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Abstract

The main objective of this thesis is to investigate the performance of a solar assisted ground source heat
pump for a school in Oslo and provide information on how sush systems shoul be optimized. The energy
system is designed in such a way that the solar collector prioritizes to provide heat to the hot water tank,
and whenever there is excess heat from the solar collector it can be used to charge the ground borehole.
A detailed thermodynamic analysis of the system has been carried out in Engineering Equation Solver
(EES), where isobutane (R600a), propane (R290), ammonia (R717) and solstice (R1234ze(E)) have been
investigated as working fluid for the heat pump. Dynamic simulations of the solar assisted ground soruce
heat pump was also conducted in IDA ICE. The result revealed positive outcomes from using SC in a
Nordic climate, and the different working fluids have affected both the COP and the exergy of the system.
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Abstract
Increased insight into global warming together with the Paris Agreement and the UN climate
report has sparked an interest in renewable energy associated with buildings. Utilizing renew-
able energy sources will help reduce the energy consumption in the building sector and minimize
greenhouse gas emissions. Ground source heat pumps (GSHP) are a frequently used energy sys-
tem in Norway today. Since more passive houses have been built in the last years and the need
for efficient energy systems has increased, an increased interest in solar assisted ground source
heat pumps (SGSHP) has been observed. There are however shortcomings in detailed perfor-
mance analysis of such systems in a cold climate, and therefore uncertainties if it is beneficial to
implement solar thermal energy to a GSHP.

The main objective of this thesis is to investigate the performance of a SGSHP for a school
building designed according to criteria for passive houses. The performance analysis was then
used to determine if solar thermal energy is suitable for use in a GSHP and how such systems
should be optimized in cold climates. The energy system will provide energy both for domestic
hot water production (DHW) and space heating. The SGSHP is designed in such a way that
the solar collectors (SC) prioritize providing heat to the hot water tank and whenever there is
excess heat from the SC it will be used to charge the ground borehole.

In the thesis, a detailed thermodynamic analysis of the system was carried out in Engineering
Equation Solver (EES). As working fluid for the heat pump (HP) isobutane (R600a), propane
(R290), ammonia (R717) and solstice (R1234ze(E)) have been investigated. Several sensitivity
analyzes were conducted to be able to identify how different parameters influence the perfor-
mance of the SGSHP and to provide important knowledge for the optimization of the system in
a colder climate.

It was also conducted dynamic simulations in IDA ICE to further investigate how the configu-
ration of the SGSHP influences the performance. Two separate plants were constructed. In the
first system, the SC was solely used to heat the water tank, and in the second system the SC was
only connected to the ground heat exchanger (GHX) to recharge the ground. One year energy
simulations were performed to investigate the energy distribution from the systems, and the soil
temperature in the boreholes was plotted over a seven year period.

The main results of the thermodynamic analysis and the dynamic simulations were as follows.

• Recharging the ground with SC will increase the Coefficient of Performance (COP) of the
HP and maintain a thermal stable soil.

• Heating the hot water tank with solar thermal energy will reduce the need for delivered
energy.

• R717 was found to achieve the best COP and lowest exergy destruction in the HP.

• The compressor stood for a significant part of the HP’s exergy destruction, and it was
discovered that subcooling the refrigerant after the condenser reduced this amount.

The investigated SGSHP appeared to be a well-suited approach for heating passive houses in
cold climates. Implementing SC can help a GSHP become more efficient, increase its lifetime
and reduce the overall need for delivered energy to a building.
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Sammendrag
Økt innsikt i global oppvarming sammen med Parisavtalen og FN sin klima rapport har vekket
interesse for fornybar energi knyttet til bygninger. Bruk av fornybare energikilder i bygninger vil
bidra til å redusere energiforbruket og minimere klimagassutslippene i byggesektoren. I Norge
er bergvarmepumper et mye brukt energisystem idag. Siden det har blitt bygget flere passivhus
de siste årene og behovet for effektive energisystemer har økt, har man sett en økt interesse
for solassisterte bergvarmepumper. Det er imidlertid mangel av detaljerte ytelses analyser av
solassisterte bergvarmepumper i et kaldt klima, og derfor usikkerhet om det er fordelaktig å
implementere slike systemer i Norge.

Hovedmålet med denne oppgaven var å undersøke ytelsen til en solassisterte bergvarmepumpe
knyttet til et skolebygg designet etter kriterier for passivhus. Ytelses analyses ble så brukt til å
undersøke om det er en fordel å benytte termisk sol energi sammen med grunn varme pumpe, og
hvordan eventuelt slike system kan optimaliseres i Norge. Den solassisterte bergvarmepumpen
gir energi både til varmt tappevann og romoppvarming. Systemet er utformet på en slik måte at
solfangere prioriterer å gi varme til varmtvannstanken, og når det produseres overskudds varme
fra solfangerne brukes dette til å lade energibrønnene.

I oppgaven ble det utført en detaljert termodynamisk analyse av systemet er i Engineering Equa-
tion Solver (EES). Som arbeidsmedium til varmepumpen ble isobutan (R600a), propan (R290),
ammoniakk (R717) og solstice (R1234ze(E)) undersøkt. Flere sensitivitetsanalyser ble utført
for å kunne identifisere hvordan ulike parametere påvirket ytelsen til systemet som ga viktig
kunnskap for optimalisering av systemet i et kaldt klima.

Det ble også utført dynamiske simuleringer i IDA ICE for ytterligere å undersøke hvordan kon-
figurasjonen av en sol assisterte bergvarmepumpe påvirket ytelsen. To separate systemer ble
bygget. I det første systemet ble solfangerne utelukkende brukt til å varme opp vanntanken,
mens i det andre systemet ble solfangerne kun koblet til energibrønnene for å lade opp grunnen.
Ett års energi-simuleringer ble utført for å undersøke energi fordelingen i systemene, og grun-
ntemperaturen i energibrønnene ble plottet over en syvårsperiode.

Hovedresultatene av den termodynamiske analysen og de dynamiske simuleringene viste følgende:

• Ladning av energibrønnene ved hjelp av solfangerne ga høyere COP for varmepumpen og
en mer termisk stabil grunn

• Bruk av solvarme til oppvarming av varmtvannstanken ga et redusert behov for levert
energi

• R717 oppnådde høyest COP og lavest eksergiødeleggelse

• Kondensatoren stod for en stor andel av eksergiødeleggelsen til varmepumpe og en under-
kjøling av arbeidsmediet ga en positiv effekt.

Funnene avslørte at solassisterte bergvarmepumper er lovende energisystemer for passivhus i
kalde klimaer. Implementering av solfangere hjelper en bergvarmepumpe til å bli mer effektiv,
øke dens levetid og redusere behovet for levert energi til en bygning.
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1 INTRODUCTION

1 Introduction

1.1 Background
The building sector’s energy demand has been rising for the last decades and is now accounting for 30%
of the final global energy consumption, making it one of the largest energy consumption sectors [1]. The
Paris Agreement, adopted by 196 countries in 2016, and the UN climate report published in 2021 are
expressing a deep concern for the environment, which has heightened the focus on reducing the energy
usage [2] [3]. It is, therefore, vital to minimize greenhouse gas emissions in the building sector and en-
hance energy efficiency in order to meet the Paris Agreement’s target of limiting global warming to 1.5
°C compared to the prediction. Therefore, a considerable percentage of energy production should come
from renewable sources proven to be energy efficient and durable.

As more passive houses and low-energy buildings have been built in recent years, the need for efficient
energy systems has grown. As well, due to the change in the weather pattern and cold climate in the
north, there is still some uncertainty about how some types of energy sources can best be utilized for the
building sector, like solar systems. Ground source heat pumps (GSHP) are a well-established technology
in Norway today. Solar energy is, however, less used, particularly solar thermal energy systems. If the
purpose is to use solar energy for heating, it is advantageous to convert the sun’s rays directly into heat
rather than go the way through electricity [4]. There has been an increase in interest in combining
these two technologies to improve the energy system’s operating conditions and minimize the need for
delivered energy. Several studies have compared the performance of a solar assisted ground source heat
pump (SGSHP) to a conventional GSHP, and the results showed benefits of having solar thermal energy
combined with a GSHP. The configurations of SGSHP can be done in a variety of ways. The heat
generated by the solar collectors (SC) can be utilized to raise the evaporation temperature, recharge the
ground, produce the building’s domestic hot water, or a combination of these methods. In recent years,
there has been an increase in the number of published research works examining how system solutions
for SGSHP affect the performance, and different positive outcomes from each configuration have been
observed. However, the performance of these systems in Norway is a gap in this field, and will therefore
be conducted in this thesis.

1.2 Main objective
The main objective of this thesis is to look into the energy and exergy performance of a SGSHP and
investigate if it is beneficial to assist a GSHP with solar thermal energy in a cold climate. Different
parameters will be analyzed in order to understand how they affect the performance of the energy system
and provide important information for the optimization of a SGSHP. This was accomplished by per-
forming a comprehensive thermodynamic analysis of the selected energy system in Engineering Equation
Solver (EES) and through dynamics simulations in IDA ICE (IDA Indoor Climate and Energy). The
SGSHP is connected to a school building in Oslo, Norway, which is designed according to the Norwegian
passive house standard. The SGSHP under consideration will provide energy both for domestic hot water
production (DHW) and space heating. The configuration of the system will be designed in such a way
that the flat plate SC prioritizes providing heat to the hot water tank, and any excess heat from the SC
will be used to charge the ground heat exchanger (GHX). In the thermodynamic analysis of the system,
four different potential working fluids have been investigated for the heat pump (HP): isobutane (R600a),
propane (R290), ammonia (R717), and solstice (R1234ze(E)).

1.3 Limitations
For this master thesis, only one system configuration for the SGSHP is considered due to time limitations.
For the same reason, neither cost profitability nor environmental impact is taken into account.
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2 LITERATURE REVIEW

2 Literature review

2.1 Review Approach
A scoping review was carried out to map the relevant literature in the field of SGSHP. An overview of the
study design and available evidence in this field, regardless of quality, might indicate specific questions and
methods that should be implemented in new research and in this thesis to further advance the research
field. The scoping review follows the framework given by Arksey and O’Malley in their seminal paper on
Scoping review [5].

1. Identifying the research question

2. Identifying relevant studies

3. Study selection

4. Charting the data

5. Collating, summarizing and reporting the result

The research question for this literature review was defined as: What is known from existing literature
on the performance of a ground source heat pump coupled with solar collectors?

The next stage was to compile a list of relevant studies. This was accomplished by identifying relevant
keywords and terms connected to the research subject. The used search was: "Performance analysis"
AND "solar thermal system" OR "solar collector" AND"ground source heat pump". Only articles writ-
ten in English and Norwegian were considered. It is worthy to mention that Web of Science, Scopus and
Science Direct are the only databases utilized in this literature review. The databases were chosen based
on their accessibility through the university as well as their capacity to do advanced searches. To limit
the quantity of studies and improve the quality of the articles while maintaining a defined scope, review
papers, conference reviews, conference papers, and books were removed.

An abstract review process was carried out next, in which the abstract was read to eliminate publications
that were not relevant. These were articles that didn’t include the keywords, gave the keywords a different
meaning, or used the keywords differently. The keyword "solar collector" is an example of this, which
can be used in conjunction with a photovoltaic panel (PV) in many circumstances, but this literature
analysis focuses solely on SC as a source of solar thermal energy. Articles that were not accessible through
the university were likewise left out. When the relevancy of an article was questioned, the conclusion
was read and the remainder of the article was examined more extensively to see whether it should be
included or not. Finally, articles that were repeated in the three databases were removed. As a result,
the literature review consists of a total of 33 studies. Appendix B provides a list of the articles retrieved
from the databases.

The framework’s next step was to extract and chart the data. The articles were carefully examined and
classified into various properties. Excel and NVivo were both used to neatly organize the data. The aim
of the study and the important results were identified by the the authors own words. This step is critical
for providing an overview of existing literature, as well as identifying research gaps and key discoveries.
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2.2 General trends
General data for the 33 articles was gathered to examine if there were any general trends in the data that
might be used to identify study gaps. This master’s thesis will address some of the gaps that have been
noticed.

2.2.1 Publishing year

The number of publications on this topic is growing, but it is still a modest amount with a small increase,
as seen in figure 1. The use of HPs has risen in recent years, particularly water-to-water HP [6]. A
growing awareness of buildings’ environmental implications could potentially be a motivating element
behind this small rise. We want to improve the heating and cooling system’s efficiency and lifetime while
reducing the use of fossil fuels, and coupling a GSHP with SC could be a good solution, which still needs
to be optimized. The coronavirus may have made it difficult to operate experimentally and together with
others, which could explain why the amount of new research from 2020 until now has remained constant
and did not increase as one could expect.

Figure 1: Publication year of the selected articles.

2.2.2 Represented countries

The geographical location of the analyzed SGSHP is presented in figure 2, and it shows that 15 distinct
countries are represented. This representation can also predict which climates have been studied the
most. In 24% of the cases, the investigation took place in China. China has developed a considerable
solar manufacturing industry, and the cost of a solar collector in China is significantly lower than in other
countries [7]. This makes it more cost-effective to utilize and, as a result, more desirable to investigate.
The countries represented make up 8% of the United Nations’ membership. The low proportion shows
that the subject is still developing.

3



2.2 General trends 2 LITERATURE REVIEW

Figure 2: Geographical location of the studies case.

2.2.3 Implemented method

In this section, the different methods used in the gathered articles have been investigated and charted.
Figure 3 illustrates the distribution of 3 different methods: simulation tool, experimental and mathemat-
ical modeling. One article used both a simulation tool and a experimental method, and the baseline is
therefore 34.

Figure 3: Implemented Method.

The most frequently used method is, by far, simulation. Simulating the energy system can be an efficient
and low-cost way to indicate if the studied method is useful and should be further implemented in a real
environment. The software programs today also have high accuracy and are easy to access. The most
popular software was TRNSYS (Transient System Simulation Tool), which 86 % of the studies performed
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simulations used. Other simulation tools used were IDA-ICE, Polysun, and Dymola.

Many of the studies used mathematical modeling, which has several of the same advantages as simulation.
The fundamental distinction between these two methods is that with a mathematical model, you may
use general equations and mathematical expressions to represent the relationships between variables and
outcomes. As a result, you have an explicit expression of the behavior pattern. The downside is that
unrealistic assumptions must be made, but this can be overcome via simulation.

Experimental studies account for only 20% of the total. This low percentage may be because of the
complexity of these kinds of systems and the cost thereof. An experimental study also has limitations on
the study period and varying the input.

To further advance this research field, more studies should implement the developed SGSHP in real
buildings to test their actual performance. This implementation will increase the possibility of using
SGSHP on more buildings today, lowering total energy consumption in the building sector.

2.2.4 Building category

The researched energy systems were tested on a variety of buildings in order to verify their utility and
performance. The various building categories are classified into four groups based on the functional use:
residential, educational, commercial and other building types. Yan et al. and Vikas and Murugesan are
under other building types since they used a test room and did not specify other than "heating for a
room" [8] [9].

Figure 4: The different building categories implemented in the studies.

Figure 4 shows that the SGSHP is mostly investigated based on the energy demand of a residential
building, 70% of the studies. This was mainly found to be in small houses. The popularity of using
this building type may be because of the available data and accessibility. Even though commercial and
residential buildings have enormous potential in energy reduction, because of the high consumption, these
buildings are a bit more complex and not as easy to access or simulate [10]. More research on SGSHP
tied to educational and commercial buildings is needed to develop this topic of study further.
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2.3 Findings from literature review
The gathered findings from the selected articles will be summarized and compared in the next section
based on a specific evaluated outcome of using SGSHP.

2.3.1 Thermal imbalance in the soil

With the use of GSHP, a thermal imbalance in the soil occurs when the heating and cooling loads are
not equal over time. As a result, the soil temperature, the efficiency of the system and the lifetime
will decrease. Additional research have investigated how the GHX and the operation mode should be
modified, and other studies have tried to integrate other applicants to the system, such as a boiler, waste
heat and solar energy, to resolve this problem. This review will look at how combining GSHP with SC
can help with the soil’s thermal imbalance.

Shamsabadi et al. developed a mathematical model of a small hybrid system to investigate the effect
of using flat plate solar collectors for recharging the ground in Tehran [11]. The temperature of the soil
climbed 1-2◦C with SC during the course of a month in the summer. Without SC, the soil tempera-
ture dropped by 1.25–1.85◦C, demonstrating the importance of ground charging to avoid ground thermal
depletion. Ji et al. and Gao et al. achieved a similar result, but used TRNSYS to simulate a GSHP
and a SGSHP, and studied for a longer period, 10 years [12] [13]. Ji et al. plotted the average ground
temperature over a 10-year period, and a GSHP was compared to a SGSHP with 1212 m2 of SC and
2424 m2 of SC. The temperature dropped by 8.65◦C without SC, but only by 1.07◦C with a SC area of
1212 m2. The soil temperature increased by 4.87◦C as the area of SC was doubled. Gau et al. studied
the system in 3 different locations, introducing climate as a factor. The three different locations were
Beijing, Harbin and Shengzhou, a cold climate, a severe cold climate and a hot summer and cold winter
climate, respectively. For all three SGSHP the average soil temperature remained stable over the 10
years. For the GSHP in Beijing, Harbin and Shengzhou the average soil temperature dropped by 7.3◦C,
7.5◦C and 4.2◦C respectively. Regardless of the climate, the injected heat to the ground from SC will
help balance the ground, but the study proves that it is more important to do so in a colder climate
where the temperature will drop drastically over time with the use of GSHP.

Lee et al. compared the ground temperature of two SGSHP systems, one with a serial configuration
and the other with a parallel configuration [14]. If the temperature in the buffer tank is high enough,
heat collected from the SC is pumped into the GHX in the first system. The heat from the SC was
used directly as a secondary heat source in the HP in the second system, which could not inject heat
into the ground. When compared to a conventional GSHP, the soil temperature of the first and sec-
ond systems increased by 20.7% and 7.2%, respectively. Lee et al. therefore proves that using SC to
recharge the ground or as a secondary heat source helps balance the ground temperature, but also con-
cluded that by recharging solar heat into the ground, the SGSHP raised the soil temperature significantly.

It has been demonstrated that combining GSHP with SC prevents drastically temperature drops in the
soil, hence reduces depletion over time. The majority of research focused on recharging, stating that it
reduces the temperature drop over time and that these steps are more important to implement in colder
areas. Few studies have looked at the effect of utilizing the SC directly to limit heat extraction from
boreholes, but Lee et al. demonstrate that this is a measurement that can be implemented, thus it’s
worth doing more research to determine how this measure differs in different climates.

2.3.2 Affect of solar collector on borehole length

One issue with GSHP is the cost and complexity of constructing the GHX. Several studies therefore
aimed to see if using SC with a GSHP can reduce the length of the borehole.

Duarte et al. simulated a solar hybrid GSHP in Milton, Canada [15]. During the heating season, the
relationship between the SC area and the GHX length was investigated. The best relationship was dis-
covered with a SC area of 6.81 m2, which reduced the GHX length by 15% compared to excluding the
SC. After a sensitivity analysis was carried out for four different cities in Canada, they concluded that
the proposed solar hybrid GSHP system was most suitable for Vancouver, which has the mildest climate.
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The ratio of GHX length reduction to SC area was determined to be 7.64 m/m2.

Cimmino and Eslami-Nejad simulated a SGSHP system over a 30-year period, with various GHX net-
work arrangements under different values of minimum fluid temperature returning to the heat pump,
total solar collector area, and borehole spacing [16]. All cases are compared against a one borehole con-
figuration with and without solar heat injection. The results revealed a considerable difference in the
reduction of borehole length. When heat is injected into a single borehole, the required borehole length
is lowered by 10%. With a SC area of 10 m2, the required borehole length for a shallow bore field might
be reduced by up to 29%. Finally, they concluded that the minimum temperature returned to the HP
also has a significant impact on the necessary borehole length in both single and shallow bore field setups.

Eslami-Nejad and Bernier compared the performance of two distinct SGSHP systems, consisting of a
single borehole, over a 20-year period to a traditional GSHP system [17]. In case 1, the SC recharged
the boreholes, but in case 2, the SC heated the working fluid before it entered the evaporator. In com-
parison to the conventional system, the simulations revealed borehole length reductions of 17.6% and
33.1% for case 1 and 2, respectively. They believe that the first result is primarily due to solar energy
injected and stored into the ground over the heating season, which raises the ground temperature in the
borehole’s proximity. They also looked into how the ground’s thermal conduction affects borehole length.
By increasing the thermal conductivity from 1.5 to 3 W/mK, the borehole length could be reduced by 27%.

Overall, these studies concluded that implementing SC to the GSHP would reduce of needed borehole
length regardless of the system configuration.

2.3.3 Energy consumption

The great efficiency and low energy consumption of GSHP is one of the reasons why it is becoming
more widely employed. One of the key goals of combining GSHP with a solar system is to utilize more
renewable energy over electricity or fossil energy.

In Zahedan, Iran, different system scenarios were simulated by Razavi et al. over a ten-year period
[18]. The direct solar-assisted GSHP, in which the fluid from the GHX passes through the SC to help
raise the temperature before the evaporator, uses the least amount of energy and saves 8.4% over the
stand-alone GSHP. The scenario in which the SC directly supported the GSHP, by heating the ground
working fluid before it enters the HP or by heating the water tank when the ground fluid temperature
reaches the maximum, only resulted in a 0.3% energy decrease. Eslami-Nejad and Bernier simulated a
similar SGSHP system, case 2 as mentioned earlier, and reported an energy consumption reduction of
6.3% compared to a GSHP [19]. For case 1, where the solar energy was injected into the ground, the
reduction was lower; only 3.5% less energy consumption. Thygesen and Karlsson simulated a SGSHP in
which the SC was solely utilized to heat the water tank [20]. Due to the difficulty of coupling HP with
systems that compete with heat pump operation, such as DHW or space heating, this study indicated
that the SC only saved a little amount of energy. Hwang et al. came to a conclusion that differed from
the other studies in their experimental analysis of a GSHP and an SGSHP [21]. Their SC heated a low
temperature storage tank which increases the temperature before the evaporator or recharges the ground.
When compared to the GSHP, the SGSHP experienced a much higher energy reduction of 20%.

These findings suggest that coupling SC to a GSHP can lower energy consumption when compared to a
stand-alone GSHP, although the amount of savings varies depending on the system solution and control
strategies. The variance in the results highlights the need for further research in this field.

2.3.4 Coefficient of performance

One other way to evaluate the performance of a SGSHP is to compute the Coefficient of Performance
(COP). An increase in COP leads to a reduction of the need for an auxiliary unit and an increase in the
life span of the system.

Vikas and Murugesan concluded that charging the ground with the use of SC can increase the COP of
the system, and in their studied case the COP increased by 23% for space heating in the nighttime [22].
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Razavi et al. explain the increase of the COP as a result of the increase in the evaporator temperature
due to the higher temperature in the ground caused by the charging [18]. This gives a lower temperature
difference between the evaporator and condenser. Chen et al. investigated a novel numerical model of
a SGSHP system [23]. The SC was used to heat DHW, and the excess heat was utilized to heat rooms
or recharge the ground. On a typical winter day in Shanghai, China, the system with the SC achieved a
SCOP of 4.2, while the system without them only achieved 3.5; a 20% difference.

The study by Gao et al., as mentioned earlier, also studies the performance of the system in the three
different locations in China over a period of 10 years [13]. The COP of the SGSHP systems in Bejing,
Harbin, and Shengzhou remained constant over the years, 3.9, 2.6 and 3.8, but for the GSHP systems
the COP decreased by 23%, 46%, and 11% respectively. The COP with the SC remains constant over
time, whereas the COP with the conventional GSHP drops, with the decrease being greater in colder
locations. Varma and Murugesan get a similar result and find that their SGSHP system has the highest
COP during the day and the lowest during the night in the wintertime [24]. They concluded that colder
areas have a lower COP because more heat is lost to the environment. Girard et al. also underline this
finding and points out that the increase of COP is higher in mild climates with high solar radiation [19].

It was found that several configurations of a SGSHP will increase the COP compared to a conventional
GSHP. The increase was found to be marginal in the colder climates of the north, and suggests that more
research should be done to see if coupling SC to GSHP is optimal here.
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3 Theory

3.1 Solar assisted ground source heat pump

3.1.1 Solar collector

A solar collector converts radiation from the sun into heat [25]. The heat from the sun is collected in a
working fluid which can be transferred and used to heat water or space.This heat is then transferred to
the working fluid that can heat water or space. Evacuated tube and flat plate collectors are the most
common types of solar collectors for buildings. The evacuated tube collector is made up of a series of
parallel transparent glass tubes that are connected to a header pipe. The shape of these glass tubes is
cylindrical. As a result, the angle of the sun is always perpendicular to the heat absorbing tubes, allowing
these collectors to function well even when the sun is low. A flat plate collector has a box on top with
a glass or plastic cover and a dark absorber plate on the bottom, these collectors are well insulated, see
figure 5.

Figure 5: Flat plate solar collector [26].

Despite the fact that the module is well-built, the collector suffers some losses. Some of the sun’s radiation
is reflected back to the sky, while others are absorbed by the materials before the backplate. As a result,
the amount of radiation at the backplate can be calculated :

Qi = G(τα)A (1)
Where G is solar irradiance [W/m2], A is the area of the collector [m2] and τ and α represent the
transmission and absorption coefficients respectively.

When the heat is absorbed, the temperature of the collector rises above the ambient temperature, causing
heat loss to the surroundings. This heat loss can be determined by the following equation.

Qo = ULA(Tc − Ta) (2)
UL is the overall heat loss coefficient [W/m2K], Tc and Ta is the temperature of the collector and is the
ambient temperature [K]. As a result of the equation 1 and 2, together with a heat removal factor, the
actual useful energy absorbed by the collector is given The Hottel-Whiller-Bliss equation.

Qu = Qi −Qo

= FRA(I(τα)− UL(Tc − Ta))
(3)

The thermal efficiency of the SC expresses the useful energy gain over the incident solar energy, and can
be obtained from equation 4 [27].

ηth = η0 −
a1(Tm − Ta)

G
− a2(Tm − Ta)

2

G
(4)

The optical efficiency, η0, and first and second order heat loss coefficient, a1 and a2, are information given
by the solar collector manufacturer.
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3.1.2 Ground heat exchanger

A ground source heat pump is a system that utilizes the ground as a heat source or sink through a ground
heat exchanger [28]. This type of HP is very efficient, with a COP around 4. The heat comes from solar
energy that has been stored below the ground down to 300 meters, plus a small amount of contribution
from the earth’s core [28] [29]. The temperature at the upper 10-20 m depends greatly on the season, but
deeper down the temperature is more stable through the year at 2-10 degrees. In the winter, the ground
temperature is greater than the ambient air temperature, and in the summer, the ground temperature is
lower than the ambient air temperature, resulting in higher efficiency than traditional air conditioning.
The stored energy can be extracted by horizontal or vertical collectors. The horizontal collectors are
placed on a wide ground area, about 1-3 m deep, whereas the vertical collectors are installed in 80-300
m deep boreholes. The depth of the borehole should be determined by the grounds’ heat conductivity
and groundwater flow [30]. If the amount of energy required exceeds the capacity of a single borehole,
multiple boreholes working together in a system will increase the overall amount of energy produced.

A GHX can be divided into two categories: closed-loop and open-loop [30]. An open-loop system uses
the groundwater directly. The heat is extracted from the groundwater by pumping it up to the HP. After
that, the chilled water will be pumped into a return well or, if permission is granted, into a nearby river
[31]. This system is reliant on a large capacity and high quality of groundwater. A closed-loop system
will not use the groundwater directly so the pipe will contain a brine, often a frost proof fluid. See an
illustration of a closed-loop GHX in figure 6. It is critical that the brine in the pipe is non-toxic, because
of the risk of leakage. The brine will collect heat at the bottom of the borehole, circulate it to the HP,
and the heat will be recovered in the building’s heating system. This approach is less likely to pollute
groundwater, but it is less efficient than an open-loop system because it involves two heat exchange
operations.

Figure 6: A closed-loop ground heat exchanger with a vertical borehole.

Hot fluid can be cooled in the borehole throughout the summer. This procedure is known as freecooling
and it is a direct way of cooling a building using a ground source heat pump. This method also helps to
maintain the energy balance, allowing the borehole to expand its capacity and lifespan. If the borehole
is not utilized for cooling, the heat extracted can be replaced by water movement in the ground for deep
boreholes or solar energy for more shallow boreholes [32].
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3.1.3 Heat pump

A heat pump is able to move thermal energy from a lower to a higher temperature source, which allows
it to heat a hot reservoir or cool a cold reservoir. A HP consists of four main components, as seen in
figure 7:

Figure 7: Schematic of a simplified heat pump.

• Evaporator - heat from the source is collected in the refrigerants as it evaporates

• Compressor - the pressure and temperature of the refrigerant is increased

• Condenser - heat transfers from the refrigerant to the building when the refrigerator condenses

• Expansion valve - the pressure is reduced, resulting in lower temperature and boiling point for
the refrigerant

The amount of energy required for the process is less then the amount of produced heat, making the heat
pump an efficient and economical product. This relation is known as the coefficient of performance of
heat pumps, an important factor describing the efficiency of a HP.

COPHP =
QH

Wnet,in
=
QC +Wnet,in

Wnet,in
(5)

QH represent the heat transferred to the building from the HP, QC is the heat collected from the cold
source, [W], and Wnet,in [W] is the needed energy input to the compressor.

A theoretical ideal thermodynamic cycle only consist of reversible processes. The best known is a Carnot
cycle and for a heat engine it consists of isothermal expansion, adiabatic expansion, isothermal compres-
sion and adiabatic compression. A Carnot cycle presents the upper limit on the efficiency of any heat
engine.

COPcarnot =
TH

TH − TC
(6)

From this equation it is clear that the COP is greatly depended on the temperature in the hot and cold
reservoirs, TH and TC [K].
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The condenser and evaporator are types of heat exchangers (HX) and the energy transfer can be calculated
by the log mean temperature difference method (LMTD).

Q̇ = UA∆Tlm (7)

∆Tlm represent the logarithmic mean of the difference between the inlet and outlets temperatures for the
hot and cold fluid.

The working fluid employed as the heat carrier inside the HP is called a refrigerant. The refrigerant can
remove heat from the source and supply heat to the sink during phase changes. The chemical, physical,
and thermodynamic properties of the refrigerant are consequently critical in ensuring that the operating
and performance requirements are met. In the event of a leak, there should be no risk of fire, injury, or
property damage caused by the fluid. The environmental impact of a refrigerant is an essential factor to
consider, and different measurements are used to assess this. The global warming potential (GWP) is a
measure of how much a refrigerant contributes to global warming over time when compared to carbon
dioxide [33]. The Ozone Depletion Potential (ODP) is the ratio of the refrigerant’s ozone damage to that
of CFC-11 (R11), where the rage varies from 0 to 1. A higher value for both measurements implies greater
environmental impact. Thermodynamic properties and environmental impacts of the four refrigerants
studied in this thesis are listed in table 1.

Table 1: Properties of R600a, R290, R717 and R1234ze(E) [34].

