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Background and objective

A combined cooling, heating and power generation system meets the need of low-carbon
neighborhood to fully absorb renewable energy. A development of load peak-shaving technology of
renewable energy based on solar energy with thermal energy storage (TES), as well as the new solar-
thermal converting devices, with high-temperature heat pump and compact energy storage system
(PCM). At the scenario of 100% clean energy, to achieve a high proportion of renewable energy
acceptance by energy supply system in large public buildings or small-scale neighborhoods. In such
systems it is necessary to develop high temperature electric heat pump using green or natural working
fluid, which the hot side outlet temperature can reach to 100°C, the temperature rise can exceed 50°C,
and the COP of the heating system can exceed 3.5. Evaluate a heat pump that fulfills these
requirements and analyze how it functions with the other part of the combined cooling, heating, and
power generation system.

The following tasks are to be considered:

1. Literature review on combined cooling, heating, and power generation systems and high
temperature heat pumps

Define the case for the investigation with the integrated heat pump system

Develop the simulation model

Evaluate the potential of the high temperature heat pump with natural working fluids
Make a draft scientific paper of the main results in the thesis

Make proposal for further work
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Abstract

This thesis is a part of the first stage in the project «Key technologies and demonstration
of combined cooling, heating, and power generation for low-carbon
neighborhoods/buildings with clean energy — ChiNoZEN». An integrated energy system
consisting of a PVT-system, a battery for electrical power, a thermal energy storage
system, a high-temperature heat pump, and district heating was modelled in Matlab. The
heat pump consisted of two compressors installed in parallel, as well as two condensers.
The operation of the system was simulated over the course of one year for three Chinese
cities: Shanghai, Lanzhou, and Beijing. For every hourly iteration, the heat demand,
available electrical power, and available energy in the thermal energy storage system
were compared, and the operational mode of the heat pump was decided based on the
results. The high-temperature heat pump used Ammonia as its refrigerant and achieved
a COP of 3.55, a condensation temperature of 96°C and a temperature lift of 72°C. The
heat pump had a maximum capacity of 255.7 kW, and the thermal storage had a
maximum capacity of 1000 kWh.

The results from the simulations showed that the system behaved similarly in the three
cities during the summer months when temperatures were high and there was little or no
demand for space heating. In the colder months, the heat demand in Lanzhou and
Beijing was higher than in Shanghai. The heat pump operated on full load providing the
thermal energy storage had not reached full capacity. However, when the power supply
was insufficient for full load operation, the heat pump operates don part load. It was shut
off when the maximum capacity of the thermal energy storage was reached.

The temperatures in the condensers remained relatively constant throughout the year,
but a reduction in condenser temperature was observed during part load operation of the
heat pump. This led to a lower heat sink temperature. The COP of the system increased
during part load operation, likely due to the reduction in condenser temperatures and
therefore lower temperature lifts. The annual average heat pump COP was higher than
the annual system efficiency for all three cities. This was due to losses in the thermal
energy storage system.

The system was able to provide sufficient heat to cover demand for most of the year,
although some heat shortages were observed for all three cities during the winter
months. The heat shortages happened because of periods with insufficient power to
operate the heat pump, so the heat pump was shut off in spite of a high heat demand.
The capacities of the thermal and electrical energy storage systems were not high
enough to provide a stable heat supply in the periods with high heat demand.

It was found that the area of the PV panels should be increased to produce more power
so that the heat pump operation would not be limited by lack of available power. An
alternative power source could also be installed to provide more power. Furthermore, the
capacity of the battery storage and the thermal energy storage should be increased to
provide a more stable supply of heat and electric power than the system currently
experiences. Lastly, heat pump parameters such as mass flow rates and size of
compressors and heat exchangers should be optimized to increase the overall efficiency.



Sammendrag

Denne oppgaven er en del av fgrste trinn i prosjektet project «Key technologies and
demonstration of combined cooling, heating, and power generation for low-carbon
neighborhoods/buildings with clean energy — ChiNoZEN». En modell av en to-trinns
hgytemperaturs varmepumpe som bruker ammoniakk som arbeidsmedium har blitt
laget. Varmepumpen bestdr av to kompressorer koblet parallelt, to kondensatorer, en
akkumulator, en ekspansjonsventil og en fordamper. Varmepumpen er en del av et
integrert energisystem som i tillegg bestdr av solcellepaneler, et batteri for laging av
elektrisk energi, et varmebatteri og fjernvarme. Hele energisystemet ble modellert, og
driften over et ar ble simulert for tre ulike lokasjoner: De kinesiske byene Shanghai,
Lanzhou og Beijing. Verdier for varmeetterspgrsel, varmepumpens kapasitet, tilgjengelig
strgm og tilgjengelig varme i varmebatteriet ble regnet ut for hver time. Driften av
varmepumpen i den aktuelle timen ble deretter bestemt basert pa etterspgrsel og
tilgjengelig strgm og varme. COP for varmepumpen er 3,55, fordampingstemperatur er
96°C og den opererer med et temperaturlgft pa opptil 72°C. Varmepumpen har en
maksimal kapasitet pd 255,7 kW, og varmebatteriet har en maksimal lagringskapasitet
pa 1000 kWh.

Resultatene fra simuleringene viste at driften av systemet var relativt lik i alle de tre
byene i perioder med hgye temperaturer og store mengder straling fra sola. I disse
periodene var det lite behov for varme. I perioder med lavere temperaturer var
varmeetterspgrselen hgyere i Lanzhou og Beijing enn i Shanghai. Varmepumpen opererte
med fullast nar det var mulig, forutsatt at varmelageret ikke var fullt. Hvis varmelageret
var fullt, ble varmepumpen slatt av frem til varmelageret var tomt igjen. De gangene det
ikke var nok tilgjengelig strem for at varmepumpen kunne g8 pa fullast, gikk den pa
dellast.

Kondensatortemperaturene holdt seg relativt stabile gjennom aret, men ble redusert
hver gang varmepumpen opererte med dellast. Dette fgrte til en lavere utgdende
vanntemperatur pa vannet som ble varmet opp av kondensatoren. Varmepumpens
virkningsgrad gkte nar varmepumpen opererte med dellast, sannsynligvis som falge av
lavere kondensatortemperaturer og dermed et mindre temperaturlgft. Arlig COP for
varmepumpen var hgyere enn total &rlig virkningsgrad for systemet i alle de tre byene.
Det er grunnet tap i varmebatteriet.

Det integrerte energisystemet lyktes i 8 dekke varmebehovet for mesteparten av aret,
men alle byene opplevde perioder der behov var stgrre enn tilgjengelig varmekapasitet.
Dette skjedde fordi varmepumpen ikke alltid kunne operere til tross for stor etterspgrsel,
fordi det ofte ikke var nok strgm tilgjengelig til & drive varmepumpen. Videre var
kapasiteten pa bade varmebatteri og elektrisk batteri for lav til 8 kunne gi en jevn
mengde varme gjennom perioder med lave temperaturer og hgy etterspgrsel.

Det ble observert at solcellepanelene bgr ha et stgrre areal enn de har i denne
simuleringen, slik at de kunne produsere mer elektrisk energi. Eventuelt kan en
sekundaer stremkilde kobles til systemet. I tillegg ma kapasiteten pd bade elektrisk
batteri og varmebatteri gkes slik at nok energi alltid er tilgjengelig til & drive
kompressoren og til & supplere varme til fiernvarmeanlegget. Verdiene til variabler som
massestrgm i tillegg til faste verdier som kompressorstgrrelse og areal til varmevekslere
bgr ogsa optimaliseres for & gke systemets virkningsgrad.
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1 Introduction

1.1 Background and motivation

In the past few decades, climate change has been a widely discussed topic. Since the late
1800s, the average global surface temperature has risen about 0.9°C, and most of the
warming has taken place during the past 35 years (NASA, 2020). The increase in surface
temperature of the Earth is often called “global warming”. The effects of the climate
change can already be seen through the melting of glaciers, more extreme weather, shift
of plant and animal ranges, and more. Global warming happens when the gases in the
atmosphere absorb the radiative heat from Earth, preventing the energy from going
through the atmosphere and effectively “trapping” it on Earth (NASA, 2019). Many of the
gases that contribute to global warming can be found naturally in the atmosphere, but
their concentration has increased dramatically due to emission from human activities
from the industrial revolution and onwards (NASA, 2019). The effect is similar to the way
heat is “trapped” in a greenhouse, and therefore the gases that accumulate in the
atmosphere and contribute to global warming are often referred to as “greenhouse
gases”. To limit the temperature increase, the emission of these gases must be
drastically reduced.

Global energy consumption and production account for a big part of annual greenhouse
gas emissions, so by changing the way we use energy we can reduce greenhouse gas
emissions and slow down global warming. Every year, the International Energy Agency
(IEA) publishes their annual World Energy Outlook report, where trends in energy
demand and supply are analyzed. According to their Global Status Report from 2017,
buildings and construction account for 36% of global energy use and 39% of energy
related CO2 emissions (World Green Building Council, 2017) (World Green Building
Council, 2017).0perational emissions, that is emissions from heating, cooling, and
lighting of buildings, account for 28% of global emissions (World Green Building Council,
2019). As the world is becoming more developed, the demand for heating and cooling
will likely rise, as more people will be financially able to equip their residences with
heating and cooling systems.

In 2015, a little more than 20% of global electricity production came from renewable
sources (Ritchie and Roser, 2020). This means that almost 80% of the electricity in the
world is produced by non-renewable sources. This is in spite of the fact that viable
renewable alternatives exist in the market today, such as solar power, hydropower, and
wind power.

According to the IEA, heat accounted for 50% of final global energy consumption in
2018, and 40% of global CO2 emissions. 46% of the heat produced was used in
buildings, mainly for space and water heating. 50% was used in industrial processes, and
the last 4% was used in agriculture. Of all the heat produced in 2018, only 10% came
from renewable energy sources (IEA, 2019). Increasing this share by replacing old
heating systems with greener, more efficient technologies can contribute greatly to a
decrease in global greenhouse gas emissions. Many alternatives exist today, such as
district heating systems, solar heaters, and heat pumps.



Another change the world has witnessed in the past years is the rapidly increasing use of
the internet in almost everything people do. People use the internet in their work, for
entertainment, for research, for news, and most importantly, for communication. The
internet facilitates communication not just between humans, but between appliances,
products, and devices. The “internet of things” (IoT) has become one of the most
important emerging technologies (Nord et al., 2019).

Among the systems facilitated by the internet of things are integrated energy systems
(IES). Such systems consist of various energy systems that are connected and operate
interdependently of one another. Integrated energy systems have shown significantly
higher energy efficiency than typical independent energy supply systems (Li et al.,
2017). The implementation of the internet of thigs can optimize the communication
between the various components of integrated energy systems. Typical integrated energy
systems consist of combined cooling, heating, and power (CCHP), but other combinations
also exist. Two of the main benefits of integrated energy systems are the reduced overall
cost if the system is properly controlled and the reduced environmental impact due to the
higher overall efficiency. To further reduce the environmental impact, renewable energy
sources can be integrated into these energy systems.

The challenge that faces humanity with regards to climate change and global warming is
the main motivation factor behind this project. The climate is changing rapidly, even
though the data show huge potential for reduction in greenhouse gas emissions. Heat
pumping technology, coupled with smart energy management systems and local
electricity production, can greatly reduce the carbon footprint of the energy sector and
give hope for a greener future.

1.2 About the project

This thesis is part of the project «Key technologies and demonstration of combined
cooling, heating, and power generation for low-carbon neighborhoods/buildings with
clean energy — ChiNoZEN». The ChiNoZEN project supports the transition to a reliable,
affordable, publicly accepted, sustainable built environment, aiming at reducing fossil fuel
dependency in the face of increasingly scarce resources, growing energy needs, and
threatening climate change. The project is funded by the Research Council of Norway and
the Ministry of Science and Technology in China, and has a variety of industry and
academic partners in China and Norway (NTNU Department of Energy and Process
Engineering, 2020).

In this thesis, a model of an integrated energy system will be created in Matlab. The
integrated energy system will consist of a solar photovoltaic-thermal system (PVT), a
battery for electric energy storage, a high-temperature heat pump, and a thermal energy
storage system. Furthermore, the system will be connected to district heating. The
operation of the energy system will be simulated for a year in three different locations in
China: Shanghai, Lanzhou, and Beijing. The focus of the simulations is the operation of
the heat pump. The goal is to investigate how the heat pump operates with the other
components of the integrated energy system over the course of one year. Because the
work is part of the ChiNoZEN project, ways to improve the existing model will also be
suggested.



2 Theory and Literature Review
2.1 High Temperature Heat Pumps

2.1.1 About Heat Pumps

The basic working principle of a heat pump is that it transfers low grade heat from a low
temperature heat source to an area with a higher temperature (heat sink). According to
the second law of thermodynamics, heat cannot flow from an area with a low
temperature to an area with a higher temperature without the addition of work (Klein
and Nellis, 2012). Therefore, a heat pump must be supplied with a primary energy
source, often electricity, to be able to deliver heat at higher temperatures.

Low temperature area High temperature area
Heat
Pump
Qo = refrigeration W Qc = heating
capacity capacity

W= compressor work

Figure 1: Basic working principle of a heat pump

Heat pumps and refrigeration systems have the same working principle and can be used
for heating (heat pumps) or cooling (refrigeration systems). Refrigeration systems are
commonly used for air conditioning, refrigeration purposes and freezing purposes. Heat
pumps are commonly used for space heating and hot water heating (U.S. Department of
Energy, 2018), and high temperature heat pumps have shown great potential in
industrial processes. Heat pumps will be the focus of this paper.

2.1.2 The vapor compression cycle

The simplest vapor compression cycles consist of a condenser, a compressor, an
evaporator and an expansion valve. Vapor compression systems usually have more
components in order to increase their energy efficiency, see chapter 2.1.4.1. However,
the working principle can be explained by looking at a simple cycle.
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Figure 2: Simple vapor compression cycle

The refrigerant, or working fluid, flows through the heat pump and operates at different
temperatures and pressures at different stages in the cycle. At the exit of the evaporator
and inlet of the compressor (1) the refrigerant is a vapor with a low temperature at low
pressure. The compressor is powered by an external source, often by electricity. The
power is transferred into mechanical energy, and the vapor refrigerant is compressed to
a higher pressure and temperature. The gas then leaves the compressor and enters the
condenser (2), where it changes to a liquid state and releases heat used in processes
such as water heating or industrial processes, or to heat indoor spaces. The liquid
refrigerant leaves the condenser and enters a throttling valve/expansion valve (3), where
temperature and pressure decrease. The refrigerant then enters the evaporator (4) at a
temperature lower than the ambient temperature. The evaporator works as a heat
exchanger, and as the refrigerants goes through the evaporator, it absorbs heat from the
surroundings and evaporates. The refrigerant then exits the evaporator, and the cycle
starts again.

A Pressure-enthalpy diagram (PH diagram) can be used to visualize a vapor compression
cycle. The diagram shows the pressure and enthalpy of the different stages of the
process, see Figure 3. It can be used to graphically find the work, heating capacity and
refrigeration capacities of a cycle. Stage (2s) in the cycle visualized below is the state at
point (2) if the compression is isentropic.



Pressure|
[bar]

PC g

Po

/ o

hs=ha
Specific enthalpy, h [kl/kg]

\j

Figure 3: Pressure-enthalpy diagram for a simple vapor compression cycle

Vapor compression heat pumps can achieve large coefficients of performance (COP),
which is a measure of a heat pump’s energy efficiency, and vapor compression heat
pumps can therefore be much more environmentally friendly than electric heating. Due
to the wide range of refrigerants available, vapor compression systems can achieve high
efficiency in both heating and cooling applications. The downside of vapor compression
heat pumps is that they require a power input. In today’s heat pumps, this is usually
electric power, and the environmental benefit of a heat pump compared to other heating
technologies therefore depends on whether the electricity supplied to the system comes
from renewable sources or not.

2.1.3 High Temperature Heat Pumps

Because traditional heat pumps can only deliver heat up to a certain temperature, their
areas of use are limited. Therefore, heat pumps that can deliver higher temperatures,
referred to in literature as High Temperature Heat Pumps (HTHPs) or industrial heat
pumps, have become an important area of research.

There is no consensus in literature regarding the temperature levels that distinguish a
HTHP from a regular heat pump. In general, authors agree that heat pumps with heat
sink temperatures above 100°C can be classified as HTHPs, although lower heat sink
temperatures have also been accepted (Arpagaus et al., 2018). Certain authors
distinguish between HTHP and Very High Temperature Heat Pumps (VHTHP), a concept
introduced by Peureux and Bobelin (Arpagaus et al., 2018, Peureux et al., 2014). VHTHP
are heat pumps with heat sink temperatures above 100°C, whereas HTHPs have heat
sink temperatures above 80°C. In this paper, there will be no distinction between HTHPs
and VHTHPs, and heat pumps with heat sink temperatures above 80°C will be defined as
HTHPs.

High temperature heat pumps work in the same way as traditional heat pumps, the only
difference being that they can deliver higher heat sink temperatures. Oftentimes, they
provide a higher temperature lift than traditional heat pumps. Many high temperature
heat pumps use industrial waste heat as their heat source. Industrial waste heat often
has a temperature of 30°C-70°C, which is significantly higher than traditional heat
sources for heat pumps such as outdoor air, seawater, groundwater, and geothermal
heat (Arpagaus et al., 2018). There is a great demand for heat for space heating and



water heating in residential buildings as well as in industrial applications. The industry
needs heat for production, processing, and finishing of products. The temperatures
needed vary between these categories, and with the products being produced. In
Germany, 74% of the total industrial heat demand came from process heat, space
heating, and hot water production. If heat pumps with heat sink temperatures of 140°C
were utilized, they could cover 32% of the total industrial heat demand in Germany
(Arpagaus et al., 2018).

High temperature heat pumps have great potential, especially in the food, paper, and
chemical industries. Processes such as drying, pre-heating, boiling, pasteurization,
laundering, and coloring can be performed at temperatures below 100°C, and the heat
pump technology today is therefore sufficient. For temperatures above 100°C and up to
140°C, there are prototypes under development, and for temperatures above 140°C,
research is being conducted (Arpagaus et al., 2018, Bless et al., 2017).

Although high temperature heat pumps have great potential, and already existing heat
pumps can be used for various applications today, the use is not widespread. The
reasons seem to be mainly based on lack of awareness and knowledge as well as
economic disadvantages compared to competing technologies. The technical possibilities
of heat pumps and general knowledge about integration and use of high temperature
heat pumps is lacking both in the industry and among private users. The payback period
for heat pumps is often longer than for gas and oil-fired boilers, and in some places,
electricity is more expensive than fossil fuels, making it more desirable form an economic
perspective to use fossil fuel fired boilers. (Arpagaus et al., 2018)

However, the world has seen a shift in mentality when it comes to green energy over the
past few years, and many countries have implemented measures to increase the share of
green energy sources. This can possibly lead to an increase in the use of high
temperature heat pumps both for industrial and residential applications.

2.1.4 Efficiency in Heat Pump Systems

2.1.4.1 Energy Efficiency

Many parameters can be used when evaluating a heat pump. The system can be
evaluated based on size, costs, environmental impact, or energy efficiency. Oftentimes,
heat pump systems are evaluated based on all these factors. In this paper, however, the
focus will be on energy efficiency. When evaluating the energy efficiency of a heat pump,
the Coefficient of Performance (COP) is the most commonly used indicator. The COP
shows the relation between the energy output and the energy consumption of the heat
pump. To find the COP, the refrigeration or heating capacity and energy consumption of
the compressor must first be calculated.

The refrigeration capacity is a measure of the energy absorbed in the form of heat in the
evaporator. It can be found using the following equation:

Equation 1: Refrigeration capacity
Qo =g (hy — hy)

Where Q, is the refrigeration capacity, my is the circulated refrigerant flow, h, is the
enthalpy of the refrigerant at the evaporator outlet, and h, is the enthalpy of the
refrigerant at the inlet of the evaporator.



Similarly, the heating capacity is a measure of the energy released in the condenser. It
can be described by the enthalpy difference over the condenser:

Equation 2: Heating capacity
QC =mg " (h3 —hy)

Where (. is the heating capacity, h; is the enthalpy at the outlet of the condenser, and h,
is the enthalpy at the inlet of the condenser.

The work done by the compressor can be found using the following equation:
Equation 3: Work done by the compressor
Wsz'(hz_h1)

Where W is the work done by the compressor, which is assumed to be equal to the power
consumption of the compressor in this thesis, h, is the enthalpy at the compressor outlet,
and h, is the enthalpy at the compressor inlet.

Once the refrigeration and heating capacities as well as the power consumption is
determined, the COP can be calculated. The refrigeration and heating capacities describe
how much energy the heat pump system can supply to or remove from a space. If the
system in question is used for cooling, the refrigeration capacity is used to determine the
efficiency of the system. If the heat pump is used for heating, the heating capacity is
used. The COP for heating systems is called the heating COP, while the COP used in
refrigeration systems is called the cooling COP. Some heat pumps can provide both
heating and cooling, and in those systems a combined COP can be found.

Because the focus on this report is high temperature heat pumps used for heating, only
the heating COP is relevant, and any further mentions of COP will refer to the heating
COP. The heating COP can be found using the following equation:

Equation 4: Heating COP

_ %
~ W

cop

Multi-stage systems and cascade systems have more than one compressor and will be
described in chapter 2.3. The COP for a two-stage system and a cascade system with two
cycles is found using the following equation:

Equation 5: COP for two-stage systems

COP = — QC,tota.l
Wer + We,

A COP of one, or less than one, means that the heat pump delivers the same amount of
energy as, or less energy than, it consumes. In those cases, the heat pump will
contribute negatively, and drain energy rather than supplying it. For a heat pump to be
effective, it must therefore have a COP greater than one. However, that is the minimum
requirement and most heat pumps today have far higher COPs than one. The COP
depends on many factors such as the components used in the system, system
configurations, temperature lift, and refrigerant selection. With various configurations,
high temperature heat pump systems can reach COPs of between 3 and 4.2 (Cao et al.,



2014), and even as high as 8.83 in systems with a high heat source temperature and a
low temperature lift (Hu et al., 2019).

2.1.4.2 Other means of measuring efficiency

When deciding on a system solution and a refrigerant to use in a heat pump, one should
not solely base the decision on the COP. As mentioned, other factors such as
environmental impact and costs are important when designing or installing a heat pump.

The environmental efficiency of a heat pump can be evaluated through an environmental
analysis of the whole system, for example a life cycle assessment (LCA). An analysis as
such can calculate the total environmental impact of a heat pump, including the
environmental costs of production, installation, use, maintenance, and disposal. A heat
pump with a high COP delivers more energy in the form of heat than the electricity it
consumes but is not necessarily environmentally superior to a heat pump with a lower
COP if the production or disposal processes have high energy demands.

Furthermore, a cost analysis will give an impression of the economic efficiency of a heat
pump. A heat pump with a high COP might need expensive parts or materials, or it might
be difficult or costly to produce and install. If the payback time of a heat pump is much
longer than for another heating system, the demand for the heat pump will decrease or
completely vanish. Even though the operational costs might decrease with a higher COP,
people care about the total costs of their investments. It is therefore important that an
increased energy efficiency does not affect the cost efficiency too much.

To summarize, it is important that a heat pump is efficient, not just in energy use, but in
environmental impact, costs, and size. To find the heat pump that is best suited for a
specific application, a thorough analysis should be conducted where all the
abovementioned factors are accounted for. In this project, however, the scope is limited
to the energy efficiency. As a result, the COP will be the main way that the efficiency of
various heat pump systems will be evaluated.

2.1.5 Effects of load ratio and operational mode on efficiency

The operational mode of the heat pump refers to how the heat pump operates during a
certain time interval. Full load operation means that the heat pump continuously
operates on maximum capacity. Part load operation means that the heat pump operates
on part load, producing less heat than the maximum capacity. No operation means that
the heat pump is shut off and does not produce any heat. Intermittent operation means
that the heat pump operates in cycles, varying between operating on full or part load and
being completely shut off.

Part load operation is achieved by reducing the work of the compressors. Vapor
compression systems can use single-speed compressors, or variable-speed compressors.
Single-speed compressor operate with a given speed and a given load that cannot be
adjusted. Variable-speed compressors, on the other hand, can adjust their speed
according to heat demand, and operate on part-load if it is desirable to produce less heat
than the maximum capacity. The load ratio (LR) is the ratio of actual heat pump capacity
to maximum heat pump capacity:

Equation 6: Load ratio

_ Qc,actual

LR = —

Qc,max



If a heat pump that can produce 200 kW of heat only produces 50 kW, the load ratio is
0.25 or 25%.

The capacity of the heat pump can be changed in numerous ways. If the heat pump has
more than one parallel compressors, one or more compressors can be turned off to
reduce the load ratio. In screw compressors, slide regulation, variable volume ratio slide,
and speed control can be used to reduce the speed of the compressor. Slide regulation is
the most common way of regulating the compressor capacity, and functions by sliding a
valve to adjust the volume ratio of the compressor Eikevik (2019).

Uhlmann and Bertsch did a theoretical and experimental study of the startup and
shutdown behavior of residential heat pumps. They observed a peak in electrical power
right after the heat pump was started up, before the power consumption and heat rate
stabilized. This was because refrigerant had accumulated in the evaporator during shutoff
time, and because of this the refrigerant that entered the compressor right after startup
was in two-phase rather than single-phase gas. They found that while shutdown and
startup cycles lead to a slight reduction in efficiency of residential heat pump, cycling of
heat pumps do not lead to significant overall losses if the minimal run time was above 15
minutes. The capacities of the heat pumps in the study were between 10 and 17 kW
(Uhlmann and Bertsch, 2012).

Man et al. investigated the performance of a ground source heat pump system for cooling
and heating. They tested out continuous and intermittent operation modes, and during
the tests for the intermittent mode, the system was turned on for 10 hours and off for 14
hours of the day. They found that the COP was slightly higher when during the
intermittent operation than during continuous operation, and after 100 hours of operation
the COP was 9.37% higher for the intermittent system than the continuous system. This
was likely because the temperature of the borehole, which was the heat source,
decreased during continuous operation of the heat pump due to cooling from the
evaporator. When the heat pump was shut off, the borehole returned to its regular
temperature, increasing the heat source temperature when the heat pump restarted.
However, the COP of the whole system was much lower due to total system energy
consumption (Man et al., 2012).

Han et al. conducted a performance analysis of an air source heating system for an office
building. They found that an increasing part load ratio led to an increased performance,
up to a certain point. They found that the average COP of the heat pump with higher part
load ratio operating range was slightly higher than a heat pump with a lower part load
ratio (Han et al., 2016).

Karlsson and Fahlén conducted a study where they analyzed how energy efficiency was
affected capacity control. They compared intermittent control and variable-speed control.
They found a decrease in efficiency during part load operation for the heat pump with a
conventional compressor. But the heat pump with a compressor designed for variable-
speed operation had an increase in efficiency during part-load operation. They also found
that condensing temperatures decreased and evaporating temperatures increased during
part-load operation compared to full-load operation. This was consistent with theoretical
research they had done. They assumed that the decrease in COP found during practical
experiments for one of the heat pumps came from a reduction in compressor efficiency
(Karlsson and Fahlén, 2007).



The articles and theory reviewed did not have a consistent recommendation for the most
efficient operational mode. Some research showed that intermittent regulation (on/off
regulation) of the heat pump was more efficient than constant operation, however this
leads to higher energy consumption during shut down and restart. This was especially
clear in the study from Man et al. (2012), where the temperature of the heat source was
reduced over time during heat pump operation. It is likely that this effect would have
been less dominant if the heat source were a circulating fluid instead of a borehole with
little circulation and air change.

Some researchers found that part-load operation was more efficient than full-load
operation, but the optimal part load ratio varied with each case. The reasons why part
load operation sometimes increased efficiency and sometimes not are complicated and
can be explained by a variety of factors. Part load operation leads to a lower temperature
difference between the evaporator and compressor, which increases efficiency.
Furthermore, less power is necessary to operate the compressor because of the reduced
speed. This also leads to increased efficiency. On the other hand, energy use related to
regulation of the heat pump increases when the load ratio is changed. Other components
than the compressor such as pumps that drive the refrigerant through the system still
need to operate, and some studies showed that the share of electricity use from those
components increased during part load operation.

The large variations in results show that it can be difficult to predict whether a part load
operation or intermittent operation, or a combination, will lead to an increase or
reduction in overall efficiency. It likely depends on which factors are included in the
calculations and how complicated the system is.

2.1.6 Effect on heat pump performance by basic components

2.1.6.1 Compressors

The compressor is among the most important factors in determining the operation and
efficiency of a heat pump. The size of the compressor determines the maximum mass
flow rate possible, which is directly related to both power consumption and heat capacity.
There are several types of compressors, but the three most common types for heat
pumps are piston compressors, screw compressors, and turbo compressors. The type of
compressor should be selected based on the displacement volume. A specific compressor
has not been selected for this project, and the different types of compressors will
therefore not be described further here.

The isentropic and volumetric efficiencies are important factors for the efficiency of the
system. The volumetric efficiency takes into account losses due to clearance volume,
which is the part of the compressor volume that cannot be compressed due to spatial
constraints, as well as losses due to heat exchange between refrigerant and components,
pressure drops in valves, leakage losses, and absorption of the gas refrigerant in
lubrication oil (Eikevik, 2019).

