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Spostovani bralci revije Journal of energy technology (JET)

V Sloveniji predstavljajo termoenenergetski procesi zelo pomemben deleZ k pridobivanju toplotne
in elektri¢ne energije, kakor tudi v pogonih avtomobilov, tovornjakov in ladij. Eden pomembnejsih
termoenergetskih procesov v sodobnih termo in jedrskih elektrarnah je Rankinov proces v vseh nje-
govih variacijah. Avtor Rankinovega procesa je skotski termodinamik William J.M. Rankine (1820-
1872), ki je ta proces objavil leta 1859.

V zadnjem casu se kaZe v svetu velik napredek v aplikaciji vodikovih tehnologij. Pri¢akuje se, da
bodo cene vodika v prihodnjih letih drasti¢no upadle, kot so pricele padati tudi cene gorivnih ce-
lic. Trenutna Stevilka revije JET prikazuje idejo masovnega pridobivanja vodika s pomocjo soproi-
zvodnje elektricne energije, toplotne energije in vodika v Rankinovem procesu. Zaradi ekoloskih
dejavnikov ter dejstva, da bo klasi¢nih virov v bliznji prihodnosti zmanjkalo, je velikega pomena
izkoriS¢anje obnovljivih virov energije.

V tej Stevilki revije JET je prikazana tudi ideja proizvodnje toplotne energije s pomocjo sonca v
soncnih kolektorjih. V ta namen je raziskana analiza Zivljenjskega cikla son¢nih kolektorjev. Analiza
Zivljenjskega cikla daje zelo natancen vpogled o dejanski uporabnosti in ekoloski sprejemljivosti
energetskih naprav.

Vsem bralcem Zelim obilo zanimivega branja.

Jurij AVSEC
odgovorni urednik revije JET
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Dear Readers of the Journal of Energy Technology (JET)

In Slovenia, thermal energy processes represent a crucial share in the production of thermal ener-
gy, electricity as well as in the power processes of cars, trucks and ships. One of the most important
thermal energy processes in modern thermal and nuclear power plants is the Rankine process in
all its variations. The process is named after the Scottish thermodynamicist William J.M. Rankine
(1820-1872), who published this process in 1859.

Recently, the world has shown great progress in the application of hydrogen technologies. Hydro-
gen prices are expected to fall drastically in the coming years, and fuel cell prices have also started
to decline. The present issue of JET magazine discusses the idea of mass production of hydrogen
through the cogeneration of electricity, heat, and hydrogen in the Rankine process. Due to ecologi-
cal factors and the fact that conventional resources will run out in the near future, the use of renew-
able energy sources is of great importance.

The current issue presents the idea of producing thermal energy with the help of the sun in solar
collectors. To this end, a life cycle analysis of solar collectors is investigated. A life cycle analysis of
each energy device on the actual usability and ecological acceptability of energy devices is con-
ducted.

| wish all readers plenty of interesting reading

Jurij AVSEC
Editor-in-chief of JET
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MULTI-PURPOSE USE AND LIFECYCLE
ANALYSIS OF SOLAR PANELS

VECNAMENSKA UPORABA IN ANALIZA
ZIVLJENJSKEGA CIKLA SOLARNEGA
PANELA

Dusan Strudnik?, Urska Novosel?, Jurij Avsec®

Keywords: heat pump, life cycle analysis, Rankine cycle, solar panel, thermochemical cycle

Abstract

The combined use of renewable energy technologies and alternative energy technologies is a promis-
ing approach to reduce global warming effects throughout the world. In this paper, the solar panel
is used in combination with a heat pump or with biomass sources to obtain heat, electricity, and
hydrogen. Based on the Rankine thermodynamic cycle, hydrogen could be obtained from water with
electrolysis and the CuCl thermochemical cycle. Furthermore, this study contains a life cycle analysis
of solar panels.

Povzetek

Kombinirana uporaba tehnologij obnovljivih virov energije in tehnologij alternativnih energij je obe-
taven pristop za zmanj$anje ucinkov globalnega segrevanja v svetu. V tem prispevku se son¢na plosca
uporablja v kombinaciji s toplotno ¢rpalko ali z viri biomase za pridobivanje toplote, elektri¢ne energi-
jeinvodika. Na podlagi Rankinovega termodinamic¢nega cikla bi lahko s pomoc¢jo CuCl termokemicnim
ciklom iz vode pridobivali tudi vodik. Poleg tega Studija prikazuje analizo Zivljenjskega cikla solarnega
panela.

¥ Corresponding author: Dusan Strusnik, Energetika Ljubljana d.o.0., TE-TOL Unit, Toplarniska 19, 1000 Ljubljana,
E-mail address: dusan.strusnik@gmail.com

! Energetika Ljubljana d.o.o., TE-TOL Unit, Toplarniska 19, SI-1000 Ljubljana, Slovenija

2 University of Maribor, Faculty of Energy Technology, Hocevarjev trg 1, SI-8270 Krsko, Slovenia

11



Dusan Strusnik, Urska Novosel, Jurij Avsec JET Vol. 13 (2020)
Issue 2

1 INTRODUCTION

The production of electricity and heat from renewable sources is becoming more efficient and
economically viable. Given current environmental problems, the utilization of renewable energy
sources is becoming desirable. The demand for thermal energy accounts for more than half of
the world’s total energy needs. Currently, most of that heat is generated from hydrocarbons
and their derivatives. Some small amounts are produced through renewable energy sources
throughout the world. In the future, it is expected that the production of heat from renewable
sources will significantly exceed the current level. For this purpose, all types of renewable
energy sources should be taken into account. Particularly interesting is the use of solar energy
with solar collectors, which have a yield of over 60%, [1]. Currently, there are several solar
thermal generation systems, including plate collectors, vacuum collectors, and hot-air
collectors, with which solar and thermal energy can be simultaneously obtained. In the
foreground, there are also solar panels, which can be used in different ways: mounted on the
roof, to cover the facades of houses, and similar. In this way, they could acquire a good portion
of the energy required for home and industrial heating. Fig. 1 shows a wall mounting and a roof
mounting of a solar panel with aluminium tubes and rock wool insulation material.

EReZ a) Wall Mo

e et i

Figure 1: a) a wall mounting solar panel and b) a roof mounting solar panel

In this case, the solar panel is comprised of aluminium tubes, rock wool insulation material,
transparent cover, circulation pump, etc. The panels are usually roof-mounted; however, they
can also be mounted on the building walls or on frames on the ground.

The insulator located between represents the thermal building envelope and should keep heat
losses as low as possible. If the solar panel is mounted in the wall, rock wool represents the
thermal building envelope. Due to this sophisticated revision of sandwich panels, the field of
application can be extended to office buildings, residential buildings, public buildings (e.g.,
education, culture, health, etc.).

12 JET
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2 SOLAR PANEL MULTI-PURPOSE USE ANALYSIS

2.1 The solar panel as a hydrogen producer

The main idea of the present article is the use of solar energy and biomass (wood chips) to
produce cheap hydrogen. We combined two processes for hydrogen production: electrolysis
and the thermochemical CuCl cycle. The working Rankine cycle system combined with the CuCl
process, [2], and the electrolysis system is presented in Fig. 2 and Fig. 3.

Electric energy
Heat

CuCl process

Additional energy
source ‘
|

System with concentrated ™
solar power i S

STAF panels =

e
&/
Pump
Figure 2: Solar panels in combination with Rankine cycle
=
—
=
g
5
'—
rl 5
; -

Specific Entropy (s)

Figure 3: T-s diagram of the Rankine cycle

Apart from hydrogen production in the process, we can also use waste heat from the Rankine
cycle for district low-temperature heating of buildings and houses. All necessary data to
calculate thermodynamic efficiency are presented in Table 1.
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Table 1: Results of the Rankine system calculation

Rankine system and CuCl system
State Pressure [bar] Enthalpy [ki/kg]
1 300 3883.43
2 300 3599.4
3s 0.06 1972.8
3 0.06 2135.46
4 0.06 151.5
5 300 186.765
Parameter Value
W, 10 MW
, 0.9
it 6.831 kg/s
g -13.552 MW
403.346 kg/s, AT = 8 K
W, 240.9 kW
s 0.85
25.252 MW
1.94 MW

This relatively small cogeneration unit was built for the Posavje region of Slovenia. The idea of
the present work is primarily to exploit solar energy for hydrogen production. Large amounts of
solar energy are available, especially in the summer, spring, and autumn. To this end, we have
used a model of covered solar panels, with which we could obtain approximately 20 °C of
temperature increase. Additional heat for the processes is obtained from wood chips. With the
help of solar calculation software found on the web page “The European Commission’s science
and knowledge service”, [3], we have calculated the average amount of solar hours. For solar
panels integrated into building for Posavje region, we calculated 1060 effective solar hours for
solar angle 450 and 716 effective solar hours for solar angle 900.

