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1 Abstract
Ethyl alcohol (ethanol) as secondary fluids is very popular as heat transfer fluid for indirect refrigeration
system with ground source heat pump systems (GSHP) in several countries such as Sweden, Norway,
Switzerland, Finland and other European countries. There have been several researches about the future of
the refrigeration sector, refrigerants and refrigeration systems. Moreover, strict regulations such as F-gas
regulation and Kigali Amendment forcing a phase down of many current widely used high global warming
potential (GWP) refrigerants, i.e. R134a or R410A. Therefore, secondary refrigeration systems and their
working fluids are expected to play a key role in order to minimize the refrigerant charge in the systems,
reduce the indirect refrigerant leakages as well as increase the safety during operation.
The aim of this thesis is to investigate the effect different additives to increase the flame point together with
ethanol-based secondary fluids and validate their thermophysical properties by comparing them with
reference values for pure ethanol water solutions. The study aims to design a new commercial ethyl alcoholbased product for GSHP system that could replace existing ones in the Swedish market and could work
with natural or flammable low GWP refrigerants.
Different high flash point additives were tested such as 1-propyl alcohol, n-butyl alcohol, glycerol and
propylene carbonate. Thermophysical properties were investigated and a GSHP model in Excel was created
in order to assess the energy performance of the resulted blends.
After screening different blends and assessing the energy performance, glycerol as additive in low
concentration seems to be the future for the ethyl alcohol-based secondary fluids because of its high flash
point (160ºC) that will reduce the flammability risk associated to ethyl alcohol blends, the low viscosity (by
12% lower compared to pure ethyl alcohol blends) that help reduce pumping power by 4.5% compared to
pure ethyl alcohol blends. Moreover, ethyl alcohol and glycerol blend showed the lost in heat transfer
coefficient by 4% lower compared to pure ethyl alcohol blends due to lower thermal conductivity compared
to pure ethyl alcohol blends. Finally, it is a rather cheap and natural product which has no problem related
to corrosion since ethyl alcohol and glycerol are less corrosive than water.
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Although, flash point test was not conducted so there is no data regarding the flash point, it is expected the
flash point is increased due to the high flash point of glycerol compared to ethyl alcohol or other possible
additives. Therefore, it is expected that the flammability risk associated to ethyl alcohol-based secondary
fluids is reduced.
Keywords: indirect refrigeration system, secondary fluid, flammability, alcohols, geothermal heat pump
systems, properties.

2 Abstrakt
Etylalkohol (etanol) som köldbärare är mycket populärt som värmeöverföringsvätska för indirekt kylsystem
med bergvärmepumpsystem (BVP) i Sverige, Norge, Schweiz, Finland och andra europeiska länder. Flera
undersökningar har gjorts om kylsektorns framtid, köldmedier och kylsystem. Dessutom stränga
förordningar som F-gas förordning och Kigali- förordning tvingar en utfasning av många nuvarande allmänt
använda köldmedier med den höga globala uppvärmningspotentialen (GWP), dvs. R134a eller R410A.
Därför förväntas det att kylsystem och deras köldbärare spela en nyckelroll för att minimera köldmediums
mängd i systemen, minska de indirekta köldmedieläckage och öka säkerheten under drift.
Syftet med detta examensarbete är att undersöka effekten av olika tillsatser för att öka flammanpunkten
tillsammans med etanolbaserade köldbärare och validera deras termofysikaliska egenskaper genom att
jämföra dem med referensvärden för rena etanolvattenlösningar. Studien syftar till att utforma en ny
kommersiell etylalkoholbaserad produkt för BVP-system som skulle kunna ersätta befintliga produkter på
den svenska marknaden och kan arbeta med naturliga eller brandfarliga köldmedier med låg GWP.
Olika tillsatser med hög flampunkt testades såsom 1-propylalkohol, n-butylalkohol, glycerol och
propylenkarbonat. Termofysikaliska egenskaper undersöktes och en BVP-modell i Excel skapades för att
bedöma energiprestanda för olika blandningarna.
De erhållna resultaten för olika blandningar visar att glycerol i en låg koncentration som tillsats kan vara
framtidens additiv för de etylalkoholbaserade köldbärare på grund av dess höga flampunkt (160 ºC) som
förmodligen kan minska brandrisken för etylalkoholblandningar. Dessutom hade glycerol och etanol
blandningar den lägsta viskositeten (c.a.12% lägre jämfört med ren etylalkoholblandningar) som bidrar till
en minskning av pumpeffekten med c.a. 4,5% jämfört med rena etylalkoholblandningar. Däremot visade
etylalkohol och glycerol blandningen c.a. 4% lägre värmeöverövergångstal jämfört med de rena
etylalkoholblandningar på grund av lägre värmeledningsförmåga jämfört med ren etylalkoholblandningar.
Slutligen är glycerol en ganska billig och naturlig produkt som inte har några korrosionsproblem eftersom
etylalkohol och glycerol är mindre frätande än vatten.
Även om flampunkttest inte genomfördes i projektet, förväntas det att flampunkten ökas lite på grund av
den höga flampunkten av glycerol jämfört med etylalkohol och andra tillsatser. Därför förväntas det att
brännbarhetsrisken förknippad med etylalkoholbaserade köldbärare reduceras.
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Nomenclature
ASHP

Air Source Heat Pump

ASHRAE

American Society of Heating, Refrigerating and Air-Conditioning Engineers

ATES

Aquifer Thermal Energy Storage

BTES

Borehole Thermal Energy Storage

BA

n-butyl alcohol

CO2

Carbon Dioxide

CFC

Chlorofluorocarbon

COP

Coefficient of Performance [-]

CHP

Combined Heat and Power

uc

Combined uncertainty

Ek

Compressor power [W]

COP22

Conference of Parties 22

β

Constant heat rate

𝛼

Convective heat transfer coefficient [W.m-2.K-1]

Q2

Cooling capacity [W]

ρ

Density [kg.m-3]

µDSC

µ Differential Scanning Calorimeter

DW

Distilled Water

DH

District Heating

DHW

Domestic Heating Water

µ

Dynamic viscosity [Pa.s]

EA

Ethyl alcohol

EG

Ethylene glycol

EU

European Union

Tflash

Flash point

f

friction factor [-]

GWP

Global Warming Potential [kg of CO2]

G

Glycerol
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GHG

Greenhouse Gas

GSHP

Ground Source Heat Pump

HP

Heat Pump

H&C

Heating and Cooling

Q1

Heating capacity [W]

β

Heating scanning rate [K.min-1]

HVAC&R

Heating, Ventilation, Air Conditioning and Refrigeration

DH

Hydraulic diameter [m]

HCFC

Hydrochlorofluorocarbon

HFO

Hydrofluoroolefin

HFC

Hydrofluorocarbon

di

Inner diameter of the pipe [m]

IPCC

Intergovernmental Panel on Climate Change

IIR

International Institute of Refrigeration

L

Length of the pipe [m]

LFL

Lower Flammable Level [-]

w

Mean velocity of the fluid in the pipe [m.s-1]

As

Measured heat in Cp test [W]

Ao

Measured heat in Cp blank test [W]

ms

Measured mass [kg]

MWth

Mega Watt in terms of thermal power

MEK

Methyl ethyl ketone

MIBK

Methyl iso-buthyl ketone

NIST

National Institute of Standards and Technology

Nu

Nussel number [-]

ODP

Ozone Depletion Potential

Pr

Prandtl number [-]

∆P

Pressure drop [Pa]

PA

Propyl alcohol
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P

Propylene carbonate

PG

Propylene glycol

η

Pump efficiency [-]

EP

Pump power [W]

PER

Renewable Energy Plan [Plan de Energía Renovables]

RES

Renewable Energy Source

Re

Reynolds number [-]

SEK

Swedish krona

SCF

Scaling Calibration Factor [-]

SPF

Seasonal Performance Factor [-]

GEOPLAT

Spanish Geothermal Technology and Innovation Platform

cp

Specific Heat Capacity [J.kg-1.K-1]

SHPA

Swedish Heat Pump Association

∆t

Temperature difference [K]

Θ

Temperature difference due to convection inside the pipe [K]

k

Thermal conductivity [W.m-1.K-1]

TEWI

Total Equivalent Warming Impact [kg of CO2]

TPS

Transient plane source

USD

United State Dollar

UFL

Upper Flammable Level

VCRC

Vapor Compression Refrigeration Cycle

𝑉̇

Volumetric flow rate [m3.s-1]

T

α-terpineol
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3 Introduction
Refrigeration has been associated with maintaining low temperatures, but its use has different applications
which nowadays it can be found anywhere such as ground source heat pump (GSHP) system or air
conditioning that could be used for space heating or keeping a comfortable ambient. Therefore, refrigeration
systems are important in the current world not only in numbers but also because of their effect on the daily
life.
Moreover, refrigeration sector plays a major role in the world because it accounts for the 17% of the overall
electricity consumption and 7.8% of the overall Greenhouse Gas (GHG) emissions (Coulomb, Dupon,
Pichard 2015a). Since the discovery of the negative effects caused by hydrofluorocarbons (HFC) refrigerants
used in the refrigeration sector, there has been an increasing interest in the use of environmentally friendly
refrigerants having low Global Warming Potential (GWP) and a natural origin. Therefore, European Union
(EU) has developed legislations aiming to reduce the use of fluorinated gases through a phasing down of
them in the coming years (Parliament, Council, The, Union 2014). It generates important challenges for the
whole refrigeration community to find new and more effective solution not only regarding refrigerants but
other refrigeration system components.

3.1 Refrigerant
Refrigerants are they are the working fluid inside the system that undergoes different processes thus one of
the main components in the refrigeration systems. They have been used differently along the years due to
different discoveries about their properties. This section will explain the evolution and importance of
refrigerants in the refrigeration sector and world as well as the effect on climate change and how it is one of
the current greatest challenge for the refrigeration sector.
3.1.1 Climate change
Each refrigerant has a specific GWP value, which is expressed as the amount of GHGs trapped in the
atmospheric ambient compared to the effect of 1 kg of carbon dioxide (CO2) over a specific time horizon
(usually 100 years and so used the GWP100). Hence, CO2 has a GWP of 1 and is used as reference value for
GWP100. Therefore, their use has been affected by their influence in the climate change leading refrigerants
with high GWP to be forbidden. The major source of Global Warming is the increased volume of CO2 and
other GHGs in the atmosphere.
There is consensus shared by the 97 % of the scientific community that humans are responsible for the
recent Global Warming based on overwhelmingly high evidence since the mid-20th century (John Cook et
al 2016).
Total anthropogenic GHG emissions have continued to increase over 1970 to 2010 with larger absolute
increases in the 2000s despite a growing number of climate change mitigations policies (Intergovernmental
Panel on Climate Change 2014). Therefore, more international efforts and cooperation are needed to
effectively address on the topic.
3.1.1.1

First protocols addressing the climate change

The awareness of scientist of the impact associated with of halogenated, mitigation policies for their
replacement were stablished. Montreal Protocol in 1987 was the first international agreement that aimed to
protect the ozone layer by phasing out the chlorofluorocarbons (CFCs), which are refrigerants that deplete
the ozone layer characterized by high Ozone Depletion Potential (ODP) values. As a result the developed
countries started to use HFCs, which have 0 ODP but high GWP (Harby 2015). Figure 1Error! Reference
source not found. shows the phasing down as a result of the Montreal Protocol.
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Figure 1 Phasing out of refrigerants as a result of Montreal Protocol (Harby 2015)

Years later, scientists discovered the effect of refrigerants on the Global Warming. Thus, the next mitigation
measure was to reduce the use of high GWP refrigerants. The Kyoto Protocol was signed in 1999 aiming
to reduce the concentration of GHGs in the atmosphere in order to prevent all anthropogenic disturbances
that would endanger the climate, which was translated to keep the temperature increase lower than 2 ºC
compared to the pre-industrial period.
3.1.1.2

Current agreements

In 2014 the European parliament signed the Regulation (EU) No 517/2014, which is a regulation on the
use of certain fluorinated GHGs. The “F-gas regulation” calls for a phase down of HFC consumption and
high-GWP refrigerants; increased leakage control for high GWP refrigerants systems and establishes
restrictions for F-gases in existing plants and the market. Furthermore, the regular checks to control leakages
encourages the reduction of refrigerant charges. As a consequence, it promotes the use low GWP
refrigerants by introducing limitations on high GWP ones (Kauffeld 2015) (Parliament, Council, The, Union
2014).
Figure 2 shows the schedule phase down according to the EU F-gas regulation based on the quantity of all
hydrofluorocarbons (HFCs) expressed in terms of CO2 equivalent placed in the EU market between the
years 2009 and 2012.

Figure 2 Phase down Schedule of the EU F-gas regulation (Kauffeld 2015)

-13-

Paris Agreement was signed in 2015 and continued the path started the Kyoto Protocol in a current
situation. Countries needed to outline their post-2020 climate change actions but no specific targets were
set. The aim was to keep the temperature increments well below 2 ºC and to pursue efforts to limit it to 1.5
ºC. Thus, a peek in the global emissions is needed as soon as possible. Nevertheless, some questions arose
regarding the effort that each country ought to put and they still remain unanswered.
Kigali Amendment regulates direct emissions proposing targets to comply with Kyoto and Montreal
Protocols due to the use of HFCs, which have high GWP and non ODP, as replacement of CFCs and
hydrochlorofluorocarbons (HCFCs). It enters into force in January 2019 and set more ambitious goals than
before meetings.
Kigali agreement lead to a radical reconsideration of the way refrigeration sector should evolve worldwide
in the years to come. In addition, HCFCs are expected to disappear by 2030 and HFCs must be significantly
reduced (United Nations 2017). So, Conference of Parties 22 (COP22) was held in 2016 and its purpose
was to specify many elements for the implementation of Paris Agreement after its ratification (Coulomb
2016).
3.1.1.3

High GWP refrigerants

The majority of refrigerants that were utilized after the Kyoto and Montreal Protocol had high-GWP with
no ODP. There are plenty of pure and synthetic refrigerants mixtures in the market used for different
applications. Some popular examples of them are:




R-134a, an HFC refrigerant whose phasing-out period is now and has a GWP100 of 1430
(Parliament, Council, The, Union 2014)
R-410A, HFC blend of R32 and R125 whose phasing-out period is in 2024 and has a GWP100 of
1924 (Mota-Babiloni, Makhnatch, Khodabandeh 2017).
R-22, an HCFC refrigerant whose phasing-out period was between 2010 and 2015 and has a
GWP100 of 1760 (McLinden, Brown, Brignoli, Kazakov, Domanski 2017).

Nowadays, not only direct emissions must be accounted for, so Total Equivalent Warming Impact (TEWI)
method is used to consider the direct and indirect effect of the use for a refrigerant along its entire life cycle
as well as their risk and properties. Therefore, TEWI accounts for the global warming impact from both
direct (which is conveniently estimated by GWP) and indirect emissions and calculated as a sum of both:
direct effect of refrigerant released during the lifetime of the equipment and the indirect impact of CO2
emissions from fossil fuels used to generate energy to operate the equipment throughout its lifetime. It is
sensible to the energy performance of a system and thus the efficiency of the refrigeration system. TEWI is
more complete method than GWP in order to select low GWP refrigerants (Mota-Babiloni, Makhnatch,
Khodabandeh 2017).
3.1.1.4

Low GWP refrigerants

A phase-down of HFCs, which are now the dominant refrigerants in new refrigeration, is mandated in the
European Union, and a global phase-down was negotiated in the Kigali Amendment. Thus, replacement
fluids must be found.
(McLinden, Brown, Brignoli, Kazakov, Domanski 2017) screened pure low-GWP alternatives for small air
conditioning systems (AC) and concluded that only a limited number of fluids possess the combination of
chemical, environmental, thermodynamic and safety properties necessary .Moreover, many of these
identified fluids are at least slightly flammable. However, existing safety codes require non-flammable
refrigerants for many applications, so that requirement is being reconsidered now because, although they
exist, they would require extensive redesign and may result in lower Coefficient of Performance (COP).
As a consequence of the latest regulations, the current interest is mostly focused towards low GWP
refrigerants. Hence, natural refrigerants such as water, ammonia, carbon dioxide and hydrocarbons, which
were used as first refrigerants appear again as options for the refrigeration sector because of low GWP.
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Natural refrigerants have low GWP but their toxicity or flammability caused their phase out due to the
deployment synthetic and safer refrigerants having high GWP or high ODP, which was not known at that
time.
(Harby 2015) stated the merit of redeployment of natural refrigerants such as hydrocarbons as an alternative
to halogenated refrigerant, whose phase out period will create a crisis in the refrigeration sector.
Furthermore, it stated that mixtures of HFC using low volatile HC as additive can be used in order to tackle
the oil miscibility and reduce flammability risk.
(Corberan 2016) commented that the HP sector will follow the trend of using natural or low GWP
refrigerants as a consequence of the phasing down. Nevertheless, flammability risk must be considered when
seeking alternative refrigerants. Figure 3 shows the position of different refrigerants in relation to heat of
combustion and burning velocity as ASHRAE classifies them.