The isentropic efficiency is the ratio between the theoretical work done in an isentropic
compression to the actual work done during compression:

Equation 7: Isentropic efficiency
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Where W, is the work done by the compressor if the compression process was isentropic
and without any losses. W, is the shaft input to the compressor, or the actual work
done by the compressor.

2.1.6.2 Condenser and evaporator

The heat exchangers (condensers and evaporator) can also have a large impact on the
efficiency of the compressor. Heat exchange losses can have a large effect on the overall
efficiency and can be reduced by adapting the heat exchangers to the specific system.
This can be difficult, as a large variety of heat exchanger designs exist. Like with the
compressor, no specific heat exchangers are selected for this project, so the different
types of heat exchangers will not be further investigated. However, some calculations on
the heat exchangers will be done, and the most important values regarding heat
exchange in the condenser and evaporator will therefore be presented.

The heat capacity (Q.) and refrigeration capacity (Q.) describe the amount of heat
or refrigeration the heat pump produces. See Equation 1 and Equation 2.

The U-value of the heat exchanger is the heat transfer coefficient and describes the heat
transfer through the wall of the heat exchanger in W/m?2K. A higher U-value leads to a
higher heat transfer rate, which is desirable in heat exchangers.

The area (A) of the heat exchangers is the total area of the surfaces where the heat
exchange happens. The unit is m2. Heat exchangers are often made with a goal of having
a large surface area to volume-ratio.

The mass flow rates () of the refrigerant and heat sink/heat source fluid describe
how much mass that passes through a certain point every second. A higher mass flow
rate leads to lower heat exchange values.

The logarithmic mean temperature difference (LMTD) describes the driving force
for heat transfer in the heat exchanger (Connor, 2019). It can be calculated in two ways,
as seen in the following equations.

2.1.6.2.1 Equations for the condensers
The equations used to calculate the temperatures and LMTD of the condensers will be
presented here. The LMTD can be found using Equation 8.

Equation 8: Logarithmic mean temperature difference in the condenser
gin - eout

Hin
" (g,
Where 0,, is the difference between the condensation temperature Tc and the inlet
temperature of the water to be heated by the condenser (Thw, in), and 6,,; (thermal
length) is the difference between the condensation temperature and the outlet

temperature of the water heated by the condenser (Thw, out). The thermal lengths can be
found with Equation 9 and Equation 10.

LMTDcondenser =

Equation 9: Thermal length at condenser inlet
Oin = Tc = Thw,in
Equation 10: Thermal length at condenser outlet
Oout = Te = Thw,out
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Equation 8Equation 8 assumes that the hot water outlet temperature is known. If the
heat capacity (. is known, the outlet temperature of the water heated by the condenser
can be calculated with the following equation:

Equation 11: Outlet temperature of hot water

Qc
Trwout = Thwin + =—————
w,out hw,in B
Cp,hw X Muw

Cpnw is the specific heat capacity of the hot water at constant pressure, in J/kgK. mp,, is
the mass flow rate of the hot water through the condenser in kg/s, and Q. is the heat
capacity in W.
Another way to calculate the LMTD is to use the U-value and the condenser area:
Equation 12: Logarithmic mean temperature difference in the condenser
Q
LMTDcongenser = m

Where U is the U-value and A is the heat exchanger surface area. These equations can
also be rearranged, combined, and used to find other values such as Q. or Tc.

2.1.6.2.2Equations for the evaporator
The same equations, with slight modifications, can be used to find the outlet temperature
of the water from the evaporator and the LMTD of the evaporator. T, ;,, and T, ., are

the temperatures of the water being cooled by the evaporator at the inlet and outlet. T, is
the evaporating temperature, and Q, is the refrigeration capacity.

Equation 13: Thermal length at evaporator inlet
Oin = Tew,in — Te
Equation 14: Thermal length at evaporator outlet
Oout = Tew,our — Te

Equation 15: Logarithmic mean temperature difference in the evaporator

9' - 9 t
LMTDEvaporator = m—ei;u
In{%
(72)
Equation 16: Outlet temperature of cold water
Qe

Tcw,out = Tcw,in - C < 77
pew X My

Equation 17: Logarithmic mean temperature difference in the evaporator
Qe

LMTDEvaporator = UTA
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2.2 Refrigerants

2.2.1 Properties of refrigerants

The refrigerant, or working fluid, of the heat pump is the fluid that circulates through the
heat pump system. It is the refrigerant that releases heat in the condenser and absorbs
heat in the evaporator. Different refrigerants have different properties, so when
designing a heat pump, it is important to select a refrigerant that is suitable for the
specific system being designed.

When selecting a refrigerant for a heat pump, many factors must be considered. Among
others, one must look at the temperature ranges of the system and corresponding
pressures of the refrigerant, volumetric heating capacity, specific volume, and other
thermophysical properties. These properties greatly affect the efficiency of the heat
pump, so it is important to choose a refrigerant with properties that fit the desired
parameters of a certain system (Eikevik, 2019).

Traditionally, the thermophysical properties have been the most important factors when
selecting refrigerants for a heat pump. However, in the past few decades, there has been
an increased focus on the effect of refrigerants on the atmosphere and the climate. Due
to leaks, the refrigerants sometimes escape heat pump and refrigeration systems and are
released to the ambient during operation of the heat pump. Furthermore, refrigerants are
often improperly disposed of when a heat pump is replaced, and they leak into the
atmosphere. Refrigerant can also be released into the atmosphere when the heat pump
is installed (Staffell et al., 2012). To quantify the negative effect they have on the
environment, refrigerants are now categorized based on their Ozone Depletion Potential
(ODP) and Global Warming Potential (GWP) (Arpagaus et al., 2018). The fight against
climate change has led to several regulations regarding the environmental impact of
refrigerants, such as the Montreal Protocol of 1987 banning refrigerants with high ODPs,
the Kyoto Protocol of 1997 that recommended phasing out refrigerants with high GWP,
and the Paris accord of 2016 that strongly emphasized the phasing out of harmful
synthetic refrigerants (Abas et al., 2018). As a result of these agreements as well as
national regulations, ODP and GWP have now become important factors in refrigerant
selection.

The ODP describes the refrigerant’s ability to deplete the ozone layer by chemically
reacting with the ozone molecules in the stratosphere. ODP is defined relative to R11,
which means that a refrigerant with an ODP of one will do the same amount of damage
to the ozone layer as R11 (Klein and Nellis, 2012). A thinner ozone layer allows for more
harmful UV-B radiation to pass through the atmosphere and harm the DNA of plants and
animals.

The GWP, on the other hand, describes the effect refrigerants have on the climate and
how they contribute to global warming. GWP is defined relative to Carbon Dioxide. Many
of the traditional refrigerants are greenhouse gases, and a small amount of gases with a
high GWP can contribute significantly more to global warming than larger amounts of
CO2. Refrigerants with an ODP of zero but a high GWP should be avoided due to the
negative effects on global warming.

In addition to thermophysical properties, ODP, and GWP, the refrigerant must comply
with necessary safety standards. The refrigerant must be compatible with any lubrication
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used in the compressor and materials used in the various components in the heat pump
system at the given pressures. Furthermore, the toxicity and flammability must be
considered. Toxic refrigerants can cause harm in the event of a leak, so if a toxic
refrigerant is used, necessary precautions must be taken. Flammable refrigerants should
be avoided in systems where there is a risk of ignition, such as in car air conditioning
systems. However, they can be used in systems with less risks of accidents, as long as
necessary care is taken (Klein and Nellis, 2012).

2.2.2 Types of refrigerants

2.2.2.1 Natural refrigerants

Natural refrigerants are fluids that occur in nature without human intervention. They
were widely used in HVAC operations until the 1930s, when higher-performing synthetic
refrigerants were invented (Abas et al., 2018). However, due to the high GWP and ODP
values of many synthetic refrigerants, natural refrigerants have made a comeback in
recent years. Typical examples of natural refrigerants are water (R718), air (R729),
ammonia (R717), and CO2 (R744). Hydrocarbons (HC) make up a big group of natural
refrigerants that are used in a variety of heat pump applications.

Water (R718)

Water is neither flammable nor toxic and is one of the safest refrigerants. It has shown
favorable thermodynamic properties at high temperature applications (Hu et al., 2017b).
However, there are certain drawbacks with using water as a refrigerant as well. One of
the drawbacks is the high normal boiling point of 100°C. The effect of this is that most of
the cycle will happen below atmospheric pressure. This means that air will leak into the
system in the event of leaks, instead of refrigerant leaking out of the system. This will
increase maintenance costs, as the cycle will have to be evacuated and recharged. Water
will also be incompatible with certain materials as it can cause rust. Furthermore, the
density of water vapor is low. This means that the necessary swept volume of the
compressor and the pressure ratio is higher than for many other refrigerants (Arpagaus
et al., 2018).

CO2 (R744

CO2 has an ODP of zero and a GWP of one. It is non-flammable, and not toxic in small
concentrations. It is a byproduct of industrial processes and widely available, so using
CO2 can reduce waste and resources. Moreover, the thermophysical properties of CO; are
very good and favorable for many heat pump applications. The critical temperature is low
and the critical pressure is high, which means that most heat pump cycles using CO: for
heating operate in the transcritical range. Because of the temperature glide that a
refrigerant experiences during transcritical heat rejection, CO2 is considered a good
refrigerant for water heating systems (Neksa et al., 1998, Brodal and Jackson, 2019).

Ammonia (R717)

Ammonia has been a widely used refrigerant for many years due to its favorable
thermophysical properties. For example, it has a high volumetric heating capacity, which
means that compressors can be rather small compared to some other refrigerants.
However, ammonia has a high pressure at high temperatures, which limits the number of
available compressors. Ammonia can be flammable, and it is toxic. Because of this, there
exist regulations that must be followed when installing an ammonia heat pump
(Bamigbetan et al., 2017).
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Hydrocarbons
Several different kinds of hydrocarbons are used as refrigerants, and the properties vary

between the different types. However, hydrocarbons share some common properties. In
general, hydrocarbons are compatible with metal alloys and polymers that are often used
in HFC systems, and they are compatible with the most common synthetic oils (Palm,
2008). There are however some disadvantages. Hydrocarbons are highly flammable, and
because of this they can cause great harm in the event of an accident. Extra measures
must therefore be taken to avoid possible dangerous situations. One possible measure is
to reduce the amount of the refrigerant, as larger amounts of refrigerants pose greater
risks. This implies that highly flammable refrigerants should not be used in large
systems, but they might be fit for smaller systems (Palm, 2008). Furthermore, the
market for hydrocarbon refrigerants is quite small, with the exception of domestic
freezers and refrigerators. This limits the choice of compressors commercially available.

2.2.2.2 Synthetic refrigerants

Synthetic refrigerants are fluids that have been developed by humans, and they do not
exist naturally. The advantage with synthetic refrigerants is that they often have
favorable thermodynamic properties, as many of them have been developed for the sole
purpose of being refrigerants. The chemical composition of the synthetic refrigerants can
be adjusted to improve their thermodynamic properties. This is not possible to do with
natural refrigerants (Bamigbetan et al., 2016).

Traditionally, Chlorofluorcarbons (CFCs) and Hydrochlorofluorcarbons (HCFCs) were the
most widely used refrigerant types due to favorable thermophysical properties
(RefrigerantHQ, 2019). However, because the chlorine in CFC molecules have been
proven to be the main cause of ozone depletion, CFC refrigerants are no longer produced
(Klein and Nellis, 2012). In order to reduce the ozone depletion, Hydro Flouride Carbons,
or HFC-blends, became a replacement for CFCs in the 1990s (Arpagaus et al., 2018).
However, most HFCs have rather high GWP values, and are therefore being phased out
(Bamigbetan et al., 2016).

Another class of synthetic refrigerants is the group of so-called “low GWP synthetic
refrigerants”. These refrigerants have a low calculated GWP value, low flammability,
chemical stability, they are non-toxic and have suitable critical temperatures for many
heat pump applications. (Abas et al., 2018). Hydrofluoroolefins (HFOs) are in this group,
and have been considered good low GWP alternatives to HFCs, HCFCs, and CFCs. Like
HFCs, they contain hydrogen, fluoride, and carbon. However, due to a difference in
molecular structure HFOs have much shorter atmospheric lifetimes, typically only a few
days. This greatly reduces their GWP and makes them good alternatives for heat pump
applications. (EFCTC, 2011). However, many of these synthetical refrigerants are rather
new, and although they have been excessively studied as refrigerants (for example
(Fukuda et al., 2017), (Kondou and Koyama, 2015, Longo et al., 2019, Nawaz et al.,
2017, Wu et al., 2018)), there is some uncertainty as to what their true effects on the
environment are (Bamigbetan et al., 2019).

2.2.2.3 Properties of selected refrigerants

A comparison of some refrigerant properties can be seen in the table below. The values
without an asterisk are from (Standard Norge, 2017), while the values with an asterisk
are from (Arpagaus et al., 2018).
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Refrigerant | Safety Classification | GWP oDP Psat, 40°C [kPa] | Psat,110°C [kPa]
Water (R718) Al* o* o* 7.380 143.38
Ethanol n/a n/a 0 18.010 313.5
Methanol n/a n/a 0 34.70 472.2
R1234ze(2) A2* <1* 0* 290.2 1663
R1233zd(E) Al* ~0 4.050 215.4 1288
R1224yd(2) Al* <1* 0.00012%* 245 1432
Ammonia

(R717) B2L 0 0 1555 7583
R245fa Bl 1030 0 249.6 1574
R600 A3 4 0 379.2 1845
R600a A3 3 0 530.9 2381

Table 1: Properties of selected refrigerants

The safety classification is made by looking at the refrigerants’ flammability and toxicity.
The system is illustrated in the table below.

Higher A3 B3
Flammability A2 B2
Lower A2L B2L
No flame
propagation Al Bl
Lower Higher
Toxicity

Table 2: Safety classifications of refrigerants

2.2.3 Refrigerants in high temperature heat pumps

Refrigerants that work well in conventional heat pumps do not necessarily work well in
high temperature heat pumps (Bamigbetan et al., 2019). The critical temperature of
many conventional refrigerants is often lower than the required heat sink temperature,
which means that the heat pump cycle must be transcritical to work under the given
operating conditions. In this paper, the focus will be on subcritical cycles, and
refrigerants with a low critical temperature will not be considered.

Another challenge with HTHPs is the high condenser temperature, which corresponds to a
high condenser pressure in many refrigerants. This can lead to challenges when choosing
materials for the heat pump, but the main issue is the performance of the compressor
(Bamigbetan et al., 2016). High condenser pressures require compressors that are
adapted to high pressures (Bamigbetan et al., 2019), so the choice of compressors is
more limited than for conventional heat pumps. Several studies have been performed to
find out which refrigerants work well for high temperature heat pumps.

Fakuda et al. looked at R1234ze(E) and R1234ze(Z) as refrigerants for high temperature
heat pumps. The former has a GWP of 6, and is seen as a viable alternative for R134a,
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which has a GWP of 1430. The latter has been considered an alternative to R245fa
because it has very similar thermodynamic properties. They found that R1234ze(E)
delivered the best performance at a condensation temperature of 90°C, and that
R1234ze(Z) had the highest COP with a condensing temperature of 130°C. They
concluded that R1234ze(E) is well suited for general HTHP applications, but that
R1234ze(Z) is a better choice when the HTHP operates at higher temperatures. They also
found that R1234ze(Z) had much higher irreversible losses at 75°C than at 105°C and
125°C. The losses of R1234ze(Z) were also higher than the losses of R1234ze(E) at
75°C. The high irreversible losses lead to a lower COP and should therefore be reduced
as much as possible (Fukuda et al., 2014).

Hu et al. compared the physical and thermodynamic properties of 13 different
refrigerants, including R1233ze(E), R1234ze(E), R1234ze(Z), and R718. They found that
at condensation temperatures between 100°C and 120°C, the COP was highest for
R1233zd(E), followed by R1234ze(E), however many other refrigerants had similar but
slightly lower COPs (Hu et al., 2017b).

Many authors have investigated the possibility of using hydrocarbons in high temperature
heat pumps. Bamigbetan et al. evaluated natural refrigerants that operated with a heat
source of 40°C and a heat sink at 90 and 150°C. They specifically looked into ammonia
(R717) and various hydrocarbons (R290, R600, R601) and their mixtures. They
considered the refrigerants in a simple cycle, a two-stage cycle, and a cascade cycle.
R290 and R717 could not operate subcritically with a condensing temperature of 110°C,
and R601 had a suction pressure below atmospheric pressure. The cascade system, on
the other hand, showed promising COPs (Bamigbetan et al., 2016).

CO2 has been the object of many studies on natural refrigerants. However, for high
temperature applications, it must operate in a transcritical cycle which will not be
investigated in this thesis.

The studies show that although some refrigerants are unsuited for high temperature
applications due to their thermophysical properties, many refrigerants, both natural and
synthetic low GWP, are viable options for HTHPs. It is difficult to compare the refrigerants
studied in the abovementioned papers, as the system configurations varied greatly. It
can be difficult to know whether it is the refrigerant or the system differences that cause
the variations in COP based on the papers alone. However, it is clear that there are many
options for HTHP refrigerants.

2.3 System Configurations in heat pumps

2.3.1 General

The simplest vapor compression heat pump system consists of a compressor, a
condenser, an expansion valve, and an evaporator, see chapter 2.1.2. However, most
systems are expanded or altered in some way to improve the efficiency. There are
several ways in which the efficiency of a heat pump system can be improved, and a few
of them will be presented in the following paragraphs.

Subcooler

Adding a subcooler after the condenser will reduce the temperature of the refrigerant
entering the expansion valve, which reduces the expansion loss of the system. The
specific refrigeration capacity, or enthalpy difference in the evaporator, will increase as a
result of this. This reduces the mass flow, and therefore also the compressor size
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(Eikevik, 2019). Additionally, the heat removed in the subcooler can be used in space or
process heating, for example to preheat hot water. Similarly, a de-superheater can be

added after the evaporator.
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Figure 4: Vapor compression cycle with a subcooler
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Figure 5: PH-diagram for heat pump with subcooler

Multi-stage compression

A common way to increase efficiency is to use more than one compressor in series. With
multi-stage compression, the heat pump will have a low-pressure stage, a high-pressure
stage, and one or more intermediate pressure stages. Normally, expansion is also done
in several stages, and it is not uncommon to cool the refrigerant between the
compressors by mixing it with flash tank gas from flash tanks between the expansion
valves (Eikevik, 2019). By compressing in several stages, the pressure ratios in the
compressors decrease. As a result, the work done by the compressor decreases, and the
compressor uses less energy. However, with several stages, more compressors are
needed, and it is important to consider the power use of all compressors when calculating
the efficiency of a multi-stage system. Still, improving the isentropic efficiency of a
compressor can have a large effect on the efficiency of the system. Therefore, in systems
with a large pressure difference between the evaporator and the condenser, a multi-
stage system can be very beneficial. The drawback is that investment and maintenance
costs will increase due to a greater number of compressors.
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Figure 7: PH diagram for two-stage vapor compression cycle

Economizer

To reduce the expansion loss in a two-stage compression process, an economizer
solution could be used. A subcooler is added before the expansion valve, and while most
of the refrigerant goes directly through the subcooler, a small amount will go through an
expansion valve first. This will reduce the pressure and temperature of the refrigerant,
and this will cool the rest of the refrigerant. The part of the refrigerant that is expanded
is injected into the refrigerant flow between the compressors, to cool down the
refrigerant at the intermediate stage (Taras and Lifson, 2007).
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Figure 9: PH diagram of heat pump with economizer

Ejector
Ejectors, or jet pumps, can be used in several ways in heat pump systems. The simplest

way is by replacing the expansion valve. The motive fluid flows from the condenser and
expands in the motive nozzle. At the same time, a low-pressure suction steam is lead
from the evaporator to the ejector. The steams mix in the mixing section and become
one steam with almost uniform pressure and speed. The kinetic energy is converted into
internal energy in the diffuser, and the pressure at the outlet of the ejector is higher than
the suction inlet pressure. The fluid enters a separator, and the liquid will return to the
evaporator through an expansion valve while the vapor will go to the compressor. The
ejector system uses the expansion loss to increase the inlet pressure of the compressor.
This reduces the pressure ratio, and therefore the energy used by the compressor
(Sarkar, 2012).
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Cascade system

A cascade system is interesting when it comes to high temperature heat pumps, because
it allows for large temperature differences with pressure levels that are not too high. A
cascade system is two heat pump systems connected by a heat exchanger that acts as a
condenser for the low temperature system and an evaporator for the high temperature
system. Because the systems are completely separated, they can use different
refrigerants (Kim et al., 2013).
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Figure 12: Cascade heat pump system
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2.3.2 Improved efficiency for high temperature heat pumps

2.3.2.1 Previous studies

High temperature heat pumps face similar challenges as conventional heat pumps when
it comes to energy efficiency, but certain challenges become more prominent as the
temperatures rise. One of the challenges that is especially prominent in high temperature
systems is that they often demand a large temperature lift, which in turn leads to a large
pressure difference across the compressor. This requires a large power input to the
compressor and reduces compressor efficiency. Because of this, multiple stage systems
and cascade systems can be especially beneficial in HTHPs.

As mentioned above, multi-stage systems compress the refrigerant in several stages, so
the pressure ratio over each compressor in multi-stage systems is lower than the
pressure ratio of a single-stage system with the same operating conditions. This reduces
the compression losses drastically and can ensure a higher isentropic efficiency in the
compressors. Furthermore, the power consumption in each compressor is reduced, and
in many cases to a lower overall power consumption (Liangdong et al., 2010). Moreover,
the separation of liquid and vapor in the flash tank leads to a lower enthalpy in the liquid
entering the evaporator, which in turn leads to a higher enthalpy difference across the
evaporator and a higher heating capacity, which leads to an increased COP (Hu et al.,
2017a).

Hu et al. performed an exergy analysis of multi-stage compression high temperature
heat pump systems with R1234ze(Z) as a working fluid. They analyzed and compared
performances of a single-stage, two-stage, and three-stage system for 120°C
pressurized hot water supply with a constant heat recovered in the evaporator of 420
kW. The waste heat source varied between 50°C and 90°C. They found that the three-
stage system had the smallest compressor power consumption regardless of waste heat
source temperature, but that the power saving of multiple stages became less significant
with increasing waste heat source temperatures. The same was true for exergy
efficiency. They also found that COP improved with 12.2% and 19.8% for two-stage and
three-stage systems, respectively, when the waste heat source was 50°C. With a waste
heat source of 80°C, the COP improved with 6.3% and 9.4% compared to a single-stage
system (Hu et al., 2017a).

Mateu-Royo et al. looked at energy performance and volumetric heating capacity of five
vapor compression systems using various refrigerants. They looked at single-stage cycle,
a single-stage cycle with internal heat exchanger, a two-stage cycle, a two-stage cycle
with internal heat exchanger, and a two-stage cycle with intermediate internal heat
exchanger. They found that the single stage cycle with internal heat exchanger had the
highest performance for temperature lifts of 40 and 60 K. However, for temperature lifts
of 80 and 100 K, the two stage cycle with internal heat exchanger had the highest
performance (Mateu-Royo et al., 2018). This indicates that the advantages of multiple
stages become more prominent as the temperature lift increases.

Hu et al. also investigated and compared three advanced heat pump systems. The first
system is a one-cycle two-compressor system. The second system is a two-compressor
parallel system. The third system is a two-cycle parallel system. The three systems have
different complexities and performance. They found that the exergy efficiency was 5.4%
and 11.5% higher for the two-compressor parallel system and the two-cycle parallel
system, respectively, than for the one-cycle two-compressor system. The COP was also
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higher for the third and second systems. The system COP is largest for the two-cycle
parallel system, second largest for the two-compressor parallel system and lowest for the
one-cycle two-compressor system for all condenser outlet temperatures. The difference
between the COPs, however, seems to decrease as the outlet temperature increases.
When the wastewater temperature increases, the heating capacity decreases slightly.
This is because mass flow rate decreases, whereas the enthalpy difference in the
condenser remains unchanged. It seems that condensing temperature has a stronger
influence on heating capacity than evaporating temperature. The system COP is again
highest for the two-cycle parallel system and lowest for the one-cycle two-compressor
system for all evaporator inlet temperatures, and the difference increases with increasing
evaporator inlet temperature (Hu et al., 2019).

Fukuda et al. evaluated the efficiency of two different heat pump configurations using
three different refrigerants. They used waste heat at 70°C to get a heat sink temperature
of 160°C using a single-stage compression cycle and a two-stage compression extraction
cycle. They found that the COP was higher in the two-sage cycle for all refrigerants. The
highest- and lowest performing refrigerants were the same in both system
configurations, but the difference between the refrigerants decreased in the two-stage
system, from a difference between the highest and lowest performing refrigerants of
0.56 in the single-stage system to a difference of 0.14 in the two-stage system (Fukuda
et al., 2017).

Cao et al compared different heat pump systems that produced hot water with a
temperature of 95°C with a heat source of 45°C. They looked at a single-stage vapor
compression heat pump, a two-stage heat pump with external heat exchanger, a two-
stage system with refrigerant injection, a two-stage system with refrigerant injection and
internal heat exchanger, a two-stage system with flash tank, and a two-stage system
with flash tank and intercooler. As expected, the COP of all systems increased with
increasing evaporation temperatures and decreased with increasing condensation
temperature. The COP was lowest for systems 1 and 2 for all temperatures, followed by
systems 3 and 4, and highest for systems 5 and 6 (Cao et al., 2014).

Bamigbetan et al. developed a high temperature heat pump that could deliver heat at
115°C. The system is a cascade heat pump system that uses propane and butane as
refrigerants. The COP decreased with increasing temperature lifts, and the average
heating COP was 3.5 for the experiment and 3.2 for the simulation, with a temperature
lift of 48-78 K. However, with temperature lifts of around 50 K the COP was around 4.
The combined COP had an average of 3.4 (Bamigbetan et al., 2019).

Ma et al looked at a cascade system for high temperature heat pumps with the near-
zeotropic mixture BY-3 as the lower stage refrigerant and R245fa as the upper stage
refrigerant. The COP was slightly lower than 3 with a condensing temperature of 100°C,
and around 2.65 when the condensing temperature was 115°C (Ma et al., 2018).

2.3.2.2 Discussion

Because all systems in the abovementioned research are different, in can be difficult to

make a good comparison. Specific COPs for systems with such different parameters and
refrigerants cannot be compared in a good way. However, it is possible to draw certain

conclusions from the trends that emerge from the research.

Firstly, it seems that there should be a certain temperature lift before a multi-stage
system is more beneficial than a single-stage system. This is logical, because the
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pressure difference between the compressor and evaporator is directly related to the
temperature lift. Because the main advantage with multiple stages is the reduction of the
compressor losses due to the decreased pressure ratio, it makes sense that the
advantages are more prominent in systems with a large pressure difference between the
evaporator and the condenser.

However, it seems difficult to find a specific temperature lift below which a multi-stage
system is less beneficial than a single-stage system. This is partly because it depends on
which refrigerant is used, as the degree to which the pressure changes with the
temperature varies between the refrigerants. Additionally, the heat pump systems in the
abovementioned articles have different system configurations, and even though many
systems have the same number of compression stages, they differ from one another in
other ways. For example, an internal heat exchanger may affect the COP.

Furthermore, it seems that if the system has a high enough temperature lift, multiple
stages increase the COP of the system compared to a single-stage system. This was
found in all the articles that compared single- and multi-stage systems. In the articles
that compared two-and three-stage systems, the three-stage systems had a higher COP
than the two-stage system. Therefore, the COP may increase with the number of stages.
However, it is likely that this only happens up to a certain point. Because each
compressor requires power input, there is a limit to how many compressors that can run
before the total work added is too high and the COP starts to decrease.

The COP in the cascade systems in the case studies were generally lower than the COP in
the multi-stage systems. This implies that from an energy efficiency perspective, multi-
stage systems are better suited for high temperature applications than cascade systems.
However, cascade systems have several benefits such as the option to use two different
refrigerants, which can optimize the pressure ratios of each compressor.

Based on the information in the papers, it seems that multiple stages and cascade
systems in general are beneficial in high temperature heat pumps, especially if the
temperature lift is high. However, it is evident that other system configurations can have
a large effect on system efficiency as well, so multiple stages or cascade cycles should be
combined with other energy saving measures such as ejectors, economizers, and other
solutions. The use of these system configurations in combination with cascade or multi-
stage cycles can yield a high COP in HTHPs.

2.4 Other parts of an integrated energy system

2.4.1 General

As mentioned in the introduction, the most common types of integrated energy systems
consist of combined cooling, heating, and power generation (CCHP). The energy
performance characteristics of such systems are greatly influenced by the operational
strategy and capacity of the equipment (Li et al., 2016). The energy system in this
project will have heating and cooling from heat pumps, power generation from PV
modules, as well as storage of electrical and thermal energy. The cooling system is
neglected in this report. Furthermore, the system will be connected to district heating.

The focus in this thesis will be the operation of the heat pump, and the models of other
components are greatly simplified. Consequently, the performance of the whole system
and the operational strategy will not be closely evaluated at this stage in the project. In
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the following chapters, theory about the other parts of the integrated energy system
created in this thesis will be presented.

