX
> Compressor —— Refrigerant Loop (Cu)
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@ Flow rate sensor @Temperature senor

Figure 5. 7 Schematics of the RE house heat pump system.

©1 Material: Polyvinyl chloride (PVC)
Type: Corrugated tube

; Inner diameter: 36mm

Outer diameter: 39mm

Winding diameter: 600 mm
Winding height: 12 m

Number of turns: 75

Pitch width: 160mm

itch width

P

Winding height

Figure 5. 8 Detailed parameters of GHX used in the piping system.
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Figure 5. 10 Three dimensional model of GHX.
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Simulation conditions

For the CFD simulation, the commercial software STAR-CCM+ was used. The method of mesh
division can have a significant influence on the accuracy of a CFD model. Compared with the
tetrahedral mesh often used in machine analysis, the use of an appropriate polyhedral mesh has been
found to improve the accuracy of the analysis and reduce the total calculation time. Peric conducted
a fluid analysis of the water jacket of an engine using a polyhedral mesh, and found that only 1/6 of
the number of cells and 1/10 of the calculation time were required to obtain the same accuracy as
obtained with a tetrahedral mesh[15]. Fukuyo carried out CFD simulations of miter bends with a
polyhedral mesh and found that an adequate polyhedral mesh gives accurate loss coefficients when
the elbow angle is less than 90°[16]. In previous studies, we confirmed the accuracy of pressure
analysis in the piping system using a combination of a polyhedral lattice and a prism layer[12]. In
this simulation, the analysis grid uses a polyhedral grid in the center of the piping model, and a
prism layer is created near the wall surface. As shown in Figure 5. 11, three prism layers were
positioned along the inner walls and the mesh was refined in geometrically important areas. To
improve the calculation speed without reducing accuracy, different mesh sizes were used in straight
pipe sections and in special parts such as elbows and tee joints. The reference mesh size in straight

pipe sections was 0.01 m and in elbow and tee joints was 0.003 m.

Figure 5. 11 Views of the computational grid (polyhedral mesh and prism layer mesh) on some

of the domain surfaces: (a) elbow; (b) inlet & outlet.
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For the flow rates in both the analyzed cases, the Reynolds number was approximately 20000,
indicating fully developed turbulent flow. All simulations were conducted under isothermal
conditions and the object fluid was assumed incompressible. Based on the result of the previous
study described before, the turbulence model used in this simulation was the realizable k—¢g[17].
Regarding the setting of the inlet and outlet boundaries, in this piping system model, the circulation
pump and the heat pump unit were excluded from the analysis. The connection was used as the
outflow boundary. In addition, the GHX part refers to the GHX that is actually used in the real
system, creates a three-dimensional double-helix model of the same size, and connects it using the
reverse return piping method.

For each boundary condition, the flow rate, pressure, and temperature obtained in the winter field
testing were measured or calculated based on the measured values. A rough wall surface is assumed
to consider the friction loss of the pipe part, excluding GHX. For the average roughness, refer to
[18] and use the average roughness of hard vinyl chloride pipe of 0.03 mm. Since GHX uses a PVC
corrugated tube, there is no average roughness information corresponding to this specification.
Therefore, in this simulation, GHX was assumed to be a circular tube, and average roughness of 1
mm was used. Equivalent average roughness corresponding to PVC corrugated pipe will be
estimated in the future.

Regarding the setting of temperature conditions, this time, we assume a steady-state and make the
GHX pipe surface temperature the same as the underground temperature to avoid long calculation
times. The distribution of underground temperature, according to the analysis case, is shown in
Figure 5. 12.

It was assumed that the surface temperature of GHX in Case 1 was 12.1 °C, based on the average
temperature in the vertical direction of the ground in Case 1 at 13:00 on March 25. As in Case 1, the
temperature from the ground surface to 15 m below the ground fluctuated around 11.7 °C based on
the continuous measurement results of the temperature sensor in the center of the GHX at 6 o'clock
on March 25, 6th in Case 2. Therefore, the surface temperature of GHX was assumed to be 11.7 °C,
which is the average vertical temperature. Since all underground pipes are adequately wrapped with
a heat-insulating material, the heat loss from the pipes was ignored, and the pipes were set as the

heat insulation boundary condition.
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Figure 5. 12 Central GHX temperature distribution at 6:00 and 13:00 on March 25.

Table 5. 4 Summary of simulation conditions.

Type of flow Incompressible flow (water)

Fluid density 998 kg/m?

Basic size: 0.01 m
Lattice type Casel&2: 19 million in total

center(polyhedron); boundary layer(prism layer)

SSHP inlet: 0.78 m/s (velocity inlet)
Flow in temperature: 18.85 °C
Case 1 . .
Turbulence intensity: 0.1

Turbulence length scale: 0.001

Inlet boundary condition - —
FHHP inlets: 0.82 m/s (velocity inlet)

Flow in temperature: 10.25 °C
Turbulence intensity: 0.1

Case 2

Turbulence length scale: 0.001

Outlet boundary Case 1 SSHP outlet: 42.8 kPa (pressure outlet)

condition Case 2 FHHP outlet: 23.9 kPa (pressure outlet)

Casel: 12.1 °C(Surface temperature)
Case2: 11.7 °C(Surface temperature)

GHX

adiabatic; rough wall;
Wall boundary

average roughness = 0.03 mm (pipe); 1 mm(GHX)
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Case settings

As shown in Table 5. 4, in the simulation of this report, there are two cases of heating operation
period set during the heating operation period of the RE house, Case 1: Heat collection operation
period by the sky source heat pump (SSHP, the operating device is only SSHP) and Case 2: Heat
pump for floor heating (FHHP, only operating equipment is FHHP). As shown in Figure 5. 9, in
Case 1, the circulating water heated by SSHP enters the water loop from the SSHP inlet, flows
through the three underground heat exchangers, stores heat in the ground, and then returns to the
SSHP outlet. The flow rate of circulating water was 27.4 L / min. In Case 2, the circulating water
that has transferred heat to the indoor floor heating enters the water loop from the FHHP inlet, flows
through the underground heat exchanger, is heated, and then returns to the FHHP outlet to supply
heat to the floor heating. The circulating water flow rate during the operation was 24 L / min as

shown in Figure 5. 13 and Figure 5. 14.

ACHP: Air Conditioning Heat Pump

FHHP: Floor Heating Heat Pump

HWHP; Hot Water Heat Pump T
SSHP: Sky Source Heat Pump O D -

) Pump ---- Water Loop (PVC)

Floor Heating L. PE
=1 Check Valve °°.r eating Loop (PE) Double-Helical GHX
> Compressor ~—— Refrigerant Loop (Cu)

() Expansion device [ | Expansion tank

Figure 5. 13 Schematics of the system diagram to demonstrate casel.

ACHP: Air Conditioning Heat Pump
FHHP: Floor Heating Heat Pump
HWHP: Hot Water Heat Pump

SSHP: Sky Source Heat Pump =]

SSHP(With PV PANEL)

FHHP 3

H---o

1 Case2: FHHP Heating |:'_'"

© Pump ---- Water Loop (PVC)

Floor Heating Lt PE
1= Check Valve °°_r eating Loop (PE) Double-Helical GHX
> Compressor ~—— Refrigerant Loop (Cu}

(%) Expansion device [ ] Expansion tank

Figure 5. 14 Schematics of the system diagram to demonstrate case?2.
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5.4.2 Results and discussions

Total pressure drop in the whole system

Table 5. 5 shows a comparison of gauge pressures at the inlet and outlet of the piping system by
CFD simulation and experiment. Table 5. 6 shows a comparison of the whole system pressure loss.
The positions of the measurement items in Table 5. 5 and Table 5. 6 are shown in Figure 5. 9. The
pressure loss of the entire system is the difference in gauge pressure between the pipe inlet and the
pipe outlet. Besides, the piping system inlet temperature SSHP inlet and FHHP inlet were installed
as boundary conditions.

As shown in Table 5. 5, the gauge pressure prediction results were close to the experimental values
in both cases. For the heat collection operation period by SSHP in Case 1, the outlet pressure of the
heat pump unit (piping system inlet pressure) by CFD simulation was 45.1 kPa, which was smaller
than the experimental value of 45.8 kPa. There were. In the heating operation period by FHHP in
Case 2, the outlet pressure of the heat pump unit by CFD simulation was 30.8 kPa, which was not
much different from the experimental value but was slightly smaller than the experimental value of
31.9 kPa.

