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ABSTRACT
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As the world is trying to shift away from fossil fuels in energy production, it has become im-
portant to find solutions to the problem of maintaining the stability of the grid as renewable energy
sources are not always available. Energy storages offer one solution to this problem and probably
the most well-known energy storages are batteries. The issue with batteries, though, is their price,
which is very high especially with larger batteries. An option for batteries could be a heat storage,
where the energy is stored in form of heat.

Energy storages bring a totally different way of managing one’s energy demands to the table.
They allow for more independent energy supply and a possibility for off-grid applications. An en-
ergy storage can usually match the energy demand of only one form of energy unless it is com-
bined with other systems e.g., heating resistor.

The aim of this thesis was to study trigeneration, its applications and compare two different
systems that have trigeneration production. The systems that were studied in this thesis are a
heat storage system utilizing organic Rankine cycle and absorption chiller and a lithium-ion bat-
tery system utilizing a heat pump. Trigeneration is a means of energy production, where electric-
ity, heating, and cooling are produced simultaneously. With the heat storage system, electricity is
produced in the organic Rankine cycle and heating and cooling are produced with the absorption
chiller. In the lithium-ion battery system, electricity is discharged from the battery and heating and
cooling are produced with the heat pump.

The technologies in both systems were studied and an Excel simulation program was con-
structed for both systems to study their performance in certain conditions. An economic feasibility
analysis was also performed on both systems. The simulation was run for three different cases:
a normal sunny day, a cloudy day, and a day with no solar energy available. The application
chosen for this study was a hospital. Other possible applications could have been, for example,
a hotel, an office building, or a university. The results showed that both systems performed as
well in the simulation. They could match the energy need of the hospital in the first two cases but
in the third case with no solar energy available, each energy storage was empty before noon. A
bigger difference in comparing these systems was found in the economic feasibility analysis. The
investment costs of the main components in these systems were divided between their life span
using the annuity method. The results of this analysis show, that the lithium-ion battery is the most
expensive component of all the components making the lithium-ion battery system also more
expensive than the heat storage system.

In the future it would be beneficial to study these systems more to determine their long-term
efficiency and total environmental effects. Some research ideas include a study on the effects of
weather conditions and different seasons, a study of the environmental effects the manufacturing
of the system components may possibly have and a study on the technology and price develop-
ment of the components. It would also be beneficial to research different possibilities to solve the
problem of energy insufficiency during the moments of no available solar energy.

Keywords: trigeneration, heat storage, lithium-ion battery, organic Rankine cycle (ORC),
absorption chiller
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Nyt kun maailma on pikkuhiljaa siirtymassa pois fossiilisista polttoaineista energian tuotan-
nossa, ratkaisujen lI6ytamisesta sahkdverkon vakauden sailyttamiseksi on tullut tarkeaa, silla uu-
siutuvat energian lahteet eivat ole aina saatavilla. Energiavarastot tarjoavat yhden ratkaisun ta-
han ongelmaan ja ehka tunnetuimpia energiavarastoja ovat akut. Akkujen ongelma on kuitenkin
niiden hinta, joka on erittdin korkea erityisesti suuremmilla akuilla. Vaihtoehto akuille voisi olla
ldampdvarasto, jossa energia on varastoitu lAmmén muodossa.

Energiavarastot mahdollistavat taysin erilaisen tavan ohjata omaa energian kulutusta. Ne
mahdollistavat itsendisemman energian tuonnin ja tarjoavat mahdollisuuden sahkdverkon ulko-
puolisiin ratkaisuihin. Energiavarasto voi yleenséa vastata vain yhden energiamuodon tarpeeseen
kerrallaan, ellei sita ole yhdistetty muihin jarjestelmiin, kuten lammitysvastuksiin.

Taman diplomityon tarkoituksena oli tutkia kolmoistuotantoa ja sen kayttokohteita seka ver-
tailla kahta eri kolmoistuotantoa hyédyntavaa jarjestelmaa. Jarjestelmat, joita tydssa tutkittiin, oli-
vat [ampdvarastojarjestelma, joka hyédyntaa orgaanista Rankine-kiertoa seka absorptiojaahdy-
tinta, seka litiumioniakkujarjestelma, joka hyddyntaa lampdpumppua. Kolmoistuotanto on energi-
antuotannon tapa, jossa sahkd, lampd ja kylma tuotetaan yhtaaikaisesti. Lampd&varastojarjestel-
massa sahko tuotetaan orgaanisessa Rankine-kierrossa, kun taas lamp6 ja kylma on tuotettu
absorptiojaahdyttimella. Litiumioniakkujarjestelmassa sahkd otettiin suoraan sahkdakusta ja
1ampod ja kylma tuotettiin lampdpumpulla.