R600a R290 R717 R1234ze(E)

Class Isobutane Propane Ammonia Solstice ze

Classification Hydrocarbon Natural Natural
Hydrofluoroole-

fins

Boiling point at 1 atm

[◦C]
-11.7 -42.0 -33.3 -18.95

Freezing point at 1 atm

[◦C]
-159.6 -187.28 -77.7 -156.0

Critical temperature

[◦C]
135.0 96.7 132.4 109.37

Critical pressure [MPa] 3.6 4.3 11.3 3.6

Flammability
Higher

flammable

Higher

flammable

Lower

flammable

Lower

flammable

GWP 5 4 0 <1

ODP 0 0 0 0

3.2 Thermodynamics
Thermodynamics can be defined as the science of energy; the ability to cause changes [35]. Because
thermodynamics is such an important aspect of many engineering processes, various laws and concepts
will be discussed in this paper.

According to the Law of Conversation of Energy, energy can not be created or destroyed, it can only be
transferred to another thermodynamic system or converted to another form [35]. This is often known as
the 1. Law of thermodynamics and the following equation illustrate this principle.

Ėin − Ėout = ∆Ėsystem (8)
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3.2.1 Enthalpy

Enthalpy is a state function describing how much heat is present inside a system [36]. Enthalpy, H [J], is
the sum of the internal energy, U [J], and the product of the pressure, P [Pa] and volume, V [m3] of the
thermodynamic system.

H = U + PV (9)

3.2.2 Entropy

A process will only proceed in a certain direction naturally, and the 1. law does not account for this [35].
The second 2. does, and introduces entropy, S [J/K], as a property of thermodynamic systems. Over
time, this property will only increase, but the quality may decrease. This law can assist in determining
the theoretical limits of a process. In an internally reversible process, the change in entropy can be
described as equation 10.

dS = (
δQ

T
)int,rev (10)

If the system is real, and therefore not irreversible, the change of entropy can be described as follows.

∆Ssystem = S2 − S1 =

∫ 2

1

dQ

T
+ Sgen (11)

A process where the entropy remains constant is an ideal adiabatic and reversible process, often referred
to as an isentropic process. When comparing the isentropic process to a real process under steady flow,
the efficiency of a specific device can be evaluated.

3.2.3 Exergy

Exergy is the term for the available or useable energy inside a system, often expressed in watt [35].This
can be described as the maximum useful work that can be obtained from a system at a given state, and
an exergy analysis of a system provides a measure of how close real performance is to ideal performance.
Exergy is often described through exergy destruction, which indicates inefficiency, addressing the source
of the malfunction in a thermal system [37]. An exergy analysis can therefore assist in the improvement
and optimization of the system design. The general exergy balance is as follows.

ΣẊdes = ΣẊin − ΣẊout − ΣẊs

= ΣẊheat − ΣẊwork +ΣẊmass,in − ΣẊmass,out

(12)

Where

ΣẊheat = Σ(1− T0
Tk
Q̇k) (13)

ΣẊwork = Ẇ (14)

ΣẊmass,in = Σṁoutψin (15)

ΣẊmass,out = Σṁoutψout (16)
The specific flow exergy, ψ [J/kg], depends on the enthalpy and entropy, and the difference can be given
by equation 17 when kinetic and potential energy is neglected.

(ψin − ψout) = (hin − hout)− T0(sin − sout) (17)
T0 represents the dead state temperature of the system.

The second law efficiency, also known as exergy efficiency, can be used to determine how close a system
is to its optimal performance [35]. This efficiency can be calculated as follows during a process.

ηII = 1− Exergy destroyed
Exergy expand

(18)
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3.3 Heat Transfer
Heat transfer concerns the thermal energy which transfers between substances [38]. This discipline is
commonly divided into different modes depending on the process:

• Conduction

• Convection

• Radiation

3.3.1 Conduction

Heat diffuses between materials that are in contact with one another. This is due to the collisions and
diffusion of molecules in gases and liquids, and the vibrations of the particles in solids. The heat moves
from high to low temperature, and the rate of heat conduction can be expressed by Fourier’s law.

Q̇cd = −kAdT
dx

(19)

The formula implements thermal conductivity, k [W/mK], and the length of the material, x [m]. The
heat conduction can also be expressed with the thermal resistance of the object.

Q̇cd =
T1 − T2
Rcd

(20)

3.3.2 Convection

The convective heat transfer is due to fluid motion because of the temperature difference. Natural
convection occurs when a temperature difference creates a density gradient, causing motion. The process
is known as forced convection when the motion is caused by the impact of a blower or pump. The rate
of convection heat transfer is given by log Newtons law of cooling.

Q̇cv = hA∆T (21)

Other parameters, such as the Nusselt number, also influence forced convection. The Nusselt number is
the ratio of convection heat transfer to conduction heat transfer under the same conditions. A high value
indicates efficient heat transfer due to convection.

Nu =
hD

k
(22)

In the above equations, h is the heat transfer [W/m2K] and D is the inner diameter of the pipe [m].
Nusselt number can also be described as a function of Reynolds and Prandtl number.

Nu = C(Re)m(Pr)n (23)

The Reynolds number is a dimensionless value which describes the ratio of internal forces to viscous
forces to the fluid. This value can be used to determine whether the fluid is laminar or turbulent. If the
Reynolds number is less than the critical Reynolds number, the fluid is laminar. The critical Reynolds
number varies depending on the properties of the fluid, but is typically around 2300, where the transition
flow occurs inside of pipes up to Reynolds number 4000 [38]. For Reynolds number higher than this,
the flow is turbulent. At around 4000, the largest heat transfer coefficient occurs, followed by a gradual
decline as the Reynolds number increases. Reynolds number’s mathematical definition is as follows:

Re =
ρvD

µ
(24)

The Prandtl number is also dimensionless and correlates the fluid’s viscosity, µ [kg/ms], and heat capacity,
cp [J/kgK], with its thermal conductivity.

Pr =
µcp
k

(25)
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3.3.3 Radiation

Thermal radiation, unlike conduction and convection, does not require a medium to transport heat. At
the speed of light, electromagnetic waves are emitted from a source. Thermal radiation is based on Stefan
Boltzmann law; energy flux from a blackbody.

Q̇emit,max = σT 4 (26)

Where the constant of proportionality is σ = 5, 668 ∗ 10−8 W
m2K4 .

For real surfaces, the law is modified with the emissivity of the surface.

Q̇emit = ϵσT 4 (27)

The rate of radiation heat transfer between two surfaces is given by:

Q̇rad = ϵσA(T 4
s − T 4

surr) (28)

3.4 System configuration
Five separate system configurations for a SGSHP will be presented in this part. In every solution, the
SGSHP will provide space heating and DHW to a school that has a low-temperature heating system, but
how the collected energy from the SC will be utilized differ for each system. To ensure the possibility of
maintenance, all systems have gate valves. A check valve is included after the circulation pump for the
SC to prevent reversed circulation at night with consequent heat loss from the SC. A volume expansion
tank is also provided to protect the system against volume variations caused by temperature changes near
the SC. The water tank is always heated up indirectly through coils. The distribution from the hot water
tank remains the same for the five different system solutions. A controller monitors the temperature of
the school’s heating system and adjusts the cold water input through valves 3 and 4 to keep the provided
DHW temperature at 65 ◦C and the space heating temperature at 35 ◦C. The hot water tank and HP is
inside the school, but for illustration purposes they are placed outside in the following figures.

3.4.1 System 1

The first system configuration is illustrated in figure 8. The SC is used indirectly to heat the water tank
and recharge the ground trough a coil and a plate heat exchanger. The circulation pump before the SC
will start when the temperature in the SC is 10◦C or higher, below this temperature, the SC will not be
able to provide significant temperature rise in the water tank or HX [4]. The pump will shut off when
the temperature rises above 100◦C to avoid boiling of the fluid. If the temperature in the SC is more
than 5 ◦C greater than the water tank temperature, Controller 1 will direct the working fluid through
valve V1 to the water tank. If this isn’t the case, the controller will send the working fluid to the HC,
which will heat the brine from the HP. If the SC produces a high enough temperature, the fluid will
be divided, heating the water tank and recharge the boreholes simultaneously. Since the recharge takes
place in a HX, the temperature down to the boreholes is kept from becoming too high [4]. When the SC
is unable to heat the water tank to 70 ◦C alone, the HP will start, and begin extracting heat from the
GHX. If neither the GSHP nor the SC can maintain the set temperature in the tank, an electrical heater
will be activated. Which scenario the SC should work is determined by a controller which examines and
compares the temperature at specified places and based on this adjust the flow through valve V1. Heating
of the DHW will be prioritized.

15



3.4 System configuration 3 THEORY

The water tank is split into three sections. The SC heats the low-temperature water at the bottom,
where the cold water from the school returns. In the middle, the HP connected to the GHX heats the
tank further and the space heating is extracted. The electrical heater is placed on the top section as an
auxiliary unit, which will turn on when the water temperature falls below the set point. The domestic
hot water will also be distributed to the building from the top section. This sectioning is beneficial for
the SC’s efficiency, which is better at low temperatures, as well as ensuring that it doesn’t compete with
the electric energy and increases the lifetime of the HP and the electrical heater.

Figure 8: System configuration 1 - Indirect use of SC to heat water tank and recharge the GHX.

3.4.2 System 2

The second configuration is quite similar to the first, except that if the temperature in the SC is too low,
the working fluid will not recharge the borehole, but instead raise the temperature before the evaporator
directly. The brine into the evaporator should not extend 25◦C, so the controller 1 must ensure this. The
circulation pump before the SC will start when the temperatures in the collector is above 3 ◦C. Because
there is just one HX in this system, it suffers less heat loss, so the SC will be more efficient to use at
lower temperature, and hence more efficient than the first system presented. As for the first system, the
solar working fluid will be directed to the water tank when its temperature is 5K greater or more than
the water and the circulation pump will shut off when the temperature reaches 100◦C. The SC and GHX
must use the same working fluid in this solution. The section of the water tank is the same as in system
1.
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Figure 9: System configuration 2 - Direct heating of brine before evaporator and recharge the GHX.

3.4.3 System 3

The third system solution is more simple than the other two. The SC is exclusively used to recharge
the boreholes through a HX if the temperature in the SC is higher than 3◦C. The water tank is only
heated up by the GSHP and with the help of the electrical heater if necessary. In this configuration, it is
important to know what the maximum temperature down to the boreholes can be when the SC produce
high temperatures, and ensure that the pipes in the boreholes withstand this temperature. Otherwise,
the temperature from the SC should be monitored and control the circulation pump to avoid such high
temperatures.

Figure 10: System configuration 3 - Indirect use of SC to recharge the GHX.
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3.4.4 System 4

The GHX and the SC are directly coupled in the fourth system solution. The extracted heat from the
GHX is pumped through the SC. If the environmental conditions allow it, the brine absorbs the heat
of the sun and raises its temperature; otherwise, it only passes from the collector and flows toward the
evaporator of the HP, causing the HP to start working and raise the water temperature in the water tank.
As for system 2, the controller must shut off the SC when the temperatures get too high and can rise
the brine above 25 ◦C. If the HP is unable to provide sufficient heat, the electrical boiler located on top
of the water tank will be activated. Similar to system two, the GHX and SC must use the same working
fluid.

Figure 11: System configuration 4 - Brine from the GHX pumped through SC.
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3.4.5 System 5

The final system solution is the most complex one and contains more applications. The SC is used to
heat a thermal water storage tank continuously if the temperature is above 10◦C. Controller 1 will send
the thermal water straight to the DHW if the water in the storage tank is warm enough, otherwise it will
heat the water tank indirectly. The boreholes will be recharged by excess heat or if the temperature in
the storage tank is very low. When the SC is exposed to severe temperatures, the thermal storage tank
will also function as a safety mechanism to avoid overheating in the SC. When the temperature in the
SC rises above 100 ◦C, the circulation pump in the solar system will stop.

Figure 12: System configuration 5 - SC connected to thermal storage tank used to heat the water tank,
DHW directly and recharging GHX.
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4 Method

4.1 Reference building
The SGSHP is dimensioned and analyzed based on an imaginary building located in Oslo, Norway. Table
2 shows the central date of this building which is modified values based on Gjennestad High School.
Pictures of this school are provided in appendix C.

Table 2: Building details

Building type School

Width 10 m

Length 45 m

Floor height 3 m

Number of floors 2

Useful area, AUA 900 m2

This building is figured to be used for educational purposes, and will therefore be categorized as a school.
It will also be classified as a passive house and should therefore satisfy Criteria for passive houses and
low energy buildings - Non-residential buildings [39].

The climate in Oslo is cold and temperate. The mean temperature is 6.3 ◦C and the DUT during the
winter is – 19.8◦C [40]. According to NSEPK 2021 [41], the set point for heating a school building is
21◦C. As a result, ∆T in the energy calculations will be 21− (−19.8) = 40.8 ◦C.

The energy and effect demand of the building is 23 670 kWh/year and 26 626 W , respectively. See the
calculations in tables 3 and 4.

Table 3: Energy demand of the building.

Energy post
Energy demand

[kWh/m2 ∗ year ]

Total energy demand

[kWh/year ]
Comment

Space heating

and ventilation

EPH,0 +X ∗ (1000−AUA)
100

20 + 1.3 ∗ (1000−900)
100 = 21.3

21.3 ∗ 900 = 19170 [39]

Hot water 5 5 ∗ 900 = 4500 [41]

Total 26 23 670
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Table 4: Effect demand of the building.

Effect post Effect demand [W ] Comment

Space heating

H ′′
tr,inf ∗BRA ∗∆T

0.413 ∗ 900 ∗ 40.8 = 15165

H ′′
tr,inf = H ′′

tr,inf,0 +W (1000−AUA)
100

0.4 + 0.013 ∗ 1000−900
100 = 0.413W/m2K

[39]

Ventilation

0.33 ∗ V̇ ∗ (1− ηheatrecovery) ∗∆T
0.33 ∗ 3940 ∗ (1− 0.8) ∗ 40.8 = 10610

V̇ = ton∗V̇on+tred∗V̇red

ton+tred
214∗9000+506∗1800

214+506 = 3940m3/h

Presume rotary heat re-
covery and CAV ventila-
tion [41]

DHW 22.7∗900
24 = 851 Tabel A.2 [41]

4.2 System solution
The chosen system solution for the SGSHP in this thesis is system 1, described in chapter 3.4.1. System
1 is able to achieve good exploitation of the SC since it can run on different scenarios based on measured
temperatures in the system, unlike systems 2 and 4. Through the literature review, it was proven that
implementing recharging of the GHX was a critical step to include in systems located in cold climates to
avoid depletion of the soil over time, which system 3 does not do. Another benefit of recharging is the
reduced chance of overheating [4]. The last system presented, system 5, is considerd too complex for the
modest school building and will not be analyzed due to time limitations in this study.

4.3 Solar collector dimensioning
The SC will prioritize heating the water tank to the desired temperature. If the SC produces excessive
heat or too low a temperature for the water tank, the mass flow rate from the SC will be directed to
the HX and recharge the ground. As a result of this prioritization, the SC will be sized based on the
school’s DHW demand. The SC is dimensioned to cover 60% of the DHW demand, 510.6 W/year, based
on statement from Enova [42]. The performance analysis of the SC will be based on properties of the De
Dietrich entry lever solar collector CH 250 which can be delivered by SGP ARMATEC AS in Norway,
the data sheet is presented in appendix D [43]. The working fluid inside the solar system is an Ethylene
Glycol-water mixture with a concentration of 35%, a frost proof solution to avoid freezing when the
temperature is low.

4.4 Ground heat exchanger dimensioning
The GHX is made of single U-tube collectors, high-density polyethylene pipes with thermal conductivity
of 0.35 W/mK, connected in parallel [44]. The depth of the boreholes is selected to be 130 meters with
an internal diameter of 0.11 meters. The brine inside the pipes will be the same as the working fluid in
the solar system and water will be used as the grout inside the boreholes.

4.5 Heat pump dimensioning
According to Zijdemands [45], a HP should be sized for 50-60% of the maximum building heating rate
demand and 80-95% of the energy load. This will lower the overall electricity use because the use of the
auxiliary unit will be reduced, as well as optimize the COP due to reducing the number of on-off times
for the operation of a HP. The HP in this study will therefore be dimensioned for 55% of the heating rate
demand and 90% of the energy demand. The dimension of the HP is calculated in table 5. Since this
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school is a passive house and only uses DHW for toilets and sinks, the energy demand for space heating
and DHW is relatively low. The HP is therefore also able to cover the preheating of the DHW which will
account for 50% of the total effect for the heating of the DHW [46]. This helps optimize the system and
reduce the need for delivered energy.

Table 5: Heat pump dimensions.
*The energy demand for ventilation is included in the space heating.

Effect post Energy demand [kWh/year] Effect demand [W ]

Space heating 19170 ∗ 0.9 = 17253 15165 ∗ 0.55 = 8341

Ventilation -* 10610 ∗ 0, 55 = 5836

DHW (4500− (4500 ∗ 0.6)) ∗ 0.34 = 612 851 ∗ 0.5 = 426

Total 21 303 14 603

The heat pump is dimensioned for 15 kW. This gives 21303/15=1420 hours of operation with maximum
power for the HP.

The calculations for the condenser and evaporator in the HP are based on values collected from the data
sheets from Danfoss, these are presented in appendix F and G. Both applicants will be micro plate heat
exchangers.

4.6 Engineering Equation Solver
EES is an equation-solving program that can efficiently solve thousands of coupled non-linear algebraic
and differential equations [47]. F-Chart Software developed the program, and version 10.832 is employed
in the mathematical models developed in this thesis. The many built-in mathematical and thermophysi-
cal property functions with great accuracy that EES provides distinguishes it from other equation-solving
tools. EES was therefore used to acquire most of the thermodynamic parameters in this work.

The mathematical models were created using equations acquired during the literature review and addi-
tional research. To simplify the script’s complexity and make it easier to discover faults along the way,
the system was broken down into three logical boundary conditions:

• Solar collector

• Ground heat exchanger

• Heat pump

After the models were completed, parametric tables were used to change some of the predetermined and
calculated parameters to see how they affected the system’s performance.

4.6.1 Assumptions

Several prerequisites were established in order to reduce the mathematical model’s overall complexity.
The preconditions were determined using information gathered throughout the literature review on what
it is usual to presume in these thermodynamic systems. As a result, the prerequisites listed below will
have no significant impact on the obtained results.

• The system operates under steady state conditions and steady flow.

• The changes in kinetic and potential energy are negligible.

• The pressure drop is negligible in the entire system.

• The pressure conditions for the systems are assumed values.
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• The temperature drop in the pipes is negligible.

• The system is adiabatic; heat loss to the environment for each component in the system is negligible.

• The pinch temperature in the evaporator and condenser is 5 K.

• The evaporator and condenser are heat exchangers with counterflow.

• The thermal properties of the soil are constant.

• The water in the boreholes is considered stagnant.

• The circulation pumps in the solar and heat pump system are considered negligible.

4.6.2 Solar collector model

The first thermodynamic system implemented in EES was the flat plate solar collector system, see ap-
pendix I for the EES model. Due to the system design, the SC will heat the water tank and recharge
the ground. Because of the priority, the SC’s performance will be determined by its ability to provide
heat to the water tank. See the boundary condition of the solar collector model in figure 13. Accord-
ing to the Norwegian Institute of Public Health, the temperature in the tank should be over 60 ◦C to
eliminate the risk of legionella [48]. To achieve the set point in the water tank, the input and outflow
temperatures of the SC will be set to 40 and 70 ◦C, respectively, based on possible temperatures in
Norway [4]. The weather in Oslo changes greatly throughout the year, and some months are too cold for
the SC to generate heat. The operation period will therefore be from Mars to September, based on re-
cent temperature data from yr.no and the photovoltaic geographical information tool from the European
commission [49][50]. The optimal slope and azimuth angle of the SC in Oslo based on the sun irradia-
tion was also found from the European commission tool. Characteristics of the SC are provided in table 6.

Figure 13: Boundary condition for the solar system implemented in EES.
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Table 6: Input data in the solar system.

Parameter Value

Working fluid 35% Ethylene glycol

Operation pressure, P 250 000 Pa

Heat removal factor, FR 0.8

Heat loss coefficient, UL 7 W/m2K

Absorbance of the cover, α 80%

Transmittance of the cover, τ 80%

Area, A 2.51 m2

Net aperture area, Asc 2.35 m2

Optical efficiency, η0 76.5%

First order heat loss coefficient, a1 3.653 W/m2K

Second order heat loss coefficient, a2 0.012 W/m2K2

Pipe diameter, Dpipe,SC 0.022 m

Ambient air temperature, Ta 293 K

Solar irradiance, G 700 W/m2

Surface temperature of the sun, Tsun 4 333 K

Mass flow rate, ṁSC 0.02 kg/s

Surface tilt angle, βSC 35◦

Latitude of the location, ϕ 60◦

Mass balance
Due to the previously-mentioned prerequisites of steady state conditions and steady flow, the mass balance
in the solar system can be expressed as follows.

ṁ11 = ṁ12 = ṁsolar,f (29)

The total mass flow rate in the solar collector system is then determined by the number of collectors.

ṁsolar,f = ṁSCNSC (30)

Thermal efficiency
The thermal efficiency of the SC can be determined by equation 4 where the mean temperature is
calculated by the following equation.

Tm =
T11 + T12

2
(31)

Total area of the solar collectors
The calculation of the total aperture area needed for the SC was based on equation 3, where the total
energy collected is set to 510.6 W. Further, the number of collectors needed can be determined by the
ratio of the total SC area and the area of one SC.

NSC =
Aaa

ASC
(32)
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Energy from SC to water tank
The SC heats the water tank indirectly using a coil. The energy balance based on the 1. Law of
thermodynamics regarding heat transfer is used to calculate the amount of energy transferred to the
water tank.

Q̇wt = ṁcoil(h13 − h10) (33)

Where ṁcoil has the same value as ṁsolar,f .

Exergy of the solar collectors
For the exergy analysis of the SC system, the general exergy balance from equation 12 is employed.
The stored energy is ΣẊs = 0 since the system is under steady-state conditions. According to García-
Menéndez et al., exergy into a solar thermal system is separated into two parts: the working fluid at the
inlet and the solar radiation [51]. The following formulae are used to compute them when the pressure
drop in the solar system is set to zero.

Ẋi,f = ṁsolar,fcp,solar(T11 − Ta − Ta ln
T11
Ta

) (34)

Ẋi,sr = Q̇i(1−
4

3

Ta
Tsun

+
1

3
(
Ta
Tsun

)4) (35)

The exergy out of the system is only from the working fluid at the outlet of the SC.

Ẋo,f = ṁsolar,fcp,solar(T12 − Ta − Ta ln
T12
Ta

) (36)

The second law efficiency is calculated using the next equation, which is also based on the general exergy
balance.

ηII,sun =
Ẋo,f − Ẋi,f

Ẋi,sr

(37)
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4.6.3 Ground heat exchanger model

The mathematical model of the GHX is described in this section, where the HX between the solar system
and the ground system is included. The data sheet for the chosen HX is presented in appendix E, and
the EES model in appendix J. The boundary condition for the GHX model is illustrated in figure 14 and
the related input data are listed in table 7.

Figure 14: Boundary condition for the ground heat exchanger implemented in EES.

Table 7: Input data in the GHX model.

Parameter Value

Working fluid 35% Ethylene-Glycol

Grout material Water

Length of the boreholes, Lpipe,GHX 130 m

Number of tubes in one boreholes, Ntube 2

Borehole diameter, Db 0.11 m

Pipe outer diameter, Dpipe,o 0.04 m

Dead state temperature, T0 279.3 K

Grout temperature, Tg 282.3 K

Temperature out of the HP, T5 275 K

Mass flow rate, ṁGHX 0.5 kg/s

Boreholes pressure, Pborehole 200 000 Pa

HX inner diameter, Dpipe,HX 0.01576 m

Thermal conductivity of the HX pipe, λHX,wall 386 W/mK

Plate thickness of the HX, dplate 0.00198 m
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Mass balance
As for the SC, the mass balance of the GHX is determined through the following equation.

ṁ5 = ṁ6 = ṁ7 = ṁbrine (38)

The total mass flow rate of the brine depends on the number of boreholes.

ṁbrine = ṁGHXNborehole (39)

Temperature out of the GHX
The hot fluid in the evaporator is the brine out of the GHX, T6. The temperature of the brine at this
point is determined with the following equation [38].

T6 = Ts − (Ts − T7)exp(
−1

ṁbrineCp,brine
Rtot

Lpipe,GHX

) (40)

The temperature in the ground was set to be 283.3 K in table 7, based on the length of the boreholes,
dead state temperature and assumptions made by Madessa et al [52].

The conductive resistance of the grout, the conductive resistance of the pipe wall, and the convective
resistance of the brine inside the pipe make up the borehole thermal resistance, Rtot [53]. These are
calculated by the following equations.

Rtot = Rgrout +Rpipe +Rbrine (41)

Since the water is considered stagnant, the effect of the convection is ignored and thermal resistance of
the grout can be calculated as follows.

Rgrout =
ln Db

Ded,o

2πkg
(42)

Rpipe =
ln

Ded,o

Ded,i

2πkp
(43)

Rbrine =
1

πDed,ihGHX
(44)

The equivalent diameter composed by O’Neal and Gu is used in the computation of Rbrine due to the
unsymmetrical boundary condition the U-tube creates [54]. For the sake of simplicity, it is assumed that
the two pipes in the single U-tube are in touch.

Ded =
√
2D (45)

To calculate the heat transfer coefficient, h, for fluids, equation 22 and Nusselt number correlations from
recent studies were utilized. For the brine in the GHX, the Nusselt number for single-phase non-laminar
flow in tubes conducted by Sándhez-Escalona et al. was chosen [55]. Sándhez-Escalona et al. used
Gnielimski’s and Taler’s correlations as benchmarks and was found to coincide with other well-known
correlations in the technical literature, such as Camaraza-Medina et al. and Skupinski et al.

Nuwf =
z1(f/8)(Rewf − z2)Prwf

1− z3
√
f/8(Pr

2/3
wf − 1)

(46)

The Prantl number was first computed in EES and was found to be between 3 - 1000, and the constants
z1, z2 and z3 are therefore 0.8761, 147.3 and 10.3 respectively.

The model of Filonenko was used for the calculation of the friction factor.

f = (1.82 logRebrine − 1.64)−2 (47)
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The Reynolds number is calculated with equation 24 and the average velocity of a fluid inside a circular
tube is calculated as follows.

vavg =

ṁ
ρ

πD2
i

4

(48)

Extracted heat
Equation 20 and 49 were used to calculate the total heat extracted from one borehole, where the tem-
perature difference in the equation consists of the temperature of the soil and the brine.

Q̇ghx = q̇ghxLpipe,ghx (49)

The energy demand of the HP’s evaporator must be met by the GHX. Assuming that the pipe heat loss
between the borehole and evaporator is negligible, the heat extracted from the borehole field is equal to
the heat transfer to the working fluid in the evaporator.

Q̇ground = Q̇evap (50)

The value of the heat extracted in the evaporator is collected from the HP model and will vary for the four
different refrigerants. When this value is known, the number of boreholes needed to meet this demand
can be calculated.

Q̇ground = Q̇ghxNboreholes (51)

Circulation pump
The work done by the circulation pump in the GHX is determined by the pressure difference between
the evaporator and the borehole, together with the volumetric flow rate of the brine.

Wpump = ∆Pυ (52)

Since the density of the brine is assumed constant for the process, the volumetric flow rate can be defined
by the following equation.

υ =
ṁbrine

ρGHX
(53)

Exergy
The exergy and second law efficiency formula utilized for the working fluid in the SC were also employed
in the exergy analysis of the GHX [51].

Ẋi,ghx = ṁbrinecp,ghx(T7 − Ts − Ts ln
T7
Ts

) (54)

Ẋo,ghx = ṁbrinecp,ghx(T6 − Ts − Ts ln
T6
Ts

) (55)

ηII,ghx =
Ẋo,ghx

Ẋi,ghx

(56)

Lastly, the exergy destruction for the borehole field was determined.

Ẋdes,ghx = ṁbrine(ψ7 − ψ6) + Q̇ground(1−
T0
Tg

) (57)

Equation 17 is implemented to calculate the flow specific heat differens. Entropy of brines is not available
in EES, so an approximation of the entropy change for pure substances will be applied [35].

∆s = cpln(
Ti
To

) (58)
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Recharging of the ground
The ability of the SC to recharge the ground was evaluated based on the energy balance in the HX. From
the following equation, the temperature of the brine after the HX can be calculated.

Q̇HX = ṁHXcp,hx(T14 − T15) = ṁbrinecp,brine(T7 − T6) (59)

Heat exchanger area
The calculation of the area of the HX distributing heat from the SC to the ground is determined by
the LMTD method shown in equation 7. The logarithmic mean temperature difference is an approxi-
mation expressed as equation 60, where ∆T1 and ∆T2 for a counter flow is specified where the specific
temperatures for this HX is shown in equation 61 and 62.

∆Tlm =
∆T1 −∆T2

ln∆T1

∆T2

(60)

∆T1 = (Thot,in − Tcold,out) = T14 − T7 (61)

∆T2 = (Thot,out − Tcold,in) = T15 − T5 (62)

The overall heat transfer, UHX , in the heat exchanger is given by equation 63.

UHX =
1

1
hsun

+Rf,sun + dwall

λwall
+Rf,brine +

1
hbrine

(63)

The brine in the HX and the fluid inside the SC loop are both 35% ethylene-glycol, the same Nusselt
number employed for the GHX was therefor employed for the solar working fluid. Since the brine is
under different conditions by the HX than down in the borehole, a new heat transfer coefficient for the
brine will be calculated as well. The Prantl number for the solar working fluid and the brine by the heat
exchanger are also between 3 - 1000, and the same constants presented earlier are used.

Exergy of the heat exchanger
The exergy balance of the HX also follows equation 12 and is formulated as follows under steady state
conditions.

Ẋ14 + Ẋ5 = Ẋ15 + Ẋ7 + Ẋdot,HX (64)

The exergy at the different locations is calculated by the next equation.

Ẋk = (hk − h0)− T0(sk − s0) (65)

K detonates the state of the fluid. The entropy for pure substances will also be applied for every state in
the equation over.

For the second law efficiency of the HX, the general equation by Wu et al. for a HX operation below the
surrounding temperature with zero pressure drop was implemented [56].

ηII,HX =
T0 ln

T14

T15
− (T14 − T15)

T0 ln
T14

T7
− (T14 − T7)

(66)
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4.6.4 Heat pump model

The thermodynamic model of the HP were divided into four different models in EES due to the different
refrigerants employed in the analysis. All the known or presumed parameters were first identified and
organized based on the states in table 8. The temperature of the water at the inlet and outlet of the
condenser were set to 30 and 50◦C. Then the mathematical model was developed in order to calculate the
COP, the area of the condenser and evaporator and exergy, see appendix K for the EES models. Figure
15 illustrates the boundary condition of the HP.

Figure 15: Boundary condition for the heat pump implemented in EES

Table 8: Identified parameters of the HP based on the state and prerequisites.

1 2 3 4

Superheated Subcooled Saturated

T1 = Tsat,evp+5K
T3 = Tsat,cond-5K

Tsat,cond = T8 +∆Tpinch

T4 = T5-∆Tpinch
T4 = Tsat,evp

P1 = P4 P2 = P3 P2 = P3 P4 = Psat

s1 = s2s s2s = s1

h3 = h4 h4 = h3

Mass balance
As for the SC and GHX, the mass balance in the HP can be expressed as follows:

ṁrefg = ṁ1 = ṁ2 = ṁ3 = ṁ4 (67)

Isentropic efficiency
The isentropic efficiency of the compressor is calculated by using Pierre’s correlations shown in equation
68 and 69.