Table 5. 6 shows a comparison between the pressure loss of the whole piping system calculated
using gauge pressure and the experimental value. From Table 5. 6, the pressure loss of the whole
piping system in Case 1 was estimated to be 2.3 kPa and calculated to be 3.0 kPa, and the error rate
was —23.3%. In Case 2, the calculated pressure loss of the entire piping system was 8.0 kPa, and the
calculated value was 6.9 kPa, and the error rate was —13.8%. Regarding the prediction of pressure
loss in the entire piping system, the absolute error between the calculated value and the experimental
value was small. Still, the relative error was relatively large, so it is necessary to improve the
accuracy further. Regarding the cause of the difference, in this simulation, since there is no average
roughness information corresponding to GHX using a PVC corrugated pipe, the calculation was
performed using an average roughness of 1 mm assuming that GHX is a circular pipe. The
corrugated tube has grooves in the pipe that cause strong turbulent motion in the flow in the pipe to
improve the heat transfer characteristics significantly. The pressure loss is expected to increase due
to the presence of this groove. Therefore, it is considered that one of the causes is the

underestimation of the pressure loss in the GHX part. Since the two-way valve was not considered
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this time, ignoring the pressure loss due to this part may be one of the causes. In the future, to
improve the prediction accuracy, it is planned to estimate the equivalent mean roughness

corresponding to PVC corrugated pipe and add a two-way valve model.

Table 5. 5 Comparison of gauge pressure between CFD and experiment [kPa].

Measuring point Inlet of piping system Outlet of piping system
Casel (experiment) 42.8 45.8
Casel (simulation) 42.8% 45.1
Case?2 (experiment) 23.9 31.9
Case2 (simulation) 23.9%* 30.8

*boundary condition

Table 5. 6 Comparison of pressure loss between CFD and experiment [kPa] (discrepancy given in

parentheses).
Pressure loss of whole piping system
Measuring point
Difference in cage pressure between pipe inlet and pipe outlet
Casel (experiment) 3.0
Casel (simulation) 2.3(23.3%)
Case?2 (experiment) 8.0
Case?2 (simulation) 6.9(13.8%)

Temperature at the measuring point

Table 5. 7 shows a comparison of system inlet and outlet temperatures by CFD and experiment. As
shown in Table 5. 7, the two cases were higher than the experimental values. The system outlet
temperature by CFD was 13.9 °C, which was smaller than the experimental value of 15.9 °C, and
the absolute error was -2 °C for the heat collection operation period by SSHP in Case 1. The system

outlet temperature by CFD was 12.6 °C, which was higher than the experimental value of 11.9 °C
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during the heating operation period by FHHP in Case 2. The absolute error was + 0.7 °C. The
average temperature in the vertical direction used in the setting of the boundary condition in the
GHX part is regarded as the cause of the difference. The temperature distribution different from the
actual temperature distribution taken as the surface temperature of the GHX is considered to be the
cause of the error. In the future, it is necessary to improve the prediction accuracy by using the actual

vertical temperature distribution.

Table 5. 7 Comparison of temperature between CFD and experiment [°C].

Measuring point Inlet of piping system Outlet of piping system
Casel (experiment) 18.9 15.9
Casel (simulation) 18.9* 13.9
Case2 (experiment) 10.2 11.9
Case?2 (simulation) 10.2%* 12.6

*boundary condition

5.5 Summary

In this chapter, we created a dimensional model of the target piping system and conduct simulation
to predict the pressure loss and temperature, based on the experimental piping system of the RE
house by CFD for two operating states. There are two case settings in the simulation, which is a heat
collection operation period using the sky source heat pump and a heating operation period utilizing
the heat pump for floor heating. By comparing with the experimental data, the prediction accuracy
of pressure loss and temperature in this piping system model was confirmed based on the result. For
the prediction of pressure loss, the maximum relative error is 23.3 %, with an absolute error of 0.7
kPa. Regarding the cause of the difference, in this simulation, since there is no average roughness
information corresponding to GHX using a PVC corrugated pipe, the calculation was performed
using an average roughness of 1 mm assuming that GHX is a circular pipe. In the future, it is

necessary to estimate the equivalent mean roughness corresponding to PVC corrugated pipe. For
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the prediction of temperature, the maximum absolute error of + 2 °C. The temperature distribution
different from the actual temperature distribution taken as the surface temperature of the GHX is

considered to be the cause of the error.
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6.1 Introduction and objectives

In this study, a new heat pump system to supply heat to necessary places (the distributed heat pump
system using multiple kinds of renewable energy) was developed and installed in the test building
(after this referred to as RE house). In this heat pump system, various renewable energies such as
geothermal heat, solar heat, and air used as heat sources (heat collection and heat dissipation) of
heat pumps. The heating and cooling operation performance of this system were studied based on
field testing of the test building in the previous chapters focus on the winter, summer, and interim
period measurement. Based on the field testing, High performance of each heat pump and the whole
system was confirmed.

However, for an advanced building energy system application, the control strategy plays an essential
role in realizing the energy saving of the building. For the design and test of advanced control
strategy such as the model predictive control, modeling and simulation method that can reproduce
the flexible thermal interaction between system components is essential. In this research, the
Modelica language, which has been attracting attention as an advanced and useful system modeling
language in recent years, is used for the thermal analysis of the RE house and distributed heat pump
system. To further optimize the control and use strategy, the purpose of this chapter is to conduct
the modeling of this heat pump system that can express the system dynamics, and verify its
effectiveness and accuracy by comparing it with experiment data. Based on the developed model, it

is possible to optimize and test the control and use strategy by simulation.

6.2 Review of methods and tools for
modeling and simulation of HVAC system

Research methods based on modeling and simulation have a wide range of applications in the field
of building energy. Starting from the design stage of the energy system (such as prototype design
and comparison of new systems/technologies), relevant issues in building energy system include the

real-time operation prediction and diagnosis of the system (such as rapid simulation and diagnosis
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based on building information models), and optimization and transformation of specific systems
(such as the model development of model predictive control, the evaluation of transformation
schemes), these problems cannot be solved without the use of simulation research methods. On the
one hand, because the experimental approach will have a high cost, more importantly, it requires
more execution time. Computer-based modeling and simulation can provide us with a fast and
economical solution. Now, for different purposes and applications, in the field of building energy,
there are many modeling and simulation software, such as EnergyPlus[1], TRNSY S[2], Modelica[3],
Dalec[4], Simulink[5] with its relative libraries, and so on.

As one of the mainstream tools, EnergyPlus has been used in many studies, including such as phase
change materials and envelope structures[6—20]. To understand how the simulation accurately
predicted actual energy use, Rhodesa et al. [7] determined the accuracy of the model by considering
the houses in 54 smart grid demonstration projects in Austin, Texas. They collect data about the
house through an energy audit and then use BEopt, which is a residential building-centric graphical
user interface front end developed by NREL for EnergyPlus, to convert it into an energy model. The
actual meter reading (kWh) in the four cases was compared with the simulation results. The results
show that the model can reasonably predict the usage of houses with average usage, but the model
is difficult to predict the usage of houses with low or high consumption. Royapoor et al. [13]
deployed a set of two calibrated environmental sensors together with a weather station in a 5-story
office building to check the accuracy of the EnergyPlus virtual building model. The model was
calibrated using the ASHRAE Guide 14 indicators. Langevin et al. introduced the Human-Building
Interaction Toolkit to simulate the thermal adaptation behavior, energy use, and thermal comfort of
office building occupants as part of the overall building performance simulation. The toolkit uses
the Building Controls Virtual Test Bench to jointly simulate the seat-based comfort and behavior
models in MATLAB, and the entire building energy consumption simulation and evaluation in
EnergyPlus[15]. Pang et al. proposed a simulation-based overall building performance monitoring
tool that can compare the actual and expected performance of a building in real-time. The tool
continuously obtains relevant building model input variables from existing energy management and
control systems. Then, they report the expected energy consumption simulated with EnergyPlus and
gives a proof of concept.