2.4.2 Thermal Energy Storage

Thermal energy storage systems store thermal energy by heating or cooling a medium so
that the stored energy can be used for heating or cooling at a later time (Sarbu and
Sebarchievici, 2018). Thermal storage systems have been used by humans for centuries
and range from simple systems using ice or hot or cold water to more complex systems
with phase changing materials (PCM). Thermal storage systems are primarily used in
buildings and industrial processes (Sarbu and Sebarchievici, 2018). The main advantages
with thermal storage are increased predictability and increased energy efficiency.
Economic efficiency can also be increased by optimizing heat production and taking
advantage of fluctuations in electricity prices.

Worldwide, there is a high demand for thermal energy for industrial processes and
residential use. At the same time, there is a large amount of excess thermal energy
available. In spite of this, it can sometimes be difficult or costly to cover the demand.
Furthermore, thermal energy generation often leads to emissions of greenhouse gases
(Alva et al., 2018). The reason why a lot of thermal energy is going to waste while at the
same time, thermal energy is produced at great economic and environmental costs, is
that several gaps between supply and demand exist. The main gaps are that excess
thermal energy is often generated at a time when the demand is low, and that the places
where thermal energy is needed may be located far away from where the excess thermal
energy is produced (Alva et al., 2018).

These problems can be solved or reduces by integrating thermal energy storage systems.
If energy is produced at a different time or than when and where it is consumed, it can
be stored between the time of production and the time of consumption. Thermal energy
storage in the form of hot water storage tanks is found in many homes across the world
today. In residential applications, thermal energy storage can ensure a more stable
access to thermal energy, and to cheaper energy production. With thermal energy
storage, energy can be produced at times when electricity prices are low instead of
producing the energy when it is needed regardless of the price. Furthermore, the thermal
energy can be produced at times when the demand is low and used at a time when
demand is higher. This will allow for smaller thermal energy generation systems, as the
energy stored in the thermal energy storage system will reduce the necessary capacity of
a thermal energy generation system, as seen in Figure 13 and Figure 14.

25



Maximum demand

=
[2:]
@
T

Heat generation

" “~Demand curve
Time
Figure 13: Heat demand and thermal energy generation

—
s ) Thermal storage
T __»" capacity

<— Demand curve

Time
Figure 14: Heat demand and thermal energy storage capacity

Figure 13 shows a possible scenario with thermal energy storage. The thick, black curve
illustrated the heat demand throughout a day. The horizontal, grey curve illustrates the
heat production throughout the same day. It is assumed that the heat production is
uniform at all times of the day. When the demand is lower than the heat production, the
excess heat (colored green) will be sent to the heat storage. When the demand is higher
than the heat production, the extra heat needed to cover demand will be taken from the
heat storage (colored blue). That way, the capacity of the heat production is much lower
than the capacity needed to cover demand with no thermal storage. This leads to smaller
and cheaper energy production systems. Figure 14 illustrates how the capacity of the
thermal energy storage changes throughout the day for the same system as illustrated in
Figure 13.

Thermal storage systems can be classified into three categories: Cold storage is typically
up to 15°C, warm storage is often 40-50°C, whereas hot storage usually hold
temperatures between 70 and 90°C (Sarbu and Sebarchievici, 2018). This paper will
focus on hot storage.

Thermal energy storage can use sensible or latent heat transfer. Sensible heat storage
systems function by heating or cooling a liquid or a solid medium. Water is commonly
used for heat storage in buildings. The heat transfer in sensible heat storage systems is
limited to heat transfer without phase change.

Latent heat storage uses phase-changing materials to store energy. The materials
change their physical state when energy is absorbed or released, allowing for energy to
be stored at the temperature at which the phase changes. Latent heat storage systems
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often have higher energy densities than sensible heat storing systems, and they can
store the heat at a more constant temperature than sensible systems. The latent heat
systems behave like sensible heat systems before phase change occurs. During charging,
the temperature increases until the phase change temperature is reached. At this point,
the material will melt or evaporate at a constant temperature. Once the material has
changed phase, the temperature will continue to increase like in sensible heat storage if
the charging process continues. The opposite will happen during discharging. Figure 15
shoes how heat transfer happens in sensible and latent heat storage systems.

Temperature [°C]
Temperature [°C]

SHT LHT
SHT
Stored heat [kWh] Stored heat [kWh]

(a) Sensible heat storage (b) Latent heat storage

Figure 15: Heat transfer in sensible and latent heat storage systems. SHT = Sensible
heat transfer, LHT = latent heat transfer

There are several types of phase changing materials with different melting points and
properties. Paraffin is the most common organic materials in commercial thermal energy
storage applications. However, pure paraffin is expensive, and technical grade paraffin
waxes, which are mixtures of paraffin with different carbon numbers, are often used in
practical applications. These waxes have melting temperatures between -5°C and 100°C
(Alva et al., 2018). Furthermore, fatty acids and polybasic alcohols are other types of
organic materials used in PCM applications. Hydrated salts, molten salts, metal or alloy
materials and eutectics are inorganic materials used as PCMs (Fan and Khodadadi, 2011).
Inorganic materials are often used in applications with higher temperatures (Alva et al.,
2018).

Latent heat is between 50 and 100 times larger than sensible heat, and the energy
density of latent heat storage materials is therefore high. This results in more compact
systems when PCMs are used than in sensible heat storage systems (Alva et al., 2018).
Another important advantage is more stable temperatures, as mentioned above. The
main drawback with latent heat storage is that many PCMs used have low thermal
conductivity, and that charging and discharging therefore happens slower than with
sensible heat storage.

There are clear advantages to using thermal energy storage to better balance heat
supply in an integrated energy system. A variety of options exist, so it is clear that
installing a thermal energy storage with PCM in the integrated energy system in this
project is possible. However, because the thermal storage system will be greatly
simplified in this project, the more detailed theory will not be further explored.

Fischer et al. (2014) investigated various strategies for operation of heat pumps in
systems with sensible thermal energy storage. They found that increasing the size of the
thermal storage system can have a small positive effect on prices, and that in increases
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total system flexibility in operation. They also found that if the system includes solar
power, a larger TES capacity is favorable because the heat production can take
advantage of when power is available. In general, they found that increasing the thermal
storage increased the efficiency of the heat pump, but also increased heat losses in the
storage tank (Fischer et al., 2014).

Schibuola et al. (2015) investigates demand response management of heat pumps based
on electricity prices. They found that if control strategies are properly adapted to the
system, it is possible to achieve a high level of energy self-consumption. The costs were
also reduced because the control system took advantage of varying electricity prices.
However, they found no real effect on energy consumption when varying the size of the
thermal energy system (Schibuola et al., 2015).

It is clear that thermal energy storage can provide a more stable heat supply by storing
the energy produced when demand is low and using it when demand is higher. It is
difficult to compare the storage systems used in literature, as they are designed for very
different systems. However, drawbacks related to thermal energy storage cannot be
ignored. The main drawback of thermal energy storage is the losses experienced during
charging, discharging, and storage.

2.4.3 Solar energy systems

2.4.3.1 Solar photovoltaics

Solar energy is perhaps the most abundant energy source that exists today. Energy from
the sun is available across the globe and has been used in the form of lighting and direct
heating for millennia. With the technology that exists today, solar energy can also be
used for electricity production and more efficient heat production, and in the past few
years the price of this technology has been drastically reduced. This project uses solar
photovoltaic (PV) systems to produce power, as well as solar thermal systems to provide
heat. Other technologies using solar energy will not be discussed. Systems that combine
the use of solar PV and solar thermal will be referred to as PVT systems.

Solar PV systems produce electricity without harming the environment in the form of
greenhouse gas emissions, air pollution, or depletion of resources. It should be noted
that production and disposal of solar PV systems affect the environment by emitting
gases and polluting the local environment, and that depletion of the raw materials
needed to produce the systems is a potential problem. However, this paper will not go
into a life cycle analysis or an economic assessment, instead it will focus on the actual
operation of the integrated energy systems.

During operation, however, solar PV systems do not contribute negatively to the climate
or the environment. Furthermore, they can be installed in remote areas with little or no
access to a stable supply of electricity. There are no moving parts, investment and
maintenance costs are low, and PV systems can function unattended over long periods of
time. The main disadvantage with PV is that it does not provide a stable electricity supply
because it is highly dependent on the weather and the time of day (Singh, 2013).

Solar PV functions by directly converting solar radiation to electricity. A PV cell consists of
a semiconductor wafer specially treated, so it is positive on one side and negative on the
other, with electrical conductors attached on each side. The electrical conductors form a
closed circuit. Additionally, an anti-reflective coating ensures that as much light as
possible is absorbed. When the radiation from the sun reaches the wafer, electrons are
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knocked loose from the semiconductor and moves to the electrical conductors and then
into the electric circuit. In a PV system, multiple cells are connected to form a module,
and multiple modules can be connected to form an array (Knier, 2008).

The overall efficiency of PV systems is generally quite low due to losses during the
conversion of sunlight to electricity, through regulators, the battery, cables, inverters,
and other components (Singh, 2013). Furthermore, the performance of the cells
decreases with increasing temperature, and bort electrical efficiency and power output
have a linear dependence on operating temperature(Dubey et al., 2013).

2.4.3.2 Solar thermal/PVT

The temperature of the PV cells negatively affects the efficiency of the PV module. The
temperature of a PV module is dependent on outside air temperature, but also on the
amount of solar radiation. This is because the solar radiation that is absorbed but not
turned into electricity increases the temperature of the PV module. To increase the
efficiency of the PV modules, the temperature should be reduced. This can be done by
integrating a cooling system.

A simple way of cooling the PV modules is by using air circulation. However, this is not
very effective when the temperature of the air exceeds 20°C for long time periods
(Lamnatou and Chemisana, 2017). Another way to cool the modules is by circulating a
refrigerant through a heat exchanger to transfer heat from the PV modules to the
refrigerant. The heat transferred to the refrigerant can be used for practical purposes,
such as domestic heating if the temperatures are high enough. In heat collected from PV
modules is put to practical use, the systems are called Photovoltaic-thermal (PVT)
systems. PVT have higher total energy outputs than PV systems, both because the PV
efficiency increases and because the heat is being utilized in addition to the generated
electricity (Lamnatou and Chemisana, 2017). The heat collected by the PVT system can
also be used as a heat source for a heat pump if there is a demand for higher
temperatures than what the PVT system can produce.

Solar radiation

Electrical energy

Direct use or

PVT module battery storage

Hot water Cool water
heated by PVT Heat storage tank for

., thermal energy storage or
direct use

Figure 16: Simple sketch of a PVT module

Figure 16 shows a simplified PVT module. The black part of the module represents the PV
cells, which convert solar radiation to electrical energy. The electrical energy is used
directly in electrical appliances or stored in batteries. The heat exchanger is found in the
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grey part of the PV module, and excess heat is transferred to the refrigerant. In this
case, the refrigerant is water.

2.4.4 Batteries

Due to a recent increase in fossil fuel prices coupled with a decrease in prices for solar PV
systems with batteries, the solar PV/battery market is growing in many parts of the
world. This is especially true for urban areas and areas not connected to an electricity
grid (Ayeng'o et al., 2019). PV battery systems can be divided into two main groups:
Those that use a charge controller to directly connect the PV system to a battery, and
those that connect the PV system and battery with an MPP-Tracker (Ayeng'o et al.,
2019). The MPP-Tracker systems are more complex than direct-coupled systems and can
always deliver the maximum available PV power. However, they are more expensive than
direct-coupled systems, and likelihood of failure as well as investment costs increase. The
efficiency of solar batteries can vary greatly, from 70% in lead batteries to more than
90% in Lithium-ion batteries. The lithium-ion batteries can discharge up to 100% of the
stored power (Solarwatt, 2020).

The model of the PV battery will be greatly simplified in the simulations in this thesis, and
the theory of solar batteries will therefore not be further investigated at this stage of the
project.
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3 Simulation approach

3.1 Preparations

The focus of this project is a high temperature heat pump in an integrated energy system
that can provide heat at above 100°C with a temperature lift of above 50°C and a COP of
3.5 or higher. The Chinese cities Shanghai, Lanzhou and Beijing were selected as
locations for the system. The main goal was to investigate how the high-temperature
heat pump operates together with the other components in the integrated energy
system. This was the focus through the simulations. Consequently, the code created to
simulate the system needed to find a balance between complexity and simplicity.

On one hand, the part of the code that represented the heat pump needed to take into
account the rest of the system and how the heat pump adapted to ever-changing
conditions, including how various variables such as evaporator and condenser
temperatures changed throughout a year. On the other hand, the other parts of the
system needed to be simplified so that the heat pump operation could be properly
evaluated.

In preparation of the master thesis work, a project work was conducted where the effect
various system configurations and different types of refrigerants have on the COP was
investigated. The results from the project work, as well as the literature review
conducted in this project, were used to decide which system configurations would be
selected for the heat pump in this system, and which refrigerant that would be most
suitable.

3.2 About the model

3.2.1 General

The model was created in Matlab, and refrigerant properties were collected from
REFPROP. Meteonorm was used to collect weather data from Shanghai, Lanzhou, and
Beijing. The electricity demand of other parts of the system than the heat pump was
neglected, including the electricity demand for residential use of electrical appliances and
lighting. The heat demand for every hour was calculated based on the outside air
temperature. A base demand of 50 kW for water heating was assumed to be constant.
Additionally, the heat demand increased with decreasing outside air temperatures. For
every degree below 15°C, the heat demand increased with 10.25 kW due to space
heating demand. For example, if the outside air temperature were 5°C, the heat demand
would be 50 kW for water heating, and 102.5 kW for space heating. The total heat
demand would be 152.5 kW.

Prior to making the model for the entire integrated energy system, some parts of the
systems were modelled individually to ensure that the codes worked as they should. In
the following chapters, the different parts of the combined model will be described
separately. Lastly, the combined model will be described before the results are
presented.
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3.2.2 PV Panels

The panels of the type Jinko Tiger JKM470N-7RL3 from Jinko Solar were chosen for this
system (Jinko Solar, 2020). These PV panels have high performance, and technical
specifications are easily accessible online. Furthermore, Jinko Solar was selected in part
because it is a Chinese company. This is beneficial from an economical and
environmental perspective, because using domestically produced PV panels will reduce
costs and emissions related to transportation. Moreover, using Chinese products for
systems to be installed in China is in line with the "Made in China 2025" initiative.

The values for the maximum power point, module efficiency, and temperature coefficient
of the maximum power point have been selected based on the datasheet provided from
the producer. Performance ratio is the coefficient that accounts for losses related to the
power generation. These losses include inverter losses, temperature losses, cable losses,
shading, losses due to dust, and other losses (Photovoltaic Software, 2020). Because of
insufficient information to accurately calculate the losses in the PV modules in this report,
the performance ratio is assumed to be 75%. This value can vary between 50% and
90%, but 75% is the default value (Photovoltaic Software, 2020).

The surface temperature of the PV panels is assumed to be 20°C higher than the ambient
temperature (Power Scout, 2017). Weather data is collected from the program
Meteonorm, and the operating efficiency is calculated with Equation 18 based on the
information from the datasheet and weather data. Finally, the energy generated by the
PV panels is calculated using Equation 19.

To calculate the energy output, the operating efficiency must first be calculated:
Equation 18: Operating efficiency of a PV module
7 = Ngr¢ — (Tsyc — Tpy) X TC

r is the operating efficiency [%]

nsre 1S the module efficiency at standard test conditions [%]

Tgrc is the temperature at standard test conditions [°C]

Tpy is the surface temperature of the PV module [°C]

TC is the temperature coefficient of the maximum power point [%/°C]

The energy output from the PV module can then be calculated:
Equation 19: Electric energy generated by a PV module per hour
E:ApverHXPR

E is the electric energy generated by the PV module [kWh]
Apy is the surface area of the module [m?]

r is the operating efficiency [%]

H is the global horizontal radiation per hour [kW/m?]

PR is the performance ratio [%]

The thermal part of the PVT system was not included in the calculations. The
specifications for the PV panels can be found in Table 3.
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Maximum power point (Pmax) 470 Wp
Module efficiency at standard test conditions (Tstc=20°C) 20.93%
Area of PV panels 4000 m?
Performance ratio 75%
Temperature coefficient of the maximum power point 0.34%/°C
Temperature at standard test conditions 25°C

Table 3: Solar panel specifications (Jinko Solar, 2020)

3.2.3 Battery Storage

The part of the code that controls the battery storage is also greatly simplified. For every
hour, the power added to and removed from the battery is calculated based on the
performance of the PV panels and the heat pump. If the power consumption of the
compressor is lower than the power produced by the PV panels, the excess power is sent
to the battery storage. If the PV panels produce less power than the power consumption
of the compressor in a certain time step, the battery will supply the compressor with the
remaining power. After calculating the input or output of power in the hourly iteration,
the power remaining in the battery is calculated. The efficiency of the battery is set to be
80%, so some power is lost every time the battery is charged or discharged.

3.2.4 Thermal Energy Storage

The thermal energy storage tank is connected to the heat pump and the district heating
system. Phase changing materials are used to maintain a temperature slightly above
80°C in the tank, so that the heat supply to the district heating system always stays
above 80 °C. No specific PCM is selected for the system in this report because detailed
calculations of heat transfer inside the thermal storage system will not be done at this
stage of the project. However, Mg(NO3)2:6H20 and Ba(OH)2-8H20 are two examples of
inorganic salt hydrates with phase changing temperatures of 89°C and 78°C,
respectively, and would be viable potions for this TES system. Rubitherm RT-82 is an
organic paraffin with a phase change temperature of 82°C and would also be a good
option (Alva et al., 2018). There are several other PCMs that could be used, and the final
decision should be based on a thorough evaluation of properties such as melting
temperature, thermal conductivity, density, latent heat storage capacity, latent heat,
price, and more.

The code for the thermal storage system is simplified compared to an actual system. For
every hourly iteration, the energy added to and removed from the thermal storage is
calculated, and the hourly thermal storage capacity is determined. The specific heat
transfer mechanisms between the water and the phase changing materials are not
considered in the code because of the wish to simplify the parts that are not integral to
the heat pump.

The tank in this system will store temperatures between 80 and 100°C. Typical charging
efficiencies for systems operating in this temperature range is between 75% and 90%,
and the power is typically between 0.001 and 1 MW (Hauer, 2013). An efficiency of 90%
was selected for the system in this report. The maximum storage capacity was set to be
1000 kWh. The tank is assumed to be fully isolated, and heat transfer through the walls
of the storage tank is neglected.

For each hourly iteration, the Matlab code does one of three actions. If the amount of
heat produced by the heat pump is higher than the demand, the excess heat is directed
to the thermal energy storage. If the heat pump does not produce enough heat, the
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remaining heat needed to cover the demand is subtracted from the heat storage. If the
heat pump produces exactly the demand, nothing happens to the capacity of the thermal
storage. Because the charging/discharging efficiency is set to 90%, 10% of the heat is
lost in each charging/discharging cycle. Other losses such as heat transfer through the
walls of the tank are neglected, and the focus is the hourly energy input and output to
and from the tank, as well as the maximum storage capacity.

3.2.5 District heating

The district heating system is not modelled in this thesis because the types of and
number of buildings that will be supplied by the district heating system has not been
decided. Instead of modelling the district heating system, the temperature of the supply
and return water to and from the district heating system was calculated for every hourly
iteration.

3.2.6 Heat pump

3.2.6.1 Code development

Because the heat pump would be the main part of the simulations, the heat pump model
was more realistic with fewer simplifications than the other models. The process of
developing the code for the heat pump model was divided into several small steps to
reduce the risk of code malfunctions.

First, a model of a one-stage simple vapor compression cycle was created. This heat
pump model consisted of an evaporator, a compressor, a condenser, and an expansion
valve. The one-stage model was implemented to the integrated system, and the code
was run to ensure the heat pump model functioned with the other components of the
integrated system. Even though the code worked, and the yearly operation of the
integrated energy system was simulated with the single-stage heat pump, the COP of the
heat pump was too low. The simulation showed a COP of 2.426 for most of the time
steps. While this is above 1 and therefore favorable over direct electric heating, it is
much lower than the desired value of 3.5. Consequently, the COP needed to be
improved.

Once the code worked for the whole system, the heat pump model was therefore
updated to increase the efficiency of the heat pump. A second compressor was added in
parallel to the first compressor, and instead of one condenser, two condensers were
implemented in parallel. The system sketch of the heat pump can be seen in Figure 17.

Two compressors were selected for the heat pump because of the obvious advantages to
multi-stage compression. The literature review and previous project work showed that
COP significantly increases when compression happens in several stages. This effect is
seen even when no other improvements to the system are made. The addition of a
second compressor also allowed for a second condenser to be implemented into the
system. This led to a more efficient heat exchange process, as the temperature
difference between the water entering and leaving the condensers is almost 40 K. With
two condensers, the temperature glide in each condenser is lower, which leads to fewer
losses in the heat exchangers.
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Figure 17: System sketch of two-stage parallel compression heat pump

3.2.6.2 System configurations

The heat source to the evaporator is water heated by the PVT system. The solar thermal
system was not part of this simulation, and the inlet temperature of the water entering
the evaporator was assumed to be constantly equal to 40°C. This water heats up the
refrigerant in the evaporator.

After the refrigerant leaves the evaporator (1), part of in enters the low-temperature
(LT) compressor, and the rest of it enters the high temperature (HT) compressor. The LT
compressor compresses the refrigerant to an intermediate pressure of about 4160 kPa
(2), which corresponds to a condenser temperature of around 80°C. The compressed
refrigerant is mixed with the refrigerant in the receiver that is in gaseous state (3),
enters the LT condenser, and preheats the water as it condenses. The refrigerant then
enters a receiver (4) where it is mixed with the refrigerant from the HT compressor.

The HT compressor compresses the refrigerant to 5780 kPa (6), which corresponds to a
condenser temperature of around 96°C. As it condenses, the refrigerant heats the water
to its final temperature. After leaving the HT condenser (7), the refrigerant is expanded
to a pressure of 4160 kPa (8), which corresponds to the pressure in the LT condenser.
The refrigerant from the HT condenser then enters the receiver and is mixed with the
rest of the refrigerant.

The fluid in the receiver will mostly be liquid, but because the fluid from the HT
condenser has not expanded completely some of it will still be in gaseous state. The gas
will be mixed with the refrigerant exiting the LT compressor and entering the LT
condenser (3). The liquid refrigerant will leave the receiver and go through an expansion
valve and expand back to a pressure of around 990 kPa (5) before it enters the
evaporator and the process repeats. A Ph-diagram for the system can be seen in Figure
18.
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Figure 18: Pressure-enthalpy diagram for two-stage parallel compression heat pump

Among the factors that affect the efficiency of the heat pump are the temperatures and
pressures in the condensers and in the evaporator. In a real system, the actual
temperatures and pressure levels in the heat exchangers will vary slightly due to
changing conditions in the system. To make the simulations as realistic as possible, the
pressures and temperatures in the heat exchangers were calculated for every hourly
iteration. This will be further described in chapter 3.3.2.

3.2.6.3 Refrigerant selection

The refrigerant was selected based on the literature review and the previous project
work. The literature review showed that the refrigerant should be green or natural due to
stricter regulations regarding environmental impact and general trends in heat pump
development. Several green and natural refrigerants have been successfully used in
high-temperature applications. The project works showed that methanol and ethanol
provided a high COP for all single-stage and two-stage cycles, as well as cascade
systems. However, no examples were found of these refrigerants being used in high-
temperature heat pumps. In the instances in literature where ethanol or methanol had
been used as refrigerants, they were usually mixed with other substances. Because this
research will be continued over the next years, it was desirable to select a refrigerant
that surely could be used in practical high-temperature applications. The focus of the
report was to show how the heat pump works in the integrated system, and not how to
optimize the refrigerant selection. Therefore, methanol and ethanol were discarded.

Water also showed great potential in the project work. However, if water were to be used
in this project, the evaporator pressure would be below 1 bar as the evaporating
temperature is usually below 40°C. This can be difficult in practical applications, and for
this reason, water is usually used in heat pumps operating in higher temperature ranges
than the heat pump in this project.

R1233zd(E), R1234ze(Z), and Ammonia are also good options. The literature review
showed that these refrigerants have shown promising results in high-temperature
applications, and they have low GWP and ODP values. Ammonia is a natural refrigerant,
while R1233zd(E) and R1234ze(Z) are synthetic refrigerants. The literature review
uncovered that even though the synthetic refrigerants are regarded as having a low
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environmental impact, there is still some uncertainty to their actual effect on the
environment. Because of this, and because they showed very similar values to Ammonia
in the simulations done in the project work, Ammonia was selected as the refrigerant in
this project. Ammonia has higher toxicity than the other refrigerants considered (see
Table 2) but has been used in commercial heat pumps for many years. As long as
necessary safety precautions are taken, the toxicity of ammonia should not be an issue.

3.2.6.4 Values and assumptions

Some assumptions were made in the development of this code. Firstly, any power
consumption other than for the operation of the compressor is neglected. Other
components such as pumps and valves need electric energy to function, but these
components have been neglected when looking at the power consumption of the heat
pump. Furthermore, it should be noted that only the energy consumed by the
compressor during operation is included in the calculations. More energy is used in the
process of starting up, shutting down, or regulating the speed of the compressor. These
factors have been neglected.

Secondly, the evaporators of all systems were assumed to be flooded evaporators, so the
vapor quality is 1 at the evaporator outlets. The vapor quality at the outlet of the
condensers was assumed to be 0. The heat exchange processes, both evaporation and
condensation, were assumed to be isobaric and isothermal. Expansion was assumed to
be isenthalpic, and expansion losses were neglected. The inlet temperatures of the water
entering the heat exchangers was assumed to be constant both for the evaporator and
the low temperature condenser.

The U-value was set to be 1400 W/m?K for the evaporator and condensers. This value
was selected based on typical U-values for the relevant types of heat exchangers
(Engineering ToolBox, 2020). The compressor sizes, areas of the condensers and
evaporator, and mass flow rate of the water through the heat exchangers were
determined by running the heat pump code for a single time step and modifying the
various components to get the desired capacity. The compressor sizes were selected
first, and the heat exchanger areas were modified until the heat capacity was satisfactory
and the temperature differences across the heat exchangers were small enough.

3.2.7 District heating

The district heating system was not modelled, instead the supply and demand
temperatures were calculated based on heat capacity and demand in any given hour. A
constant mass flow rate of 2 kg/s through the district heating system was set for every
iteration. The temperature of the supply water to the district heating system was based
on the performance of the heat pump. If the heat pump produced enough heat to cover
the demand, the supply temperature was set to equal the temperature of the water at
the outlet of the condenser. If the energy was taken from the thermal storage, the
supply temperature was set to equal 80°C.

The temperature of the water returning from the district heating system was calculated
with the following equations:

Equation 20: Temperature difference of water through the district heating system
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Equation 21: Return temperature of water from the district heating system

Treturn = supply — ATpy

ATpy is the temperature difference of the water entering and leaving the district heating
system, D is the heat demand, mpy and C, p5 are the mass flow rate and specific heat
capacity of the water through the district heating system.

3.3 Simulations process

3.3.1 Set-up of the code
A sketch of the whole system can be found in Figure 19.
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Figure 19: Sketch of the integrated energy system

Weather data from Shanghai, Lanzhou and Beijing was imported to Excel from the
program Meteonorm, and the Matlab code collected the data from Excel. The system is
simulated for every hour throughout the entire year, which leads to 8760 separate
datapoints. The combined code for the integrated energy system was placed inside a for-
loop that went through every hour throughout the year. For every hourly time step,
values describing the operation and performance of the PV panels, battery, thermal
energy storage, and heat pump were calculated.

Some of the values from the previous iteration were used as starting values for certain
parameters in the next iteration. For example, the initial guesses of condensing and
evaporating temperatures were based on the values for those temperatures in the
previous iteration. Matlab does not operate with 0 as a logic identifier, which means that
the 0 element of an array cannot be referred to. As a result, the first iteration done by
the for-loop had to be the second hour of the year. If the first iteration were for the first
hour, the code would refer to the 0% element of sever arrays when referring to values
from the previous iteration. This would lead to an error. Therefore, the code begins with
the second hour and ends with the 8760% hour. There is a total of 8759 iterations, as the
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first hour is disregarded. The code runs through all 8759 iterations before the results are
presented. The same code is used for all three locations.

Due to the varying climates in the cities simulated, it was clear that the system would
function differently in the different locations. All cities have periods throughout the year
with high outside temperatures, resulting in periods of the year with no space heating
demand. However, the hot water demand will stay relatively constant throughout the
year. Because water must be heated every day of the entire year including the summer
months, the heat pump must operate throughout the entire year. There are several
possible ways to operate the heat pump when demand varies. In the following
paragraphs, the options are discussed.

One way to solve the issue is to program the heat pump to only produce the heat that is
in demand at any time. This can be done by adjusting the speed of the compressor,
making it run on part load. The heat demand is estimated based on the outside air
temperature, and the ratio of heat demand to maximum heat capacity can be used to
adjust the mass flow rate of the refrigerant, which is decided by the compressor speed.

A problem with this is the misalignment between available power and maximum heat
demand. Because the power is only produced during the day when the sun is up, the
highest power supply is in the middle of the day. However, the highest heat demand is
when the sun is down, as temperatures tend to be lower at night than during the day.
This issue is slightly corrected using batteries that store the electrical energy, so that
power is also available at times when the PV panels produce little or no power. However,
during colder periods, when temperatures are low over several hours and even days, the
heat demand will be high over a large period of time. This may lead to power demands
exceeding the available power. However, the thermal storage can reduce this drawback,
so it remains a viable option provided the heat demand does not exceed the heat
capacity of the heat pump.