ηvol
ηiso

= (1 + ke
(T1 − 273)− 18

100
)exp(a

Tm,cond

Tm,evap
+ b) (68)

ηvol = (1 + ks
(T1 − 273)− 18

100
)exp(kz

Psat,cond

Psat,evap
) (69)
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The constants in the two equations differ for ammonia and the other refrigerant [57][58]. The values are
listed in table 9.

Table 9: Pierre’s constants for the different refrigerants [57][58].

R717
R600a, R290,

R1234ze(E)

k1 1.02 1.04

k2 -0.063 -0.07

ks 0 0.15

ke 0 -0.1

a -1.69 -2.4

b 1.97 2.88

COP
The COP of the HP is calculated with equation 5 and evaluated against the COPcarnot. The useful heat
obtained by the condenser, Q̇cond, is 15 W since this is the selected HP size. When this value is known,
the mass flow rate of the refrigerant can be calculated.

ṁrefg =
Q̇cond

h2a − h3
(70)

The work done on the compressor is calculated by equation 71.

Ẇcomp = ṁrefg(h2a − h1) (71)

The correlation between the isentropic efficiency for the compressor and the enthalpy before the condenser
in a Carnot cycle shown in equation 72 will determine h2a.

ηiso =
h2s − h1
hsa − h1

(72)

Area of the condenser and evaporator
Since the condenser and evaporator are heat exchangers, equation 7 is employed to calculate their area
as well. Equation 60 for the logarithmic mean temperature difference is also implemented here, where
the temperature differences in the condenser and evaporator are as follows.

∆T1,cond = (T2 − T8) (73)

∆T2,cond = (T3 − T9) (74)

∆T1,evap = (T6 − T1) (75)

∆T2,evap = (T5 − T4) (76)

The useful heat obtained by the evaporator is given by the following energy balance.

Q̇evap = ṁbrinecp(T6 − T5) = ṁrefg(h1 − h4) (77)

The overall heat transfer coefficient for the condenser and evaporator is defined by equation 78 and 79.

Ucond =
1

1
hrefg

+Rf,refg +
dwall

λwall
+Rf,water +

1
hwater

(78)

Uevap =
1

1
hrefg

+Rf,refg +
dwall

λwall
+Rf,brine +

1
hbrine

(79)
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As for the recharging of the boreholes, different Nusselt correlations were used to calculate the heat
transfer coefficients of the refrigerants. The general correlation for condensation in mini/microchannels
by Kim and Mudawar is used for both propane and isobutane [59]. This correlation is validated with
wide-ranging data from many sources, and Morrow et al. recently recommended this correlation for the
chosen refrigerants [60].

Nu = 0.04Re0.69k Pr0.34refg

ϕg
Xtt

(80)

For the condenser, the superficial liquid Reynolds number is used for the equation above, Ref , and for
the evaporator, the superficial vapor Reynolds number is used, Reg. Xtt is the conventional turbulent-
turbulent Lockhart-Martinelli parameter and ϕg is the two-phase multiplier for gas.

Xtt = (
µf

µg
)0.1(

1− x

x
)0.9(

ρg
ρf

)0.1 (81)

ϕg = 1 + CX +X2 (82)

The refrigerants are assumed to go from 100% vapor to 100% liquid in the condenser, the quality, x, is
therefore set to 0.5.

Equation 82 employs the Lockhart-Martinelli parameter’s general definition, X, which is based on fric-
tional pressure gradients depending on the actual flow rates for the two phases. This definition is expressed
in equation 95-103 in appendix H.1.

Shah’s correlation from 2019 was used for solstice and ammonia, which has proven to achieve acceptable
accuracy [61]. Firstly, the dimensionless vapor velocity, Jg, and the correlation parameter, Z, were
employed to determine which of the three conducted regimes should be applied to calculate the heat
transfer coefficient. These calculations are shown in appendix H.2, equation 104-107. Since equation 107
is correct, regime I is employed.

hrefg = hI (83)

Because the HP uses microchannels, correlation 2 was employed to determine hI .

hI = hLT (1 + 1.128x0.817(
ρf
ρg

)0.3635(
µf

µg
)0.2363(1− µg

µf
)2.144Pr−0.1

f ) (84)

The heat transfer coefficient with total mass flowing as liquid, hLT , is calculated by the following equation.

hLT = 0.023Re0.8fo Pr
0.4
f

kl
DHP

(85)

For the water in the condenser, the Nusselt correlation for single-phase water conducted by Zhang et al.
was employed [62].

Nu = 0.4225Re0.733Pr1/3(
µ

µwall
)0.14 (86)

Exergy
In the exergy analysis of the system, the second law efficiency was employed.

ηIIcomp = 1− Ẋdes,comp

Ẇcomp

(87)

ηIIcond = 1− Ẋdes,cond

ṁrefg(ψ2 − ψ3)
(88)

ηIIexp = 1− Ẋdes,exp

ṁrefg(ψ3 − ψ4)
(89)
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ηIIevap = 1− Ẋdes,evap

ṁrefg(ψ4 − ψ1)
(90)

The exergy flow difference due to mass transfer, when the kinetic and potential energy is neglected, is
calculated by equation 17. Since h3 is equal to h4, the exergy efficiency of the expansions valve will be zero.

The exergy destruction, Ẋdes, is based on equation 13-16 and calculated by the following equations for
the different components of the HP.

Ẋdes,comp = T0ṁrefg(s2 − s1) (91)

Ẋdes,cond = T0ṁrefg(s3 − s2) +
Q̇cond

Tm,water
(92)

Ẋdes,exp = T0ṁrefg(s2 − s1) (93)

Ẋdes,evap = T0ṁrefg(s1 − s4)−
Q̇evap

Tm,brine
(94)

Since the HP is placed inside the school building, the dead state temperature, T0, is set to 21◦C.
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4.7 IDA ICE
For the next part of the performance analysis of the SGSHP, IDA ICE has been used. IDA ICE is
a detailed and dynamic simulation tool developed by EQUA Simulation AB, and the expert version
has been implemented in this thesis [63]. Parametric runs can be used to be able to evaluate how the
variations of different values affect the performance of the energy system.

4.7.1 Energy plant

The ESBO plant (early stage building optimization) was used in order to build the energy system in
IDA ICE. The first step was to add SC, HP and GHX. Based on these components, a standard energy
system will be created after one press "build plant model". The borehole extension was implemented.
Then the next step was to make some changes to the system, so it is comparable to system solution 1. A
macro must be made in order for the plant to run on different scenarios in the same simulation. Due to
time limitations, two separate energy systems were made instead in order to investigate how the different
scenarios affect the performance of the SGSHP. For the first plant, the SC is only connected to the water
tank, while the SC is only connected to the GHX through a heat exchanger in the second system. The
two systems are presented in figure 16 and 17.

Figure 16: Energy system in IDA ICE where the SC is connected to the water tank.
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Figure 17: Energy system in IDA ICE where the SC is connected to the GHX.

To neglect zone cooling and the air handling unit (AHU), the unused EMeters and the efficiency of the HX
in the AHU were set to 0. The previously determined input data for the mathematical models together
with results gathered from EES was implemented in IDA ICE. A solar collector area of 5.02 m2, which is
equivalent to two CH 250 collectors and four boreholes with 140 meters were implemented. The building
connected to the plant was constructed based on table 2. For the climate profile, Oslo-Gardemoen was
chosen. Some of the remaining parameters have not been defined before, and are presented in table 10,
where a share of these values was found using EES. It is assumed Gneiss in the ground. For the rest of
the input values not presented, the default value was utilized.

Table 10: Input values for the plants in IDA ICE.

Parameter Value Source

RPIPE 0.016 m EES

THICKPIPE 0.004 m EES

TMEAN 10.3 ◦C [52]

ρGRD 2880 kg/m3 [64]

cpPIPE 2000 J/kgK [65]

ϵPIPE 1.52*10−6m [66]

cpGROUT 4196 J/kgK EES

λGROUT 0.5575 W/mK EES

It is important to know that the conditions in IDA ICE differ from some of the assumtions implemented
in the thermodynamic analysis and that some values must be fixed under the simulations. These will
affect the results and are listed below:

• Freecooling is taken into account for the GHX

• The mass flow rate of the working fluid in the solar system in the second plant can not be changed
and is fixed at 2.5e−8 kg/s
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• Pressure loss in the system is included

• First order heat loss coefficient for the SC, a1 = 19.2W/m2K

• Second order heat loss coefficient for the SC, a2 = 0.0235W/m2K2

• The COP of the HP is fixed to 4
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5 Results and discussion

5.1 Validation of the mathematical models
The developed thermodynamics models were verified against other models to check the level of their
accuracy. Using input data from the published articles, the findings were compared and evaluated.

5.1.1 Solar collector model

For the solar system, the thermal efficiency was validated against Guarracino et al. [67]. The input values
for this validation are presented in table 11.

Table 11: Input values from the study of Gurracino et al. [67].

Parameter Value

η0 42 %

a1 4.96 W/m2K2

a2 0.003 W/m2K2

T11 299.6 K

T12 304.0 K

Ta 299.5 K

G 1053.0 W/m2

The results from this study and Guarracino et al., together with the deviation, are shown in table 12.

Table 12: Results of the validation of the SC model [67].

Parameter This study Guarracino et al. Deviation

ηth 41 % 42 % 2.4%

The low deviation shows that this study is accurate in calculating the thermal efficiency of the SC. The
obtained result of the thermal efficiency for this study gave 56%, which corresponds to the information
given by DieTrich for their flat plate solar collectors, emphasizing the accuracy of this calculation [43].

5.1.2 Ground heat exchanger model

To evaluate the GHX model, the relation between the temperature of the brine into the evaporator and
the mass flow rate are compared with the study from Madessa et al [52]. The difference in input data
collected from this study is shown in table 13 .

Table 13: The different input parameters from the study of Madessa et al.[52].

Parameter Value

Brine 35% ethyl-ethanol

Lpipe 200 m

Dpipe,o 0.04 m

Dpipe,i 0.032 m

Ts ca. 11.3 ◦C

This study includes the convective resistance of the grout in the calculation of the total borehole resistance,
which Madessa et al. disregard. This poses a great impact on the outlet temperature of the ground heat
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exchanger. The outlet temperature is therefore computed with and without the grout resistance to be
able to compare the results. The computed graphs of the outlet temperature variation with the mass
flow rate of the brine are shown in figure 18, where only 200 meter deep boreholes are considered for this
study.

(a) This study; the brown line is with the thermal resis-
tance of the grout and the green is without.

(b) Madessa et al [52]

Figure 18: The variation of the outlet temperature of the ground heat exchanger due to the mass flow rate
of the brine.

As can be seen from the graphs, this study’s temperature is lower than Madessa et al., and decreases more
rapidly with the increase of the mass flow rate. This is a consequence of the use of equivalent diameter
in this thesis. The exact soil temperature is not mentioned in Madessa et al’s study and an assumtion
made from their statement was taken, and can therefore also contribute to differences. In table 14, the
deviation is presented.

Table 14: Results of the valdidation of the GHX model [52].

Mass flow rate

[kg/s]

Outlet temperature

This study [◦C]

Outlet temperature

Madessa et al. [◦C]

Devation

[%]

0.5 7.6 7.4 2.7

1 5.6 5.9 5.4

1.5 4.7 5.3 12.8

2 4.1 4.8 17.1

2.5 3.8 4.4 15.8

The total heat flux from the borehole calculated in this study is found to be 21.19 [W/m]. This value is
consistent with the findings of Norges geologisk undersøkelse, which found that the thermal conductivity
of the earth in Oslo is roughly 3 W/mK [68]. When this is multiplied by the difference between the soil
temperature and T6, a heat flux of 18.6 [W/m] is obtained. This emphasizes how integrating the grout’s
conductive resistance leads in a more realistic result.
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5.1.3 Heat pump model

The validation of the HP models is split into two parts. The study by Esen et al. was used in the first
phase to validate the isentropic efficiency and COP estimations [69]. In their study, uncertainty analysis
was performed on some reported parameters, which were taken into account in this validation. Table 15
displays the various input data.

Table 15: Input values for HP model from Esen et al. [69].

Parameter Value

Refrigerant R22

h1 402 030 J/kg

s3 1 163.7 J/kgK

T1 264.21 K

T2 348.88 K

T3 312.80 K

T4 266.10 K

Q̇cond 4 279 W

Q̇cfan 145 W

Because of the significant uncertainty of P1 and P2, h1 and s3 were used as input parameters instead.
Esen et al. have included Q̇cfan as a work input to calculate the COP, which is not included in this
thesis. For this validation, this was implemented in order to compare the COP values. The model for
R717 was used to calculate the isentropic efficiency of the compressor.

The obtained results are plotted in table 16. The uncertainties for the numbers from Esen et al. have
been calculated in order to more precisely analyze the deviation.

Table 16: Results of the validation of the HP model[69].

Parameter This study Esen et al. Deviation

ηi 68% 70% 2.8%

COP 2.88 2.5-2.77 3.8%

The low deviation shown in the table above, demonstrates that the HP model is able to provide satis-
factory results for the isentropic efficiency and COP. The obtained values of the COP in this study are
around 4 for all four of the refrigerants, which is consistent with the mentioned theory in chapter 3.1.2.

In the second part of the HP validation, the area of the evaporator was compared to the study from
Kjellsvik et al. [70]. They made a mathematical model of the area of the evaporator at Frydenlynd
school and compared it to the real evaporator. The input values which differed from the study are
presented in table 17.
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Table 17: The different input parameters from the study of Kjellsvik et al. [70].

Parameter Value

T1 274 K

T4 268 K

T6 279 K

Brine 10% ethanol glycol

ṁbrine 9 kg/s

ṁrefg 1 kg/s

dplate,evap 0.005 m

λplate,evap 398.7 W/mK

In the real HP inside Frydenlund school uses CO2 as the working fluid. Since this thesis does include a
nusselt correlation for CO2, both correlation from Kim and Mudawar and Shah were evaluated. These
results were then compared to the real measurement of the evaporator in table 18.

Table 18: Validation of the area of the evaporator [70].

This study

- Kim and Mudawar

This study

- Shah
Real measurements Deviation

Aevap 21.4 m2 19.8 m2 14.34 m2 33/28 %

As seen from the table, both mathematical calculations gave a bigger evaporator area. As Kjellsvik et
al. explained, this is due to a liquid separator in the real system. This increases the heat transfer rate in
the real evaporator, since the fraction of vapor in the refrigerant is lower when entering the evaporator.
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5.2 Solar collector model
The results from the thermodynamic analysis of the SC are given and discussed in this section. Appendix
M contains the output from the EES model.

5.2.1 Area and placement

When providing 60% of the DHW to the school, the total aperture solar collector area needs to be 3.14
m2. This gave 1.3 SC, resulting in the need of in total 2 collectors. These can be put side by side on the
rooftop and therefore avoid shading.

How the total area of the SC should increase when the need for thermal energy increases is evaluated in
figure 19.

Figure 19: The total area of needed SC when the heat demand increase.

If the total energy produced from the solar system increases from 510 to 750 W, 1/3 of the heat can be
used to recharge the ground simultaneously as 60% of the DHW gets covered. To produce this amount
of energy, the total SC area need to be 5 m2, which is still two SC from DieTrich.

5.2.2 Thermal efficiency

The thermal efficiency of a SC is used to assess its performance. For the chosen type of SC, ambient
temperature at 293 K and solar irradiance at 700 W/m2, the thermal efficiency of the solar collectors is
56%. As can be seen from equation 4, the ambient temperature and solar flux have an impact on the
efficiency of the collector. This impact is shown i fugure 20.
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Figure 20: The variation in thermal efficiency with fixed fluid temperatures and varying solar flux and
ambient temperature.

The thermal efficiency of the De Dietrich solar collector has a linear increase as the ambient temperature
rises, shown in the blue line. An increase of the heat flux also has a positive impact on the thermal
efficiency. When the solar flux falls below 500 W/m2, the negative influence on the thermal efficiency
is higher then for a variation above 500 W/m2. This indicates that the SC’s performance will be low
when it is cloudy, even if the ambient temperature is high. The solar flux has an effect on the ambient
temperature, which is not taken into consideration here.
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5.2.3 Energy production

The energy production in the solar system is a fixed value at 510.6 W in the model, based on the DHW
demand, in order to dimension the SC system. Nonetheless, it’s interesting to observe how environmental
factors influence the energy generation. As for the efficiency, the solar flux influence the thermal energy
produced, which is illustrated in figure 21.

Figure 21: The impact of solar flux on the produced thermal energy from the SC.

The results emphasize the necessity of a clear or light clouded sky for optimal exploitation.

43



5.2 Solar collector model 5 RESULTS AND DISCUSSION

5.2.4 Exergy

The SC’s exergy is assessed in the final section. The total exergy rate of the inlet was found to be 1379.0
W, where the working fluid at the inlet stands for 65.3 W and the solar flux stands for 1313.0 W. The
exergy rate at the outlet of the SC was calculated to be 383.3 W under the dimensioned conditions. The
corresponding exergy destruction and second law efficiency of the solar collector were found to be 982.3
W and 24.2 %. The ambient temperature varies greatly through the day and the year, and figure 22
illustrates how a variation of the ambient temperature affects the second law efficiency.

Figure 22: Relation between second law efficiency of the SC and the ambient temperature.

The second law efficiency decreases as the ambient temperature rises. At low temperatures, the exergy
from the sun decreases more than the difference between the exergy of the fluid at the outlet and inlet of
the SC, leading to higher efficiency.

The type of working fluid in the SC can also affect the exergy in the solar system. In figure 23 the
behavior of the second law efficiency of the solar collector with a variation of the inlet temperature with
three different working fluid is plotted.
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Figure 23: Relation between the second law efficiency and the inlet temperature of the SC with different
working fluids.

The variation in the fluid inlet temperature to the SC reveals that the second law efficiency increases
until the fluid reaches 293 K and then decreases as it rises further for all three fluids. When the fluid
temperature increases up to the ambient temperature, the increase of the exergy efficiency is due to a
higher absorber plate and outlet temperature, which increases the energy output. When the inlet tem-
perature increases above the ambient temperature, the heat loss to the surroundings from the SC, making
the system less efficient. This underlines the need for good insulation on the SC. In order to obtain a
high second order efficient, the optimal inlet temperature in Norway is quite low. Water is the most
efficient working fluid for second law efficiency. There is a possibility of the fluid freezing in Norway,
hence propylene glycol, a frost-proof fluid, is recommended.
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5.3 Ground heat exchanger model
In this section, the result of the thermodynamic analysis of the GHX model will be presented. The results
from the EES model are presented in appendix N.

5.3.1 Dimensioning of the borehole field

The SGSHP is sized based on the school’s energy need. As a result, in every evaluation of the GHX
performance, the Q̇ground will be a fixed value. The needed heat transfer in the evaporator with R290 as
the working fluid to produce 15 kW in the condenser was chosen as this value, 11 332 W.

The depth and number of the boreholes are critical to investigate in order to achieve optimal operation
of the HP at a low cost. The optimal relation between the length of each borehole and the number of
boreholes depends on several parameters, such as the types of grout materials. Figure 24 illustrates the
effect of three different grout materials: water, cement and a Bentonite mixture consisting of 0,5%axilat
and 15% water [71].

Figure 24: Relation between the length of each borehole and the needed number of boreholes to achieve
the energy demand with different types of grout materials.

Since water has the lowest thermal conductivity, the number of boreholes required for this grout material
is greater than those required for the other two grout materials. According to this graph, when the grout
is water, one optimal relation is four 140-meter-deep boreholes. The bentonite mixture has a thermal
conductivity of 2.63 W/mK, and when it replaces the cement the length of a borehole can be reduced up
to 40%, which means a reduction in both investment and operation cost of the system. This is a higher
reduction than Eslami-Nejad and Bernier reported [16].

The mass flow rate within the borehole was set to 0.5 kg/s. This resulted in a Reynolds number of
4287 inside the borehole when using the chosen pipes. As previously stated in the theory, this Reynolds
number is advantageous since it provides a high heat transfer coefficient. How the mass flow rate of
the brine in the boreholes influences the relationship between the depth and the number of boreholes is
illustrated in figure 25 with three different flow rates, 0.3, 0.5 and 0.8 kg/s respectively.
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Figure 25: Relation between the length of each borehole and the needed number of boreholes to achieve
the energy demand with different mass flow rate of the brine.

The result shows an increase in the mass flow rate reduces either the number of boreholes or the borehole
length, which again affects both the investment and operation cost positively.

The needed length of the borehole also depends on the inlet temperature of the brine when the heat
demand, the number of boreholes and the outlet temperature of the GHX remains constant. When the
SC recharges the ground, the inlet temperature of the GHX can be raised, and figure 26 shows how this
kind of temperature rise can affect the required depth of each borehole.

Figure 26: The effect of recharging the ground with SC on the needed length of each borehole.

Without the SC recharging the ground, the temperature down to the GHX will be 275 K, which is the

47



5.3 Ground heat exchanger model 5 RESULTS AND DISCUSSION

same as the HP’s exit temperature. When this is the case, the boreholes must be 160 meters long, a
19% increase from when a 4.7 m2 area of SC is fully utilized to transfer heat to the ground. From the
equations 30 and 59, it can be seen that with a bigger area of SC and a higher mass flow rate of the
solar working fluid, the temperature down to the GHX will increase, lowering the required depth of each
borehole even more.

5.3.2 Outlet temperature

Because the borehole outlet temperature has a major impact on the evaporator and therefore the perfor-
mance of the HP, it is a critical parameter affecting the performance of the GHX. With the approximated
soil temperature at 282.3 K, and water as the grout, the outlet temperature of the GHX is equal to 277.5
K when the SC is solely used for recharging the ground. The temperature of the soil varies naturally
throughout the year, and the thermal resistance in the borehole can be changed with the grout material.
How the two parameters affect the outlet temperature of the GHX is illustrated in figure 27.

Figure 27: The impact of the soil temperature on the outlet temperature of the borehole with different
types of grout materials.

The graph depicts a linear increase in outlet temperature as the soil temperature rises, and the higher
conductivity of the grout, the lower the soil temperature is needed to achieve a high outlet temperature.

The temperature of the brine out from the HP also affects the outlet temperature of the brine. This is
illustrated in figure 28.
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Figure 28: The impact of the temperature of the brine from the HP on the outlet temperature of the GHX.

The higher the temperature from the HP, the higher the outlet temperature of the borehole.

5.3.3 Exergy

The exergy, exergy destruction and the second law efficiency of the borehole field are presented in table
19.

Table 19: The calculated exergy of the GHX.

Ẋi

[W ]

Ẋo

[W ]

Ẋdes

[W ]

ηII

[%]

817.9 533.1 294.7 65.2

The rate of exergy destruction in the borehole field is determined by the amount of energy produced, as
well as the temperatures at the inlet and outlet. Figure 29 shows how the rate of exergy destruction in
the borehole field is affected by the inlet and outlet temperature of brine to/from the borehole.
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Figure 29: The influence of the inlet and outlet temperature on the exergy destruction of the borehole
field.

The blue line in the graph above demonstrates that as the inlet temperature rises, the overall exergy
destruction in the GHX reduces, but the black line shows that as the outlet temperature rises, the exergy
destruction increases. As a result, the smallest temperature difference between the output and inlet is
recommended to accomplish less exergy destruction.

5.3.4 Recharging the ground

The ground is recharged via a counterflow heat exchanger that transfers heat from the solar system and
raises the borehole’s inlet temperature. The maximum heat exchanger’s area was calculated to be 0.14
m2 using the dimensioned parameters and 100% of the mass flow rate from the SC. The modest size of
this area is mostly due to the low mass flow rate of the working fluid in the solar system.

The exergy destruction in the HX was calculated to be, 16 576 W, which is relatively high due to the
high temperature differences on the cold and hot sides. The second law efficiency was 70.5 %.

The temperature out of the SC has an impact on the exchanged heat as well as the HX’s exergy de-
struction. As a result, determining the ideal temperature here is of relevance. The black line in figure
30 illustrates how the SC outlet temperature influences the intel temperature in the borehole, while the
blue line indicates how the SC outlet temperature affects exergy destruction when the hot temperature
out of the HX is fixed to 303K.
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Figure 30: The impact of the hot inlet temperature to the HX on both the cold outlet temperature and the
exergy destruction of the HX.

As seen from the figure, a higher temperature from the SC gives a higher inlet temperature of the bore-
hole, which is expected. But, it is important to understand that higher temperature also gives higher
exergy destruction of the HX, which is not preferable.

The solar energy produced vary over the year, so the amount of recharging will also vary. When the SC
is able to recharge the ground, it helps to decrease long-term ground depletion. How much of the solar
system’s working fluid is utilized to recharge the ground has an effect on the heat exchanger’s available
energy transfer and, as a result, on the GHX’s outlet temperature.

Figure 31: Effect of the energy from the SC on the outlet temperature of the brine from the borehole.

Figure 31 shows that when the HX receives more heat from the SC, the outlet temperature of the
borehole increases. Increasing the inlet temperature through the HX can be a good option to reduce
the exergy destruction in the borehole and help to get the right temperature into the evaporator. Using
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longer boreholes instead of recharging the ground will increase the difference between the inlet and outlet
temperature of the GHX, which was proven to increase the exergy destruction. The figure also illustrates
that recharging with less than 20% of the mass flow rate of the solar system has little to no influence on
the GHX’s outlet temperature.

5.4 Heat pump model
For the last thermodynamic analysis, the results from the HP models will be presented. The output of
EES models is presented in appendix O.

5.4.1 T-s and P-h diagrams

The changes in the states for the four different refrigerants are plotted in T-s and P-h diagrams. These
diagrams will differ from one another due to the varied properties of each refrigerant, even though they
are all utilized under the same conditions. The T-s diagrams are presented below in figure 32-35, and
the P-h diagrams are presented in attachment L.

Figure 32: T-s diagram for R600a.
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Figure 33: T-s diagram for R290.

Figure 34: T-s diagram for R717.
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Figure 35: T-s diagram for R1234ze(E).

The graphs reveal that R600a and R290 has the most similar response. This could be due to the fact
that these two have similar thermophysical properties. The critical pressure of R717 is higher than the
others, hence it has the largest operation area, whereas R1234ze(E) has the smallest. R600a and R290
operation areas in this HP are in the upper part in the presented graphs, indicating a high condensation
temperature. Flash steam can occur when this high temperature condensate passes through the expansion
valve with low pressure. The flash steam is unable to absorb any energy from the brine during the face
shift in the evaporator, resulting in a reduction in the evaporator’s efficiency. It is a good idea to subcool
the refrigerant at point 3 more than 5K or implement a flash vessel for the R290 and R600a heat pumps
to reduce the risk of steam occurring.

5.4.2 Coefficient of performance

In order to investigate the performance of the working fluids, the COP of the HP was calculated for each
refrigerant, the result is depicted in table 20.

Table 20: Calculated COP for all the refrigerants.

R600a R290 R717 R1234ze(E)

Ẇcomp

[W ]
3715 3668 3380 3846

ṁrefg

[kg/s]
0.045 0.044 0.011 0.09

ηi

[%]
68.56 73.06 75.45 67.43

COPcarnot

[−]
5.43 5.23 5.23 5.30

COPHP

[−]
4.04 4.09 4.44 3.90

COP
COPcarnot

[%]
74.4 78.2 84.9 73.6
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With a COP of 4.44, R717 achieves the best performance of the HP. The R1234ze(E) HP’s compressor
has low isentropic efficiency, resulting in a high required work input at the compressor and a low COP.
Due to the assumption of an adiabatic system, and neglecting the pressure drop and electricity loss in
the compressor, the presented COPs will be higher than for a real HP suffering energy loss through the
cycle.

Figure 36 illustrates how the mass flow rate of the refrigerant affects the COP.

Figure 36: The COP of the HP with the different refrigerants when the mass flow rate is altered.

A higher mass flow rate of the refrigerant will give a lower COP for the HP. Due to the different ther-
modynamic properties for all the refrigerants, the correlation between the COP and the mass flow rate,
with a fixed energy transfer in the condenser, will differ. As observed from the T-s diagrams, R600a and
R290 behave similarly.
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The brine temperature can affect the COP, and to illustrate this, the temperature of the brine at the
outlet of the evaporator for the R290 HP has been altered, see figure 37.

Figure 37: The impact of the brine temperature out of the evaporator on COP for the R290 HP.

The HPs COP increases as the temperature of the brine exiting the HP rises, which is consistent with
results presented in the literature review, and the statement from Razavi et al.[18] that a higher evapora-
tor temperature is beneficial for the COP. This will also imply that a higher temperature in the soil and
a higher output temperature from the GHX is desired since it will result in a higher COP, as illustrated
in figure 27 and 28. Because the temperature of the soil varies throughout the year, the COP of the
HP varies as well, with the largest COP occurring in the summer. The fact that the HP’s effectiveness
is so dependent on the source temperature highlights the benefits of employing a ground source heat
pump rather than air to water heat pump in northern climates, where the ambient temperature varies
greatly and can have lower temperatures than the ground. This finding also underlines the advantage of
implementing SC which can recharge the ground when they produce excess heat and increases the outlet
temperature of the borehole.

5.4.3 Energy from the condenser

A higher COP in the HP will lead to more energy transfer to the hot water tank. Providing a higher
brine temperature into the evaporator will ensure a greater heat transfer in the evaporator, which will
lead to a greater energy transfer in the condenser. In the following figure, the R290 HP model is used
and the outlet temperature of the GHX is varied depending on how much heat is provided from the SC,
previously illustrated in figure 31. The temperatures of the HP and mass flow rate of the refrigerant
remain the same, but the COP is varying with the regulation of T6 when both formulas presented in
equation 5 and the first part of equation 77 are implemented in EES.
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Figure 38: How an increase of the outlet temperature of the GHX impacts the produced energy of the HP.

The amount of energy produced increases in direct proportion to the brine’s exit temperature from the
GHX. This suggests that recharging the ground can raise the HP’s energy output. The requirement for
electricity from the electrical heater will be minimized when the SC produces extra heat that is delivered
to the borehole.

5.4.4 Area evaporator

With the use of the LMTD method, the optimal area for the condenser and evaporator for the stated
conditions was calculated for each HP. Table 21 list up the needed area for the evaporators with the
various refrigerants.

Table 21: Calculated area of the evaporator area for the different refrigerants.

R600a R290 R717 R1234ez(E)

Evaporator

[m2]
3.3 3.5 3.4 2.9

Even though the refrigerants have different properties and it has been used different Nusselt correlations,
the areas for the evaporators are quite similar. The overall heat transfer values are a bit bigger than in
reality since fins are not taken into account in the calculations.

The inlet temperature of the brine and the mass flow rate of the refrigerant can affect the area of the
evaporator when the heat extraded in the evaporator is constant. This has been illustrated in the figure
39, with the use of the EES model for the R290 HP.
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Figure 39: Area of the evaporator with different mass flow rates of the refrigerant with the variation of
the inlet temperature of the brine for the R290 HP.