Fig. 4 shows the production of hydrogen per day with the Rankine cycle system, electrolysis and
CuCl system. On the basis of thermodynamic calculation, we could determine the amount of
hydrogen produced by the CuCl process and by electrolysis per day. As seen in Fig. 4, the total
production of hydrogen is 3931.5 kg/day; the ratio between the hydrogen obtained by
electrolysis and the CuCl process is more than 5.
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Production of hydrogen

"
0

CuCl system Electrolysis Sum

Figure 4: The amount of produced hydrogen

2.2 The solar panel as a cooling system

The use of thermal energy produced by a solar panel for cooling processes is also extremely
interesting from a technical point of view. For this purpose, two cooling systems are presented.
The first system represents cooling by means of an absorption refrigeration device and solar
panels (Fig. 5). The second system represents cooling by means of solar panels, the ORC system

and compressor heat pump (Fig. 6).

Thermal E
Biomass Storage =2
Boiler g
a2
[
R245fa g
o
| ‘ <
Solar Waste
Panel E[ Heat
(P)
N/
Pump

Figure 5: Cooling by means of an absorption cooling device and solar panel
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Figure 6: Cooling by means of solar panel, ORC system and compressor heat pump

3 LIFE CYCLE ANALYSIS OF SOLAR PANEL

Life cycle analysis is a tool for assessing the energy and environmental profile of a product or
technology from design to recycling. It provides global guidance and criteria, based on which
decisions are made on further product development and which accompany the product or
technology throughout the life cycle. Life cycle analysis covers the entire energy and
environmental aspect from production, transport, installation, lifetime and decommissioning of
a product. It is a methodology that includes four life cycle phases in a comprehensive and
transparent way, on the basis of facts and expertise and in conformity with the 1ISO 14040
standard [4]. These phases are study goal and scope definition, data acquisition, modelling and
interpretation of results. As regards new process and product development, the relationship
between processes, product characteristics and environmental impacts have to be taken into
consideration for each product. The international ISO 14025 standard, [5], was introduced to
ensure comparable environmental efficiency among products. The main stages of life cycle
analysis are presented in Fig. 7.
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RESOURCES

Figure 7: Main stages of life cycle analysis

The life cycle analysis of solar panels comprises several phases, and each phase covers input-
output data on materials, energies and environmental impact factors. Other authors developed
life cycle analysis in a similar way, [6], [7]. In the solar panel production phase, the life cycle
analysis includes extraction, production and transformation of raw materials required for the
manufacture of a solar panel first as a semi-finished product, then as a product and finally an
end product. The phase of a life cycle analysis involving solar panel production comprises three
steps: material production, product manufacturing, packaging, and distribution. The phase of a
life cycle analysis involving the solar panel application includes installation, use, and
maintenance of a solar panel. The phase of a life cycle analysis involving recycling and waste
management includes energy consumption for solar panel recycling and waste management.
The environmental factor assessing the environmental burden accompanies all life cycle stages.
The life cycle analysis model of a solar panel comprises input-output data and system
boundaries. The input data relates to the data on raw materials, energy and hazardous waste
used for solar panel manufacture. The output data relates to air emissions, aqueous waste, solid
waste, energy, recycled material, and other products. The air emission data includes the data on
produced or reduced greenhouse gases of the solar panel life cycle. Aqueous waste affects
water management due to its discharge into the environment and the related environmental
impacts in the solar panel life cycle. Solid waste is waste generated in the solar panel life cycle
without the possibility of recycling. The energy on the output data side constitutes the solar
panel energy life cycle and is the ratio between the energy invested, required for the solar panel
production, and energy generated by the solar panel in its life cycle. Recycled material is
material that can be reprocessed or reused in any other way and has been used in the solar
panel life cycle. Other products are undefined products, occurring in the solar panel life cycle. A
schematic arrangement of the analysis model of the solar panel life cycle is presented in Fig. 8.
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Figure 8: Schematic arrangement of solar panel life cycle analysis model

The quality of a life cycle analysis largely depends on the accuracy and precision of data and
databases used. As a result of technological progress and increasingly stringent environmental
regulations, the data and databases are constantly subject to changes and updates. The data
from various databases differ because they are subject to various regional environmental
regulations. The source of primary data in the life cycle analysis of a solar panel was the data
provided by the solar panel manufacturer, i.e., Talum, d. d., [8]. As a secondary source of data,
ee used the databases created by private or academic database developers: Ecoinvent
Database, [9], Eurostat, [10], data from scientific literature, [11], [12], data from technical
literature, [13], [14], etc. We split the data used in the life cycle analysis model of a solar panel
into the following groups: materials, energy, waste, waste heat and air emissions.

3.1 Materials

The materials group contains all materials used in the life cycle analysis model of a solar panel.
They were split into two groups, namely aluminium materials for production, installation and
packaging of aluminium and materials for production, installation, and packaging of rock wool.
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Table 2 shows the database of average quantities of materials used for the solar panel
manufacture.

Table 2: Average quantities of materials for solar panel manufacture

Aluminium Rock wool

Material kg/panel | kg/kgay | Material kg/panel | kg/kgv)
Water 1558.336 | 193.8 Water - 4.468
Bauxite 39.774 5.100 Bauxite - 0.086
PE-foil 0.183 0.082 PE-foil - 0.009
Alumina 14.786 1.910 Briquettes 12.321 1.097
Anode blocks 3.502 0.450 Basalt rock 5.655 0.504
Coke 2.462 0.316 Portland cement 1.158 0.103
Aluminium 1.362 0.175 Dolomite rock 0.653 0.058
fluoride

Tar pitch 0.494 0.063 Phenol 0.236 0.021
Green residue 0.045 0.006 Formaldehyde 0.236 0.021
Carbon residue 0.543 0.07 Impregnation 0.022 0.002
Calcium fluoride 0.008 0.001 Iron oxide 0.287 0.025
Cryolite 0.008 0.001 Acrylic dispersion | 0.056 0.005
Calcined soda 0.004 0.0005 Total i 6.399
Total - 201.974 Total 2 20.624

Total 1 1621.507

Total 1+2 1642.131

As much as 94.9% of water is consumed for the solar panel production, and such water is to a
large extent disposed of into the environment as wastewater. The quantity of water required
for alumina production is as high as 90%. On average, 39.77 kg of bauxite or 2.4% of the total
material consumption is required for the manufacture of one panel. Total consumption of
alumina and briquettes amounts to 1.6% of the overall material consumed for the manufacture
of a single solar panel. The total quantity of material consumed is 1642.131 kg/panel. The
overall amount of the material used for the production of one kilogram of aluminium is 201.974
kg/kgay, whereas the overall amount of the material used for the production of one kilogram of
rock wool is 6.399 kg/kg k).

3.2 Energy

The energy group comprises all energies dealt with in the life cycle analysis model of a solar
panel and used in the production or processing stages for the solar panel manufacture. Energy
consumed by a solar panel during the one-year or the forty-year operation period and energy
generated by the solar panel during the one-year or forty-year operation period is also taken
into consideration. In solar panel energy production, the average annual solar radiation for
Central Europe [15] is taken into consideration for south-facing orientation and tilt angle of 15°.
The energy consumption was split into three groups. We used the consumption of energy per
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unit of one kilogram of aluminium for the aluminium production and transport, the energy
consumption per unit of one kilogram of rock wool for the production and transport of rock
wool and energy consumption per unit of solar panel for the manufacture and transport of solar
panels. The one-year and forty-year energy consumption and production for solar panel
operation are also included. The database of average energy amounts for the manufacture and
operation of solar panels with south orientation and a tilt angle of 15° is shown in Table 3.

Table 3: Average energy amounts for the manufacture and operation of solar panels with south
orientation and a tilt angle of 15°

Production, process, operation kWh/kg@ay | kWh/kgikv) | kWh/pan
Primary aluminium 23.99 - -
Secondary aluminium 2.61 - -
Briquettes - 0.579 -

Rock wool - 1.879 -

Ship transport 0.18 - -

Rail transport 0.03 - -

Other transport 0.01 0.024 -
Aluminium panel manufacture - - 208.6408
Rock wool production - - 26.9895
Assembly and packaging - - 1.1772
Recycling - - 1.426
Consumption for one-year operation (1) | - - 251.286
Production — one-year operation (2) - - 614.324
Consumption — 40-year operation (3) - - 698.616
Production — 40-year operation (4) - - 24572.96
Net production — one year (2-1) - - 363.038
Net production - 40 years (4-3) - - 23874.34

The amount of energy required for primary aluminium production and transport is 23.99
kWh/kga on average and 2.61 kWh/kgay) on average for secondary aluminium production and
transport. The ratio between primary and secondary aluminium in the aluminium panel
production is 80% to 20%. Rock wool is made from prefabricated briquettes.