Another way to approach the problem is to focus on the thermal storage. If the goal is to
always have a full thermal storage system, it is likely that the heat demand will be met
for most time steps. However, this will lead to the heat pump turning off and on every
other hour or operating on part load. The literature review suggested that intermittent
operation with short cycles is inefficient due to the increased power consumption during
shutdown and restart. Furthermore, the power supply varies greatly with variations in
solar irradiation and battery capacity, so there is no guarantee that there will always be
enough power to keep the thermal storage at full capacity.

To prevent the heat pump from running on part load as much as possible, and at the
same time prevent it from producing heat that will not be used, a third option is
available. The heat pump can be programmed to run on full load whenever there is
enough power available if the thermal storage system has not reached full capacity. If
the demand is low, the heat pump will produce heat that goes directly to the district
heating system, but also heat that recharges the thermal storage. The heat pump will
operate with full load until the thermal storage system is full. The heat pump will then
turn off, and for the next few hours, the heat will be taken from the storage and the heat
pump will be turned off. When there is not enough heat left in the storage to cover the
demand, the heat pump is turned back on until the thermal storage is once again filled.
This way, the heat pump will run on par load as little as possible, and while it will be
turned on and off, this will only happen once every few hours.
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3.3.2 Algorithm

In this chapter, the algorithm will be briefly explained before the simulation results are
presented in chapter 4. The code starts by importing weather data from Excel and pre-
allocating variables that will be calculated in the 8759 iterations. After pre-allocating
arrays for the variables, the for-loop begins. Inside the for-loop, the combined code for
all components runs for every hourly iteration. The code can be found in 0. The same
code is used for all three cities.

Firstly, the power generated by the PV panels is calculated based on the global horizontal
radiation and the outside air temperature. Secondly, the heat demand is calculated based
on the outside air temperature. Once the demand and available power are calculated, the
heat pump loop begins. The heat pump loop is a while-loop that calculates the
temperatures in the heat exchangers through several iterations, until the old and new
values of condensing temperatures deviate with less than 0.1 K.

The temperatures of the water entering the evaporator and LT condenser are assumed to
be constant through every iteration. Initial values for the evaporation and condensation
temperatures are guessed in the first iteration, and in the following iterations the initial
evaporation and condensation temperatures are set to be the same as the evaporation
and condensation temperatures of the previous iteration.

These values are used to calculate the evaporation and condensation pressures, as well
as the state properties at all points in the process as seen in Figure 18. The isentropic
and volumetric efficiencies of the compressors are important when calculating the state
properties. These efficiencies are always dependent on the pressure ratio, but the way in
which they are calculated varies depending on the compressor. No specific compressor
was selected for this project, so equations from another project was used (Eikevik,
2019). The equations are based on a real case, and the values are therefore realistic.

Equation 22: Isentropic efficiency of the compressors

nis = —0.00000461 x []® + 0.00027131 X []°> — 0.00628605 x [T* + 0.07370258 x []3
—0.46054399 X [[? + 1.40653347 x [[ — 0.87811477

Equation 23: Volumetric efficiency of the compressors
Nwor = 0.0011 X []? — 0.0487 X [] + 0.9979

Equation 22 and Equation 23 are used to calculate the isentropic and volumetric
efficiencies of both compressors. [] is the pressure ratio, which is the ratio of the
condenser pressure to the evaporator pressure.

Once the state properties are calculated, the properties in the heat exchangers are
evaluated. The outlet temperatures of the water being heated by the condensers and
cooled by the evaporators are calculated based on the capacities of the heat exchangers
(see Equation 11 and Equation 16). The logarithmic mean temperature difference and the
outlet temperature of the water are used to calculate new values of the condensation
temperature of each condenser and the evaporation temperature of the evaporator. This
is done by slightly modifying some of the equations in chapter 2.1.6.2.

First, the LMTD of the condensers and the evaporator are calculated using Equation 12
and Equation 17. Then, the other equations for LMTD are modified so that condensing
and evaporating temperatures can be calculated. To calculate the new value for the
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condensing temperature, Equation 8, Equation 9, and Equation 10 are modified to the
following equation:

Equation 24: New value for condensing temperature

Thw,out_Thw,in
LMTD — .
Tcw,out Xe cond. Tcw,m

Thw,out_Thw,in
1—e LMTDcona.

T, =

Similarly, Equation 17, Equation 13, and Equation 14 are modified to find the new value
for evaporating temperature:

Equation 25: New value for evaporating temperature

Thw,aut_Thw,in
— LMTD
Tew,out — Thw,out X € cond.
Thw,aut_Thw,in
e LMTDcong. -1

T, =

Once the new values for the temperatures in the heat exchangers are calculated, the
initial values for the next while-loop iteration are calculated. The difference between the
initial heat exchanger temperatures and the new heat exchanger temperatures is divided
by 2 and then subtracted from the initial values. This makes up the new values for
condensation and evaporating temperatures. If the values of the new and old
evaporation or condensation temperatures deviate with more than 0.1 K, the calculations
are redone with the new values for evaporation and condensation temperatures as the
guessed values. This process is repeated until the two temperatures deviate with less
than 0.1 K. The values of the last iteration are used in the remaining calculations.

When the heat pump loop is finished, the system has realistic values for the heat pump.
The power requirement is compared to the available power from the PV panels and the
battery. If the power consumption of the heat pump is lower than the amount of
available power, it will run on the conditions found in the heat pump loop. If the PV
panels produce more power than the amount consumed by the compressor in any hourly
iteration, the remaining power is stored in the battery.

If the power consumption of the heat pump is higher than the available power, the
compressor will run on part load. The ratio of heat demand to maximum heating capacity
will be calculated, and the speed of the compressor will be reduced so that the heat
pump only produces enough heat to cover the demand. In those cases, the heat pump
operates on part load.

If the power consumption of the heat pump is still higher than the available power, the
load ratio will be further reduced. The load ratio will be reduced by 20%, and the power
consumption will once again be compared to the available power. The load ratio is
reduced by another 20% until the power consumption is low enough, or until the load
ratio is below 20%. In those cases, the heat pump will be shut off completely.

Once the correct operation of the heat pump has been calculated and the power

consumption is lower than the available power, the code will calculate how much of the
heat that will be sent to the district heating system, and how much that will be sent to
thermal energy storage. If the thermal energy storage has reached maximum capacity,
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the heat pump will be shut off and the thermal storage will provide the heat for the next
hours. The heat pump will be shut off until the thermal storage no longer has the
capacity to cover the heat demand. The heat pump will then be turned back on until the
thermal storage has once again reached maximum capacity.

If the heat pump is shut off in one iteration, the values for condensation and evaporating
temperatures will be set to equal the condensation and evaporating temperatures from
the previous iteration. This is done to ensure that the next iteration when the heat pump
is turned on will have realistic initial values for temperatures.
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4 Results

4.1 Yearly results

In this chapter, selected results from the simulations will be presented. First, results from
the whole year will be presented. However, due to the large humber of iterations (8759),
some of the results can be difficult to interpret if the entire year is studied. Therefore,
results from specific months and weeks will be presented as well. Results from winter
months, summer months, and spring/autumn months will be presented separately to
evaluate different times of year. Some of the graphs and tables presented will only
include results from one city, but in those cases the results are representative for all
three cities unless otherwise specified.

4.1.1 Temperature and radiation

Weekly average temperatures
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Figure 20: Average outside air temperatures in Shanghai, Lanzhou, and Beijing

Figure 20 shows the weekly average temperatures of Shanghai, Lanzhou, and Beijing in
2005. It is worth noting that this graph shows the weekly average, and that the hourly
temperatures can become lower and higher than displayed here. The hourly
temperatures reach lows of -4.5 °C in Shanghai, -16.7°C in Lanzhou, and -13.9°C in
Beijing.

It should further be noted that the values for temperature and solar radiation are values
for a specific year (2005). Because temperature and radiation vary from year to year, the
numbers may not be accurate for 2020 or the following years. However, yearly
temperatures follow trends and the average temperatures in each month rarely vary with

more than two degrees (Michaels et al., 1998). Therefore, the values are assumed to be
representative for the simulation at this point in the project.
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Because all cities experience winter and summer months throughout the year, their
yearly temperature and demand curves have similar shapes. This implies that the trend
of how the integrated energy system operates should be similar for all three cities.
However, Lanzhou and Beijing experience vastly lower temperatures than Shanghai
during the winter months. They also experience longer periods of colder temperatures
than Shanghai.

Of the three cities, Shanghai has the highest temperatures. The winters in Shanghai are
warm compared to the other cities, and the outside air temperature in Shanghai rarely
drops below 0°C. Shanghai has very hot summers, but because there is no cooling in the
system in this report, the days with low temperatures and a higher heat demand will be
in focus. Lanzhou has the lowest temperatures, with very cold winters and varying
temperatures during the summer. Beijing is somewhere between the two cities. Beijing
experiences very cold winters, like Lanzhou, but the summers are hot with temperatures
close to those in Shanghai.

Average hourly radiation per week
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Figure 21: Average hourly radiation per week in Shanghai, Lanzhou, and Beijing

The graph in Figure 21 shows the average hourly solar radiation every week throughout
the year in Shanghai, Lanzhou, and Beijing. The weekly averages are calculated using
data from every time step, including the hours when the sun has set and the solar
radiation is zero. As a result, the average values are much lower than the peak values
the cities see during the day. However, this is a relevant representation because the
system is simulated for every hour throughout the year. The hourly average will
therefore give a representative picture of how much power that can be available every
hourly time step.

Again, it should be noted that the values are from the year 2005 and will vary from year
to year, especially because weather and cloud coverage have such a significant effect on
the values. Consequently, the values for solar radiation vary more from day to day than
the values for outside air temperature. The variations between the years may also be
greater. Another factor that affects the level of solar radiation is local air pollution (Zhang
et al., 2020). The data was collected in 2005, and local air quality has significantly
improved in cities across China in the last fifteen years (Zheng et al., 2015). However,
this cannot be given significant meaning, especially when the variations are already so
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high, and the numbers are more affected by weather than local air pollution. It is
assumed that the values from 2005 are representative for 2020 and the following years.

The solar radiation also follows a similar curve for all three cities. It seems that Lanzhou
has the least stable values during the summer months, while Shanghai has the least
stable values during the winter months. In total, Lanzhou experiences the highest
amount of solar irradiation.

4.1.2 Heat pump performance

Heat pump capacity and heat demand in Lanzhou, year
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Figure 22: Heat produced by heat pump and heat demand in Lanzhou

Figure 22 shows the hourly heat demand as well as heat produced by the heat pump
throughout the entire year in Lhazhou. It is clear that the heat demand greatly exceeds
the heat pump capacity in certain hours. However, because of the large number of
datapoints the results are difficult to interpret. Please see chapter 4.2 for more data
about the winter months.

It is clear that the heat pump mostly operates on maximum capacity when it is not shut
off. The heat pump also operates on part load a few hours throughout the year. The
maximum capacity of the heat pump is 255.7 kW.
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Number Percetage Number of | Percentage Total
of of time operating of time amount of
operating | when heat | hours when with insufficient
hours pump was demand insufficient | heat [kWh]
heat turned on exceeds heat [%]
pump [%] supply
SH January 397 53.14 103 13.79 17 863
LZ January 424 56.76 353 47.26 82 112
BJ January 445 59.57 295 39.49 67 731
SH April 194 26.84 0 0 0
LZ April 285 39.64 9 1.25 874
BJ April 227 31.57 1 0.14 82
SH July 162 21.80 0 0 0
LZ July 162 21.80 0 0 0
BJ July 161 21.67 0 0 0
SH year 2757 31.47 283 3.23 44 795
LZ year 3569 40.75 1090 12.4 236 130
BJ) year 3351 38.26 856 9.8 187 534

Table 4: Operating hours and supply shortages for selected time periods

Table 4 is a collection of data that describes heat supply and demand for selected time
periods. January is colored blue, April is colored green, and July is colored pink to better
distinguish between the time periods. The three bottom rows show data for the whole
year.

It is interesting to note that the heat pump operates in less than half of the time steps.
This means that the heat pump is turned off for more than half of the year. This is true
for all three cities, although there is a significant difference between Shanghai and the
other two cities. Furthermore, there are many time steps when the heat supply is not
high enough to cover the heat demand. The heat supply includes the supply from both
the heat pump and the thermal energy storage. The demand exceeds the supply in close
to half of the hourly time steps in Lanzhou in January. The number is much lower for
Shanghai, where the temperatures are higher in January. The yearly values are much
lower than the values for the winter, but the total difference between supply and demand
in Lanzhou is 236 130 kWh for the whole year. This is quite a high number.
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Total heat pump capacity per week
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Figure 23: Total heat produced by the heat pump every week in Shanghai, Lanzhou, and
Beijing
Figure 23 shows the total heat produced by the heat pump every week. The trends are
similar for all three cities, and as expected they are higher in the winter months than the
summer months. Whereas the systems produce similar amounts of heat for Beijing and
Lanzhou, the values are much lower for Shanghai during the winter weeks. The values
for the summer are similar for all three cities.

Hourly average demand and available heat per week
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Figure 24: Hourly demand and available heat from heat pump and TES in Shanghai,
Lanzhou, and Beijing

The graph in Figure 24 shows the average hourly demand and the average amount of
heat available from the heat pump and the thermal storage system combined for every
week of the year. It is clear that the heat pump and thermal storage system cover the
demand most weeks, however in January and December the demand sometimes exceeds
the available heat. As expected, due to temperature variations between the three cities,
the heat demand is higher in Beijing and Lanzhou than in Shanghai. It is also interesting
to compare the demand curves with the graph showing heat capacity. The heat produced
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by the heat pump normally increases when the demand increases, as expected.
However, the curves differ slightly, especially in the very beginning of the year. This is
likely due to a lack of sufficient power, which means that the heat pump cannot operate

despite high demand.
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Figure 25: Average COP per week in Shanghai, Lanzhou, and Beijing

Figure 25 shows the average COP per week. The COP is zero when the heat pump is

turned off, but to better be able to interpret the data, the COP is set to be equal to the
heat pump COP at full load when the heat pump is turned off. The COP is higher during
the winter months than in the summer months. However, the average values vary with

less than 0.2%.

Total COP, Shanghai

Figure 26: Hourly COP in Shanghai

Figure 26, on the other hand, shows that the hourly COP values vary greatly, and values
get as high as 6.68. This only happens in a few time steps, but the results will be further
evaluated in the discussion.

The COP is a good measure of the energy efficiency of the heat pump. However, it does
not describe the efficiency of the system. The total heating efficiency of the integrated
energy system can be found by looking at the relation between the heat delivered to the
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district heating system and the power used to produce the heat. In Table 5, the COP and
system efficiency are listed together with the total heat production, the total amount of
heat delivered to the district heating system, and the total annual power consumption of
the compressor.

Total Total annual Total annual Annual Annual
annual heat compressor heat COP for system
production power supplied to the heat heat
by heat consumption the residents pump efficiency
pump [kWh] [kWh]
[kWh]
Shanghai 689 004 192 756 651 021 3.574 3.377
Lanzhou 889 629 248 727 863 523 3.577 3.472
Beijing 840 756 235 513 809 871 3.570 3.439

Table 5: Annual values for COP and system efficiency

The values for heat delivered to the residents are lower than the value of heat produced.
This is because of losses in the thermal energy storage system. The system efficiency is
lower than the heating COP of the heat pump in all three cities.

In the following chapters, more detailed results of shorter periods of time will be
presented. Results for specific months, weeks, and days will be presented to better
understand how the heat pump works under different conditions. The results will be
divided into three categories: Winter, summer, and spring/autumn. Representative data
from each time of year will be selected and presented for each city.

4.2 Winter

Data for January will be presented in this chapter, as January is representative for the
winter months January, February, and December. February and December show similar
results for January for all three cities.

4.2.1 Heat supply and demand

Shanghai, January
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Figure 27: Heat production, thermal energy storage, and heat demand for every hour in
January
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Figure 27 shows the demand, heat production, and thermal energy storage capacity for
every hour in January. The demand stays below the maximum capacity of 255.7 kW for
every hourly iteration. The thermal storage capacity reaches the limit of 1000 kWh
several times, followed by a shut-down of the heat pump and a heat pump capacity of 0
for the next hours. However, the limit of the thermal storage capacity is not always
reached before the heat pump shuts down.

Lanzhou, January
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Figure 28: Heat production, thermal energy storage, and heat demand for every hour in
January

Figure 28 shows the demand, heat production, and available heat in Lanzhou in January.
There is a clear difference in available heat between Shanghai and Lanzhou. Out of 29
recharging cycles, maximum storage capacity is only reached 8 times. The heat demand
is quite high throughout the month and reaches values of close to 400 kW certain hours.
The thermal storage capacity is very low in the middle weeks of January, and in the same
period the demand often exceeds the maximum capacity of the heat pump.

Beijing, January
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January
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Figure 29 shows the same as the two pervious figures, but with results from Beijing. The
results are quite similar, although Beijing experiences a surge in heat supply earlier in
the month than Lanzhou. At the end of the month, the results are closer to the results
from Shanghai. Because the graphs are so similar, the weekly results will only be
presented from one city. If comparisons are to be made, the results from Shanghai and
Lanzhou will be compared without the results from Beijing. This is because Beijing has
similar results to the other two cities, so including the results would not provide much
added value. The results from Beijing can be found in 104Appendix B:.

Shanghai, January
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Figure 31: Available heat and heat demand in Lanzhou in January

Figure 30 and Figure 31 show demand and available heat for January in Shanghai and
Lanzhou. The heat available in a certain hour is the combined value of the thermal
storage capacity and the heat produced by the heat pump in that specific time step. In
Shanghai, the demand is normally lower than the available heat, but there are a few
exceptions where the demand exceeds the available heat. In Lanzhou on the other hand,
demand often exceeds supply. In fact, Table 4 shows that demand exceeds supply as

much as 47.26% of the hours during January in Lanzhou, while it only happens 13.79%
of the time in Shanghai.
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Figure 32: Difference between heat demand and heat supply in time steps when not
enough heat is available to meet demand. Lanzhou, January

The graph in Figure 32 displays the demand and available heat (TES + Qc) in Lanzhou in
January. The demand exceeds the available heat 353 times throughout the month, and in
certain periods over more than 24 hours. The longest period where the available heat does
not meet the demand is a period of 40 hours, between time step 431 and time step 471.
Another thing to note is that the difference between supply and demand is usually quite
high, sometimes above 350 kWh. In total, 82 112 kWh of demand are not covered in
Lanzhou in January. See Table 4 for more data on this for all three cities.

4.2.2 Available power

Shanghai, january
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Figure 33: Power production and consumption in Shanghai in January
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Shanghai, January
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Figure 34: Available power and power consumption by the compressor in Shanghai in
January

Figure 33 and Figure 34 show the power produced by the PV panels, stored by the
batteries, and consumed by the compressor every hour in January. The power production
varies greatly and is noticeably equal to zero for approximately half the day because no
power is produced when the sun is down. Furthermore, the amount of power produced
varies throughout the month due to varying weather conditions. It is clear that power
consumption is never larger than the amount of available power, which suggests that the
heat pump shuts off when not enough power is available. This is expected.

Another thing to note is that the battery capacity reaches the maximum capacity of 500
kWh several times throughout the month. This is true for all three cities. When the
battery capacity is reached, there is no more storage room if more power is produced
and not used.

Lanzhou, January
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Figure 35: Power consumption and availability in Lanzhou in January. The y axis is cut
off at 150 kW to better see the values for the power consumption
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Figure 35 displays the same as Figure 33, but for Lanzhou instead of Shanghai. The y
axis of the graph is cut off at 150 kW so that the values for power consumption are
easier to see. Again, it seems that the values for power consumption never exceed the
values for available power, which indicates that the heat pump likely turns off when not
enough power is available.

22.-27. January, Lanzhou
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Figure 36: Heat production and demand for five days in January
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Figure 37: Power production and consumption for five days in January

Figure 36 shows the values for heat demand, heat production and heat storage, and
Figure 37 shows the values for power demand, power production and power storage for
five days in Lanzhou in the end of January. These days were selected because they
include iterations where the heat pump operates on part load. In time steps 525, 540,
551, 584, 599, 612, 615, and 616, the heat capacity of the heat pump is lower than the
maximum capacity. The degree to which the system runs on part load varies in the
different time steps.

It is interesting to compare the instances with part load operation to the available power.
In time step 540, for example, the available power drops below the value needed for
maximum capacity, but because more power is produced by the PV panels in time step
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541, the heat pump can run on full capacity again rather than shutting off. Consequently,
the heat supply is once again high enough to cover the demand in time step 541.

4.2.3 Thermal energy storage

Lanzhou, January
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Figure 38: Thermal energy storage in Lanzhou in January

Figure 38 displays the heat production, the input to and output from the thermal energy
storage, the heat demand, and the thermal energy storage capacity for January. The
thermal energy storage output and input coincide very well with the heat production. This
is because heat is added to the thermal storage when excess heat is produced and taken
from the storage when the heat pump is turned off or not producing enough heat.
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Figure 39: Thermal energy storage in Shanghai between 12.01 and 18.01

Figure 38 shows the same, but for the week between January 12 and January 18 in
Shanghai. This image gives a more detailed view of how the thermal storage system
behaves. In the beginning of the week, there is sufficient heat to cover the demand. The
demand is constantly below the maximum value of the heat pump capacity, and the
values for thermal storage input are above 0. When the heat pump is turned off, the
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values for heat input to the thermal storage is 0, and the values of heat output are above
0. The values for thermal storage output are slightly higher than the demand. This is to
account for the losses during heat transfer that occur because of the 90% efficiency.

4.2.4 Temperatures

Shanghai, January
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Figure 40: Temperatures in condensers

Figure 40 shows various temperatures in the heat pump throughout January. The red line
is the condensation temperature in the high temperature condenser, and the blue line is
the condensation temperature in the low temperature condenser. The yellow and grey
lines show the temperature of the water heated by the condensers. The grey line shows
the water temperature at the outlet of the low temperature condenser and the inlet of
the high temperature condenser, while the yellow line shows the temperature at the
outlet of the high temperature condenser.
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Shanghai, 12.-18. January
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Figure 41: Temperatures in condenser between 12.01 and 18.01

Figure 41 shows the same temperatures, but over the course of the week between
January 12 and January 18. This is to better see how the temperatures vary between the
time steps. The light blue vertical lines represent the times when the heat pump switches
between part load operation and full load operation. When the light blue line is at 330,
the heat pump operates on full load. When the line is at 380, it operates on part load.
When the heat pump is turned off, the temperatures are set to be the same as in the
previous iteration. Therefore, this graph does not illustrate when the heat pump is
switched off or on.

The thin blue line was added to illustrate the effect part load operation has on the
temperatures in the heat exchangers. The results show that the temperatures are not
always the same when the heat pump operates in part load, but that they are always
lower than the temperatures when the heat pump functions on full load. The thin blue
line does not illustrate the part load ratio, only whether the heat pump operates on part
load or not.

The temperature graphs for Lanzhou and Beijing in January are not included because
they are very similar to the temperature graph for Shanghai. The difference is that the
temperature decreases more often in Beijing and Lanzhou than in Shanghai. However,
the percentage of part load operation is higher in Lanzhou and Beijing, and that might be
a cause. This is further discussed in chapter 5.
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Shanghai, January
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Figure 42: Condenser temperature and return temperature from district heating in
Shanghai, January

Figure 42 shows the same as Figure 40, but with the return temperature of the DH water
included. The return temperature varies throughout January, with a low of 294 K and a
high of 351 K. The return temperature was supposed to equal the water temperature at
the LT condenser inlet, however due to the large variations in return temperature this did
not work in this code. Instead, the inlet temperature of the water going into the LT
condenser was set to 333.15 K (60°C) at all times. In the beginning of the month, the
return temperature is slightly above or slightly below this value most times, however the
variations are quite large. The variations in return temperature increase even more
toward the end of the month.

There is a clear correlation between the dips in condenser temperatures and the dips in
return temperature, which is as expected because the temperature of the water at the
outlet of the HT condenser is the same as the temperature of the water supplied to the
district heating system. It is logical that the return temperatures are lower when the
supply temperatures are lower. However, the return temperature varies much more than
the condenser temperatures. This might be caused by variations in demand.
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Shanghai, January
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Figure 43: Heat demand and return temperature in Shanghai, January

Figure 43 shows the return temperature in K and the heat demand in kWh for every hour
in January. Even though it is difficult to see the details, there is a clear correlation
between the two. The return water temperatures are lower when the heat demand is
higher, and higher than the heat demand is lower.

Shanghai, 12.-18. January
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Figure 44: Heat demand and return temperature between January 12 and January 18 in
Shanghai, January

This correlation can also be seen in Figure 44, which is more detailed because it shows a
shorter time span. The decrease in return water temperature is not completely
proportional to the increase in demand, probably due to the variations in condensation
temperatures. There is however a clear correlation.
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4.2.5 COP

Shanghai, January
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Figure 45: COP for the HT cycle, the LT cycle, and COP for the whole system in Shanghai
in January
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Figure 46: COP for the HT cycle, the LT cycle, and the whole system, as well as indicators
of part load operation.

These figures show how the COP varies in January and in the week of 12.-18. January.
The total COP normally lies slightly above 3.5, but it sometimes jumps to around 4. In
one instance, it jumps to close to 7. Again, the thin yellow line shows when the heat
pump operates on part load, and again there seems to be a correlation. The graphs for
COP in Lanzhou and Beijing are very similar to those for Shanghai, but with more jumps
than Shanghai. It is worth noting that the number of times the heat pump operates on
part load is higher in Lanzhou and Beijing.
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Hour 5 378 50 360 7 26

Demand 228.35 252.95 207.85 264.23 229.38 17.04
Total heat pump capacity 255.70 218.30 188.44 133.42 67.32 61.01
Load ratio 1.00 0.85 0.74 0.52 0.26 0.24

Total power consumption 72.16 54.76 42.84 25.28 10.46 9.31
by the compressors

Available power 276.82 57.18 52.65 39.68 17.04 15.67
LT condenser temperature 353.35 350.28 347.86 343.43 338.24 337.75
HT condenser temperature 369.17 364.01 359.82 352.11 342.80 341.90

Outlet temperature of 365.38 360.71 356.97 350.05 341.70 340.90
water heated by the

condensers

CcCoP 3.54 3.99 4.40 5.28 6.44 6.55

Table 6: Selected values for various load ratios in Lanzhou in January

Table 6 shows the condenser temperatures, COP, heat pump capacity, power
consumption by the compressor, available power, and heat demand for six time steps
with different load ratios in Lanzhou in January. The time steps were selected to display a
variety of load ratio and the corresponding temperatures and COP. It is clear that the
condenser temperatures decrease and that the COP increases with decreasing load

ratios.

4.3 Summer
4.3.1 Heat and power
The results for the summer months are almost identical between the three cities, so the

results for one city can be used to interpret the operation in the other two cities as well.
July is representative for the summer months in all three cities.

Shanghai, July
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Figure 47: Heat production, storage, and demand in Shanghai in July

The graph in Figure 47: Heat production, storage, and demand in Shanghai in July shows
heat demand and available produces and stored heat in Shanghai in July. The
temperatures in July are consistently above 15 degrees in Shanghai, so heat demand is
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at a stable 50 kW for every hour. There is always sufficient heat available to cover
demand. The heat pump functions as expected and works on full capacity until the
thermal storage tank is filled up before it shuts off until the thermal storage is no longer
sufficient to cover the heat demand.

Shanghai, July 18 and 19
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Figure 48: Heat production, storage, and demand in Shanghai on 18.07 and 19.07

Figure 48 shows the system for 48 hours. It is clear that the heat pump is turned on for
five hours at a time, and then turned off for 18 hours. The demand is stable during the
summer months, so this trend is seen for a long time period.

Lanzhou, July
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Figure 49: Heat demand an available heat in Lanzhou in July

Figure 49 shows the available heat and the demand in Lanzhou in July. The graph shows
that the demand is higher than 50 kW during certain hours. However, this does not seem
to affect the heat pump operation notably.
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Lanzhou, July
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Figure 50: Available power and compressor power consumption in Lanzhou in July

Figure 50 shows the power production during the summer, as well as the power available
at all times. Dure to high amounts of solar irradiation during the summer, there is always
sufficient power for the heat pump to work at full capacity. No part load is necessary
during these times. This is the case for all three cities.

4.3.2 Temperatures
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Figure 51: Condenser temperatures in July

The graph in Figure 51 shows the temperatures in Beijing, but it is also representative for
Shanghai and Lanzhou in the same period. There are some small variations in the
temperatures, but the variations are very small and the temperatures remain relatively
constant. As mentioned in chapter 4.3.1, there are no power shortages in any of the
cities in July. As a result, the heat pump does not operate on part load in this period.
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4.3.3 COP

COP, Beijing in July
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Figure 52: COP for Beijing in July

Like the temperatures, the COP stays rather constant with minor variations that do not
have a real significance. They are possibly related to the restarting of the heat pump, but
the variations are so small that it does not have the same effect as the variations in COP
that was found during the winter months.

4.4 Spring and autumn

In the following pages, some results from April will be presented. The month of April is
representative for both spring and autumn, and shows similar results to the months
March, October, and November. Only a few results from Beijing will be presented
because the results are similar to the results already presented from summer and winter.
Results from Beijing will be presented in this chapter, and the results from Shanghai and
Lanzhou can be found in Appendix B:.