Figure 3 Flammability characteristics of some refrigerants. (Corberan 2016)

As previously commented, hydrofluoroolefin (HFO)s have been included in the new ASHRAE category of
mildly flammable refrigerants A2L, which means they are flammable but have a low combustion energy and
low flame speed.
3.1.1.5

Emissions comparison

CFCs have the highest effect, but their impact is decreasing revealing the positive effect of the Montreal
Protocol since in 2014 there was 96% decrease from 1990 emissions levels coming from CFCs. Forecasts
considering Kigali Amendment (see Figure 4) estimates according to IRR a reduction of around 50 % of
the cumulative HFC emissions in the 2015-2050 period.

Figure 4 Evolution of HFC emissions (refrigeration sector only)whether or not Kigali Amendment implementation is considered (IIR/IIF 2017)
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Therefore, it is important to continue the guidelines of the Protocols that as scientists currently estimates
will prevent a substantial increase of the average temperatures between 0,1 to 0,3 ºC by 2100, which complies
with the Paris Agreement of well below 2ºC above pre-industrial levels (IIR/IIF 2017).
3.1.2 Classification of refrigerants
Refrigerants require to consider some of their main characteristics such as:








Flash point (Tflash): lowest temperature at which a liquid can be ignited by an (open) flame. When
using ethyl alcohol in an indirect system, the safety regulation in Sweden says that the highest
ambient temperature in cooling systems should be at least 5ºC below the flash point of the ethyl
alcohol concentration.
Toxicity: degree of a substance to cause harm to humans or animals over a specific period of time.
It depends on the concentration level.
Flammability: property of a substance in which a flame is capable to ignite. It depends on the lower
flammable level (LFL), upper flammable level (UFL) and the supplied energy of ignition. The
consequences depend on the burning velocity, released heat and combustion products.
Corrosiveness: tendency of a substance to react with other to cause oxidation.
Odor: humans or animal sensation caused by volatilized chemical compound perceived by smell, it
helps be detected in case of leakages.

Flammability and toxicity are assessed by the standard ASHRAE Standard 34 and ISO 817 and the
classification for both is shown in Figure 5.
On the one hand, toxicity is classified according to ASHRAE Standard 34 into two categories A and B
depending on whether there is evidence of toxicity at concentration levels higher than 400 ppm by volume.
On the other hand, flammability is divided into three classes, which ranges from 3 (highly flammable with
LFL less than or equal to 0.1 kg.m-3 at 21ºC or heat of combustion greater or equal to 19 MJ.kg-1) to 1 ( nonflammable with flash point higher than 18ºC) the hazard, with a new subgroup (2AL) for refrigerants with
burning velocity lower than 10 cm/s also called lower burning velocity group (Granryd, Ekroth, Lundqvist,
Melinder, Palm, Rohlin 2009).

Figure 5 ASHRAE and ISO 817 classification of refrigerants (Kujak 2017)
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Flammability safety in Class 3 systems is controlled by restricting the charge size to a low enough level to
dramatically reduce the risk of propagating a flammable mixture beyond the equipment and limiting a
potential flammable event’s severity. The use of Class 3 refrigerants has not expanded much beyond these
applications because of the severe safety implications of using large refrigerant charge sizes with these
materials. While some nonflammable (Class 1) and ultralow GWP (GWP<10) refrigerants exist, these are
lower-pressure refrigerants, and they are typically used only in centrifugal chiller applications. These
refrigerants cannot cover the whole range of Heating, Ventilation, Air Conditioning and Refrigeration
(HVAC&R) product needs. (Kujak 2017)
Moreover the difference between groups 2 and 3 depends on the heat of combustion and the LFL
(Kopchick, Scancarello 2017). As a result, most of the research nowadays is focused on A2L refrigerants
with low GWP having higher LFL value that appear to be promising future refrigerants.

3.2 Refrigeration sector
Refrigeration sector plays a major role in the energy and environment context as well as in the global
economy; it provides different contributions to several areas such as thermal comfort, domestic hot water
or food. (IIR/IIF 2017).
3.2.1 Energy use in the refrigeration sector
Refrigeration sector comprises countless areas that can be found in residential, commercial or industrial
sectors among others. Figure 6 shows estimation made by International Institute of Refrigeration (IIR).

Figure 6 Distribution of the global refrigeration sector’s electricity consumption (%) (Coulomb, Dupon, Pichard 2015a)

Refrigeration sector consumes about 17% of the overall electricity used worldwide, see Figure 7. IIR
estimates that the total number of refrigeration systems in operation worldwide is roughly 3 billion units
and the amount of sales is 300 billion USD (Coulomb, Dupon, Pichard 2015a).
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Figure 7 Energy distribution of the electricity consumption in the refrigeration sector (Coulomb, Dupon, Pichard 2015a)

Those numbers are expected to increase in the coming years. It highlights the importance of this sector due
to the impact on the global economy and the existing relationship with the Global Warming.
The outlook of energy use worldwide forecast an increase of 48% in the period 2012-2040 and the building
and commercial sector accounts for the 20% of the total delivered energy consumed (Diefenderfer,
assumptions Vipin Arora, Singer 2016). Figure 8 shows the energy evolution in the world between 1990 and
2040. Therefore, refrigeration sector plays an important role in order to comply with the sustainable
development goals.

Figure 8 Energy evolution in the world (Diefenderfer, assumptions Vipin Arora, Singer 2016)

Moreover, Intergovernmental Panel on Climate Change (IPCC) projects that global cooling energy demand
will grow strongly due to the usage of air conditioning and domestic refrigerators in developing countries,
China and India, global vehicles and food demands. It suggests that efforts are needed, otherwise cooling
will require roughly additional 139 GW in the next 15 years (Strahan 2015).
3.2.2 Environmental impact of the refrigeration sector
Around 20% of the global-warming impact of refrigeration systems are due to direct emissions (leakage) of
fluorocarbons (CFCs, HCFCs and HFCs), while the remaining 80% are due to indirect emissions originating
from the electricity production required to power the systems by fossil fuel power plants (IIR/IIF 2017). It
can be observed in Figure 9.
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Figure 9 Emissions of GHG in refrigeration sector in 2014 (IIR/IIF 2017)

IIR estimated that the direct emissions of the refrigeration sector is 37% of the total GHG emissions
attributed to the refrigeration sector represent the 7.8 % of the overall CO2 emissions (IIR/IIF 2017).
Moreover, and 63% of that comes from the electricity production for the refrigeration sector as indirect
source thought these figures vary from country to country (Coulomb, Dupon and Pichard, 2015b).
Anthropogenic emissions of CO2 caused to produce electricity that drives refrigeration sector are expected
to increase due to the increase in the electricity consumption. However, the fluctuating world oil prices,
which are high nowadays, and the concerns about effect of the fossil fuel on the environment makes that
the share of fossil-fueled energy will decrease. Another effect is the reduction on the number of boilers and
fossil fuel heating system causing that the number of heat pumps will increase because of the high-energy
prices and their lower emissions (Diefenderfer, assumptions Vipin Arora, Singer 2016).
(Søgaard, Vad, Reinert, William 2018) reported that specifically in order to meet de-carbonization economy
more heat pumps for district heating (DH) and building space heating need to be installed in Sweden. These
actions will result in lower CO2 emissions and high COP, since the heating demand will be more connected
to the electricity consumption.

Figure 10. Scenarios of decarbonized economy in 2050 Sweden (Søgaard, Vad, Reinert, William 2018)

Figure 10 shows that lowering by 89 % the energy sector emissions compared to 2015 is possible with the
aid of heat pumps (HP). Therefore, it highlights the importance of HP in future years.
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3.3 Refrigeration system
Refrigeration systems are based on Vapor Compression Refrigeration System (VCRS). Among the
components, refrigerants are the fluid that transports heat from the heat source to the heat sink.
Refrigeration systems can exist in two different configurations such as direct and indirect systems.
3.3.1.1

Direct refrigeration system

Direct refrigeration systems are simple VCRS where a direct expansion process takes place and the
refrigerant directly transports heat from where heat is extracted from the heat source to where it is released
to the heat sink. The simple direct refrigeration system includes an evaporator, a condenser, a compressor
and an expansion valve as main elements (Melinder 2008). An example of the simple direct refrigeration
system is shown in Figure 11.

Figure 11. Direct refrigeration system (Melinder 2008)

The compressor that allows the system to work by increasing the pressure (and respectively temperature) of
the primary refrigerant is electrically driven. The expansion valve is a throttling device that reduces the
pressure of the refrigerant and maintains the pressure difference. The evaporator and the condenser are heat
exchangers where the heat is extracted at low pressure to evaporate the primary refrigerant and increase its
temperature; and the heat is released at high pressure to condense and reduce the primary refrigerant
temperature, respectively.
3.3.1.2

Indirect refrigeration system

Indirect refrigeration system presents two types of circuits, a primary refrigerant circuit, which comprises
the basic components of a VCRC and one or two secondary circuits, which are additional loops where the
two secondary fluids (also called secondary refrigerants) flows to transfer the heat at the evaporator and
condenser side, see Figure 12.
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Figure 12. Indirect Refrigeration System (Granryd et al., 2009)

The indirect refrigeration systems offer many configurations and is mostly used in applications where many
different units require simultaneously cooling, significant reduction of primary refrigerant due to safety
issues or where there is need for long tubes. Examples of the most common applications are artificial ice
rinks, supermarkets or ground source heat pumps.
3.3.1.3

Advantages and drawbacks

(Melinder 2008) presented the main advantages and drawbacks of these types of systems.
The main advantages of indirect refrigeration systems are:








Reduction of primary refrigerant charge drastically by designing it in a compact way or building it
separately.
Primary refrigerant is confined to the machine room. Therefore, natural refrigerants that can be
toxic or flammable can be used in a controlled way.
Reduction of primary refrigerant leakages during installations because of avoiding in-site piping.
Lower risk of operation stops if leakages occur since all welding of the primary refrigerant circuit
can be made under factory conditions.
More flexible system design, easier to move or to add extra refrigerant units since it is easier to
adjust system piping in the secondary loop than in evaporator and condenser circuits.
More flexibility in utilizing the waste heat from condensation by using the secondary loop.
If well designed, the yearly energy consumption may be less than for the direct one because of the
more even distribution at the cooling side.

Instead, the most important drawback that need to be raised are:





Increased investment cost for secondary fluids, pumps, tubes and extra heat exchanger for the
secondary circuits.
Increased pump work due to the need of having extra pump in the secondary fluid loop.
Extra temperature difference between primary and secondary fluid that may contribute to a
somewhat lower evaporating temperature and pressure.
If the secondary fluid is not correctly chosen, corrosion problems may appear.

Despite of the drawbacks, current trend in refrigeration sector is to reduce refrigerant charge in the systems
and a move toward natural refrigerants. Therefore, the trend is towards indirect systems.
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3.4 Ground source heat pumps systems (GSHP)
GSHP systems have several configurations, observing they interact with the heat source can be either openloop using ground water or closed-loop with the aid of a heat transfer fluid (Corberan 2016); regarding the
borehole heat exchanger it can be mainly either vertical, which are known as bedrock or vertical ground
rock systems, or horizontal, which are called shallow ground (from 1-2 m depth) (Granryd 2005).
They are used to provide several services such as space heating and/or cooling, seasonal storage or domestic
hot water. There are several applications of ground source heat pumps systems already in the market. This
section aims to explain the main applications.
3.4.1 Market applications
It was reported by (Sanner 2019) that the total number of installed geothermal heat pumps in Europe was
1.9 million units which means an increase of 0.2 million units from (Antics, Bertani, Sanner 2016).
(Gehlin, Andersson 2019) that the total sales of GSHP systems in Sweden was 580 000 and the installed
nominal capacity was 6.5 GW providing 17 TWh for heating purposes. Moreover, the growth rate of large
GSHP and BTES systems are about 11% per annum. On top of that, it is estimated the contribution from
HPs for heating of buildings to be less than 30 TWh annually, which represents around 22% of energy
supply for heating in buildings (Jonasson, Swedish Refrigeration and Heat Pump Association 2019). Figure
13 presents the evolution of annual installed capacity in kW for single and multi-family houses in Sweden.

Figure 13 Reported sales of GSHPs up to 10 kW capacity in Sweden (SKVP 2019) (Gehlin, Andersson 2019)

As commented in (Nowak, Westring, Jaganjacova 2014), in the European HP market GSHP sales are
expected to remain stable but their average capacity is increasing while their share will decrease due to the
increase of Air Source Heat Pump (ASHP). Despite of that, the contribution to renewable energy is
increasing as more systems are integrated in commercial buildings. Latest report shows that although air as
source remains dominant that the overall contribution to renewable energy from ground-coupled heat
pumps is increasing, as more and more larger units are integrated in commercial buildings(Nowak,
Westring, Kopatsch 2018).
Furthermore, in the South and on the Mediterranean coast however, air/air heat pumps are used extensively
as the primary source of heating and cooling, often combined with electric heaters due to differences in the
climate and prices for energy and heating technologies. Ground source heat pump applications are
expanding; however, the cost is still very high and the return of investment period is too long to be afforded
by ordinary consumers, so more subsidies are needed.
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Example of Spain, the market is dominated by reversible air/air HP (80.3 %) while GSHP (water/water
HP) only account for the 0.09% (Nowak, Westring, Kopatsch 2018). Spanish geothermal systems for
heating and cooling has 20.4 MWth as installed capacity generating 42.8 GWthh of thermal energy and thre
is the possibility to install 745 MW for EGS electricity generation (Arrizabalaga, De Gregorio, García del la
Noceda, Hidalgo, Urchueguía 2016) (Arrizabalaga, De Gregorio, De Santiago, García de la Noceda, Pérez,
Urchueguía 2019).
3.4.1.1

Domestic ground source heat pumps systems

GSHP systems used in residential or service sector for buildings for space heating or/and cooling and to
provide domestic hot water (DHW), the latest is particularly for cases where the demand for space heating
is poor compared to the DHW demand (Corberan 2016). The heat is exchanged between the fluid coming
from the ground (borehole) heat exchanger and the refrigerant in the evaporator/condenser. The most
common type of borehole heat exchanger is the U-pipe (Ignatowicz, Acuña, Melinder, Palm 2015). They
are usually designed to work as much as possible with an auxiliary heat source to avoid oversized designs.
Below Figure 14 and Figure 15 below show examples of vertical and horizontal ground source heat pumps
systems:

Figure 15 Example of vertical HP (Melinder, 2008)

Figure 14 Example of horizontal HP (Granryd 2005)

On the one hand, vertical HP systems extract the heat through a vertical U-pipe heat exchanger of from
less than a hundred to hundreds meter depth where the ground temperature is rather high and stable
compared to the air temperature. The main advantage of vertical HP is the possibility to use the ground
rocks as seasonal storage during the whole year and the low space requirement in contrast to the need of
drilling which is the main drawback of this type. Vertical HP are very common for urban single-family
houses in Sweden. On the other hand, horizontal HP systems use shallow ground (from 1-2 m depth) as a
heat source and are designed to be regenerated in summer by the latent heat of freezing water in the ground.
The main drawback is the need of relatively large land area which can be of 500 m2 for a single-family house.
Horizontal type are very common in farmlands (Granryd 2005).
3.4.1.2

Borehole Thermal Energy Storage (BTES)

These types of systems are underground structures for storing large quantities of solar heat collected in
summer for use later in winter. It is basically a large, underground heat exchanger. Hence, they consist in an
array of borehole resembling standard drilled wells which are larger systems than just some boreholes
resulting in higher complexity.
Factors to consider is the effect between neighboring boreholes and the capacity to store solar heat into the
ground. An example of BTES in Sweden with 130 boreholes of 230 m depth and an estimated COP of 6.5
for heating and cooling purposes was reported by (Monzó, Lazzarotto, Acuña, Tjernström, Nygren 2016).
It also commented that this type of technology has a yearly growth of 10% and currently there are 400 BTES
systems in Sweden. Figure 16 shows the commented BTES installation at Stockholm University in Sweden.
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Figure 16 BTES in Stockholm University in Sweden (Monzó, Lazzarotto, Acuña, Tjernström, Nygren 2016)

The largest BTES system in the world has 3789 boreholes 120 m depth set under the landscape lake located
in the Tiajin Cultural Center (Tianjin, China). This system is integrated with an ice storage system, heating
network and cooling towers for peak shavings. It was monitored for 3 years and the system operated only
in the heating or cooling season, which means that the system did not work in transitional season allowing
the soil temperature to reinstate. Ground heat exchanger acted as heat sink for the main chiller in daytime
and at night it switched to the refrigerator (Yin, Wu 2018).
In Spain there are no many examples of this technology, since it is considered as a new technology and is
expected to increase its deployment. However, as commented in (Ministerio de Industria, IDAE 2012) the
Pacifico metro stop of Madrid presents a BTES system comprised of 32 U-tube boreholes 150 m depth (see
Figure 17). Furthermore, it is expected to see more of these installations due to seasonal storage options.