The briquette production requires 0.579 kWh/kgiy) of energy on average, and the rock wool
production and transport, however, requires 1.879 kWh/kgv) of energy on average. Therefore,
the overall energy required for the production and transport of one kilogram of rock wool
amounts to 2.388 kWh/kgkv).

We made a comparison between energy flows of average one-year and 40-year solar panel
operation at the average annual solar radiation for Central Europe, south-facing orientation and
a tilt angle of 15°. We also took into consideration the average consumption of energy for the
operation of a circulating pump that sends a fluid to circulate through the solar panel. The
average energy consumption for one-year operation, including the average energy consumption
for solar panel manufacture and transport, amounts to 251.286 kWh/panel. In one year, a solar
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panel facing south and having a tilt angle of 15°, produces 614.324 kWh/panel on average. Net
production in one year is the difference between the average annual energy produced and the
average energy consumption for one-year operation, amounting to 363.038 kWh/panel.
Furthermore, a similar calculation was made for the 40-year operation. Fig. 9 shows graphical
presentations of average energies of the life cycle analysis of a solar panel.

I Thermal Electroly sis 13,75 kWh/kg(AL)
I Alumina Manuf acture 7,27 kWh/kg(AL)
[ Boxite Mining 0,32 kWh/kg(AL)
[ ] Anode Manufacture 1,21 kWh/kg(AL)
I Primary Casting 1,21 kWh/kg(AL)
I Transport 0,23 kWh/kg(AL)

I Casting 1,9 kWh/kg(AL)
|:| Griding And Preparation

0,7 kWh/kg(AL)
I Transport 0,01 kWh/kg(AL)

Energy For Primary Aluminum Production

I Coal 1,514 kWh/kg(RW)
I Electricity 0,296 kWh/kg(RW)
[ Gas 0,045 kWh/kg(RW)
[ Diesel 0,012 kWh/kg(RW)
I Transport 0,012 kWh/kg(RW)

N
I

Energy For Rockw ool Production

I Ecctricity 0,452 kWh/kg(RW)
[ ] Diesel 0,045 kWh/kg(RW)
I Transport 0,012 kWh/kg(RW)

I Froduction 614 kWh/panel
[ ] Net Production 363 kWh/panel
_ Operate Consumption 251 kWh/panel

el
L

Energy For Briquettes Production

Energy For Secondary Aluminum Production

One Year Operation Energy

I Froduction 24573 kWh/panel
[ Net Production 23874 kWh/panel

- Operate Consumption 698 kWh/panel

40 Years Operation Energy

Figure 9: Graphical presentation of average energies of life cycle analysis of a solar panel
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Over the one-year period of operation, a solar panel facing south and having at a tilt angle of
15° would produce 2.4 times more energy than the amount required for the manufacture,
installation and one-year operation. Over the 40-year period of operation, a solar panel facing
south and having a tilt angle of 15° would produce 35 times more thermal energy than the
amount required for the manufacture, installation and 40-year operation of a solar panel.

3.3 Air Emissions

In the air emissions group, we used all emissions of CO,, the greenhouse gas, covered by the
model. The CO, emissions were split into three groups: emissions in the production and
transport of primary raw materials, emissions in the production and transport of rock wool, and
emissions in the manufacture and transport of solar panels. The database of average amounts
of CO; for the manufacture and operation of a solar panel facing south and having a tilt angle of
15° is shown in Table 4.

Table 4: Average amounts of CO2 for solar panel manufacture and operation

Production, process, operation kg(co2)/kg(av) kg(co2)/kgkv) kg(coz)/panel
Primary aluminium 10.471 - -
Secondary aluminium 0.8447 - -
Briquettes - 0.3734 -

Rock wool - 0.6181 -

Ship transport 0.0513 - -

Rail transport 0.0081 - -

Other transport 0.0027 0.007 -
Aluminium panel manufacture - - 83.127
Rock wool production - - 10.399
Assembly and packaging - - 0.457
Recycling - - 0.546
CO, production — one-year operation - - 98.898

1

CO; reduction — one-year operation2 | - - 226.865
CO; production — 40-year operation3 | - - 277.818
CO, reduction — 40-year operation 4 - - 9074.604
Net reduction of CO, — one year (2-1) | - - 127.97
Net reduction of CO, — 40 years (4-3) - - 8796.786

The amount of greenhouse gas emissions in the primary aluminium production and transport is
10.471 kg(coz)/kg(ay on average and 0,8447 kg(coz)/kgay on average in the secondary aluminium
production and transport. The ratio between primary and secondary aluminium taken into
consideration in the aluminium panel manufacture is 80% to 20%.

Rock wool is made of prefabricated briquettes. The amount of greenhouse gas emissions in the
briquette production and transport is 0.3734 kg(co2)/kgv) on average and 0,6181 kg(coz)/kgv) on
average in the rock wool production and transport. Therefore, the total amount of greenhouse
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gas emissions in the production and transport of one kilogram of rock wool is 0.9915
kg(co2)/kgv) on average. Graphical presentation of the average amount of released CO, of the
life cycle analysis of a solar panel is shown in Fig. 10.
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CO2 Emission For Briquettes

Figure 10: Graphical presentation of the average amount of released CO, of the life cycle
analysis of a solar panel

3.4 Carbon Footprint

We made a comparison between the carbon footprint of one-year and 40-year operation of a
solar panel facing south and having a tilt angle of 15°. All CO, gas emissions generated in all
stages of solar panel manufacture and transport were taken into consideration in the operation,
as well as the greenhouse gas emissions generated in the solar panel operation and circulating
pump drive. Those greenhouse gas emissions were reduced by the amount of reduced
greenhouse gases to obtain the carbon footprint result in the one-year and 40-year period.
Reduced greenhouse gases are gases emitted into the air if the energy generated by a solar
panel is produced by burning fossil fuels. The carbon footprint of one-year and 40-year
operation of a solar panel facing south and having a tilt angle of 15° is shown in Fig. 11.
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Figure 11: Carbon footprint of one-year and 40-year solar panel operation

Over the one-year period of operation of a solar panel facing south and having a tilt angle of
15°, 98.898 kg(coz)/panel of greenhouse gas are emitted into the air and 226.9 kg(cozpanel of
greenhouse gas are reduced. The one-year carbon footprint is negative, since over the one-year
period of a solar panel operation, 127,9 kg(coz)/panel less CO, is emitted into the air than if the
energy generated by a solar panel in one year is obtained by burning fossil fuels. Over the 40-
year period of operation of a solar panel facing south and having a tilt angle of 15°, the amount
of CO, emitted into the air is 227.818 kg(coz)ypanel and the amount of CO, reduced is 9074.604
kg(co2)/panel. The 40-year carbon footprint is negative also in this case, since over the 40-year
period of a solar panel operation, the amount of CO, emitted into the air is by 8796.786
kg(coz/panel lower than if the energy generated by a solar panel in the period of 40 years is
obtained by burning fossil fuels.

4 DISCUSSION AND CONCLUSION

The positive environmental impact of solar panels is reflected mainly in the green production of
thermal energy and in its negative carbon footprint. The green production of thermal energy
means that solar panels generate 35 times more thermal energy in their life cycle than the
energy needed for raw materials production, manufacture, installation and transport of solar
panels. The negative carbon footprint, in contrast, means that solar panels contribute in their
life cycle to the CO; air emissions reduction in comparison with the thermal energy generated
by solar panels by burning fossil fuels. Another advantage of solar panels is that at the end of
their lifetime, the materials used in solar panels may be almost fully recycled and reused. A
negative impact on the environment, however, is associated primarily with the production of
aluminium used in solar panels. The aluminium production process requires huge amounts of
water which, to a large extent, is disposed of as wastewater or red mud in alumina production.
Moreover, the aluminium production process requires high consumption of electricity that is
still largely generated in Slovenia by burning fossil fuels. The heat that is released in the
aluminium production processes is almost entirely discharged into the environment.