To be able to employ a smaller evaporator, a lower mass flow rate of the refrigeramt and a high outlet
temperature from the borehole is preferred. As previously stated, the grout affects the temperature of the
brine, which in turn affects the area required for the evaporator. This underlines that the ideal grout to
use is one with high thermal conductivity. The graph also proves that it is necessary to keep the thermal
balance of the ground. If the temperature gets too low over time, the evaporator will not be able to
extract the needed heat with the same area. This will reduce the COP of the HP and increase the need
for energy from the electrical heater. The higher the mass flow rate of the refrigerant, the bigger the area
needs to be. This is due to the amount of time the refrigerant has to absorb heat inside the evaporator.

5.4.5 Exergy

The exergy destruction in all four components and for the overall heat pump cycle is presented in table
22.

Table 22: Calculated exergy destruction in each component of the HP for the different refrigerants.

Component R600a R290 R717 R1234ze(E)

Evaporator

[W ]
265.5 260.1 265.4 251.7

Compressor

[W ]
1058.0 873.3 602.9 1129.0

Condenser

[W ]
243.3 275.3 589.6 251.9

Expansion

valve [W ]
504.4 605.8 246.2 577.6

Sum 2071.2 2014.5 1714.1 2210.2

The R1234ze(E) HP generates the most exergy destruction, while R717 generates the least. The results
also show that the compressor incurs the most significant exergy destruction, and stands for over 35% of
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the total exergy destruction in all four HPs.

In table 23 the second law efficiency, ηII , is listed for each component as well.

Table 23: Calculated second law efficiency in each component of the HP for the different refrigerants.

Component R600a R290 R717 R1234ze(E)

Evaporator

[%]
73.4 74.1 73.3 74.2

Compressor

[%]
71.5 76.2 82.2 70.6

Condenser

[%]
78.9 76.8 60.7 78.3

Expansion

valve [%]
0 0 0 0

Due to the assumptions of an adiabatic system, the second order efficiencies reported in the table above
are greater than for a real system. The second law efficiency for the R717 condenser is notable lower than
for the others. The temperature of the condenser has an effect on the component’s exergy destruction,
hence subcooling the refrigerant at state 3 will affect the condenser’s performance. Figure 40 illustrates
this effect.

Figure 40: How subcooling the refrigerant after the condenser affects the second law efficiency of the
condenser in the R717 HP.
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Subcooling the refrigerants has given positive results on the second law efficiency, and is thus a strategy
to implement in order to minimize the HP’s total exergy destruction, which is shown in figure 41.

Figure 41: How subcooling the refrigerant after the condenser affects the total exergy destruction for the
HP.
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5.5 Solar collector to water tank
The findings from the dynamic simulation in IDA ICE of the plant where the SC is linked to the water
tank are provided in this section.

A 1-year energy simulation was conducted for the energy plant, the results of which are reported in details
in appendix P. The space heating demand was estimated to be 17 359.0 kWh/year, whereas the DHW
demand was estimated to be 5 371.1 kWh/year. This is similar to the simplified calculation shown in
table 3, which verifies the calculations and allows for comparisons between the EES models and the IDA
ICE simulations. The amount of DHW that the SC can cover may be calculated from tables 28 and 29
shown in the appendix. On average, the SC can cover around 60% of the DHW during the solar system’s
operating period from Mars to September, however this percentage varies from month to month. The SC
can only meet 30-40% of the DHW demand in Mars, April, and September, but they can cover 60-80 %
for the remainder of the operation time. The solar collectors will provide less energy than expected from
the mathematical model, indicating more loss in the solar system in the simulations, which is closer to a
real solar system.

To evaluate the performance of the SGSHP, the use of the top heaterelectrical heaterthe default value
is also used in this system to be able to compare the simulations. In the energy simulation, the mean
required energy output from the top heater was simulated to be 16 834.2 W per month.

Over a seven-year period, the temperature at the bottom of the borehole was measured when the mass
flow rate of the solar working fluid is set to the default for plant 2. This is illustrated in figure 42.

Figure 42: The soil temperature at 140 meters over a seven-year period without Sc recharging the ground.

The temperature of the soil changes significantly throughout the year and is expected to diminish over
time. The temperature changes more throughout the year than the theory and literature suggest, but
the pattern of the changes is expected and similar to the study of Gau et al., this behavior will therefore
be discussed further [13]. The month with the greatest soil temperature is August, while the month with
the lowest is February. Even with the usage of freecooling in the summer, the mean annual temperature
dropped from 4.63 to 3.43◦C from 2022 to 2028, over 1◦C different, resulting is a 26% drop. This is a
lesser drop than several GSHP system had in the literature review, most likely due to the freecooling.
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5.6 Solar collector to ground heat exchanger
This section contains the results of the dynamic simulation of the plant where the SC is linked to the
GHX in IDA ICE.

For the second plant, a 1-year energy simulation was also conducted, which achieved similar results as
the first plant with 17 298 kWh/year for space heating and 5307 kWh/year for DHW.

This system’s average monthly energy consumption from the electrical heater was determined to be 22
213.5 W. This represents a 5 378.8 W gain over the first plant, implying that the first configuration saves
24% energy in comparison. This is a significant amount, and differ from the statement from Thygesen
and Karlsson [20].

How the soil temperature at 140 meters varies over a seven-year period is illustrated in figure 43.

Figure 43: The soil temperature at 140 meters over a seven-year period with SC connected to the GHX.

Between 2022 and 2028, the mean soil temperature reduces from 5.98 to 5.15circC, a difference of less
than 1circC and a 14 percent drop. This result is consistent with the findings in the literature review
mentioned in section 2.3.1, and it was discovered that applying measures to achieve a thermal balanced
soil was crucial in cold areas. According to the figures above, the second plant achieves a greater soil
temperature during the operation period than the first plant. A greater soil temperature has has been
demonstrated to boost HP performance, another advantageous of connecting SC to the GHX. The COP
for both the configuration is a fix value at 4, so how the higher soil temperature affects the COP in the
these simulations will unfortunately not show.

Both of the evaluated system configurations have advantages and disadvantages. It is critical to implement
efficient renewable energy systems that consume a minimal amount of provided energy and have a long
lifetime to reduce energy consumption and greenhouse gas emissions in the building sector. Combining
these two configurations, as shown in system configuration 1 in this thesis where SC prioritized to heat
the water tank, is a good alternative for an SGSHP in a cold climate.
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6 Conclusion
The main purpose of this thesis was to investigate the performance of a SGSHP, and provide information
if it is beneficial to implement solar thermal energy to a GSHP in a colder climate and how such systems
should be optimized. The studied SGSHP was connected to a school building in Oslo designed according
to the Norwegian passive house standard, and the SC was able to provide heat to the hot water tank
and recharge the GHX if excess heat was produced. The investigation was accomplished by performing
thermodynamic analyzes in EES, and through dynamic simulations of the energy system in IDA ICE.
The main results are listed below.

• The SC was able to cover around 60% of the DHW demand on average during the operation
period from Mars to September, but the produced energy will vary a lot depending on the weather
conditions.

• When recharging the ground with solar thermal energy from a 4.7 m2 area of SC, the length of
each borehole can be reduced by 19% compared to a reference case without SC.

• Recharging the ground with the solar thermal energy will increase the soil temperature, and slow
down the depletion of the ground over time than if only freecooling is used as a measure, extending
the lifespan of the energy system.

• Utilizing solar heat to heat the water tank reduced the need for an auxiliary unit, helping to reduce
the energy consumption for the building.

• Keeping an inlet temperature to the SC close to the ambient temperature gave a positive outcome
on the second law efficiency of the SC.

• A propylene glycol mixture gave a better second order efficiency of the SC than an ethylene glycol
mixture and is therefore recommended for solar collectors in Norway.

• Choosing a grout with high thermal conductivity is favorable in order to increase the borehole outlet
temperature and reduce the depth and number of boreholes, which is cost-beneficial.

• Recharging the ground through a HX is a good option to achieve a high brine temperature into the
HP while not increasing the exergy destruction of the GHX.

• R717 was found to achieve the best overall performance of the HP under the specified conditions,
having the highest COP at 4.44, lowest exergy destruction and was more flexible to different tem-
peratures and pressures in the system due to the larger operation area.

• R1234ze(E) needed the smallest evaporator area, but had the lowest COP and highest exergy
destruction.

• Keeping a low mass flow rate of the refrigerant will increase the COP.

• A higher soil temperature resulting in a higher outlet temperature of the GHX will give a higher
COP.

• The compressor stood for a significant part of the HP’s exergy destruction, and it was discovered
that subcooling the refrigerant after the condenser will lower this amount, improving the HP’s
overall performance.

• A higher temperature of the brine at the inlet of the evaporator and a low mass flow rate of the
refrigerant reduce the evaporator’s area.

• A configuration of the SGSHP where the SC prioritizes heating the water tank and excess heat
recharges the ground is a good option to achieve low energy usage and thermal balance in the soil.

In conclusion, the investigated SGSHP appears to be a well-suited approach for heating passive houses and
low energy houses in Norway under the conditions studied. Utilizing an optimized SGSHP as described
in this thesis will help reduce the energy consumption and therefore the greenhouse gas emissions in the
building sector, and it is more suited for a cold environment than the literature review indicated.
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7 Future work
Assumptions and simplifications have been made throughout the study due to time limitations, therefore
some ideas and suggestions based on this study’s experience have been compiled for future contributions.

It would have been beneficial to validate the SGSHP against a real system. This could provide more
accurate and solid results since the majority of the simplification made in this study would be excluded.

EES does not provide properties for mixed refrigerants, but it would be interesting to investigate the
performance of a HP with this kind of refrigerant and compare it to the others.

A variety of system solutions should be investigated. Only one solution was explored and confirmed to
be efficient in a cold climate in this master’s thesis, but it would be fascinating to see how alternative
configurations affect the performance and which energy system is best suited for a cold climate. It’s also
worth checking to see if the type of building has an effect on which system should be used. Due to the
scope of this study, the IDA ICE energy plants were not designed to simultaneously be able to heat the
hot water tank and recharge the ground. A system more similar to system solution 1 might be examined
further using macros.

The energy system’s cost and profitability are not taken into consideration. In practice, this has a sig-
nificant impact on the type and configuration of the system that will be used. When this viewpoint is
taken into account, a more in-depth assessment can be conducted to see if the energy gains of adding SC
will be profitable when compared to the increased startup and maintenance expenses of the system.

A SGSHP is a renewable energy system, and the ecological impact it can have has not been evaluated
here. It could be interesting to see how the different parameters affect the environmental impact and
if the energy benefits of SC compensates for the energy and emissions connected to the production and
installation.
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Performance analysis of a solar thermal system coupled with
a ground source heat pump in Nordic conditions

Abstract

The main objective of this work is to investigate the en-
ergy and exergy performance of a solar assisted ground
source heat pump for a school building designed accord-
ing to Norwegian passive house standard. The system is
designed in such a way that the solar collector prioritizes
to provide heat to the hot water tank and whenever there
is excess heat from the solar collector it can be used to
charge the ground borehole. A detailed thermodynamic
analysis of the system has been carried out in Engineer-
ing Equation Solver (EES). Isobutane (R600a), propane
(R290), ammonia (R717) and solstice (R1234ze(E)) have
been investigated as working fluid for the heat pump. The
result revealed that the solar collector and the different
working media have affected both the COP and the exergy
of the system. Moreover, the mass flow rate of the brine
and the length of the borehole affect the performance of
the system.

Introduction

The building sector’s energy demand has been rising the
last decades and it is now accounting for 30% of the
global final energy consumption, making it one of the
largest energy consumption sectors (Berardi (2015)). The
Paris agreement is adopted by 196 countries in 2016 (UN-
FCCC (2015)), and the UN climate report is expressing a
deep concern for the environment (Masson-Delmotte et al.
(2021)), and it has heightened the focus on reducing en-
ergy usage. It is, therefore, vital to improve the perfor-
mance of energy systems in buildings and minimize their
greenhouse gas emissions to meet the Paris agreement’s
target of limiting global warming to 1.5 °C compared to
the prediction.

As more passive houses and low-energy buildings have
been built in recent years, the need for efficient energy
systems has grown. As well, due to the change in weather
pattern and cold climate in the north, there is still some
uncertainty about how some types of energy sources can
best be utilized for the building sector, like solar systems.
Ground source heat pumps (GSHP) are a well-established
technology in Norway today. Solar energy is, how-
ever, less used, particularly solar thermal energy systems.
Nonetheless, there has been an increase in interest in com-
bining these two technologies to improve the heat pump
operating conditions and minimize the need of an auxil-
iary heating unit. Hwang et al. (2021), Razavi et al. (2018)
and Girard et al. (2015) have compared the performance
of the solar assisted ground source heat pump (SGSHP) to
a conventional GSHP, and the results showed that the ben-

efits of having solar thermal energy combined with GSHP.
The configurations of SGSHP can be done in a variety of
ways. The heat generated by the solar collectors can be
utilized to raise the evaporation temperature, recharge the
ground, or used to produce the building’s domestic hot
water, or a combination of these methods. In recent years,
there has been an increase in the number of published re-
search works examining how system solutions for SGSHP
affects performance, and Reda and Laitinen (2015) and
Yang et al. (2015) reported different positive outcomes
from each configuration studied.

The main objective of this paper is to investigate the en-
ergy and exergy performance of a SGSHP for a school
building designed according to the Norwegian passive
house standard, (NS3701 (2012)). The energy system will
provide energy both for domestic hot water production
and space heating. The system designed in such a way
that flat plate solar collectors prioritize providing heat to
the hot water tank and whenever there is excess heat from
the solar collector, it can be used to charge the ground
borehole. A detailed thermodynamic analysis of the se-
lected system has been carried out in Engineering Equa-
tion Solver (EES) (Software (2021)), and the potential
working fluids isobutane (R600a), propane (R290), am-
monia (R717), and solstice (R1234ze(E)) have been in-
vestigated. Moreover, sensitivity analyses have been con-
ducted to identify how different parameters influence the
system’s performance and provide important knowledge
for system optimization.

Method

Case setup

The chosen solution for this work is illustrated in figure
1. The solar collector is used to heat the water tank and
recharge the ground. The circulation pump before the SC
will start when the surface temperature of the SC is 10◦C
or higher. Below this temperature, the SC will not be able
to provide significant temperature rise in the water tank
or heat exchanger, as mentioned by Sørensen (2017). If
the temperature in the SC is 5K greater than the water
tank temperature, the controller will direct the working
fluid through the valve V1 to the water tank. If this isn’t
the case, the controller will send the working fluid to the
plate heat exchanger, which will heat the brine from the
HP and to the ground heat exchanger (GHX). When the
SC is unable to heat the water tank to 70 ◦C alone, the
HP will start, and begin extracting heat from the GHX. If
neither the GSHP nor the SC can maintain the set point
in the tank, an electrical heater will be activated. Which
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Figure 1: System solution for SGSHP

scenario the SC should work is determined by a controller
which examines and compares the temperature at speci-
fied places and based on this adjust the flow through valve
V1.

The water tank is split into three sections. The SC heats
the low-temperature water at the bottom, where the cold
water enters. In the middle, the HP connected to the heat
exchanger (HX) heats the tank further and the space heat-
ing is extracted. The electrical heater is placed on the top
section as an auxiliary unit, which will turn on when the
water temperature falls below the set point. The domestic
hot water (DHW) will also be distributed to the building
from the top section. This is beneficial for the SC’s effi-
ciency, which is better at low temperatures, and it ensures
that it doesn’t compete with the electric energy.
The SGSHP system is dimensioned and analyzed based
on a reference school building located in Oslo, Nor-
way, where the mean temperature is 6.3 ◦C and the de-
signed outdoor temperature during the winter is – 19.8◦C,
(byggforsk (2018)). The building is classified as a pas-
sive house and should therefor satisfy Criteria for passive
houses and low energy buildings, (NS3701 (2012))

According to SN-NSPEK3031 (2021), the set point for
heating the school building is 21◦C. As a result, ∆T in
the energy calculation will be 21 − (−19.8) = 40.8 ◦C,
which gives an energy and power demand of the building
23 670 kWh/year and 26 626 W , respectively.
The SC is dimensioned to cover 60% of the DHW de-
mand, 2700 kWh/year. The working fluid inside the
solar system is Ethylene-Glycol mixture with a concen-
tration of 35%.
The ground heat exchanger is made of single U-tube col-
lectors, high-density polyethylene with a thermal conduc-
tivity of 0.35 W/mK, connected in parallel. The depth of
the boreholes is selected to be 130 meters with an internal
diameter of 0.1 meters.
In order to reduce the number of on-off time for the opera-
tion of a HP and improve its performance, a HP should be
sized for 50-60% of the maximum building heating rate

demand and 80-95 percent of the energy demand, accord-
ing to Zijdemans (2014). The HP in this study will there-
fore be dimensioned for 55% of the heating rate demand
and 90% of the energy demand. The heat pump is dimen-
sioned for 15 kW.
Solar collector

The thermal efficiency of the SC expresses the useful en-
ergy gain over the incident solar energy, and can be ob-
tained from equation 1 (CEN-EN12975-1 (2006)).

ηSC = η0 −
a1(Tm − Ta)

G
− a2(Tm − Ta)

2

G
(1)

η0, a1 and a2 is information given by the solar collector
manufacturer, THERMIQUE (2017).
For the exergy analysis of the solar collector system, the
general exergy balance from equation 2 is employed.

ΣXdes = ΣXin − ΣXout − ΣXs (2)

Since the system is under steady-state conditions, the
stored exergy ΣXs = 0. According to Garcı́a-Menéndez
et al. (2022), exergy into a solar system is separated into
two parts: the working fluid and the solar radiation, and
the following formulae are used to compute them.

Xin,f = mSCcp,SC,f (T11 − Ta − Ta ln
T11
Ta

) (3)

Xin,sr = Qi(1−
4

3

Ta
Tsun

+
1

3
(
Ta
Tsun

)4) (4)

The exergy out of the system is only from the working
fluid.

Xout,f = mSCcp,sun(T12 − Ta − Ta ln
T12
Ta

) (5)

The second law efficiency is calculated using the follow-
ing equation.

ηII,sun =
Xout,f −Xin,f

Xin,f
(6)
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Ground heat exchanger

Assuming that the pipe heat loss between the borehole and
evaporator is negligible, the heat extracted from the bore-
hole field is equal to the heat transfer to the working fluid
in the evaporator.

QGround = Qevap (7)

Qground = QghxNboreholes (8)

The heat extracted from each borehole is determined by
the following equations.

qghx =
∆T

Rtot
(9)

Qghx = qghxLpipe,ghx (10)

∆T represents the temperature difference between the
soil and the brine temperature.

Rtot = Rgrout +Rpipe +Rbrine (11)

Where Rgrout =
ln

Db
Ded,o

2πkg
, Rpipe =

ln
Ded,o
Ded,i

2πkp
and

Rbrine =
1

πDed,ihbrine

The exergy and second law efficiency formula utilized for
the SC were also employed in the exergy analysis of the
GHX (Garcı́a-Menéndez et al. (2022)).

Xi,ghx = mbrinecp,ghx(T7 − Tg − Tg ln
T7
Tg

) (12)

Xo,ghx = mbrinecp,ghx(T6 − Tg − Tg ln
T6
Tg

) (13)

ηII,ghx =
Xo,ghx

Xi,ghx
(14)

The exergy destruction for the whole borehole field was
determined.

Xdes,ghx = mbrine(ψ7 − ψ6) +Qground(1−
T0
Tg

) (15)

Heat pump

The COP of the HP is calculated using equation 16.

COPHP =
Qcond

Wcomp
(16)

Where the work done on the compressor, Wcomp, is cal-
culated by equation 17.

Wcomp = mrefg(h2a − h1) (17)

The second law of efficiency for the different components
of the HP is calculated are follows.

ηII,comp = 1− Xdes,comp

Wcomp
(18)

ηII,cond = 1− Xdes,cond

mrefg(ψ2 − ψ3)
(19)

ηII,exp = 0 (20)

ηII,evap = 1− Xdes,evap

mrefg(ψ4 − ψ1)
(21)

The exergy flow due to mass transfer, when the kinetic and
potential energy is neglected, is calculated by the follow-
ing equation.

(ψi − ψe) = (hi − he)− T0(si − se) (22)

The exergy destruction is calculated by the following
equations for the different components of the HP.

Xdes,comp = T0mrefg(s2 − s1) (23)

Xdes,cond = T0mrefg(s3 − s2) +
Qcond

Tm,water
(24)

Xdes,exp = T0mrefg(s2 − s1) (25)

Xdes,evap = T0mrefg(s1 − s4)−
Qevap

Tm,brine
(26)

Since the HP is placed inside the school building, the dead
state temperature, T0, is set to 21◦C.
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The input data for the mathematical models is listed in
table 1

Table 1: Input data for the mathematical models.
Parameter Value
Ambient air temperature, Ta 286 K
Dead state temperature, T0 279.3 K
Solar irradiance, G 800 W/m2

Surface temperature of the sun, Tsun 4 333 K
Mass flow, mSC 0.03 kg/s
Grout material Water
Number of tubes, Ntube 2
Number of boreholes, Nborehole 4
Pipe outer diameter, Dpipe,o 0.04 m
Soil temperature, Ts 283.3 K
Brine temperature out of the HP, T5 275 K
Mass flow rate, mGHX 0.5 kg/s
Exit temperature of the
refrigerant at state point 1, T1

275 K

Exit temperature of the
refrigerant at state point 3, T3

318 K

Exit temperature of the
refrigerant at state point 4, T4

270 K

Pipe diameter of HP, DHP 0,003 m

Validation of the models

The developed thermodynamics models were verified
against other models to check the level of their accuracy.
Using input data from the published articles, the findings
were compared and evaluated, as shown in table 2.

Table 2: Validation of the mathematical model.
*Guarracino et al. (2019)**Madessa et al.
(2017)***Esen et al. (2007)

Value
This
study

Models used
for validation

Devation

ηth 42% 41%* 2.4%
T6 7.6-3.8◦C 7.4-4.4◦C ** 10.6%
ηi 68% 70% *** 2.9%
COP 2.88 2.5-2.77 *** 3.8%

The small deviations for all the parameters presented in
the table ensure the quality of the mathematical model
and emphasizing the accuracy of the calculations used in
this work. The highest deviation came from comparing
how the mass flow rate in the borehole influence the tem-
perature out of the GHX, T6. The obtained temperatures
from this paper is lower than the validation model, and
decreases more rapidly with the increase of the mass flow.
This is maybe due to the of the use of equivalent diame-
ter in this work. Moreover, the exact soil temperature is
not mentioned in Madessa et al’s study, and this can also
contribute to differences.

Results and discussions

Solar collector

The thermal efficiency of a solar collector is used to as-
sess its performance. For the chosen type of SC, ambient
temperature at 293 K and solar irradiance at 800 W/m2,
the thermal efficiency of the solar collectors was found to
be 58%. This corresponds to the information given by Di-
eTrich THERMIQUE (2017) for their flat plate solar col-
lectors, emphasizing the accuracy of this calculation. As
it can be seen from equation 1, the ambient temperature
and solar flux, which can fluctuate greatly during the day,
have an impact on the efficiency of the collector as shown
in figure 2.

Figure 2: Variation in thermal efficiency with varying
solar flux and ambient temperature

The exergy into and out of the SC was calculated for the
chosen temperature and solar irradiance conditions, and
was found to be 4282.9 W and 1309 W respectively. The
corresponding second order efficiency of the solar collec-
tor was also found to be 33.44 %. Figure 3 shows how the
inlet temperature effect this efficiency.

Figure 3: The impact of the inlet temperature of the
SC on the second order efficiency

The variation in the fluid inlet temperature to the SC re-
veals that the exergy efficiency increases up to 294 K and
then decreases as the inlet temperature rises further. This
indicates that keeping a lower inlet temperature is gener-
ally preferable for the SC.

Ground heat exchanger

The depth and the number of the boreholes are critical to
investigate in order to achieve optimal operation of the HP.
The optimal relation between the length of each borehole
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and the number of boreholes depends on several parame-
ters, such as the types of grout materials. Figure 4 illus-
trates the effect of three different grout materials: water,
cement and Bentionite mixture, on the number of bore-
holes for a fixed mass flow rate of 0.5 kg/s. The water
used as grout is considered to be stagnant, and the effect
of the convection heat transfer is ignored.

Figure 4: Relation between the depth and number of
boreholes to achieve the energy demand with different
types of grout

As shown in figure 4, Since water has the lowest thermal
conductivity, the number of boreholes required for this
grout material is greater than those required for the other
two grout materials. The bentonite mixture has a ther-
mal conductivity of 2.63 W/mK, and when it replaces the
water with this mixture the length of a borehole can be re-
duced by 35%, which means reduction in both investment
and operation of the system.

Another parameter influencing the relation between the
depth and number of boreholes is the mass flow rate of
the brine in each of the boreholes. In figure 5, three dif-
ferent flow rates were analyzed.

Figure 5: Relation between the depth and number of
boreholes to achieve the energy demand with different
mass flow rates

The results shows an increase in the mass flow rate reduce
either the number of boreholes or the borehole length,
which affects again both the investment and operation
cost.

Figure 6 shows how the rate of exergy destruction in the
borehole field is affected by inlet and outlet temperature
of brine to/from the borehole.

Figure 6: The influence the inlet and outlet tempera-
ture on the exergy destruction of the borehole

As the inlet temperature rises, the exergy destruction de-
creases, while the exergy destruction increases with in-
crease in the outlet temperature. As a result, to achieve
lesser exergy destruction, the minimal temperature differ-
ence between the outlet and inlet is preferred.

The DHW demand may be lower in the summer, and the
SC can be able to charge the boreholes. Throughout this
time, the SC can replenish the ground more effectively.
This will help to reduce ground depletion in the long run.

Figure 7: effect of the excess energy from the SC on
the outlet temperature of the brine from the borehole

Figure 7 shows that when the heat exchanger receives
more heat from the SC, the outlet temperature of the bore-
hole increases, and this help to rise the exit temperature
off the borehole. Therefor, increasing the inlet tempera-
ture through the heat exchanger is a good option to reduce
the exergy destruction in the borehole and help to get the
right temperature in to the evaporator.
Heat pump

In order to investigate the performance of the working flu-
ids, COP of the HP was calculated for each refrigerant
according to equation 19. The results shows that the COP
for R600a, R290, R717, and R1234ze(E) were 4.04, 4.13,
4.39, and 3,89, respectively, when the heat transfer in the
condenser was set at 15 kW and the length of each bore-
hole was 130 meters. Figure 8 illustrates how the mass
flow rate of the refrigerant effects the COP.
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Figure 8: The COP of the HP with the different re-
frigerant when the mass flow rate is altered and the
length of the borehole is set to 130 m.

The exergy destruction for the four components of the HP
is presented in table 3.

Table 3: Calculated exergy destruction in each com-
ponent of the HP for the different refrigerants

Component R600a R290 R717
R1234-
ze(E)

Evaporator
[W ]

259.0 260.9 267.8 245.0

Compressor
[W ]

1057.0 835.9 635,6 1140.0

Condenser
[W ]

243.3 273 599,5 252.5

Expansion
valve [W ]

504.4 607.7 245,3 577.0

Sum 2064.0 1978.0 1748.0 2215.0

R600a and R290 have the nearly the similar performance.
This could be due to the fact that these two have nearly
similar thermophysical properties. The R1234ze(E) HP
generates the most exergy destruction, while R717 gener-
ates the least. The results also show that the compressor
incurs the most significant exergy destruction, and stands
for over 35% of the total exergy destruction. Figure 9 il-
lustrates how subcooling of the refrigerant reduces the ex-
ergy destruction of the HP.

Figure 9: The total exergy destruction in the HP with
variation in the outlet temperature of the condenser
for each refrigerant.

Subcooling the refrigerants after the condenser has given
positive result on the exergy destruction of the HP, and

is thus a strategy to implement in order to minimize the
HP’s total exergy destruction and the second order effi-
ciency. In this study, the temperature out of the condenser
is subcooled by 5K, and if this had not been done, the total
exergy destruction would be increased by 17%.

Conclusion

The main purpose of this work was to investigate the per-
formance of SGSHP for school building designed accord-
ing to Norwegian passive house standard. EES was used
to study the energy and exergy of the system.

When the SC produces excess heat, it can be directed to
charge the borehole. This helps preventing thermal imbal-
ance of the soil over time and increasing the borehole’s
outlet temperature. The inlet temperature of the SC has a
substantial impact on the second order efficiency of the
SC, and keeping a lower inlet temperature is generally
preferable for the SC which is favorable for the cold cli-
mate in Norway.

For the borehole field, the optimal relation between the
number of boreholes and length depend on the type of
the grout material. The study shows, choosing a grout
with high thermal conductivity is favorable in order to re-
duce the depth and number of boreholes, which is cost-
beneficial.

R717 as a working fluid was found to achieve the best
overall performance for the HP under the specified con-
ditions, having the highest COP at 4.39 and lowest ex-
ergy destruction. The compressor stand for a significant
part of the HP’s exergy destruction, and it was discovered
that subcooling the refrigerant after the condenser might
reduce exergy destruction and improves the HP’s overall
performance.

In summary, SGSHP appear to be a well-suited energy
system for heating school building in Norway under the
conditions studied. Assumptions and simplifications have
been made through the study, thus it’s treated with caution.
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Nomenclature

Greek letters Description
ηth Thermal efficiency [-]
η0 Optical efficiency [-]
ηII,SC Second order efficiency-SC [-]

ηII,comp
Second order efficiency
compressor [-]

ηII,cond
Second order efficiency
condenser [-]

ηII,evap
Second order efficiency
evaporator [-]

ηII,exp
Second order efficiency
expansion valve [-]

ψ1
Flow specific exergy at
point 1 [kJ/kg]

ψ2
Flow specific exergy at
point 2 [kJ/kg]

ψ3
Flow specific exergy at
point 3 [kJ/kg]

ψ4
Flow specific exergy at
point 4 [kJ/kg]

∆ Interval [-]

Abbreviation Explanation
COP Coefficient of performance
EES Engineering equation solver
GHX Ground heat exchanger
GSHP Ground source heat pump
GWP Global warming potential
HP Heat pump
HX Heat exchanger
SC Solar collector

SGSHP
Solar assisted ground source
heat pump

Symbols Description
A Area [m2]
a1 1st order heat loss coefficient [W/m2K]
a2 2nd order heat loss coefficient [W/m2K2]
cp,SC,f Heat capacity-working fluid in the SC [J/kgK]
cp,ghx Heat capacity of the brine [J/kgK]
Db diameter of the borehole [m]
Ded,i Equivalent inner diameter-borehole pipe [m]
Ded,0 Equivalent outer diameter-borehole pipe [m]
G Solar irradiance [W/m2]
hbrine Heat transfer coefficient-brine [W/m2K]
h1 Specific enthalpy at point 1 [J/kg]
h2a Specific enthalpy before the condenser [J/kg]
kg Thermal conductivity-grout [W/mK]
kp Thermal conductivity-borehole pipe [W/mK]
Lpipe,ghx Length of the pipe in one borehole [m]
mbrine Mass flow rate-brine [kg/s]
mSC Mass flow rate-SC working fluid [kg/s]
mrefg Mass flow rate-refrigerant [kg/s]
Nboreholes Number of boreholes [W]
Qcond Heat extraced in the condenser [W]
Qevap Heat extraced in the evaporator [W]
Qground Heat extraced from the borehole field [W]
Qi Energy in to the solar system from the sun [W]
QGHX Heat extraced from one boerhole [W]

qGHX
Heat extraced from the borehole
per meter [W/m]

Rbrine Thermal resistance-brine [mK/W]
Rgrout Thermal resistance-grout [mK/W]
Rpipe Thermal resistance-pipe [mK/W]
s1 Specif entropy at point 1 [J/kgK]
s2 Specif entropy at point 2 [J/kgK]
s3 Specif entropy at point 3 [J/kgK]
s4 Specif entropy at point 4 [J/kgK]
Ta Ambient temperature [K]
Tm Mean temperature of the SC [K]

Tm,water
Mean temperature of the water
in the condenser [K]

Ts Mean temperature of the soil [K]
Tsun Surface temperature of the sun [K]
T0 Dead state temperature of the system [K]
T6 Outlet temperature of the GHX [K]
T7 Inlet temperature of the GHX [K]
T11 Inlet temperature of the solar collector [K]
T12 Outlet temperature of the solar collector [K]
U Overall heat transfer coefficient [W/m2K]
Wcomp Work in to the compressor [W]
Xdes,comp Exergy destruction-compressor [W]
Xdes,cond Exergy destruction-condenser [W]
Xdes,evap Exergy destruction-evaporator [W]
Xdes,exp Exergy destruction-expansion valve [W]
Xdes,ghx Exergy destruction-borehole field [W]
Xin Exergy in to the system [W]
Xin,f Exergy of the fluid in the inlet of the SC [W]
Xin,sr Exergy due to the solar irradiance [W]
Xin Exergy out of the system [W]
Xout,f Exergy of the fluid in the outlet of the SC [W]
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C GJENNESTAD HIGH SCHOOL

C Gjennestad High School

Figure 44: Gjennestad High School

Figure 45: 1. floor of Gjennestad High School
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Figure 46: 2. floor of Gjennestad High School
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D Data sheet for the solar collectors

6

DH 200 AND CH 250 FLAT SOLAR COLLECTORS

  USES   PACKAGE LIST

  DESCRIPTION   MAIN DIMENSIONS (mm)

For DH 200/CH 250 flat collectors, serial connection is possible 
up to 10 collectors for installation on a roof or terrace. For 
installing more than 10 collectors, the hydraulic connection 
must be divided into branches connected in parallel in a 

Tichelmann loop, with each branch having the same number of 
collectors. The fields will need to be balanced using balancing 
valves.