Beijing, April
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Figure 53: Available heat and demand in Beijing in April
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Beijing, April
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Figure 54: Hourly available power and power consumption by the compressor in Beijing

Figure 53 and Figure 54 show the available heat and demand, and the available power

in April

and demand in Beijing in April. The available power never reaches zero, and only in very

few instances does it drop below the power consumption of the compressor when the

heat pump runs on full capacity. The heat demand fluctuates and is somewhere between
summer and winter demand. The amount of available power is much steadier than during

the winter months, but the values vary more than they do during the summer.
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Figure 55: Condensation temperatures in Beijing in April

Figure 55 shows the condensation temperatures and the temperatures of the water being
heated by the condensers in April. The results are very similar to those seen for summer

and winter, but again, the values are somewhere between the two other seasons. It is

clear that the temperatures fluctuate, but not as often as in January. This indicates that
the heat pump operates much less on part load in April than in January.
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Beijing, April
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Figure 56: COP for Beijing in April

Figure 56 shows a similar trend as Figure 55. Again, the COP varies at some time
instances, but not as often as it does in January.
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5 Discussion

5.1 Heat pump performance

Despite differences in heat pump performance between Shanghai, Lanzhou, and Beijing
due to variations in temperature and solar irradiation, the trends in heat pump
performance were similar for all three cities throughout the year. Consequently, there will
not be a separate discussion for each city, but rather a discussion where results from all
locations are evaluated at the same time.

5.1.1 Operational mode

The heat pump is programmed to operate on full load until the thermal energy storage
reaches full capacity, and then shut off until the thermal storage can no longer cover the
heat demand. The results show that the heat pump operates on full capacity in most time
steps, however sometimes it operates on part load. When comparing the heat pump
capacity and available power for the time steps when the heat pump operates on part
load, it is clear that this only happens when there is not sufficient power to for the
compressor to run on full load. In those situations, the heat pump is programmed to
reduce the capacity until there is sufficient power. The results are therefore in line with
what was expected based on the code.

The trends for when the heat pump has sufficient power to operate on full load are
similar for all three cities. During the summer, there is little or no part load operation,
likely due to high amounts of solar radiation and therefore sufficient power production,
and due to lower heat demand in the summer months. In the warm months, the heat
pump operates in stable intervals, and the operational patterns are equal for all three
cities in the month of July. Lanzhou experienced a few hours of lower temperatures than
15°C in July, but this only happened for a few hours during nighttime, and the
temperatures never dropped below 13°C. Therefore, the impact on the heat pump
operation was minimal, and the only effect was that the thermal storage filled up slightly
slower when the temperature dropped. The temperature drops had no real impact on the
operation of the heat pump.

In the winter months, on the other hand, the operation was more unstable. There was
less available power for the compressor and a higher and less stable heat demand, which
in turn led to less stable operation. The trend for January was that the intervals when the
heat pump is turned on were longer than the intervals when the heat pump is turned off.
The most common pattern was that the heat pump was turned on for 15 hours, and then
turned off for 10 hours. However, sometimes the heat pump was only turned off four as
little as four hours, which indicates that when the heat pump was turned off for a longer
period it might be due to a lack of available power.

In Lanzhou, the heat pump was turned on 56.7% of the time in January. In Beijing it was
59.6% of the time, and in Shanghai it was turned on 53% of the time. Beijing and
Lanzhou experienced longer periods of insufficient heat supply because the heat pump
was turned off due to a lack of power more often than in Shanghai. Therefore, the
percentage of times when the heat pump was turned on would have been higher if
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enough power had always been available. Table 4 shows that Beijing and Lanzhou
experienced a much larger heat shortage in January than Shanghai did.

This implies that either the heat pump or the thermal storage should have a larger
capacity than they do in this simulation, especially in Beijing and Lanzhou. The total
difference between demand and supply in January was 17 863 kWh in Shanghai, 82 112
kWh in Lanzhou, and 67 731 kWh in Beijing. It is likely that these numbers would be
lower if the maximum limit for the thermal storage capacity was higher, as the thermal
storage would be able to fill up more when there was available power. However, there
are several instances when the demand exceeds the available heat for longer periods of
time. The longest period is 40 hours. Even if the maximum thermal storage capacity
were more than 1000 kW, it is likely that it would discharge completely in that period.

Therefore, a safer way to secure demand would be to install a larger heat pump with a
higher capacity. This would of course require more power, so more PV panels would need
to be installed, or the heat pump would need to be connected to an alternative power
source. However, if an alternative power source were available, it is possible that the
existing heat pump could supply sufficient heat.

The total heat demand in Lanzhou in January was 188 222 kWh. The total amount of
heat produced by the heat pump was 105 630 kWh. If the heat pump had been at full
capacity for every time step in the duration of January, it would have produced 190 497
kWh. This is slightly more than the total demand, and in theory it is enough to cover the
heat demand in January. However, this assumes a steady heat demand or a higher
maximum thermal storage capacity. If the heat demand had been right below 250 kW
every hour, the heat pump would always be able to send the heat directly to the district
heating system and cover heat demand. But since the heat demand varies and
sometimes approaches 400 kW in Beijing and Lanzhou, it is necessary that the thermal
storage unit supplies the heat pump in the hours with the highest demand. To ensure
that this can happen, the thermal storage system must have a high enough capacity to
save all the excess heat for the heat pump. Furthermore, the efficiency of the thermal
energy storage limits the amount of heat that is actually available. The thermal energy
storage system operates with a 90% efficiency during charging and discharging, so 10%
of the heat is lost in the process. In reality, there are additional heat losses through the
walls of the thermal storage system, although those losses have been neglected in this
simulation. This means that even if the heat pump operated on full capacity with no
breaks every hour throughout January, and even if the thermal storage system had an
unlimited capacity, the heat pump in this system would likely not be able to supply the
residents in Lanzhou with enough heat to cover their heat demand in January.

Beijing has a slightly lower total heat demand, and it might have been possible to cover
this heat demand if an alternative power source was connected to the system, and if the
thermal storage capacity was higher. The heat shortage in Shanghai in January was

64 249 kWh lower than in Lanzhou, and the heat demand never exceeds 255 kW in any
hourly time step. Consequently, the heat pump would be able to cover the total heat
demand if an alternative power source were connected so that the heat pump could
always operate on full capacity.

If the thermal storage capacity is not increased, a larger heat pump would need to be
installed to cover the heat demand in January. As mentioned, this would require more
power supply, either for more PV panels or an alternative power source. The problem is
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that a larger heat pump leads to increased costs related to materials, installation,
maintenance, operation, and more. A larger heat pump would also take up more space.

When discussing the option of installing a larger heat pump, the operating time of the
existing heat pump throughout the year should be evaluated. One reason to change
other parts of the system, such as the area of the PV modules or the capacity of the
battery or thermal storage, before changing the heat pump, is the total operating hours
of the heat pump throughout the year. Table 4 illustrates that on a yearly basis, the heat
pump was turned on less than half the time for all three cities. In the summer months, it
ran just over 21% of the hourly iterations. If the size of the heat pump increased, this
number would be even larger because it would take less time to recharge the thermal
storage system during warmer months. This would lead to increased costs related to
operation.

Instead, the PV area and battery storage capacity could be enhanced so that more
electricity would be available. This would allow for the heat pump to operate for longer
during the winter months without installing a large heat pump that barely operates
during the summer. The excess electricity could be used to power electrical appliances or
sent out to the local power grid to avoid waste.

However, it is clear that the current heat pump does not meet the heat demand in
Lanzhou in January, and that it would not meet the demand even with a stable electricity
supply and a larger thermal storage capacity due to losses in the TES system. Therefore,
to meet the demand in Lanzhou in January, a larger heat pump or an auxiliary heating
system must be installed.

If electricity demand had been factored into the code, the operational mode would likely
have been different. Less power would have been available in the times when electricity
consumption by the residents was high, so the heat pump would likely operate more
during the times when electricity consumption was low. Typical peak hours for electricity
consumption are mornings and evenings, so the heat pump would probably operate more
during the day and during the night.

5.1.2 Temperatures

5.1.2.1 Temperatures in the condensers

The condensation temperatures vary greatly throughout the year. However, the
variations in temperature coincide with the load ratio of the heat pump. When the heat
pump works on full load, the heat exchanger temperatures remain relatively constant.
While they may vary slightly, they normally stabilize around 353.35 K, or 80.20°C in the
low-temperature condenser, and 369.17 K or 96.02°C in the high-temperature
condenser. This leads to an outgoing water temperature of 350.97 K (77.82°C) from the
low-temperature condenser and 365.38 K (92.23°C) from the high-temperature
condenser. These temperatures are consistent for all three cities.

However, in the beginning and end of the year, the temperatures drop quite frequently.
As previously mentioned, there appears to be a correlation between the temperature
drops and the load ratio of the heat pump. This is also consistent with research in the
literature review. The graph in Figure 41 shows that the load ratio decreases every time
the temperatures drop. It can therefore be concluded that the temperatures are reduced
when the heat pump works on part load. Table 6 shows that temperatures are higher
when the load ratio is higher, and that they are lower with increasingly low load ratio.
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5.1.2.2 Outgoing water temperatures

The outgoing water temperature from the high-temperature condenser normally stays
above 353.15 K (80°C), even when the heat pump operates on part load. This is
important, because the outgoing water temperature to the district heating system is
designed to be 80°C. The system will therefore be less efficient and able to transfer less
heat to the district heating system if the outgoing water temperature is below 80°C. In
the system sketch, the outgoing temperature from the heat pump was set to be >2100°C.
The heat pump in this system does not quite reach this temperature, and this should be
improved in a later stage of the project. However, the outgoing water temperature is
much higher than 80°C and is assumed to be high enough for the thermal storage tank.

A problem occurs when the outgoing water temperature is lower than 80°C, which
happens in certain time steps. This happens 431 times (4.9%) in Shanghai, 505 times
(5.76%) in Lanzhou, and 308 times (3.51%). It happens in less than 5% of the cases,
however this should be avoided to ensure the district heating system receives enough
heat. To avoid this, the heat pump system must be modified so that the condensation
temperature of the high-temperature condenser is higher. Because the water
temperatures are directly related to the load ratio, this problem can also be avoided by
limiting the load ratio. It seems that the outgoing water temperature drops below 80°C
when the load ratio is below 70%. If the heat pump is programmed to shut off when the
load ratio drops below 70% rather than going on part load, this problem could be avoided
and the outgoing water temperatures would be above 80°C at all times.

Another option is to connect a heating coil to the system, after the water has passed
through both condensers. In this case, there could be a temperature sensor after the
high-temperature condenser, and if the temperature is lower than a specified value, for
example 80°C, the heating coil could be turned on. However, this heating coil would
require a power source, preferably electricity. The problem is that the heating coil would
only be necessary when the heat pump operates on part load, and the heat pump only
operates on part load when there is not enough power for the heat pump to operate on
full load. This means that there probably would not be enough power to heat the heating
coil when it was needed. Another drawback is that the heating coil would have a COP
below 1 if all losses are accounted for, and the heating coil would therefore reduce the
efficiency of the system as a whole.

5.1.2.3 Evaporator temperatures and heat source temperatures

The temperatures in the evaporator also vary with the load ratio of the heat pump. The
evaporator temperature normally stabilizes around 31.7°C when the heat pump runs on
full load, and the outgoing water temperature is 28.5°C. However, during part load
operation the evaporator temperature increases. This does not have a large effect on the
heating capacity of the heat pump, and will not be thoroughly investigated in this report.

However, it is worth mentioning that the outgoing water from the evaporator is supposed
to be used for cooling of the PVT system. This has not been investigated in this report,
but it should be noted that lower evaporation temperatures will lead to more cooling and
therefore higher efficiencies for the PVT system. This will allow the PV panels to produce
more power due to an increased efficiency, which will lead to more available power for
the compressor and the rest of the integrated energy system.

Because the water used in the evaporator is supposed to be used for cooling in the PVT
system, the inlet temperature of the water going into the evaporator should depend on
the temperature in the PVT system. This has not been accounted for in this simulation,
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instead the inlet temperature of the water to the evaporator is 40°C for every hourly
iteration. This is due to a lack of knowledge about how much the PVT system realistically
could heat the water. This should be changed in a later stage of this project to get a
more realistic simulation.

If the inlet temperature of the water to the evaporator had been dependent on the
heating from the PVT system instead of being a constant value, the heat pump operation
should have been programmed differently. In that case, the heat pump would have a
higher COP during the day due to higher heat source temperatures, so the heat pump
should operate more during the day than during the night to minimize the power
consumption. This would have to be balanced with other factors such as the amount of
available power.

5.1.2.4 Return water from DH and inlet temperature of water to the condensers
The inlet temperature of the water to the condenser has also been given a constant value
of 60°C for every iteration. This is not accurate, and in reality, the temperature should be
equal to the temperature of the water returning from the district heating system. Figure
43 and Figure 44 show the return temperatures in Shanghai in February. There is a clear
correlation with both condenser temperature and heat demand. The condenser
temperature affects how much the water is heated by the condensers, and therefore it
affects the supply temperature of the water going to the district heating system. Because
the demand is not affected by the supply temperature, there might be a high heat
demand even if the supply temperature is low. As a result, the temperature of the return
water will be lower when the temperature of the supply water is low.

Another correlation was found between the return water temperature and the heat
demand. Even in periods when the supply water temperature was constant, the return
water temperature could vary due to varying demand. The heat transferred to the district
heating system, and therefore the temperature difference between the inlet and outlet, is
dependent on the heat demand (see Equation 20). If the demand is high, a large amount
of heat will need to be transferred to the district heating system, which will result in a
larger temperature difference. This will result in a lower return temperature. The opposite
is true in instances with a low heat demand.

This results in a large range of return temperatures. While it can reach values of 355 K
when the demand is low, the return temperature can be as low as 293 K when the
demand is high. The temperature can get even lower in Beijing and Lanzhou, where heat
demand is higher. These values are not always realistic. This is because the water is
being used to supply heat to the district heating system. In order to supply heat, there
must be a certain temperature difference between the cold and hot sides. With a
counterflow heat exchanger, the outlet temperature of the cold side can be warmer than
the outlet temperature of the hot side, but there is a limit to how low the temperatures
can get. The inlet temperature of the water on the hot side cannot be lower than the inlet
temperature of the water on the cold side, so there exists a lower limit. This limit is not
set, because of limited knowledge about the district heating system. The temperatures in
the system are unknown, and as a result more detailed calculations about temperatures
in the district heating system cannot be performed.

Because of the large variation in return temperatures, the system could not be simulated
if the inlet temperature of the water going to the LT condenser was equal to the return
temperature. This is because the return temperature became too low. Because of this, a
constant value of 60°C was set as the inlet temperature to the LT condenser. This is

71



equal to 333 K, and the results show that the return temperature often is around this
value. If the actual return temperatures were to be used, they would have to become
more realistic. This could have been done by making the district heating system slightly
more complex, for example by adjusting the mass flow rate instead of having a constant
mass flow rate throughout the entire year. By increasing or decreasing the mass flow
rate, the heat transfer to the district heating system could be adapted to the
temperatures at any moment, so that the temperature difference between the supply
water and return water would be smaller. It would then be possible to use the more
realistic return temperatures as input temperatures to the LT condenser.

The same is true for the mass flow rate of the water used to cool the PVT system and
provide the evaporator with heat. If the mass flow rate is regulated throughout the year,
the temperatures can be more easily controlled. Regulation of mass flow rate is possible
if accumulation tanks are installed.

5.1.3 COP and efficiency

5.1.3.1 COP and part load operation

While the COP values are relatively stable during the summer months, they vary more at
the beginning and end of the year. The COP stabilizes at 3.544 during the summer in all
three cities but can reach values close to 7 in the colder months. In the beginning of the
year, the COP varies the least in Shanghai and most in Beijing, and the average COP
increases at a later stage in Shanghai than in Lanzhou and Beijing. The trends are clear
in Figure 25, where the weekly average COP values are displayed. While the weekly
averages are clearly higher in the summer months, the highest average value is 3.678,
which is only 0.134 less than the lowest average value. This suggests that the high COP
surges only happen in a few time steps every week.

The graph in Figure 46 shows the COP for the low temperature cycle, the high
temperature cycle, and the total COP for one week in January. The load ratio of the heat
pump is also indicated in this graph, and there is a clear correlation between the load
ratio and the change in total COP. When the load ratio is lower than one, that is when the
heat pump operates on part load, the COPs for both the low temperature and the high
temperature cycles increase. As a result, the total COP increases as well.

The literature review showed various relations between COP and part load
operation/startup and shutoff. In certain studies, the COP increased during part load
operation, and certain studies saw a decrease. Intermittent operation seemed to have a
high efficiency, but often with increased power consumption during shutdown and
startup.

In this simulation, the increase in COP that is observed when the heat pump runs on part
load may be explained by the variations in temperature. As explained in the previous
chapter, the temperature in the condensers decrease and the temperature in the
evaporator increases when the heat pump runs on part load. This was also seen in some
cases in the literature review. As a result, the pressure ratios in the compressors
decrease, which leads to higher efficiencies in the compressors. The compressor work
necessary to bring the refrigerant to the condensing temperatures decreases, which will
increase the COP. The heat capacity decreases as well, but it appears that the
compressor work decreases more, leading to a higher overall COP.
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5.1.3.2 Increasing the COP

The COP is never below 3.54, thus it satisfies the requirement of a COP higher than 3.5.
The COP of this system is much higher than the COP of a single-stage system, which
stabilized at 2.43 when the heat pump ran at full load. This illustrates how various
system configurations can significantly increase the COP of a system, as described in
chapter 2.3. The literature review showed that increasing the nhumber of compressors to
compress the working fluid in several stages rather than just once was one of the most
effective ways to increase system efficiency. The results of the simulation confirm that
using two compressors was much more efficient than using one. It is likely that the
system COP would be further increased if more stages were added, up to a certain point.
It would also have been interesting to see the effect on the system if the two
compressors were in connected in series rather than in parallel. It would likely still have
increased from the single-stage system, but in that case the two condensers would have
had to function in a different way and the heat transfer process would have been
different.

The two condensers in this system allowed for the hot water to be heated in two stages.
First, it was heated from 60°C to around 77°C, and then from 77°C to around 92°C. This
is leads to a more efficient heat transfer in the condensers, because the difference
between the condensing temperature and inlet water temperature is lower for both
condensers than it would have been if only one condenser were to heat the water more
than 30°C.

It is clear that the low-temperature cycle has a much higher COP than the high-
temperature cycle. The COP of the high-temperature cycle stabilizes at 2.87, whereas the
COP of the low-temperature cycle stabilizes at 4.38. The total COP if the system would
likely increase if the ratio of refrigerant going through the low-temperature compressor
to refrigerant going through the high-temperature compressor was optimized. In the
current simulation, the same amount of refrigerant goes through both compressors. If
more refrigerant went through the LT compressor without compromising the capacity of
the heat pump, the COP could likely be further increased. This was not done in this
report because the focus was to find the trends in how the heat pump operates with the
system as a whole rather than optimizing specific details of the heat pump. However, it
should be done at a later stage of the project.

Numerous things can be done to further increase the system COP. Firstly, the ratio of
refrigerant that flows through the LT compressor to the refrigerant that flows through the
HT compressor could be optimized, as mentioned above. Secondly, the heat pump
configurations could be changed. Based on the results from the literature review and the
project work, it is likely that the COP would be further increased if a third compressor,
and perhaps a third condenser, were installed. Other configurations such as an ejector
could also increase the COP. Optimizing and varying the mass flow rates of the
refrigerant as well as the water going through the heat exchangers can also increase the
COP according to the literature review. This would require the additions of various
sensors and regulating valves, as well as accumulation tanks

5.1.3.3 Limitations related to the COP calculations

As mentioned above, the inlet temperatures of the water going to the evaporator and the
LT condenser was set to a constant value instead of the actual return temperature
values. Using the actual values instead of the same values in every iteration would likely
have a very large effect on the COP. The COP would decrease when the inlet temperature
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of the water going to the condenser was low and increase when the inlet temperature
increased. This is because a lower temperature lift is necessary with a higher heat source
temperature. There would likely be a larger variation in COP throughout the day, as the
heat source temperature would be higher when the PVT system is heated by the sun.
During the night, the heat source temperature would be lower as it would not have been
heated by the PVT system. Similarly, the COP would be much higher during the summer
months when the temperature and solar radiation is higher, and lower during the winter
months. It is possible that the water providing heat to the evaporator would need to be
heated by another heat source than the PVT system during the night on the coldest days,
especially in Beijing and Lanzhou where temperatures can go below -10°C.

Lastly, it must be noted that the calculation of COP is simplified. In this simulation, only
the power consumption by the compressor during operation has been accounted for.
Power surges during shutdown/startup and reduction in compressor speed have not been
calculated. The power used by pumps that drive the refrigerant and other electrically
driven components has not been calculated and has been neglected in all calculations. As
a result, the simulations do not give an accurate image of the COP. The overall COP is
likely lower, especially during part load operation. According to the literature review,
other components than the compressor make up a larger share of the electricity
consumption during part load operation, which decreases the heat pump efficiency.
These effects should be looked at more closely at a later stage in the project.

5.1.3.4 Overall system heating efficiency

The discussion above has been about the COP of the heat pump. However, it is also
possible to measure the heating efficiency of the whole system. Table 5 shows the yearly
average COP of the heat pump and the average heating efficiency. The heating efficiency
is calculated by dividing the total heat sent to the district heating system by the total
power consumed by the compressor. Some of the heat sent to the district heating comes
directly from the heat pump, while some of the heat goes through the thermal energy
storage system first. The system heating efficiency is lower than the heat pump COP for
all three cities. This is because the thermal storage has an efficiency of 90%, which
means that 10% of the heat going through the thermal energy storage is lost. The heat
going directly from the heat pump to the district heating is assumed to have an efficiency
of 100%. A larger thermal storage capacity would lead to more heat going through the
thermal storage system, and a larger amount of heat loss throughout the year. However,
if a larger heat storage capacity would render an auxiliary heating device unnecessary, it
would likely be beneficial because the efficiency of an auxiliary heating device would have
been much lower than the system efficiency.

5.2 Power/batteries

As expected, the results show that the power production from the PV panels varies
greatly throughout the day and year. There is no power generation at night, and there is
less solar irradiation during the winter due to shorter days and less intense radiation. The
amount of power produced by the PV panels depend on the solar irradiation and outside
air temperature, as the efficiency of the PV panels decreases with increasing
temperatures. However, even though the temperatures in the summer get very high and
the efficiency of the PV panels get as low as 9.472%, the amounts of radiation are still
high enough to produce sufficient power during the hot days. This is likely both because
of the radiation, and because the power consumption of the compressor decreases as the
heat demand decreases. Even though the heat pump still operates on full load, it is

74



turned off for longer periods of time during summer because the thermal storage tank
can provide heat for longer when the heat demand is low.

For most time steps, the battery capacity and power production make up a much higher
value than the compressor needs. However, because the PV panels and batteries are part
of an integrated energy system that will provide energy to a small-scale neighborhood or
large building, the excess power will go to other electric appliances. This report has only
considered heat demand and not electricity demand, so the use of excess electricity
could be investigated further in another stage of the project. If there is still excess
electricity left after all appliances are powered, the system could be connected to the
local power grid and sell the excess power to the grid.

If the power production part of the system is to be fully utilized, the size of the batteries
should be more thoroughly investigated. The batteries reach maximum capacity 50.27%
of the year in Shanghai, 46.21% of the year in Lanzhou, and 49.16% of the year in
Beijing. In this report, the maximum battery capacity was selected with only the heat
pump in mind, and with no regard for further utilization of the power from the PV panels.
The PV panels continue to produce power even when the battery capacity is full, which
leads to waste if the power demand at the specific time step where battery capacity is
full is lower than the power production. Because the battery is full around 50% of the
time in all three cities, this indicates that a lot of power is wasted when the battery
capacity is only 500 kWh. Therefore, the batteries should be sized to better fit the
system.

A higher battery capacity could also lead to fewer instances of the heat pump being shut
off or working on part load due to insufficient power supply. All three cities experienced
instances with insufficient heat supply because not enough power was available for the
heat pump to operate on full capacity. If the battery capacity were higher, some of these
instances would likely be avoided, because the batteries would be able to save more of
the power produced by the PV panels on days with large amounts of solar radiation.

An alternative way to solve the problem of power shortages is to connect the system to
an alternative power source. This could be another renewable power source such as wind
energy, which could contribute with power during the night and other times with little or
no solar irradiation. The system could also be connected to the local power grid to have
access to a more stable power source.

5.3 Limitations

Several limitations to the simulations have been addressed in the discussion. The most
notable limitation is the lack of accuracy due to simplified models of the PVT system, the
battery, the thermal energy storage, and the district heating. The results showed trends
that reflect the trends that would have been seen in a real situation, but due to the many
simplifications the numbers are not accurate enough. The heat pump model also has
certain limitations, especially the neglection of power consumption from other
components than the compressor and the constant values of inlet temperatures to the
heat exchangers.

Because the limitations were addressed and discussed in the previous chapters, they will
not be further evaluated here. Suggestions for further work to improve the model can be
found in chapter 7.
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6 Conclusion

In this thesis, an integrated energy system has been evaluated as part of the project
«Key technologies and demonstration of combined cooling, heating, and power
generation for low-carbon neighborhoods/buildings with clean energy — ChiNoZEN». The
integrated energy system consisted of a PVT system, a battery, a high-temperature heat
pump, a thermal storage system, and it was connected to a district heating system. The
thesis simulated the integrated energy system using Matlab and investigated how the
high-temperature heat pump functioned with the other components every hour over the
course of one year. The system was simulated for three locations: The Chinese cities
Shanghai, Lanzhou, and Beijing.

The results were similar for all three cities during the summer months. There were
similarities between the locations during the winter months as well, but larger variations
were observed during winter months due to lower temperatures in Lanzhou and Beijing.
The results showed that the system operated very differently in the summer than it did in
the winter. The operation during the summer was constant and predictable, and the heat
pump was either shut off or operated on full capacity. In the winter months, on the other
hand, more part load operation was observed. This was due to less available power
during the winter months, and consequently the heat pump would not always operate on
full load.

The results from the winter months showed that there were several time steps when the
heat pump was shut off even though the thermal energy storage was empty, and the
heat demand was high. This happened when there was no available power left for the
heat pump to operate. This resulted in a large heat shortage. By evaluating the total
amount of heat shortage and the potential total heat pump capacity during January, it
was found that the heat pump could have supplied Beijing and Shanghai with sufficient
heat if some changes were made to the system. A larger thermal storage capacity, and
more available power would allow the heat pump to operate for longer periods of time,
and the total demand in Beijing and Shanghai could have been covered. This could have
been achieved by increasing the battery storage capacity as well as expanding the area
of the PV modules or connecting the system to an alternative power source such as wind
power or the local power grid. To cover the January demand in Lanzhou, however, a
larger heat pump would have to be installed. This illustrates that an integrated energy
system such as this one should be specifically adapted to the location.

The temperatures in the condensers and the COP varied with the load ratio of the heat
pump. It was found that in the instances where the heat pump operated on part load, the
temperatures in the condensers were reduced. This led to a higher COP, but a less stable
heat supply to the district heating system. Many parts of the integrated energy system
were greatly simplified in these simulations. This was done because the focus was to see
the trends in the heat pump operation throughout a year. In further development of this
project, however, these simplifications should be looked into and the system should be
more realistically modelled. However, the initial simulations done in this thesis provide a
good initial understanding of how a high-temperature heat pump can operate in an
integrated energy system and what challenges need to be solved when designing such a
system.
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/7 Further work

In the further work on this project, there are several things that need to be improved
from the model in this thesis.

First of all, the heat pump model should be updated with fewer simplifications. Instead of
assuming a constant temperature of the water entering the heat exchangers, the real
water temperatures should be used. In order to do this, the models for the PVT system
and district heating system need to be updated. The temperature of the return water
from the district heating system must be thoroughly regulated, and the mass flow rates
of water and refrigerant should be adjusted to various scenarios. The temperature of the
water from the PVT-system must also be monitored and perhaps regulated, especially
during colder periods and when the solar radiation levels are low.

The sizes of various components such as heat exchanges and compressors should be
optimized to improve the COP. A detailed model of each component should be created to
fully understand how the heat pump functions. The total energy use of the heat pump
should be calculated rather than just including the energy consumption of the
compressors during operation. Furthermore, the system configurations of the heat pump
should be evaluated to see if it is possible to increase the efficiency by modifying the
heat pump.

Secondly, the PVT system should be more thoroughly investigated and modelled with
fewer simplifications. The necessary area of the PV modules should be evaluated to
better understand how much power that will be available at all times. The temperatures
of the modules should be calculated so that an accurate model for cooling of the PV
modules can be created. This will ensure a more accurate calculation of the efficiency of
the PVT system, and more accurate inlet temperatures of the water entering the
evaporator. The placement of the modules should also be evaluated, including the angle
of the PV modules, shading, and other factors.

The electricity consumption of the residents in the homes where the integrated energy
system is installed should also be calculated. By knowing when the electricity use is at its
peak, the heat pump can be programmed to not operate, or to operate on part load,
when the electricity demand for other electrical appliances is high. Using load peak
shaving technology will allow for a more stable electricity consumption in the system.

The battery capacity and operation should also be further researched. It is important that
the battery has a high enough capacity to provide a stable electricity supply to the heat
pump and the residents, but it should not be larger than necessary. The losses in the
battery should also be further evaluated to get an accurate idea of the available energy.