Molempien jarjestelmien tekniikoita tutkittiin ja jarjestelmille toteutettiin Excel-simulointi, jonka
tarkoituksena oli tutkia niiden toimintaa tietyssa toimintaymparistdssa. Molemmille jarjestelmille
toteutettiin myds kustannusanalyysi. Simulointi toteutettiin kolmelle eri tapaukselle: normaalille
aurinkoiselle paivalle, pilviselle paivalle seka paivalle, jolloin aurinkoenergiaa ei ole lainkaan saa-
tavilla. Kayttdkohteeksi valikoitui sairaala. Muita mahdollisia kdyttdkohteita olisivat olleet esimer-
kiksi hotelli, toimistorakennus tai yliopisto. Tulokset nayttivat, ettd molemmat jarjestelmat suoriu-
tuivat yhtd hyvin simulaatiosta. Ne pystyivat vastaamaan sairaalan energian tarpeeseen kah-
dessa ensimmaisessa laskentatapauksessa mutta kolmannessa tapauksessa, jossa aurin-
koenergiaa ei ollut lainkaan saatavilla, varastojen energia loppui ennen puoltapaivda. Suurempi
ero jarjestelmien valille I16ytyi kustannusanalyysista. Jarjestelmien padkomponenttien investointi-
kustannukset jaettiin niiden kayttdvuosille annuiteettimenetelman mukaisesti. Analyysin tulokset
osoittivat, etta litiumioniakku on kaikista kallein komponentti tehden siita myos kallimman jarjes-
telman kuin lampdévarastojarjestelmasta.

Tulevaisuudessa olisi hyddyllista tutkia naita jarjestelmia lisaa, jotta voitaisiin selvittaa niiden
pidemman aikavalin tehokkuus seka kokonaisymparistévaikutukset. Muutamia mahdollisia tutki-
muskohteita voisivat olla vuodenaikojen ja sddolosuhteiden vaikutus jarjestelmien toimintaan, jar-
jestelmdkomponenttien valmistamisesta mahdollisesti aiheutuvat ymparistdvaikutukset seka
komponenttien teknologia- ja hintakehitys. Hyddyllista olisi myds tutkia erilaisia mahdollisuuksia
ratkaista energian riittdmattdmyyden aiheuttama ongelma hetkin, jolloin aurinkoenergiaa ei ole
saatavilla.

Avainsanat: kolmoistuotanto, lampdvarasto, litiumioniakku, orgaaninen Rankine-kierto
(ORC), absorptiojaahdytin

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck —ohjelmalla.
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1. INTRODUCTION

The energy production system has changed drastically over the decades. New energy
sources have been harnessed and the global energy consumption has grown. Energy
demand keeps growing around the world as the standard of living keeps getting better
and people become wealthier. Energy consumption will keep on growing unless energy
efficiency is improved. The growing energy consumption creates a challenge for the
change away from fossil fuels as the low- and zero-carbon energy sources must meet

the energy demand while displacing the fossil fuels. (Ritchie, Roser and Rosado, 2020)

Trigeneration research field is quite wide. Fong and Lee (2017) studied the effects of
different climate conditions on trigeneration. They found, that the trigeneration system
performed better in climate conditions that have a stable need for heating and/or cooling.
Climates with cold winters and hot summers or a year-around summers are the most
convenient for trigeneration, while in temperate climates, trigeneration may not reach its
full potential. (Fong and Lee, 2017) In addition to climate conditions, operating strategies
are a defining factor for trigeneration. Mago and Hueffed (2010) studied a trigeneration
system under three different operating strategies: based on electricity demand, based
on thermal demand and based on seasonal alteration. Their research found, that trigen-
eration can reduce the operational costs of a facility under all three operating strategies
when compared to conventional energy production technologies. (Mago and Hueffed,
2010)

Another topic for research has been the system configuration for trigeneration. The sys-
tem configuration differs based on the primary energy source. Al-Sulaiman, Dincer and
Hamdullahpur (2013) studied three trigeneration systems: biomass-trigeneration, solar-
trigeneration and solid-oxide-fuel-cell (SOFC) trigeneration. Solar-trigeneration has also
been researched by Jafary et al. (2021) and Buonomano et al. (2015), who studied a
system powered by solar and geothermal energy. SOFC-trigeneration has been studied

by Chen and Ni (2014), who studied the system for hotel applications.