Figure 17 BTES system in Metro Madrid (Jose Manuel 2010)
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The average temperature of de soil is 15ºC at 100 m and it has been working since 2009 contributing to
75% energy savings and 50% CO2 emission reduction (Ministerio de Industria, IDAE 2012).
3.4.1.3

Aquifer Thermal Energy Storage (ATES)

Aquifer thermal energy storage (ATES) is a type of seasonal thermal energy storage where the energy is
accumulated in an underground aquifer, thus the existence of an aquifer is a key fact. They are characterized
for high storage capacity but the hydrogeological requirements for the aquifers are several such as: low
groundwater flow, high permeability and geochemical conditions preventing from clogging and corrosion
of wells. Moreover, there are also socio-economic, technical, regulatory and political barriers. Nevertheless,
there are currently 2800 ATES systems in the world where 2500 (85%) and 220 (8%) are in Netherlands
and Sweden, respectively, and more projects are expected to be implemented in the future (Fleuchaus,
Godschalk, Stober, Blum 2018).
(Vanhoudt, Desmedt, Van Bael, Robeyn, Hoes 2011) reported an example of ATES system in a Belgian
hospital with a SCOP of 5.2 for heating and 4.5 for cooling. Another example and one of the largest ATES
systems in Sweden is the Stockholm Arlanda Airport ATES plant (Gehlin, Andersson 2016).
Many of this type of applications are open-loop GSHP which use the same water of the aquifer as energy
carrier. Regarding Spain, there are not many applications of this specific type due to some of previous
commented barrier like the high initial cost.
3.4.1.4

Solar-assisted GSHP

Coupling solar collectors to GSHP increase the efficiency and decrease the borehole heat exchanger size
and costs. The idea is to store some solar energy in the ground or in a tank and to reduce the required energy
extracted from the ground (Sorbu 2016). Another example of solar-assisted is found in (Bellos, Tzivanidis,
Moschos, Antonopoulos 2016) where PV panels drove the HP so it consumes less electricity from the grid
and produced simultaneously heat to be stored in a tank.

Figure 18 Solar assisted GSHP simple scheme (Yuijn 2012) (Yu, Nam, Yu, Seo 2016)

(Yu, Nam, Yu, Seo 2016) simulated a solar-assisted GSHP (see simple scheme in Figure 18) with different
configurations and locations in order to assess them due to the difficulty of this type of designs and lack of
related studies. They concluded that locations with cold climate, which leads to high heating demand, and
high solar irradiation are places where they work the most efficiently, according to their study the COP
reached 4.32. However, the cost perspective needs further work since fixed capacity in the analysis led to
excessive cost investment. Furthermore, a framework for solar-assisted GSHP mostly focusing on
distributed solar PV for Sweden, country well known for cold climate, was described known for cold
climate, was described by (Sommerfeldt, Madani 2017).
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.
(Rosiek, Batlles 2012) described a solar-assisted shallow system designed as an alternative to a cooling tower
for an air conditioning unit in Almeria, Spain. The unit achieved water and energy savings with higher
investment cost compared to a cooling tower. Nevertheless, they stated that it provided environmentally
friendly long-term cost savings.
3.4.2 New development: Dual source HP
Innovative heat pump configurations similar to air/water HP that can use either the air or the secondary
fluid coming from the ground as heat source in winter or as a heat sink in summer. Moreover, they usually
provide domestic hot water (DHW) all along the year. Example of this type was reported by (Corberán,
Cazorla-Marín, Marchante-Avellaneda, Montagud 2018) (also see Figure 19) and the efficiency is claimed to
reach similar levels to GSHP. Studies stated that the use of a dual source allows to reduce considerably the
ground heat exchanger (Corberan 2016), which will save costs.

Figure 19 Example of dual source HP (Corberán, Cazorla-Marín, Marchante-Avellaneda, Montagud 2018)

A dual source HP was simulated against a GSHP in (Corberán, Cazorla-Marín, Marchante-Avellaneda,
Montagud 2018) having a half of the length for the borehole providing similar SPF, around 3.6, with lower
investment (up to 30%), but in summer reached higher values (around 5.09). However, it requires further
analysis with different conditions such as locations.
3.4.3 Natural and Low GWP refrigerants for GSHP
The necessity of using low GWP refrigerants in order to comply with latest regulations as F-regulation has
left only natural refrigerants and HFOs as alternatives for the long-term. On the one hand, CO2 technology
implementation has grown mainly for low temperature applications. On the other hand, HCs are under
research since they are excellent refrigerants, but they are flammable. GSHP systems using water distribution
(in places with low risk of freezing) could be deployed in the future despite using flammable refrigerants
such as propane and the prohibition of some standards of using HCs for direct air-conditioning or heating
(Corberan 2016). It follows what other authors as (Björk, Granryd, Acuña, Nowacki, Björn, Weber 2013)
claimed that a larger proportion of the heat pumps in the future will use natural refrigerants, such as propane
and carbon dioxide, or synthetic GWP media such as HFO1234yf.
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3.5 Objective
Possibilities to overcome the trial are the use of indirect systems for GSHPs and the search for alternative
secondary fluids. Sweden is the leader in GSHP systems and geothermal energy utilization in Europe
(Gehlin, Andersson 2016), where heating and cooling in buildings are one of the main purposes. Among
other options, ethyl alcohol-based secondary fluids are the most common secondary fluids in Sweden and
other Scandinavian countries due to their relative good thermophysical properties (Ignatowicz, Mazzotti,
Melinder, Palm 2017a). Nevertheless, these fluids are usually not exceeding 30 wt-%, corresponding to a
freezing point of -20.5 ºC due to safety regulations and flammability risks (Melinder 2008). In addition, the
commercially available ethyl alcohol-based products in Sweden are distributed as 90 - 95 wt-% ethyl alcohol
concentrate, including up to 12 wt-% of denaturing agents but no corrosion inhibitors. European Union
regulations strictly define the types and concentrations of the denaturing agents used to prevent from
drinking (Ignatowicz, Mazzotti, Melinder, Palm 2017b).
Ethyl alcohol is expected to biodegrade rapidly in all environments with predicted half lifetime ranging from
0.1 to 10 days while propyl and butyl alcohols have longer degradation time up to 28 days. Recent
measurements performed at KTH showed that presence of small amount of especially propyl alcohol in
small quantities in the solution had a positive impact on some thermophysical properties like specific heat
capacity, thermal conductivity, and dynamic viscosity. (Ignatowicz, Acuña, Melinder, Palm 2015),
(Ignatowicz, Melinder, Palm 2016) and (Ignatowicz, Mazzotti, Melinder, Palm 2017a) showed that the
presence of denaturing agents definitely improves the thermal performance of ethyl alcohol-based secondary
commercial products but no research regarding the possible additives rising the flame point were
investigated. Therefore, a question is being raised if other additives could be used together with ethyl alcohol
based secondary fluids to create a new generation of high flame point ethyl alcohol products that could be
used together with natural and flammable refrigerants.
The aim of this MSc thesis is to investigate the effect of different additives having good solubility in ethyl
alcohol and water as well as relatively high flame point on the thermophysical properties of new blends by
comparing them with reference values for pure ethyl alcohol-water solutions and commercially available
ones. The study aims to propose a new commercial ethyl alcohol-based product for GSHP system that
could replace existing ones on the Swedish market.
Summing up, this master thesis will try to respond to the following questions:




How will the different additives influence the thermal performance compared to ethyl alcohol
solution having specific freezing point of -10, -15 and -20 °C?
How will the different additives affect the pumping power compared to ethyl alcohol at the
specified freezing point?
Will the additives overcome the trade of between the increase of the flash point and effect on the
system performance?
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4 Ground source heat pumps in Sweden and Spain
Geothermal energy as a renewable energy resource and an important future energy source to reduce the
amount of CO2 emissions and the impact of both heating and cooling industry on climate change. One of
the ways of utilizing this energy resource is the use of GSHP system. This chapter will focus on natural,
design and climate differences regarding the geothermal potential, share in market and currently used
technology in two different countries: Sweden and Spain.

4.1.1 Sweden
Geothermal energy in Sweden is dominated by low temperature (also called deep vertical geothermal) energy
systems. The extensive use of GSHP was triggered by the oil crisis in the late 1970s and now Sweden is the
third leading country in energy utilization in the world in term of installed capacity and extracted energy.
Swedish GSHP are used for cooling in the service sector and for heating in around 20% of the single-family
houses. Nevertheless, the potential for deep geothermal energy exploitation is limited and only one plant is
in operation in southern Sweden.
The majority of Swedish GSHP systems are groundwater filled vertical closed loop used for space heating
and domestic hot water (DHW) heating. Sales from the Swedish Heat Pump Association (SHPA) tell that
580 000 GSHP are installed in Sweden by the end of 2018, only 1.72% corresponds to open loop systems
and around 24% are horizontal closed-loop systems. The underground energy storage systems (UTES)
market is increasing due to their function as seasonal storage as ATES and BTES. BTES are of interest
because the increased number of boreholes and average depth of the borehole, which is caused by the
development of drilling equipment and increased COP of newer HP, allows to extract more heat from the
ground with a SPF of 4.5-5.5 and their growth rate is 10-12% per annum. In addition, BTES systems tend
to be installed for DH in larger spaces in the buildings sector. Finally, sales for GSHP decreased but
nowadays they are increasing again due to the replacement of old devices (Gehlin, Andersson 2016) (Gehlin,
Andersson 2019).
4.1.2 Spain
(Arrizabalaga, De Gregorio, García del la Noceda, Hidalgo, Urchueguía 2015), (Arrizabalaga, De Gregorio,
García del la Noceda, Hidalgo, Urchueguía 2016) and (Arrizabalaga, De Gregorio, De Santiago, García de
la Noceda, Pérez, Urchueguía 2019) have reported Spain high potential geothermal resources which can be
used in different sectors for electricity generation or residential use purposes in to reduce foreign energy
dependency. The most important factors that favor GSHP system application in Spain are climatic areas
with different seasonal temperature variations and large numbers of buildings in areas with difficult access
to heating sources. Nevertheless, the geothermal power generation is blocked due to the situation of the
Spanish electricity sector while shallow geothermal energy is used for cooling or heating due to the increasing
of the building refurbishment subsector and new policies aiming to achieve Nearly Zero Energy Buildings
(NEZBs).
Ground source heat pumps in Spain are filled with bentonite or concrete element and use water as working
fluid. They use the so called very low temperature or shallow resources where the ground temperatures are
under 30ºC, which is relatively high ground temperature compared to other countries like Sweden. In 2015
the installed capacity for closed loop GSHP systems was 60 MWt, which represents more than 60% of the
territory area having good soil in the continental climate type conditions region. On the other hand, the
installed capacity for open-loop GSHP systems is considered to be 90 MWt and refers mainly to alluvial
aquifers located close to the main cities. In 2018 it was estimated that the installed geothermal capacity was
289 MWth, which shows the increasing rate of investments in this technologies by the building sector and
the expected tendency for an increasing deployment for HVAC (Arrizabalaga, De Gregorio, De Santiago,
García de la Noceda, Pérez, Urchueguía 2019).
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As a consequence of the European Directive 2009/28/CE, the 2011-2020 Renewable Energy Plan (PER)
was prepared by the Spanish Government and resulted set targets that technology must achieve. In result,
the geothermal energy production is expected to be by means of heat pumps.
Nevertheless, since 2009 Spanish regulations have undergone dramatic changes which have resulted in the
implementation of the European Renewable Energy Directive promoting of the use of energy from
renewable sources in buildings or other previous codes.

Figure 20 Estimated installed capacity annually by the geothermal energy sector for thermal generation in Spain until 2030 (Arrizabalaga, De
Gregorio, De Santiago, García de la Noceda, Pérez, Urchueguía 2019)

As shown in Figure 20, Spanish Geothermal Technology and Innovation Platform (GEOPLAT) forecasted
the increase of the installed capacity annually by the geothermal energy sector for thermal energy purpose.
After a few years of slowdown, the geothermal sector is reactivating in Spain thanks to expectations for a
major development on shallow geothermal for HVAC as well as power generation.

4.1.3 Differences
4.1.3.1

Climate

The climate in Sweden varies much from north to south, especially in winter conditions, where in the south
the climate is temperate continental type while cool continental type in the north. Moreover, the reported
average temperatures at 10 m depth vary between +9 ºCn the south and +2 ºC in the north (Gehlin,
Andersson 2016).
Typical Swedish GSHPs uses an antifreeze (water based secondary fluids) having a freezing point well below
temperature 0ºC to avoid freezing in the pipes. Swedish Geological Institute and Swedish Environmental
Protection Agency recommend ethyl alcohol based secondary fluids for GSHP due to low degradation time
and toxicity as well as rather good thermophysical properties. The ethyl alcohol based secondary fluids used
in GSHPs usually do not exceeding concentration of 30 wt-%, corresponding to the freezing point of -20.5
ºC due to flammability risk. However, European Union regulations strictly define the types and
concentrations of denaturing agents added to prevent from drinking of ethyl alcohol-based secondary fluids
(Ignatowicz, Mazzotti, Melinder, Palm 2017b). Furthermore, the most common blend of ethyl alcoholbased secondary fluid in Sweden presents the best thermophysical properties among all other ethyl alcoholbased fluids found in Europe (Ignatowicz, Mazzotti, Melinder, Palm 2017a).
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In contrast, Spanish climate differs from Swedish and the average air temperatures for both countries are
shown in Figure 21Error! Reference source not found. in the left for Spain and right side for Sweden.
Spanish climate results in yearly average ground temperatures greater than 5 ºC in all territory allowing pure
water without any additive to be as the main secondary fluid due to the lack of risk of freezing.

Figure 21 Average annual air temperature in Spain (1971-2000) ((Ministerio de Medio Ambiente y Medio Rural y Marino 2010)) on the
left and average air temperature Sweden (1991-2010) ((Persson 2015) on the right)

Another important fact resulting from climate conditions is the used of ASHP, ASHP systems work poorly
at really low temperatures (-10 to -18ºC) as it can be in many places in Sweden for long period of time so it
is advisable to stop them (Granryd 2005). However, Spanish climate allows ASHP to work in good ranges
of temperatures in contrary to Sweden. Therefore, GSHP systems in Spain are not as well spread as in
Sweden regardless that ASHP are well spread in both countries.
4.1.3.2

Policy

GSHP systems have been promoted by the Swedish government since 1970’s and had their final
breakthrough in the mid 90’s. Today there are essentially no barriers for their application in single-family
houses, besides their competition with district heating. In multifamily houses and commercial buildings
there is a lack of information, but the technology is not unknown. Swedish Energy Agency has a page
dedicated to GSHP in its webpage and there are many places where information about GSHP and closed
loops can be found.
Moreover, there is no incentives only dedicated to them but there are some that can be used for them. For
example, there is a tax reduction for private individuals for repair and maintenance work or refurbishment
that includes GSHP installations. In addition, the Swedish Heat Pump Association and the Swedish Tax
Agency developed cost models for estimations of GSHPs. In the National Renewable Energy Plan
(NREAP), there is not much mentioned about GSHP because they might be considered as a mature
technology and they no need for extra support. Moreover, there is will in Sweden to link urban planning
closer with renewable energy plans and some municipalities have connections between their energy plans
and the city master plans (Cuevas 2013a). There are some subsidies for labor work and drilling like 50 000
SEK.yr-1 (around 5 000€.yr-1) (Föreningen 2019).
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Traditionally ignored in Spain, geothermal energy has experienced a certain come-back in recent years as a
result of the emergence of the growth in general of the renewable energy market. This renewed interest has
in parallel been reinforced by a new range of laws and national directives (particularly the 2011-2020 PER)
setting objectives and introducing some longer-term perspectives for the Spanish geothermal sector in the
20/20/20 challenges scenario. Nevertheless, the current crisis in the national construction sector since 2011
coupled with the introduction of a strong set of indiscriminate legislative measures to strongly reduce the
number of new RES appliances to enter the market pose a serious threat to GSHP takeoff (Arrizabalaga,
De Gregorio, García del la Noceda, Hidalgo, Urchueguía 2015).
Moreover, market for thermal energy generation from geothermal source is difficult to quantify due to the
lack of an official registration of the renewable heating system. However, there are three geothermal district
heating and cooling systems and some programs and instruments that support installation of geothermal
H&C systems in buildings (Arrizabalaga, De Gregorio, García del la Noceda, Hidalgo, Urchueguía 2016).
(Cuevas 2013b) identified several important factors regarding further development of geothermal installed
capacity in Spain. Firstly, one of those funding programs is GEOCASA program by the Instituto para la
Diversificación y ahorro de la Energía (IDEA or Institute for Energy Diversification and Saving) that
allowed to create a new support scheme where the installations are financed by the program through
governmental support. In addition, new codes, regulations and bulletins compromising the public
administration may help trigger the increment the GSHP market despite of the fact that there are no specific
standards for GSHP. Those regulations and criteria for different aspects such as drilling procedures differ
from region to region within Spain. However, this situation might change soon as a consequence of the
increasing number of projects in the last years.
Secondly, it is highly probable that the general opinion including final users and stakeholders are not totally
aware of the possibilities of GSHP for supplying thermal energy. Therefore, the main effort to overcome
the current situation should homogenize the regulative framework in concordance with the other European
countries. However, it has not happened yet.
4.1.3.3

Price of electricity and energy

Table 1 presents the energy prices variation between Sweden and Spain due to the different national energy
generation mix:
Table 1 Energy prices (Nowak, Westring, Kopatsch 2018)

€/kWh

Sweden

Spain

Electricity

0.20

0.22

0.08

0.08

Heating oil

0.15

0.09

Gas

0.14

0.09

Pellets

0.10

0

District Heating

0.10

0

Heat pumps
(useful energy price)

Swedish energy mix accounts for high shares of combined heat and power (CHP) and hydro and nuclear
energy while Spanish one is based on the combined cycle, wind and coal. Energy mixes for both countries
are shown in Figure 22 and Figure 23, respectively.
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Figure 22 Swedish energy mix (Agency 2017)

This difference in the energy mix is clear when comparing emission factor of electricity which are 17 g.Wh1 and 291 g.kWh-1 for Sweden and Spain respectively.