Besides EnergyPlus, TRNSYS is also a usable and popular tool for simulation of the HVAC system
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that can offer a system dynamic fluctuation. Antoniadis et al. [21] used TRNSY'S modeling software
to optimize building-integrated solar thermal systems with seasonal storage capabilities to evaluate
different integration options for solar collector arrays. The model calculates the space heating
demand during heating and the annual household hot water demand. Parametric analysis of the
effects of various solar collector areas and types, building integration types, and seasonal storage
tank capacity is also proposed to optimize system design. Asadi et al. [22]adopted a simulation-
based multi-objective optimization scheme (combining TRNSYS, GenOpt, and Tchebycheff
optimization techniques) to optimize the renovation cost, energy-saving, and thermal comfort of
residential buildings. Optimization parameters include alternative materials for exterior wall
insulation, roof insulation, different window types, and installation of solar collectors in existing
buildings. They used actual case studies for the proposed method, and verified the practicability of
the method and analyzed possible problems. Chargui et al. [23Jmodeled and simulated the heat
pump on TRNSYS to study the thermodynamic phenomena of the heat pump system. They used
HVAC technology to describe the heat pump on the TRNSY'S model mathematically and gave the
simulation results (such as COP, power consumption, and output power) of the geothermal heat
pump. Kuznik et al. developed a new TRNSY'S type (called Type 260) to model the thermal behavior
of exterior walls using PCM. They detailed the model and verified it using experimental data from
the literature[24].

However, conventional simulation tools such as EnergyPlus and TRNSY'S still have some problems
in modeling, simulation and optimization of air conditioning and heat source systems. Large and
complex system models are often used to model building air conditioning and heat source systems.
Such systems include differential-algebraic equations describe different physical systems (heat,
electricity, etc.) with different time scales of dynamic properties. Usually, when a simulation is
performed, numerical expressions are numerically solved to calculate and evaluate the performance
of the system. Conventional tools have difficulty in dynamic simulation of multi-domain physical
systems, including electrical, thermal, and control.

Most state-of-the-art building simulation programs such as EnergyPlus implement models in an
imperative programming language. In such programs, developers write sequences of computer
instructions that assign values to variables in a predetermined order of execution. Generally, such

programs mix codes describing physical processes with codes used for data management and
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numerical solutions[25]. The imperative programming language assigns values to functions,
declares the execution order of these functions, and changes the state of the program, as in
MATLAB/Simulink. These programs were developed for use cases of building energy performance
evaluation. however, the use of models to support operations such as control design and verification,
and multi-physics dynamic analysis that combine building, HVAC, electrical, and control models
are rarely considered or not even considered[25]. Among most of them, the reuse rate of the model
is meager. In other words, whenever a new system model needs to be constructed, it is inevitable to
rewrite the same model as before. Another critical point is to evaluate the dynamic characteristics
of the building, which means how the HVAC system that includes heat storage, electricity storage,
renewable energy power generation and the grid affect each other internally. In these tools, the close
integration of numerical solutions with model equations and input/output routines makes it difficult
for users to understand how component models interact with other parts of the system model, and
cannot effectively judge simulation results and problem solutions. Because of the need to use
different numerical methods, such as control design and verification, coupled modeling of
thermoelectric systems and model use during operation, it is difficult to use these tools to complete
experiments[26]. Also, the nested solvers in the program can lead to numerical noise in the
simulation results that can make the use of optimization programs difficult[27].

For example, a coupling simulation of feedback control with a time constant of a few seconds to a
building energy model with a time constant of a few hours leads to a rigid ordinary differential
equation. In this case, an implicit method is generally required. But in EnergyPlus and many
TRNSYS components, HVAC equipment and controllers are usually approximated using steady-
state models to derive algebraic equations. In this case, the results can be obtained by the explicit
method, but the approximation causes a deviation from the actual control, and the dynamic
characteristics of the system cannot be correctly reflected and evaluated. For example, for
EnergyPlus, we employ ideal control to reduce the computation time, and the proportional-integral
(PI) control loop is assumed to be ideal, and there is no overshoot. Also, control based on the flow
rate is simplified in many device models, and the flow rate distribution is ideally distributed in the
system rather than the result of the flow rate distribution based on friction loss. Due to such a limit,
it is difficult to verify the actual control logic. Although a dynamic control model has been

introduced in TRNSY'S, the adoption of certain time steps poses a numerical problem.
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The Modelica language can overcome problems such as dynamic characteristics and control
simplified by conventional modeling and simulation tools. For example, using the State Graph
package of Modelica Standard Library[3], it is possible to execute the discrete control considering
the dead zone or the delay time. Simulation of multi-domain systems with thermal and electrical
components does not require the data synchronizer for co-simulation, which is essential for
traditional tools like TRNSYS and can be realized in one environment. Besides, libraries for
different air conditioning and building energy systems are in development, and their models are
extended to develop and evaluate optimal control techniques, fault detection and diagnostics for the
whole building energy system, and air conditioning system. Moreover, due to its object-oriented
modeling characteristics, the model developed based on Modelica can be used to achieve an optimal
design and operation even when conditions change. For example, the environmental co-simulation
that contains room airflow is possible based on the building library[28]. Because it is suitable for
hybrid modeling in multiple physical fields, including electrical and thermal, as well as more
realistic control system modeling, Modelica has been widely used for modeling building energy
systems in recent years[9,25,26,28-34]. Therefore, for further optimization and control method
design, the modeling of innovative systems like the proposed distributed heat pump system in the

study is constructed based on Modelica.

6.3 Fundamentals of Modelica and its
application in HVAC and building field

Modelica is an object-oriented multi-domain modeling language[3]. It is most suitable for modeling
complex multi-domain physical systems (e.g., including mechanical, electrical, thermal, control)
across many fields, and is usually used for modeling physical phenomena. Dr. Hilding Elmqvist
invented the concept and design of Modelica in 1996, and Modelica ver1.0 was released next year.
The main difference from imperative programming languages is that equation-based languages do
not need to specify the computer assignment order required by the simulation model.

Equation-based languages (such as Modelica) can solve the problem of modeling multi-domain
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physical systems in traditional modeling tools. Specifically, it can effectively help the hybrid
modeling of building energy systems and control systems. In the Modelica modeling process, the
physical equations and numerical solvers are separated as much as possible. In simple terms, an
equation-based language does not require model developers to specify the computer calculation
sequence needed by the simulation model. And the design of the solution method will have
mathematics researchers to study more efficient and optimized algorithms[25].

Modelica is a declarative language used to describe the mathematical properties of things. It can
easily describe the working characteristics of different types of engineering components (such as
pipes, resistors, pumps, etc.). Also, these components can be easily combined into subsystems,
systems, and even architectural models. The important thing I think it that the Modelica language
supports the simultaneous description of continuous and discrete characteristics in mixed
differential-algebraic equations. The Modelica language supports the use of both causals (usually
used in control system design) and non-causal (usually used to create a principle-oriented physical
model design) modeling methods in the same model. Therefore, I can use Modelica to support the
physical model design and control model design more realistically.

Here I will use the examples in the textbook[35] to briefly explain the basic grammar of Modelica
language. For Newton's law of cooling, the mathematical formulation of Newton's law can be

expressed as follows:
dT
meE: hx A X (Tenv_T)
Where m is the mass of thermal capacitance, ¢, is the specific heat, T is the temperature of thermal
capacitance, & is the heat transfer coefficient, 4 is the heat transfer surface area, 7., is the
temperature of the environment.
In Modelica language, the above formula can be expressed as follows:

m*c_p*der(T) =h*A*(T _env-T)

The operator der() represents the time derivative in Modelica. If the types of variables, constants,
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and initial conditions are added, the model of Newton's cooling formula can be expressed as follows:

model Newtonscooling

type Temperature=Real(unit="K", min=0);

type HeatTransferCoefficient=Real(unit="W/(m?K)", min=0);

type Area=Real(unit="m?", min=0);

type Mass=Real(unit="kg", min=0);

type SpecificHeat=Real(unit="J/(K.kg)", min=0);

parameter Temperature T _env=288.15;

parameter Temperature To=363.15;

parameter HeatTransferCoefficient h=0.7;

parameter Area A=1.0;

parameter Mass m=0.1;

parameter SpecificHeat ¢ p=1.2;

Temperature T;
initial equation

T =To;
equation

m*c_p*der(T) =h*A*(T env-T);
end Newtonscooling;
In this modeling description, the parameter indicates a variable that must provide an assignment.
The initial equation section specifies how the variables are initialized. At the same time, a physical
type Temperature is defined in the model, which can be used to declare multiple variables such as
Tenv and To. Because many physical variables have been predefined in the Modelica standard library,
they can be directly declared without pre-definition when called.