In this thesis a techno-economic analysis on trigeneration system utilizing a heat storage
is performed. The purpose of this thesis is to study trigeneration combined with a high
temperature heat storage. The study is done from both technical and economical point

of view. Since this kind of combination is rather new and has not been studied widely,



there is interest to compare it with a more commonly known technical solution. The sys-
tem to which trigeneration system is compared to is a lithium-ion battery-heat pump sys-
tem; a system whose technical abilities and economic feasibility are well known. This
thesis’ focus is on the trigeneration process and its functionality in certain case conditions
presented later. Thus, this thesis does not focus on the functionality of a heat pump and
its functionality is examined on a very basic level in the calculations. Solar panels are
also considered only for their energy production and are presumed to execute in a well
enough manner for the purposes of this thesis. These limitations are done to ensure the

focus stays on the trigeneration process and keep the thesis from expanding too far.

The research methods in this thesis combine literature review, a simulation of trigenera-
tion systems and an economic feasibility analysis. The simulation is performed on Mi-

crosoft Excel with CoolProp for Excel expansion.
The research questions in this thesis are:
1. What are the applications to which trigeneration is suitable for?

2. Which combination of technologies can best be applied with high temperature

heat storage?

3. What are the production values, respectively for power, heating, and cooling, for

the chosen application and trigeneration production?

4. How does the chosen combination of technologies with a heat storage compare
to the chosen competing trigeneration technology in terms of production values

and economic feasibility?

Trigeneration and its applications are presented in chapter 2. This chapter goes deeper
into trigeneration and its advantages as well as the possible applications where trigen-
eration could be utilized. Chapter 3 introduces the different technologies used in the sim-
ulation. In this chapter the functionality of these technologies is explained keeping the
focus on the important details considering trigeneration. Finally in chapter 4, the trigen-
eration process with a heat storage and the competing trigeneration process with a lith-
ium-ion battery are presented in detail. The initial values and the base for the economic
feasibility analysis are also presented in this chapter. Simulation results for both systems
are presented in chapter 5. This chapter also immerses into the differences in these
systems, compares their performance based on the results and presents suggestions for

future research. Finally, chapter 6 concludes this thesis.



2. TRIGENERATION AND ITS APPLICATIONS

This chapter gives an overview of trigeneration, its working principles, benefits, and its
potential primary energy sources. It also presents the requirements for the utilization of
trigeneration. Based on these requirements, some suitable applications are presented

along with applications that are already in use.

2.1 Trigeneration overview

Trigeneration, also known as combined cooling, heating, and power (CCHP), is an en-
ergy production method that produces heat, electricity, and cooling simultaneously from
one energy source. Trigeneration systems can be classified by three characteristics: the
size of the plant, the sequence of energy used, and the type of prime mover. Naturally
the size of the plant depends on the application and the needed power, but a rough
grouping could be large scale (1 MW, onward), small scale (60 kWe—1.5 MW,) and micro
systems (less than 50 kW.). When classified by the sequence of energy, the systems
are grouped by their energy production priority. This means, that systems, whose priority
is to produce electricity, are topping cycle systems, and systems, whose priority is to
produce heat, are bottoming cycle systems. A prime mover provides the mechanical mo-
tive power for the trigeneration system. Some examples of prime movers are steam and
gas turbines, reciprocating internal combustion engines, and organic Rankine cycle. (Al
Moussawi, Fardoun and Louahlia-Gualous, 2016) Figure 2.1 presents an example of a

trigeneration system and its working principle.
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Figure 2.1 An example of a trigeneration process. Modified from (Bellos and
Tzivanidis, 2018b)