Other heating systems operating in accordance with the solar radiation exploitation principle
have characteristics and properties similar to solar panels. Energy payback time ranges from

24 JET



Multi-purpose use and lifecycle analysis of solar panels

less than a year to three years. Carbon footprints of solar heating systems are negative, which
means that they generate far fewer greenhouse gases than by using fossil fuel heating
appliances. For example, a photovoltaic panel reduces greenhouse gas emissions, namely by 0.6
kg CO, for each kWh of energy produced. Furthermore, energy for the manufacture of
photovoltaic panels is 30 times lower than the energy generated by a photovoltaic panel in its
lifetime. The advantage of solar panels in comparison with other solar panels lies mainly in the
fact that the materials used for the manufacture of solar panels can be easily almost fully
recycled and reused.
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Abstract

The vast majority of steam power plants in the world are based on the Rankine cycle. It is a well-
known, trustworthy process that uses water or water vapour as a working medium, which supplies
heat from various primary energy sources: fossil fuels, renewable energy sources (solar energy,
energy from wood biomass, etc.) or a combination of both. With the Rankine cycle, energy sources
other than electricity can be produced, which can be used as the primary energy source for various
applications. The present article focuses on the production of hydrogen in addition to electricity;
therefore, two energy sources are obtained from the same system with a few modifications of the
existing power plant for further exploitation. There are several processes for hydrogen production
using the Rankine cycle; in the present article, two processes are focused on: using part of the elec-
tricity produced and obtaining hydrogen by electrolysis of water or using part of high quality steam
(basically heat energy) in combination with electricity and obtaining hydrogen by a thermochemi-
cal copper-chlorine process. Each of these processes has its advantages and disadvantages, which
are presented in the present article with an example model of a power plant.

Povzetek

Velika vecina elektrarn na svetu, ki uporabljajo parni proces za proizvodnjo elektri¢ne energije, temelji
na Rankinovem procesu. Gre za dobro znan zanesljiv proces, ki kot delovni medij najveckrat uporablja
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vodo oz. vodno paro, kateri lahko dovajamo toploto iz razli¢nih primarnih virov energije — fosilna
goriva, obnovljivi viri energije (son¢na energija, energija iz lesne biomase ipd.) ali pa kombinacija
obojih. S pomocjo Rankinovega procesa lahko proizvajamo tudi druge vire energije, razen
elektri¢ne energije, ki jih nato uporabimo kot primarni vir energije za razli¢ne aplikacije. Clanek
se fokusira na proizvodnjo vodika poleg elektricne energije, kar pomeni, da iz istega sistema
pridobimo dva vira energije za nadaljnje izkoris¢anje, s ¢imer z nekaj modifikacijami izkoristimo
obstojece elektroenergetsko postrojenje za ve¢ namenov. Obstaja ve¢ procesov za pridobivanje
vodika s pomocjo Rankinovega procesa, toda v ¢lanku se bomo osredotocili na dva procesa, in
sicer lahko uporabimo del proizvedene elektricne energije in vodik pridobivamo z elektrolizo
vode, lahko pa uporabimo tudi del visokokakovostne pare (v bistvu toplotno energijo) v
kombinaciji z elektricno energijo in vodik pridobivamo s termokemi¢nim baker-klorovim
procesom. Vsak od omenjenih procesov ima svoje prednosti in slabosti, ki bodo predstavljene v
¢lanku na konkretnem primeru modela elektrarne.

1 INTRODUCTION

According to various forecasts, energy demand will strongly increase in the coming decades, so it
makes sense to make the best of existing systems, especially through the optimization and
production of clean energy sources. Hydrogen is certainly a clean source of energy (besides
electricity) and highly applicable in several sectors, mainly in industry and transport.

Throughout the world, about 80% of electricity is generated from fossil fuels and nuclear energy,
[1]. These power plants mostly use the Rankine cycle as a process to convert primary energy
source to electricity and possibly heat. The aforementioned products of the Rankine cycle can be
used to produce hydrogen by electrolysis (using solely by electricity) or by a thermochemical
copper-chlorine (Cu-Cl) cycle (using heat and electricity). However, an even greater change for
the better would be if the Rankine cycle used renewable energy sources as a primary energy
source.

The present article deals with a model of a conventional steam power plant, in which part of the
generated electricity and heat is used to produce hydrogen. The article contains an example of
thermodynamic calculation and a comparison of two different cases.

2 RANKINE CYCLE AND HYDROGEN PRODUCTION

The process model is a Rankine cycle power plant, in which two different processes were taken
into consideration. First, we remodelled a steam power plant to a cogeneration plant (adding
process heater in the cycle), since the heat is required for the Cu-Cl cycle to produce hydrogen,
[2], (see Fig. 1). For the second case, we made no changes in the Rankine cycle, since only
electricity is required for the hydrogen production by electrolysis, [3], (see Fig. 2). In both cases,
the operating conditions are steady, and the process operates throughout the year (8,760 hours).
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Figure 1: Rankine cycle producing hydrogen by Cu-Cl process
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Figure 2: Rankine cycle producing hydrogen by electrolysis

Input data for the steam before entering the turbine are 8 MPa and 600 °C, and the mass flow
rate is 50 kg/s. Pressure drops and heat losses are disregarded. Steam leaves the process heater
and the condenser as a saturated liquid. The isentropic efficiency of the turbine is 80%; the pumps
are isentropic.

In the first case, when producing hydrogen by the Cu-Cl process, 30% of the steam is extracted
from the turbine at 5.5 MPa for process heating. As in [2], the maximum temperature required
for the Cu-Cl cycle is 530 °C (see Fig. 3); therefore, the steam cannot expand to pressure lower
than 5.5 MPa (temperature of the steam in state 2 (see Fig. 1) is 543 °C) before entering the
process heater. Another 70% of the steam continues to expand to 5 kPa in the condenser.

In the second case, when producing hydrogen by electrolysis, the entire mass flow of the steam
is expanded in the turbine from 80 MPa to 5 kPa in the condenser.
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2.1 Thermochemical Cu-Cl cycle

In the copper-chlorine cycle, water is split into hydrogen and oxygen through intermediate Cu-Cl
compounds. The maximum temperature in the cycle is 530 °C. The schematic of a Cu-Cl cycle is
in Fig. 3, [4]. The chemical reactions of the four steps in the Cu-Cl cycle with the temperature
range are, [5]:

2CUClaq) + 2HCl(ag) = Ha(g) + 2CUCly(aq) 90°C

CUCly(aq) = CuClagg) 150 °C
2CuClys) + H20(g = CUO-CuCly + 2HCl g 400 °C
CUO-CuClag = 2CuCly) + %0a 500 °C

hydrolysis reactor
@@ooc)  HCl(g)/
steam

INPUT
H.0 CuCl,
(s)
exchanger | CuO*Cu crystallizer
OUTPUT
Ongee condenser /
O evaporator
IhNPtUT BT rezactor A4
(59330 g | Cuci() (500 C)
I —_——— -
_____ H.0 INPUT
heat I
exchanger \r,‘\,:astte
CuCl
ourrur ¥ o
H, gas

H, reactor
(electrolyzer; 90 C)

Figure 3: Schematic of a Cu-Cl cycle

The Cu-Cl cycle requires heat and electricity for hydrogen production. It has higher conversion
efficiency than electrolysis and many other advantages over other methods for hydrogen
production, including lower maximum temperature than other thermochemical cycles, [2].
Energy requirements for the process, used as input data for the calculation, are shown in Fig. 4,

[6].
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Figure 4: Energy requirements for the Cu-Cl cycle

We also took into consideration the amount of energy required to compress hydrogen; thus, the
overall energy requirements for the production of 1 kg of hydrogen by Cu-Cl cycle are 220 MJ of
heat and 31.3 MJ of electricity and for the compression 15 kWh of electricity, [6].

2.2 Electrolysis

Electrolysis is a chemical process by means of which the reduction and oxidation of chemical
compounds are made using a direct electric current to drive a chemical reaction. The electrolysis
of water (also called water splitting) is a process by which water is decomposed into hydrogen
and oxygen using a minimum electrical voltage of 1.229 V, [3]. The chemical reaction is:

2H30q) = 2Hz(g) + Ozg)

In thermodynamic terms, the total enthalpy required to decompose water into hydrogen and
oxygen is given by Eq. (2.1):

AH = AG + TAS (2.1)

In Eqg. (2.1), AH is the reaction enthalpy, under standard conditions it is AH?=—285.83 ki/mol, AG
is the difference in Gibbs free energy (required electricity) and TAS is the amount of heat
absorbed from the environment, [3].