Figure 23 Spanish energy mix 2016 available at https://www.ree.es/es/estadisticas-del-sistema-electrico/3015/3003

Spanish heating systems mainly use oil or gas in boilers having rather similar prices as the heat pump energy
limiting on the Spanish market. As a result, a longer payback time is expected which is a limiting factor for
further promotion of renewable and less polluting GSHP systems. In addition, slightly lower electricity price
in Sweden with extra costs in order to further promote renewables energy such as biomass, wind and solar
as well as rather high gas and oil prices promotes the use of more sustainable and renewable energy sources
for the heating purposes. Moreover, regular consumers do not usually calculate what their payback time
would be and only consider the installation cost, which is much more expensive and discouraging in case of
GSHP systems.
Summing up, the different levels of maturity of the technology can be observed in (Nowak, Westring,
Jaganjacova 2014). Table 2 presents the investment cost for different types of hat pumps in Sweden.
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Table 2 Investment cost for different types of HP (Nowak, Westring, Jaganjacova 2014)

Air/air

Air/water

Ground source

700–2 900 €

10 000–13 000 €

16 000–19 000 €

Figure 24 presents a breakdown of a 15 kW installed capacity HP for single-family house, where blue section
is the percentage of cost captured by foreign companies and pink one is for Spanish companies according
to (Geoplat 2015). As seen in Figure 25 the difference in the level of deployment of technologies between
these countries since the installation cost of ASHP and GSHP has not changed significantly in Sweden
during the last 8 years. Therefore, assuming 290 SEK.m-1 as total installation cost for the borehole in Sweden
according to (Sommerfeldt, Madani 2018), the final investment for drilling 250 m depth in Sweden would
be 72500SEK resulting in about 102500 SEK lower the borehole and installation investment cost than in
Spain (175000SEK according to Figure 24) assuming that 1€ is 10 SEK. As a consequence of the high
initial investment that GSHP systems required; the lower gas and oil prices; the lack of policies and
incentives towards the deployment of GSHP and the good performance of ASHP systems in Spanish
climate region, GSHP systems are not considered as the favorable heating technology
As a consequence of the high initial investment that GSHP systems require, the energy prices for gas and
oil in Spain, which are lower than in Sweden and similar to the HP energy prices; the lack of policies and
incentives towards the deployment of GSHP and the well performance of ASHP due to the climate with
much lower investment, GSHP are not the first option when it comes to heating technologies in Spain.

Figure 24 Breakdown of the initial investment in a 15 kW GSHP for a single-family house (Geoplat 2015)

GSHP systems need more incentives and financial support through grants or loans in order to overcome
economic challenges. Besides, a major challenge will be to achieve a higher implementation level of district
heating and cooling systems utilizing geothermal potential for residential and service sector (Arrizabalaga,
De Gregorio, García del la Noceda, Hidalgo, Urchueguía 2016).
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Figure 25 Total cost for installation of various types of Heat Pump systems. Price based on turnkey contract for a single-family house with a heat
demand of 20 000 kWh/year. Source: SKVP (Jonasson, Swedish Refrigeration and Heat Pump Association 2019)

Summing up, GSHP systems have become more competitive in the latest years due to some new regulations
and the increasing number of refurbishing in buildings in comparison to other heating technologies.
Specially, low gas price and declined of oil prices have harmed their competitiveness. Moreover, Spanish
construction activity has not reached pre-crisis levels, that could support more new energy efficient
buildings complying with Nearly Zero Emissions Buildings regulations that could drive the increment of
smaller GSHP systems as an environmental friendly heating technology (Nowak, Westring, Kopatsch 2018).
Spanish regulation is most of the cases generic based in regional normative and not always clear about the
type of permissions, which will affect to whom should be contacted. Besides, there is no will to link urban
planning closer with renewable plans in contrary to Sweden. Moreover, the lack of awareness of the
geothermal potential for Spanish end user does not help the deployment of this type of renewable energy
source, compared to solar whose promotion has been done for many years, although there was a stop in the
subsidies now there are again. Swedish GSHP case is different and is considered as mature technology and
it have been promoted for many years by the government.

5 Secondary fluids
Secondary fluids are those fluids circulating in indirect systems in order to transport heat from the heat
source to the evaporator and can be also used to exchange heat between the condenser and the heat sink.

5.1 Main properties
Secondary fluids must fulfill some requirements for their thermophysical properties and characteristics that
can be listed as follows:


Freezing temperature, Tf: temperature at which ice crystals begin to form in equilibrium if there is
no sub-cooling. It should be below the lowest expected temperature and sufficiently below the
normal operating temperature of the secondary fluid (maximum temperature difference between 8
and 10K) so that the fluid can be pumped through the system without difficulty. It allows to give
enough freezing protection, but not having higher concentration than necessary, in order to benefit
more from the good properties of water.
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Specific heat capacity, cp [J.g-1.K-1]: quantity of thermal energy required to raise the temperature of
one-unit mass of a substance one temperature unit. If combined with the density, the volumetric
heat capacity gives the capability to transport heat so high values are preferred.
Density, ρ [kg.m-3]: the concentration of matter, measured by mass per unit volume. It affects the
volumetric thermal capacity and Reynolds number so high values are desired.
Thermal conductivity, k [W.m-1.K-1]: high value is desirable to reduce the temperature difference
between fluid and tube wall. Giving good heat transfer, it leads to small temperature differences
between secondary fluid and heat sources.
The dynamic viscosity, µ [mPa.s]: low values are desirable due to direct influence on the pumping
power by the flow type. Small pressure drops for the system fluid flow cause to be able to use a
simple pump with small pumping power.

Moreover, the fluid should also be:



Environmentally acceptable, non-toxic, biodegradable. Not flammable or dangerous to handle and
be available at a reasonable price.
Compatible with materials used in the system so that it does not give cause to problems in the plant
due to corrosion.

All properties depend on the type of additive and its concentration (Melinder 2007). Since no secondary
fluid fulfills completely all the mentioned requirements, the designer should consider which of the
parameters are really important for the application and choose the best suited fluid.

5.2 Secondary fluids for indirect refrigeration system
There are three types of secondary refrigerants: water, aqueous solutions and non-aqueous solutions
(Melinder 2010a). (Salom Munoz 2015) studied specifically for Sweden. There have been some new
products but rather similar in terms of composition and additives. However, in this thesis we are going to
focus on aqueous solutions that are alcohol based secondary fluids.
There are different alcohol based secondary fluids available in the market, which differ in their properties,
additives and performance. The most commonly used type of secondary fluids for GSHP applications are
propylene glycol and ethyl alcohol-water based solutions.
In Western and mountain regions in South Europe, the most common and used secondary fluids are
propylene glycol-water mixtures. Nordic countries such as Sweden, Norway and Finland are using ethyl
alcohol with different denaturing agents based commercial products, due to strict environmental laws and
better thermal performance. Western countries such as Switzerland started to follow this example
(Ignatowicz, Mazzotti, Melinder, Palm 2017b).
Ethyl alcohol (EA), also called ethanol, is a volatile, flammable (Tflash = 13ºC), colorless liquid chemical
organic compound. It has good thermophysical properties and can be used in a large temperature range,
from -20 ˚C to 30 ˚C. It is also miscible with water. However, it has higher viscosity than salts but still lower
than glycols at low temperatures; it could originate intoxication if consumed; require corrosion inhibitors
and its flash point is low, which its main drawback and is 13 ˚C for pure ethanol. The low flash point leads
to fire hazard from about 30 wt.% (limit of class 2B in Sweden regarding fire hazard) which makes storage
and transport more difficult (Melinder 2007). Figure 26 presents this evaluation of the flash point for EAwater mixture.
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Figure 26 Flash point for ethanol-water (Melinder 2010b)

Most common denaturing additives, which are added in order to make ethanol undrinkable and discourages
people from drinking it, for ethyl alcohol-based products in Sweden are 2-propyl alcohol (isopropanol) and
n-butyl alcohol. Studies showed that presence in small concentrations is beneficial and improve all
thermophysical properties (Ignatowicz, Mazzotti, Melinder, Palm 2017a).
Methyl alcohol (methanol) is a volatile, colorless and flammable organic compound (Tflash = 12ºC). Despite
its good thermophysical properties such as lower viscosity at low temperatures compared to other typical
antifreezes, low freezing point, it is highly toxic that could cause death in small amounts and has not been
allowed in Europe for the past 20 years (Ott, Gronemann, Pontzen, Fiedler, Grossmann, Kersebohm,
Weiss, Witte 2012). In addition, it has been utilized as the most common denatured alcohol for ethyl alcohol
(Lyondell Chemical Company 2003) yet more environmentally and less toxic options are under research. As
a consequence, there is no commercial product for secondary refrigerant applications. Nevertheless, it is
highly used in the United State for GSHP systems as commented in (Ignatowicz, Mazzotti, Melinder, Palm
2017a).

5.3 High flame point additives
In order to increase the flame point of the alcohol-based secondary fluids, blends of ethyl alcohol and water
with some additives are developed and later tested. There are only some patents and no conducted studies
nor publications. Thus, the aim of this section will be to screen what is available and explain what was
performed in the lab. A research through patents and all available material was performed and the extracted
conclusions were that most of the high flame point additives have aromatic or alkyl groups in their chemical
structure, which are used in fuel or solvent applications.
As a result of the literature study, few high flash point additives compatible with ethyl alcohol based
secondary fluids have been identified: methyl butyl ketone (MBK) (Tflash = 22.78ºC) (Alfa Aesar
ThermoFisher Scientific Chemicals 2015); n-butyl alcohol (Tflash = 29ºC) (Company 2014); m-xylene (Tflash
= 32ºC) ) ; methyl iso-butyl ketone (MIBK) (Tflash = 14ºC) (Group 2015); and propyl alcohol (Tflash = 28.9ºC)
(U.S. National Library of Medicine [no date]).
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Another very promising high flame point additives could be: terpineol, (Tflash = 90ºC) (Santa Cruz
Biotechnology 2010); nitrobenzene (Tflash = 88ºC) (Chemicals 2018); primener 81-R (Tflash between 74 and
79ºC) (ChemSpider 2018); glycerin (Tflash = 160ºC) (Company 2017); Dimethylformamide whose flash point
is 58ºC (AB 2019); dimethylformamide (Tflash = 58ºC) (AB 2016); 2-ethoxy ethyl ether (Tflash = 82.2ºC) (Alfa
Aesar ThermoFisher Scientific Chemicals 2012); methylene chloride that can create flammable fumes above
100 °C (Alfa Aesar ThermoFisher Scientific Chemicals 2010a).
Some examples of patents have been found where they were used to increase the flash point of a mixture
of kerosene together with n-butyl alcohol and methyl iso-butyl ketone (Richard Koetzle 2007) and (Hart
1982).
Other high flame point additives for solvent applications are: n-decane whose (Tflash = 46ºC)(Alfa Aesar
ThermoFisher Scientific Chemicals 2010b); 1-methyl 2-pyrrolidinone (Tflash = 91ºC) (Sigma-Aldrich Sweden
AB 2017). In petro-chemiscal industry white/mineral spirit also known as stoddard solvent have been used
which are high-chain hydrocarbons (Tflash between 21 and ±55ºC). However, they cause skin and respiratory
irritation and low toxicity by inhalation. As an example 142 solvent 66/3 also called high-flash mineral spirit
whose flash point is 67 ºC (International 2012).
Nevertheless, all commented components are associated with different toxicity risks that must be considered
in future applications such as methylene chloride, which is carcinogenic substance. Furthermore, another
aspect to consider could be that some show rather high freezing point higher than 0 ºC, which could alter
the desired freezing point temperature or separation problems. In addition, the specific heat capacity and
density of most of the possible additives are lower than water which may result in lower volumetric thermal
capacity. Regarding the viscosity, water presents lower values than alcohol which will increase the pumping
power needed to circulate the fluid and respectively the overall COP of the system might be decreased.
To sum up, many aspects need to be accounted while considering their final application and performance
when selecting a suitable additive for alcohol-base secondary fluids.

6 Methodology
Investigating of different thermophysical properties was conducted in the lab for diverse ethyl alcohol based
secondary fluids in order to assess the performance. The studied properties were:






Freezing point temperature,
Density,
Viscosity,
Thermal conductivity;
Specific heat capacity.

This thesis project is a part of ongoing TERMO research program (2018-2020) founded by Swedish Energy
Agency and industrial partners and was conducted in the lab using the available equipment provided by the
KTH Royal Institute of Technology, Department of Energy Technology, Division of Applied
Thermodynamics and Refrigeration. The selected concentrations studied in this project were defined based
on the current Swedish legislation regarding the denaturated ethyl alcohol products. Moreover, the
environmental aspects and biodegradability of selected additives were considered to fulfil recommendations
of SGU Swedish Geological Survey regarding the type of secondary fluids used in GSHPs. The type of
additives studied were defined in TERMO research project.
The results were later compared with experimental data for ethyl alcohol, propylene glycol and ethylene
glycol water solutions provided by (Ignatowicz, Melinder, Palm 2014), (Ignatowicz, Melinder, Palm 2015)
and (Ignatowicz, Mazzotti, Melinder, Palm 2017b) and reference data found in (Melinder 2007) .
Afterwards, the data was used as input in Excel model to simulate the energy performance of a typical
GSHP system for a Swedish single-family house.
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6.1 Limitations
Despite of using high-precision measurement equipment, there were some limitations:










Time limitation: the duration of this thesis could not exceed 6 months, therefore schedules on the
specified time span were planned and followed so as much work as possible could be done.
The research work aimed to be applied in indirect systems for GSHP systems mainly in the Swedish
market.
Some samples were not tested due to very poor solubility at room temperature in water or in the
proposed configuration causing organic phase separation and emulsion formation.
Accuracy of the measurements: it is limited by the available laboratory equipment.
Non existing references: there was no reference for blends with different high flash point additives
reference. Moreover, experimentally obtained data for commercial ethyl alcohol products with
denaturing agents having specific freezing point were used for the comparison.
Lab equipment: some setbacks and delays occurred during the experiments like damaged sensors
or a broken device limiting the amount of results from that particular device.
Duration of tests both viscosity, thermal, and specific heat capacity are rather long tests, between
22 and 48 hours, so the testing schedule needs to account for it.
Flame point tests needed to be postponed due to delays in blend characterization for future and
outsourced to another research lab in Sweden.

Table 3 Tested samples

Freezing
Temperature

Reference

Proposed

EA 20 reference

EA 18.4 + 1-PA 1.6
EA 18 + 1-PA 2

EA 20

EA 18 + 1-PA 1.6 + BA 0.4

-10 ºC

EA 18 + G2

1–PA 20

EA 17.6 + G 2.4
EA18 + P2

2-PA 20

EA18 + P2.4
EA 22 + 1-PA 2.25

EA 25 reference

EA 22 + 1-PA 3
EA22.5 + 1-PA 2 + BA0.5
EA22.5 + 1-PA 2.25 + BA0.5

-15 ºC

EA 22.5 + G .2.5
EA 22 + G 3

EA 25

EA22.5 + P2.25
EA22 + P3
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EA 27 + 1-PA 2.7
EA30 reference

EA 27 + 1-PA 3.24
EA 27 + 1-PA 2.4 + BA0.6
EA 27 + 1-PA 3.6 + BA0.6

-20 ºC

EA 27 + G 2.7
EA 27 + G 3.24

EA30

EA 27 + P 2.7
EA 27 + P 3.4

Table 3 shows the different tested samples having ethyl alcohol (EA), propyl alcohol (PA), butyl alcohol
(BA), glycerol (G) and propylene carbonate(P) as components. Additives and concentrations are selected
accordingly to current Swedish regulation related to denaturated ethyl alcohol products and
recommendations of Swedish Geological Survay.

6.2 Freezing point temperature
The freezing point was measure using a µDSC evo7 from Differential Scanning Calorimetry (DSC) method.
This method is a thermoanalytical technique in which simultaneously is measure the difference between the
amounts of heat needed to increase the temperature of a sample and a reference. Furthermore, it is the most
recommended method to measure among other thermophysical properties thermal heat capacity later
exposed. However, the samples were first tested in an apparatus so the range for the µDSC was better
estimated and the amount of time is reduced.
Freezing unit is composed of the following elements:





Sanyo Ultra Low Freeze, with a temperature range between -10ºC and 90 ºC;
Agilent 34970A Data Acquisition unit;
A computer connected to the acquisition unit;
Special freezing unit designed at KTH for this test.

The sample temperature is measured every second until it reaches the complete solidification. As a result, a
temperature signal is recorded over time and data post-processing is conducted by plotting their evolution.
The freezing unit comprises 9 identical plastic beakers having a volume of 100 ml placed into a Plexiglass
plate with nine holes in circle arrangement. The whole section is supported by 4 metal legs in order to
maintain it separated from the freezer bottom. Moreover, the top of the beaker is covered with another
Plexiglass plate with calibrated thermocouples (type TT-T-30-SLE) having accuracy of ±0.1°C. There are
two additional thermocouples attached to the freezing unit to measure the ambient conditions of the freezer
(Palm, Ignatowicz 2014). Freezing test is repeated twice for each solution and all 9 containers are used
during the test to increase the accuracy of the results.
Figure 27 shows an image of the experimental set-up.
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Figure 27 Freezing temperature set-up

Pictures on how results look can be observed in section 7.2 Freezing point temperature as well as for the
post-process in Excel where the values are extracted for later use as input for narrowing the temperature
range for testing using µDSC, as previously commented.