Based on the conditions described before, the simulation result is shown as follows:
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Figure 6. 1 Simulation result of Newtonscooling.

As mentioned in the last section, object-orientation is one of the main points of Modelica language,
and the behavior of physical phenomenon is described as the interaction between objects based on
the physical principle. The reusability of the model is high accordingly. For example, a heat pump
has a compressor, a condenser, etc. The compressor is composed of a primary heat exchanger and a
refrigerant. We can create essential elements such as compressor and build different types of heat
pumps to meet our purposes. Other than this, Modelica also has commercial and free libraries from
universities and industries. For example, a series of libraries for building and district energy
simulation based on the Annex60 project[36]. It is also possible to model large-scale energy systems

such as city scale.

6.4 Modeling description of distributed
water source heat pump system using
renewable energy

6.4.1 Modeling objectives and method

Overview of modeling

The purpose of this research is to build a model that can express the thermal behavior of the RE
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house and heat pump system using Modelica language. By using this model, make it possible to
develop an optimal control method based on simulation. As content, we will compare the outline of
the model and the simulation results with the winter operation test results, and report the
effectiveness and accuracy of this model.

In the construction of the model, it includes a detailed building model of the RE house, including
three interconnected rooms, two of which are equipped with a floor heating system, so they are
directly thermally coupled with the heat pump system. Another independent room (facility room)
has no floor heating system, so during the winter experiment, it directly exchanged heat with the
other two rooms. For the distributed heat pump system, this system model concludes the water
source heat pump for floor heating, an equivalent sky source heat pump, and the ground heat
exchanger. Therefore, we evaluated the validity and accuracy of the model based on the comparison

with the experimental results of March 21 and March 25 during the winter experiment.
Modeling of RE house

As mentioned in chapter3, we carry out the development research of the improved equipment and
import it to a full-scale test building for verification, and confirm the system performance based on
field testing. As shown in Figure 6. 2, the basic configuration of this system is introduced in detail.
This figure is the distributed heat pump system designed to use these multiple kinds of renewable
energy complementarily. Renewable energy, such as geothermal heat is utilized through the ground
heat exchanger(GHX). A sky source heat pump(SSHP) uses renewable energy from the sky, such as
solar radiation and air heat from the atmosphere. A water circulation loop integrates both renewable
energy sources from earth and sky. The HVAC system for heating, cooling, and domestic hot water
supply purposes are constructed by using several water source heat pumps.

The configuration of the RE house is shown in Figure 6. 3 and Figure 6. 4. As mentioned before,
the RE house includes three interconnected rooms, two of which are equipped with a floor heating
system, so they are directly thermally coupled with the heat pump system. Another independent
room (facility room) has no floor heating system, so during the winter experiment, it directly
exchanged heat with the other two rooms.

The setting of the floor heating system is shown in Figure 6. 5. According to machines such as floor

heating heat pumps, the heat pump models heating and cooling used in this model can achieve
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acceptable accuracy, and the performance of the heat pumps actually used in the heat pump system
is about the same. Therefore, only the floor heating heat pump is modeled this time, and the air
conditioning and hot water heat pump can be obtained by modifying the parameters using the heat
pump for the floor heating model. The size of the building is the same as the actual one. Based on
the actual configuration of materials used in the construction, the detailed settings used in the

modeling are shown in Table 6. 1 according to the actual materials used in the building.

ACHP: Air Conditioning Heat Pump
FHHP: Floor Heating Heat Pump
HWHP: Hot Water Heat Pump

SSHP: Sky Source Heat Pump =

ACHP
i SSHP(With PV PANEL)
= @. ] : :
FHHP ([ 6 22%T] | oo
i 0¥ O
[piptuiviplotutub bt :E;'i'_'_ll' ________ JI. '''''''' gy | i
© Pump ---- Water Loop (PVC)
Floor Heating L PE
<1 Check Valve oo'r eating Loop (PE) Double-Helical GHX
[> Compressor —— Refrigerant Loop (Cu)

(%) Expansion device [—] Expansion tank
@ Flow rate sensor @Temperature senor

Figure 6. 2 schematics of RE house and heat pump system.
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Figure 6. 4 Building elevation of RE house.
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Facility room

FHHP unit
Hot water head

ﬂgor,heating pipe (PEX-20, 100m x3)

O Minimum bending radius 300mm

FHHP unit
ot water supply header
== Hot water return header

floor heating pipe, cross-linked polyethylene pipe, 20A, 100m x3 parallel
RE house floor heating system

Figure 6. 5 Configuration of RE house floor heating system.
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Table 6. 1 configuration and materials of RE house

Floor configuration of multi purpose and measurement room

The floor heating piping system: 100m*3 in parallel; pipe size: PEX-20

k value(Thermal conductivity); ¢ value(Specific heat capacity); d value(Mass density); x

value(Material thickness)

Floor layer (from indoor to outdoor) k (W/(m*k)) | c (J/(kg*k)) | d(kg/m3) | x (m)
first Porcelain tile (t=10mm) 1.3 840 2400 0.01
secon
mortar (t=30mm) 1.5 800 2000 0.03
d
third mortar (t=80mm) 1.5 800 2000 0.08
fourth concrete (t=150mm) 1.6 840 2400 0.15
Floor configuration of facility room

k value(Thermal conductivity); ¢ value(Specific heat capacity); d value(Mass density); x

value(Material thickness)

Floor layer (from indoor to outdoor) k (W/(m*k)) | ¢ (J/(kg*k)) | d(kg/m3) | x (m)
first concrete (t=120mm) 1.6 840 2400 0.12
secon
. concrete (t=150mm) 1.6 840 2400 0.15
Exterior wall configuration
Exterior wall (from indoor to
k (W/(m*k)) | ¢ (J/(kg*k)) | d(kg/m3) | x (m)
outdoor)
Gypsum board (t=12.5mm,
multi purpose)extWalll 0.22 1100 750 0.0125
st Larch plywood (t=9mm, 0.16 1300 550 0.009
facility/measurement)extWall2
secon Insulation glass wool 14K 0.038 840 14 0.1
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d (t=100mm)
third Structural plywood (t=9mm) 0.16 1300 550 0.009
Roof configuration
Roof (from indoor to outdoor) k (W/(m*k)) | c (J/(kg*k)) | d(kg/m3) | x(m)
first Structural plywood (t=24mm) 0.16 1300 550 0.024
secon | Insulation material Styrofoam
0.033 1500 29 0.045
d (t=45mm)
Structural plywood (Keical
third 0.2 920 1100 0.012
board, t=12mm)
Partial wall (equipment/measurement room)
Partial wall k (W/(m*k)) | ¢ (J/(kg*k)) | d(kg/m3) | x (m)
first Larch plywood (t=9mm) 0.16 1300 550 0.009
secon
Larch plywood (t=9mm) 0.16 1300 550 0.009
d
Partial wall (among three rooms)
Interior wall (from others to
k (W/(m*k)) | c (J/(kg*k)) | d(kg/m3) | x(m)
multi purpose)
Larch plywood (t=9mm,
first 0.16 1300 550 0.009
measurement/facility)
secon | Insulation material glass wool
0.038 840 14 0.01
d 14K (=10mm)
plasterboard (t=12.5mm, multi
third 0.22 1100 750 0.0125
purpose)
Exterior doors
Exterior doors k (W/(m*k)) | c (J/(kg*k)) | d(kg/m3) | x(m)
first Insulation material glass wool 0.038 840 14 0.025
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14K (50-1.6*2mm)

secon | Insulation material glass wool

0.038 840 14 0.025

d 14K (t=50-1.6*2mm)

Partial doors
Partial doors k (W/(m*k)) | ¢ (J/(kg*k)) | d(kg/m3) | x (m)
first Basswood plywood 0.16 1300 550 0.025
secon
Basswood plywood 0.16 1300 550 0.025
d

Exterior windows, U value: heat transmission coefficient

U absorption
Exterior windows
(W/(m2*Kk)) rate
first Double glazing (t=6mm) 33 0.74