In Figure 2.1 process chart the primary energy source is solar energy, which is produced
with parabolic trough collectors. These collectors are coupled with a storage tank, where
the heat storage medium is layered according to the temperature. From the bottom of
the tank, the medium with lower temperature exits back to the solar collector field. From
the top of the tank, the medium with higher temperature enters to a generator, from where
it returns to the tank after releasing heat to superheated vapor. The vapor is then lead to
a turbine, which is coupled with an electrical generator to produce electricity. After the
turbine, the vapor enters a condenser via an ejector. The condenser produces heat.
When the vapor leaves the condenser, it is saturated liquid, and it is separated into two
streams. One goes back to generator and the other enters to an evaporator, where the
cooling is produced. From the evaporator the now saturated vapor enters to the ejector,
where the two streams (one from the turbine and the other from the evaporator) are
mixed. (Bellos and Tzivanidis, 2018b)

Trigeneration has many advantages compared to traditional power plants or combined
heat and power (CHP) -systems. One of those is lower fuel consumption, which reduces
annual operational costs (OPEX) leading to shorter payback time. The ability to operate

with several fuels and the possibility to integrate renewables increase energy reliability,



make production on-site possible and allow for energy standards to be met. Overall effi-
ciencies are also higher (Al Moussawi, Fardoun and Louahlia-Gualous, 2016; Shi, Liu
and Fang, 2017) for example, a trigeneration system can achieve as much as 50 %
higher overall efficiency than a same size CHP plant (Shi, Liu and Fang, 2017). The
downside of trigeneration, though, is that it is only profitable if all three energy forms are
needed (Ziher and Poredos, 2006).

The primary energy source for trigeneration partly determines the system configuration.
For example, a SOFC-trigeneration system requires multiple blowers, an inverter, an
after burner and pumps and heat exchangers for the energy to be in right form for the
next part of the process while biomass-trigeneration only requires a biomass combustor
and a cyclone. (F. A. Al-Sulaiman, Dincer and Hamdullahpur, 2013) A trigeneration sys-
tem is not limited to one primary energy source per system. A geothermal-solar trigen-
eration system uses the different primary energy sources to produce different end prod-
ucts. Solar energy is mainly used for electricity production while geothermal energy is

used for cooling and heating production. (Buonomano et al., 2015)

2.2 Suitable applications

The feasibility of trigeneration system requires a high consumption of heating, cooling
and electrical energy throughout the year (Ziher and Poredos, 2006). Such places are
e.g., hospitals, hotels, office buildings, schools or universities and apartment buildings.
In trigeneration system the production of heating and cooling requires insulation to keep
the temperatures at a needed stage and to keep the thermal energy production as a
valuable benefit. This means, that the trigeneration systems are mostly used as decen-
tralized systems, and thus they are located near the end user. (F. Al-Sulaiman, Dincer
and Hamdullahpur, 2013)

Table 2.1 shows the energy consumption by sector in three countries. The countries

were chosen to represent different kinds of climate conditions.



Table 2.1. Energy consumption per capita per year by sector in Finland, Germany,
and Morocco in 2019. Modified from (IEA — International Energy Agency, 2021)

Country | Electricity Heating Cooling
Residen- Commer- | Residen- Commer- | Residen- Commer-
tial [MWh] cial [MWh] | tial [MWh] cial [MWh] | tial [kWh]  cial [kWh]
Finland | 4.07 3.23 6.49 2.89 20.09 -*
Germany | 1.52 1.59 5.24 1.96 15.03 41.42
Morocco | 0.31 0.16 0.03 0.01 2.26 8.28

*No information was provided in the source.

As can be seen from the table, both electricity and heat consumption, are higher in colder

climate conditions than in warmer climate conditions. What is surprising though, is that

the use of cooling is also higher in Finland than in Germany or Morocco. The low num-

bers of Morocco could be explained by general lower standard of living.

According to Bawaneh et al. (2019) 10.3 % of the total energy consumption in commer-

cial sector was used by healthcare facilities in the United States. This accounts to 210.42

billion kWh of energy and 63 % of this energy is utilized in heating, water heating, venti-

lation and cooling (Bawaneh et al., 2019) Table 2.2 presents a breakdown of energy

consumption per square meter by end use type.



Table 2.2 Overall healthcare energy consumption per year. Modified from (Bawaneh
et al., 2019)

End use type Energy usage [kWh/m?]
Space heating 163
Cooling 62
Ventilation 62
Water heating 62
Lighting 46
Cooking 64
Refrigeration 14
Office equipment 13
Computers 26
Other 64

When the end use types are divided into electricity, heating, and cooling, it can be seen
that the energy form hospitals mostly use is electricity. Heat is used for space and water
heating while cold is only used for cooling. Figure 2.2 gives a visual representation of

how the three are divided in hospitals.