6.3 Density
The density was measured using a pycnometer device, which is a very precise method. It consists of a small
flask of well precisely known volume with a cork on its top which has a capillary tube though it. The flask
is filled with distilled water at 20ºC and then weighted in order to obtain the volume. Afterwards, the flask
is emptied, filled with the new substance and weighted. The pycnometer without thermometer, which
certified volume is 24.818 cm3 and accuracy of ±0.01 cm3 according to the data provided by the
manufacturer, is utilized to check the value at 20ºC and room temperature. According to Equation 1 the
density of the sample is obtained, extracted from (Gallová 1999):
Equation 1

𝜌

,

=

𝑚

−𝑚
𝑉

(1)

Where 𝜌𝑠𝑎𝑚𝑝𝑙𝑒,𝑝𝑦𝑐 is the density of the measured fluid [kg.m-3]; mfull pycnometer is the measured mass of the
pycnometer filled with the fluid [kg]; mpycnometer is the measured mass of the empty pycnometer [kg];
Vpycnometer is the known volume of the calibrated pycnometer [m3] using deionized water by producer.
Weight measurement are conducted with an accuracy of ±0.0001 g using the pycnometer and Mettler
Toledo scale. All measurements are repeated 4-times and an average is used to increase the accuracy of the
obtained results.
A pycnometer with thermometer, whose volume is 25.110 ml, is used in order to assess density gradient
temperature range between 10 and 24°C, so density as temperature dependent property can be extrapolated
by post processing. The set is cooled down to 8ºC in a cooling bath with water and mass measured from
10ºC up to room temperature each 2ºC, which follows equation 2.
𝑉

@

=𝑉

∗ 1+ 𝑇

@
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−𝑇

∗ 𝛼 (2)

Where α=9.9e-6[-] is the cubical coefficient of expansion of the borosilicate glass pycnometer: Tsample[ºC]
and Tref[ºC]
are the sample temperature at each reading and the reference temperature;
𝑉
[m3] is the volume of the pycnometer corrected at the reference temperature; and
@
𝑉
[m3] is the volume of the pycnometer at the sample temperature.
@
Afterwards, a Scale Calibration Factor (SCF) needs to be applied in order to evaluate the accuracy of the
balance limit with the known weight certified value using Equation 3.
𝑆𝐶𝐹 =

𝑅
𝜌
∗ (1 − 𝜌

𝑀

)

(3)

Where 𝑅
[g] is the balance reading of 50.0058 g of the certified known test weights; 𝑀
[g] is the
certified weight of 50.0000 g of the metal load; 𝜌 is the density of the air being 1.2 kg.m-3; and 𝜌 is the
density of the certified test of steel being equal to 8000 kg.m-3. It results in SCF = 1. 000034.
Finally, the density of the tested sample is calculated with the following equation:
𝜌

,

=

𝑚

−𝑚
𝑉

∗ 1000
∗ 𝑆𝐶𝐹

@

+𝜌

(4)

Where, 𝜌𝑠𝑎𝑚𝑝𝑙𝑒,𝑝𝑦𝑐+𝑡ℎ𝑒𝑟 [kg.m-3] is the density of the measured sample at a given temperature;
𝑚
[kg] is the measured mass of the full pycnometer at a given temperature;
𝑚
[kg] is the measured mass of the empty pycnometer at a ambient temperature;
𝑉
[m3] previously calculated volume of the pycnometer at a given temperature; SCF
@
is previously calculated; and 𝜌𝑎𝑖𝑟 [kg.m-3] is the density of the air (Canada 2014).
Finally, the used pycnometers can be seen in Figure 28.
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Figure 28 Set of used pycnometers

All density measurement for both reference and proposed blends are conducted in the same way.

Figure 29 Density Vector Fitting method

A vector method is later applied in Excel due to the difficulty of testing low density solutions. Therefore,
the difference between the reference data for the different compositions of ethyl alcohol in solution with
the same freezing point and the tested sample at 20 ºC is calculated and applied as gradient for all
temperatures resulting in a 2nd order relationship, see Figure 29. As a result, the evolution of the density can
be better compared with the reference data.
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6.4 Viscosity
Dynamic viscosity is measured using of a Brookfield rotational viscometer DV-II+Pro with a special low
viscosity adapter (UL-adapter) having a temperature-controlled water-ethylene glycol jacket to control
sample temperature in the range of -20ºC to +40ºC (Palm, Ignatowicz 2014) shown in Figure 30.
The working principle of a rotational viscometer is to drive a spindle, which is immersed in the test fluid,
through a calibrated spring where a rotary transducer measure the viscosity (Laboratories 2010). The volume
of the sample is approximately 17 ml and same low viscosity spindle (measurement range 0 to 6.106 mPa.s)
was used throughout the whole project to decrease the uncertainty of measurements.

Figure 30 Brookfield rotational viscometer DV-II Pro with UL-adapter

The most important specifications Brookfield rotational viscometer DV-II+Pro according to manufacturer
data are: temperature sense range -100ºC to 300ºC; temperature accuracy ±1ºC (-100ºC to +149ºC);
viscosity accuracy ±1.0% in the full-scale range; viscosity repeatability ±0.2 % and 18 speeds in standalone
or sequential mode can be applied (Laboratories 2010).

Figure 31 Viscometer viscosity vs torque reading

Experimental data is recorded and plotted, where the viscosity is obtained as the slope for a linear
relationship of the shear stress vs shear rate plot. As recommended by the instrument producer, the
measurement values are relevant when the torque output is in the range of 10%-90% to avoid false readings
because of centrifugal forces and instabilities at too low rotational speeds during tests to collect as much
data as possible as Figure 31 presents. Dynamic viscosity measurements are done each 5ºC for different
samples starting 2-3ºC above the freezing temperature and up to 30ºC, in order to approach flash point
temperature using a 12-speed increment program mode.
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Figure 32 DW excel post-process with shear stress vs shear rate plot

Distilled water (DW) results as example of the post process is shown in Figure 32 where shear stress is
plotted against shear rate. Moreover, minimum of 60 points are kept with the maximum R2 possible value
while a linear relationship is maintained.

6.5 Thermal conductivity
Thermal properties can were measured using the transient plane source (TPS) method by means of a Hot
Disk Thermal Constant Analyzer (TPS 2500S model) following (Ab 2013) instructions. The sensor consists
of an electrically conducting pattern of Nickel foiled double spiral located in between two thin sheets of an
insulation material (Kapton or Teflon). Measurement were conducted with the aid of the Kapton sensor
7577 (radius 2.001 mm) shown in Figure 33.

Figure 33 Kapton sensor 7577 (radius 2.001 mm)

The working principle is to run an electrical current strong enough to increase the temperature of the sensor
and recording simultaneously the temperature increase in the resistance as a function of time. An important
assumption is that the sensor is located in an infinite medium, without any influence from the outside
boundaries of the two simple pieces (Ab 2013). Figure 34 shows the experimental set-up for the thermal
conductivity test.
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Figure 34 TPS measurement set up

Experimental devices needed to perform the test were:





Hot Disk Thermal Analyser TPS-2500S, working temperature range -50 to + 180 ºC.
Liquid bath Thermo Scientific Artic 40A with 43 wt% ethanol-water solution, working in
temperature range -28 to +150ºC.
Sample holder made of two stainless steel parts ad two Teflon sheets assembled together, with three
HD-PP type plastic tubes.
Hot Disk Kapton sensor 7577 type ( diameter 2,0 mm).

All thermal conductivity measurements are programmed and analyzed using HotDisk software v7.3.10.
Tests were collected from 2 degrees above the freezing point of the sample up to 30ºC, with a temperature
step of 5ºC until 30ºC. 3 sets of measurements were performed for each temperature in order to increase
the accuracy with 200 readings for each measurement and three different input powers ranging from 18-25
mW and a measuring time of 3 seconds and a stabilization waiting time of 10 minutes between each single
test to allow the sample temperature to return to its initial temperature. Moreover, sample volume is
approximately 15 ml.
Same software was utilized to analyze and export to Excel for further post-processing of the data. Figure
35 presents a complete set of measurements for a temperature with 1800 readings for 9 measurements. As
a consequence, the evolution of the thermal conductivity with the temperature is estimated in Excel.

-45-

Figure 35 Capture of HotDisk software for post-process (down without postprocess and upper postprocessed)

Some specifications of the TPS-2500s model according to the data provided by the manufacturer are:
temperature range 30K to 450K using Kapton insulated sensor (radius of disk spiral ranging 0.492-29.40
mm) reproducibility of ±2% for thermal conductivity, ±5% for thermal diffusivity and ±7% for specific
heat per volume; and thermal conductivity range of 0.005-500 W.m-1.K-1.

6.6 Specific heat capacity
The specific heat capacity was measured as well as using a μDSC evo7 device from Setaram Instrumentation
according to (Instrumentation 2014). The working principle is to extract a relationship between the different
amount of heat required to increase the temperature of a reference sample and the tested sample by means
of the dynamic (continuous) method. The specific heat capacity measurement is done with the same set of
sample and reference vessel having a volume of 1ml. Two runs with the set of two vessels, the sample vessel
and the reference vessel. The first run is performed with the two empty vessels, which is called a blank test,
the second run with a mass ms of a sample in the sample vessel. Each run consists in a ramp between an
initial temperature and final temperature at constant heating rate (See Figure 37). Figure 36 shows μDSC
unit.
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Figure 36 μDSC 7 evo unit

The sample volume of 750 μl is kept constant in order to decrease the variation of results with each test.
The testing program is written using the Calisto acquisition program and a continuous heating scanning rate
(β) of is 0.05 K.min-1 is used.

Figure 37 continuous method μDSC (Instrumentation 2014)

Afterwards, post-processing of the data is conducted by subtracting the blank test (empty vessel set test) so
that the specific heat capacity of liquid sample is obtained as a function of heat flow and temperature
Therefore, the specific heat capacity (Cp) is measured by knowing the mass of the tested sample and the
amount of heat provided (As and Ao are the heat measured and the heat from the blank test) to increase the
temperature of the sample, which follows equation [5], ms is the sample mass.
𝑐 [𝐽. 𝑔

.

𝐾

]=

𝐴 − 𝐴 [𝑊]
(5)
𝑚 [𝑔] ∗ 𝛽[𝐾 . 𝑠 ]

Finally, the specific heat capacity for each sample is estimated with regression type curve for Cp with 3rd
order polynomic expression (See example in Figure 38).
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Figure 38 Cp post-processing in software

The most important specifications of μDSC7 are: Cp accuracy is 1%; temperature range -45 ºC to + 120 ºC;
temperature accuracy of ±0.1%; temperature precision of ±0.2% and enthalpy accuracy 1%.

6.7 Error analysis
Error analysis studies were performed in order to validate the measurements accuracy. Analysis was
conducted through statistical calculations for validation of results. Error sources were instrumental and
experimental errors which affect the results. Used equations were the following:



Value of a single measurement xi, where i=1.2, 3, 4;
Output final value y of the measured property as 𝑦 = ∑ 𝑥 (6) ;



Mean value 𝑥̅ of all measurements n as 𝑥̅ =



Standard deviation s(xi) as 𝑠(𝑥 ) =



Standard uncertainty of a single factor ui(xi) as 𝑢 (𝑥) = 𝑠(𝑥̅ ) =



Partial coefficient ci (xi) of a component or factor, 𝑐 (𝑥 ) =



Combined standard uncertainty uc(y) as 𝑢 (𝑦) =

∑(

∑
̅)

(7);
(8);
( )
√

(9) ;

(10)

∑(𝑐 ∗ 𝑢 ) = [𝑎𝑙𝑙 𝑐 = 1] =

∑(𝑢 ) (11) .

Therefore, the standard error and uncertainty of the measurements is expressed as uc(y).
Finally, an expanded uncertainty is calculated with the aid of the tv, 1-α/2=0.975 t-table from (NIST [no date])
for a level of confidence of 95% and a degree of freedom v.
Note that all instruments were calibrated using distilled water (DW).

-48-

6.7.1 Density error analysis
For later analysis, the following formulas need to be considered:
𝜕𝜌
1
= 𝑢 (𝑚𝑎𝑠𝑠) ∗ (12)
𝜕𝑚
𝑉
𝜕𝜌 𝑚
𝑢 (𝜌) = 𝑢 (𝑉𝑜𝑙𝑢𝑚𝑒) ∗
=
∗ 𝑢 (𝑣𝑜𝑙𝑢𝑚𝑒) (13)
𝜕𝑉 𝑉
𝑢 (𝜌) = 𝑢 (𝑚𝑎𝑠𝑠) ∗

Table 4 gathers the density error analysis results for type B uncertainties resulting from the device
uncertainty.
Table 4 Density Error Analysis

Volume uncertainty Type B

0.01 ml

U1 (𝝆)

0.4013 kg.m-3

Mass uncertainty Type B

0.0001 g

U2 (𝜌)

0.0040 kg.m-3

UA(𝝆)

2.3254 kg.m-3

UC (Type B)

0.4013 kg.m-3

Average rho value

996.31 kg.m-3

UC

2.36 kg.m-3

The combined uncertainty represents 0.04% of the average error which is lower than 0.1% and indicates
that there are no expectations of propagation of anomalous values. Considering both type A and B
uncertainties the combined uncertainty is about 0.24% which the magnitude of the variability of the
experiment in regards to the average value.
The obtained value was 996.31 ± 10.15 kg.m-3 at 95% confidence level, where 4.303 is the coverage factor
for 2 degree of freedom.

6.7.2 Dynamic viscosity error analysis
Table 5 gathers the dynamic viscosity results from the analysis where the uncertainties of type B come from
the device uncertainty and Type A corresponds to the experimental data. Sometimes the fluid had too low
viscosity reaching the minimum value that the device is able to precisely read.
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Table 5 Viscosity Error analysis

Temperature (ºC)

3

5

10

15

20

25

n measurements

180

160

160

90

90

100

Average µ [mPa.s]

1.79

1.685

1.475

1.31

1.17

1.07

Standard
deviation [mPa.s]

0.0881

0.0308

0.0634

0.0317

0.0727

0.0421

Type A
uncertainty
[mPa.s]

0.0066

0.0024

0.0050

0.0033

0.0077

0.0042

Relative error
(Type A)

0.0037

0.0014

0.0034

0.0026

0.0066

0.0039

Type B
uncertainty
[mPa.s]

0.2

0.2

0.2

0.2

0.2

0.2

Uc [mPa.s]

0.2001

0.2000

0.2000

0.2000

0.2002

0.2000

U [mPa.s]

0.3922

0.3920

0.3921

0.3920

0.3923

0.3921

As it can be noticed, the combined uncertainty is dominated by the device uncertainties. Furthermore, the
values are considered to be precise enough to not expect error propagation of anomalous values. Moreover,
the coverage factor was 1.96 since the degree of freedom is higher than 30.

6.7.3 Thermal conductivity error analysis
Table 6 gathers the thermal conductivity results from the analysis where the uncertainties of type B come
from the device uncertainty and Type A corresponds to the experimental data. Moreover, for each single
measurement the device conducts 200 readings with an instrumental uncertainty (type B) of 0.012 W.m-1.K1. Experimental results had to be filtered because the presence of the additional sensor resistance and natural
convection phenomena in some cases.
Table 6 Thermal conductivity error analysis

Temperature
(ºC)

3

5

10

15

20

25

30

40

Number of
measurements

430

257

880

848

1539

989

969

136

0.5659

0.5706

0.5762

0.5834

0.5927

0.6031

0.6131

0.6280

1.31e-5

0

1.4e-3

8.15e-4

1.33e-3

2.41e-3

6.81e-4

0

6.33e-7

0

4.73e-5

2.80e-5

3.38e-5

7.67e-5

2.19e-5

0

Average k
[W.m-1.K-1]
Standard
deviation
[W.m-1.K-1]
Type A
uncertainty
[W.m-1.K-1]
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Relative error
% (Type A)

0.0001

0

0.0082

0.0048

0.0057

0.0127

0.0036

0

Type B
uncertainty
[W.m-1.K-1]

0.0120

0.0120

0.0120

0.0120

0.0120

0.0120

0.0120

0.0120

8.0 e-4

0

3.9 e-4

60.0 e-4

57.0 e-4

41.0 e-4

24.0 e-4

26.0 e-4

0.0120

0.0120

0.0120

0.0120

0.0120

0.0120

0.0120

0.0120

Error with
NIST
[W.m-1.K-1]
Uc
[W.m-1.K-1]

Note that four independent tests resulted in only four values similar to the reference values for water at 35
Cº, and thus these results are not presented in Table 6. It can be observed that the combined uncertainty is
dominated by the device uncertainty. Moreover, the relative error is lower than 0.1%, thus the values are
considered to be precise enough as well as the previous error analysis. The expanded uncertainty for all of
them since the combined uncertainty is the same and the coverage factor is 1.96, all presents effective degree
of freedom higher than 30 for level of confidence of 5%, is 0.0235 W.m-1.K-1.