All hot water production applications at temperatures < 80 °C 
with more or less regular requirements in case of pressurised 
systems, or irregular requirements in the case of self-draining 
systems, with heat-transporting fluid only.
In self-draining configuration, the collector field must be 
installed level, with no gradient on either side, to enable 
the heat exchangers to be drained. Some residual fluid will 
remain the manifold tube whenever circulation is stopped.

1 DH 200 flat collector: package ER646
1 CH 250 flat collector: package ER647

The collectors are delivered in an upright individual package 
on a pallet (up to 8 collectors).
The pallets delivered must be stored until the collectors are 
installed, in a dry, sun-free and aerated place with no risk of 
condensation.

Flat glass high-efficiency solar collector for installation of up 
to 10 serial collectors, comprising:
-  an anthracite grey coloured frame made from aluminium 
profiles with a fastening groove around the perimeter, and 
anticorrosion-treated aluminium base sheet,

-  a translucent glass safety window, thickness 3.2 mm and 
translucency > 91 %,

-  a flat aluminium absorber with selective coating and 
drainable sinusoidal heat exchanger connected to 2 Ø 
22 mm manifold tubes for serial connection to 4 points in a 
bank,

-  rear and lateral rock wool insulation, thickness 40 mm.

  TECHNICAL SPECIFICATIONS
Collector DH 200 CH 250
Overall surface area AG m2 2.01 2.51
Inlet surface area Aa m2 1 .92 2.40
Absorber area AA m2 1 .87 2.35
Fluid capacity L 1 .5 1 .7
Recommended flow rate L/h.m2 30 30
Max. operating temperature °C 180 180
Stagnation temperature °C 198 198
Operating pressure bar 2.5 2.5
Max. operating pressure bar 10 10
Optical efficiency  dkA % 0.770 0.765
Transfer loss coefficient a1A W/m2.K 3.924 3.653
Transfer loss coefficient a2A W/m2.K2 0.011 0.012
Incidence angle factor Qe for 50 °C % 0.91 0.91
Net weight kg 37 44
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E Data sheet for the heat exchanger

3

Copper Heat Exchangers.

Model
Type a b c d e f g Connection Volume 

Liter/channel
Weight 
(kgs.)

Max. # 
of plates

BP400 171.8 214.5 41.9 80.7 24.1 1.98 10.2 G3/4” 0.029 .06 x n + 1.18 50

BP405 354.8 397.5 41.9 80.7 24.1 1.98 10.2 G3/4” 0.059 0.11 x n + 1.60 75

BP410 249.7 309.6 50 112 24.1 2.462 10.2 G1” 0.060 0.13 x n + 1.60 150

BP411 249.7 309.6 50 112 24.1 2.462 10.2 G1” 0.060 0.13 x n + 1.60 150

BP412 249.7 309.6 50 112 24.1 2.462 10.2 G1” 0.060 0.13 x n + 1.60 150

BP415 465.7 525.4 50 112 24.1 2.462 10.2 G1” 0.103 0.23 x n + 2.04 150

BP422 518.5 616.8 91.9 190 48.2 2.921 10.2 G2” 0.266 0.44 x n + 7.00 200

BP423 518.5 616.8 91.9 190 48.2 2.921 10.2 G2” 0.266 0.44 x n + 7.00 200

BP424 518.5 616.8 91.9 190 48.2 2.921 10.2 G2” 0.266 0.44 x n + 7.00 200

BP432 622.3 892.1 211 430 88.8 2.898 31.02 DN 80 PN 25 0.815 0.95 x n + 71.70 250

BP433 863.5 1194 256 515 88.8 2.898 31.02 DN 100 PN 25 1.220 1.47 x n + 111.60 250

BP434 863.5 1194 256 515 88.8 2.898 31.02 DN 100 PN 25 1.220 1.47 x n + 111.60 250

BP435 863.5 1194 256 515 88.8 3.909 31.02 DN 100 PN 25 1.220 1.47 x n + 111.60 180

n = number of plates 

Typical Connection Locations (Side-1: F1 & F4,    Side-2: F2 & F3)

Sensible Application (liquids or gases - no phase change)
1)  For all models the  F2 - F3 side has one extra channel, ie. BP 410-10 has 4 channels on the F1 - F4 side and 5 on the F2 - F3 side.
2)  Liquid applications should be plumbed in a counter-current, parallel, flow arrangement, (for example: Hot in at F1/Hot out at F4; Cold in 

at F3/Cold out at F2).  Hot and cold side and in and out locations aren't critical as long as the piping is in a counter-current, parallel, flow 
arrangement.  Unit may be mounted in any orientation. 

3 )  Connections may be on the front (ie. F1, F2, F3, F4) or back (ie. B1, B2, B3, B4) of the unit.

Phase Change Applications
1)  Units should be mounted in the vertical direction, similar to the figure above and plumbed with the vapor connection up and the liquid 

connection down on the phase change side see below.

Dimensions in mm

Phase Change

Condensers

Vapor In: F1/B1

Condensate Out: F4/B4

Liquid In: F3/B3

Liquid Out: F2/B2

Standard Materials
Cover Plate: ASTM 316L stainless steel
Channel Plates: ASTM 316L stainless steel
Connections: ASTM 316L stainless steel
Brazing Material: Copper

Design Specifications Copper Brazed
Design Pressure: 30 Bar.
Design Temperature: 232°C.

-190°C.
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F Data sheet for the condenser

H55-C Heat pump Condenser 
Micro Plate Heat Exchanger

DKQB.PD.300.Q5.02 © Copyright Danfoss RC-MDP | sw | 08 2014

Q3         Q2

Q4         Q1

Cover plates: AISI 304 
Connections: AISI 304

Standard connections as per below are optimised for this product as condenser in heat pump system. For other connections, please contact 
your Danfoss representative.
Q3 (Refrigerant outlet): soldering 1/2”, 5/8” or 7/8” 
Q4 (Refrigerant inlet): soldering 1/4”, 3/8“ or 5/8” 
Q1-Q2 (Brine side): External threaded G 1”   

Stud bolts on front and/or back plates for mounting support are available upon request. Please contact your Danfoss sales representative 
for further information.

• Minimal hold up volume: Less refrigerant charge 
• High heat transfer: For a more efficient heat pump 
• Smaller footprint: Enabling more compact heat pumps 
• Reduced CO2 footprint: Environmentally friendly with high heat transfer and minimal refrigerant charge.

Europe: Pressure Equipment Directive (PED). America: Underwriters Laboratory Inc (UL). The third party approvals stated are standard for all our 
products. For details of other existing approvals or to discuss how we can meet your local needs, please contact your Danfoss representative.

Condenser optimised for R407C in high efficiency residential heat pumps with capacities between 4-40 kW. The heat exchanger features 
innovative Micro Plate technology that improves heat transfer and reduces the amount of material used.
To meet demands for higher COPs in heat pumps, the H55-C is designed to work efficiently with close temperature approaches. The low 
hold-up volume reduces the refrigerant charge and o!ers valuable savings.

Standard  
materials

Min. working temperature: -190 °C 
Max. working temperature: 200 °C 
Max. working pressure: 30 bar 
Hold up volume Q1-Q2/Q3-Q4 (l): 0.061×n/2 / 0.061×(n-2)/2 
Weight (kg): 2.32+0.135×n Max. no. of plates: 150

Technical data 
n = number of plates

Key features

Plates: AISI 316 
Brazing #ller: Pure copper

Other material combinations are available on request. Please contact your Danfoss sales representative for more information.

Standard  
connections

Third part  
approvals

Introduction

Accessories  
– stud bolts

109

H2         H3

50

525

466
9.5+1.44 x n 29

H1         H4

A corresponding MPHE for evaporator duties (H55-E) is also available, fully tested and ready for heat pump applicationsCorresponding  
evaporator

83



G DATA SHEET FOR THE EVAPORATOR

G Data sheet for the evaporator

H22-E Heat pump Evaporator 
Micro Plate Heat Exchanger

DKQB.PD.300.J5.02 © Copyright Danfoss RC-MDP | sw | 08 2014

Cover plates: AISI 304 
Connections: AISI 304 

The standard connections below are optimised for this product as an evaporator in heat pump systems. For other connections, please 
contact your Danfoss representative.
Q3 (Refrigerant inlet): soldering 1/4”, 3/8” or 1/2” 
Q4 (Refrigerant outlet): soldering 1/2”, 3/4“ or 7/8” 
Q1-Q2 (Brine side): External threaded G 3/4”

Stud bolts on front and/or back plates for mounting support are available upon request. Please contact your Danfoss sales representative 
for more information.

• Minimal hold-up volume: Less refrigerant charge 
• Reduced pressure drop: For a more efficient heat pump 
• Smaller footprint: Enabling more compact heat pumps 
• Reduced CO2 footprint: Environmentally friendly with high heat transfer and minimal refrigerant charge.

Evaporator optimised for R407C in small high-efficiency residential ground source heat pumps with capacities between 2-8 kW. The heat 
exchanger features innovative Micro Plate technology that improves heat transfer and reduces the amount of material used. 
To meet demands for higher COPs in heat pumps, the H22-E is designed to work efficiently with close temperature approaches, while a low 
pressure drop on the brine side reduces the pump power and keeps the overall COP high.
The low hold-up volume reduces the refrigerant charge and o!ers valuable savings.

Q3         Q2

Q4         Q1

H2         H3

H1         H4

Q3         Q2

Q4         Q1

76

H2         H3

42

312

278
8+1.19 x n 20

H1         H4

Standard  
materials

Min. working temperature: -196 °C 
Max. working temperature: 200 °C 
Max. working pressure: 30 bar 
Hold-up volume Q1Q2/ Q3-Q4 (l): 0.021×n/2 / 0.021×(n-2)/2 
Weight (kg): 0.58+0.045×n Max. no. of plates: 60

Technical data 
n = number of plates

Key features

Plates: AISI 316 
Brazing #ller: Pure copper

Other material combinations can be provided upon request. Please contact your Danfoss sales representative for more information.

Standard  
connections

Introduction

Accessories  
– stud bolts

Europe: Pressure Equipment Directive (PED). America: Underwriters Laboratory Inc (UL). The third-party approvals stated are standard for all our 
products. For details of other existing approvals or to discuss how we can meet your local needs, please contact your Danfoss representative.

Third-party  
approvals

A corresponding Micro Plate heat exchanger for condenser duties (H22-C) is also available, fully tested and ready for heat pump applications.Corresponding  
condensers
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H Formulas implemented in EES

H.1 Nusselt correlation for R290 and R600a
Lockhart-Martinelli parameter’s general definition:

X =

√
(dPdz )f

(dPdz )g
(95)

where

− (
dP

dz
)f =

2ffvfG
2(1− x)2

Dh
(96)

and

− (
dP

dz
)g =

2ffvfG
2x2

Dh
(97)

Mass flux in a circular pipe:

G =
˙mrefg

πD2

4

(98)

To determine the frictions factors ff and fg the Reynolds number for the liquid and vapor phase is
implemented.

Ref =
G(1− x)Dh

µf
(99)

Ref =
GxDh

µg
(100)

For Rek> 20,000 the friction factors is given by

fk = 0.046Re−0,2
k (101)

k detonates f for fluid and g for vapor.

C = 0, 39Re0,03fo Su0,,10go (
ρf
ρg

)0,35 (102)

Su =
ρgσDh

µ2
g

(103)

H.2 Nusselt correlation for R717 and R1234ze(E)

Jg =
xG

(gDρg(ρf − ρg))0,5
(104)

Z = (
1

x
− 1)0,8p0,4r (105)

pr =
P

P c
(106)

Jg ≥ 0, 98(Z + 0, 263)−0,62 (107)
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I EES SC model

File:C:\Users\s351343\Downloads\SC.EES 24.05.2022 17:04:51  Page 1
EES Ver. 10.836: #3911: For use only by the Department of Civil Engineering and Energy Technology, HiOA

"Solar collector system
_____________________"
 
"Parameters
____________"     
 
T_a=293 [K]
"Ambient temperature" 
 
T_s=5778 [K]
"The black body temperature of the sun"
 
R_f_sun=foulingfactor('Ethylene glycol solution')
"Fouling factor of the working fluid in the SC"
 
C_EG=35 [%]
"Ethylene Glycol-Water, 35%mixture"
 
beta_SC=35 [deg]
"Surface tilit angle of the SC"
 
phi_SC=60 [deg]
"Lattitude of Oslo"
 
A=2,51 [m^2]
"Total are for one SC - Data sheet"
 
A_aa_SC= 2,35 [m^2]
"Aperature area of one SC - Datas heet"
 
P=250000 [Pa]
"Operation pressure - Data sheet"
 
G=700 [W/m^2]
"Solar irradiance"
 
c_p_solar=cp(EG;T=T_m;C=C_EG)
"Heat capasity of the working fluid in the SC"
 
"At the inlet of SC
.........................."
 
T_11=313 [K]
h_11=enthalpy(EG;T=T_11;C=C_EG;P=P)
 
"At the outlet of SC
.........................."
 
h_12=enthalpy(EG;T=T_12;C=C_EG;P=P)
T_12=343 [K]
 
 
"Mass balance
_____________"
 
m_dot_SC=0,02 [kg/s]
"Mass flow rate inside one solar collector - Data sheet"
 
m_dot_10=m_dot_11
 
m_dot_11=m_dot_12
 
m_dot_12=m_dot_13
 
m_dot_13=m_dot_solar_f
 
m_dot_solar_f=m_dot_SC*N_SC
"The total mass flow rate in the solar system"
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m_dot_11=m_dot_12
 
m_dot_12=m_dot_13
 
m_dot_13=m_dot_solar_f
 
m_dot_solar_f=m_dot_SC*N_SC
"The total mass flow rate in the solar system"
 
"Thermal efficiency
________________"
 
eta_SC=eta_0-((a_1*(T_m-T_a))/G)-(a_2*(T_m-T_a)^2)/G
"Thermal efficiency of the SC"
 
T_m=(T_11+T_12)/2
"Mean temperature of working fluid the SC"
 
eta_0=0,765
"Optical efficiency of the SC - Data sheet"
 
a_1=3,653 [W/m^2-K]
"First order heat loss coefficient of the SC - Data sheet"
 
a_2=0,012  [W/m^2-K^2]
"Second order heat loss coefficient of the SC - Data sheet"
 
"Total Aperature area
__________________"
 
Q_u=F_R*A_aa*(G*(tau*alpha)-U_L*(T_m-T_a))
"The usefule energy collected from the SC"
 
N_SC=A_aa/A_aa_SC
"Number of solar collectors in the system"
 
A_tot_SC=N_SC*A
"Total area of the SC"
 
F_R=0,8
"Heat removal factor"
 
tau=0,8
"Transmittance of the cover on the SC"
 
alpha=0,8
"Absorbance of the cover on the SC"
 
U_L=7 [W/m^2*K]
"Heat loss coeficcient" 
 
Q_u=510,6 [W]
"The SC is dimensioned based on 60% of the DHW demand"
 
"Energy to water tank
__________________"
 
Q_dot_tank=m_dot_coil*(h_13-h_10)
"Energy transfer in the coil inside the water tank"
 
m_dot_coil=m_dot_solar_f
 
h_13=h_12
 
h_10=h_11
 
"Exergy of SC

I EES SC MODEL
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_____________"
 
X_dot_i-X_dot_o-X_dot_s-X_dot_des=0
"Exergy balance"
 
X_dot_s=0
"Stored energy under steady state conditions"
 
X_dot_i=X_dot_i_f+X_dot_i_sr
"Total exergy in to SC"
 
X_dot_i_f=m_dot_solar_f*C_p_sun*(T_11-T_a-T_a*ln(T_11/T_a))
"Fluid exergy in to SC"
 
X_dot_i_sr=Q_dot_i*(1-(4/3)*(T_a/T_s)+(1/3)*(T_a/T_s)^4)
"Exergy due to energy from the solar radiation in to SC"
 
Q_dot_i=G*A_aa*tau*alpha
"Total energy on the SC from the sun"
 
X_dot_o=m_dot_solar_f*C_p_sun*(T_12-T_a-T_a*ln(T_12/T_a))
"Exergy out of the SC due to the fluid"
 
eta_II_SC=(X_dot_o-X_dot_i_f)/X_dot_i_sr
"Second law efficiency of SC"

I EES SC MODEL
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J EES GHX model

File:C:\Users\s351343\Downloads\GHX-final.EES 16.05.2022 12:33:44  Page 1
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"_______________________
Ground heat exchanger model 
________________________ "       
 
"Parameters
____________"    
 
"Dead state
................."
 
T_0=279,3 [K]
"The mean temperature in Oslo"
 
P_0=101000 [Pa]
"Dead state pressure at 1 atm"
 
h_0=enthalpy(EG;T=T_0;C=C_EG;P=P_0)
"Dead state enthalpy" 
 
 
"Soil
........"
 
T_s=T_0+1,5[K]+2,5[K] 
"Soil temperature, Madessa et al."
 
 
"Grout
........"
 
T_g=282,5 [K]
k_g=conductivity(Water;T=T_g;P=P_borehole)
cp=cp(Water;T=T_g;P=P_borehole)
rho_w=density(Water;T=T_g;P=P_borehole)
 
 
 
"Brine
........."
 
C_EG=35 [%]
T_F=freezingpt(EG;C=C_EG)
P_borehole=200000 [Pa]
T_m_brine=(T_6+T_7)/2
R_f_brine=foulingfactor('Ethylene glycol solution')
Pr_GHX=prandtl(EG;T=T_5;C=C_EG)
k_GHX=conductivity(EG;T=T_5;C=C_EG)
mu_GHX=viscosity(EG;T=T_5;C=C_EG) 
rho_GHX=density(EG;T=T_5;C=C_EG)  
c_p_brine_6=cp(PG;T=T_6;C=C_EG)
h_6=enthalpy(EG;T=T_6;C=C_EG;P=P_borehole)
c_p_brine_7=cp(EG;T=T_7;C=C_EG)
h_7=enthalpy(EG;T=T_7;C=C_EG;P=P_borehole)
c_p_brine_m=cp(EG;T=T_m_brine;C=C_EG)
 
 
"Heat exchanger sun side
......................................"
 
T_m_HX_solar=(T_14+T_15)/2
P_solar=250000 [Pa]
T_14=343 [K]
T_15=313 [K]
m_dot_solar_f=0,027 [kg/s]
R_f_solar=foulingfactor('Ethylene glycol solution')
rho_HX_solar=density(EG;T=T_m_HX_solar;C=C_EG) 
Pr_HX_solar=prandtl(EG;T=T_m_HX_solar;C=C_EG)
mu_HX_solar=viscosity(EG;T=T_m_HX_solar;C=C_EG) 
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c_p_HX_solar=cp(EG;T=T_m_HX_solar;C=C_EG)
k_HX_solar=conductivity(EG;T=T_m_HX_solar;C=C_EG)
h_15=enthalpy(EG;T=T_15;C=C_EG;P=P_solar) 
h_14=enthalpy(EG;T=T_14;C=C_EG;P=P_solar)
 
"Heat exchanger ground side
......................................"
T_m_HX_brine=(T_7+T_5)/2
T_5=275 [K]
rho_HX_brine=density(EG;T=T_m_HX_brine;C=C_EG) 
Pr_HX_brine=prandtl(EG;T=T_m_HX_brine;C=C_EG)
mu_HX_brine=viscosity(EG;T=T_m_HX_brine;C=C_EG) 
c_p_HX_brine=cp(EG;T=T_5;C=C_EG)
k_HX_brine=conductivity(EG;T=T_m_HX_brine;C=C_EG)
h_5=enthalpy(EG;T=T_5;C=C_EG;P=P_borehole)
 
 
"Mass balance
____________"
 
 m_dot_GHX=0,5 [kg/s]
"Mass flow rate of the brine in one borehole" 
 
m_dot_6=m_dot_7
 
m_dot_7=m_dot_brine
 
m_dot_brine=N_borehole*m_dot_GHX
"Total mass flow rate of the brine in the borehole field"
 
 
"Temperature out of the GHX
__________________________"
 
D_b=0,11 [m]
"Diameter of the borehole"
 
D_pipe_o=0,04 [m]
"Outerdiameter of the pipe inside the GHX"
 
k_pipe_GHX=0,35 [W/m*K]
"Thermal conductivity of the pipe in the GHX"
 
L_pipe_GHX=130 [m]
"Length of the borehole"
 
N_tube=2
"Number of tubes in one borehole, singel U-tube"
 
T_6=T_s-(T_s-T_7)*exp(-1/(m_dot_GHX*c_p_brine_6*R_tot/L_pipe_GHX)) 
"Temperature in to the evaporator from the GHX" 
 
R_tot=R_grout+R_pipe+R_brine
  
R_grout=(ln(D_b/D_ed_o))/(2*PI*k_g)
"Thermal resistance in the grout, only conductive heat transfer considered" 
 
R_pipe=(ln(D_ed_o/D_ed_i))/(2*PI*k_pipe_GHX)
"Thermal resistance of the pipe"
  
R_brine=1/(PI*D_ed_i*h_ghx)
"Thermal resistance of the brine"
  
Nu_GHX=(h_GHX*D_pipe_i)/k_GHX 
"Average Nusselt number for the brine in the ghxr" 
  
Nu_GHX=(z_1*(f_GHX/8)*(Re_GHX-z_2)*Pr_GHX)/(1+z_3*sqrt(f_GHX/8)*(Pr_GHX^(2/3)-1)) 
"The nussel number correlation from Sándhez-Escalona et al. (2021) for the brine in the GHX"  
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z_1=0,8761
z_2=147,3
z_3=10,3
  
f_GHX=(1,82*log10((Re_GHX)-1,64))^(-2) 
"Filonenko model of the friction factor" 
  
Re_GHX=(rho_GHX*v_avg_GHX*D_pipe_i)/mu_GHX
"Average Reynolds number for the brine in the GHX"  
  
v_avg_GHX=(m_dot_GHX/rho_GHX)/(PI*D_pipe_i^2/4) 
"Avegrage velocity of the brine in the GHX" 
  
D_pipe_i=0,032[m] 
"Inner diameter of the pipe inside the GHX" 
  
D_ed_o=sqrt(N_tube)*D_pipe_o 
"Ekvivalent outer diameter of the pipe in the GHX, by Gu and O'Neal" 
  
D_ed_i=sqrt(N_tube)*D_pipe_i 
"Ekvivalent inner diameter of the pipe in the GHX, by Gu and O'Neal" 
 
 
"Heat extracted from the GHX
_________________________"
 
q_GHX=(T_s-T_6)/(R_tot)
"Heat flux of the borehole"
 
Q_dot_GHX=q_GHX*L_pipe_GHX
"Total heat extracted from one borehole"
  
N_borehole=Q_dot_ground/Q_dot_GHX 
"Number of reqired boreholes"
 
Q_dot_ground=Q_dot_evap
 "Energy needed from the GHX to the HP"
 
Q_dot_evap=11332 [W]
"The needed energy transfer in the evaporator collected from the R290 HP model" 
 
"Circulation pump
_______________"
 
W_pump=DELTAP_pump*(m_dot_brine/rho_GHX)
"Work done by the circulation pumpe" 
 
DELTAP_pump=(P_evap-P_borehole)
"The pressure difference before and after the pump"
 
P_evap=430514 [Pa]
"Pressure in the evaporator collected from R290 HP model"
                                                                                                                     
"Exergy 
_______" 
  
X_dot_i=m_dot_brine*c_p_brine_7*(T_7-T_s-T_s*ln(T_7/T_s)) 
"exergy in to the system"
  
X_dot_o=m_dot_brine*c_p_brine_6*(T_6-T_s-T_s*ln(T_6/T_s)) 
"Exergy out of the system"
 
eta_II_borehole=X_dot_o/X_dot_i
"Second order thermal efficiency of the SC system"
 
X_dot_des_borehole=m_dot_brine*(DELTA_psi_76)+Q_dot_ground*(1-T_0/T_s) 
"Exergy destruction of the borehole"
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DELTA_psi_76=(h_7-h_6)-T_0*(c_p_brine_m*ln(T_7/T_6)) 
"Spesifix flow exergy where entropy change for pure substanses is employed" 
  
 
"Area heat exchanger 
___________________"
 
"Components values
.............................."
 
D_pipe_HX=0,01576 [m]
 "Inner diameter for the pipes inside the HX"
 
d_plate=0,00198 [m]
"Plate thickness of the heat exchanger, data sheet for BP400 Lowara"
 
lambda_HX_wall=386 [W/m-K]
"Thermal conduticvity of the heat exchanger with plates with cobber brazing" 
 
 "Main equations
.........................."
 
A_HX=Q_dot_HX/(U_HX*deltaT_lm)
"Newton's Law of cooling"
 
Q_dot_HX=m_dot_solar_f*(h_14-h_15)
"Heat extracted in the HX"
 
 
DELTAT_lm=((T_14-T_7)-(T_15-T_5))/ln((T_14-T_7)/(T_15-T_5))
"The logarithmic mean temperature in the HX"
 
 
U_HX=1/((1/h_solar)+R_f_solar+(d_plate/lambda_HX_wall)+R_f_brine+(1/h_brine))  
"The overall heat transfer in the HX"
 
 
"Nusselt correlation for working fluid in the SC in the heat exchanger
......................................................................................"
 
h_solar=(Nus_solar*k_HX_solar)/D_pipe_HX
"Average Nusselt number for the working fluid in the SC system in the HX"
 
Nus_solar=(z_1*(f_solar/8)*(Re_solar-z_2)*Pr_HX_solar)/(1+z_3*sqrt(f_solar/8)*(Pr_HX_solar^(2/3)-1))
"The nussel number correlation from Sándhez-Escalona et al. (2021)"
 
 f_solar=(1,82*log10(Re_solar)-1,64)^(-2)
"Filonenko model of the friction factor"
 
Re_solar=(rho_HX_solar*v_avg_solar*D_pipe_HX)/mu_HX_solar
"Average Reynoldsnumber number"
 
v_avg_solar=(m_dot_solar_f/rho_HX_solar)/((PI*D_pipe_HX^2)/4)
"Avaregae velocity"
 
 
"Nusselt correlation for brine in the heat exchanger
......................................................................................"
 
h_brine=(Nus_brine*k_HX_brine)/D_pipe_i
"Average Nusselt number for the brine in the HX"
 
Nus_brine=(0,8761*(f_brine/8)*(Re_brine-147,3)*Pr_HX_brine)/(1+10,3*sqrt(f_brine/8)*(Pr_HX_brine^(2/3)-1))
"The nussel number correlation from Sándhez-Escalona et al. (2021) for the brine in the evaporator"
 
 f_brine=(1,82*log10(Re_brine)-1,64)^(-2)
"Filonenko model of the friction factor"

J EES GHX MODEL

92



File:C:\Users\s351343\Downloads\GHX-final.EES 16.05.2022 12:33:44  Page 5
EES Ver. 10.836: #3911: For use only by the Department of Civil Engineering and Energy Technology, HiOA

 
Re_brine=(rho_HX_brine*v_avg_brine*D_pipe_i)/mu_HX_brine
"Average Reynolds number number"
 
v_avg_brine=(m_dot_brine/rho_HX_brine)/((PI*D_pipe_i^2)/4)
"Average velocity"
 
T_7=((m_dot_solar_f*c_p_HX_solar*(T_14-T_15))/(m_dot_brine*c_p_HX_brine))+T_5
"Temperature of the brine after the HX"
 
 
"Exergy heat exchanger
____________________"
 
X_dot_14+X_dot_5=X_dot_15+X_dot_7+X_dot_des_HX 
"Exergy balance in the HX"
 
"Exergy balance for each state
............................................"
 