Also, in this case, we took into consideration the amount of energy required to compress
hydrogen; thus, the overall energy requirements for the production of 1 kg of hydrogen by
electrolysis are 55 kWh of electricity for hydrogen production and 15 kWh of electricity for its
compression.
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3 THERMODYNAMIC ANALYSIS

We made calculations for each of the cases mentioned above at the specified conditions. The
process in Fig. 1 is also drawn in the T-s diagram and is shown in Fig. 5. In Table 1, all input data,
pressures, and enthalpies at various steam states are collected for the case. When producing
hydrogen by the Cu-Cl process, the rates of process heat supply and heat input, as well as the
power produced, are given by Eq. (2.2), (2.3) and (2.4), [7]:

QPH = 0.3m1(h2—h3) (2.2)
Q,, = my(hs-hg) (2.3)
W, = 0.3, (h;-h,) +0.7rh; (h, - he) (2.4)

Steam enters the turbine at state 1, 30% of steam is extracted from the turbine at state 2 for
process heating; another 70% of steam expands further to state 5. Steam enters the condenser,
where it is condensed at a constant pressure to state 6 and then pumped to state 7. After the
process heater, the steam is saturated liquid (state 3) and then pumped to state 4. Both steam
fractions enter the mixing chamber and leave it at state 8 (see Fig. 1 and 5).

5.5 MPa /

3

Temperature, T

Specific entropy, s

Figure 5: T-s diagram Rankine cycle with process heater
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Table 1: Input data, pressures and enthalpies for Rankine cycle with Cu-Cl process

Steam Mass flow rate Pressure Enthalpy

state [kg/s] [MPa] [kJ/kg]
1 50 8 3642.38
2 15 5.5 3530.69
3 15 5.5 1185.09
4 15 8 1188.35
5 35 0.005 2427.33
6 35 0.005 137.75
7 35 8 145.79
8 50 8 458.56

In the second case, we have a basic Rankine cycle process without a process heater (see Fig. 2).
The process is also drawn in the T-s diagram and is shown in Fig. 6. In Table 2, all input data,
pressures, and enthalpies at various steam states are collected for that case. When producing
hydrogen by electrolysis, the rate of heat input and the power produced are expressed in Eq. (2.5)
and (2.6), [7]:

Q;, = m(hy-hy) (2.5)
W, = m(h;-h,) (2.6)

Steam enters the turbine at state 1, and leaves it at state 2, then enters the condenser where it
is condensed at a constant pressure to state 3 (saturated liquid) and pumped to state 4.

Temperature, T

Specific entropy, s

Figure 6: T-s diagram Rankine cycle
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Table 2: Input data, pressures and enthalpies for Rankine cycle with electrolysis

Steam Mass flow rate Pressure Enthalpy

state [kg/s] [MPa] [ki/kg]
1 50 8 3642.38
2 50 0.005 2441.24
3 50 0.005 137.75
4 50 8 145.79

For both cases, we calculated efficiencies. The Rankine cycle with a process heater is basically a
cogeneration plant; the efficiency for this process is also called the “utilization factor”, [7], and
can be calculated by means of Eq. (2.7); the thermodynamic efficiency for the second case is
written in Eq. (2.8). The power of the pumps is almost negligible, so this was not taken into
consideration.

Wi + Qpy

=g (2.7)
W,
Mo = & (2.8)

4 RESULTS AND DISCUSSION

When producing hydrogen by the Cu-Cl process, heat and electricity are required, so the Rankine
cycle is used not only for electricity production but also for heat (process heating unit), resulting
in lower turbine power output. With this cogeneration plant, the rate of process heat is
35.18 MW, and turbine power output is 44.2 MW. The rate of heat input in the boiler is
159.19 MW. Thus, the utilization factor, which was calculated with Eq. (2.7), is 50%.

The rate of process heat is the input data to calculate the amount of hydrogen produced by the
Cu-Cl process. The system operates 8,760 hours per year, so the available heat is 308,177 MWh.
This heat energy is enough to produce 5,043 tons of hydrogen per year or 13.82 tons of hydrogen
per day. Then how much electricity is available per year and how much electricity is needed to
produce 13.82 tons of hydrogen per day were calculated. Per year, 387,192 MWh of electricity is
available; the amount of electricity required for the production and compression of 13.82 tons of
hydrogen is 119,489 MWh, which means we use about 30.9% of generated electricity.

In a second case, producing hydrogen by electrolysis solely with electricity is required. With the
basic Rankine cycle power plant, the turbine power output is 60.1 MW. The rate of heat input in
the boiler is 174.83 MW. Thus the thermodynamic efficiency, which was calculated with Eq. (2.8),
is 34.4%.

For an extreme case, which is impossible in practice, when all of the electricity generated in the
Rankine cycle power plant is used for the hydrogen production and compression, the amount of
produced hydrogen has been calculated. Per year 526,476 MWh of electricity is available, which
is enough to produce 7,521 tons of hydrogen per year or 20.6 tons of hydrogen per day. If the
same percentage of electricity as in the previous case (30.9% of generated electricity) is used, the
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amount of produced hydrogen would be 2,324 tons of hydrogen per year or 6.37 tons of hydrogen

per day.

Thermodynamic results for both cases are shown in Table 3.

Table 3: Calculation results

RC + Cu-Cl process RC + electrolysis
Qpyy [MW] 35.18 /
Q,, [MW] 159.19 174.83
W, [MW] 44.2 60.1
€/Nyp 0.50 0.344
100 % of electricity
H, produced 13.82 20.6 _
[t/day] 30.9 % of electricity
6.37

The calculation results show that a higher amount of hydrogen is produced by the Rankine cycle
with a process heater for the Cu-Cl process; since the use of 100% of generated electricity is not
realistic, the power supply must always be provided, but there may be a surplus of generated
electricity, which can be used for other purposes, such as hydrogen production. If only 30.9% of
electricity generated is used, more than half as much hydrogen as in the first case can be
produced. Perhaps it makes sense to use also heat, not only electricity but also for hydrogen
production, since the electricity is more widely used for many other applications and is easily
convertible into other forms of energy.

5 CONCLUSION

The present article shows that it makes more sense to produce hydrogen by Cu-Cl process when
a Rankine cycle power plant is the source of heat and electricity to drive a hydrogen production
process. The article also gives many cues for future work, such as increased efficiency with
modifications of the Rankine cycle; adding reheating or regeneration. It would be interesting to
make an exergy and economic analysis and then compare results. However, more accurate results
would be obtained by building a dynamic model for the chosen hydrogen production process.
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Nomenclature

(Symbols) (Symbol meaning)
h, H enthalpy
G Gibbs free energy
T temperature
s S entropy
Q heat rate
m mass flow rate
w power
€ utilization factor
n efficiency
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REVERSIBLE PUMP-TURBINES -
A STUDY OF PUMPING MODE OFF-DESIGN
CONDITIONS

REVERZIBILNE TURBINE-CRPALKE -
ANALIZA NESTACIONARNIH POJAVOV
V CRPALNEM REZIMU OBRATOVANJA

Uros Jese®, Ale§ Skotak®

Keywords: Pump-Turbine, Rotating stall, Cavitation, Pumping mode instabilities
Abstract

The role of pumped storage power plants (PSP) in electrical grid systems has been changing in recent
years. Demands for switching from pumping to generating mode are becoming increasingly frequent.
Moreover, the operating ranges of the reversible pump-turbines used in PSP systems are becoming
wider in order to use the PSP as a regulator and a stabilizer of the electrical grid. The primary chal-
lenges in the development of pump-turbines are the hydraulic instabilities that occur in pumping and
generating modes. The present paper focuses on partial load pumping mode instabilities, such as cav-
itation and rotating stall. Modern tools, such as CFD, are used for the analysis of the phenomena along
with conventional experimental approaches. Rotating stall has been investigated in hydraulic labora-
tory experimentally and reproduced numerically using commercial CFD code. Three rotating stall cells
with a rotational frequency of 2.5% of nominal pump-turbine frequency have been identified. Cavitat-
ing vortices related to rotating stall were found in the guide vanes region. Both phenomena indicate
highly unstable and potentially dangerous operating conditions that need to be investigated in detail.
Understanding the causes for the instabilities will lead to an improved pump-turbine design that will
enable safer, more flexible and more reliable operating with fewer unwanted instabilities.