6.7.4 Specific heat capacity error analysis
Table 7 gathers the specific heat capacity results from the analysis where the uncertainties of type B come
from the device uncertainty and Type A corresponds to the experimental data.
Table 7 Specific heat capacity error analysis results

Temperature
(ºC)

5

10

15

20

25

30

35

n measurements

186

372

372

372

372

372

372

4.241

4.235

4.231

4.229

4.229

4.225

4.220

0.0003

0.0003

0.0004

0.0003

0.0005

0.0005

0.0005

0.00002

0.00002

0.00002

0.00002

0.00003

0.00003

0.00003

0.0005

0.0004

0.0005

0.0004

0.0006

0.0006

0.0006

0.0004

0.0004

0,0004

0.0004

0.0004

0.0004

0.0004

0.00042

0.00042

0.00042

0.00042

0.00042

0.00042

0.00042

Average cp
[J.g-1.K-1]
Standard
deviation
[J.g-1.K-1]
Type A
uncertainty
[J.g-1.K-1]
Relative error %
(Type A)
Type B
uncertainty
[J.g-1.K-1]
Uc [J.g-1.K-1]
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Error analysis was conducted considering each 5ºC and a range of ±0.5ºC, thus 372 reading for each
temperature were selected.
As it can be noticed, the combined uncertainty is dominated by the device uncertainties, so the combined
uncertainty is the same for all temperatures as well as it is the expanded uncertainty. Moreover, the coverage
factor was 1.96 since the effective degree of freedom is higher than 30 for all temperatures and confidence
level of 5%. Finally, the expanded uncertainty is 0.00083 [J.g-1.K-1] and the values are considered to be precise
enough to not expect error propagation of anomalous values.

6.8 Excel model of Ground Source Heat Pump
Excel was utilized for post-processing the experimental data in order to assess what the actual performance
of the solutions could be if they were to be implemented in a typical GSHP system.
Numerical simulation of a real U-tube borehole heat exchanger is conducted to estimate the performance
of a real GSHP system. The following parameters are assumed:







2 levels of cooling capacity: Q2= 8 and 12 kW
Volumetric flow rate of the pump: 𝑉̇ = 0.4 and 0.6 l.s-1
Mean velocity of the fluid in the U-tube calculated according to the flow: w =0.42 and 0.62 m.s-1
Internal diameter of the pipe: di= 35 mm.
Total length of the pipe: Ltot= 500 m; and length of pipe L=250 m.
Pump efficiency: η=40 %

Heat transfer coefficient and pumping power are estimated, accounting for the transition region by means
of the Gnielinski equation, by using the following equations:
𝑁𝑢 =

(𝑓/8) ∗ (𝑅𝑒 − 1000) ∗ 𝑃𝑟
[−] (14)
1 + 12.7 ∗ (𝑓/8) / ∗ (𝑃𝑟 / −1)

Where:
𝑤∗𝐷 ∗𝜌
[−](15)
𝜇
𝑐 ∗𝜇
[−] (16)
𝑃𝑟 =
𝑘

𝑅𝑒 =

𝑓 = (0.79 ∗ ln(𝑅𝑒) − 1.64 )

[−] (17)

All equations can be found in (Granryd, Ekroth, Lundqvist, Melinder, Palm, Rohlin 2009) as eq 6.14b; eq
6.17 and eq 6.11.Reynolds number (Re), Prandlt number (Pr) and Nusselts (Nu) are dimensionless numbers
in equations --- which account for the thermophysical properties of the secondary fluids. The friction factor
was estimated with the Petukhov correlation presented below in eq [17].
∆𝑃 = 𝑓 ∗

𝐿 𝜌∗𝑤
[𝑃𝑎](18)
∗
𝑑
2

Pressure drop (ΔP) was calculated with Darcy-Weisbach equation in equation [18] and heat transfer
coefficient (𝛼) is estimated from Nusselt eq in eq [19].
𝛼=

𝑘
𝑁𝑢 ∗ 𝑑

𝐸 =

𝑊
(19)
𝑚 ∗𝐾

∆𝑃 ∗ 𝑉̇
[𝑊] (20)
η
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Finally, the cooling capacity Q2 can be obtained with eq [21] and eq [22] that allow to estimate temperature
difference, Θ [K], as the temperature difference between the inner tube and the liquid due to the convection
heat inside the pipe calculated in eq [22]. It also calculates temperature difference (Δt) as the difference
between the inlet and outlet of the secondary fluid. They are important in order to know how efficient the
process is, because the lower the temperature difference the higher the efficiency of the process and the
more heat can be extracted the lower temperature variation. Moreover, they will affect the evaporation
temperature, so large 𝜃[𝐾] will cause the COP of the GSHP system to decrease.
𝑄 = 𝑚̇ ∗ ∆ℎ = 𝜌 ∗ 𝑐

∗ 𝑉̇ ∗ ∆𝑡 = 𝜌 ∗ 𝑐

𝑄 =𝛼∗𝑑 ∗𝐿

∗𝑤∗

𝜋∗𝑑
∗ ∆𝑡(21)
4

∗ 𝜃 (22)

7 Results
The selected high flash point additives with different mass concentration together with ethyl alcohol water
solutions have been studied: α-terpineol (T); methyl iso-buthyl ketone (MIBK), glycerin or glycerol (G), 1propanol (1-PA), n-buthyl alcohol (BA) and Propylene Carbonate (P).
Some properties of the proposed additives as well as the price in SEK (without 25% taxes) are gathered in
Table 8. Properties with – represents no data available.
Table 8 Additives Properties

Property/Additive

αterpineol

glycerol

1-propyl
alcohol

n-buthyl
alcohol

propylene
carbonate

Freezing Point [ºC]

-32.2±4

18

-127

-89

-49

Specific gravity [kg.m-3]

930

1 261

800

812

1204

Viscosity [mPa.s] at 20 ºC

-

1.069

2.2

3

2.8

Flammability Mark

2

1

3

3

1

Toxic Mark

1

0

1

1

1

Flash Point [ºC]

90

160

28

35

116

LFL/UFL [%]

-

10/20

2/12

1.4/11.2

1.7/32.5

Price [SEK.l-1]

1340

112

417.5

280

520

Flammability, toxic and reactivity mark comes from standard system for identifying hazards of materials for
Emergency Response (NFPA 74), which allows to easily identify hazards. The code has 4 numbers (0 to 4)
where 0 means no risk and 4 does high risk. For example, flammability (red label) is associated to the flash
point where 1 means flash point higher than 93 ºC and toxicity or health hazard (blue label) associated
effects caused by contact and/or inhalation.
Different experimental data for pure ethyl alcohol solutions, pure propylene and ethylene glycol solutions
were provided by Monika Ignatowicz.
Different concentrations of propylene glycol (PG) and ethylene glycol (EG) for freezing point -10, -15 and
-20 degrees were included only in the energy performance analysis because they were common secondary
fluids, although EG is not allowed for the past 20 years all over the world as secondary fluid for geothermal
applications.
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All plots present the same pattern for all samples with dot lines and triangle markers for tabulated values,
solid lines and square markers are used for the proposed 1-propyl alcohol samples, X marker for glycerol
samples and * marker for propylene carbonate samples. Furthermore, the results are divided according to
the different freezing temperatures.

7.1 Additive Stability Test
The stability tests were conducted before the first freezing test to determine which blends with a right
amount of additives fulfil the regulation of denaturing agents in ethyl alcohol based solution for ground
source heat pump application due to the lack of information regarding the stability and solubility of some
binary, tertiary and quaternary systems of different organic additives, ethyl alcohol and water.

Figure 39 1-BA20 wt% sample

Among the reference samples, solution of 20 wt-% n-butyl alcohol (1-BA20 wt-%) was considered but it
showed rather low solubility in water (about 7.85g /100 g water) at the room temperature declassified it
(Alfa Aesar ThermoFisher Scientific Chemicals 2019a). The immiscible 20wt-% n-butyl alcohol solution is
presented in Figure 39.
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Figure 40 Terpineol 1wt-% in EA20, EA and Water

Similar studies were conducted for concentration of 1 wt-% α-terpinoel with 20 wt-% ethyl alcohol –water
solution and immiscible solution was obtained as presented in Figure 40.
Thus, higher concentrations than 0.85% are not recommended and in future samples with organic origin
terpineol (such as pine oil) will be tested.

Figure 41 P1 wt-%

Another additive such as propylene carbonate (P) has been also studied. Literature study showed that
propylene carbonate has rather low solubility level of 1.58 wt-% at room temperature (Alfa Aesar
ThermoFisher Scientific Chemicals 2019b) might cause stability issues when freezing ethyl alcohol with
propylene carbonate solution. Despite rather low solubility the freezing test proved that propylene carbonate
at maximum concentration of 1wt-% is stable additive in ethyl alcohol –water solutions, see Figure 41 and
Figure 42.
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Figure 42 P1 wt-% in pure EA and Water

Summing up, the stability tests showed that propyl alcohol (1-PA), n-butyl alcohol (BA), glycerol (G) and
propylene carbonate (P) could be used as high flame point additives together with ethyl alcohol solutions.

7.2 Freezing point temperature
In Figure 43 an example of how the freezing temperature signal is presented.

Figure 43 Freezing test temperature signal
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Later it is exported and post-processed in Excel (shown as Figure 44). Note that at each run three beakers
are used for same and thermocouples 10 and 11 show the freezer temperature or room temperature during
freezing or melting, respectively. In this particular example the freezing temperature of a sample can be
observed as the nearly constant temperature after a subcooling phase during the freezing process and the
melting process. The subcooling effect obtained during this test were to up to 5K.

Figure 44 Freezing test Post-processed in Excel

Afterwards, the actual freezing temperature was validated with µDSC evo7.

7.3 Density
The different additives present different specific gravity which for most of them is lower than water resulting
in lower values of density with their increasing concentration.
As general comment, pure water presents the highest density despite the higher density of glycerol and
propylene carbonate due to the lower density of ethyl alcohol as main component. Therefore, all samples
will show lower value than water and lower or higher density compared to pure ethyl alcohol blends for the
same freezing point.
Moreover, there exist differences between reference values and measured values for water and pure ethyl
alcohol solutions. On the one hand, differences for water are analyzed in the error analysis so the main
difference lays on the device error. On the other hand, reference values and measured values for ethyl
alcohol blends will be commented in other section where the difference is more significant
The different samples with similar freezing point temperature will be presented and discussed in next section
which will be similar structure for other properties.

7.3.1 Density results for solutions with freezing point of -10 ºC
The results of the density test for the freezing point -10º C are presented in Figure 45.
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Figure 45 Density results for blends with freezing temperature of -10 ºC

1-PA20 and 2-PA have freezing point of -8.5 ºC which is higher than for EA20, but they are still compared
with the blends of freezing point -10ºC. Moreover, both 1-propyl and 2-propyl alcohol have higher specific
gravity than ethyl alcohol resulting in higher density for 1-PA and 2-PA based solutions.1-PA20 shows from
1.5% to 1.14% higher value than EA20 while 2-PA20 only ranges 0.2% increase regarding EA20 for
temperatures lower than 0 ºC. 1-propyl alcohol with ethyl alcohol increases density by up to 0.4% in the
whole temperature range.
The higher values are presented for EA17.6+ G2,4, which ranged 1.2% to 1.3%, due to higher density of
glycerol compared to pure EA20 and 1.6% lower compared to water at 5 ºC. Moreover, propylene carbonate
as additive also increases the density of the samples but 0.05% less than glycerol.

7.3.2 Density for solutions with freezing point of -15 ºC
The results of the density test for the freezing point -15º C are presented in Figure 46
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Figure 46 Density results for blends with freezing temperature of -15 ºC

As previous commented, all samples have lower density than water due to the high concentration of ethyl
alcohol in the solution. The blend having the highest density at 5ºC is EA22+G3 and the density is 1.83%
lower than water at 5 ºC.
As seen, the same tendency is observed for samples with the freezing point of -15 ºC. EA22+G3 and
EA22.5+G2,25 present the highest density. EA22+G3 showed the highest results by 1.5% higher compared
to pure EA25. Propylene carbonate increases density but with lower impact than glycerol (1.5% higher). 1propyl alcohol and ethyl alcohol blends showed increment by up to 0.4% in compared to EA25, which
effected similarly as for freezing point -10ºC.
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7.3.3 Density results for solutions with freezing point -20 ºC
The results of the density test for the freezing point -20º C are presented in Figure 47

Figure 47 Density results for blends with freezing temperature of -20 ºC

As expected, similar density tendency observed as for previously presented solutions with higher freezing
point temperature of -10 and -15 ºC, respectively. EA27+G2,7 had 2.13% lower compared to pure water at
5ºC due to the fact that the higher concentration of additives leads to lower density.
All samples presented higher density than pure EA30. Glycerol and propylene carbonate increased the
density in similar values, but glycerol affected more due to its higher density. Due to the higher concentration
of the additives with respect to the other type of blends having similar freezing points, 1-propyl alcohol as
additive increased the density of the solutions compared to pure EA30 by up to 1.6%. 1-propyl alcohol and
n-butyl solutions had higher density but the presence of additive effected less.
Moreover, propylene carbonate together with EA27 solutions present higher values than EA27+G3,24
despite of being glycerol denser.

7.4 Viscosity
The different additives affect the viscosity in different ways due to their different concentrations. However,
the additives lead to lower viscosity compared to pure solutions of ethyl alcohol (EA20, EA25 and EA30)
in the majority of the cases. The lowest value will always be water and any additive will cause the viscosity
to increase.
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1-PA20 and 2-PA20 seems to have the highest viscosity at lower temperatures. Experimental results for 1propyl and 2-propyl alcohol were compared with reference found in (Washburn 2003). These reference
values come from polynomic extrapolation in 1930, which are not a good reference due to the fact that only
data for 20 to 30ºC was calculated. Experimental results for dynamic viscosity were by 5% different at 30ºC
with the extrapolated data.
As previous section, the different samples with similar freezing point temperature will be presented and
discussed in next sections.
7.4.1 Viscosity results for solutions with freezing point of -10 ºC
The results of the dynamic viscosity measurements for solutions with the freezing point of -10ºC are
presented in Figure 48

Figure 48 Viscosity results for blends with freezing temperature -10 ºC

As shown, 2-PA20 had by up to 40% higher viscosity compared to pure EA20 in the full temperature range.
1-PA20 has 0.5% higher viscosity at lower temperatures than -5 ºC and by up to 9% lower viscosity for
higher temperatures than 0 ºC.
Blends with 1-propyl alcohol have about 4% lower dynamic viscosity as average for lower temperatures
than 0 deg C compared to pure EA20. On the other hand, propylene carbonate and glycerol reduce the
viscosity compared to EA20, especially at lower temperatures than 0ºC where EA18+G2 have by around
28% and ethyl alcohol with propylene carbonate blends have by 26% lower viscosity than pure EA20.
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7.4.2 Viscosity results for solutions with freezing point -15 ºC
The results from the viscosity test for solutions with freezing point of -15 ºC are presented in Figure 49.

Figure 49 Viscosity results for blends with freezing temperature -15 ºC

EA22,5+1-PA2,25 had lower viscosity by up to 3.5% at -13 ºC and average of 2.1% lower value for
temperatures lower than 0ºC compared to pure EA25. On the other hand, EA22+1-PA3 had higher
viscosity by 3.5% than pure EA25 at -13ºC and average of 1.1% increase compared to pure EA25 for
temperatures lower than 0ºC. In case where n-butyl alcohol is used together with 1-propyl alcohol, the
viscosity is further reduced by 6% for temperatures lower than 0ºC with regards to pure EA25.
Glycerol as additive had a similar effect as 1-propyl alcohol and sample EA22.5+G2.25 had lower viscosity
by about 11.8% than pure EA25. Instead, 22EA+G3 had lower viscosity by 6.95% for temperatures lower
than 12ºC. Finally, presence of propylene carbonate at concentration up to 3% gave a decrease of 11% in
the viscosity in full temperature range. Blends of EA22.5+P2.5 and EA22+P3 showed lower viscosity by
10.30% and 12.73% than pure EA25 respectively.

7.4.3 Viscosity results for solutions with freezing point -20 ºC
The results from the viscosity test for solutions having freezing point of -20 ºC are presented in Figure 50.
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Figure 50 Viscosity results for blends with freezing temperature -20 ºC

On the one hand, the addition of glycerol and propylene carbonate in small concentration reduced the
viscosity compared to pure EA30. This tendency was as well observed for samples having higher freezing
points of -10 and -15 ºC. On the other hand, samples EA27+1-PA2,7 and EA27+1-PA3,24 had lower
impact on viscosity (by 4.5% lower than pure EA30) compared to other additives since glycerol with ethyl
alcohol blends and propylene carbonate blends had by 8% lower viscosity compared pure EA30 yet EA27
blended with 1-propyl alcohol still had lower viscosity than pure EA30.
EA27+1-PA3.6+BA0.6 had 4.4% higher viscosity than pure EA30 while EA27+1-PA2.4+BA0.6 had lower
viscosity up to 4.8% compared to pure EA30 which means that higher concentrations of 1-propyl alcohol
lead to higher viscosity value.
Furthermore, EA27+2.7G was the sample with the highest decrement of the viscosity compared to pure
EA30 between 7.68% to 16.85% in the whole temperature range.