French windows, U value: heat transmission coefficient

U absorption
French windows
(W/(m2%*k)) rate
first Double glazing (t=6mm) 33 0.74

Heat pump system component modeling

The modeling of the system is focusing on the component such as heat pump and GHX, and the
whole system model is constructed by partially adopting the Modelica open-source library Building

library[33] and AixLib library[37]. The description of the main models is as follows:

Detailed room model

The model of each room adopts a detailed room model developed by Zuo et al.[28]. The room model
is assumed to be a completely mixed air room model. The room can have any number of structures
and surfaces. Based on different structures and surfaces, there could be convection, conduction,

infrared radiation, and solar radiation that participate in the heat exchanger. The critical points in
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this model are 1) transient or steady-state heat conduction through an opaque surface; 2) heat
transfer through the glass system takes into account solar radiation, infrared radiation, heat
conduction, and heat convection, and can be set up to adjust Solar radiation; 3) For convective heat
transfer between the outside air and the outer surface, the heat transfer coefficient is related to wind
speed, wind direction, and temperature, and can also be set to a constant value; 4) The pairing
between indoor air and the surface of the opaque structure The flow heat transfer coefficient can be
selected to be temperature-dependent or constant. 5) Assume that all solar radiation will hit the floor
first, and then be partially absorbed and partially reflected by the floor.

Besides, internal heat sources and instantaneous simulated substance concentrations can be set, but

they are not within the scope of this model.

Heat pump for floor heating model

For the heat pump for floor heating, the coefficient of performance (COP) of the heat pump will
change with the temperature, which is the same as the Carnot efficiency changes. At the same time,
the speed of the compressor (the control parameters) can be controlled to achieve a variable speed

operation. The Carnot effectiveness can be calculated as:

COP,

Ncarnotn = T
con,n

Tcon,n - Teva,n

And the COP of the heat pump can be calculated as:

CoP = Ncarnotn X COPcarnot X Mp

Where, Ncgrnoen 18 the Carnot effectiveness, COP, is the COP at the nominal condition, T¢yy,p
Tepan 1s the condensing and evaporating temperature (K) at the nominal condition, respectively.
np is a function of the part load ratio used to take into account the influence on COP at part load
conditions. The realization of the heat pump model in Modelica is shown in Figure 6. 6, there is a
condenser component(con in the figure) and an evaporator component(eva in the figure). By

inputting the compressor speed signal, the temperature change can be determined.
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Moreover, we need to specify the proper performance parameters under nominal conditions to have
good accuracy. Based on performance verification experiments conducted at the factory, we use
performance parameters under normal operating conditions. The data represented by the solid green

line shown in Figure 6. 7 is used at nominal condition data in modeling, which is seen as the normal

operation.
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Figure 6. 6 The model of heat pump for floor heating used in modeling.
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Figure 6. 7 FHHP performance data at nominal condition(solid green line).

Floor heating system model

For the floor heating system, the radiant slab model developed in the Building Library by Wetter et
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al.[33] was used as the main part of the floor heating system. As shown in Figure 6. 8, in this model,
con_a calculates the transient heat conduction between the upper surface and the structural layer
containing the pipeline, and con_b is between the plane containing the pipeline and the lower surface.
The virtual resistance RFic is used to calculate the temperature of the structural layer containing the
pipe. Besides, considering the thermal resistance of the tube wall, the convective heat transfer
coefficient between the fluid and the inner wall of the tube is a function of the mass flow rate. The

material layer can be set according to the actual installation. Based on the resistance network model
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Figure 6. 8 Thermal resistance network of floor heating system model[33].
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Figure 6. 9 Modeling of single circuit slab as the floor heating system[34].

described before, the realization of the floor heating system model in Modelica is shown in Figure

6. 9. The fluid component vol exchange heat with surf a and surf b, according to the resistance
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network, to realize the heat transfer within the floor heating system. In this modeling, the same
configuration as the actual material layer of the RE house is used. The piping system is a single
circuit type; there is no insulation layer under the floor heating pipeline. The specific arrangement

is shown in Table 6. 1.

Ground heat exchanger

Because there is no available model for double helical ground heat exchangers, U-tube ground heat
exchangers are used instead in the system modeling. Compared with the U-tube heat exchanger, the
heat exchange area per unit depth of the spiral heat exchanger is higher. Therefore, while keeping
other structural parameters unchanged, the U-tube ground heat exchangers of the same length are
used instead. The combination of the GHX is constructed by using a hybrid model for the borefield
heat exchanger, which is developed and realized in Modelica by Picard et al. [38]. The model uses
a combination of a short-term response model and a long-term response model to calculate the step
response that takes into account the heat transfer fluid, grouting, and transient heat transfer in the
immediate ground with both short and long-term accuracy. The specific case can be simulated by
setting 1) the thermal characteristics of the hole filling material; 2) including the thermal
characteristics of the surrounding soil; 3) the parameters of the borehole configuration.

Each borehole is discretized in the vertical direction and has a common wall temperature, and only
radial effects are considered. The thermal effects of circulating fluids, pipe, and filling materials are
also taken into account. As shown in Figure 6. 10, by using a resistance-capacitance network to
model the thermal behavior between the pipe and borehole wall, and the grouting capacitance can
be distributed according to the number of pipes. Besides, the ground heat transfer has the same
thermal boundary condition as the boreholes at the wall. It is modeled as an integral convolution
model between the heat flux at the borehole wall and the thermal response factor of the borefield[38].
The realization of the borehole model with a single U-tube configuration in Modelica is shown in
Figure 6. 11[33]. The circulating fluids (voll and vol2 in the figure) exchange heat with the borehole

wall based on the resistance network model shown in Figure 6. 11.
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Figure 6. 10 Resistance-capacitance network for a single U-tube borehole configuration[37].
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Figure 6. 11 Heat transfer model between circulating fluid and filling of a single U-tube[33].

Sky source heat pump

Because there is no direct expansion type heat pump model suitable for sky source heat pumps(SSHP,
can collect heat during the day time and dissipate heat during the night time) at present, this system
uses the solar-assisted heat pump form model as shown in Figure 6. 13 instead[39]. Because there
is an approximate principle, the same utilization solar radiation, and the ambient air by a solar
collector, so there are similar performance changes that related to solar radiation and outdoor
temperature.

Based on the actual measured performance data of the SSHP from field testing and the actual

specifications of the solar collector, a solar-assisted heat pump system with the same performance
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characteristics can be constructed. The nominal parameters can be determined according to the
experiment, and modify the model of FHHP to obtain other parts except the collector. The solar
collector model uses the model of the test method in the American standard ANSI/ASHRAE
STANDARD 93-2010 Methods of Testing to Determine the Thermal Performance of Solar
Collectors[40], to calculate the solar gain and heat loss in the model. The realization of the solar
collector in Modelica is shown in Figure 6. 12. The fluid vol is heated or cooled(heat loss to air)
based on global radiation, and dry bulb temperature read from weather data(weaBus in the figure).
For the other components of the heat pump, the same model as FHHP was used here for the modeling

of SSHP. As mentioned before, The Carnot effectiveness of heat pump can be calculated as:

COP,

Tcon,o )
Tcon,o - Teva,o

Ncarnot,0 =

And the COP of the heat pump can be calculated as:

COoP = Ncarnot,0 X COPcgrnot X p

The meaning of each symbol is the same as previously stated. As with FHHP, specific values are

determined by experimental and factory test results.
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Figure 6. 12 Model of solar collector for ASHRAE STANDARD 93-2010 in Modelica[36].
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Figure 6. 13 indirect configuration of solar assisted heat pump.
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Figure 6. 14 Model of combination of RE house and heat pump system.
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The model of the whole system that contains RE house and heat pump system is shown in Figure 6.
14. In addition to the main heat pump and other components, the weather data is using TMY3
weather data[41]. Because Modelica's pump model sometimes has numerical problems, the pump
model uses the fan pump model developed by Wetter to ensure that there is a unique solution for
most situations[42].

As shown in InSou part in the system model, this is a preset internal heat source assembly. It can be
used to model the internal heat sources such as radiation and convection. However, this was not
used in this simulation because there was no internal heat source during the experiment. Also, each

room has mechanical ventilation; the value is set according to the actual situation.
Modeling conditions

The nominal conditions of each machine are set based on the results of experiments and factory
tests. The specifications of the house structure, heat pump system, and water loop pipe network are
also the same as the actual system. The specific setting parameters are shown in the following tables.
RE house

The parameter used for setting the structure of all three rooms in RE house are shown in Table 6. 2.