X Corresponding author: Uros JeSe, PhD, Litostroj Power d.o.0., Litostrojska 50, 1000 Ljubljana, Slovenia,
uros.jese@litostrojpower.eu

1 Ales Skotak, PhD, Full time: Litostroj Engineering a.s., Capkova 2357/5, 678 01 Blansko, Czech Republic,
ales.skotak@litostrojpower.com

37



Uros Jese, Ales Skotak JET Vol. 13 (2020)
Issue 2

Povzetek

Vloga ¢rpalnih hidroelektrarn v elektricnih omrezjih se v zadnjih letih spreminja. Zahteve po
prehodu s ¢rpalnega v turbinski rezim in nazaj postajajo vse pogostejSe. Obmocja obratovanja
reverzibilnih Crpalk-turbin se ob tem Sirijo, saj se ¢rpalne hidroelektrarne uporabljajo kot
regulator in stabilizator elektricnega omreZzja. Glavni izzivi pri razvoju reverzibilnih ¢rpalk-turbin
so hidravlicne nestabilnosti, ki se pojavijo v ¢rpalnem in turbinskem rezimu. Clanek se
osredotoca na nestabilnosti v ¢rpanem reZimu pri delnih obremenitvah, kot sta kavitacija in
vrtece zastojne celice. Sodobna orodja, kot racunska dinamika tekocin (CFD), se uporabljajo za
analizo pojavov kot dodatek klasicnim eksperimentalnim pristopom. Vrtece zastojne celice so
bile eksperimentalno raziskane v hidravlicnem laboratoriju ter numeri¢no reproducirane s
komercialnim CFD programom. Odkrite so bile tri zastojne celice s frekvenco vrtenja 2.5 %
nazivne frekvence Crpalke-turbine. V obmocdju vodilnih lopat so bili opaZeni kavitacijski vrtinci
povezani z zastojnimi celicami. Oba pojava kaZeta na zelo nestabilno in potencialno nevarno
obratovanje, ki ga je potrebno podrobno raziskati. Razumevanje vzrokov za nestabilnosti bo
pripeljalo do izboljSane zasnove Ccrpalke-turbine, ki bo omogodila varnejse, proznejSe in
zanesljivejSe obratovanje z manj neZelenimi nestabilnostmi.

1 INTRODUCTION

The market for pumped storage power plants (PSP) is growing every year. The main reason is
the increasing number of weather-conditioned sources of energy, such as wind and solar power
plants. To provide a reliable electrical grid, power plants that can balance the differences
between demand and supply of electricity must be included. A PSP with reversible Francis
runner that has a wide operating range and enables a fast transition from the generating to the
pumping mode is highly suitable for this task. Besides new PSP projects, refurbishments of the
pump-turbine runners represent an important part of the market.

The development process of a new pump-turbine runner is related to several major challenges.
The customer demands and final goals of the development process are the operation of the
pump-turbine from zero to maximum output in the generating mode and non-restricted
operation in the pumping mode. To achieve that, the whole operating range should be free of
hydraulic instabilities. An additional reason for the refurbishment is frequently the
improvement of the total efficiency of the cycle. The development of the new runner with the
expected reliability and performance must be supported by effective cooperation among
hydraulic and mechanical designers and by the application of precise manufacturing technology.

Both generating and pumping mode instabilities have been analysed during this study in order
to prepare the new runner design for a 2x325 MW pump storage powerplant in Dlouhe Strane
in the Czech Republic, which will be able to operate from 0-100% output power, [1].

The main instability in the generating mode is considered the S-shaped curve close to the
runaway operating point. It has been studied numerically and experimentally by various
researchers, [2, 3, 4, 5, 6]. In contrast, cavitation and rotating stall are considered to be the
main hydraulic instabilities in the pumping mode operation. Cavitation in the pumping mode
regime mostly occurs at the impeller leading edge, where local pressure drops to vaporization
pressure. However, in combination with the phenomenon called rotating stall, it is possible that
the cavitation also occurs in the high-pressure distributor region.
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Rotating stall is a phenomenon present at partial load operation and was first investigated for
the compressor applications, [7]. In recent years, the problem became highly relevant in the
field of pump-turbines, which lead to several studies, [8, 9, 10]. The rotating stall is sometimes
related to the positive slope of the performance curve also called hump zone, [11], which is an
unstable and potentially dangerous operating region. Fig. 1 shows typical pump-turbine
characteristics for pumping regime in a non-dimensional form (® — flow rate coefficient, W —
specific energy coefficient, w — rotational speed, ws — rotating stall rotational speed). If present,
it can lead to uncontrollable changing of the discharge through the machine and consequently
strong vibrations. The intensity of the rotating stall in pump-turbines can vary. As shown several
times, experimentally and numerically, [8, 11, 12], changing discharge and guide vane opening
angle can lead into a different number of the stalled cells and a different rotating stall
frequency. Various shapes of rotating stall influence pressure fluctuations, radial forces acting
on the impeller as well as guide vanes vibrations related to the torque fluctuations. If the
rotating stall is very intense, the appearance of the cavitating vortex is possible in the
distributor region. Operating under the described conditions should be completely avoided.
However, rotating stall can be present even if the slope on the performance curve is negative.

unstable stable

A

DISTRIBUTOR
HUMP ZONE

Figure 1: Pumping mode operating range with distributor hump and related rotating stall

Rotating stall has been investigated experimentally and numerically in order to propose a
hydraulic design that would be free of instabilities and would satisfy very demanding criteria of
non-restricting operation.

2  EXPERIMENT

Experimental measurements took place in Litostroj Engineering hydraulic laboratory, [12].
Additional to the standard performance measurement, eight (8) pressure sensors have been
distributed around vaneless space between the impeller and the guide vanes. The rotational
speed of the model pump-turbine has been set to n = 1400 min™. Even though the whole range
of guide vane openings has been measured, one constant guide vane opening ao = 20 mm is
presented and analysed in the paper. The guide vane channel and vaneless space have been
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observed during the measurements by installing Plexiglas window in the distributor region. The
goal of the experimental setup was to measure low-frequency pressure pulsations in pumping
and generating mode. Measurements have been done for the entire part load regime, however,
for the analysis, operating points at the best efficiency point (BEP) Q = Qgepr and at Q = 0.65 Qpep
have been chosen and will be presented.

Fig. 2 shows pressure fields around the distributor at Q = 0.65 Qgep. Three pressure cells are
formed and are rotating around the distributor with governing frequency f = 0.59 Hz, which
corresponds to around 2.5 % of the pump-turbine rotation frequency. The relationship between
pressure fields and velocity contours obtained by CFD and presented on Fig. 4 have been
discussed in detail by [10] together with governing mechanisms of rotating stall on different
pump-turbine geometry and indicate the presence of the rotating stall. In contrast, the flow has
been stable with no pressure pulsations at the Q = Qgzp. The level of low-frequency pressure
oscillations has been presented in [13] and reached +15 % of the average pressure level around
the distributor.

Figure 2: Pressure fields around the distributor at Q = 0.65Qgp at different time steps

Occasionally, during the pressure measurements at Q = 0.65 Qsep, Cavitating vortexes have been
observed in the distributor between the guide vanes, as seen in Fig. 3. Sometimes, there was
one vortex, attached to the suction side of the guide vane (Fig 3, left). At some other instances,
the phenomenon has been observed as several separated, smaller cavitating vortices, as seen in
Fig. 3, right. In both cases, the vortices occur only for a short time. It should be pointed out that
the cavitation in the distributor region is highly unusual due to very high pressure in the
surrounding.
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3 separate cavitating vortices

Figure 3: Cavitating vortices in the distributor region

3  NUMERICAL ANALYSIS

For the flow analysis, numerical flow simulation (Computational Fluid Dynamics) software is
nowadays the most common tool. It uses a set of Navier-Stokes equations to compute the
transport of mass and momentum in all parts of the computational domain. Commercial
software has been used for the simulation. Transient simulations were performed in the
premises of Litostroj Engineering a.s. by using URANS equations and turbulence model based on
the k-€ model. Choosing the appropriate turbulence model is essential for the successful
reproduction of complex phenomena, such as rotating stall. It should be a robust model to
enable convergence with wall functions that enable exact prediction of first flow separation on
the guide vanes. The time step corresponds to 2° of the impeller revolution, which has been
proved by [8] and [10] to be a good compromise between quality of results and computational
cost. Around 20 revolutions of the impeller have been simulated. Boundary conditions are very
important for the stability of the simulations.

Moreover, in some cases, they also have a significant influence on the obtained results,
especially at non-optimal flow conditions, such as part load. In our case, constant mass flow rate
Q has always been set at the inlet of the domain and at the outlet of the domain, static pressure
ps has been imposed. A no-slip condition has been applied on the solid walls.

The meshing of the domains has been done using commercial software, using structured and
unstructured mesh. The total mesh contains around 10 million cells; special attention has been
put into meshing the distributor region, since this would be the place where the rotating stall
occurs. Dimensionless criteria y+ that indicates mesh quality close to the walls has reached
mean values around y+ = 10 in all parts of the domain.