7.5 Thermal conductivity
The results are divided according to the different freezing temperatures as well for other sections. Water
presented the highest thermal conductivity and therefore all samples presented lower values due to the lower
content of water ´which is replaced with the different additives affecting the thermal conductivity.
Note that reference thermal conductivity and specific values used to tabulate data for different ethyl alcohol
solutions presented in (Melinder 2007) are mostly based on very few points and data for commercially
available products with different additives. Thus, it is decided to compare experimental results with one
found in (Ignatowicz, Melinder, Palm 2014), (Ignatowicz, Melinder, Palm 2015) and (Ignatowicz, Mazzotti,
Melinder, Palm 2017b).
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Note that water has the highest thermal conductivity and water-based solutions will always have lower
thermal conductivity. Moreover, higher concentration of the freezing point depressant will result in lower
thermal conductivity.
As previous section, the different samples with similar freezing point temperature will be presented and
discussed in next sections.
7.5.1 Thermal conductivity results for solutions with freezing point -10 ºC
The thermal conductivity results for blends with the freezing point -10ºC are presented in Figure 51.

Figure 51 Thermal conductivity results for blends with freezing temperature -10 ºC

1-PA20 had by 30% lower thermal conductivity values at -8ºC and by 18.3% lower at 0ºC compared to pure
EA20 while 2-PA20 had by 23% lower values compared to pure EA20 at -8ºC.
EA18+1-PA2 had 13% lower thermal conductivity than pure EA20 at -8ºC. EA18+1-PA1.6+BA0,4
showed lower thermal conductivity by 12.7% at -8ºC with regards to pure EA20. Solutions with 1-propyl
alcohol had lower thermal conductivity by up to 15% than pure EA20 for temperatures lower than 0ºC
The presence of small concentrations of glycerol and propylene carbonate in ethyl alcohol-based solutions
resulted in the decrement of thermal conductivity by up to 14% and 14.5% at lower temperatures than 0 ºC
compared to pure EA20 values. Nevertheless, the effect of both additives in EA is quite similar with slightly
higher decrement of thermal conductivity in case of propylene carbonate and ethyl alcohol solutions.
As a consequence of the dramatic drop of 15% in the thermal conductivity compared to pure EA20 and
the fact that the flash point will not increase more than with other additives, it was decided that there will
not be further research on thermal conductivity or specific heat capacity for 1-propyl alcohol blends.
Moreover, glycerol as additive will be further researched with lower freezing point blends since it has the
highest flash point and it is a natural product.
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7.5.2 Thermal conductivity results for solutions with freezing point -15 ºC
The thermal conductivity results for blends with the freezing point -15ºC are presented in Figure 52.

Figure 52 Thermal conductivity results for blends with freezing temperature -15 ºC

Similarly to previous results, lower thermal conductivity values with higher differences at high temperatures
was observed in case of samples with freezing point of -15ºC.
EA22.5+G2.25 had around 13% to 25.6% lower values in the full temperature range compared to pure
EA25, which at -10ºC were 15% lower compared to EA25. EA22+G3 results were 13.24% to 25.70% lower
compared to pure EA25 in the full temperature range, which were really similar to EA22.5+G2.25 but
showed lower thermal conductivity results such as 15.5% lower thermal conductivity of EA22+G3 at -10ºC
with respect to pure EA25.

7.5.3 Thermal conductivity results for solutions with freezing point -20 ºC
The thermal conductivity results for blends with the freezing point -20ºC are presented in Figure 53
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Figure 53 Thermal conductivity results for blends with freezing temperature -20 ºC

The changing concentrations of ethyl alcohol and other additives leads to significant changes in thermal
conductivity. As seen, EA27+G2.7 had thermal conductivity results by 15.6% lower at -18 ºC and up to by
18.9% lower at 0ºC in regards to pure EA30.

7.6 Specific heat capacity
Note that most of the specific heat capacity results were provided by Monika Ignatowicz who employed
most of the times the µDSC. The results are divided according to the different freezing temperatures.
Similarly to thermal conductivity, measured values for reference values will be used for the comparison with
the results of the test.
Again, different concentrations of ethyl alcohol and other additives lead to different specific heat capacity
results
As previous section, the different samples with similar freezing point temperature will be presented and
discussed in next sections.
7.6.1 Specific heat capacity results for solutions with freezing point -10ºC
The specific heat capacity results for the blends with the freezing point of -10ºC are presented in Figure 54.
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Figure 54 Specific heat capacity results for blends with freezing temperature -10 ºC

As figure shows, 1-PA20 and 2-PA20 blends have the highest specific heat capacity among all samples. 1propyl alcohol with ethyl alcohol blends had higher specific heat capacity up to 6.3 to 5.4% compared to
EA20 at temperature range of -8 ºC to 5 ºC. Presence of 1-propyl alcohol as additive leads to higher specific
heat capacity values of 2.4% to 0.7% in the temperature range of -8ºC to 0ºC.
Presence of glycerol in ethyl alcohol blends had higher specific heat capacity for temperatures higher than
0ºC. Unfortunately, EA18+G2 had lower specific heat capacity by 0.9% in the range 0ºC to -10ºC, which is
the most important operating temperature range for GSHP systems. The maximum difference of 1.6% in
the specific heat capacity for EA18+G2 occurs at -10ºC compared with pure EA20.
Propylene carbonate as additive has similar effect as glycerol and a slight decrement of specific heat capacity
at low temperatures is observed by up to 1.3% and 0.4% with respect to pure EA20 for temperature of 10ºC and -5ºC.

7.6.2 Specific heat capacity results for solutions with freezing point -15ºC
The specific heat capacity results for the blends with the freezing point of -15ºC are presented in Figure 55.
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Figure 55 Specific heat capacity results for blends with freezing temperature -15 ºC

Similar conclusions can be drawn from results obtained for solutions with the freezing point of -15ºC.
As seen, EA22.5+G2.25 has higher specific heat capacity by up to 1.8% in the full temperature range
compared to pure EA25. However, EA22+G3 has 0.7% higher specific heat capacity values for
temperatures between 0 and -15ºC compared to pure EA25.

7.6.3 Specific heat capacity results for solutions with freezing point -20ºC
The specific heat capacity results for the blends with the freezing point of -20ºC are presented in Figure 56.
Similar conclusions can be seen for blends with freezing points of -20ºC. However, the increase in the
additive concentration tends to lower the difference in specific heat capacity results.
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Figure 56 Specific heat capacity results for blends with freezing temperature -20 ºC

EA27+G2.7 has 2.4% to 1.4% higher values than pure EA30 at -15 ºC and 10 ºC respectively. EA27+G2.7
has by 1.88% higher specific heat capacity values compared to pure EA30 for temperatures lower than 0
ºC.

7.7 Performance
In this performance study the Reynolds number (Re), heat transfer coefficient and the pumping power was
calculated and compared for the different blends with similar freezing temperatures at different
temperatures and conditions.
Reynolds number higher than 2300 indicates better heat transfer process due to higher Nusselt number
which is linked to smaller inner pipes diameter of pipes at the cost of higher pressure drops and pumping
power.
The heat transfer coefficient affects the temperature difference between the fluid and the inner part of the
pipe, which tells the efficiency of the thermal exchange. Large values of temperature difference will cause
the evaporation temperature of the evaporator in the GSHP system to decrease leading to lower values of
the overall COP of the system.
Note that blends of ethyl alcohol, 1-propyl alcohol with ethyl alcohol blends were removed from
performance study due to their high viscosity and poor thermal conductivity for freezing point -15ºC and 20ºC.
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7.7.1 Reynolds number results for solutions with the freezing point of -10
ºC
Figure 57 and Figure 58 present the Reynolds number plotted against the secondary fluid temperature
having freezing point of -10 ºC and at two different volumetric flow rates.

Figure 57 Reynold number vs temperature for blends with freezing temperature -10 ºC at 0.4 l.s-1

Water presents always the highest Re for both volumetric flows that is always in the turbulent region which
means higher heat transfer coefficient that later is shown. For example, water is 112% higher than
EA18+P2, the ethyl alcohol blend with the highest Re number at temperature of 5ºC.
2-PA20 is the sample with the lowest Re number than the rest of blends and comparing to EA20 presented
a decrease in the Re number by 7% up to 30% at the whole temperature range and both volumetric flows
because of its higher viscosity. 1-PA20 presented higher Re compared to pure EA20 (by 0.6% up to 12% at
the full temperature range and both volumetric flows).
1-propyl alcohol with ethyl alcohol blends increased Re number compared to pure EA20 by 4.3% at lower
temperature than 0ºC for both volumetric flow rates. Presence of 1-propyl together with n-butyl alcohol
has 6% increase at the full temperature range. Propylene carbonate with ethyl alcohol blends showed the
highest increase in the Re number of 40% compared to pure EA20 and the other blends at lower
temperature than 0ºC for both volumetric flows. Finally, the lower the concentration of glycerol in blend
the higher the increase in the Re number due to lower viscosity.
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Figure 58 Reynold number vs temperature for blends with freezing temperature -10 ºC at 0.6 l.s-1

When compared to EG23.5 and PG25.4, EG23.5 showed the highest Re number compared to ethyl alcohol
blends, which indicated always turbulent-type flow at the whole temperature range. The difference between
the ethyl alcohol blends and EG23.5 was around 37% lower for 1-propyl alcohol with ethyl alcohol blends,
by 24% lower for glycerol with ethyl alcohol blends and by 27% for propylene carbonate with ethyl alcohol
solutions at lower temperature than 0ºC for both volumetric flows. However, 1-propyl solutions presented
laminar flow at lower temperature than 0ºC at 0.4 l.s-1 volumetric flow which increased the difference
compared to EG23.5. EA17.6+G2.4 showed a transition flow at 0.4 l.s-1 volumetric flow. On the other
hand, PG25.4 had lower Re number and all samples showed higher Re numbers than PG25.4. In this case
the highest difference was observed at -8ºC for 1-propyl together with n-butyl alcohol and PG25.4 (by 2%)
having a laminar flow for 0. 4 l.s-1. Ethyl alcohol blends with 1- propyl alcohol showed 11% increase in the
Re numbers, while glycerol with ethyl alcohol blend and propylene carbonate with ethyl alcohol solutions
increased 20% and 21% respectively compared to PG25.4 at the whole temperature range and both
volumetric flows.

7.7.2 Heat transfer coefficient results for solutions with the freezing point
of -10ºC
Figure 59 and Figure 60 present the heat coefficient plotted against the secondary fluid temperature having
freezing point of -10 ºC and at two different volumetric flow rates.
The lower thermal conductivity of all blends affects the heat transfer coefficient, especially at low
temperature. Lower heat transfer coefficient means higher thermal resistance and thus temperature
difference between the fluid and the inner part of the pipe. It can be seen in the figures the change in the
flow type which results in higher thermal coefficient. Moreover, it will be commented only for low
temperatures at both volumetric flows since it is the most interesting temperature range for GSHP systems
and where there are high differences.
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Figure 59 Heat coefficient vs temperature for blends with freezing temperature -10 ºC at 0.4 l.s-1

Pure water presents the highest thermal coefficient for all temperatures and both volumetric due to its high
thermal conductivity and turbulent flow. EA18+P2, which presents the higher thermal coefficient at
temperature of 5ºC of all ethyl alcohol blends, has 54% lower value than for water for both volumetric
flows.
2-PA20 had the lowest heat transfer coefficient which is by 87% lower than pure EA20 for both volumetric
flows at lower temperatures than 0ºC. On the other hand, 1-PA20 has about 7% lower values than pure
EA20 at the same temperature range which reflects the different relations between viscosity, thermal
conductivity and specific heat capacity (higher ones of 2-PA20 than for 1-PA20) that affected the heat
transfer coefficient negatively due to the high viscosity of 2-PA20 or 0.4 and 0.6 l.s-1.
Blend of ethyl alcohol with glycerol had the highest heat transfer coefficient at lower temperatures than 0ºC
among the different samples only overcome by EG23.5. It presented 272% and 202% higher heat transfer
coefficient compared to pure EA20 at lower temperature than 0ºC at 0.4 and 0.6 l.s-1 respectively. Propylene
carbonate with ethyl alcohol showed similar behavior to glycerol blend yet 145% and 194% higher than
pure EA20 at the same range and volumetric flows.
With regards to PG25.4 and EG 23.5, glycerol with ethyl alcohol solution and propylene carbonate with
ethyl alcohol blend presented higher heat transfer coefficient than PG25.4 and lower than EG 23.5 at lower
temperatures than 0ºC. On the one hand, glycerol and ethyl alcohol blend had by 274% and 520% higher
than PG25.4 at lower temperatures than 0ºC and volumetric flows of 0.4 and 0.6 l.s-1. Propylene carbonate
blend with ethyl alcohol had 145% and 520% higher than PG 25.4 at lower temperatures than 0ºC and both
volumetric flows.

-72-

Figure 60 Heat coefficient vs temperature for blends with freezing temperature -10 ºC at 0.6 l.s-1

On the other hand, glycerol with ethyl alcohol blend had about 35% lower and 9% higher at lower
temperatures between 0 and -8ºC for volumetric flows at 0.4 and 0.6 l.s-1, respectively. Propylene carbonate
with ethyl alcohol had by 53% lower and 8% higher at temperatures between 0 and -8ºC for volumetric
flows at 0.4 and 0.6 l.s-1, respectively.
The heat transfer coefficient is related to the temperature difference, Θ [K], which if a HP 8 kW capacity is
deployed and a volumetric flow of 0.4/0.6 l.s-1 at lower temperatures than 0ºC, become 1.83/0.7K for pure
EA20 in contrast to 2.01/0.27K for 1-propyl alcohol with ethyl alcohol blends; 1.57/0.37K for glycerol and
ethyl alcohol blend and 1.45/0.38K for propylene carbonate with ethyl alcohol solution. It leads to a
reduction of 60% and 45% respectively for glycerol blend and propylene carbonate blend regarding to pure
EA20 and an increase by 10% at 0.4 l.s-1 for 1-propyl alcohol blends.
In study case where the capacity is 12kW, Θ [K] becomes 2.85/0.75K for pure EA20 while it is by 3.2/0.4K
for ethyl alcohol with 1-propyl alcohol blends; 1.6/0.32K for glycerol with ethyl alcohol solution;
2.17/0.32K for propylene carbonate blend at lower temperatures than 0ºC and volumetric flow rates of
0.4/0.6 l.s-1. EG23.5 presented Θ [K] of 0.17/0.27K for 8kW capacity which was the lowest with a reduction
of 80% while PG25.4 had 1.92/0.27K meaning an increase of 4 but also reduction of 60% for 0.6 l.s-1.
7.7.3 Pumping power performance results for solutions with the freezing
point of -10 ºC
Figure 61 and Figure 62 present the pumping power plotted against the secondary fluid temperature having
freezing point of -10 ºC and at two different volumetric flow rates.
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Figure 61 Pumping power vs temperature for blends with freezing temperature -10 ºC at 0.4 l.s-1

At temperature of 5ºC water had the lowest pumping power as expected due to its lower viscosity, which
was by 24% lower than EA18+P2.4 which presented the lowest pumping power at temperature of 5ºC.
It can be observer that there are some fluids that experiments the change from laminar to turbulent flow,
which causes them to present low pumping power at the lowest temperatures. As a consequence of lowering
the viscosity of the samples, the pumping power should be decreased but the change in the type of flow
from laminar, which requires lower pumping power, to turbulent, increasing the pumping power, needs to
be accounted.
All samples presented similar tendency, having lower pumping power than EA20 for high temperatures and
the peak of pumping power at around -5 ºC for 0.4 l.s-1, although for some samples it could happen around
0 ºC, due to the change in the type of flow. As it was expected from high Re values, at low temperatures the
pumping power was increased for glycerol and propylene carbonate blends and decreased for 1-propyl
alcohol samples compared to EA20.
1-PA20 increases the pumping power by 1% at lower temperatures than 0ºC compared to pure EA20. 2PA20 had by 20% increase in the pumping power at the whole temperature range for 0.4 l.s-1 and a decrement
by 30% between -8 and -2ºC (because of the laminar region) then an increase by 10% at the remaining
temperatures.
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Figure 62 Pumping power vs temperature for blends with freezing temperature -10 ºC for 0.6 l.s-1

Pumping power for 1-propyl alcohol solution is reduced by 1.3% compared to pure EA20 at temperatures
lower than 0ºC and 0.6 l.s-1, not considering -10ºC, while it is reduced by 3% for 0.4 l.s-1 at all temperatures.
Moreover, propylene carbonate with ethyl alcohol blend and glycerol and ethyl alcohol solution had lower
pumping power by 5.6% and 8.2% than pure EA20 at lower temperatures than 0ºC and 0.6 l.s-1 and by 10%
and 12% for 0.4 l.s-1 for lower temperatures than 0ºC respectively because of the different type of flow they
present.
PG25.4 presents higher pumping power by 3% and 21% compared to pure EA20 at lower temperatures
than 0ºC and 0.4 and 0.6 l.s-1 respectively. EG23.5 has by 9% and 7 % higher compared to pure EA20 at
temperatures lower than 0ºC at 0.4 and 0.6 l.s-1, respectively. Glycerol and ethyl alcohol blend reduce
pumping power by 7% compared to EG23.5 and by 5% compared to PG25.4 for lower temperatures than
0ºC. Propylene carbonate with ethyl alcohol blend reduces by 6% compared to PG25.4 and by 7% regarding
EG23.5. 1-propyl alcohol blends had lower pumping power by 6% and 9% than PG25.4 and EG23.5,
respectively

7.7.4 Reynolds number results for solutions with the freezing point of -15
ºC
Figure 63 and Figure 64 present the Reynolds number plotted against the secondary fluid temperature
having freezing point of -15 ºC and at two different volumetric flow rates.
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Water will have the higher Re number for both volumetric flows as commented for higher freezing point.
The difference between pure water and EA22+P3, which presents the higher Re number at temperature of
5 ºC for the ethyl alcohol blends, is 59% lower Re number compared to pure water for both volumetric
flows.
On the one hand, 1-propyl alcohol with ethyl alcohol blends had 9 to 31% lower values at the full
temperature range compared to pure EA25. On the other and, EA22+P3 had by 8 up to 28% and
EA22.5+P2.5 by 6 up to 24% lower Re number than pure EA25 at the whole temperature range and both
volumetric flows. EA22+G3 had up to 32% lower values and EA22.5+G2.25 up to 24% at the whole
temperature range compared to pure EA25.