The material and schematics information are shown in section 6.4.1.

Table 6. 2 Parameters of RE house setting.

Multi-purpose Measurement Facility
Room area (m?) 33.12 13.24 13.24
Hight (m) 3.05 — 6.555 2.4 2.4
Ventilation frequency(times/h) 0.6 0.6 0.6
Floor heating area (m?) 33.12 13.24 0

Heat pump for floor heating

As mentioned before, the factory test result was used as the nominal condition for setting the
performance data of FHHP. Besides, the data represented by the solid green line in Figure 6. 7 is
used at nominal condition data in modeling, the Carnot effectiveness was set to 0.65 according to

the test result.
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Floor heating system

Besides the detailed information mentioned in 6.4.1, other settings used in modeling are given in

Table 6. 3 below.

Table 6. 3 Parameters of the floor heating system.

Connection of piping system Parallel
Length of pipe in the multi-purpose room (m) 200
Length of pipe in the measurement room (m) 100
Pipe distance (m) 0.1656
Circulating medium Water

Ground heat exchanger

Because it is necessary to ensure the same heat exchange area of the GHX, besides the length, other
parameters used for modeling are the same as the double-helical ground heat exchanger and are

given in the Table 6. 4 below.

Table 6. 4 Parameters of the GHX

Borehole configuration Single u-tube
Height of the borehole (m) 75
Radius of the borehole (m) 0.35
Borehole buried depth (m) 3
Number of boreholes 3
Outer radius of the ground heat exchanger (m) 0.039
Thermal conductivity of the pipe (W/(m-k)) 0.42
Thickness of pipe (m) 0.0015
Shank spacing (m) 0.15
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Table 6. 5 Physical property values used for GHX modeling.

Thermal conductivity Specific heat capacity
Density [kg/m3]
[W/m-k] [J/kg-k]
soil 1.5 1800 1650
Silica sand 2 2050 1320
Sky source heat pump

Based on the actual measured performance data of the SSHP from the winter field testing and the
actual specifications of the solar collector[43], the parameters used for modeling a solar-assisted

heat pump system are shown in Table 6. 6 below.

Table 6. 6 Parameters of SSHP, including outdoor panel and performance of heat pump.

Panel type Glazed flat plate
Panel orientation and angle Facing south, 30 degrees
Panel area (m?) 8
Circulating medium Propylene glycol water
Carnot effectiveness 0.65

6.4.2 Simulation and validation

Case setting and simulation condition

To verify the validity and accuracy of the model, we chose to compare the actual measurements on
March 21 and March 25 as the typical days in the continuous operation experiment in winter to
evaluate the accuracy of the model. As shown in Table 6. 7, there are 4 cases set in the simulation.
We conducted the comparison under the same conditions, which means the weather data obtained
by the actual measurement is used as weather input of simulation.

Firstly, we verify the effectiveness of the house and FHHP model by comparing the operation of the

floor heating system on March 21 and March 25 and the changes in the thermal environment in the
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RE house. Afterward, the effectiveness and accuracy of the system model after adding the SSHP
model were verified by comparing the performance changes of the SSHP during the two-day SSHP
heat collector operation. The detailed case setting is shown in Table 6. 7. Regarding the control
method, the FHHP is set to be an ON/OFF control that keeps the room temperature between 20—

25 °C, which corresponds to the winter experiment.

Table 6. 7 Case setting for verification of the system model.

Casel 21 March (cloudy day), space heating operation by FHHP
Case2 25 March (sunny day), space heating operation by FHHP
Case3 21 March (cloudy day), heat collecting operation by SSHP
Case4 25 March (sunny day), heat collecting operation by SSHP

Results and discussion

Casel: Space heating operation by FHHP on 21 March

Figure 6. 15 to Figure 6. 23 show the experimental and simulation result of space heating operation
by FHHP on 21 March. Figure 6. 16 and Figure 6. 17 shows the experiment and simulation result
of indoor environment changes in the multi-purpose room, respectively. As shown in the figure,
under the same weather conditions and underfloor heating pump operating conditions, the
experimental value and the simulated value directly affected by the indoor ground temperature are
almost the same, and the temperature difference is less than 1 degree. However, for the indoor air
temperature, the simulation result has a temperature difference of about 1 degree from the
experimental value. For the reason of the error, we think it is because the house model used assumes
that the indoor air is completely mixed. Therefore, the temperature stratification in the room is not
taken into account, so this difference is generated.

Figure 6. 18 and Figure 6. 19 show the simulation result of changes in the floor heating system in
the multi-purpose and measurement room, respectively. According to the measured values, the
ground temperature under the floor of the room was set to 23 degrees in the simulation. As shown
in Figure 6. 18, because the FHHP runs continuously throughout the day, the indoor floor

temperature does not change much, as the same with experimental results. The simulation results
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also show that the indoor floor temperature in two different rooms is slightly different. We believe
that the indoor ground temperature of the multi-purpose room drops faster because the enclosing
structure area of the room is larger, and the insulation performance is average, so it is more
susceptible to external temperature changes.

In addition, because in the RE house floor heating system, there is no insulation layer under the hot
water loop system. Therefore, it can be expected that this will cause some heat loss. According to
the simulation results, we found that about 1/3 of the heat flowed into the ground when the supply
and return water temperature, flow rate, and indoor state were the same as the experimental value.
The area of the multi-purpose room is larger, so there is more heat loss than the measurement room.
Figure 6. 20, Figure 6. 21, Figure 6. 22, and Figure 6. 23 shows the experiment and simulation result
of changes in the water loop side of FHHP and changes in the performance of FHHP, respectively.
Comparing Figure 6. 20 and Figure 6. 21, the difference between the simulation result and the
experimental value is minimal, showing good accuracy. However, the simulation result does not
show the change in flow rate and water temperature caused by the operation of SSHP. Because
SSHP was not added in this case, there were no fluctuations due to SSHP. The verification, including
the SSHP, will be shown in case3. Figure 6. 22and Figure 6. 23 show the FHHP performance
changes. The results show acceptable accuracy, the simulation results reproduce the FHHP
performance (COP) well, and the thermal output and power consumption are not much different
from the experimental values. For the same reason, the performance of FHHP did not fluctuate due
to the operation of SSHP in the simulation

The simulation results of case 1 show that under cloudy conditions, the constructed system model
has good accuracy and can reflect the performance changes of the indoor and FHHP. The verification

under sunny conditions will be explained in case?2.
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Figure 6. 15 Weather condition on 21 March.
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Figure 6. 16 Indoor environment changes in the multi-purpose room(experiment).
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Figure 6. 17 Indoor environment changes in the multi-purpose room(simulation).
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Figure 6. 18 Changes of floor heating system in the multi-purpose room(simulation).
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Figure 6. 19 Changes of floor heating system in the measurement room(simulation).
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Figure 6. 20 Changes in the water loop side of FHHP(experiment).
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Figure 6. 21 Changes in the water loop side of FHHP(simulation).
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Figure 6. 22 Changes in the performance of FHHP(experiment).
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Figure 6. 23 Changes in the performance of FHHP(simulation).

Case2: Space heating operation by FHHP on 25 March

Figure 6. 24 to Figure 6. 32 show the experimental and simulation result of space heating operation
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by FHHP on 25 March, which was a sunny day. Figure 6. 24 shows the weather conditions of the
day because it was sunny, there was sufficient solar radiation during the day, and the dry bulb
temperature also kept a higher temperature. Figure 6. 25 and Figure 6. 26 shows the experiment and
simulation result of indoor environment changes in the multi-purpose room, respectively. As shown
in Figure 6. 25 and Figure 6. 26, around 10:30, because the indoor temperature reached the upper
limit of the set value, the FHHP stopped running. The simulation results also showed the same
running conditions, and the FHHP stopped running at almost the same time. However, it can be seen
by comparison that the simulation values of indoor air temperature and floor surface temperature
are higher than the experimental values. As for a reason, as mentioned above, one of the reasons is
that the house model adopted assumes that the indoor air is completely mixed. Hence, the result is
average indoor air temperature, not the air temperature at the experimental value of 1.1 meters.
Besides, this comparison is based on the results of the multi-purpose room. There is a large floor-
to-ceiling window facing south in this room, so there will be plenty of solar radiation entering the
room during the day. In the room model, it is assumed that the sunlight is first irradiated on the floor
and then reflected other surfaces of the room, so a higher floor temperature appears in the simulation
results. We also think that this may also cause the indoor temperature to be higher than the
experimental value.