Cooling
11%

50% | Electricity

Heating 39%

Figure 2.2 Energy division in hospitals.

A hotel is another possible application for trigeneration. Unlike hospitals, hotels do not
run on full power 24 hours a day and seven days a week. A small hotel in Finland uses

1,900 MWh of electricity and 927 MWh of heating energy in a year (Tyrjy, Aquarius and



Hiittenharju, 2009). The annual energy consumption of Italian hotels is presented in Ta-
ble 2.3. In the table a small hotel has 60 rooms, a medium hotel has 150 rooms, and a

large hotel has 300 rooms.

Table 2.3 Annual energy consumption in ltalian hotels. Modified from (Bianco et al.,

2017)
End use type Small hotel Medium hotel | Large hotel
Winter heating [MWh] 150-210 375-525 750-1,050
Hot sanitary water [MWh] 228-264 570-660 1,140-1,320
Summer air conditioning [MWh] | 60-210 150-525 300-1,050
Electricity consumption [MWh] 300-660 750-1,650 1,500-3,300

The small hotel in Finland uses roughly as much electricity as a large hotel in Italy and
as much heating as a medium hotel in Italy. The greater heating consumption values of
Finland can be explained by the colder climate, but the electricity consumption is trickier.
One explanation is always a difference in measurement techniques. When the end use
types of ltalian hotels are divided into electricity, heating and cooling, there are two pos-
sible scenarios depending on which value is chosen. Figure 2.3 gives a visual represen-
tation on the energy division for both scenarios. A) is for smaller energy consumption

value and B) is for the greater energy consumption value.

A) B)

Cooling
8%

Cooling

Electricity

49 %| Electricity

Heating Heating

Figure 2.3 Energy division in hotels. A) for smaller energy consumption B) for greater
energy consumption.



As can be seen from Figure 2.3, when energy consumption rises, the consumption of
electricity and cooling rise while the consumption of heating decreases. The energy di-

vision as a whole though is similar to energy division in hospitals.

In addition to hospitals and hotels, trigeneration has been utilized with other subjects as
well. A greenhouse in Iran was combined with a solar trigeneration system to provide
heating during winter and cooling during summer. The trigeneration system was able to
save water and fuel in comparison to a conventional greenhouse, where heating is pro-
duced with a gas heater and cooling with a pad-fan. (Mohsenipour et al., 2020) The
heating load of an office building mainly consists of space heating. As working places,
the electricity demand of an office building consists of electric office equipment, lighting,
elevators, auxiliary chillers, and other cooling equipment. Even though the electricity,
heating and cooling demands are rather stable during the office hours, they become
quite low during non-office hours and holidays. (Fong and Lee, 2017) According to Mago
and Hueffed (2010), trigeneration can reduce the operational costs, primary energy con-
sumption as well as the CO, emissions of an office building. However, the profitability
energy wise depends on the stability of the energy demand (Fong and Lee, 2017). The
energy demand of a university campus in China was covered with a trigeneration system.
The campus consists of teaching building, library building, office building, dormitory, and
commercial building. The energy demand of the university campus varies a lot between
winter and summer. (Jiang et al., 2016) Winters are cold and summers are hot, where
the university campus is located (Jiang et al., 2016), which is ideal for a trigeneration

system (Fong and Lee, 2017).
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3. TECHNOLOGIES USED FOR TRIGENERATION

This chapter presents the different technologies, which are used in the heat storage sys-
tem and in the lithium-ion battery (Li-ion battery) system. Heat storage, absorption chiller
and Organic Rankine Cycle turbine (ORC) are part of the heat storage system while heat
pump and lithium-ion battery are part of the competing system. The system components
are presented in Figure 3.1 where a) is the heat storage system and b) is the Li-ion

battery system. Both systems are charged with renewable energy.

a)
ORC- Electricity
Heat turbine L
exchanger
Heat Rejected
storage heat End user
A
Absorption
chiller
Cooling
b)
Li-ion Electricity
battery 1
Heat End user
A
Heat
pump
‘ Cooling

Figure 3.1 Trigeneration system components for two different configurations.