X_dot_5=(h_5-h_0)-T_0*DELTAs_5
DELTAs_5=c_p_HX_brine*ln(T_5/T_0) 
  
X_dot_7=(h_7-h_0)-T_0*DELTAs_7
DELTAs_7=c_p_HX_brine*ln(T_7/T_0) 
  
X_dot_14=(h_14-h_0)-T_0*DELTAs_14
DELTAs_14=c_p_HX_solar*ln(T_14/T_0) 
  
X_dot_15=(h_15-h_0)-T_0*DELTAs_15
DELTAs_15=c_p_HX_solar*ln(T_15/T_0) 
 
eta_II_HX=(T_0*ln(T_14/T_15)-(T_14-T_15))/(T_0*ln(T_14/T_7)-(T_14-T_7))
"Second order thermal efficiency of the HX"
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"_______________________
Heat Pump model - R600a  
________________________ "       
 
"Parameters
____________"                                                               
 
R$='R600a' 
"Isobutane as the refrigerant in the HP"
 
R_f_refg=foulingfactor('Refrigerant liquids')
"Fouling factor of refrigerant in liquid state"
 
R_f_w=foulingfactor('Closed-loop treated water')
"Fouling factor of water"
 
R_f_brine=foulingfactor('Ethanol solution')
"Fouling factor of the brine"
 
C_EG= 35 [%]
"Ethylene- Glycol-Water, 35%mixture, as the brine in the GHX"
  
T_0=294 [K]
"Dead state temperature of the HP inside the school"
 
  
"Point 1: before compressor"   
  
T_1=T_4+5 [K] 
s_1=s_2s 
h_1=enthalpy(R$;T=T_1;P=P_1) 
s_1=entropy(R$;P=P_1;T=T_1) 
 
"Point 2: before condenser" 
  
P_2=P_3 
h_2s=enthalpy(R$;P=P_2;s=s_2s) 
s_2=entropy(R$;P=P_2;h=h_2a) 
T_2=temperature(R$;s=s_2;h=h_2a)
h_2a=((h_2s-h_1))/eta_i+h_1 
 
"Condenser"
 
T_sat_cond=323 [K] 
P_sat_cond=pressure(R$;T=T_sat_cond;x=0,5)
Pr_cond_f=prandtl(R$;T=T_sat_cond;P=P_2)
mu_cond_f=viscosity(R$;T=T_sat_cond;x=0) 
mu_cond_g=viscosity(R$;T=T_sat_cond;x=1) 
nu_cond_f=kinematicviscosity(R$;T=T_sat_cond;x=0) 
nu_cond_g=kinematicviscosity(R$;T=T_sat_cond;x=1) 
rho_cond_f=density(R$;T=T_sat_cond;x=0)    
rho_cond_g=density(R$;T=T_sat_cond;x=1) 
sigma_cond=surfacetension(R$;T=T_sat_cond)
k_cond_refg=conductivity(R$;T=T_sat_cond;P=P_2)
 
T_8=323 [K] 
T_9=303 [K] 
T_m_w=(T_8+T_9)/2 
P_heating= 60000 [Pa]
cp_w=cp(Water;T=T_m_w;P=P_heating)
Pr_cond_w=prandtl(Water;T=T_m_w;P=P_heating)
k_cond_w=conductivity(Water;T=T_m_w;P=P_heating)
mu_cond_w=viscosity(Water;T=T_m_w;x=0) 
rho_cond_w=density(Water;T=T_m_w;x=0) 
 
"Point 3: before expansion vavle"
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h_3=h_4 
s_3=entropy(R$;P=P_3;h=h_3) 
x_3=0 
T_3=T_sat_cond-5[K]
h_3=enthalpy(R$;T=T_3;x=x_3) 
P_3=pressure(R$;T=T_3;x=x_3) 
  
"Point 4: before evaporator" 
  
P_4=P_sat_evap 
P_4=P_1  
T_4=T_5-5[K]                         
P_sat_evap=p_sat(R$;T=T_4) 
s_4=entropy(R$;T=T_4;h=h_4)  
 
"Evaporator"
 
T_m_evap=(T_1+T_4)/2 
mu_evap_f=viscosity(R$;T=T_m_evap;x=0) 
mu_evap_g=viscosity(R$;T=T_m_evap;x=1) 
nu_evap_f=kinematicviscosity(R$;T=T_m_evap;x=0) 
nu_evap_g=kinematicviscosity(R$;T=T_m_evap;x=1) 
rho_evap_f=density(R$;T=T_m_evap;x=0)    
rho_evap_g=density(R$;T=T_m_evap;x=1) 
sigma_evap=surfacetension(R$;T=T_m_evap)
k_evap_refg=conductivity(R$;T=T_m_evap;P=P_4)
Pr_evap_f=prandtl(R$;T=T_m_evap;P=P_4)
 
T_5=275 [K] 
T_m_evap_brine=(T_5+T_6)/2 
cp_brine=cp(EG;T=T_m_w;C=C_EG)
k_evap_brine=conductivity(EG;T=T_m_evap_brine;C=C_EG)
mu_evap_brine=viscosity(EG;T=T_m_evap_brine;C=C_EG) 
rho_evap_brine=density(EG;T=T_m_evap_brine;C=C_EG) 
Pr_evap_brine=prandtl(EG;T=T_m_evap_brine;C=C_EG)
 
 
 
"Massbalance
____________"
 
m_dot_1=m_dot_2
m_dot_2=m_dot_3
m_dot_3=m_dot_4
m_dot_4=m_dot_refg
 
"COP
______" 
 
COP_carnot=(h_2s-h_3)/(h_2s-h_1)
"COP of a Carnot HP"
 
Q_dot_cond=15000 [W]
"The energy demand for the HP based on the energy calculations of the school" 
 
m_dot_refg=Q_dot_cond/(h_2a-h_3) 
"Mass flow rate of the refrigerant based on the heat transfer in the condenser"
 
W_dot_comp=m_dot_refg*(h_2a-h_1) 
"The work input in the compressor"
 
COP_HP=Q_dot_cond/W_dot_comp 
"COP of the HP"
 
eta_v/eta_i=(1+k_e*(((T_1-273[K])-18[K])/100[K]))*exp(a*(T_sat_cond/T_m_evap)+b)
"Pierre's correlation for isentropic volume and efficiency"
 
eta_v=k_1*(1+k_s*(((T_1-273[K])-18[K])/100[K]))*exp(k_2*(P_sat_cond/P_sat_evap))
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"Pierre's constants for the chosen refrigerant
................................................................."
k_1=1,04
k_2=-0,07
k_s=0,15
k_e=-0,1
a=-2,4
b=2,88
 
"Area condenser
 ______________"
 
"Components values
.............................."
 
D_pipe_w=0,028 [m]
"Inner diamenter for pipes with water - Datasheet "
 
D_pipe_HP=0,003 [m]
"Inner diameter for the pipes inside the HP"
 
d_plate=0,00144 [m]
"Plate thickness of the condenser - Data sheet"
 
mu_wall=viscosity(Water;T=T_wall;x=0)
"The viscosity of the water by the wall in the condenser"
 
T_wall= (T_sat_cond+T_m_w)/2
"The temperature of the wall in the condenser"
 
lambda_cond_wall=15 [W/m-K]
"Thermal conduticvity of the condenser with plates of stainless steel, Data sheet"
 
 
 "Main equations
.........................."
 
A_c= Q_dot_cond/(U_cond*DELTAT_lm_cond)
"Newton's Law of cooling"
 
 DELTAT_lm_cond=((T_2-T_8)-(T_3-T_9))/ln((T_2-T_8)/(T_3-T_9))
"The logarithmic mean temperature in the condenser"
 
U_cond=1/((1/h_cond_refg)+R_f_refg+(d_plate/lambda_cond_wall)+R_f_w+(1/h_w))  
"The overall heat transfer in the condenser"
 
 
"Nusselt correlation for refrigerant
................................................."
 
Nu_cond_refg=(h_cond_refg*D_pipe_HP)/k_cond_refg
"Average Nusselt number for the refrigenrant in the condenser"
 
Nu_cond_refg=0,04*(Re_cond_f)^0,69*(Pr_cond_f)^0,34 *(phi_cond_g/X_tt_cond)
"The nussel number correlation from Kim and Mudawar (2013)"
 
X_tt_cond=(mu_cond_f/mu_cond_g)^0,1*((1-x)/x)^0,9*(rho_cond_g/rho_cond_f)^0,5
"Convensional turbulent-turbulent Lockhart-Martinelli parameter"
  
x=0,5
"Flow quality of the refrigerant in the condenser"
 
phi_cond_g^2=1+C_cond*X_cond+X_cond^2
"two-phase pressure drop multiplier based on gas flow"
 
X_cond^2=D_pz_f/D_pz_g
" Lockhart-Martinelli parameter's general definition"

K.1 R600a HP model K EES HP MODEL
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-D_pz_f=(2*f_cond_f*nu_cond_f*(G_cond)^2*(1-x)^2)/D_pipe_HP
"Frictional pressuer gradient for the refrigerant in the liquid state"
 
-D_pz_g=(2*f_cond_g*nu_cond_g*(G_cond)^2*(x)^2)/D_pipe_HP
"Frictional pressuer gradient for the refrigerant in the gaseous state"
 
Re_cond_f=((G_cond)*(1-x)*D_pipe_HP)/mu_cond_f
"Superficial liquid Reynolds number of the refrigenrant"
 
Re_cond_g=(G_cond*x*D_pipe_HP)/mu_cond_g
"Superficial vapor Reynolds number of the refrigenrant"
 
f_cond_f=0,046*(Re_cond_f)^(-0,2)
"Friction factor of the refrigerant in the condenser in liquid state"
 
f_cond_g=0,046*(Re_cond_g)^(-0,2)
"Friction factor of the refrigerant in the condenser in gaseous state"
 
C_cond=0,39*(Re_cond_fo)^0,03*(Su_cond_go)^0,1*(rho_cond_f/rho_cond_g)^0,35
"The constant in the two-phase pressure drop multiplier for turbulet turbulent flow"
 
Su_cond_go=(rho_cond_g*sigma_cond*D_pipe_HP)/(mu_cond_g)^2
"Surtman number of the refrigenrant in gaseous state only"
 
Re_cond_fo=((G_cond)*D_pipe_HP)/mu_cond_f
"Liquid only Reynolds number of the refrigerant"
 
G_cond=m_dot_refg/(PI*D_pipe_HP^2/4)
"Mass velocity of the refrigerant in the condenser"
 
 
"Nusselt correlation for water
..........................................."
 
Nu_cond_w=(h_w*D_pipe_w)/k_cond_w
"Average Nusselt number for the water in the condenser"
 
Nu_cond_w=0,4225*(Re_cond_w)^(0,733)*(Pr_cond_w)^(0,33)*(mu_cond_w/mu_wall)^(0,14) 
"The nussel number correlation from Zhang (2020)"
 
Re_cond_w=(rho_cond_w*v_avg_w*D_pipe_w)/mu_cond_w 
 "Reynolds number for water in the condenser" 
  
v_avg_w=(m_dot_w/rho_cond_w)/((PI*D_pipe_w^2)/4)
"Average velocity of the water in the condenser"
 
m_dot_w=(Q_dot_cond)/(cp_w*(T_8-T_9))
"Mass flow rate of the water through the condenser"
 
 
"Area evaporator
______________"
 
"Components values
.............................."
 
d_plate_evap=0,00174 [m]
"Plate thickness of the evaporator, data sheet for H55-C heat pump evaporator, Danfoss"
 
lambda_evap_wall=15 [W/m-K]
"Thermal conduticvity of the condenser with plates of stainless steel - Data sheet "
 
D_pipe_brine=0,028 [m]
"Inner diamenter for pipes with brine into the evaporator- Data sheet "
 
 
 

K.1 R600a HP model K EES HP MODEL

97



File:C:\Users\s351343\Downloads\HP R600a.EES 16.05.2022 12:52:45  Page 5
EES Ver. 10.836: #3911: For use only by the Department of Civil Engineering and Energy Technology, HiOA

 "Main equations
.........................."
 
A_evap= Q_dot_evap/(U_evap*DELTAT_lm_evap)
"Newton's Law of cooling"
 
Q_dot_evap=m_dot_refg*(h_1-h_4)
"the useful heat obtained by the evaporator"
 
DELTAT_lm_evap=((T_6-T_1)-(T_5-T_4))/ln((T_6-T_1)/(T_5-T_4)) 
"The logarithmic mean temperature in the evaporator"
 
U_evap=1/((1/h_evap_refg)+R_f_refg+(d_plate_evap/lambda_evap_wall)+R_f_brine+(1/h_evap_brine))   
"The overall heat transfer in the evaporatorr"
 
 
"Nusselt correlation for refrigerator in the evaporator
.........................................................................."
 
Nu_evap_refg=(h_evap_refg*D_pipe_HP)/k_evap_refg
"Average Nusselt number for the refrigenrant in the evaporator"
 
Nu_evap_refg=0,048*(Re_evap_f)^0,69*(Pr_evap_f)^0,34 *(phi_evap_g/X_tt_evap) 
"The nussel number correlation from Kim and Mudawar (2013)"
 
 
X_tt_evap=(mu_evap_f/mu_evap_g)^0,1*((1-x)/x)^0,9*(rho_evap_g/rho_evap_f)^0,5 
"Convensional turbulent-turbulent Lockhart-Martinelli parameter"
 
phi_evap_g^2=1+C_evap*X_evap+X_evap^2
"Two-phase pressure drop multiplier based on gas flow"
 
X_evap^2=D_pz_evap_f/D_pz_evap_g
"Lockhart-Martinelli parameter's general definition"
 
-D_pz_evap_f=(2*f_evap_f*nu_evap_f*(G_evap)^2*(1-x)^2)/D_pipe_HP
"Frictional pressuer gradient for the refrigerant in the liquid state"
 
-D_pz_evap_g=(2*f_evap_g*nu_evap_g*(G_evap)^2*(x)^2)/D_pipe_HP
"Frictional pressuer gradient for the refrigerant in the gaseous state"
 
Re_evap_f=((G_evap)*(1-x)*D_pipe_HP)/mu_evap_f
"Superficial liquid Reynolds number of the refrigenrant"
 
Re_evap_g=(G_evap*x*D_pipe_HP)/mu_evap_g
"Superficial vapor Reynolds number of the refrigenrant"
 
f_evap_f=0,046*(Re_evap_f)^(-0,2)
"Friction factor of the refrigerant in the condenser in liquid state"
 
f_evap_g=0,046*(Re_evap_g)^(-0,2)
"Friction factor of the refrigerant in the condenser in gaseous state"
 
C_evap=0,39*(Re_evap_fo)^0,03*(Su_evap_go)^0,1*(rho_evap_f/rho_evap_g)^0,35
"The constant in the two-phase pressure drop multiplier for turbulet turbulent flow"
 
Su_evap_go=(rho_evap_g*sigma_evap*D_pipe_HP)/(mu_evap_g)^2
"Surtman number of the refrigenrant in gaseous state only"
 
Re_evap_fo=((G_evap)*D_pipe_HP)/mu_evap_f
"Liquid only Reynolds number of the refrigerant"
 
G_evap=m_dot_refg/(PI*D_pipe_HP^2/4)
"Mass velocity of the refrigenrant in the evaporator"
 
 
"Nusselt correlation for brine in the evaporator
...................................................................................."
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h_evap_brine=(Nu_evap_brine*k_evap_brine)/D_pipe_brine
"Average Nusselt number for the brine in the evaporator"
 
Nu_evap_brine=(0,8761*(f_brine/8)*(Re_evap_brine-147,3)*Pr_evap_brine)/(1+10,3*sqrt(f_brine/8)*(Pr_evap_brine^(2/3)-
1))
"The nussel number correlation from Sándhez-Escalona et al. (2021) for the brine in the evaporator"
 
 f_brine=(1,82*log10(Re_evap_brine)-1,64)^(-2)
"Filonenko model of the friction factor"
 
Re_evap_brine=(rho_evap_brine*v_avg_brine*D_pipe_brine)/mu_evap_brine
"Average Reynoldsnumber number for the brine in the evaporator"
 
v_avg_brine=(m_dot_brine/rho_evap_brine)/((PI*D_pipe_brine^2)/4)
"Avaregae velocity of the water in the condenser"
                                                                                                                                                              
T_6=277,1 [K]
"Temperatur in to the evaporator from the GHX" 
  
m_dot_brine=1,908 [kg/s]
"Mass flow of the brine in the evaporator, collected from the GHX model"
 
" Exergy 
__________"   
    
"Compressor 
....................."   
eta_II_comp=1-(X_dot_des_comp/W_dot_comp)
"Second order thermal efficiency of the compressor"   
    
X_dot_des_comp=T_0*m_dot_refg*(s_2-s_1)
"Exergy destruction in the compressor"  
 
"Condenser 
.................."   
   
eta_II_cond=1-(X_dot_des_cond)/(m_dot_refg*((h_2a-h_3)-T_0*(s_2-s_3)))
"Second order thermal efficiency of the condenser"       
   
X_dot_des_cond=T_0*(m_dot_refg*(s_3-s_2)+(Q_dot_cond/T_m_w))  
"Exergy destruction in the condenser" 
 
"Expansion valve 
........................."  
   
eta_II_exp=0 
"Second order thermal efficiency of the expansion valve"    
 
X_dot_des_exp=m_dot_refg*T_0*(s_4-s_3)
"Exergy destruction in the expansion valve"
 
"Evaporator 
................."  
   
eta_II_evap=1-(X_dot_des_evap)/(m_dot_refg*((h_4-h_1)-T_0*(s_4-s_1))) 
"Second order thermal efficiency of the Evaporator"   
    
X_dot_des_evap=T_0*(m_dot_refg*(s_1-s_4)-(Q_dot_evap/T_m_evap_brine))  
"Exergy destruction in the evaporator" 
 
 
X_dot_des_HP=X_dot_des_comp+X_dot_des_cond+X_dot_des_exp+X_dot_des_evap
"Total exergy destruction for the HP"
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"_______________________
Heat Pump model - R290  
________________________ "       
 
"Parameters
____________"                                                                                                                                                                          
                                                                                               
 
  
R$='R290' 
"Propane as the refrigerant in the HP"
 
R_f_refg=foulingfactor('Refrigerant liquids')
"Fouling factor of refrigerant in liquid state"
 
R_f_w=foulingfactor('Closed-loop treated water')
"Fouling factor of water"
 
R_f_brine=foulingfactor('Ethanol solution')
"Fouling factor of the brine"
 
 
C_EG= 35 [%]
"Ethylene- Glycol-Water, 35%mixture, as the brine in the GHX"
  
T_0=294 [K] 
"Deat state temperature of the HP inside the school"
  
"Point 1: before compressor"   
  
T_1=T_4+5[K] 
s_1=s_2s 
h_1=enthalpy(R$;T=T_1;P=P_1) 
s_1=entropy(R$;P=P_1;T=T_1) 
 
"Point 2: before condenser" 
  
P_2=P_3 
 
h_2s=enthalpy(R$;P=P_2;s=s_2s) 
s_2=entropy(R$;P=P_2;h=h_2a) 
T_2=temperature(R$;P=P_2;h=h_2a)
h_2a=((h_2s-h_1))/eta_i+h_1 
 
"Condenser"
 
T_sat_cond=323 [K] 
P_sat_cond=pressure(R$;T=T_sat_cond;x=0,5)
Pr=prandtl(R$;T=T_sat_cond;P=P_2)
mu_cond_f=viscosity(R$;T=T_sat_cond;x=0) 
mu_cond_g=viscosity(R$;T=T_sat_cond;x=1) 
nu_cond_f=kinematicviscosity(R$;T=T_sat_cond;x=0) 
nu_cond_g=kinematicviscosity(R$;T=T_sat_cond;x=1) 
rho_cond_f=density(R$;T=T_sat_cond;x=0)    
rho_cond_g=density(R$;T=T_sat_cond;x=1) 
sigma_cond=surfacetension(R$;T=T_sat_cond)
k_cond_refg=conductivity(R$;T=T_sat_cond;P=P_2)
 
T_8=323 [K] 
T_9=303 [K] 
T_m_w=(T_8+T_9)/2 
P_heating= 60000 [Pa]
cp_w=cp(Water;T=T_m_w;P=P_heating)
Pr_cond_w=prandtl(Water;T=T_m_w;P=P_heating)
k_cond_w=conductivity(Water;T=T_m_w;P=P_heating)
mu_cond_w=viscosity(Water;T=T_m_w;x=0) 
rho_cond_w=density(Water;T=T_m_w;x=0) 
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"Point 3: before expansion vavle"
  
h_3=h_4 
s_3=entropy(R$;P=P_3;h=h_3) 
x_3=0 
T_3=T_sat_cond-5[K]
h_3=enthalpy(R$;T=T_3;x=x_3) 
P_3=pressure(R$;T=T_3;x=x_3) 
   
"Point 4: before evaporator" 
  
P_4=P_sat_evap 
P_4=P_1  
T_4=T_5-5[K] 
P_sat_evap=p_sat(R$;T=T_4) 
s_4=entropy(R$;T=T_4;h=h_4)  
 
"Evaporator"
 
T_m_evap=(T_1+T_4)/2
mu_evap_f=viscosity(R$;T=T_m_evap;x=0) 
mu_evap_g=viscosity(R$;T=T_m_evap;x=1) 
nu_evap_f=kinematicviscosity(R$;T=T_m_evap;x=0) 
nu_evap_g=kinematicviscosity(R$;T=T_m_evap;x=1) 
rho_evap_f=density(R$;T=T_m_evap;x=0)    
rho_evap_g=density(R$;T=T_m_evap;x=1) 
sigma_evap=surfacetension(R$;T=T_m_evap)
k_evap_refg=conductivity(R$;T=T_m_evap;P=P_4)
Pr_evap_f=prandtl(R$;T=T_m_evap;P=P_4)
 
T_5=275 [K] 
T_m_evap_brine=(T_5+T_6)/2 
cp_brine=cp(EG;T=T_m_evap_brine;C=C_EG)
k_evap_brine=conductivity(EG;T=T_m_evap_brine;C=C_EG)
mu_evap_brine=viscosity(EG;T=T_m_evap_brine;C=C_EG) 
rho_evap_brine=density(EG;T=T_m_evap_brine;C=C_EG) 
Pr_evap_brine=prandtl(EG;T=T_m_evap_brine;C=C_EG)
 
"Mass balance
____________"
 
m_dot_1=m_dot_2
m_dot_2=m_dot_3
m_dot_3=m_dot_4
m_dot_4=m_dot_refg
 
"COP
______" 
 
COP_carnot=(h_2s-h_3)/(h_2s-h_1)
"COP of a Carnot HP"
 
Q_dot_cond=15000 [J/s]
"The energy demand for the HP based on the energy calculations of the school" 
 
m_dot_refg=Q_dot_cond/(h_2a-h_3) 
"Mass flow rate of the refrigerant based on the heat transfer in the condenser"
 
W_dot_comp=m_dot_refg*(h_2a-h_1) 
"The work input in the compressor"
 
COP_HP=Q_dot_cond/W_dot_comp 
"COP of the HP"
 
eta_v/eta_i=(1+k_e*(((T_1-273[K])-18[K])/100[K]))*exp(a*(T_sat_cond/T_m_evap)+b)
"Pierre's correlation for isentropic volume and efficiency"
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eta_v=k_1*(1+k_s*(((T_1-273[K])-18[K])/100[K]))*exp(k_2*(P_sat_cond/P_sat_evap))
 
"Pierre's constants for the chosen refrigerant
................................................................."
k_1=1,04
k_2=-0,07
k_s=0,15
k_e=-0,1
a=-2,4
b=2,88
 
"Area condenser
 ______________"
 
"Components values
.............................."
 
D_pipe_w=0,028 [m]
"Inner diamenter for pipes with water - Data sheet "
 
D_pipe_HP=0,003 [m]
"Inner diameter for the pipes inside the HP"
 
d_plate=0,00144 [m]
"Plate thickness of the condenser- Data sheet"
 
mu_wall=viscosity(Water;T=T_wall;x=0)
"The viscosity of the water by the wall in the condenser"
 
T_wall= (T_sat_cond+T_m_w)/2
"The temperature of the wall in the condenser"
 
lambda_cond_wall=15
"Thermal conduticvity of the condenser with plates of stainless stee- Data sheet "
 
 
 "Main equations
.........................."
 
A_c= Q_dot_cond/(U_cond*DELTAT_lm_cond)
"Newton's Law of cooling"
 
 DELTAT_lm_cond=((T_2-T_8)-(T_3-T_9))/ln((T_2-T_8)/(T_3-T_9))
 
U_cond=1/((1/h_cond_refg)+R_f_refg+(d_plate/lambda_cond_wall)+R_f_w+(1/h_w))  
"The overall heat transfer in the condenser"
 
 
"Nusselt correlation for refrigerant
................................................."
 
Nu_cond_refg=(h_cond_refg*D_pipe_HP)/k_cond_refg
"Average Nusselt number for the refrigenrant in the condenser"
 
Nu_cond_refg=0,048*(Re_cond_f)^0,69*(Pr)^0,34 *(phi_cond_g/X_tt_cond)
"The nussel number correlation from Kim and Mudawar (2013)"
 
X_tt_cond=(mu_cond_f/mu_cond_g)^0,1*((1-x)/x)^0,9*(rho_cond_g/rho_cond_f)^0,5
"Convensional turbulent-turbulent Lockhart-Martinelli parameter"
 
x=0,5
"Flow quality of the refrigerant in the condenser"
 
phi_cond_g^2=1+C_cond*X_cond+X_cond^2
"Two-phase pressure drop multiplier based on gas flow"
 
X_cond^2=D_pz_f/D_pz_g
" Lockhart-Martinelli parameter's general definition"
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-D_pz_f=(2*f_cond_f*nu_cond_f*(G_cond)^2*(1-x)^2)/D_pipe_HP
"Frictional pressuer gradient for the refrigerant in the liquid state"
 
-D_pz_g=(2*f_cond_g*nu_cond_g*(G_cond)^2*(x)^2)/D_pipe_HP
"Frictional pressuer gradient for the refrigerant in the gaseous state"
 
Re_cond_f=((G_cond)*(1-x)*D_pipe_HP)/mu_cond_f
"Superficial liquid Reynolds number of the refrigenrant"
 
Re_cond_g=(G_cond*x*D_pipe_HP)/mu_cond_g
"Superficial vapor Reynolds number of the refrigenrant"
 
f_cond_f=0,046*(Re_cond_f)^(-0,2)
"Friction factor of the refrigerant in the condenser in liquid state"
 
f_cond_g=0,046*(Re_cond_g)^(-0,2)
"Friction factor of the refrigerant in the condenser in gaseous state"
 
 
C_cond=0,39*(Re_cond_fo)^0,03*(Su_cond_go)^0,1*(rho_cond_f/rho_cond_g)^0,35
"The constant in the two-phase pressure drop multiplier for turbulet turbulent flow"
 
Su_cond_go=(rho_cond_g*sigma_cond*D_pipe_HP)/(mu_cond_g)^2
"Surtman number of the refrigenrant in gaseous state only"
 
Re_cond_fo=((G_cond)*D_pipe_HP)/mu_cond_f
"Liquid only Reynolds number of the refrigerant"
 
G_cond=m_dot_refg/(PI*D_pipe_HP^2/4)
"Mass velocity of the refrigerant in the condenser"
 
 
"Nusselt correlation for water
..........................................."
 
Nus_cond_w=(h_w*D_pipe_w)/k_cond_w
"Average Nusselt number for the water in the condenser"
 
Nus_cond_w=0,4225*(Re_cond_w)^(0,733)*(Pr_cond_w)^(0,33)*(mu_cond_w/mu_wall)^(0,14) 
"The nussel number correlation from Zhang (2020)"
 
Re_cond_w=(rho_cond_w*v_avg_w*D_pipe_w)/mu_cond_w 
 "Reynolds number for water in the condenser" 
 
v_avg_w=(m_dot_w/rho_cond_w)/((PI*D_pipe_w^2)/4)
"Average velocity of the water in the condenser"
 
m_dot_w=(Q_dot_cond)/(cp_w*(T_8-T_9))
"Mass flow rate of the water through the condenser"
 
 
"Area evaporator
 ______________"
 
 "Components values
.............................."
 
d_plate_evap=0,00174 [m]
"Plate thickness of the evaporator- Data sheet"
 
lambda_evap_wall=15
"Thermal conduticvity of the condenser with plates of stainless steel- Data sheet"
 
D_pipe_brine=0,028 [m]
"Inner diamenter for pipes with brine into the evaporator- Data sheet "
 
 "Main equations
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.........................."
 
A_evap= Q_dot_evap/(U_evap*DELTAT_lm_evap)
"Newton's Law of cooling"
 
Q_dot_evap=m_dot_refg*(h_1-h_4)
"The useful heat obtained by the evaporator"
 
DELTAT_lm_evap=((T_6-T_1)-(T_5-T_4))/ln((T_6-T_1)/(T_5-T_4)) 
"The logarithmic mean temperature in the evaporator"
 
U_evap=1/((1/h_evap_refg)+R_f_refg+(d_plate_evap/lambda_evap_wall)+R_f_brine+(1/h_evap_brine))   
"The overall heat transfer in the evaporatorr"
 
 
"Nusselt correlation for refrigerator in the evaporator
.........................................................................."
 