Figure 6. 27 and Figure 6. 28 show the simulation result of changes in the floor heating system in
the multi-purpose and measurement room, respectively. Figure 6. 27 shows the simulation results
of the multi-purpose room. As with the experimental results, after the FHHP stopped operating, due
to sufficient solar radiation, the indoor temperature and the floor surface temperature increased. At
the same time, the simulation results show that after about 10 o'clock, the indoor floor surface
temperature is higher than the circulating water temperature of the floor heating system. At this time,
the heat flow direction starts to change from indoor to the underground. The measurement room in
Figure 6. 28 also shows the same result, but because the window area is small, the size of the heat
flow is not so apparent. As the outside air temperature changes, the indoor floor surface temperature
became lower than the temperature of the floor heating circulating water, and the heat flow direction
returns to its original state.

Figure 6. 29 to Figure 6. 32 shows the FHHP performance changes for 25 March. Since there was

also no SSHP operation, there were no changes in temperature and flow rate caused by SSHP in the
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simulation results. For the heating performance of FHHP, as shown in Figure 6. 31 and Figure 6. 32,
compared with the experimental results, it can be found that the simulation results reproduce the
FHHP performance under the same conditions well. The simulation results reflecting the COP of
the heat pump differ from the experimental values by less than 1.

Therefore, based on the result, it can be judged that this system model can reproduce the running
condition of the distributed heat pump system in both sunny and cloudy conditions, and has good

accuracy.
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Figure 6. 24 Weather condition on 25 March.

30 70
T Supply temperature T
o N A A b 5
25 £ 'Return temperature” \_ T 60
I o R |
20 T temperature of floor surface T5 _
o 1 indoor temperature at 1.1m E
e T 140 3
° I T
é 15 T I %
B I T30 =
[} T hot water flow rate T 2
o4 1 =N o
€10 + 1 [
2 I T 20
T dry bulb temperature 1
51 T 10
o+ fo

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00

Figure 6. 25 Indoor environment changes in the multi-purpose room(experiment).
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Figure 6. 26 Indoor environment changes in the multi-purpose room(simulation).
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Figure 6. 27 Changes of floor heating system in the multi-purpose room(simulation).
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Figure 6. 28 Changes of floor heating system in the measurement room(simulation).



Chapter 6: Modeling of distributed heat pump system using renewable energy with Modelica — 216

25 30
Tl EERERERRE iT
20555“151“ i”jih’.“: ‘i"*24
1 water loop flowirate 1
O I —_
e 1 £
215 4 t18 &

4 . + -
® 1 water loop inlet temperature ol >
) I L L
Q. il ©
1S il N
8 10 T 12 S

water loop outlet temperature i w
51 16

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00

Figure 6. 29 Changes in the water loop side of FHHP(experiment).
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Figure 6. 30 Changes in the water loop side of FHHP(simulation).
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Figure 6. 32 Changes in the performance of FHHP(simulation).

Case3: Heat collecting operation by SSHP on 21 March

Figure 6. 33 to Figure 6. 36 show the experiment and simulation results of the SSHP heating
operation on a cloudy day, March 21. Figure 6. 33 and Figure 6. 34 show the experimental and
simulation results of the performance change of SSHP, respectively. It can be seen from the
comparison that the difference between the experimental value and the simulation value is minimal,
indicating that the simulation results in Figure 6. 34 reproduces the performance of the SSHP well.
In the case of ensuring the heat output of FHHP, the simulation value of the average COP during
operation is about one degree higher than the experimental value; we think it is an acceptable
accuracy.

Figure 6. 35 and Figure 6. 36 shows the temperature and flow changes on the water loop side when
the SSHP is running. The changes in the experimental results in Figure 6. 35 are due to the changes
in FHHP and SSHP running simultaneously. Because the water loop circulating water temperature
is lower than the set value, the SSHP started and began to heat the circulating water. The simulation
results in Figure 6. 36 also show the same results. The irregular changes in the inlet and outlet
temperatures in Figure 6. 35 are considered to be caused by the reversal of the circulating water
flow in the experiment. By setting the pump reasonably to change the direction of circulating water

flow direction, this did not appear in the simulation.
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Figure 6. 33 Changes in the performance of SSHP(experiment).
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Figure 6. 34 Changes in the performance of SSHP(simulation).
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Figure 6. 35 Changes in the water loop side of SSHP(experiment).
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Figure 6. 36 Changes in the water loop side of SSHP(simulation).

Case4: Heat collecting operation by SSHP on 25 March

Figure 6. 37 to Figure 6. 41 show the experiment and simulation results of the SSHP heating
operation on a sunny day, March 25. Figure 6. 37 and Figure 6. 38 show the experimental and
simulation results of the performance change of SSHP, respectively. Similar to the cloudy day, it
can be seen from the comparison that the difference between the experimental value and the
simulation value is not apparent, indicating that the simulation results reproduce the performance of
the SSHP well. However, although the difference between the experimental results of the COP and
the simulation results gradually decreased, at the beginning of the heat pump operation, the
simulation value did not appear to rise as the experimental value. With the increase of solar radiation
and dry bulb temperature after reaching the highest point, the simulation value of COP showed a
downward trend as the experimental value.

Figure 6. 39 and Figure 6. 40 show the temperature and flow rate changes on the water loop side
when the SSHP is running. The change in the experiment results in Figure 6. 39 is due to the change
in the operation of SSHP. In the simulation, the forced pump operation was not set to detect the
circulating water temperature, and there was no change in the water temperature and flow rate
outside the operating period of the SSHP. It can be seen from Figure 6. 39 and Figure 6. 40 that
during the running time of FHHP and SSHP, the model reproduces the water temperature changes
in the water loop well. Figure 6. 41 shows the difference between the inlet temperature and the outlet
temperature when the SSHP is running. With the operation, the difference between the experimental

value and the simulation value is gradually reduced.
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Figure 6. 37 Changes in the performance of SSHP(experiment).
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Figure 6. 38 Changes in the performance of SSHP(simulation).
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Figure 6. 39 Changes in the water loop side of SSHP(experiment).



Chapter 6: Modeling of distributed heat pump system using renewable energy with Modelica — 221

25 40
I water loop flow rate
20
water loop outlet temperatur:a/ _
c
015 - E
= I
o 1 ) 10 @
3 N~ water loop inet temperature 2
R o S —— <
] 10 ¢ g
IS + o
e 1+ -20
5 £
ot -40

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00
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Figure 6. 41 Change of temperature difference between SSHP inlet and outlet(simulation).

6.5 Summary

In this chapter, we first analyze the characteristics and advantages and disadvantages of the tools
and methods used in modeling and simulation of building energy systems and review the relevant
research literature in recent years. According to the research needs and goals, it explains why
Modelica was chosen as a modeling tool. We briefly introduce the Modelica language and its
application in the field of architecture. Next, we introduced the modeling of the distributed heat
pump system proposed earlier, including the description of each model and the whole system

description.

The validity and accuracy of the model are verified by comparing the experiment results, including
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a sunny day and a cloudy day in winter. In the comparison, we compared the changes in the water
loop (such as temperature and flow rate), and the performance (mainly COP) of the floor heating
heat pump and sky source heat pump. According to the comparison with the experiment results, the
validity of the system model built by Modelica is proved. Also, the constructed system model has
acceptable accuracy and can well reproduce the performance changes and dynamic characteristics
of the system.

Moreover, in addition to reflecting the performance and thermal characteristics changes of the heat
pump system well, modeling and simulation using Modelica also clarified the phenomena that did
not obtain through this experiment. For example, there was no insulation installed under the floor
in test building, experiment results did not reveal how much heat escaped from floor heating system
to the ground. A detailed model of the floor heating system contained in the test building was
constructed, and the floor heat flow rate in all rooms was qualitatively and quantitatively determined
by simulation in different operating conditions.