Unsteady CFD analysis has been focused on the rotating stall parameters and related
phenomena. Operating points at Q = 0.65 Qg have been chosen for the comparison to the
experiment. Three regions with high velocity have been found (Fig. 4 - right) in between three
cells of blocked discharge, which corresponds to the experimental findings. Separation zone
regions periodically appeared and disappeared at the guide vanes surfaces (Fig. 4 - left) and
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caused backflow from stay vanes and even spiral case region. A detailed description of the
complex rotating stall origins is given in [11]. Numerical rotating stall frequencies have been
estimated to 0.5 Hz. Since the frequencies of the rotating stall are very low, more impeller
revolutions should be simulated for more accurate frequency prediction. However, we can say
that the phenomenon has been accurately described by using CFD and simple k-g based

turbulence model.

Figure 4: Left - Separation zone during rotating stall occurrence; Right - Meridional velocity
contour during rotating stall

Cavitating vortices in the distributor channel have been occasionally observed under rotating
stall. The vortex is attached to the guide vanes and reaches the next upstream channel, as seen
on Fig. 5. Constant Q-criterion has been used for the vortices representation. The estimated
time of the cavitating vortex appearance is around 0.011 s, which corresponds to around one
quarter of the impeller revolution. The vortex appears and disappears several times at different
positions around the distributor during the impeller revolution. The appearance time is very
short, which means that the phenomenon is visually demanding to observe. The vortex appears
when the discharge through the guide vane channel is partially blocked (Fig. 5). First, the
blockage appears at the hub side and later also at the shroud side. The moment when the flow
is still strong at the shroud side and blocked at the hub side is favourable for the occurrence of
the cavitating vortex in the guide vane channel. A comparison of the experimental and
numerical appearance of the cavitating vortex (Figs. 3 and 5) show very good agreement. More
post-processing images of the cavitating vortex can be found in [13].

Figure 5: Numerically simulated cavitating vortex
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4 CONCLUSIONS

The main goal of the study has been to improve the understanding of the instabilities that occur
at the off-design operation of the reversible pump-turbine in order to enable a wide operating
range at the pumping and generating modes. The present paper has been focused on the partial
load pumping mode instabilities, such as rotating stall and cavitation. CFD analysis has been
used to successfully reproduce the rotating stall and related cavitating vortex that has been
observed during the experiment in the hydraulic laboratory. The numerical governing frequency
of the rotating stall is f = 0.5 Hz, and it is a reasonable approximation of experimental value f =
0.59 Hz. A cavitating vortex has been visualized and compared to the experimental one. The
analysis explains the governing mechanisms of the cavitating vortex. The methodology can be
used for pump-turbine impeller and guide vanes geometry optimization. The ongoing study has
been used in the scope of the development project of pump-turbines with reversible Francis
runner and non-restricted operating ranges in pumping and generating mode. The first
rehabilitation project that includes the findings of the study and enables a wide operating range
is Dlouhe Strane PSP in the Czech Republic.
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Nomenclature

(Symbols) (Symbol meaning)
do Guide vane opening
f Frequency
k turbulent kinetic energy
CFD Computational fluid dynamics
PSP Pump storage power plant
Q Discharge
y+ Wall spacing
€ Dissipation
P Flow rate coefficient
Y Specific energy coefficient
@ Rotational frequency
(Subscripts) (Subscripts meaning)
s Stall, static
BEP best efficiency point
max maximum
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Abstract

Much remains to be done to understand better and thus achieve better control over magnetic ma-
terials to maximize their magnetocaloric properties and performance, specifically for gadolinium. A
clear path forward is highlighted by thorough experiments coupled with theory, in which the latter
is tested and refined against the former, thus resulting in discoveries of new and improved materials
and bringing near-room-temperature magnetic refrigeration technology to fruition in the near future.

Povzetek

V prihodnosti bo potrebno Se veliko storiti, da bi bolje razumeli magnetne materiale in da bi povecali
njihove magnetokalori¢ne lastnosti in zmogljivosti. Se posebej je zanimiv gadolinij. S pomogjo nadalj-
njih preizkusanj v povezavi s teorijo bi lahko razvili u¢inkovite magnetne hladilne naprave na osnovi
magnetokalori¢nih vplivov magnetnih materialov.
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1 INTRODUCTION

A considerable amount of literature has been published in which researchers have highlighted
the benefits of using magnetocaloric materials for the refrigeration processes and the efficient
energy-saving potential of the magnetic materials. Gao et al. studied in detail the transduction of
energy in ferromagnetic and ferroic materials; moreover, the energy transduction in different
types of materials such as piezoelectric, electromagnetic, and magnetostrictive materials was
discussed in detail, and the relevant advantages and disadvantages were also mentioned, [1]. In
Europe and America, a massive amount of energy is wasted on refrigeration and air conditioning;
by adopting an energy-efficient approach, such as magnetocaloric refrigeration or magnetic
refrigeration, much of this energy can be saved, [2]. The main reason for increased interest in
magnetic refrigeration is due to its environmental friendly operation, high energy efficiency, and
the absence of the need for the usage of harmful gases that cause ozone depletion and other
effects that contribute to global warming, [2].

2 LITERATURE REVIEW

Efforts are being made for the development of a refrigerator that can work at room temperature.
Various successful attempts have been made on the trial or experimental levels, such as the
products developed by the companies General Electric and Haier. The properties that contribute
to the refrigeration effect are due to the extraordinary response of these materials to external
magnetic fields; such properties occur close to the Curie temperature, which is the temperature
at which the basic inherent magnetic properties are diminished, and the material temperature is
dependent upon the application of the magnetic field, [3]. The effect has been in use since 1920,
for the examination of the magnetic structure and properties of iron and other related elements,
[3]. The magnetocaloric effect was first discovered by the German physicist Warburg in 1881, [3].
Faraday discovered that the time variation of magnetic flux results in the induction of electric
currents, [3]. Joule’s research clarified the important concepts related to the electric currents and
associated heat energy and confirmed that heat energy released due to flow of
electromagnetically induced current is equivalent to the heat energy produced due to the electric
current produced by any other source.

Moreover, it was also inferred that rapid magnetization and demagnetization results in the
heating of the magnetic material due to heat energy released as a result of current flow, [3].
Thomson inferred from the concepts of thermodynamics that the temperature-dependent
property of magnetization of any material will represent or exhibit these property-related
parameters in the form an increase or decrease in temperature, [3]. The accurate, quantifiable
measurement of the magnetocaloric effect of iron was possible long after the discovery of related
phenomena, [3].

Issues related to high temperature made the measurement of the related parameters
challenging. The heat-based electric motor was presented and produced by Tesla, Edison, and
Stefan, [3]. Weiss and Langevin separately contributed considerable knowledge and
understanding about temperature ranges, magnetization, and hysteresis, [3]. The initiation of
studies on low temperature that had ultimately led to the realization and theoretical formulation
of refrigeration was independently reported by Debye and Giauque, who demonstrated that
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adiabatically demagnetized paramagnetic salts result in the attainment of low temperatures;
Giauque and MacDougall showed the very low-temperature achievements with such salts, [3].

All the work reported above resulted in the development of the foundation for the concepts of
the building and understanding of magnetism, temperature, and material properties. Pecharsky
et al. reported that the magnetic dipole moments of Gd could be aligned at room temperature
(294 K), and highlighted that the continuous magnetic refrigeration was experimentally shown by
the Collins and Zimmerman, who tested magnetic refrigerators operating at very low-
temperature ranges, [4].

Zimm and DeGregoria explained the basic mechanism of the active magnetic regenerator cycle,
[4]. Kitanovski et al. highlighted that the there is a need to develop new thermodynamic cycles
that can explain the magnetic refrigeration phenomena accurately and comprehensively; they
also reported many publications about the Bryton and Ericsson’s cycle associativity with the
magnetic refrigeration. Moreover, active magnetic regenerators with various thermodynamic
cycles were analysed, and numerical simulation of AMR was also performed using the finite
element method, [5]. The AMR operating on the Brayton cycle resulted in the production of
highest cooling power capability, while AMR operating on the Ericsson cycle is the most efficient
one, [5]; they also mathematically explained the numerical aspects of AMR simulation. Wolf et
al. provided a quantum-based explanation of the magnetocaloric effect and proposed an increase
in the change in the entropy with respect to change in the magnetic field close to magnetically
achieved quantum-critical point by the accurate and precise measurement of calorimetric effect,

[6].