Nus_evap_refg=(h_evap_refg*D_pipe_HP)/k_evap_refg
"Average Nusselt number for the refrigenrant in the evaporator"
 
Nus_evap_refg=0,048*(Re_evap_f)^0,69*(Pr_evap_f)^0,34 *(phi_evap_g/X_tt_evap) 
"The nussel number correlation from Kim and Mudawar (2013)"
 
X_tt_evap=(mu_evap_f/mu_evap_g)^0,1*((1-x)/x)^0,9*(rho_evap_g/rho_evap_f)^0,5 
"Convensional turbulent-turbulent Lockhart-Martinelli parameter"
 
phi_evap_g^2=1+C_evap*X_evap+X_evap^2
"Two-phase pressure drop multiplier based on gas flow"
 
X_evap^2=D_pz_evap_f/D_pz_evap_g
" Lockhart-Martinelli parameter's general definition"
 
-D_pz_evap_f=(2*f_evap_f*nu_evap_f*(G_evap)^2*(1-x)^2)/D_pipe_HP
"Frictional pressuer gradient for the refrigerant in the liquid state"
 
-D_pz_evap_g=(2*f_evap_g*nu_evap_g*(G_evap)^2*(x)^2)/D_pipe_HP
"Frictional pressuer gradient for the refrigerant in the gaseous state"
 
Re_evap_f=((G_evap)*(1-x)*D_pipe_HP)/mu_evap_f
"Superficial liquid Reynolds number of the refrigenrant"
 
Re_evap_g=(G_evap*x*D_pipe_HP)/mu_evap_g
"Superficial vapor Reynolds number of the refrigenrant"
 
f_evap_f=0,046*(Re_evap_f)^(-0,2)
"Friction factor of the refrigerant in the condenser in liquid state"
 
f_evap_g=0,046*(Re_evap_g)^(-0,2)
"Friction factor of the refrigerant in the condenser in gaseous state"
 
C_evap=0,39*(Re_evap_fo)^0,03*(Su_evap_go)^0,1*(rho_evap_f/rho_evap_g)^0,35
"The constant in the two-phase pressure drop multiplier for turbulet turbulent flow"
 
Su_evap_go=(rho_evap_g*sigma_evap*D_pipe_HP)/(mu_evap_g)^2
"Surtman number of the refrigenrant in gaseous state only"
 
Re_evap_fo=((G_evap)*D_pipe_HP)/mu_evap_f
"Liquid only Reynolds number of the refrigerant"
 
G_evap=m_dot_refg/(PI*D_pipe_HP^2/4)
"Mass velocity of the refrigenrant in the evaporator"
 
 
"Nusselt correlation for brine in the evaporator
...................................................................................."
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h_evap_brine=(Nus_evap_brine*k_evap_brine)/D_pipe_brine
"Average Nusselt number for the brine in the evaporator"
 
Nus_evap_brine=(0,8761*(f_brine/8)*(Re_evap_brine-147,3)*Pr_evap_brine)/(1+10,3*sqrt(f_brine/8)*(Pr_evap_brine^(2/3)
-1))
"The nussel number correlation from Sándhez-Escalona et al. (2021) for the brine in the evaporator"
 
 f_brine=(1,82*log10(Re_evap_brine)-1,64)^(-2)
"Filonenko model of the friction factor"
 
Re_evap_brine=(rho_evap_brine*v_avg_brine*D_pipe_brine)/mu_evap_brine
"Average Reynoldsnumber number for the brine in the evaporator"
 
v_avg_brine=(m_dot_brine/rho_evap_brine)/((PI*D_pipe_brine^2)/4)
"Average velocity of the water in the condenser"
 
T_6=276,8 [K]
"Temperatur in to the evaporator from the GHX" 
  
m_dot_brine=2 [kg/s]
"Mass flow rate of the brine in the evaporator, collected from the GHX model"
 
" Exergy 
__________"   
    
"Compressor 
....................."   
eta_II_comp=1-(X_dot_des_comp/W_dot_comp)
"Second order thermal efficiency of the compressor"   
    
X_dot_des_comp=T_0*m_dot_refg*(s_2-s_1)
"Exergy destruction in the compressor"  
 
"Condenser 
.................."   
   
eta_II_cond=1-(X_dot_des_cond)/(m_dot_refg*((h_2a-h_3)-T_0*(s_2-s_3)))
"Second order thermal efficiency of the condenser"       
   
X_dot_des_cond=T_0*(m_dot_refg*(s_3-s_2)+(Q_dot_cond/T_m_w))  
"Exergy destruction in the condenser" 
 
"Expansion valve 
........................."  
   
eta_II_exp=0 
"Second order thermal efficiency of the expansion valve"    
 
X_dot_des_exp=m_dot_refg*T_0*(s_4-s_3)
"Exergy destruction in the expansion valve"
 
"Evaporator 
................."  
   
eta_II_evap=1-(X_dot_des_evap)/(m_dot_refg*((h_4-h_1)-T_0*(s_4-s_1))) 
"Second order thermal efficiency of the Evaporator"   
    
X_dot_des_evap=T_0*(m_dot_refg*(s_1-s_4)-(Q_dot_evap/T_m_evap_brine))  
"Exergy destruction in the evaporator" 
 
X_dot_des_HP=X_dot_des_comp+X_dot_des_cond+X_dot_des_exp+X_dot_des_evap
"Total exergy destruction of the HP"
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 "_______________________
Heat Pump model - R717  
________________________ "       
 
"Parameters
____________"                                                                                                      
  
R$='R717' 
"Ammonia as the refrigerant in the HP"
 
R_f_refg=foulingfactor('Refrigerant liquids')
"Fouling factor of refrigerant in liquid state"
 
P_c=p_crit(R717)
"Critical pressure of the refrigerant"
 
R_f_w=foulingfactor('Closed-loop treated water')
"Fouling factor of water"
 
R_f_brine=foulingfactor('Ethanol solution')
"Fouling factor of the brine"
 
C_EG= 35 [%]
"Ethylene- Glycol-Water, 35%mixture, as the brine in the GHX"
  
T_0=294 [K] 
"Dead state temperature of the HP inside the school"
 
  
"Point 1: before compressor"   
  
T_1=T_4+5[K] 
s_1=s_2s 
h_1=enthalpy(R$;T=T_1;P=P_1) 
s_1=entropy(R$;P=P_1;T=T_1) 
 
"Point 2: before condenser" 
  
P_2=P_3 
 
h_2s=enthalpy(R$;P=P_2;s=s_2s) 
s_2=entropy(R$;P=P_2;h=h_2a) 
T_2=temperature(R$;s=s_2;h=h_2a)
h_2a=((h_2s-h_1))/eta_i+h_1 
 
"Condenser"
 
T_sat_cond=323 [K] 
T_m_cond=(T_2+T_3)/2 
P_sat_cond=pressure(R$;T=T_sat_cond;x=0,5)
P_cond=pressure(R$;T=T_m_cond;x=0,5)
Pr_cond_f=prandtl(R$;T=T_sat_cond;P=P_2)
mu_cond_f=viscosity(R$;T=T_sat_cond;x=0) 
mu_cond_g=viscosity(R$;T=T_sat_cond;x=1) 
nu_cond_f=kinematicviscosity(R$;T=T_sat_cond;x=0) 
nu_cond_g=kinematicviscosity(R$;T=T_sat_cond;x=1) 
rho_cond_f=density(R$;T=T_sat_cond;x=0)    
rho_cond_g=density(R$;T=T_sat_cond;x=1) 
sigma_cond=surfacetension(R$;T=T_sat_cond)
k_cond_refg=conductivity(R$;T=T_sat_cond;P=P_2)
k_cond_refg_fo=conductivity(R$;T=T_sat_cond;x=0)
 
T_8=323 [K] 
T_9=303 [K] 
T_m_w=(T_8+T_9)/2 
P_heating= 60000 [Pa]
cp_w=cp(Water;T=T_m_w;P=P_heating)

107



File:C:\Users\s351343\Downloads\HP R717.EES 16.05.2022 12:59:23  Page 2
EES Ver. 10.836: #3911: For use only by the Department of Civil Engineering and Energy Technology, HiOA

Pr_cond_w=prandtl(Water;T=T_m_w;P=P_heating)
k_cond_w=conductivity(Water;T=T_m_w;P=P_heating)
mu_cond_w=viscosity(Water;T=T_m_w;x=0) 
rho_cond_w=density(Water;T=T_m_w;x=0) 
 
"Point 3: before expansion vavle"
  
h_3=h_4 
x_3=0 
T_3=T_sat_cond-5[K]
h_3=enthalpy(R$;T=T_3;x=x_3) 
s_3=entropy(R$;P=P_3;h=h_3) 
P_3=pressure(R$;T=T_3;x=x_3) 
 
 
"Expansion valve"
  
"Point 4: before evaporator" 
  
P_4=P_sat_evap 
P_4=P_1  
T_4=T_5-5[K]             
P_sat_evap=p_sat(R$;T=T_4) 
s_4=entropy(R$;T=T_4;h=h_4) 
 
"Evaporator"
 
T_m_evap=(T_1+T_4)/2 
P_evap=pressure(R$;T=T_m_evap;x=0,5)
mu_evap_f=viscosity(R$;T=T_m_evap;x=0) 
mu_evap_g=viscosity(R$;T=T_m_evap;x=1) 
nu_evap_f=kinematicviscosity(R$;T=T_m_evap;x=0) 
nu_evap_g=kinematicviscosity(R$;T=T_m_evap;x=1) 
rho_evap_f=density(R$;T=T_m_evap;x=0)    
rho_evap_g=density(R$;T=T_m_evap;x=1) 
sigma_evap=surfacetension(R$;T=T_m_evap)
k_evap_refg=conductivity(R$;T=T_m_evap;P=P_4)
k_evap_refg_fo=conductivity(R$;T=T_m_evap;x=0)
Pr_evap_f=prandtl(R$;T=T_m_evap;P=P_4)
 
T_5=275 [K] 
C_PG= 50 [%]
T_m_evap_brine=(T_5+T_6)/2 
cp_brine=cp(EG;T=T_m_evap_brine;C=C_EG)
k_evap_brine=conductivity(EG;T=T_m_evap_brine;C=C_EG)
mu_evap_brine=viscosity(EG;T=T_m_evap_brine;C=C_EG) 
rho_evap_brine=density(EG;T=T_m_evap_brine;C=C_EG) 
Pr_evap_brine=prandtl(EG;T=T_m_evap_brine;C=C_EG)
 
 
 
"Mass balance
____________"
 
m_dot_1=m_dot_2
m_dot_2=m_dot_3
m_dot_3=m_dot_4
m_dot_4=m_dot_refg
 
"COP
______" 
  
COP_carnot=(h_2s-h_3)/(h_2s-h_1)
"COP of a Carnot HP"
 
Q_dot_cond=15000 [J/s]
"The energy demand for the HP based on the energy calculations of the school" 
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m_dot_refg=Q_dot_cond/(h_2a-h_3) 
"Mass flow rate of the refrigerant based on the heat transfer in the condenser"
 
W_dot_comp=m_dot_refg*(h_2a-h_1) 
"The work input in the compressor"
 
COP_HP=Q_dot_cond/W_dot_comp 
"COP of the HP"
                                     
eta_v/eta_i=(1+k_e*(((T_1-273[K])-18[K])/100[K]))*exp(a*(T_sat_cond/T_m_evap)+b)
"Pierre's correlation for isentropic volume and efficiency"
 
eta_v=k_1*(1+k_s*(((T_1-273[K])-18[K])/100[K]))*exp(k_2*(P_sat_cond/P_sat_evap))
 
"Pierre's constants for the chosen refrigerant
................................................................"
k_1=1,02
k_2=-0,063
k_s=0         
k_e=0
a=-1,69
b=1,97
 
 
 
"Area condenser
 ______________"
 
"Components values
.............................."
 
D_pipe_w=0,028 [m]
"Inner diamenter for pipes with water- Data sheet "
 
D_pipe_HP=0,004 [m]
"Inner diameter for the pipes inside the HP"
 
d_plate=0,00144 [m]
"Plate thickness of the condenser - Data sheet"
 
mu_wall=viscosity(Water;T=T_wall;x=0)
"The viscosity of the water by the wall in the condenser"
 
T_wall= (T_sat_cond+T_m_w)/2
"The temperature of the wall in the condenser"
 
lambda_cond_wall=15
"Thermal conduticvity of the condenser with plates of stainless steel - Data sheet "
 
 
 "Main equations
.........................."
 
 A_cond= Q_dot_cond/(U_cond*DELTAT_lm_cond) 
"Newton's Law of cooling" 
 
DELTAT_lm_cond=((T_2-T_8)-(T_3-T_9))/ln((T_2-T_8)/(T_3-T_9))  
 "The logarithmic mean temperature in the condenser" 
 
U_cond=1/((1/h_cond_refg)+R_f_refg+(d_plate/lambda_cond_wall)+R_f_w+(1/h_w))   
"The overall heat transfer in the condenser" 
 
 
"Nusselt correlation for refrigerant
................................................."
 
x=0,5
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"Flow quality of the refrigerant in the condenser"
  
G_cond=m_dot_refg/(PI*D_pipe_HP^2)/4
"Mass velocity of the refrigerant in the condenser"
 
J_g_cond=(x*G_cond)/(g*D_pipe_HP*rho_cond_g*(rho_cond_f-rho_cond_g))^(0,5)
"The dimsensionless vaopr velocity"
 
g=9,81 [m/s^2]
"The gravity of the Earth"
 
Z_cond=((1/x)-1)^(0,8)*P_r_cond^(0,4)
"Correlation parameter"
 
P_r_cond=P_cond/P_c
 
h_cond_refg=h_cond_fo*(1+1,128*x^(0,817)*(rho_cond_f/rho_cond_g)^(0,3635)*(mu_cond_f/mu_cond_g)^(0,2362)*(1-(
mu_cond_g/mu_cond_f))^(2,144)*Pr_cond_f^(-0,1))
 
h_cond_fo=0,023*Re_cond_fo^(0,8)*Pr_cond_f^0,4*k_cond_refg_fo/D_pipe_HP
 
Re_cond_fo=((G_cond)*D_pipe_HP)/mu_cond_f
"Liquid only Reynolds number of the refrigerant"
 
 
"Nusselt correlation for water
..........................................."
 
Nu_cond_w=(h_w*D_pipe_w)/k_cond_w
"Average Nusselt number for the water in the condenser"
 
Nu_cond_w=0,4225*(Re_cond_w)^(0,733)*(Pr_cond_w)^(0,33)*(mu_cond_w/mu_wall)^(0,14) 
"The nussel number correlation from Zhang (2020)"
 
Re_cond_w=(rho_cond_w*v_avg_w*D_pipe_w)/mu_cond_w 
"Reynolds number for water in the condenser" 
  
v_avg_w=(m_dot_w/rho_cond_w)/((PI*D_pipe_w^2)/4)
"Average velocity of the water in the condenser"
 
m_dot_w=(Q_dot_cond)/(cp_w*(T_8-T_9))
"Mass flow rate of the water through the condenser"
 
 
"Area evaporator
 ______________"
 
 "Components values
.............................."
 
d_plate_evap=0,00174 [m]
"Plate thickness of the evaporator- Data sheet"
 
lambda_evap_wall=15
"Thermal conduticvity of the condenser with plates of stainless steel- Data sheet "
 
D_pipe_brine=0,028 [m]
"Inner diamenter for pipes with brine into the evaporator- Data sheet "
 
 
 "Main equations
.........................."
 
A_evap= Q_dot_evap/(U_evap*DELTAT_lm_evap)
"Newton's Law of cooling"
 
Q_dot_evap=m_dot_refg*(h_1-h_4)
"the useful heat obtained by the evaporator"
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DELTAT_lm_evap=((T_6-T_1)-(T_5-T_4))/ln((T_6-T_1)/(T_5-T_4)) 
"The logarithmic mean temperature in the evaporator"
 
U_evap=1/((1/h_evap_refg)+R_f_refg+(d_plate_evap/lambda_evap_wall)+R_f_brine+(1/h_evap_brine))   
"The overall heat transfer in the evaporator"
 
 
"Nusselt correlation for refrigerator in the evaporator
.........................................................................."
 
J_g_evap=(x*G_evap)/(g*D_pipe_HP*rho_evap_g*(rho_evap_f-rho_evap_g))^(0,5)
"The dimsensionless vaopr velocity"
 
G_evap=m_dot_refg/(PI*D_pipe_HP^2)/4
"Mass velocity of the refrigenrant in the evaporator"
 
Z_evap=((1/x)-1)^(0,8)*P_r_evap^(0,4)
"Correlation parameter"
 
P_r_evap=P_evap/P_c
 
h_evap_refg=h_evap_fo*(1+1,128*x^(0,817)*(rho_evap_f/rho_evap_g)^(0,3635)*(mu_evap_f/mu_evap_g)^(0,2362)*(1-(
mu_evap_g/mu_evap_f))^(2,144)*Pr_evap_f^(-0,1))
 
h_evap_fo=0,023*Re_evap_fo^(0,8)*Pr_evap_f^0,4*k_evap_refg_fo/D_pipe_HP
 
Re_evap_fo=((G_evap)*D_pipe_HP)/mu_evap_f
"Liquid only Reynolds number of the refrigerant"
 
 
"Nusselt correlation for brine in the evaporator
...................................................................................."
 
h_evap_brine=(Nu_evap_brine*k_evap_brine)/D_pipe_brine
"Average Nusselt number for the brine in the evaporator"
 
Nu_evap_brine=(0,8761*(f_brine/8)*(Re_evap_brine-147,3)*Pr_evap_brine)/(1+10,3*sqrt(f_brine/8)*(Pr_evap_brine^(2/3)-
1))
"The nussel number correlation from Sándhez-Escalona et al. (2021) for the brine in the evaporator"
 
 f_brine=(1,82*log10(Re_evap_brine)-1,64)^(-2)
"Filonenko model of the friction factor"
 
Re_evap_brine=(rho_evap_brine*v_avg_brine*D_pipe_brine)/mu_evap_brine
"Average Reynoldsnumber number for the brine in the evaporator"
 
v_avg_brine=(m_dot_brine/rho_evap_brine)/((PI*D_pipe_brine^2)/4)
"Avarege velocity of the water in the condenser"
  
T_6=277,1 [K]
"Temperature in to the evaporator from the GHX" 
  
m_dot_brine=2 [kg/s]
"Mass flow rate of the brine in the evaporator, collected from the GHX model"
 
 
" Exergy 
__________"   
    
"Compressor 
....................."   
eta_II_comp=1-(X_dot_des_comp/W_dot_comp)
"Second order thermal efficiency of the compressor"   
    
X_dot_des_comp=T_0*m_dot_refg*(s_2-s_1)
"Exergy destruction in the compressor"  
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"Condenser 
.................."   
   
eta_II_cond=1-(X_dot_des_cond)/(m_dot_refg*((h_2a-h_3)-T_0*(s_2-s_3)))
"Second order thermal efficiency of the condenser"       
   
X_dot_des_cond=T_0*(m_dot_refg*(s_3-s_2)+(Q_dot_cond/T_m_w))  
"Exergy destruction in the condenser" 
 
"Expansion valve 
........................."  
   
eta_II_exp=0 
"Second order thermal efficiency of the expansion valve" 
 
X_dot_des_exp=m_dot_refg*T_0*(s_4-s_3)
"Exergy destruction in the expansion valve"   
 
"Evaporator 
................."  
   
eta_II_evap=1-(X_dot_des_evap)/(m_dot_refg*((h_4-h_1)-T_0*(s_4-s_1))) 
"Second order thermal efficiency of the Evaporator"   
    
X_dot_des_evap=T_0*(m_dot_refg*(s_1-s_4)-(Q_dot_evap/T_m_evap_brine))  
"Exergy destruction in the evaporator" 
 
X_des_HP=X_dot_des_comp+X_dot_des_cond+X_dot_des_exp+X_dot_des_evap
"Total exergy destruction of the HP"
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"_______________________
Heat Pump model - R1234ze(E)  
________________________ "       
 
"Parameters
____________"                                                                                                                                                             
 
R$='R1234ze(E)' 
"Solstice as the refrigerant in the HP"
 
R_f_refg=foulingfactor('Refrigerant liquids')
"Fouling factor of refrigerant in liquid state"
 
P_c=p_crit(R1234ze(E))
"Critical pressure of the refrigerant"
 
R_f_w=foulingfactor('Closed-loop treated water')
"Fouling factor of water"
 
R_f_brine=foulingfactor('Ethanol solution')
"Fouling factor of the brine"
 
C_EG= 35 [%]
"Ethylene- Glycol-Water, 35%mixture, as the brine in the GHX"
  
T_0=294 [K] 
"Dead state temperature of the HP inside the school"
  
"Point 1: before compressor"   
  
T_1=T_4+5 [K] 
s_1=s_2s 
h_1=enthalpy(R$;T=T_1;P=P_1) 
s_1=entropy(R$;P=P_1;T=T_1) 
 
 
"Point 2: before condenser" 
  
P_2=P_3 
h_2s=enthalpy(R$;P=P_2;s=s_2s) 
s_2=entropy(R$;P=P_2;h=h_2a) 
T_2=temperature(R$;P=P_2;h=h_2a)
h_2a=((h_2s-h_1))/eta_i+h_1 
 
"Condenser"
 
T_sat_cond=323 [K] 
T_m_cond=(T_2+T_3)/2
P_sat_cond=pressure(R$;T=T_sat_cond;x=0,5)
P_cond=pressure(R$;T=T_m_cond;x=0,5)
Pr_cond_f=prandtl(R$;T=T_sat_cond;P=P_2)
mu_cond_f=viscosity(R$;T=T_sat_cond;x=0) 
mu_cond_g=viscosity(R$;T=T_sat_cond;x=1) 
nu_cond_f=kinematicviscosity(R$;T=T_sat_cond;x=0) 
nu_cond_g=kinematicviscosity(R$;T=T_sat_cond;x=1) 
rho_cond_f=density(R$;T=T_sat_cond;x=0)    
rho_cond_g=density(R$;T=T_sat_cond;x=1) 
sigma_cond=surfacetension(R$;T=T_sat_cond)
k_cond_refg=conductivity(R$;T=T_sat_cond;P=P_2)
k_cond_refg_fo=conductivity(R$;T=T_sat_cond;x=0)
 
T_8=323 [K] 
T_9=303 [K] 
T_m_w=(T_8+T_9)/2 
P_heating= 60000 [Pa]
cp_w=cp(Water;T=T_m_w;P=P_heating)
Pr_cond_w=prandtl(Water;T=T_m_w;P=P_heating)
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k_cond_w=conductivity(Water;T=T_m_w;P=P_heating)
mu_cond_w=viscosity(Water;T=T_m_w;x=0) 
rho_cond_w=density(Water;T=T_m_w;x=0) 
 
"Point 3: before expansion vavle"
  
h_3=h_4 
x_3=0 
T_3=T_sat_cond-5[K]
h_3=enthalpy(R$;T=T_3;x=x_3) 
s_3=entropy(R$;P=P_3;h=h_3) 
P_3=pressure(R$;T=T_3;x=x_3) 
  
"Point 4: before evaporator" 
  
 
P_4=P_1  
T_4=T_5-5[K]                         
P_4=p_sat(R$;T=T_4) 
s_4=entropy(R$;T=T_4;h=h_4) 
 
"Evaporator"
 
T_m_evap=(T_1+T_4)/2
P_sat_evap=p_sat(R$;T=T_sat_evap)
T_sat_evap=t_sat(R$;P=P_1) 
P_evap=pressure(R$;T=T_m_evap;x=0,5)
mu_evap_f=viscosity(R$;T=T_m_evap;x=0) 
mu_evap_g=viscosity(R$;T=T_m_evap;x=1) 
nu_evap_f=kinematicviscosity(R$;T=T_m_evap;x=0) 
nu_evap_g=kinematicviscosity(R$;T=T_m_evap;x=1) 
rho_evap_f=density(R$;T=T_m_evap;x=0)    
rho_evap_g=density(R$;T=T_m_evap;x=1) 
sigma_evap=surfacetension(R$;T=T_m_evap)
k_evap_refg=conductivity(R$;T=T_m_evap;P=P_4)
k_evap_refg_fo=conductivity(R$;T=T_m_evap;x=0)
Pr_evap_f=prandtl(R$;T=T_m_evap;P=P_4)
 
T_5=275 [K] 
T_m_evap_brine=(T_5+T_6)/2 
c_p_brine=cp(EG;T=T_m_w;C=C_EG)
k_evap_brine=conductivity(EG;T=T_m_evap_brine;C=C_EG)
mu_evap_brine=viscosity(EG;T=T_m_evap_brine;C=C_EG) 
rho_evap_brine=density(EG;T=T_m_evap_brine;C=C_EG) 
Pr_evap_brine=prandtl(EG;T=T_m_evap_brine;C=C_EG) 
 
"Mass balance
____________"
 
m_dot_1=m_dot_2
m_dot_2=m_dot_3
m_dot_3=m_dot_4
m_dot_4=m_dot_refg
  
 
"COP
______" 
 
COP_carnot=(h_2s-h_3)/(h_2s-h_1)
"COP of a Carnot HP"
 
Q_dot_cond=15000 [W]
"The energy demand for the HP based on the energy calculations of the school" 
 
m_dot_refg=Q_dot_cond/(h_2a-h_3) 
"Mass flow rate of the refrigerant based on heat transfer in the condenser"
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W_dot_comp=m_dot_refg*(h_2a-h_1) 
"The work input in the compressor"
 
COP_HP=Q_dot_cond/W_dot_comp 
"COP of the HP"
 
eta_v/eta_i=(1+k_e*(((T_1-273[K])-18[K])/100[K]))*exp(a*(T_sat_cond/T_m_evap)+b)
"Pierre's correlation for isentropic volume and efficiency"
 
eta_v=k_1*(1+k_s*(((T_1-273[K])-18[K])/100[K]))*exp(k_2*(P_sat_cond/P_sat_evap))
 
"Pierre's constants for the chosen refrigerant
................................................................"
k_1=1,04
k_2=-0,07
k_s=0,15
k_e=-0,1
a=-2,4
b=2,88
 
"Area condenser
 ______________"
 
"Components values
.............................."
 
D_pipe_w=0,028 [m]
"Inner diamenter for pipes with water - Data sheet "
 
D_pipe_HP=0,003 [m]
"Inner diameter for the pipes inside the HP"
 
d_plate=0,00144 [m]
"Plate thickness of the condenser - Data sheet"
 
mu_wall=viscosity(Water;T=T_wall;x=0)
"The viscosity of the water by the wall in the condenser"
 
T_wall= (T_sat_cond+T_m_w)/2
"The temperature of the wall in the condenser"
 
lambda_cond_wall=15
"Thermal conduticvity of the condenser with plates of stainless steel - Data sheet "
 
 
 "Main equations
.........................."
 
 A_c= Q_dot_cond/(U_cond*DELTAT_lm_cond) 
"LMTD-method" 
 
DELTAT_lm_cond=((T_2-T_8)-(T_3-T_9))/ln((T_2-T_8)/(T_3-T_9))
"The logarithmic mean temperature in the condenser"
   
U_cond=1/((1/h_cond_refg)+R_f_refg+(d_plate/lambda_cond_wall)+R_f_w+(1/h_w))   
"The overall heat transfer in the condenser" 
 
 
"Nusselt correlation for refrigerant
................................................."
 
x=0,5
"Flow quality of the refrigerant in the condenser"
  
G_cond=m_dot_refg/(PI*D_pipe_HP^2/4)
"Mass velocity of the refrigerant in the condenser"
 
J_g_cond=(x*G_cond)/(g*D_pipe_HP*rho_cond_g*(rho_cond_f-rho_cond_g))^(0,5)
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"The dimsensionless vaopr velocity"
 
 g=9,81 [m/s^2]
"The gravity of the Earth"
 
Z_cond=((1/x)-1)^(0,8)*P_r_cond^(0,4)
"Correlation parameter"
 
P_r_cond=P_cond/P_c
 
h_cond_refg=h_cond_fo*(1+1,128*x^(0,817)*(rho_cond_f/rho_cond_g)^(0,3635)*(mu_cond_f/mu_cond_g)^(0,2362)*(1-(
mu_cond_g/mu_cond_f))^(2,144)*Pr_cond_f^(-0,1))
 
h_cond_fo=0,023*Re_cond_fo^(0,8)*Pr_cond_f^0,4*k_cond_refg_fo/D_pipe_HP
 
Re_cond_fo=((G_cond)*D_pipe_HP)/mu_cond_f
"Liquid only Reynolds number of the refrigerant"
 
 
"Nusselt correlation for water
..........................................."
 
Nus_cond_w=(h_w*D_pipe_w)/k_cond_w
"Average Nusselt number for the water in the condenser"
 
Nus_cond_w=0,4225*(Re_cond_w)^(0,733)*(Pr_cond_w)^(0,33)*(mu_cond_w/mu_wall)^(0,14) 
"The nussel number correlation from Zhang (2020)"
 
Re_cond_w=(rho_cond_w*v_avg_w*D_pipe_w)/mu_cond_w 
 "Reynolds number for water in the condenser" 
 
v_avg_w=(m_dot_w/rho_cond_w)/((PI*D_pipe_w^2)/4)
"Average velocity of the water in the condenser"
 
m_dot_w=(Q_dot_cond)/(cp_w*(T_8-T_9))
"Mass flow rate of the water through the condenser"
 
 
"Area evaporator
______________"
 
 "Components values
.............................."
 
d_plate_evap=0,00174 [m]
"Plate thickness of the evaporator, data sheet for H55-C heat pump evaporator, Danfoss"
 
lambda_evap_wall=15
"Thermal conduticvity of the condenser with plates of stainless steel - Data sheet "
 
D_pipe_brine=0,028 [m]
"Inner diamenter for pipes with brine into the evaporator - Data sheet "
 
D_pipe_o=0,032 [m]
"Outerdiameter of the pipe inside the GHX"
 
 
 
 "Main equations
.........................."
 
A_evap= Q_dot_evap/(U_evap*DELTAT_lm_evap)
"LMTD-method"
 
Q_dot_evap=m_dot_refg*(h_1-h_4)
"The useful heat obtained by the evaporator"
 
DELTAT_lm_evap=((T_6-T_1)-(T_5-T_4))/ln((T_6-T_1)/(T_5-T_4)) 
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"The logarithmic mean temperature in the evaporator"
 
U_evap=1/((1/h_evap_refg)+R_f_refg+(d_plate_evap/lambda_evap_wall)+R_f_brine+(1/h_evap_brine))   
"The overall heat transfer in the evaporator"
 
 
"Nusselt correlation for refrigerator in the evaporator
.........................................................................."
 