Figure 63 Reynold number vs temperature for blends with freezing temperature -15 ºC for 0.4 l.s-1

PG32.9 has lower Re number than pure EA25 which are by 28 up to 40% lower at temperatures lower than
0ºC due to its high viscosity while EG30.52 has up to 61% higher values than pure EA25 at the same
temperature range.
PG32.9 has the lowest Re values due to its high viscosity, thus all samples presented higher values than it at
all temperatures for both volumetric flows. Ethyl alcohol with 1-propyl and n-butyl alcohol blends have
32.5% higher than PG32.9 while 1-propyl blended with ethyl alcohol were by 25.5% higher. Finally, ethyl
alcohol together with glycerol have 39.9% higher Re number while propylene carbonate with ethyl alcohol
had 44.2% higher values than PG32.9 at temperatures lower than 0ºC.

-76-

Figure 64 Reynold number vs temperature for blends with freezing temperature -15 ºC for 0.6l.s-1

EG30.59 has the highest Re values temperatures at temperatures lower than 0ºC for both volumetric flows.
1-propyl and n-butyl alcohol together with ethyl alcohol blends had 34% lower Re number than EG30.59
while 1-propyl blended with ethyl alcohol do 38% lower at temperatures lower than 0ºC. Finally, ethyl
alcohol together with glycerol had 31% lower while propylene carbonate with ethyl alcohol had 29% lower
values than EG30.52 at the same temperature range.
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7.7.5 Heat transfer coefficient results for solutions with the freezing point
of -15ºC
Figure 65 and Figure 66 present the heat coefficient plotted against the secondary fluid temperature having
freezing point of -15 ºC and at two different volumetric flow rates.
As expected for higher freezing point, pure water has the highest heat transfer coefficient due to turbulent
flow and high thermal conductivity. Pure EA25 has the highest heat transfer coefficient at temperature of
5ºC but is 61% or 56% lower compared to pure water for volumetric flow rate of 0.4 and 0.6 l.s-1,
respectively.

Figure 65 Heat coefficient vs temperature for blends with freezing temperature -15 ºC for 0.4 l.s-1

Similar tendency as for higher freezing point with low heat transfer at low temperature due to lower thermal
conductivity and laminar flow type for the samples. On the one hand, EA22+G3 had heat transfer
coefficient lower by 2 up to 17% for both volumetric flows while EA22.5+G2.25 had 5% lower at the whole
temperature range but 4% higher at 0ºC for 0.4 l.s-1 and -5ºC at 0.6 l.s-1.
PG32.9 had 20% lower and 20% higher values than pure EA25 at temperatures lower than 0ºC at volumetric
flow rates of 0.4 and 0.6 l.s-1 respectively. EG30.52 had by 4 up to 680% higher values at temperatures lower
than 0ºC and 0.4 and 0.6 l.s-1 volumetric flow.
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Figure 66 Heat coefficient vs temperature for blends with freezing temperature -15 ºC at 0.6 l.s-1

With regards to EG30.52, all blends present lower values for temperatures lower than 0ºC and ethyl alcohol
with glycerol had by 32 and 66% lower values than EG30.52 for 0.4 and 0.6 l.s-1 volumetric flow respectively.
If we have a HP with 8/12kW as capacity, pure EA25 has a temperature difference, Θ [K], of 1.4/2.04 at
temperatures lower than 0ºC at 0.4/0.6 l.s-1 volumetric flow respectively. EA22+G3 resulted in 2.25/3.38K
(10.5% lower efficiency) regarding pure EA25 and at lower temperatures than 0ºC and 0.4 l.s-1 while
1.54/2.3K (9.95% lower efficiency) at 0.6 l.s-1. EA22.5+G2.25 resulted in 2.23/3.35K (9.6% lower
efficiency) than pure EA25 and at lower temperatures than 0ºC and 0.4 l.s-1 while 1.52/2.28K (8.85 % lower
efficiency )at 0.6 l.s-1.
PG32.9 values are by 2.4/1.7K and 1.6/2.3K (24% lower efficiency) at temperatures lower than 0ºC and
0.4 and 0.6 l.s-1 volumetric flow respectively while EG30.52 results in 1.5/2.3 and 0.2/0.3K (24 and 84%
higher efficiency) at similar conditions.
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7.7.6 Pumping power performance results for solutions with the freezing
point of -15 ºC
Figure 67 and Figure 68Figure 61 present the pumping power plotted against the secondary fluid
temperature having freezing point of -15 ºC and at two different volumetric flow rates
As expected for higher freezing point, pure water has the lowest pumping power due to the low viscosity
and high and high thermal conductivity. Pure EA22+P3 has the lowest pumping power at temperature of
5ºC but is 28.6% or 4.6% higher compared to pure water for volumetric flow rate of 0.4 and 0.6 l.s-1
respectively.

Figure 67 Pumping power vs temperature for blends with freezing temperature -15 ºC at 0.4 l.s-1

On the other hand, EA22+1-PA3 has higher pumping power by 1.1% at temperatures lower than 0ºC and
both volumetric flows compared to pure EA25 while EA22.5+1-PA2.25 has lower values by 2.3% at same
conditions. Presence of glycerol on ethyl alcohol blends lower pumping power compared to pure EA25 by
8.2% at temperatures lower than 0ºC. Ethyl alcohol with propylene carbonate solutions decreased the
pumping power compared to pure EA25 by 7.3% at temperatures lower than 0ºC.
Note that the change of the flow for EA22+P3 happened before the rest of the blends (at -5 ºC) causing a
sudden increase of 50% in the pumping power at temperature of -5ºC.
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Figure 68 Pumping power vs temperature for blends with freezing temperature -15 ºC at 0.6 l.s-1

EA22.5 together with 1-propyl and n-butyl alcohol resulted in lower values by 5.3% compared to pure ethyl
alcohol compared to pure EA25 blend. PG32.9 had the highest pumping power due to the high viscosity
which resulted in by 15% increment compared to pure EA25 for temperatures lower than 0ºC. EG30.52
also increased pumping power compared to pure EA25 for temperatures lower than 0ºC by 3.5%.
PG32.9 had higher values than all other solutions. Therefore, EA22.5 together with 1-propyl and n-butyl
alcohol resulted in by 11.3% lower values than PG32.9 at lower temperatures than 0ºC while EA22.5
together with 1-propyl alcohol did by 8.2% lower at same conditions. Presence of glycerol in ethyl alcohol
further decreased the pumping power resulting in 13.6% lower power than PG32.9. Similarly, presence of
propylene carbonate in ethyl alcohol also decreased the pumping power compared to PG32.9 by 12.3% at
similar conditions.
1-propyl alcohol together with ethyl alcohol resulted in 7% higher pumping power than EG30.52 at
temperatures lower than 0ºC while EA22.5 together with 1-propyl and n-butyl alcohol had 2.6% higher than
EG30.52 at same conditions. Presence of glycerol led ethyl alcohol blend to have 0.6% lower pumping than
EG30.52 at temperatures lower than 0ºC. Finally, propylene carbonate with ethyl alcohol also had lower
pumping power than EG30.52 by 0.2% at similar conditions.
7.7.7 Reynolds number results for solutions with the freezing point of -20
ºC
Figure 69 and Figure 70 present the Reynolds number plotted against the secondary fluid temperature
having freezing point of -20 ºC and at two different volumetric flow rates.
Water will have the higher Re value for both volumetric flows as commented for higher freezing point. The
difference between pure water and EA27+2.7G, which presents the higher Re at temperature of 5 ºC, is
63% lower Re number compared to pure water for both volumetric flows.
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Figure 69 Reynold number vs temperature for blends with freezing temperature -20 ºC for 0.4 l.s-1

1-propyl alcohol with ethyl alcohol blends alone affect the Re number by 5% higher compared to pure
EA30 at both volumetric flows and temperatures lower than 0 ºC. Presence of glycerol in ethyl alcohol
blends resulted in increase of the Re number by 9.5% higher than pure EA30 at both volumetric flows and
temperatures lower than 0 ºC.
Presence of propylene carbonate in ethyl alcohol blends led to higher increase of Re, by up to 13.32% at
the whole temperature range compared to pure EA30.
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Figure 70 Reynold number vs temperature for blends with freezing temperature -20 ºC at 0.6 l.s-1

EA 27 + 1-PA 2,4 +BA0,6 increased the Re number by 5% at temperatures lower than 0 ºC and volumetric
flows compared to pure EA30. On the other hand, EA 27 + 1-PA 3.6 +BA0,6 decreases the Re by 4.3%
for similar comparison which results in lower Re with the increase in the concentration of 1-propyl alcohol.
7.7.8 Heat transfer coefficient results for solutions with the freezing point
of -20ºC
Figure 71 and Figure 72 present the heat coefficient plotted against the secondary fluid temperature having
freezing point of -20 ºC and at two different volumetric flow rates.

-83-

Figure 71 Heat coefficient vs temperature for blends with freezing temperature -20 ºC at 0.4 l.s-1

The low thermal conductivity of the blends caused the heat transfer coefficient to decrease compared to
pure EA30. EA27+G2.7 had 5.7% and 9.6% lower heat transfer coefficient than pure EA30 at temperatures
lower than -5ºC and 0.4 and 0.6 l.s-1 volumetric flows. However, EA27+G2.7 increased by 4.55% at -5ºC
and 0.4 l.s-1 and 480% at temperature of 0 ºC and 0.6 m3.s-1 due to the change to turbulent flow.

Figure 72 Heat coefficient vs temperature for blends with freezing temperature -20 ºC at 0.6 l.s-1
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The average temperature difference, Θ [K], for lower temperatures than 0ºC become 1.6K and 2.5K for
pure EA30 for volumetric flows of 0.4 and 0.6 l.s-1 respectively. If the cooling capacity of the HP is 12kW,
Θ becomes 2.4K and 3.8K as the average value for lower temperatures than -5ºC for volumetric flows of
0.4 and 0.6 l.s-1 respectively.
EG36.2 has higher heat transfer coefficient than pure EA30 by 3.4 % at temperatures lower -10ºC and 0.4
l.s-1 or 30% for temperatures lower 0ºC and 25.8% (accounting for 88% reduction at -10ºC) for temperatures
lower than 0ºC volumetric flow of 0.6 l.s-1. EG36.2 has always the highest heat transfer coefficient but it is
toxic and forbidden in Europe. EA27+G2.7 has lower values by 27% and 28.4% at temperatures lower than
0ºC compared to EG36.2 volumetric flows of 0.4 and 0.6 l.s-1, respectively.

7.7.9 Pumping power performance results for solutions with the freezing
point of -20 ºC
Figure 73 and Figure 74 present the pumping power plotted against the secondary fluid temperature having
freezing point of -20 ºC and at two different volumetric flow rates.

Figure 73 Pumping power vs temperature for blends with freezing temperature -20 ºC at 0.4 l.s-1

EA27+1-PA3.6+BA0.6 increased by 4.85% the pumping regarding pure EA30 for temperatures lower than
-5 ºC and both volumetric flows while EA27+1-PA2.4+BA0.6 decreased by 4.16% at same conditions. 1propyl alcohol with ethyl alcohol blends decreased pumping power by 4.7% working at lower temperatures
than -5ºC than pure EA30.
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E27 with glycerol blends decreased the pumping power respect to pure EA30 by to 15% for the whole
temperature range except for 0ºC at 0.4 l.s-1 that increases by 60%. EA27 with propylene carbonate blends
showed the highest effect reducing the pumping power resulting in 8.7% reduction at lower temperatures
than -5ºC and both volumetric flows.

Figure 74 Pumping power vs temperature for blends with freezing temperature -20 ºC at 0.6 l.s-1

Blends having presence of glycerol had lower values than PG39.3 by 36% at temperatures lower than 0ºC
and both volumetric flows or by 12% and 17% higher than EG36.2 at similar conditions. Similar comparison
is drawn for blends with presence of propylene carbonate resulting in 38% lower values with respect to
PG32.9 and by 11.5% higher values than EG36.2. 1-propyl with n-butyl alcohol together with ethyl alcohol
blends reduces the pumping power by 37% regarding PG39.2 but increases by 13% compared to EG36.2.
1-propyl with ethyl alcohol blends reduces by 38% compared to PG39.2 while increases by 17% compared
to EG36.2 at temperatures lower than 0ºC.
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8 Conclusion and Future work
8.1 Conclusions
After testing 1-propyl alcohol with ethyl alcohol solutions for freezing point -10ºC it was decided that no
further analysis of thermal properties was needed, as a consequence of the 1% higher pumping power
compared to pure ethyl alcohol blend due to the low impact on the viscosity, (4% reduction compared to
pure EA20), and the poor thermal conductivity of the solutions (by 13% compared to pure ethyl alcohol
blends) despite the increase in the specific heat capacity, which showed poor heat transfer coefficient (4.5%
lower compared to pure EA20). Therefore, it was expected that blends with freezing points lower than 10ºC will follow the same pattern.
However, 1-propyl together with n-butyl alcohol blends with ethyl alcohol for freezing point -15ºC and 20ºC were not tested because of the time frame. Moreover, obtained results for the sample having -10ºC
freezing point did not seem really promising from pumping power point of view (0.2% compared to pure
ethyl alcohol solutions for temperatures lower than 0ºC) because of the different viscosities, EA27+1PA2.4+BA0.6 has 4.36% lower viscosity than pure EA30 while EA27+1-PA3.6+BA0.6 has 4.77% higher
viscosity. Moreover, thermal conductivity is reduced (by 13% compared to pure ethyl alcohol blends) which
leads to lower heat transfer coefficient (by 4.5% compared to pure ethyl alcohol blends). Thus, it was
expected that blends with lower freezing points to follow the same trend and no further research was
conducted on lower than -10ºC freezing point blends.
On the one hand, presence of glycerol in ethyl alcohol blends increases the density of the samples (by 2%
compared to pure ethyl alcohol blends) which increases the volumetric thermal capacity (by 3% compared
to pure ethyl alcohol blends due to the increase of the specific heat capacity by 2% as for temperatures lower
than 5ºC) and decreases the mass flow in the pipes. Additionally, low concentrations of glycerol make the
sample less viscous (by 12.5% compared to pure ethyl alcohol blends) which increases the Re and the
performance by decreasing the pumping power by 2.8%. Moreover, the heat transfer coefficient decreases
by 4% compared to pure ethyl alcohol blends despite the fact that the thermal conductivity decreases by
16% for the different freezing points compared to pure ethyl alcohol blends. On top of that, heat transfer
coefficient is by 34% lower compared to ethylene glycol blends (EG23.5, EG30.52 and EG36.2).
Furthermore, glycerol presents the highest flash point which increase the flash point and make it more
environmentally friendly. Therefore, glycerol in low concentrations seems to be a promising additive from
the chemical and thermal point of view.
Propylene carbonate blends showed similar thermophysical properties to glycerol, which has by 16% lower
viscosity and by 3.47% lower pumping power compared to pure ethyl alcohol blends and 4% lower heat
transfer coefficient for freezing point -10ºC compared to pure ethyl alcohol blends. Nevertheless, it can
present stability problem that will affect the performance. Another aspect to consider is higher price of 520
SEK.l-1 than glycerol, having lower price of 112 SEK.l-1 before 25% taxes. Moreover, propylene carbonate
is not classified as safe compared to glycerol.
Due to the lack of time for flash point tests it was not possible to evaluate the flash point of the resulted
blends. Nevertheless, it is expected that the flash point was increased compared to pure ethyl alcohol blends
due to the high flash point of the proposed additives.
To sum up, glycerol as additive in low concentration seems to be the possible future additive for the ethyl
alcohol-based secondary fluids because of its high flash point that will reduce the flammability risk associated
to ethyl alcohol Moreover, ethyl alcohol and glycerol blends show lower viscosity that help reduce pumping
power and the lost in heat transfer coefficient is not really high despite the low thermal conductivity
compared to pure ethyl alcohol blends. Finally, it is a rather cheap and natural product which has no problem
related to corrosion since ethyl alcohol and glycerol are less corrosive than water.
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8.2 Future Work
The master thesis has evaluated new candidates for secondary fluids. However, more deep and accurate
work needs to be done in order to put them on the market. Some suggested work are:




Terpineol (pine oil) might be a future candidate to compare with glycerol and the current products
that will need testing.
Test flash point of the samples, it was not conducted due to the lack of time.
Perform long-term test in a system, which will result in the actual operation data instead of a model.
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