The thermal energy storage system should be more thoroughly researched and modelled
with fewer simplifications. Heat transfer through the walls should be accounted for, and
the heat transfer mechanisms between the water and the phase changing materials
should be evaluated. The storage size should be calculated, and the material used for
latent heat storage should be selected. A dynamic model of the thermal storage should
be created. The thermal storage capacity necessary to ensure that heat demand is
covered should also be evaluated.

77



A more accurate model for predicting heat demand should also be created. The model
should account for the design of the buildings being heated by the integrated energy
system. A program such as IDA ICE should be used to evaluate the temperatures inside
the buildings heated by the integrated energy system, by calculating heat transfer rate
through the walls. Insulation, size of rooms, thermal mass, activity from residents, and
other factors should be included to get an accurate picture of the actual heat demand.

The cooling part of the integrated energy system should be added to the model in the
continuation of this project. All three cities experience very high temperatures during the
summer months, and cooling is necessary. By calculation the cooling COP, it will be
possible to get better values for total system efficiency.

In addition to relying on historic data, forecasts and measurements of temperature and
radiation should determine the operation of the system. If the temperature in the next
week is forecasted to be lower than expected based on historical data, more heat should
be produced to ensure that demand is met. If the radiation levels over the past week
have been lower than expected, the system should determine how to best use the
electricity available. Such analyses are complicated because of the need to analyze real-
time data as well as predicted future values, but in order for a system to provide the
necessary energy, it is important that real information is evaluated so that the system
adapts to the current situation rather than how the weather was fifteen years ago.

In addition to creating a more advanced and complete model of the system, an economic
analysis and an environmental impact study should be conducted. There will be no
interest in installing this system if the total cost is higher than it would if conventional
methods were used. The costs related to production and installation as well as costs
related to operation, maintenance and disposal should be calculated. A pay-back time
analysis should be conducted.

A life-cycle assessment of the system as a whole should be conducted to understand the
environmental impact of the system. One of the reasons behind installing an integrated

energy system that uses renewable energy is to lower the negative impacts that energy
production and consumption have on the environment, so it is important that the impact
on pollution, depletion of resources, local air quality, and other factors is evaluated.

In general, many things should be improved with this system. More detailed models need
to be created, and the components need to be evaluated and optimized individually and
with the other components to find a realistic and efficient way to operate the integrated
energy system.
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Appendix A: Matlab code

weatherData=readtable('Beijing_hour_year.xl1sx"');

outsideTemp=weatherbData{:,10};
%variables

hours_onBJ1=0;

hours_partloadBi=0;
dT_dh=zeros (1, Tength(OutsideTemp)) ;
T_supply=zeros (1, length(outsideTemp));
T_return=zeros (1, length(outsideTemp));
T_hw_in=zeros (1, Tength(outsideTemp));
T_Pv=zeros (1, length(outsideTemp));
r=zeros (1, length(outsideTemp));
E=zeros(1l,length(outsideTemp));
Toad_ratio=zeros(1l,length(outsideTemp));
Towpwr=[];

Twheat=[];

partload=[];

ninetyprheat=[];

eightyprheat= [];

seventyprheat=[];

sixtyprheat= [];

fourtyprheat=[];

twentyprheat=[];

eightypr=[1;

sixtypr=[];

fourtypr=[];

fullon=[1];

battery_input=zeros(1l,length(outsideTemp));
battery_capacity=zeros(1l, length(OoutsideTemp));
battery_output=zeros(1l,length(outsideTemp));
Q_sup=250+zeros(1,length(outsideTemp));
TES_input=zeros(1l,length(outsideTemp));
TES_output=zeros(1l,length(outsideTemp));
TES_capacity=zeros(1l, length(outsideTemp));

T_c=(273.15+110)+zeros (1, Tength(outsideTemp));
T_m=(273.15+80)+zeros (1, Tength(OutsideTemp)) ;
T_e=(273.15+40)+zeros (1, Tength(OutsideTemp));
P_c=zeros(1l,length(outsideTemp));
P_m=zeros(1l,length(outsideTemp));
P_e=zeros (1, length(outsideTemp));
W_r_ht=zeros (1, Tength(OutsideTemp));

W_r_mt=zeros (1, Tength(OutsideTemp));
W_r_tot=zeros(1l, Tength(outsideTemp));
Q_c_ht=zeros(1l,length(outsideTemp));
Q_c_mt=zeros(1l,length(outsideTemp));
Q_c_tot=zeros(1l,length(outsideTemp));
Q_e=zeros (1, Tength(outsideTemp));



CoP_ht=zeros(1,length(outsideTemp));
Ccop_mt=zeros(1,length(outsideTemp));
CoP_tot=zeros(1l,length(outsideTemp));

T_mw_out=zeros (1, Tength(outsideTemp));
dT_Tmtd_cond_mt=zeros (1, length(outsideTemp));
T_m2=zeros (1, Tength(outsideTemp)) ;
T_hw_out=zeros (1, Tength(outsideTemp));
dT_Tmtd_cond_ht=zeros (1, length(outsideTemp));
T_cw_out=zeros (1, Tength(outsideTemp));
dT_Tmtd_evap=zeros(1l,length(outsideTemp));
T_e2=zeros(1,length(outsideTemp));

dTe=zeros (1, length(outsideTemp));
dTc=zeros (1, length(outsideTemp));
dTm=zeros (1, length(outsideTemp));

T_l=zeros(1,length(outsideTemp));
h_l=zeros(1l,length(outsideTemp));
rho_l=zeros(1l, length(outsideTemp)) ;
s_l=zeros(1l,length(outsideTemp));
h_2s=zeros (1, length(outsideTemp));
h_2=zeros(1,length(outsideTemp));
s_2=zeros(1l,length(outsideTemp));
T_2=zeros(1,length(outsideTemp));
T_3=zeros (1, length(outsideTemp));
h_3=zeros(1,length(outsideTemp));
s_3=zeros(1l,length(outsideTemp));
h_4=zeros(1,length(outsideTemp));
s_4=zeros(1l,length(outsideTemp));
Pr_rat_ht=zeros(1l,length(outsideTemp));
Pr_rat_mt=zeros (1, Tength(OutsideTemp));
eta_comp_ht=zeros (1, length(outsideTemp));
eta_comp_mt=zeros(1l, Tength(outsideTemp));
vol_eff_ht=zeros(1,length(outsideTemp));
vol_eff_mt=zeros(1l,length(outsideTemp));
compressor_load=zeros (1, Tength(outsideTemp)) ;
w_r_max=zeros(1l,length(outsideTemp));
heat_ratio=zeros(1l, Tength(outsideTemp));

output_from_TES=zeros (1, length(outsideTemp));
heat_from_TES_to_DH=zeros (1, length(outsideTemp));
input_to_TES=zeros(1l,length(outsideTemp));
heat_from_HP_to_TES=zeros(1l,length(outsideTemp));
output_from_battery=zeros(1l, length(outsideTemp));
power_from_battery_to_HP=zeros(1l, length(OoutsideTemp));
input_to_battery=zeros(1l,length(OutsideTemp));
power_from_PV_to_battery=zeros(1l, length(outsideTemp));

T_7=zeros(1,Tength(outsideTemp));
h_7=zeros(1,length(outsideTemp));
s_7=zeros(1l,length(outsideTemp));
h_8=zeros(1,length(outsideTemp));
s_8=zeros(1l,length(outsideTemp));
h_5=zeros(1,length(outsideTemp));
s_5=zeros(1,length(outsideTemp));
m_r_ht=zeros(1,length(outsideTemp));
m_r_mt23=zeros (1, length(outsideTemp));



h_6=zeros(1,length(outsideTemp));
h_6s=zeros (1, length(outsideTemp));
T_6=zeros(1,length(outsideTemp));
s_6=zeros(1l,length(outsideTemp));
T_4=zeros(1,length(outsideTemp));
m_r_mt483=zeros (1, Tength(outsideTemp));
m_r_mt34=zeros (1, length(outsideTemp)) ;
x_8=zeros(1l,length(OutsideTemp));

hour=(1:Tength(OoutsideTemp));
hour2=[hour 8760];
Demand=zeros (1, length(outsideTemp));
T_c2=zeros(1,length(outsideTemp));

for i =2:length(outsideTemp)

T_supply(1)=80+273.15;
T_c(1)=110+273.15;
T_m(1)=80+273.15;
T_e(1)=40+273.15;
E(1)=0;

w_r_tot(1)=0;
TES_capacity(1)=750;
TES_capacity(2)=750;
Demand(1)=150;

%PV

Pmax=470; %Wp

Eff_STC= 0.2093; %Module efficiency STC, 20.93%
T_coeff=-0.0034; %[0.34%/degC], temperature coeff. of Pmax

%0ther values

A_pv= 4000; %[mA2]. Total solar panel area. 5000. 1500 funker

PR= 0.75; %[75%], performance ratio, coeff. for losses. 0.75 is default
T_STC=25; %Standard test conditions temperture, 25degC

T_col=weatherData{:,10}; %[deg C]
H_col=Weatherbata{:,5}; %Global horizontal radiation, w/m2
hr_col=weatherData{:,4};

%Calculations

T_PV(i)=T_col1(i)+20; %Temperature of PV panels. Air temperature + 20 K
r(i)=eff_sTC-(T_STC-T_PV(i))*T_coeff; %Operating efficiency, takes temp into account
EC(i)=A_pv*r(i)*H_col(i)*PR/1000; %E= Energy in kw

%Battery
battery_input(1)=0;
battery_capacity(1)=450;
battery_output(1)=0;
battery_capacity(2)=450;
battery_capacity_max=500;

%DH

m_dh=2; %kg/s
cp_dh=2011.6/1000; %k3/kgk
TES_capacity_max=1000;



%Demand
dT_heat=15-T_col1(i);
if dT_heat>=0
Demand(i)=50+dT_heat*10.25;
else
Demand (i)=50;
end

dT_dh(i-1)=bpemand(i-1)/(m_dh*Cp_dh); %Temp difference of water entering and Teaving DH system

T_return(i-1)=T_supply(i-1)-dT_dh(i-1);

T_mw_in(i)=273.15+60;

if TES_capacity(i)>TES_capacity_max
TES_capacity(i)=TES_capacity_max;

end

if TES_capacity(i)<0
TES_capacity(i)=0;

end

if battery_capacity(i)>battery_capacity_max
battery_capacity(i)=battery_capacity_max;

end

if battery_capacity(i)<0
battery_capacity(i)=0;

end
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%HEAT PUMP MAIN LOOP%

000000000000%%%%%%0000000000000000 0000000000%%%%%%%%

%Set values (No need to incude in every iteration)
%1. General

Ref= 'Ammonia';

comp_size_ht=60; %mA3/h

comp_size_mt=63;

heat_ratio(i)=Demand(i)/255;

%2. MT Condenser

rho_mw=refpropm('D','T', (273.15+60),'Q',1, 'water');
Cp_mw=refpropm('c','T',(273.15+60),'Q',1, 'water'); % J/kgK.
U_cond_mt=1400; %W/mA2K

A_cond_mt=12; %mA2

UA_cond_mt=U_cond_mt*A_cond_mt;

m_mw=4; %kg/s

%3. HT Condenser
U_cond_ht=1400; %w/mA2K
A_cond_ht=9; %mA2
UA_cond_ht=U_cond_ht*A_cond_ht;
m_hw=4; %kg/s

%4. Evaporator

T_cw_in=273.15+40;
rho_cw=refpropm('D','T',T_cw_in, 'Q',1, 'water');
Cp_cw=refpropm('c','T',T_cw_in,'Q"',1, 'water');
U_evap=1600; %W/mA2K

A_evap=10; %mA2



UA_evap=U_evap*A_evap;
m_cw=12;

%First loop: Full Tload
%Initial values
T_c(1)=273.15+110;
T_m(1)=273.15+80;
T_e(1)=273.15+35;
T_c2(1)=273.15+105;
T_mw_in(1)=273.15+60;

T_c(i)=T_c(i-1);
T_m(i)=T_m(i-1);
T_e(i)=T_e(i-1);

if (T_c(i)-T_c2(i))<=0.1
T_c2(i)=T_c2(i)-1;

%

end

while (T_c(i)-T_c2(i))>0.1

P_c(i)= refpropm('P','T',T_c(i),'Q"',0,Ref);
P_m(i)= refpropm('P','T', T_m(i),'Q',0,Ref);
P_e(i)= refpropm('P','T',T_e(i),'Q',1,Ref);
Pr_rat_ht(i)=P_c(i)/P_e(i);
Pr_rat_mt(i)=P_m(i)/P_e(i);

eta_comp_ht(i)=-0.00000461*Pr_rat_ht(i)A6+0.00027131*Pr_rat_ht(i)A5-
0.00628605*Pr_rat_ht(i)A4+0.07370258*Pr_rat_ht(i)A3-
0.46054399*Pr_rat_ht(i)A2+1.40653347*Pr_rat_ht(i)-0.87811477;
eta_comp_mt(i)=-0.00000461*Pr_rat_mt(i)A6+0.00027131*Pr_rat_mt(i)A5-
0.00628605*Pr_rat_mt(i)A4+0.07370258*Pr_rat_mt(i)A3-
0.46054399*Pr_rat_mt(i)A2+1.40653347*Pr_rat_mt(i)-0.87811477;
vol_eff_ht(i)=0.0011*Pr_rat_ht(i)A2-0.0487*Pr_rat_ht(i)+0.9979;
vol_eff_mt(i)=0.0011*Pr_rat_mt(i)A2-0.0487*Pr_rat_mt(i)+0.9979;

%State properies

T_1()=T_e(i);

x_1=1;

h_1(i)=refpropm('H','T",T_1(),'Q',x_1,Ref); % 1/kg
rho_1(i)=refpropm('D','T',7_1(i),'Q"',x_1,Ref);
s_1(i)=refpropm('s','T",T_1(i),'Q"',x_1,Ref); %JI/kgk

h_2s(i)=refpropm('H','P"',P_m(i),'S"',s_1(i),Ref);
h_2(i)=h_1(i)+(h_2s(i)-h_1(i))/eta_comp_mt(i);

s_2(i)=refpropm('s','H',h_2(i),"'P',P_m(i),Ref);
T_2(i)=refpropmC'T',"'P"',P_m(i),"'H' ,h_2(i),Ref);

T_40G)=T_m(@);
h_4(i)=refpropm('H','T',T_4(i), 'P' ,P_m(i),Ref);
s_4(i)=refpropm('s', 'H',h_4(i),'P',P_m(i),Ref);

h_6s(i)=refpropm('H','P"',P_c(i),'S"',s_1(i),Ref);
h_6(i)=h_1(i)+(h_6s(i)-h_1(i))/eta_comp_ht(i);
s_6(i)=refpropm('s','H',h_6(i),"'P',P_c(i),Ref);
T_6(i)=refpropmC'T','P"',P_c(i),'H',h_6(i),Ref);



T_7()=T_c();
h_7(i)=refpropm('H','T",T_7(Ci),'P',P_c(i),Ref);
s_7(i)=refpropm('s','H"',h_7(),'P',P_c(i),Ref);

h_8(i)=h_7(1);
s_8(i)=refpropm('s','H',h_8Ci),'P',P_m(i),Ref);

h_5Ci)=h_4@);
s_5(Ci)=refpropm('s','H',h_5C),'P',P_e(i),Ref);

%x-greier
m_r_ht(i)=rho_1(i)*(comp_size_ht/3600)*vol_eff_ht(i);
m_r_mt23(i)=rho_1(i)*(comp_size_mt/3600)*vol_eff_mt(i);

h_3(i)=refpropm('H','P',P_m(i), 'Q',1,Ref);
x_8(i)=(h_7(i)-h_4(i))/(h_3(G)-h_4(i));

m_r_mt483(i)=m_r_ht(i)*x_8(i);

m_r_mt34(i)=m_r_mt23(i)+m_r_mt483(i);

%vedier

W_r_ht(i)=m_r_ht(i)*(h_6(i)-h_1(i))/1000; %kw
w_r_mt(i)=m_r_mt23(i)*h_2(i)-h_1(i))/1000; %kw
w_r_tot(i)=w_r_mt(i)+w_r_ht(i);
Q_c_ht(i)=m_r_ht(i)*Ch_6(i)-h_7(i))/1000; %kw, Capacity of HT condenser
Q_c_mt(i)=m_r_mt34(i)*Ch_2(i)-h_4(i))/1000; %kw, Capacity of MT condenser
Q c_tot(i)=Q_c_ht(i)+Q_c_mt(i);
Qe(i)=(m_r_htG)+m_r_mt23(i))*(h_1(i)-h_5(i))/1000; %kw
coP_ht(i)=Q_c_ht(i)/w_r_ht(i);

copP_mt(i)=Q_c_mt(i)/wW_r_mt(i);
coP_tot(i)=(Q_c_ht(i)+Q_c_mt(i))/W_r_ht(G)+w_r_mt(i));

%LT Condenser
T_mw_out(i)=T_mw_in(i)+Q_c_mt(i)/(Cp_mw/1000*m_mw) ;
dT_1Tmtd_cond_mt (i)=Q_c_mt(i)*1000/UA_cond_mt;
A(i)=exp((T_mw_out(i)-T_mw_in(i))/dT_Tmtd_cond_mt(i));
T_m2()=CT_mw_in(i)-T_mw_out (i) *ACi))/(1-AC));

%HT Condenser

T_hw_in(i)=T_mw_out(i); %inlet temerature of water to be heated (coolant)
rho_hw=refpropm('D','T',T_hw_in(i),'Q"',1, 'water');
Cp_hw=refpropm('c','T',T_hw_in(i),'Q',1, 'water'); % J/kgK.
T_hw_out(i)=T_hw_in(i)+Q_c_ht(i)/(Cp_hw/1000*m_hw) ;

dT_Tmtd_cond_ht(i)=Q_c_ht(i)*1000/UA_cond_ht;
B(i)=exp((T_hw_out(i)-T_hw_in(i))/dT_Tmtd_cond_ht(i));
T_c2(i)=(T_hw_in()-T_hw_out(i)*B(i))/(1-B(i));

%Evaporator

T_cw_out(i)=T_cw_in-Q_e(i)/(Cp_cw/1000*m_cw) ;

dT_Tmtd_evap(i)=Q_e(i)*1000/UA_evap;
T_e2(i)=(T_cw_out(i)*exp((T_cw_in-T_cw_out(i))/dT_Tmtd_evap(i))-T_cw_in)/(exp((T_cw_in-
T_cw_out(i))/dT_Tmtd_evap(i))-1);

%New values

dTe(i)= (T_e(i)-T_e2(i))/2;
dTc(i)=(T_c(i)-T_c2(i))/2;
dTmG)=(T_m()-T_m2(i));



T_c(i)=T_c(i)-dTc(i);
T_e(i)=T_e(i)-dTe(i);
T_m(i)=T_m(i)-dTm(i);

end %while. Finished main Toop with no part load.
% %

if (E(i)+battery_capacity(i))<w_r_tot(i) %if part Toad
% ‘0/0/0/0/0/0/0/0/0/0/0/0. 000000000000%%%%%%000000000000000000000000000000000000%%%%

% %New loop, part load to meet demand

if (T_c(i)-T_c2(i))<=0.1
T_c2(i)=T_c2(i)-1;

%

end

while (T_c(i)-T_c2(i))>0.1

P_c(i)= refpropm('P','T',T_c(i),'Q',0,Ref);
P_m(i)= refpropm('P','T',T_m(i),'Q',0,Ref);
P_e(i)= refpropm('P','T',T_e(i),'Q',1,Ref);
Pr_rat_ht(i)=P_c(i)/P_e(i);
Pr_rat_mt(i)=P_m(i)/P_e(i);

eta_comp_ht(i)=-0.00000461*Pr_rat_ht(i)A6+0.00027131*Pr_rat_ht(i)A5-
0.00628605*Pr_rat_ht(i)A4+0.07370258*Pr_rat_ht(i)A3-
0.46054399*Pr_rat_ht(i)A2+1.40653347*Pr_rat_ht(i)-0.87811477;
eta_comp_mt(i)=-0.00000461*Pr_rat_mt(i)A6+0.00027131*Pr_rat_mt(i)A5-
0.00628605*Pr_rat_mt(i)A4+0.07370258*Pr_rat_mt(i)A3-
0.46054399*Pr_rat_mt(i)A2+1.40653347*Pr_rat_mt(i)-0.87811477;
vol_eff_ht(i)=0.0011*Pr_rat_ht(i)A2-0.0487*Pr_rat_ht(i)+0.9979;
vol_eff_mt(i)=0.0011*Pr_rat_mt(i)A2-0.0487*Pr_rat_mt(i)+0.9979;

%State properies

T_1()=T_e();

x_1=1;

h_1(i)=refpropm('H','T",T_1(),'Q',x_1,Ref); % 1/kg
rho_1(i)=refpropm('D','T',7_1(i),'Q"',x_1,Ref);
s_1(i)=refpropm('s','T",T_1(i),'Q"',x_1,Ref); %JI/kgk

h_2s(i)=refpropm('H','P"',P_m(i),'S"',s_1(i),Ref);
h_2(i)=h_1()+(h_2s(i)-h_1(i))/eta_comp_mt(i);

s_2(i)=refpropm('s','H',h_2(),"'P',P_m(i),Ref);
T_2(i)=refpropmC'T','P"',P_m(i),"'H' ,h_2(i),Ref);

T_4@(G)=T_m(i);
h_4(i)=refpropm('H','T",T_4(),"'P',P_m(i),Ref);
s_4(i)=refpropm('s','H',h_4(),"'P',P_m(i),Ref);

h_6s(i)=refpropm('H','P',P_c(i),'S"',s_1(i),Ref);
h_6(i)=h_1(i)+(h_6s(i)-h_1(i))/eta_comp_ht(i);
s_6(i)=refpropm('s','H',h_6(i),"'P',P_c(i),Ref);
T_6(i)=refpropmC'T','P',P_c(i),'H',h_6(i),Ref);

T_7(1)=T_c(i);
h_7(i)=refpropm('H','T",T_7(),"'P',P_c(i),Ref);
s_7(i)=refpropm('s','H' ,h_7(),"'P',P_c(i),Ref);



h_8(i)=h_7(1);
s_8(i)=refpropm('s','H',h_8Ci),'P',P_m(i),Ref);

h_5@i)=h_4();
s_5(Ci)=refpropm('s','H',h_5C),'P',P_e(i),Ref);

%x-greier
m_r_ht(i)=rho_1(i)*(comp_size_ht/3600)*vol_eff_ht(i)*heat_ratio(i);
m_r_mt23(i)=rho_1(i)*(comp_size_mt/3600)*vol_eff_mt(i)*heat_ratio(i);

h_3(i)=refpropm('H','P',P_m(i), 'Q',1,Ref);
x_8(i)=(h_7(i)-h_4(i))/(h_3(i)-h_4(i));

m_r_mt483(i)=m_r_ht(i)*x_8(i);

m_r_mt34(i)=m_r_mt23(i)+m_r_mt483(i);

%vedier

W_r_ht(i)=m_r_ht(i)*(h_6(i)-h_1(i))/1000; %kw
W_r_mt(i)=m_r_mt23(i)*h_2(i)-h_1(i))/1000; %kw
w_r_tot(i)=w_r_mt(i)+w_r_ht(i);
Q_c_ht(i)=m_r_ht(i)*Ch_6(i)-h_7(i))/1000; %kw, Capacity of HT condenser
Q_c_mt(i)=m_r_mt34(i)*Ch_2(i)-h_4(i))/1000; %kw, Capacity of MT condenser
Q c_tot(i)=Q_c_ht(i)+Q_c_mt(i);
Qe(i)=(m_r_htG)+m_r_mt23(i))*(h_1(i)-h_5(i))/1000; %kw
cop_ht(i)=Q_c_ht(i)/wW_r_ht(i);

cop_mt(i)=Q_c_mt(i)/wW_r_mt(i);
coP_tot(i)=(Q_c_ht(i)+Q_c_mt(i))/(W_r_ht(G)+w_r_mt(i));

%LT Condenser
T_mw_out(i)=T_mw_in(i)+Q_c_mt(i)/(Cp_mw/1000*m_mw) ;
dT_1Tmtd_cond_mt (i)=Q_c_mt(i)*1000/UA_cond_mt;
ACi)=exp((T_mw_out (i) -T_mw_in(i))/dT_Tmtd_cond_mt(i));
T_m2()=CT_mw_in(i)-T_mw_out (i) *ACi))/(1-AC));

%HT Condenser

T_hw_in(i)=T_mw_out(i); %inlet temerature of water to be heated (coolant)
rho_hw=refpropm('D','T',T_hw_in(i), 'Q',1, 'water');
Cp_hw=refpropm('c','T',T_hw_in(i), 'Q',1, 'water'); % J/kgkK.
T_hw_out(i)=T_hw_in(i)+Q_c_ht(i)/(m_hw *Cp_hw/1000) ;

dT_Tmtd_cond_ht(i)=Q_c_ht(i)*1000/UA_cond_ht;
B(i)=exp((T_hw_out(i)-T_hw_in(i))/dT_Tmtd_cond_ht(i));
T_c2(i)=(T_hw_in()-T_hw_out(i)*B(i))/(1-B(i));

%Evaporator

T_cw_out(i)=T_cw_in-Q_e(i)/(Cp_cw/1000*m_cw) ;

dT_Tmtd_evap(i)=Q_e(i)*1000/UA_evap;
T_e2(i)=(T_cw_out(i)*exp((T_cw_in-T_cw_out(i))/dT_Tmtd_evap(i))-T_cw_in)/(exp((T_cw_in-
T_cw_out(i))/dT_Tmtd_evap(i))-1);

%New values

dTe(i)= (T_e(i)-T_e2(i))/2;
dTc(i)=(T_c(i)-T_c2(i))/2;
dTmGi)=T_m()-T_m2());
T_c(i)=T_c(i)-dTc(i);
T_e(i)=T_e(i)-dTe(i);
T_m(i)=T_m(i)-dTm(i);

end %while. Finished main Toop with part load.



if w_r_tot(i-1)>battery_capacity(i-1)+E(i-1) && W_r_tot(i)>W_r_tot(i-1)

Q_c_tot(i)=Q_c_tot(i-1);

W_r_tot(i)=w_r_tot(i-1);

CoP_tot(i)=CoP_tot(i-1);
end

end %if part load
if (E(i)+battery_capacity(i))<w_r_tot(i) %if 80

% ‘0/0/0/0/0/0/0/0/0/0/0/0. 000000000000%%%%%%000000000000000000000%%%%%%%%%%%%%%%%%%%
% %New loop, reduce to 80% of load ratio

if (T_c(i)-T_c2(i))<=0.1
T_c2(i)=T_c2(i)-1;

%

end

while (T_c(i)-T_c2(i))>0.1

P_c(i)= refpropm('P','T',T_c(i),'Q',0,Ref);
P_m(i)= refpropm('P','T',T_m(i),'Q"',0,Ref);
P_e(i)= refpropm('P','T',T_e(i),'Q',1,Ref);
Pr_rat_ht(i)=P_c(i)/P_e(i);
Pr_rat_mt(i)=P_m(i)/P_e(i);

eta_comp_ht(i)=-0.00000461*Pr_rat_ht(i)A6+0.00027131*Pr_rat_ht(i)A5-
0.00628605*Pr_rat_ht(i)A4+0.07370258*Pr_rat_ht(i)A3-
0.46054399*Pr_rat_ht(i)A2+1.40653347*Pr_rat_ht(i)-0.87811477;
eta_comp_mt(i)=-0.00000461*Pr_rat_mt(i)A6+0.00027131*Pr_rat_mt(i)A5-
0.00628605*Pr_rat_mt(i)A4+0.07370258*Pr_rat_mt(i)A3-
0.46054399*Pr_rat_mt(i)A2+1.40653347*Pr_rat_mt(i)-0.87811477;
vol_eff_ht(i)=0.0011*Pr_rat_ht(i)A2-0.0487*Pr_rat_ht(i)+0.9979;
vol_eff_mt(i)=0.0011*Pr_rat_mt(i)A2-0.0487*Pr_rat_mt(i)+0.9979;

%State properies

T_1()=T_e(i);

x_1=1;

h_1(i)=refpropm('H','T",7_1(),'Q',x_1,Ref); % 1/kg
rho_1(i)=refpropm('D','T',7_1(i),'Q"',x_1,Ref);
s_1(i)=refpropm('s','T",T_1(i),'Q"',x_1,Ref); %JI/kgk

h_2s(i)=refpropm('H','P',P_m(i),'S"',s_1(i),Ref);
h_2(i)=h_1(i)+(h_2s(i)-h_1(i))/eta_comp_mt(i);

s_2(i)=refpropm('s','H',h_2(i),"'P',P_m(i),Ref);
T_2(i)=refpropmC'T',"'P"',P_m(i),"'H' ,h_2(i),Ref);

T_4@(G)=T_m(i);
h_4(i)=refpropm('H','T",T_4(),"'P',P_m(i),Ref);
s_4(i)=refpropm('s','H',h_4(),"'P',P_m(i),Ref);

h_6s(i)=refpropm('H','P',P_c(i),'S"',s_1(i),Ref);
h_6(i)=h_1(i)+(h_6s(i)-h_1(i))/eta_comp_ht(i);
s_6(i)=refpropm('s','H',h_6(i),"'P',P_c(i),Ref);
T_6(i)=refpropmC'T','P"',P_c(i),"'H',h_6(i),Ref);