J_g_evap=(x*G_evap)/(g*D_pipe_HP*rho_evap_g*(rho_evap_f-rho_evap_g))^(0,5)
"The dimsensionless vaopr velocity"
 
G_evap=m_dot_refg/(PI*D_pipe_HP^2/4)
"Mass velocity of the refrigenrant in the evaporator"
 
Z_evap=((1/x)-1)^(0,8)*P_r_evap^(0,4)
"Correlation parameter"
 
P_r_evap=P_evap/P_c
 
h_evap_refg=h_evap_fo*(1+1,128*x^(0,817)*(rho_evap_f/rho_evap_g)^(0,3635)*(mu_evap_f/mu_evap_g)^(0,2362)*(1-(
mu_evap_g/mu_evap_f))^(2,144)*Pr_evap_f^(-0,1))
 
h_evap_fo=0,023*Re_evap_fo^(0,8)*Pr_evap_f^0,4*k_evap_refg_fo/D_pipe_HP
 
Re_evap_fo=((G_evap)*D_pipe_HP)/mu_evap_f
"Liquid only Reynolds number of the refrigerant"
 
 
"Nusselt correlation for brine in the evaporator
...................................................................................."
 
h_evap_brine=(Nus_evap_brine*k_evap_brine)/D_pipe_brine
"Average Nusselt number for the brine in the evaporator"
 
Nus_evap_brine=(0,8761*(f_brine/8)*(Re_evap_brine-147,3)*Pr_evap_brine)/(1+10,3*sqrt(f_brine/8)*(Pr_evap_brine^(2/3)
-1))
"The nussel number correlation from Sándhez-Escalona et al. (2021) for the brine in the evaporator"
 
 f_brine=(1,82*log10(Re_evap_brine)-1,64)^(-2)
"Filonenko model of the friction factor"
 
Re_evap_brine=(rho_evap_brine*v_avg_brine*D_pipe_brine)/mu_evap_brine
"Average Reynoldsnumber number for the brine in the evaporator"
 
v_avg_brine=(m_dot_brine/rho_evap_brine)/((PI*D_pipe_brine^2)/4)
"Avaregae velocity of the water in the condenser" 
 
T_6=277,1 [K]
"Temperatur in to the evaporator from the GHX" 
  
m_dot_brine=2 [kg/s]
"Mass flow rate of the brine in the evaporator, collected from the GHX model"
 
" Exergy 
__________"   
    
"Compressor 
....................."   
eta_II_comp=1-(X_dot_des_comp/W_dot_comp)
"Second order thermal efficiency of the compressor"   
    
X_dot_des_comp=T_0*m_dot_refg*(s_2-s_1)
"Exergy destruction in the compressor"  
 
"Condenser 
.................."   
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eta_II_cond=1-(X_dot_des_cond)/(m_dot_refg*((h_2a-h_3)-T_0*(s_2-s_3)))
"Second order thermal efficiency of the condenser"       
   
X_dot_des_cond=T_0*(m_dot_refg*(s_3-s_2)+(Q_dot_cond/T_m_w))  
"Exergy destruction in the condenser" 
 
"Expansion valve 
........................."  
   
eta_II_exp=0 
"Second order thermal efficiency of the expansion valve"    
 
X_dot_des_exp=m_dot_refg*T_0*(s_4-s_3)
"Exergy destruction in the expansion valve"
 
 
"Evaporator 
................."  
   
eta_II_evap=1-(X_dot_des_evap)/(m_dot_refg*((h_4-h_1)-T_0*(s_4-s_1))) 
"Second order thermal efficiency of the Evaporator"   
    
X_dot_des_evap=T_0*(m_dot_refg*(s_1-s_4)-(Q_dot_evap/T_m_evap_brine))  
"Exergy destruction in the evaporator" 
 
 
X_dot_des_HP=X_dot_des_comp+X_dot_des_cond+X_dot_des_exp+X_dot_des_evap
"Total exergy destruction of the HP"

K.4 R1234ze(E) HP model K EES HP MODEL
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L P-h graphs

Figure 47: P-h diagram for R600a

Figure 48: P-h diagram for R290
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Figure 49: P-h diagram for R717

Figure 50: P-h diagram for R1234ze(E)
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SOLUTION

Unit Settings: SI K Pa J mass deg
A  = 2,51 [m2] a  = 0,8 [-]
a1  = 3,653 [W/m2-K] a2  = 0,012 [W/m2-K2]
Aaa  = 3,144 [m2] Aaa,SC  = 2,35 [m2]
Atot,SC  = 3,358 [m2] bSC  = 44 [deg]
CEG = 35 [%] cp,sun = 3735 [J/kg-K]

h0  = 0,765 [-] hII,SC  = 0,2422 [-]

hSC  = 0,5614 [-] FR  = 0,8 [-]
G = 700 [W/m2] gSC  = 2 [deg]
h0  = 1707 [J/kg] h10 = 109850 [J/kg]
h11 = 109850 [J/kg] h12 = 221888 [J/kg]
h13 = 221888 [J/kg] m10  = 0,02676 [kg/s]
m11  = 0,02676 [kg/s] m12  = 0,02676 [kg/s]
m13  = 0,02676 [kg/s] mcoil  = 0,02676 [kg/s]
mSC  = 0,02 [kg/s] msolar,f  = 0,02676 [kg/s]
NSC  = 1,338 [-] P  = 250000 [Pa]

fSC  = 60 [deg] P0  = 101000 [Pa]
Qi  = 1409 [W] Qtank  = 2998 [W]
Qu  = 510,6 [W] Rf,sun = 0,000352 [m2-K/W]

t = 0,8 [-] T0  = 279,3 [K]
T11  = 313 [K] T12  = 343 [K]
Ta  = 293 [K] Tm  = 328 [K]
Ts  = 5778 [K] UL  = 7 [W/m2*K]
Xdes = 995,2 [W] Xi = 1379 [W]
Xi,f  = 65,27 [W] Xi,sr  = 1313 [W]
Xo  = 383,3 [W] Xs  = 0 [W]

No unit problems were detected.
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SOLUTION

Unit Settings: SI K Pa J mass deg
AHX  = 0,1352 [m2] cp  = 4196 [J/kg-K]
CEG = 35 [%] cp,brine,6  = 3738 [J/kg-K]
cp,brine,7  = 3556 [J/kg-K] cp,brine,m  = 3559 [J/kg-K]
cp,HX,brine  = 3555 [J/kg-K] cp,HX,solar  = 3735 [J/kg-K]

DPpump  = 230514 [Pa] Ds14  = 767,4 [J/kg-K]

Ds15  = 425,5 [J/kg-K] Ds5  = -55,15 [J/kg-K]

Ds7  = -49,81 [J/kg-K] dTlm  = 51,38 [K]

Dy,76  = 65,49 [J/kg] Db  = 0,11 [m]
Ded,i  = 0,04525 [m] Ded,o  = 0,05657 [m]
Dpipe,HX  = 0,01576 [m] Dpipe,i  = 0,032 [m]
Dpipe,o = 0,04 [m] dplate  = 0,00198 [m]

hII,borehole  = 0,6517 [-] hII,HX  = 0,7051 [-]
fbrine = 0,02692 [-] fGHX = 0,02289 [-]
fsolar = 0,05191 [-] h0  = -12491 [J/kg]
h14 = 221888 [J/kg] h15 = 109850 [J/kg]
h5  = -27810 [J/kg] h6  = -20418 [J/kg]
h7  = -26339 [J/kg] hbrine  = 3707 [W/m2-K]
hghx  = 795,5 [W/m2-K] hsolar  = 759,2 [W/m2-K]
kg = 0,5775 [W/m-K] kGHX  = 0,4292 [W/m-K]
kHX,brine  = 0,4294 [W/m-K] kHX,solar = 0,4733 [W/m-K]
kpipe,GHX = 0,35 [W/m*K] lHX,wall  = 386 [W/m-K]
Lpipe,GHX = 130 [m] mGHX  = 0,004641 [kg/m-s]

mHX,brine  = 0,004603 [kg/m-s] mHX,solar  = 0,001062 [kg/m-s]
m6  = 2,056 [kg/s] m7  = 2,056 [kg/s]
mbrine  = 2,056 [kg/s] mGHX  = 0,5 [kg/s]
msolar,f  = 0,027 [kg/s] Nusbrine  = 276,3 [-]
Nussolar  = 25,28 [-] nGHX  = 59,31 [-]
Nborehole  = 4,113 [-] Ntube  = 2 [-]
PrGHX  = 38,44 [-] PrHX,brine  = 38,12 [-]
PrHX,solar  = 8,381 [-] P0  = 101000 [Pa]
Pborehole  = 200000 [Pa] Pevap = 430514 [Pa]
Psolar = 250000 [Pa] Qevap  = 11332 [W]
QGHX  = 2755 [W] Qground  = 11332 [W]
QHX = 3025 [W] qGHX  = 21,19 [W/m]
Rebrine  = 17774 [-] ReGHX  = 4287 [-]
Resolar  = 2054 [-] rGHX  = 1052 [kg/m3]

rHX,brine  = 1052 [kg/m3] rHX,solar  = 1026 [kg/m3]

rw  = 1000 [kg/m3] Rbrine = 0,008842 [m-K/W]
Rf,brine = 0,000352 [m2-K/W] Rf,solar = 0,000352 [m2-K/W]
Rgrout  = 0,1833 [m-K/W] Rpipe  = 0,1015 [m-K/W]
Rtot  = 0,2936 [m-K/W] T0  = 279,3 [K]
T14  = 343 [K] T15  = 313 [K]
T5  = 275 [K] T6  = 277,1 [K]
T7  = 275,4 [K] TF  = 254,3 [K]
Tg  = 282,5 [K] Tm,brine  = 276,2 [K]
Tm,HX,brine = 275,2 [K] Tm,HX,solar = 328 [K]
Ts  = 283,3 [K] UHX  = 435,5 [W/m2-K]
vavg,brine  = 2,43 [m/s] vavg,GHX  = 0,5909 [m/s]
vavg,solar  = 0,1348 [m/s] Wpump  = 450,5 [W]
X14  = 20055 [J/kg] X15  = 3501 [J/kg]
X5  = 84,82 [J/kg] X7  = 63,26 [J/kg]
Xdes,borehole  = 294,7 [W] Xdes,HX  = 16576 [J/kg]
Xi = 817,9 [W] Xo  = 533,1 [W]
z1 = 0,8761 [-] z2 = 147,3 [-]
z3 = 10,3 [-]

No unit problems were detected.
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O.1 R600a HP results
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SOLUTION

Unit Settings: SI K Pa J mass deg
a  = -2,4 [-] Ac  = 0,8489 [m2]
Aevap = 3,268 [m2] b  = 2,88 [-]
COPcarnot  = 5,43 [-] COPHP  = 4,037 [-]
cpbrine = 3688 [J/kg-K] cpw  = 4180 [J/kg-K]
Ccond = 8,553 [-] CEG = 35 [%]
Cevap = 13,91 [-] DTlm,cond  = 11,25 [K]

DTlm,evap  = 3,343 [K] Dpipe,brine  = 0,028 [m]
Dpipe,HP  = 0,003 [m] Dpipe,w  = 0,028 [m]
dplate  = 0,00144 [m] dplate,evap  = 0,00174 [m]
Dpz,evap,f = -12,56 [kg2/m3-s3] Dpz,evap,g  = -31,06 [kg2/m3-s3]
Dpz,f  = -7,222 [kg2/m3-s3] Dpz,g  = -9,562 [kg2/m3-s3]

hi  = 0,6856 [-] hII,comp  = 0,7153 [-]

hII,cond = 0,7891 [-] hII,evap = 0,7343 [-]

hII,exp  = 0 [-] hv  = 0,7216 [-]
fbrine = 0,0263 [-] fcond,f = 0,004765 [-]
fcond,g  = 0,002841 [-] fevap,f = 0,00533 [-]
fevap,g  = 0,002721 [-] Gcond  = 6401 [kg/m2-s]
Gevap  = 6401 [kg/m2-s] h1  = 558913 [J/kg]
h2a = 641021 [J/kg] h2s = 615207 [J/kg]
h3  = 309523 [J/kg] h4  = 309523 [J/kg]
hcond,refg  = 7954 [W/m2-K] hevap,brine  = 4534 [W/m2-K]
hevap,refg  = 9668 [W/m2-K] hw  = 15679 [W/m2-K]
k1 = 1,04 [-] k2 = -0,07 [-]
kcond,refg  = 0,01983 [W/m-K] kcond,w = 0,6283 [W/m-K]
ke = -0,1 [-] kevap,brine  = 0,4301 [W/m-K]
kevap,refg  = 0,01431 [W/m-K] ks = 0,15 [-]

lcond,wall  = 15 [W/m-K] levap,wall  = 15 [W/m-K]

mcond,f  = 0,0001145 [kg/m-s] mcond,g = 0,000008636 [kg/m-s]

mcond,w  = 0,0006548 [kg/m-s] mevap,brine  = 0,004455 [kg/m-s]

mevap,f  = 0,0002006 [kg/m-s] mevap,g = 0,000006951 [kg/m-s]

mwall = 0,0005976 [kg/m-s] m1  = 0,04525 [kg/s]
m2  = 0,04525 [kg/s] m3  = 0,04525 [kg/s]
m4  = 0,04525 [kg/s] mbrine  = 1,908 [kg/s]
mrefg  = 0,04525 [kg/s] mw = 0,1794 [kg/s]

ncond,f  = 2,219E-07 [m2/s] {2,219E-07 [m2/s]} ncond,g = 4,927E-07 [m2/s]

ncond,refg  = 1204 [-] ncond,w  = 698,8 [-]

nevap,brine  = 295,2 nevap,f  = 3,451E-07 [m2/s]

nevap,g = 0,000001671 [m2/s] nevap,refg  = 2027 [-]

fcond,g  = 3,031 [-] fevap,g  = 3,202 [-]
Prcond,f  = 0,8581 [-] Prcond,w  = 4,356 [-]
Prevap,brine  = 36,86 [-] Prevap,f  = 0,7853 [-]
P1  = 139863 [Pa] P2  = 601750 [Pa]
P3  = 601750 [Pa] P4  = 139863 [Pa]
Pheating  = 60000 [Pa] Psat,cond  = 681890 [Pa]
Psat,evap  = 139863 [Pa] Qcond  = 15000 [W]
Qevap  = 11285 [W] R$ = 'R600a' 
Recond,f  = 83828 [-] Recond,fo = 167655 [-]
Recond,g  = 1,112E+06 [-] Recond,w  = 12462 [-]
Reevap,brine  = 19474 [-] Reevap,f  = 47868 [-]
Reevap,fo = 95736 [-] Reevap,g  = 1,381E+06 [-]

rcond,f  = 516,2 [kg/m3] rcond,g = 17,53 [kg/m3]

rcond,w  = 992,2 [kg/m3] revap,brine  = 1052 [kg/m3]

revap,f  = 581,2 [kg/m3] revap,g = 4,159 [kg/m3]
Rf,brine = 0,000352 [m2-K/W] Rf,refg  = 0,000176 [m2-K/W]
Rf,w  = 0,000175 [m2-K/W] scond  = 0,007128 [N/m]

sevap  = 0,01285 [N/m] Sucond,go  = 5,026E+06 [-]
Suevap,go  = 3,318E+06 [-] s1 = 2329 [J/kg-K]
s2 = 2409 [J/kg-K] s2s  = 2329 [J/kg-K]
s3 = 1368 [J/kg-K] s4 = 1406 [J/kg-K]

123



File:C:\Users\s351343\Downloads\HP R600a.EES 16.05.2022 13:12:06  Page 2
EES Ver. 10.836: #3911: For use only by the Department of Civil Engineering and Energy Technology, HiOA

T0  = 294 [K] T1  = 275 [K]
T2  = 331,2 [K] T3  = 318 [K]
T4  = 270 [K] T5  = 275 [K]
T6  = 277,1 [K] T8  = 323 [K]
T9  = 303 [K] Tm,evap  = 272,5 [K]
Tm,evap,brine  = 276,1 [K] Tm,w  = 313 [K]
Tsat,cond  = 323 [K] Twall = 318 [K]
Ucond = 1571 [W/m2-K] Uevap = 1033 [W/m2-K]
vavg,brine  = 2,946 [m/s] vavg,w  = 0,2937 [m/s]
Wcomp  = 3715 [W] x  = 0,5 [-]
x3 = 0 [-] Xcond = 0,8691 [-]
Xdes,comp  = 1058 [W] Xdes,cond  = 243,3 [W]
Xdes,evap  = 265,5 [W] Xdes,exp = 504,4 [W]
Xdes,HP  = 2071 [W] Xevap = 0,636 [-]
Xtt,cond  = 0,2386 [-] Xtt,evap  = 0,1184 [-]

No unit problems were detected.

O.1 R600a HP results O EES HP RESULTS
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O.2 R290 HP results
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SOLUTION

Unit Settings: SI K Pa J mass deg
a  = -2,4 [-] Ac  = 0,6219 [m2]
Aevap = 3,503 [m2] b  = 2,88 [-]
COPcarnot  = 5,228 [-] COPHP  = 4,089 [-]
cpbrine = 3558 [J/kg-K] cpw  = 4180 [J/kg-K]
Ccond = 6,227 [-] CEG = 35 [%]
Cevap = 10,4 DTlm,cond  = 14,85 [K]

DTlm,evap  = 3,132 [K] Dpipe,brine  = 0,028 [m]
Dpipe,HP  = 0,003 [m] Dpipe,w  = 0,028 [m]
dplate  = 0,00144 [m] dplate,evap  = 0,00174 [m]
Dpz,evap,f = -7,727 [kg2/m3-s3] Dpz,evap,g  = -13,78 [kg2/m3-s3]
Dpz,f  = -4,7 [kg2/m3-s3] Dpz,g  = -4,884 [kg2/m3-s3]

hi  = 0,7306 [-] hII,comp  = 0,7619 [-]

hII,cond = 0,7678 [-] hII,evap = 0,7408 [-]

hII,exp  = 0 [-] hv  = 0,7689 [-]
fbrine = 0,02602 [-] fcond,f = 0,004398 
fcond,g  = 0,00294 fevap,f = 0,004911 [-]
fevap,g  = 0,002799 [-] Gcond  = 6217 [kg/m2-s]
Gevap  = 6217 [kg/m2-s] h1  = 579930 [J/kg]
h2a = 663408 [J/kg] h2s = 640921 [J/kg]
h3  = 322073 [J/kg] h4  = 322073 [J/kg]
hcond,refg  = 9515 [W/m2-K] hevap,brine  = 4707 [W/m2-K]
hevap,refg  = 8951 [W/m2-K] hw  = 15679 [W/m2-K]
k1 = 1,04 [-] k2 = -0,07 [-]
kcond,refg  = 0,02279 [W/m-K] kcond,w = 0,6283 [W/m-K]
ke = -0,1 [-] kevap,brine  = 0,43 [W/m-K]
kevap,refg  = 0,01568 [W/m-K] ks = 0,15 [-]

lcond,wall  = 15 [W/m-K] levap,wall  = 15 [W/m-K]

mcond,f  = 0,00007447 [kg/m-s] mcond,g = 0,000009938 [kg/m-s]

mcond,w  = 0,0006548 [kg/m-s] mevap,brine  = 0,004481 [kg/m-s]

mevap,f  = 0,0001294 [kg/m-s] mevap,g = 0,000007772 [kg/m-s]

mwall = 0,0005976 [kg/m-s] m1  = 0,04395 [kg/s]
m2  = 0,04395 [kg/s] m3  = 0,04395 [kg/s]
m4  = 0,04395 [kg/s] mbrine  = 2 [kg/s]
mrefg  = 0,04395 [kg/s] mw = 0,1794 [kg/s]
Nuscond,w = 698,8 [-] Nusevap,brine  = 306,6 [-]
Nusevap,refg  = 1713 ncond,f  = 1,659E-07 [m2/s] {1,659E-07 [m2/s]}

ncond,g = 2,579E-07 [m2/s] ncond,refg  = 1253 [-]

nevap,f  = 2,442E-07 [m2/s] nevap,g = 7,646E-07 [m2/s]

fcond,g  = 2,841 [-] fevap,g  = 3,058 [-]
Pr  = 1 Prcond,w  = 4,356 [-]
Prevap,brine  = 37,08 [-] Prevap,f  = 0,8664 [-]
P1  = 430514 [Pa] P2  = 1,529E+06 [Pa]
P3  = 1,529E+06 [Pa] P4  = 430514 [Pa]
Pheating  = 60000 [Pa] Psat,cond  = 1,708E+06 [Pa]
Psat,evap  = 430514 [Pa] Qcond  = 15000 [J/s]
Qevap  = 11332 [W] R$ = 'R290' 
Recond,f  = 125229 [-] Recond,fo = 250458 [-]
Recond,g  = 938331 [-] Recond,w  = 12462 [-]
Reevap,brine  = 20295 [-] Reevap,f  = 72092 [-]
Reevap,fo = 144184 [-] Reevap,g  = 1,200E+06 [-]

rcond,f  = 448,8 [kg/m3] rcond,g = 38,53 [kg/m3]

rcond,w  = 992,2 [kg/m3] revap,brine  = 1052 [kg/m3]

revap,f  = 529,6 [kg/m3] revap,g = 10,16 [kg/m3]
Rf,brine = 0,000352 [m2-K/W] Rf,refg  = 0,000176 [m2-K/W]
Rf,w  = 0,000175 [m2-K/W] scond  = 0,004095 [N/m]

sevap  = 0,01004 [N/m] Sucond,go  = 4,792E+06 [-]
Suevap,go  = 5,068E+06 [-] s1 = 2407 [J/kg-K]
s2 = 2475 [J/kg-K] s2s  = 2407 [J/kg-K]
s3 = 1406 [J/kg-K] s4 = 1453 [J/kg-K]
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T0  = 294 [K] T1  = 275 [K]
T2  = 337,7 [K] T3  = 318 [K]
T4  = 270 [K] T5  = 275 [K]
T6  = 276,8 [K] T8  = 323 [K]
T9  = 303 [K] Tm,evap  = 272,5 [K]
Tm,evap,brine  = 275,9 [K] Tm,w  = 313 [K]
Tsat,cond  = 323 [K] Twall = 318 [K]
Ucond = 1624 [W/m2-K] Uevap = 1033 [W/m2-K]
vavg,brine  = 3,088 [m/s] vavg,w  = 0,2937 [m/s]
Wcomp  = 3668 [W] x  = 0,5 [-]
x3 = 0 [-] Xcond = 0,981 
Xdes,comp  = 873,3 [W] Xdes,cond  = 275,3 [W]
Xdes,evap  = 260,1 [W] Xdes,exp = 605,8 [W]
Xdes,HP  = 2015 [W] Xevap = 0,7487 [-]
Xtt,cond  = 0,3584 [-] Xtt,evap  = 0,1835 [-]

No unit problems were detected.

O.2 R290 HP results O EES HP RESULTS
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O.3 R717 HP restults
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SOLUTION

Unit Settings: SI K Pa J mass deg
a  = -1,69 [-] Acond = 0,2448 [m2]
Aevap = 3,379 [m2] b  = 1,97 [-]
COPcarnot  = 5,556 [-] COPHP  = 4,438 [-]
cpbrine = 3559 [J/kg-K] cpw  = 4180 [J/kg-K]
CEG = 35 [%] CPG = 50 [%]

DTlm,cond  = 43,77 [K] DTlm,evap  = 3,343 [K]
Dpipe,brine  = 0,028 [m] Dpipe,HP  = 0,004 [m]
Dpipe,w  = 0,028 [m] dplate  = 0,00144 [m]
dplate,evap  = 0,00174 [m] hi  = 0,7545 [-]

hII,comp  = 0,8216 [-] hII,cond = 0,607 [-]

hII,evap = 0,7329 [-] hII,exp  = 0 [-]

hv  = 0,7298 [-] fbrine = 0,02598 [-]
g  = 9,81 [m/s2] Gcond  = 54,67 [kg/m2-s]
Gevap  = 54,67 [kg/m2-s] h1  = 1,472E+06 [J/kg]
h2a = 1,779E+06 [J/kg] h2s = 1,704E+06 [J/kg]
h3  = 414718 [J/kg] h4  = 414718 [J/kg]
hcond,fo  = 1193 [W/m2-K] hcond,refg  = 4914 [W/m2-K]
hevap,brine  = 4722 [W/m2-K] hevap,fo  = 990,2 [W/m2-K]
hevap,refg  = 8589 [W/m2-K] hw  = 15679 [W/m2-K]
Jg,cond  = 1,488 [-] Jg,evap = 2,976 [-]
k1 = 1,02 [-] k2 = -0,063 [-]
kcond,refg  = 0,02964 [W/m-K] kcond,refg,fo  = 0,4163 [W/m-K]
kcond,w = 0,6283 [W/m-K] ke = 0 [-]
kevap,brine  = 0,4301 [W/m-K] kevap,refg  = 0,02325 [W/m-K]
kevap,refg,fo  = 0,5614 [W/m-K] ks = 0 [-]

lcond,wall  = 15 [W/m-K] levap,wall  = 15 [W/m-K]

mcond,f  = 0,0001039 [kg/m-s] mcond,g = 0,00001067 [kg/m-s]

mcond,w  = 0,0006548 [kg/m-s] mevap,brine  = 0,004455 [kg/m-s]

mevap,f  = 0,0001714 [kg/m-s] mevap,g = 0,000009036 [kg/m-s]

mwall = 0,0005976 [kg/m-s] m1  = 0,01099 [kg/s]
m2  = 0,01099 [kg/s] m3  = 0,01099 [kg/s]
m4  = 0,01099 [kg/s] mbrine  = 2 [kg/s]
mrefg  = 0,01099 [kg/s] mw = 0,1794 [kg/s]

ncond,f  = 1,845E-07 [m2/s] {1,845E-07 [m2/s]} ncond,g = 6,787E-07 [m2/s]

ncond,w  = 698,8 [-] nevap,brine  = 307,4 

nevap,f  = 2,680E-07 [m2/s] nevap,g = 0,000002674 [m2/s]
Prcond,f  = 1,251 [-] Prcond,w  = 4,356 [-]
Prevap,brine  = 36,86 [-] Prevap,f  = 1,013 [-]
P1  = 381213 [Pa] P2  = 1,775E+06 [Pa]
P3  = 1,775E+06 [Pa] P4  = 381213 [Pa]
Pc  = 1,133E+07 [Pa] Pcond = 5,732E+06 [Pa]
Pevap = 419208 [Pa] Pheating  = 60000 [Pa]
Pr,cond  = 0,5058 [-] Pr,evap = 0,03699 [-]
Psat,cond  = 2,026E+06 [Pa] Psat,evap  = 381213 [Pa]
Qcond  = 15000 [J/s] Qevap  = 11620 [W]
R$ = 'R717' Recond,fo = 2105 [-]
Recond,w  = 12462 [-] Reevap,brine  = 20413 [-]
Reevap,fo = 1276 [-] rcond,f  = 563,1 [kg/m3]

rcond,g = 15,72 [kg/m3] rcond,w  = 992,2 [kg/m3]

revap,brine  = 1052 [kg/m3] revap,f  = 639,6 [kg/m3]

revap,g = 3,379 [kg/m3] Rf,brine = 0,000352 [m2-K/W]
Rf,refg  = 0,000176 [m2-K/W] Rf,w  = 0,000175 [m2-K/W]

scond  = 0,01492 [N/m] sevap  = 0,02645 [N/m]
s1 = 5710 [J/kg-K] s2 = 5897 [J/kg-K]
s2s  = 5710 [J/kg-K] s3 = 1720 [J/kg-K]
s4 = 1796 [J/kg-K] T0  = 294 [K]
T1  = 275 [K] T2  = 419,5 [K]
T3  = 318 [K] T4  = 270 [K]
T5  = 275 [K] T6  = 277,1 [K]
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T8  = 323 [K] T9  = 303 [K]
Tm,cond  = 368,7 [K] Tm,evap  = 272,5 [K]
Tm,evap,brine  = 276,1 [K] Tm,w  = 313 [K]
Tsat,cond  = 323 [K] Twall = 318 [K]
Ucond = 1400 [W/m2-K] Uevap = 1029 [W/m2-K]
vavg,brine  = 3,088 [m/s] vavg,w  = 0,2937 [m/s]
Wcomp  = 3380 [W] x  = 0,5 [-]
x3 = 0 [-] Xdes,HP  = 1714 [W]
Xdes,comp  = 602,9 [W] Xdes,cond  = 589,6 [W]
Xdes,evap  = 275,4 [W] Xdes,exp = 246,2 [W]
Zcond  = 0,7613 Zevap  = 0,2674 

No unit problems were detected.

O.3 R717 HP restults O EES HP RESULTS
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O.4 R1234ze(E) HP results
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SOLUTION

Unit Settings: SI K Pa J mass deg
a  = -2,4 [-] Ac  = 0,659 [m2]
Aevap = 2,907 [m2] b  = 2,88 [-]
COPcarnot  = 5,301 [-] COPHP  = 3,9 [-]
cpw  = 4180 [J/kg-K] CEG = 35 [%]
cp,brine = 3688 [J/kg-K] DTlm,cond  = 12,19 [K]

DTlm,evap  = 3,343 [K] Dpipe,brine  = 0,028 [m]
Dpipe,HP  = 0,003 [m] Dpipe,o = 0,032 [m]
Dpipe,w  = 0,028 [m] dplate  = 0,00144 [m]
dplate,evap  = 0,00174 [m] hi  = 0,6743 [-]

hII,comp  = 0,7065 [-] hII,cond = 0,7833 [-]

hII,evap = 0,7424 [-] hII,exp  = 0 [-]

hv  = 0,7096 [-] fbrine = 0,02598 [-]
g  = 9,81 [m/s2] Gcond  = 12748 [kg/m2-s]
Gevap  = 12748 [kg/m2-s] h1  = 386577 [J/kg]
h2a = 429256 [J/kg] h2s = 415355 [J/kg]
h3  = 262792 [J/kg] h4  = 262792 [J/kg]
hcond,fo  = 11199 [W/m2-K] hcond,refg  = 40628 [W/m2-K]
hevap,brine  = 4722 [W/m2-K] hevap,fo  = 8042 [W/m2-K]
hevap,refg  = 64101 [W/m2-K] hw  = 15679 [W/m2-K]
Jg,cond  = 158 [-] Jg,evap = 310,2 [-]
k1 = 1,04 [-] k2 = -0,07 [-]
kcond,refg  = 0,01565 [W/m-K] kcond,refg,fo  = 0,06625 [W/m-K]
kcond,w = 0,6283 [W/m-K] ke = -0,1 [-]
kevap,brine  = 0,4301 [W/m-K] kevap,refg  = 0,01153 [W/m-K]
kevap,refg,fo  = 0,08469 [W/m-K] ks = 0,15 [-]

lcond,wall  = 15 [W/m-K] levap,wall  = 15 [W/m-K]

mcond,f  = 0,0001393 [kg/m-s] mcond,g = 0,00001379 [kg/m-s]

mcond,w  = 0,0006548 [kg/m-s] mevap,brine  = 0,004455 [kg/m-s]

mevap,f  = 0,0002654 [kg/m-s] mevap,g = 0,00001069 [kg/m-s]

mwall = 0,0005976 [kg/m-s] m1  = 0,09011 [kg/s]
m2  = 0,09011 [kg/s] m3  = 0,09011 [kg/s]
m4  = 0,09011 [kg/s] mbrine  = 2 [kg/s]
mrefg  = 0,09011 [kg/s] mw = 0,1794 [kg/s]
Nuscond,w = 698,8 [-] Nusevap,brine  = 307,4 [-]

ncond,f  = 1,297E-07 [m2/s] {1,297E-07 [m2/s]} ncond,g = 2,540E-07 [m2/s]

nevap,f  = 2,136E-07 [m2/s] nevap,g = 9,170E-07 [m2/s]
Prcond,f  = 0,9573 [-] Prcond,w  = 4,356 [-]
Prevap,brine  = 36,86 [-] Prevap,f  = 0,8224 [-]
P1  = 194321 [Pa] P2  = 873161 [Pa]
P3  = 873161 [Pa] P4  = 194321 [Pa]
Pc  = 3,632E+06 [Pa] Pcond = 1,055E+06 [Pa]
Pevap = 213244 [Pa] Pheating  = 60000 [Pa]
Pr,cond  = 0,2905 [-] Pr,evap = 0,05871 [-]
Psat,cond  = 993585 [Pa] Psat,evap  = 194321 [Pa]
Qcond  = 15000 [W] Qevap  = 11154 [W]
R$ = 'R1234ze(E)' Recond,fo = 274625 [-]
Recond,w  = 12462 [-] Reevap,brine  = 20413 [-]
Reevap,fo = 144081 [-] rcond,f  = 1073 [kg/m3]

rcond,g = 54,28 [kg/m3] rcond,w  = 992,2 [kg/m3]

revap,brine  = 1052 [kg/m3] revap,f  = 1243 [kg/m3]

revap,g = 11,65 [kg/m3] Rf,brine = 0,000352 [m2-K/W]
Rf,refg  = 0,000176 [m2-K/W] Rf,w  = 0,000175 [m2-K/W]

scond  = 0,00568 [N/m] sevap  = 0,01248 [N/m]
s1 = 1690 [J/kg-K] s2 = 1733 [J/kg-K]
s2s  = 1690 [J/kg-K] s3 = 1211 [J/kg-K]
s4 = 1232 [J/kg-K] T0  = 294 [K]
T1  = 275 [K] T2  = 332,7 [K]
T3  = 318 [K] T4  = 270 [K]
T5  = 275 [K] T6  = 277,1 [K]
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T8  = 323 [K] T9  = 303 [K]
Tm,cond  = 325,4 [K] Tm,evap  = 272,5 [K]
Tm,evap,brine  = 276,1 [K] Tm,w  = 313 [K]
Tsat,cond  = 323 [K] Tsat,evap  = 270 [K]
Twall = 318 [K] Ucond = 1868 [W/m2-K]
Uevap = 1148 [W/m2-K] vavg,brine  = 3,088 [m/s]
vavg,w  = 0,2937 [m/s] Wcomp  = 3846 [W]
x  = 0,5 [-] x3 = 0 [-]
Xdes,comp  = 1129 [W] Xdes,cond  = 251,9 [W]
Xdes,evap  = 251,7 [W] Xdes,exp = 577,6 [W]
Xdes,HP  = 2210 [W] Zcond  = 0,6099 [-]
Zevap  = 0,3217 [-]

No unit problems were detected.

O.4 R1234ze(E) HP results O EES HP RESULTS
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P IDA ICE PLANT 1

P IDA ICE plant 1

Table 25: Used energy for plant 1 in IDA ICE - Table collected from IDA ICE.

Figure 51: Used energy for plant 1 in IDA ICE - Diagram collected from IDA ICE.
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P IDA ICE PLANT 1

Table 26: Utilized free heat for plant 1 in IDA ICE - Table collected from IDA ICE.

Table 27: Energy required from the top heater in plant 1 when the mass flow rate in the solar system is
set to 2e−8 kg/s - Table collected from IDA ICE.
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Q IDA ICE PLANT 2

Q IDA ICE plant 2

Table 28: Used energy for plant 2 in IDA ICE - Table collected from IDA ICE.

Figure 52: Used energy for plant 2 in IDA ICE - Diagram collected from IDA ICE.
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Q IDA ICE PLANT 2

Table 29: Utilized free heat for plant 2 in IDA ICE - Table collected from IDA ICE.

Table 30: Energy required from the top heater in plant 2 - Table collected from IDA ICE.
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