As a model of the distributed heat pump system built using Modelica, various control methods can
be developed and verified based on this model, as well as verification of further system design and

optimization.
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Chapter 7: Conclusions and future work

7.1 Conclusions

This thesis focused on the development of a novel distributed water source heat pump system using

multiple kinds of renewable energy.

Chapter 1 demonstrated the research background, research objectives, originality of this research,
and the overall structure of this thesis. In this thesis, this study proposed a heat pump system
designed to utilize multiple renewable energy sources, providing an idea and possibility for the next
generation building or district energy or heat supply systems. Our purpose is to verify the feasibility
and performance of this system through field testing and to build a suitable system model, which
can optimize the system composition and control strategy for further explore the performance under
different conditions. This thesis reports the detailed system development process and field testing

based verification, as well as the modeling of the heat pump system.

Chapter 2 reviewed different heat pump systems widely used in the building/industries and analyzed
their characteristics based on the review of previous research. In the field of building heating and
cooling, heat pump technology has significant advantages over traditional heating and cooling
systems. On the other hand, with the proposal and development plan of the fifth generation heat
supply network, the realization of low heating temperature and the integration of renewable energy
have become the future trend. These trends require the use of systems that can cope with such low-
temperature heat sources, and heat pumps are the best choice that can meet the requirements.
However, as mentioned above, each renewable energy has its advantages and disadvantages. The
energy supply system that relies on a single heat source cannot efficiently and stably meet the heat
demand of buildings that may change at any time. Therefore, this research is also from this aspect;
the goal is to build a heat pump system that can utilize a variety of renewable energy, can provide a

stable and high-efficiency building heat supply.
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In chapter 3, we started with the basics and explained the concept and composition of this system.
These include the development of sky source heat pumps, floor heating heat pumps, air conditioning
heat pumps and hot water heat pumps. The concept, structure, and performance test of each machine
are also explained in detail. The development and improvement of each device are to cooperate with
the design and operation concept of the system, that is, the integrated use of multiple renewable
energy sources, including solar radiation, air heat, and geothermal heat. Also, the soil is used as a
heat storage body to achieve peak shaving operation.

Through the factory performance test, the performance of each heat pump was confirmed. In the
next chapter, we will introduce experiments which are the field testing, and test each machine and

the overall performance of the system through experiments.

In chapter 4, we verified and evaluated the performance of the proposed system. To evaluate the
system performance of each heat pump and the entire system for heating or cooling supply, a test
building (RE house) was constructed for the field testing of the proposed heat pump system. The
heating and cooling operation performance evaluations obtained by the field testing are summarized
below.

It was confirmed by the field testing that the performance of the heat collection operation of the sky
source heat pump significantly changed, mainly depending on the amount of solar radiation and the
ambient temperature. a COP of about 23.2 was achieved on a clear winter day and a COP of about
7.4 on a cloudy day in winter. Although COP was 4.5 for heat dissipation operation at night in
summer, it is considered that there is room for performance improvement by adopting an electronic
subcooling degree control expansion valve. The average COP of the heat collection operation was
12 on a cloudy day in the interim period because the outside temperature was higher than that of
winter.

Besides, it was confirmed by a long-term continuous operation test that the daily cycle operation
method combined with ground heat exchanger and sky source heat pump could help eliminates the
temporal disagreement between the cold heat demand and the hot heat demand and the non-
equilibrium of the heat quantity. It can expect a stable and efficient long-term system operation
based on this system.

After satisfying the thermal comfort range, a stable COP of about 11 of the floor heating heat pump
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was obtained during the space heating operation in Chiba for one month in March. In a space cooling
experiment conducted in summer, the COP of the air conditioning heat pump was stable and
achieved a value of 12.5. In a space heating experiment conducted on 13 November under an
average temperature of 12 ° C and no solar radiation, the COP of the air conditioning heat pump
achieved a value of 6.5.

The performance of the heat pump for hot water supply was evaluated based on field testing in
summer. The result shows an average COP of around 4 due to the limitation of the basic EcoCute
machine. Based on the previous studies(an average COP of about 8 for instant hot water supply

type), we think it is possible to get a higher COP, such as by using an instant hot water supply heat

pump.

In chapter 5, we created a dimensional model of the target piping system and conduct simulation to
predict the pressure loss and temperature, based on the experimental piping system of the RE house
by CFD for two operating states. There are two case settings in the simulation, which is a heat
collection operation period using the sky source heat pump and a heating operation period utilizing
the heat pump for floor heating. By comparing with the experimental data, the prediction accuracy
of pressure loss and temperature in this piping system model was confirmed based on the result. For
the prediction of pressure loss, the maximum relative error is 23.3%, with an absolute error of 0.7
kPa. Regarding the cause of the difference, in this simulation, since there is no average roughness
information corresponding to ground heat exchanger using a PVC corrugated pipe, the calculation
was performed using an average roughness of 1 mm assuming that ground heat exchanger is a
circular pipe. In the future, it is necessary to estimate the equivalent mean roughness corresponding
to PVC corrugated pipe. For the prediction of temperature, the maximum relative error is 14.3%,
with an absolute error of 2 °C. The temperature distribution different from the actual temperature
distribution taken as the surface temperature of the ground heat exchanger is considered to be the

cause of the error.

In chapter 6, we first analyzed the characteristics and advantages and disadvantages of the tools and
methods used in modeling and simulation of building energy systems by reviewing the relevant

research. Then, we briefly introduced the Modelica language and its application in the field of
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architecture. Next, we introduced the modeling of the distributed heat pump system proposed earlier,
including the description of each model and the whole system description.

The validity and accuracy of the model are verified by comparing the experiment results, including
a sunny day and a cloudy day in winter. In the comparison, we compared the changes in the water
loop (such as temperature and flow rate), and the performance(mainly COP) of the floor heating
heat pump and sky source heat pump. According to the comparison with the experiment results, the
validity of the system model built by Modelica is proved. Also, the constructed system model has
acceptable accuracy and can well reproduce the performance changes and dynamic characteristics

of the system.
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7.2 Recommendations for future work

The distributed water source heat pump using multiple kinds of renewable energy is still in its
infancy in the world. This principle helps to achieve the fifth generation of district heating, and
cooling network is intimately connected, so it is very promising to become a mainstream solution.
Therefore, we built an actual system based on this principle and verified and evaluated its
performance through experiments. However, there are still some parts that need to be improved:
We found that the refrigerant evaporating temperature fluctuated during the heat dissipation
operation. It is conceivable that the liquid and gas refrigerant separated during the process, causing
hunting of the refrigerant flow rate due to sudden opening and closing of the drainer, that is, unstable
operation occurred. Therefore, the development of a suitable electronic control expansion valve will
be necessary for a stable operation of SSHP.

Also, it was determined through experiments that the sky source heat pump generated enough power
(higher than the overall power consumption in winter), so it is necessary to introduce energy storage
equipment to improve the system. In addition, the system in the experiment adopted a constant flow
rate operation. However, according to different situations, it is necessary to find the most economical
operation plan (select constant/variable flow rate operation and water loop temperature range).
This advanced heat pump system is also accompanied by such as a higher risk of occurring fault,
which means a relatively higher cost in operating than conventional systems. Hence the cost
reduction of whole system is critical for expanding the application of this system in the future. For
example, the cost reduction of maintenance is important due to the direct expansion SSHP (mostly
physical damage) and thermal/water loop configuration (mostly heat loss and maintenance). Also,
to reduce the operating cost, it is necessary to determine the most efficient operation strategy, such
as switching the constant flow rate operation or variable flow rate operation accordingly.
Moreover, it may be difficult to implement a complete system for all purposes which may contain
several heat pumps for all heating and cooling utilization. In addition, the extreme weather and heat
load variation will affect the system’s operating performance; the integrated use of this system with
traditional systems also has the potential to improve overall efficiency. Therefore, determining what
kind of combination and how much performance and economy can be achieved under different

conditions such as regions will be a critical task to expand this system.
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Finally, this novel heat pump system using renewable energy requires a more complicated/advanced
operation strategy to achieve its best efficiency. Various control methods can be developed and
verified based on developed Modelica model; therefore, operation optimization and design
optimization will be the critical work in the future. Moreover, the sky source heat pump model in
this system is replaced by non-direct expansion solar assisted heat pump. To better reflect its

characteristics, further detailed model of direct expansion solar assisted heat pump is needed.
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