Noume et al. used COMSOL of simulation of the magnetocaloric effect for the designing of the
magnetic regeneration cycle for the electric vehicles, [7]. As an electric vehicle operates on the
battery, in the simulation performed, the fluid flow (mainly laminar), heat transfer in solids and
fluids was used, and the velocity, temperature, and heat transfer coefficient were studied [7]. The
primary equation used for the fluid flow is the Navier-Stokes equation; the energy equation, along
with the heat transfer equations, were mainly used, [7]. Gobi and Sahu used COMSOL to perform
the exploratory study of the magnetocaloric effect on three different materials; these materials
were gadolinium and two other different alloys for the evaluation of the final temperature of the
magnetic material; the gadolinium showed the adiabatic temperature difference of 12 K, which
was the highest among the studied material, [8]. An application was developed with a graphical
user interface (GUI) so that the user can input different variables, and visualize the contours of
temperature and other variables.

The comprehensive literature review has been performed in this study for understanding the
main developments in the selected domain. Moreover, the phenomena were also explained in
detail to develop a sense of understanding. The research and publication trend in the field of
magnetocaloric effect has significantly increased by the end of the 20*" century due to the need
for energy-efficient refrigeration and air-conditioning systems. The focus of the literature study
was to report the relevant findings related to phenomena and an exploration of the numerical
formulation aspects of the magnetocaloric effect. The scientific literature available on the topic
of magnetocaloric effect can be subdivided into many types for the relevancy and domain
specification. These categories are material-oriented, mathematical based, experiment-based,
numerical based, and thermodynamic based.

This material-oriented study is focused on the determination of material constants, material
properties, substructures, and orientation of the dipole moments. The research on the material
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aspects yields important insights about the atomic level sub-phenomena under the domain of
main magnetocaloric phenomena. The mathematical study is more equation oriented, in which
mathematical techniques are employed to explain the physics of the phenomena. These study
methods are valuable in terms of quantification of the variables and developing valid
mathematical relations.

3 BOUNDARY CONDITION

The boundary condition of the magnetic field is Ampere’s law, which was applied to the
regenerator, and the magnetization condition was defined. The magnetization model was
applied, and the material was declared as solid; the value of the magnetization defined was
222,000 A/m in the x and y directions, and the values of electrical conductivities and relative
permittivity were derived from the material. Magnetic insulation was also applied at the relevant
boundaries.

The process modelling and simulation was performed in COMSOL multi physics. The model was
drawn in 2D and was inspired by the research performed by the Noume et al., [7], and Hsieh et
al., [9]. The 2D model was drawn in the Comsol model builder geometry, shown in Fig.1

N

Figure 1: Comsol 2D model used for the simulation of the magnetocaloric effect

The length of the fluidic channel is 15.024 cm, while the height of the fluidic channel was kept as
2.5 cm. The magnetic regenerator has been placed at the centre of the channel, and the width
and height of the magnetic regenerator were kept as 4.3 cm and 1.5 cm respectively. The right
side square box was modelled as a hot heat exchanger, and the left side box was modelled as a
cold heat exchanger. The width and height of both heat exchangers are 1.5 and 2.1 cm,
respectively.
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4 PROPERTIES OF COPPER MATERIAL

The experimental study is based mainly on testing of the magneto-calorific material under
different magnetization conditions, equipment development for the measurement of more
accurate and fine details, magnetic refrigerator prototype development, and similar. This study
involves the sound knowledge of engineering principles.

Table 1: Show the material properties of the copper in the Comsol

No. Material properties off copper
1 vl 1 [H/m] Basic
2 o 5.998 [S/m] Basic
3 C 385 J/(kg-K) Basic
4 e 1 F/m Basic
5 r 8940 kg/m3 Basic
6 c 400 W/(m-K) | Basic
7 m 1 Pa‘s Basic
8 e 0.5 1b,w(T) Basic
9 E 126 Pa Basic
10 n 0.34 - Basic
11 r 1.667 Q-m Linearized
12 j 3.862 1/K Linearized
13 T 295.15 K Linearized

The numerical study is dependent upon the numerical solution of the problem, mainly obtained
with the help of computer calculations. The method is useful and beneficial for the parametric
design study, and detailed understanding of phenomena. Therefore, the study method adopted
in this research is the numerical simulation of magneto-calorific phenomena. The thermodynamic
study is mainly dependent upon the heat transfer and thermodynamic analysis of the cycles,
systems, and subsystems. The thermodynamic analysis defines the relations for the magnetic
field, entropy, and temperature change. It must be mentioned that all study techniques above
are usually part of a research publication; however, if the literature is deeply analysed, the
research is more inclined towards one of these methods.

The materials were also selected according to the simulations performed by Noume et al., [7],
and Hsieh et al. [9]. The magnetic regenerator placed in the centre was allotted the gadolinium
material, the fluid used in the simulation is water, and the plates used to model the heat
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exchanger are composed of copper. The material properties of copper used in the simulation,

along with COMSOL operators, are shown below.

5 PROPERTIES OF WATER-WORKING AGENT

Table 2: Properties of water agent in Comsol

No. Properties of water-working agent
1 vl 1 [H/m] Basic
2 p 5.9987 [S/m] Basic
3 C 385 1/(kg-K) Basic
4 e 1 F/m Basic
5 r 8940 kg/m3 Basic
6 c 400 W/(m-K) | Basic
7 m 1 Pa‘s Basic
8 e 0.5 1b,w(T) Basic
9 E 126.9 Pa Basic
10 n 0.34 - Basic
11 r 1.6678 Qm Linearized
12 j 3.8623 1/K Linearized
13 T 295.15 K Linearized

The properties used for gadolinium mostly consist of 3x3 matrices, which are difficult to show
here as such. The operators, along with units and properties, are shown below in Table 1.
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6 PROPERTIES OF GADOLINIUM MATERIAL

Table 3: The properties mostly used for gadolinium

No. The properties used Gadolinium material

1 Thermal conductivity Basic

2 Heat capacity at constant pressure Basic

3 Electrical conductivity Basic

4 Density Basic

5 Relative permittivity Basic

6 Dynamic viscosity Basic

7 Resistivity Basic

8 Coefficient of thermal expansion Basic

9 Local property HC Local pr.
10 Local property VP Local pr.
11 Local property TD Local pr.
12 Relative permeability Basic

13 Tangent coefficient of thermal ex. Thermal
14 Thermal strain Thermal
15 Isotropic tangent coefficient of ther. Thermal
16 Isotropic thermal strain Thermal

The physics selected for the simulations are the main determinants of the solution and boundary
conditions. The models used in the simulation are magnetic fields, heat transfer in solids, heat
transfer in fluids, and laminar flow for the fluidic solvers. All these have been combined to
determine a numerical solution to the magnetocaloric effect problem. COMSOL multi physics
excellently combines the physics to formulate a multi physics problem, and the user-friendly
interface allows the user to add multiple studies within one window. The proposed multi physics
based on different physics selected are also shown in the multi physics tab, and the option is
provided to apply it on different domains and boundaries. All the previously defined steps allow
the user to define the problem comprehensively.
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7 RESULTS

Figure 2 shows the temperature profile. At t=0 sec, the temperature slowly starts dissipating due
to the convection effects in the fluid.

Time=0s Surface: Temperature (K) L
om T T T T T T T T
10+ b
9r T 299
al 4
298
7+
6L 297
5
296
41
295
3+
2r ] 294
1L 4
1 1 1 1 1 1 1 1

-2 0 2 4 6 8 10 12 om
Figure 2: Temperature of the fluid and the regenerator has been raised

The values of the temperature are almost the same as that obtained by the Noume et al. in their
simulations, [14]. The temperature rise due to the magnetocaloric effect is similar in magnitude
to that has been reported in the literature.

Successful simulations have been performed by using the simplified model techniques and
methods. For a more realistic analysis, a transient approach should be adopted. The laminar flow
approach has also been adopted in order to reduce the complexity of the solution procedure;
otherwise, the flow may be considered turbulent due to heat transfer and fluid flow in the current
scenario. The material chosen for the study is widely used in the research of magnetocaloric
materials.

8 CONCLUSION

In this article, the process modelling and simulation was performed in Comsol multi physics. The
study of gadolinium is focused on the determination of material constants, material properties,
substructures and orientation of the dipole moments; the research on the material aspects give
important insights about the atomic level sub-phenomena under the domain of main
magnetocaloric phenomena. The experimental study is based mainly on-testing of the magneto-
caloric material under different magnetization condition equipment, development for the
measurement of more accurate and fine details, magnetic refrigerator, prototype development
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and similar. This study involves the sound knowledge of engineering principles. The simulation
started with the magnetization of the material by using the boundary condition of Ampere’s law,
which was governed by the magnetic field module. The next step was based on the heat transfer
due to the magnetocaloric effect resulting in the temperature rise of the material; the heat begins
to transfer into the liquid water, which the final step is based on the flow of the water and
resulting in the removal of the heat energy, which is controlled by the laminar flow module.
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