T_7()=T_c();
h_7(i)=refpropm('H','T"',T_7(i),'P',P_c(i),Ref);
s_7(i)=refpropm('s','H',h_7(),'P',P_c(i),Ref);

h_8(i)=h_7(1);
s_8(i)=refpropm('s','H',h_8Ci),'P',P_m(i),Ref);

h_5@i)=h_4();
s_5(Ci)=refpropm('s','H',h_5C),'P',P_e(i),Ref);

%x-greier
m_r_ht(i)=rho_1(i)*(comp_size_ht/3600)*vol_eff_ht(i)*heat_ratio(i)*0.8;
m_r_mt23(i)=rho_1(i)*(comp_size_mt/3600)*vol_eff_mt(i)*heat_ratio(i)*0.8;

h_3(i)=refpropm('H','P',P_m(i), 'Q',1,Ref);
x_8(i)=(h_7(i)-h_4(i))/(h_3(G)-h_4(i));

m_r_mt483(i)=m_r_ht(i)*x_8(i);

m_r_mt34(i)=m_r_mt23(i)+m_r_mt483(i);

%vedier

W_r_ht(i)=m_r_ht(i)*(h_6(i)-h_1(i))/1000; %kw
w_r_mt(i)=m_r_mt23(i)*(h_2(i)-h_1(i))/1000; %kw
w_r_tot(i)=w_r_mt(i)+w_r_ht(i);
Q_c_ht(i)=m_r_ht(i)*Ch_6(i)-h_7(i))/1000; %kw, Capacity of HT condenser
Q_c_mt(i)=m_r_mt34(i)*Ch_2(i)-h_4(i))/1000; %kw, Capacity of MT condenser
Q_c_tot(i)=Q_c_ht(i)+Q_c_mt(i);
Qe(i)=(m_r_hti)+m_r_mt23(i))*Ch_1(i)-h_5(i))/1000; %kw
coP_ht(i)=Q_c_ht(i)/w_r_ht(i);

copP_mt(i)=Q_c_mt(i)/wW_r_mt(i);
coP_tot(i)=(Q_c_ht(i)+Q_c_mt(i))/(W_r_ht(G)+w_r_mt(i));

%LT Condenser
T_mw_out(i)=T_mw_in(i)+Q_c_mt(i)/(Cp_mw/1000*m_mw) ;
dT_1Tmtd_cond_mt (i)=Q_c_mt(i)*1000/UA_cond_mt;
ACi)=exp((T_mw_out (i) -T_mw_in(i))/dT_Tmtd_cond_mt(i));
T_m2()=CT_mw_in(i)-T_mw_out (i) *ACi))/(1-AC));

%HT Condenser

T_hw_in(i)=T_mw_out(i); %inlet temerature of water to be heated (coolant)
rho_hw=refpropm('D','T',T_hw_in(i),'Q',1, 'water');
Cp_hw=refpropm('c','T"',T_hw_in(i),'Q',1, 'water'); % J1/kgK.
T_hw_out(i)=T_hw_in(i)+Q_c_ht(i)/(m_hw *Cp_hw/1000) ;

dT_Tmtd_cond_ht(i)=Q_c_ht(i)*1000/UA_cond_ht;
B(i)=exp((T_hw_out(i)-T_hw_in(i))/dT_Tmtd_cond_ht(i));
T_c2()=CT_hw_in(i)-T_hw_out (i)*B(i))/(1-B(i));

%Evaporator

T_cw_out(i)=T_cw_in-Q_e(i)/(Cp_cw/1000*m_cw) ;

dT_Tmtd_evap(i)=Q_e(i)*1000/UA_evap;
T_e2(i)=(T_cw_out(i)*exp((T_cw_in-T_cw_out(i))/dT_Tmtd_evap(i))-T_cw_in)/(exp((T_cw_in-
T_cw_out(i))/dT_Tmtd_evap(i))-1);

%New values

dTe(i)= (T_e(i)-T_e2(i))/2;
dTc(i)=(T_c(i)-T_c2(i))/2;
dTmG)=(T_m()-T_m2(i));
T_c(i)=T_c(i)-dTc(i);



T_e(i)=T_e(i)-dTe(i);
T_m(i)=T_m(i)-dTm(i);

end %while.

eightyprheat=[eightyprheat i];
if w_r_tot(i-1)>battery_capacity(i-1)+E(i-1) && w_r_tot(i)>W_r_tot(i-1)

Q_c_tot(i)=Q_c_tot(i-1);

wW_r_tot(i)=w_r_tot(i-1);

COP_tot(i)=CoP_tot(i-1);
end

end %if 80
if (E(i)+battery_capacity(i))<w_r_tot(i) %if 60

% %7606767606767606%676%6, 2606767606067676067696767606767606766067676067676067676060676066760676760676760606 60676606767606676 %6766

% %New loop, reduce to 60% of part Toad

if (T_c(i)-T_c2(i))<=0.1
T_c2(i)=T_c2(i)-1;

%

end

while (T_c(i)-T_c2(i))>0.1

P_c(i)= refpropm('P','T',T_c(i),'Q',0,Ref);
P_m(i)= refpropm('P','T',T_m(i),'Q",0,Ref);
P_e(i)= refpropm('P','T',T_e(i),'Q",1,Ref);
Pr_rat_ht(i)=P_c(i)/P_e(i);
Pr_rat_mt(i)=P_m(i)/P_e(i);

eta_comp_ht(i)=-0.00000461*Pr_rat_ht(i)A6+0.00027131*Pr_rat_ht(i)A5-
0.00628605*Pr_rat_ht(i)A4+0.07370258*Pr_rat_ht(i)A3-
0.46054399*Pr_rat_ht(i)A2+1.40653347*Pr_rat_ht(i)-0.87811477;
eta_comp_mt(i)=-0.00000461*Pr_rat_mt(i)A6+0.00027131*Pr_rat_mt(i)A5-
0.00628605*Pr_rat_mt(i)A4+0.07370258*Pr_rat_mt(i)A3-
0.46054399*Pr_rat_mt(i)A2+1.40653347*Pr_rat_mt(i)-0.87811477;
vol_eff_ht(i)=0.0011*Pr_rat_ht(i)A2-0.0487*Pr_rat_ht(i)+0.9979;
vol_eff_mt(i)=0.0011*Pr_rat_mt(i)A2-0.0487*Pr_rat_mt(i)+0.9979;

%State properies

T_1()=T_e(i);

x_1=1;

h_1(i)=refpropm('H','T"',T_1(i),'Q',x_1,Ref); % 1/kg
rho_1(i)=refpropm('Dn','T',7_1(i),'Q"',x_1,Ref);
s_1(i)=refpropm('s','T",7_1(i),'Q"',x_1,Ref); %J/kgk

h_2s(i)=refpropm('H','P',P_m(i),'Ss"',s_1(i),Ref);
h_2(i)=h_1(i)+(h_2s(i)-h_1(i))/eta_comp_mt(i);

s_2(i)=refpropm('s','H',h_2(),"'P',P_m(i),Ref);
T_2(i)=refpropmC'T',"'P"',P_m(i),"'H' ,h_2(i),Ref);

T_4@(G)=T_m();
h_4(i)=refpropm('H','T",T_4(),"'P',P_m(i),Ref);
s_4(i)=refpropm('s','H' ,h_4(),"'P',P_m(i),Ref);

h_6s(i)=refpropm('H','P"',P_c(i),'S"',s_1(i),Ref);



h_6(i)=h_1(i)+(h_6s(i)-h_1(i))/eta_comp_ht(i);
s_6(i)=refpropm('s','H',h_6(i),'P',P_c(i),Ref);
T_6(Ci)=refpropm('T','P',P_c(i), 'H' ,h_6(i),Ref);

T_7()=T_c();
h_7(i)=refpropm('H','T"',T_7(i),'P',P_c(i),Ref);
s_7(i)=refpropm('s','H',h_7C),'P',P_c(i),Ref);

h_8(i)=h_7@1);
s_8(i)=refpropm('s','H',h_8Ci),'P',P_m(i),Ref);

h_5Ci)=h_4@);
s_5(Ci)=refpropm('s','H',h_5C),'P',P_e(i),Ref);

%x-greier
m_r_ht(i)=rho_1(i)*(comp_size_ht/3600)*vol_eff_ht(i)*heat_ratio(i)*0.6;
m_r_mt23(i)=rho_1(i)*(comp_size_mt/3600)*vol_eff _mt(i)*heat_ratio(i)*0.6;

h_3(i)=refpropm('H','P',P_m(i),'Q',1,Ref);
x_8(i)=(h_7(i)-h_4(i))/(h_3()-h_4(i));

m_r_mt483(i)=m_r_ht(i)*x_8(i);

m_r_mt34(i)=m_r_mt23(i)+m_r_mt483(i);

%vedier

W_r_ht(i)=m_r_ht(i)*(h_6(i)-h_1(i))/1000; %kw
w_r_mt(i)=m_r_mt23(i)*h_2(i)-h_1(i))/1000; %kw
w_r_tot(i)=w_r_mt(i)+w_r_ht(i);
Q_c_ht(i)=m_r_ht(i)*Ch_6(i)-h_7(i))/1000; %kw, Capacity of HT condenser
Q_c_mt(i)=m_r_mt34(i)*Ch_2(i)-h_4(i))/1000; %kw, Capacity of MT condenser
Q c_tot(i)=Q_c_ht(i)+Q_c_mt(i);
Qe(i)=(m_r_htG)+m_r_mt23(i))*Ch_1(i)-h_5(i))/1000; %kw
coP_ht(i)=Q_c_ht(i)/w_r_ht(i);

copP_mt(i)=Q_c_mt(i)/wW_r_mt(i);
coP_tot(i)=(Q_c_ht(i)+Q_c_mt(i))/(W_r_ht(G)+w_r_mt(i));

%LT Condenser
T_mw_out(i)=T_mw_in(i)+Q_c_mt(i)/(Cp_mw/1000*m_mw) ;
dT_1Tmtd_cond_mt (i)=Q_c_mt(i)*1000/UA_cond_mt;
A(i)=exp((T_mw_out(i)-T_mw_in(i))/dT_Tmtd_cond_mt(i));
T_m2()=CT_mw_in(i)-T_mw_out (i) *ACi))/(1-AC));

%HT Condenser

T_hw_in(i)=T_mw_out(i); %inlet temerature of water to be heated (coolant)
rho_hw=refpropm('D','T',T_hw_in(i),'Q"',1, 'water');
Cp_hw=refpropm('c','T',T_hw_in(i),'Q',1, 'water'); % J/kgK.
T_hw_out(i)=T_hw_in(i)+Q_c_ht(i)/(m_hw *Cp_hw/1000) ;

dT_Tmtd_cond_ht(i)=Q_c_ht(i)*1000/UA_cond_ht;
B(i)=exp((T_hw_out(i)-T_hw_in(i))/dT_Tmtd_cond_ht(i));
T_c2(i)=(T_hw_in()-T_hw_out(i)*B(i))/(1-B(i));

%Evaporator

T_cw_out(i)=T_cw_in-Q_e(i)/(Cp_cw/1000*m_cw) ;

dT_1Tmtd_evap(i)=Q_e(i)*1000/UA_evap;
T_e2(i)=(T_cw_out(i)*exp((T_cw_in-T_cw_out(i))/dT_Tmtd_evap(i))-T_cw_in)/(exp((T_cw_in-
T_cw_out(i))/dT_Tmtd_evap(i))-1);

%New values



dre(i)= (T_e(i)-T_e2(i))/2;
dTc(i)=(T_c(i)-T_c2(i))/2;
dTm(Gi)=(T_m(G)-T_m2());
T_c(i)=T_c(i)-dTc(i);
T_e(i)=T_e(i)-dTe(i);
T_m()=T_m()-dTm(i);

end %while.

sixtyprheat=[sixtyprheat i];
if w_r_tot(i-1)>battery_capacity(i-1)+E(i-1) && W_r_tot(i)>W_r_tot(i-1)

Q_c_tot(i)=Q_c_tot(i-1);

w_r_tot(i)=w_r_tot(i-1);

COP_tot(i)=CoP_tot(i-1);
end

end %if 60
if (E(i)+battery_capacity(i))<w_r_tot(i) %if 40

% %7606767606%67606%676%6, %606767606676760676966760676760676760676606767606767606067676766066760676760606 6067676067606067676%6 6066

% %New Toop, reduce to 40% of part load

if (T_c(i)-T_c2(i))<=0.1
T_c2(i)=T_c2(i)-1;

%

end

while (T_c(i)-T_c2(i))>0.1

P_c(i)= refpropm('P','T',T_c(i),'Q',0,Ref);
P_m(i)= refpropm('P','T',T_m(i),'Q',0,Ref);
P_e(i)= refpropm('P','T',T_e(i),'Q',1,Ref);
Pr_rat_ht(i)=P_c(i)/P_e(i);
Pr_rat_mt(i)=P_m(i)/P_e(i);

eta_comp_ht(i)=-0.00000461*Pr_rat_ht(i)A6+0.00027131*Pr_rat_ht(i)A5-
0.00628605*Pr_rat_ht(i)A4+0.07370258*Pr_rat_ht(i)A3-
0.46054399*Pr_rat_ht(i)A2+1.40653347*Pr_rat_ht(i)-0.87811477;
eta_comp_mt(i)=-0.00000461*Pr_rat_mt(i)A6+0.00027131*Pr_rat_mt(i)A5-
0.00628605*Pr_rat_mt(i)A4+0.07370258*Pr_rat_mt(i)A3-
0.46054399*Pr_rat_mt(i)A2+1.40653347*Pr_rat_mt(i)-0.87811477;
vol_eff_ht(i)=0.0011*Pr_rat_ht(i)A2-0.0487*Pr_rat_ht(i)+0.9979;
vol_eff_mt(i)=0.0011*Pr_rat_mt(i)A2-0.0487*Pr_rat_mt(i)+0.9979;

%State properies

T_1()=T_e(i);

x_1=1;

h_1(i)=refpropm('H','T"',T_1(i),'Q',x_1,Ref); % 1/kg
rho_1(i)=refpropm('Dn','7T',7_1(i),'Q"',x_1,Ref);
s_1(i)=refpropm('s','T",7_1(i),'Q"',x_1,Ref); %J/kgk

h_2s(i)=refpropm('H','P"',P_m(i),"'S"',s_1(i),Ref);
h_2(i)=h_1(i)+(h_2s(i)-h_1(i))/eta_comp_mt(i);

s_2(i)=refpropm('s','H',h_2(i),"'P',P_m(i),Ref);
T_2(i)=refpropmC'T',"'P"',P_m(i),"'H' ,h_2(i),Ref);

T_40G)=T_m(@);



h_4(i)=refpropm('H','T"',T_4(i),'P',P_m(i),Ref);
s_4(i)=refpropm('s','H',h_4(Ci),'P',P_m(i),Ref);

h_6s(i)=refpropm('H','P',P_c(i),'S",s_1(i),Ref);
h_6(i)=h_1(i)+(h_6s(i)-h_1(i))/eta_comp_ht(i);

s_6(i)=refpropm('s','H',h_6(i),"'P"',P_c(i),Ref);
T_6(i)=refpropm('T','P',P_c(i), 'H' ,h_6(i),Ref);

T_7()=T_c();
h_7(i)=refpropm('H','T",T_7(i),'P',P_c(i),Ref);
s_7(i)=refpropm('s','H',h_7(),'P',P_c(i),Ref);

h_8(i)=h_7@1);
s_8(i)=refpropm('s','H',h_8Ci),'P',P_m(i),Ref);

h_5Ci)=h_4@);
s_5(Ci)=refpropm('s','H',h_5C),'P',P_e(i),Ref);

%x-greier
m_r_ht(i)=rho_1(i)*(comp_size_ht/3600)*vol_eff_ht(i)*heat_ratio(i)*0.4;
m_r_mt23(i)=rho_1(i)*(comp_size_mt/3600)*vol_eff_mt(i)*heat_ratio(i)*0.4;

h_3(i)=refpropm('H','P',P_m(i),'Q',1,Ref);
x_8(i)=(h_7(i)-h_4(i))/(h_3(G)-h_4(i));

m_r_mt483(i)=m_r_ht(i)*x_8(i);

m_r_mt34(i)=m_r_mt23(i)+m_r_mt483(i);

%vedier

W_r_ht(i)=m_r_ht(i)*(h_6(i)-h_1(i))/1000; %kw
w_r_mt(i)=m_r_mt23(i)*h_2(i)-h_1(i))/1000; %kw
w_r_tot(i)=w_r_mt(i)+w_r_ht(i);
Q_c_ht(i)=m_r_ht(i)*Ch_6(i)-h_7(i))/1000; %kw, Capacity of HT condenser
Q_c_mt(i)=m_r_mt34(i)*Ch_2(i)-h_4(i))/1000; %kw, Capacity of MT condenser
Q c_tot(i)=Q_c_ht(i)+Q_c_mt(i);
Qe(i)=(m_r_htG)+m_r_mt23(i))*(h_1(i)-h_5(i))/1000; %kw
CopP_ht(i)=Q_c_ht(i)/w_r_ht(i);

cop_mt(i)=Q_c_mt(i)/w_r_mt(i);
coP_tot(i)=(Q_c_ht(i)+Q_c_mt(i))/W_r_ht(G)+w_r_mt(i));

%LT Condenser
T_mw_out(i)=T_mw_in(i)+Q_c_mt(i)/(Cp_mw/1000*m_mw) ;
dT_1Tmtd_cond_mt (i)=Q_c_mt(i)*1000/UA_cond_mt;
A(i)=exp((T_mw_out(i)-T_mw_in(i))/dT_Tmtd_cond_mt(i));
T_m2()=CT_mw_in(i)-T_mw_out (i) *ACi))/(1-AC));

%HT Condenser

T_hw_in(i)=T_mw_out(i); %inlet temerature of water to be heated (coolant)
rho_hw=refpropm('D','T',T_hw_in(i),'Q',1, 'water');
Cp_hw=refpropm('c','T',T_hw_in(i),'Q',1, 'water'); % J/kgK.
T_hw_out(i)=T_hw_in(i)+Q_c_ht(i)/(m_hw *Cp_hw/1000) ;

dT_Tmtd_cond_ht(i)=Q_c_ht(i)*1000/UA_cond_ht;
B(i)=exp((T_hw_out(i)-T_hw_in(i))/dT_Tmtd_cond_ht(i));

T_c2()=(T_hw_in()-T_hw_out(i)*B(i))/(1-B(i));

%Evaporator



T_cw_out(i)=T_cw_in-Q_e(i)/(Cp_cw/1000*m_cw) ;

dT_1Tmtd_evap(i)=Q_e(i)*1000/UA_evap;

T_e2(i)=(T_cw_out(i)*exp((T_cw_in-T_cw_out (i))/dT_Tmtd_evap(i))-T_cw_in) /(exp((T_cw_in-
T_cw_out(i))/dT_Tmtd_evap(i))-1);

%New values

dre(i)= (T_e(i)-T_e2(i))/2;
dTc(i)=(T_c(i)-T_c2(i))/2;
dTm(Gi)=(T_m(G)-T_m2());
T_c(i)=T_c(i)-dTc(i);
T_e(i)=T_e(i)-dTe(i);
T_m()=T_m()-dTm(i);

end %while.

fourtyprheat=[fourtyprheat 1i];
if w_r_tot(i-1)>battery_capacity(i-1)+E(i-1) && W_r_tot(i)>W_r_tot(i-1)

Q_c_tot(i)=Q_c_tot(i-1);

w_r_tot(i)=w_r_tot(i-1);

COP_tot(i)=CoP_tot(i-1);
end

end %if 40
if (E(i)+battery_capacity(i))<w_r_tot(i)

% %%62606%626%6%6626%6% %060676%60676760606 6760667676066 6760667606066 76066760606 060676 0667606067676 06 0606760667676 06966769696
% %Reduce to 20% of part load

if (T_c(i)-T_c2(i))<=0.1
T_c2(i)=T_c2(i)-1;

%

end

while (T_c(i)-T_c2(i))>0.1

P_c(i)= refpropm('P','T',T_c(i),'Q',0,Ref);
P_m(i)= refpropm('P','T',T_m(i),'Q',0,Ref);
P_e(i)= refpropm('P','T',T_e(i),'Q',1,Ref);
Pr_rat_ht(i)=P_c(i)/P_e(i);
Pr_rat_mt(i)=P_m(i)/P_e(i);

eta_comp_ht(i)=-0.00000461*Pr_rat_ht(i)A6+0.00027131*Pr_rat_ht(i)A5-
0.00628605*Pr_rat_ht(i)A4+0.07370258*Pr_rat_ht(i)A3-
0.46054399*Pr_rat_ht(i)A2+1.40653347*Pr_rat_ht(i)-0.87811477;
eta_comp_mt(i)=-0.00000461*Pr_rat_mt(i)A6+0.00027131*Pr_rat_mt(i)A5-
0.00628605*Pr_rat_mt(i)A4+0.07370258*Pr_rat_mt(i)A3-
0.46054399*Pr_rat_mt(i)A2+1.40653347*Pr_rat_mt(i)-0.87811477;
vol_eff_ht(i)=0.0011*Pr_rat_ht(i)A2-0.0487*Pr_rat_ht(i)+0.9979;
vol_eff_mt(i)=0.0011*Pr_rat_mt(i)A2-0.0487*Pr_rat_mt(i)+0.9979;

%State properies

T_1()=T_e(i);

x_1=1;

h_1(i)=refpropm('H','T"',T_1(i),'Q',x_1,Ref); % 1/kg
rho_1(i)=refpropm('D','T',7_1(i),'Q"',x_1,Ref);
s_1(i)=refpropm('s','T",7_1(i),'Q"',x_1,Ref); %J/kgk



h_2s(i)=refpropm('H','P',P_m(i),'S",s_1(i),Ref);
h_2(i)=h_1)+(h_2s(i)-h_1(i))/eta_comp_mt(i);

s_2(i)=refpropm('s','H',h_2(i),"'P"',P_m(i),Ref);
T_2(i)=refpropm('T','P',P_m(i), 'H' ,h_2(i),Ref);

T_4()=T_m(i);
h_4(i)=refpropm('H','T',T_4(Ci),'P',P_m(i),Ref);
s_4(i)=refpropm('s','H',h_4(Ci),'P',P_m(i),Ref);

h_6s(i)=refpropm('H','P',P_c(i),'S",s_1(i),Ref);
h_6(i)=h_1()+(h_6s(i)-h_1(i))/eta_comp_ht(i);
s_6(i)=refpropm('s','H',h_6(i),"'P',P_c(i),Ref);
T_6(i)=refpropmC'T','P"',P_c(i),"'H',h_6(i),Ref);

T_7()=T_c();
h_7(i)=refpropm('H','T"',T_7(i),'P',P_c(i),Ref);
s_7(i)=refpropm('s','H',h_7(),'P',P_c(i),Ref);

h_8(i)=h_7@1);
s_8(i)=refpropm('s','H',h_8(i),'P',P_m(i),Ref);

h_5Ci)=h_4@);
s_5(Ci)=refpropm('s','H',h_5C),'P',P_e(i),Ref);

%x-greier
m_r_ht(i)=rho_1(i)*(comp_size_ht/3600)*vol_eff_ht(i)*heat_ratio(i)*0.2;
m_r_mt23(i)=rho_1(i)*(comp_size_mt/3600)*vol_eff_mt(i)*heat_ratio(i)*0.2;

h_3(i)=refpropm('H','P',P_m(i),'Q"',1,Ref);
x_8(i)=(h_7(i)-h_4(i))/(h_3(G)-h_4(i));

m_r_mt483(i)=m_r_ht(i)*x_8(i);

m_r_mt34(i)=m_r_mt23(i)+m_r_mt483(i);

%vedier

W_r_ht(i)=m_r_ht(i)*(h_6(i)-h_1(i))/1000; %kw
w_r_mt(i)=m_r_mt23(i)*h_2(i)-h_1(i))/1000; %kw
W_r_tot(i)=w_r_mt(i)+w_r_ht(i);
Qc_ht(i)=m_r_ht(i)*h_6(i)-h_7(i))/1000; %kw, Capacity of HT condenser
Qc_mt(i)=m_r_mt34(i)*(h_2(i)-h_4(i))/1000; %kw, Capacity of MT condenser
Q c_tot(i)=Q_c_ht(i)+Q_c_mt(i);
Qe(i)=(m_r_htG)+m_r_mt23(i))*(h_1(i)-h_5(i))/1000; %kw
CopP_ht(i)=Q_c_ht()/w_r_ht(i);

copP_mt(i)=Q_c_mt(i)/w_r_mt(i);
coP_tot(i)=(Q_c_ht(i)+Q_c_mt(i))/W_r_ht(G)+w_r_mt(i));

%LT Condenser
T_mw_out(i)=T_mw_in(i)+Q_c_mt(i)/(Cp_mw/1000*m_mw) ;
dT_Tmtd_cond_mt(i)=Q_c_mt(i)*1000/UA_cond_mt;
ACi)=exp((T_mw_out(i)-T_mw_in(i))/dT_Tmtd_cond_mt(i));
T_m2 () =CT_mw_in(i)-T_mw_out (i) *ACi))/(1-AC));

%HT Condenser

T_hw_in(i)=T_mw_out(i); %inlet temerature of water to be heated (coolant)
rho_hw=refpropm('D','T',T_hw_in(i), 'Q',1, 'water');
Cp_hw=refpropm('c','T',T_hw_in(i), 'Q',1, 'water'); % J1/kgkK.
T_hw_out(i)=T_hw_in(i)+Q_c_ht(i)/(m_hw *Cp_hw/1000) ;

dT_Tmtd_cond_ht(i)=Q_c_ht(i)*1000/UA_cond_ht;



B(i)=exp((T_hw_out(i)-T_hw_in(i))/dT_Tmtd_cond_ht(i));
T_c2()=(T_hw_in(i)-T_hw_out (i) *B(i))/(1-B(i));

%Evaporator

T_cw_out(i)=T_cw_in-Q_e(i)/(Cp_cw/1000*m_cw) ;

dT_1Tmtd_evap(i)=Q_e(i)*1000/UA_evap;

T_e2(i)=(T_cw_out(i)*exp((T_cw_in-T_cw_out (i))/dT_Tmtd_evap(i))-T_cw_in)/(exp((T_cw_in-
T_cw_out(i))/dT_Tmtd_evap(i))-1);

%New values

dre(i)= (T_e(i)-T_e2(i))/2;
dTc(i)=(T_c(i)-T_c2(i))/2;
dTm(Gi)=(T_m()-T_m2());
T_c(i)=T_c(i)-dTc(i);
T_e(i)=T_e(i)-dTe(i);
T_m()=T_m()-dTm(i);

end %while.

twentyprheat=[twentyprheat i];
if w_r_tot(i-1)>battery_capacity(i-1)+E(i-1) && W_r_tot(i)>W_r_tot(i-1)

Q_c_tot(i)=Q_c_tot(i-1);

w_r_tot(i)=w_r_tot(i-1);

COP_tot(i)=CoP_tot(i-1);
end

end %if 20
if (E(i)+battery_capacity(i))<w_r_tot(i)

T_c(i)=T_c(i-1);
T_m(i)=T_m(i-1);
T_e(i)=T_e(i-1);
T_hw_out(i)=365.3838;
T_mw_out(i)=350.9679;
Q_c_ht(i)=0;
Q_c_mt(i)=0;
Q_c_tot(i)=0;
Q_e(i)=0;
w_r_ht(i)=0;
w_r_mt(i)=0;
w_r_tot(i)=0;
COP_ht(i)=2.8743;
copP_mt(i)=4.3872;
COP_tot(i)=3.5435;
end

if TES_capacity(i)>=Demand(i) && TES_capacity(i)<TES_capacity(i-1)
compressor_load(i)=0;

T_c(i)=T_c(i-1);
T_m@)=T_m(i-1);
T_e(i)=T_e(i-1);
T_hw_out(i)=365.3838;
T_mw_out(i)=350.9679;
Q_c_ht(i)=0;



Q_c_mt(i)=0;
Q_c_tot(i)=0;
Q_e(i)=0;
W_r_ht(i)=0;
W_r_mt(i)=0;
W_r_tot(i)=0;
COP_ht(i)=2.8743;
cop_mt(i)=4.3872;
CoP_tot(i)=3.5435;
elseif TES_capacity(i)>=TES_capacity_max
compressor_load(i)=0;

T_c(i)=T_c(i-1);
T_m@)=T_m(i-1);
T_e(i)=T_e(i-1);
T_hw_out(i)=365.3838;
T_mw_out(i)=350.9679;
Q_c_ht(i)=0;
Qc_mt(i)=0;
Q_c_tot(i)=0;
Q_e(i)=0;
W_r_ht(i)=0;
w_r_mt(i)=0;
W_r_tot(i)=0;
CoP_ht(i)=2.8743;
copP_mt(i)=4.3872;
COP_tot(i)=3.5435;

end %lager nullverdier

T_supply(i)=T_hw_out(i);
if Q_c_tot==0

T_supply(i)=273.15+80;
end

TES_output(i)=(Demand(i)-Q_c_tot(i))*1.1;
TES_capacity(i+1)=(TES_capacity(i)-TES_output(i));
battery_output(i)=W_r_tot(i)-E(i))*1.2;
battery_capacity(i+l)=(battery_capacity(i)-battery_output(i));

Toad_ratio(i)=Q_c_tot(i)/255;

if TES_output(i)>=TES_capacity(i)
TES_output(i)=TES_capacity(i);

end

if battery_output(i)>=battery_capacity(i)
battery_output(i)=battery_capacity(i);

end

if TES_output(i)>0
output_from_TES(i)=TES_output(i);
heat_from_TES_to_DH(i)=(TES_output(i)/1.1)*0.9;
elseif TES_output(i)<0
input_to_TES(i)=-TES_output(i);
heat_from_HP_to_TES(i)=(-TES_output(i)/1.1)*0.9;
end



if battery_output(i)>0
output_from_battery(i)=battery_output(i);
power_from_battery_to_HP(i)=(battery_output(i)/1.2)%0.8;
elseif battery_output(i)<0
input_to_battery(i)=-battery_output(i);
power_from_PV_to_battery(i)=(-battery_output(i)/1.2)*0.8;
end

if Q_c_tot(i)>0
hours_onBJ=hours_onBJ+1;
elseif Q.c_tot(i)<255 &&Q_c_tot(i)>0
hours_partloadBJl=hours_partloadBl+1;
end

if Q_c_tot(i)>Demand(i)
energy_to_dh(i)=Demand(i);

elseif Q.c_tot(i)+TES_capacity(i)>=Demand(i)
energy_to_dh(i)=Demand(i);

elseif Q_c_tot(i)+TES_capacity(i)<bDemand(i)
energy_to_dh(i)=Q_c_tot(i)+TES_capacity(i);

else
energy_to_dh(i)=0;

end

end%for
figure(1)
plotChour,Q_c_tot)

figure(2)
plotChour,T_c,hour,T_m,hour,T_hw_out, hour, T_mw_out)
Tegend('Tc','Tm", 'Thw', "Tmw')

% figure(3)
% plot(Chour,CoOP_tot)

combined_energyBJ=[Demand 0;Q_c_tot 0;TES_capacity];

combined_powerBJ=[w_r_tot 0;E O;battery_capacity];
combined_watertempBl=[T_m;T_c;T_mw_out;T_hw_out;T_e;T_cw_out;T_return];
combined_COPBJ=[COP_tot;COP_mt;COP_ht];
combined_TESBJ=[output_from_TES;input_to_TES;heat_from_TES_to_DH;heat_from_HP_to_TES];
combined_battBJ=[output_from_battery;input_to_battery;power_from_battery_to_HP;power_from_PV_t
o_battery];

warning: Vvariable names were modified to make them valid MATLAB identifiers. The
original names are saved in the VvariableDescriptions property.
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Appendix B: Results from simulations

Hourly heat capacity, thermal storage, and heat demand in Beijing, January:

Beijing, January
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Hourly heat demand and available heat in Beijing, January:
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Hourly energy produced by PV, battery capacity, and power consumption of the
compressor in Beijing, January:

Beijing, January
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Hourly available power and energy consumption by the compressor in Beijing, January:
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Hourly heat capacity, thermal storage, and heat demand in Lanzhou, January:

Lanzhou, January
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Hourly heat demand and available heat in Lanzhou, January:
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Hourly energy produced by PV, battery capacity, and power consumption of the
compressor in Lanzhou, January:

Lanzhou, January
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Hourly available power and energy consumption by the compressor in Lanzhou, January:
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Hourly heat demand and available heat in Shanghai, January12-18

Shanghai, 12.-18 January
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Hourly available power and energy consumption by the compressor in Shanghai, January
12-18:

Shanghai, 12.-18. January
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Hourly heat demand and available heat in Beijing, January12-18

Beijing, January 12-18
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Hourly available power and energy consumption by the compressor in Beijing, January
12-18:

Beijing, January 12-18
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Hourly temperatures in the condensers in Lanzhou, January

Lanzhou, January
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Hourly temperatures in the condensers in Beijing, January

Beijing, January
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Hourly COP in Lanzhou, January

Lanzhou, January
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Hourly heat capacity, thermal storage, and heat demand in Shanghai, July:

Shanghai, July
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Temperatures in condenser in Shanghai in July

Shanghai, July
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Temperatures in the condenser in Lanzhou in July

Lanzhou, July
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COP in Shanghai, July

Shanghai, July
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Hourly energy produced by PV, battery capacity, and power consumption of the

compressor in Shanghai, July:

Shanghai, July
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Hourly available power and energy consumption by the compressor in Shanghai, July:

Shanghai, July
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Hourly heat capacity, thermal storage, and heat demand in Beijing, July:

Beijing, July
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Hourly heat demand and available heat in Beijing, July:

Beijing, July
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Hourly energy produced by PV, battery capacity, and power consumption of the

compressor in Beijing, July:
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Hourly available power and energy consumption by the compressor in Beijing, July:

Beijing, July
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Hourly heat capacity, thermal storage, and heat demand in Lanzhou, April:

Lanzhou, April
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Hourly heat demand and available heat in Lanzhou, April:
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Hourly energy produced by PV, battery capacity, and power consumption of the
compressor in Lanzhou, April:

Lanzhou, April
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Hourly available power and energy consumption by the compressor in Lanzhou, April:

Lanzhou, April
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Hourly heat capacity, thermal storage, and heat demand in Shanghai, April:

Shnaghai, April
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Hourly heat demand and available heat in Shanghai, April:

Shanghai, April
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Hourly energy produced by PV, battery capacity, and power consumption of the
compressor in Shanghai, April:

Shanghai, April
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Hourly available power and energy consumption by the compressor in Shanghai, April:

Shanghai, April
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Temperatures in the condenser and return water temperatures in Beijing, April:

Beijing, April
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Abstract

A high-temperature ammonia heat pump with a COP of 3.55, a condensation temperature of 96°C and a

temperature lift of 72°C was modelled as part of an integrated energy system. In addition to the high-temperature
heat pump, the integrated energy system consisted of a PVT-system, a battery for electrical power, a thermal
energy storage system, and district heating. The operation of the system was simulated for one year in three
Chinese cities: Shanghai, Lanzhou, and Beijing. The heat pump had a maximum capacity of 255.7 kW, and the
thermal storage had a maximum capacity of 1000 kWh. The results from the simulations showed that the system
behaved similarly in the three cities during the summer months when temperatures were high and there was little
or no demand for space heating. In the colder months, the heat demand in Lanzhou and Beijing was higher than
in Shanghai. The heat pump did not provide enough energy to cover the heat demand in any of the three cities in
the winter months, but the gap between available heat and demand was largest in Lanzhou and Beijing. It was
found that the area of the PV panels should be increased to produce more power so that the heat pump operation
would not be limited by lack of available power. An alternative power source could also be installed to provide
more power. Furthermore, the capacity of the battery storage and the thermal energy storage should be increased
to provide a more stable supply of heat and electric power than the system currently experiences.

Keywords: High-temperature heat pump, ammonia refrigerant, integrated energy system, combined cooling,

heating and power system

1. Introduction

Since the late 1800s, the average surface
temperature of Earth has risen about 0.9°C, and most
of the warming has taken place during the past 35
years [1]. According to the Global Status Report
from the International Energy Agency in 2017,
buildings and construction account for 36% of global
energy use and 39% of energy related CO, emissions
[2]. Operational emissions, that is emissions from
heating, cooling, and lighting of buildings, account
for 28% of global emissions [3]. As the world is
becoming more developed, the demand for heating

and cooling will likely rise, as more people will be
financially able to equip their residences with
heating and cooling systems.

According to the IEA, heat accounted for 50% of
final global energy consumption in 2018, and 40%
of global CO; emissions. 46% of the heat produced
was used in buildings, mainly for space and water
heating. 50% was used in industrial processes, and
the last 4% was used in agriculture. Of all the heat
produced in 2018, only 10% came from renewable
energy sources [4]. Increasing this share by
replacing old heating systems with greener, more
efficient technologies can contribute greatly to a



decrease in global greenhouse gas emissions. Many
alternatives exist today, such as district heating
systems, solar heaters, and heat pumps.

Another way to reduce emissions related to
energy production and consumption is to install an
integrated energy system, where various smaller
energy systems are connected, communicate, and
operate interdependently of one another. Typical
integrated energy systems consist of combined
cooling, heating, and power (CCHP), but other
combinations also exist. Two of the main benefits of
integrated energy systems are the reduced overall
cost if the system is properly controlled and the
reduced environmental impact due to the higher
overall efficiency. To further reduce the
environmental impact, renewable energy sources
can be integrated into these energy systems.

This paper is part of the project «Key
technologies and demonstration of combined
cooling, heating, and power generation for low-
carbon neighborhoods/buildings with clean energy —
ChiNoZEN». The operation of an integrated energy
system is simulated for one year in the three Chinese
cities Shanghai, Lanzhou, and Beijing. The focus of
the simulations is the operation of the heat pump,
and the goal is to investigate how the heat pump
operates with the other components of the integrated
energy system over the course of one year.

2. Methodology

2.1 About the model

The model was created in Matlab, and refrigerant
properties were collected from REFPROP.
Meteonorm was used to collect weather data from
Shanghai, Lanzhou, and Beijing. The electricity
demand of other parts of the system than the heat
pump was neglected, including the electricity
demand for residential use of electrical appliances
and lighting. The heat demand for every hour was
calculated based on the outside air temperature. A
base demand of 50 kW for water heating was
assumed to be constant. Additionally, the heat
demand increased with decreasing outside air
temperatures.

The system consists of four main components:
The PVT system, the electrical energy storage, the
high-temperature heat pump, and the thermal energy
storage. Additionally, the integrated energy system
is connected to district heating.

The system is illustrated in Figure 1.

Figure 1:System sketch of the integrated energy system
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2.2 PVT model

The PVT system was simplified in this model.
The effects from the solar thermal system were
neglected, and only the PV system was modelled.
PV panels of the type Jinko Tiger JKM470N-7RL3
from Jinko Solar were used in the model, and values
used in calculations were taken from the datasheet
[5]. The total PV area was assumed to be 4000 m?,
and the performance ratio was assumed to be 75%.

The model of the PV panels consisted of simple
calculations that determined the energy output every
hour. The modules were assumed to be horizontal,
and the hourly values for global horizontal radiation
were assumed to accurately represent the radiation
the PV system would be exposed to every hour. Any
shading effects were neglected.

To calculate the energy output, the operating
efficiency was first calculated:

Equation 1: Operating efficiency of a PV module
7= Nsr¢ — (Tsrc — Tpy) X TC

r is the operating efficiency [%]
nsrc 1S the module efficiency at standard test

conditions [%6]
Tsre 1S the temperature at standard test conditions
[°C]

T,y is the surface temperature of the PV module [°C]
TC is the temperature coefficient of the maximum
power point [%/°C]

The energy output from the PV module can then
be calculated:

Equation 2: Electric energy generated by a PV module
per hour

E =Apy Xr XH X PR

E is the electric energy generated by the PV
module [kwh]

Hot water (50-60°C)

J J
Storage



Apy is the surface area of the module [m?]
T is the operating efficiency [%]
H is the global horizontal radiation per hour [KW/m?]
PR is the performance ratio [%]

2.3 Battery model

The code for the battery storage is greatly
simplified. The power added to or removed from the
battery is calculated every hour based on power
production by the PV system and power
consumption of the compressor. If the power
consumption of the compressor exceeds the power
produced by the batteries, the remaining power
demand is taken from the battery. If the power
consumption is lower than the power production, the
excess power is sent to the battery. The charging and
discharging efficiencies are assumed to be 80%, and
the maximum storage capacity is 500 kWh.

2.4 Thermal energy storage model

The thermal energy storage tank is connected to
the heat pump and the district heating system. Phase
changing materials are used to maintain a
temperature slightly above 80°C in the tank, so that
the heat supply to the district heating system always
stays above 80 °C. The specific heat transfer
mechanisms between the phase changing materials
and the water are not evaluated. For each hourly
iteration, the heat demand is evaluated. The thermal
energy system is either charged by receiving energy
from the heat pump or discharged by providing
energy to the district heating system. Whether the
energy storage is charged or discharged depends on
whether or not the heat demand exceeds the amount
of heat produced by the heat pump. The charging and
discharging efficiencies are 90%, and other heat
losses are neglected. The maximum storage capacity
is 1000 kwh.

2.5 Heat pump model

The heat pump is a vapor compression cycle with
an evaporator, and expansion valve, two condensers
at different temperature and pressure levels, and two
compressors in series. A system sketch can be found
in Figure 2 and a pressure-enthalpy diagram is
illustrated in Figure 3.

Figure 2: System sketch of the high-temperature heat
pump
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Figure 3: Pressure-enthalpy diagram of the high-
temperature heat pump
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For every hourly iteration, the evaporation and
condensation temperatures are calculated as well as
power consumption, heating capacity, COP, and
other properties. The calculations start with initial
guesses of the evaporation and condensation
temperatures. The refrigerant properties are
calculated, and the heat capacity is found using the
following equation:

Equation 3: Heating capacity

Qc =Mpgr " (hy — hy) + Mgyt (h; — hs)

Where Q. is the total heating capacity in [KW],
mgr and mhggr are the mass flow rates of the
refrigerant through the low-temperature compressor
and the high-temperature compressor, respectively,
in [kg/s]. h, and h, refer to the enthalpies at the
outlet of the condensers in [kd/kg], where stage 4 is
the outlet of the low-temperature condenser and
stage 7 is the outlet of the high-temperature
condenser. h, and hy refer to the enthalpies at the
inlet of the low-temperature and high-temperature
condensers.

The power consumption, or work done by the
compressors in [KW] is calculated and coefficient of
performance are calculated with the following
equations:

Equation 4: Work done by the compressor

HT compressor



W = mR’LT - (h2 - hl) + mR,HT ' (h6 - hl)

Equation 5: Heating COP
copP = &
w
Once these values are determined, new values for
condensation and evaporation temperatures are
calculated. First, the logarithmic mean temperature
difference [K] is found:

Equation 6: Logarithmic mean temperature difference in
the condenser

Qc

LMTDcongenser = m

Where U is the U-value, which is a coefficient
that describes the heat transfer through the walls of
the heat exchangers in [KW/m?K]. A is the heat
exchanger surface area in [m?]. These equations can
also be rearranged, combined, and used to find other
values such as Q, or Te.

The outlet temperature of the water heated by the
condenser is calculated:

Equation 7: Outlet temperature of hot water

Qc
Thw,out = Thw,in + .
’ ' Cp,hw X Mpw

Cp,nw is the specific heat capacity of the hot water
at constant pressure, in [kJ/kgK]. m,, is the mass
flow rate of the hot water through the condenser in
kg/s, and Q. is the heat capacity. The unit for all
temperatures is [K].

Using these values, a new value for the
condensation  temperature can be  found:

Equation 8: New value for condensing temperature

Thw,out_Thw,in

e LMTDcong. —T

Tcw,out X cw,in

T, =

Thw,aut_Thw,in
1—e LMTDconq.

The same is done for the evaporator. If the new
value for the condensing temperature deviates from
the old value with more than 0.1 K, the heat pump
loop starts again, with the new initial guess for
condenser temperature equal the old value plus half
of the difference between the old and the new value.
This continues until the difference between the old
and new value is less than 0.1 K.

The heat pump is programmed to operate on full
load whenever possible. However, when the thermal
storage system reaches full capacity, the heat pump
is shut off. It remains off until the thermal storage is

completely discharged, or until the storage capacity
is lower than the demand. The heat pump is then
turned back on and operates on full capacity until the
thermal storage is full. However, if the power
consumption of the compressor exceeds the
available power in the battery and from the PVT
system, the heat pump will operate on part load. The
load will be as high as possible with the available
power supply. The load ratio (LR) describes the ratio
of the current heating capacity to the maximum
capacity:

Equation 9: Load ratio

_ Qc,actual

LR

Qc,max

3. Results and discussion

3.1 Heat pump performance and power
production

The system was simulated for the three Chinese
cities Shanghai, Lanzhou, and Beijing. Shanghai has
the highest annual temperatures of the three, and
Lanzhou has the lowest temperatures. Due to the
large number of iterations, some results will be
presented by month or week rather than by year.
January is a representative winter month, April is
representative for spring and autumn, and July is
representative for the summer months. Average
temperatures, as well as maximum and minimum
values, are displayed in Table 1.

Max. Min. Average Average Average
temp. temp.  temp. temp. temp.
January = April July

SH 387 -4.5 478 14.56 26.28
LZ 345 -16.7 -5.10 11.87 22.61
BJ 387 -13.9 -3.92 11.68 27.74

Table 1: Temperatures in Shanghai, Lanzhou, and
Beijing. All temperatures are in [°C].

Despite large temperature differences during the
winter months, the cities have similar temperature
and demand curves over a year. Consequently, the
same results from all three cities will not be
presented. Instead, results from one city will be
presented, and the similarities and differences
between the three cities will be explained.

Figure 4 shows the total heat pump capacity and
demand for every hour through the year in Lanzhou.
The curves are similar for Shanghai and Beijing,
although the hourly demand never exceeds 250 kW
in Shanghai. It is clear that the heat demand greatly
exceeds the heat pump capacity in certain hours. The



heat pump mostly operates on maximum Capacity or Number Percentag Number of | Percenta Total

is shut off. Furthermore, the heat pump operates on operatin | when heat | when with insufficient

part load a few hours throughout the year. The
maximum capacity of the heat pump is 255.7 kW.

Figure 4: Heat capacity and heat demand in Lanzhou
in January
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Figure 5 shows the hourly average heat demand
and available heat from the heat pump and thermal
energy storage per week. This graph shows that the
heat supply exceeds the demand most weeks,
however, the heat supply is sometimes insufficient
during the winter months. The table below presents
the number of hours with insufficient heat supply.

Figure 5: Hourly average heat demand and heat supply
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Table 2 is a collection of data that describes heat
supply and demand for selected time periods. The
heat pump operates in less than half the time steps,
which means that the heat pump is turned off for
more than half the time. In January, the heat pump is
turned on for a larger percentage of the time than on
a yearly basis, due to a higher demand during winter
months. However, the heat pump is turned off for
more than 40% of the time in all three cities, even
though all cities experience heat shortages. The most
notable heat shortage is found in Lanzhou, where the
heat demand is not met 47.26% of January.

of e of time | hours ge of time | amount of
g hours | pump was | demand insufficie heat
heat turned on | exceeds nt heat | [kWh]
pump [%] supply [%]

SH Jan. 397 53.14 103 13.79 17 863

LZ Jan. 424 56.76 353 47.26 82112

BJ Jan. 445 59.57 295 39.49 67 731

SH April 194 26.84 0 0 0

LZ April 285 39.64 9 1.25 874

BJ April 227 31.57 1 0.14 82

SH July 162 21.80 0 0 0

LZ July 162 21.80 0 0 0

BJ July 161 21.67 0 0 0

SH year 2757 3147 283 3.23 44 795

LZ year 3569 40.75 1090 124 236 130

BJ year 3351 38.26 856 9.8 187 534

Table 2: Heat shortages

Figure 6 shows the heat production, thermal
storage capacity, and heat demand in Lanzhou in
January. There is a notable period during the middle
of the month where the thermal storage capacity is
low or empty, and demand exceed the amount of heat
produced by the heat pump.

The graph also shows that the heat pump is
turned off for several time steps while demand is
high. This is because of a lack of available power in
those time steps.

Figure 6: Heat production, heat demand, and thermal
energy storage capacity in Lanzhou in January
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To better see the relation between the lack of heat
despite high demand and a lack of power, the
following figures will show data for five days in
January.

Figure 7: Heat production, heat demand, and thermal
energy storage capacity in Lanzhou, January 22-27

22.-27. lanuary, Lanzhou

Figure 8: Power production, power consumption, and
battery capacity in Lanzhou, January 22-27

22.-27. January, Lanzhou
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There is a clear correlation between the heat pump
operation and the available power. The time steps
when the heat pump is shut off or is at part load even
though demand is high are the same time steps when
there is little or no available power for the
compressor. This is seen throughout the year and the
same results are found in the simulations for
Shanghai and Beijing.

To increase the number of operating hours for the
heat pump, the amount of available power must be
increased. This can be achieved by increasing the
area of the PV modules, or by enhancing the battery
storage capacity. Figure 8 displays four separate
instances where the PV system produces power even
when the mattery has reached maximum capacity, so
increasing the battery capacity would elongate the
heat pump operating cycles. Because the battery
reaches maximum capacity so many times,
increasing the PV area would have little effect
without an increase in battery capacity as well. An
alternative is to add an auxiliary power supply, for
example wind power or a connection to the local
power grid. This would give a more stable power
supply, but prices and emissions related to power
production would increase.

Thermal storage capacity or heat pump capacity
should also increase if the demand during winter
months is to be met. This must be done together with
an increase in available power.

The total heat demand in Lanzhou in January was
188 222 kwh. The total amount of heat produced by

the heat pump was 105 630 kWh. If the heat pump
has been at full capacity for every time step in the
duration of January, the heat pump would have
produced 190 497 kWh. This is slightly more than
the total demand, and in theory it is enough to cover
the heat demand in January. However, this assumes
a steady heat demand or a higher maximum thermal
storage capacity. If the heat demand had been right
below 250 kW every hour, the heat pump would
always be able to send the heat directly to the district
heating system and cover heat demand. But since the
heat demand varies and sometimes approaches 400
kW, it is necessary that the thermal storage unit
supplies the heat pump in the hours with the highest
demand. To ensure that this can happen, the thermal
storage system must have a high enough capacity to
save all the excess heat for the heat pump.
Furthermore, the efficiency of the thermal energy
storage limits the amount of heat that is available.
The thermal energy storage system operates with a
90% efficiency during charging and discharging, so
10% of the heat is lost in the process. There are
additional heat losses through the walls of the
thermal storage system, although those losses have
been neglected in this simulation. This means that
even if the heat pump operated on full capacity with
no breaks every hour throughout January, and even
if the thermal storage system had an unlimited
capacity, the heat pump in this system would likely
not be able to supply the residents in Lanzhou with
enough heat to cover their heat demand in January.
Beijing has a slightly lower total heat demand,
and it might have been possible to cover this heat
demand if an alternative power source was
connected to the system, and if the thermal storage
capacity was higher. The heat shortage in Shanghai
in January was 64 249 kWh lower than in Lanzhou,
and the heat demand never exceeds 255 kW in any
hourly time step. Consequently, the heat pump
would be able to cover the total heat demand if an
alternative power source were connected so that the
heat pump could always operate on full capacity.

The heat supply and power demand in July are
stable, as can be seen in Figure 9. The results from
July and other summer months are very similar for
all three cities.



Figure 9: Heat demand and available heat in Lanzhou in
July
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3.2 Temperatures and efficiencies

The condensation temperatures vary greatly
throughout the year. However, it appears that the
variations in temperature coincide with the load ratio
of the heat pump. When the heat pump works on full
load, the heat exchanger temperatures remain
relatively constant. While they may vary slightly,
they normally stabilize around 353.35 K, or 80.20°C
in the low-temperature condenser, and 369.17 K or
96.02°C in the high-temperature condenser. This
leads to an outgoing water temperature of 350.97 K
(77.82°C) from the low-temperature condenser and
365.38 K (92.23°C) from the high-temperature
condenser. These temperatures are consistent for all
three cities.

However, in the beginning and end of the year,
the temperatures drop quite frequently. Figure 10
displays the temperatures in the two condensers in
Shanghai during one week in January. Similar
results to the ones displayed in this graph are found
throughout the colder periods in all three cities, but
the week of January 12 to January 18 was selected
to better be able to interpret the results.

Figure 10: Temperatures in the condensers in Shanghai,
January 12-18
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As previously mentioned, there appears to be a
correlation between the temperature drops and the
load ratio of the heat pump. This is also consistent

with literature [6]. The thin blue, vertical lines show
the time steps when the heat pump operates on part
load.

An effect on the load ratio is also seen when
studying the COP of the heat pump in the various
time steps. This is displayed in Figure 11.

Figure 11: Coefficients of performance in the LT cycle, the
HT cycle and the total COP for Shanghai, January 12-18
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In Table 3, data from six different time steps are
presented. 1l time steps are sorted from largest to
smallest load ratio. All the data points are from
Lanzhou in January, but similar results are found in
the simulation data from the other cities as well. The
same results are found during the spring and autumn,
but with a lower frequency than the winter months.

Hour 5 378 50 360 7
Demand 228.35 25295 207.85 264.23 229.38
Total heat 25570 218.30 188.44 13342 67.32
pump

capacity

Load ratio 1.00 0.85 0.74 0.52 0.26
Total power = 72.16 54.76 42.84 25.28 10.46
consumption

by the

compressors

Available 276.82 57.18 52.65 39.68 17.04
power

LT 353.35  350.28 347.86 343.43 338.24
condenser

temperature

HT 369.17  364.01 359.82 352.11 342.80
condenser

temperature

Outlettemp. = 365.38 360.71 356.97 350.05 @ 341.70
of water

from HT

condenser

COP 3.54 3.99 4.40 5.28 6.44

Table 3: Values for temperature, efficiency, heat
production, and power at various load ratios

There is a clear correlation between the changes
in condenser temperatures and COP and the load
ratio. The temperatures decrease with the load ratio,
while COP increases as load ratio is reduced.

The outgoing water temperature from the high-
temperature condenser normally stays above 353.15
K (80°C), even when the heat pump operates on part

26
17.04
61.01

0.24
9.31

15.67

337.75

341.90

340.90

6.55



load. This is important, because the outgoing water
temperature to the district heating system is designed
to be 80°C. The system will therefore be less
efficient and able to transfer less heat to the district
heating system if the outgoing water temperature is
below 80°C.

A problem occurs when the outgoing water
temperature is lower than 80°C, which happens in
certain time steps. This happens in less than 5% of
the cases, however this should be avoided to ensure
the district heating system receives enough heat. To
avoid this, the heat pump system must be modified
so that the condensation temperature of the high-
temperature condenser is higher. Because the water
temperatures are directly related to the load ratio,
this problem can also be avoided by limiting the
load ratio. It seems that the outgoing water
temperature drops below 80°C when the load ratio
is below 70%. If the heat pump is programmed to
shut off when the load ratio drops below 70% rather
than going on part load, this problem could be
avoided, and the outgoing water temperatures
would be above 80°C at all times.

Another option is to connect a heating coil to the
system, after the water has passed through both
condensers. In this case, there could be a
temperature sensor after the high-temperature
condenser, and if the temperature is lower than a
specified value, for example 80°C, the heating coil
could be turned on. However, this heating coil
would require a power source, preferably
electricity. The problem is that the heating coil
would only be necessary when the heat pump
operates on part load, and the heat pump only
operates on part load when there is not enough
power for the heat pump to operate on full load.
This means that there probably would not be
enough power to heat the heating coil when it was
needed. Another drawback is that the heating coil
would have a COP below 1 if all losses are
accounted for, and the heating coil would therefore
reduce the COP of the system as a whole.

The increase in COP can be explained by the
temperature reduction. Lower condenser
temperatures lead to smaller temperature lifts, and
less power is needed by the compressor. This
results in a higher COP when the condensing
temperatures are lower. However, the calculations
of COP are not completely accurate due to
assumptions and simplifications.

The temperature of the heat source is assumed to
be constant. In reality, it is dependent on the
ambient temperature and the temperature of the
PVT system. The heat source temperature will be
higher on hot days and days with a high amount of
solar radiation, which leads to a smaller

temperature lift and a higher COP. This effect was
neglected in the simulations.

Moreover, the inlet temperature of the water
going to the condensers is assumed to be constant.
The actual temperature is dependent on the return
temperature from the district heating system, which
will be affected by mass flow rates and heat
demand.

Lastly, the power consumption of other
components than the compressor is neglected. This
includes pumps and other electrical components
which need power during heat pump operation.
When the heat pump operates on part load, these
components make up a larger part of the total
power consumption and will lead to a reduced COP
[7]. Power consumption also increases during
shutdown and start up, but this effect is neglected.

4. Conclusions

The siulations of the integrated energy system
showed sismilar trends for Shanghai, Lanzhou, and
Beijing thrughout the year, however the heat demand
was much higher in Lanzhou and Beijing than
Shanghai during the winter months. This suggests
that the energy system should be adapted to the city
where it is located. The optimal operation of the
system in Shnaghai might be different than if the
system is located in Lanzhou.

Because the heat pump needs electrical power to
operate, it is crucial that the power production part
of the integrated energy system can produce enough
power. The existing system does not have a high
enough capacity, and the area of the PV modules
must be improved or an auxiliary power source must
be connected to the system. This is especially
important during the winter months, when heat
demand and therefore  compressor  power
consumption is high and the solar radiation is low.

The capacities of the battery storage and thermal
energy storage must also be enhanced. This will
reduce the number of hours with insufficient heat
demand, and reduce the amount of electrical power
produced by the PV system that is wasted due to a
full battery capacity.

The heat pump mostly operates on full load, but
when there is not enough power for full load
operation, the heat pumpoperates on part load. This
leads to a higher COP due to lower condenser
temperatures. However, lower  condenser
temperatures lead to lower temperatures in the heat
sink, which can result in loess available heat to the
district heating system.

The values for COP are not completely accurate
due to assumptions about water temperatures and
power consumptions. There is a need for a more



detailed model of the heat pump and the other
components in the integrated energy system in order
to get more accurate and realistic values and a better
understanding of how the heat pump operates in the
integrated energy system. However, the simulations
presented in this paper have uncovered certain trends
that are important to be aware of in future work on
this project.
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