3.1 Heat storage

The intermittent nature of renewable energy sources presents a challenge in balancing
the consumer demand and the energy availability. An energy storage provides a solution
for this problem by shifting excess energy from high-insolation periods to times when
renewable energy is not available. This does not only make the whole power system
more efficient but also more reliable and flexible. A common example of energy storage

is a battery, which stores energy in chemical form. The main drawbacks of commercial
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batteries are their price and limited lifetime. A heat storage or thermal energy storage
(TES) could provide an alternative solution for the energy storage problem. TES is
cheaper than commercial batteries and it stores energy in thermal form, which makes it
possible to utilize energy sources from larger scale. TES usually also has a longer usable
lifetime, and it comes in many varieties expanding its usability even more. (Macchi and
Astolfi, 2017, pp.591)

TES is temporary storage, where energy is stored in high or low temperature. Thermal
energy can be stored by altering its sensible or latent heat or by a combination of these
two. Altering sensible heat means that the temperature of a substance is either elevated
or lowered and altering latent heat means that the phase of a substance is changed.
Sensible heat changes are dependent on the specific heat capacity of the substance as
well as temperature change. The change in latent heat differs from sensible heat
changes in occurring at a constant temperature. Because of this difference, the storage
systems utilize different storage mediums. (Dinger and Rosen, 2010) Sensible heat stor-
age systems can use, for instance, water, earth materials and thermal oils while latent
heat storage systems can use phase change materials from larger scale, such as alco-

hols, paraffin and salts. (Dinger and Rosen, 2010, p. 76; Alva, Lin and Fang, 2018)

Storage mediums used in sensible heat storages store the heat in their specific heat
capacity (Dinger and Rosen, 2010). This is one of the reasons why water is a good stor-
age medium for sensible heat systems. Its specific heat capacity is 4.184 kJ/kgK. Other
advantages of water are its non-toxicity, easy availability, and cheap cost. Water can be
used in all its forms, which makes water suitable for many applications with different
process requirements. Downside of water as storage medium is its corrosiveness and
high vapor pressure. Thermal oils have lower specific heat capacity than water (= 2
kJ/kgK) but they have other advantages over water. Thermal oils remain in liquid phase
at higher temperatures, and they have lower vapor pressure. Thermal oils can also cause
corrosion, when used above their operating temperature range, due to oxidation and thus
carbolic acid, peroxide compounds etc. formation. Thermal oils are the most used heat
transfer fluids (HTF) for sensible heat storage systems using earth materials as fillers in
storage tank. These earth materials such as rocks, sand, and gravel work as a storage
medium and heat transfer surface at the same time, which reduces the need for heat
exchangers. The costs of earth materials are low and they are easy to access, non-toxic

and also non-flammable. (Alva, Lin and Fang, 2018)

For latent heat storage systems, the situation is different for the storage mediums store
the heat in their latent heat while going through a phase change at constant temperature

(Dinger and Rosen, 2010). Solid-liquid phase changes are common as well as solid—
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solid changes though the latent heat is less. With liquid—gas change the latent heat is
the greatest, but the huge volume growth is a problem. The most used organic storage
medium with commercial latent heat systems is paraffin. Paraffins from n-pentadecane
to n-triacone are usually used in TES applications. The advantages from using paraffin
are, for instance, its chemical stability, compatibility with metal containers and being
odourless. Downsides then are low density, low thermal conductivity, and large volume
change during phase change. Sugar alcohols are another storage medium used with
latent heat systems. They are suitable to be used at temperature range 90-250 °C, they
are non-toxic and have low costs. Alcohols show polymorphism, which can cause prob-
lems in TES applications. Salts are suitable for high temperature TES for they have high
melting points. Salts are of different types and therefore not all are suitable to be used
as a storage medium. Inorganic salts, for example, have low thermal conductivity. (Alva,
Lin and Fang, 2018)

Both sensible and latent heat storages have their advantages and disadvantages. Latent
heat storage has higher energy storage density due to latent heat being 50—100 times
larger than sensible heat. Phase change materials are non-toxic in general, but they
have low thermal conductivities. The outlet temperature of HTF in latent heat systems is
constant when in sensible heat systems the HTF temperature starts to gradually de-
crease. Sensible heat storages mediums perform well at high temperatures and hence
are suitable for high temperature TES applications. For most part the mediums are also
cheap. (Alva, Lin and Fang, 2018)

The quality of the energy should be taken into consideration, when talking about TES.
For instance, one kWh of energy can be stored either in 10 kg of water at the temperature
of 86 °C or in 1,000 kg of water at the temperature of 0.86 °C. For many engineering
applications the former is a more attractive option due to higher temperature and smaller
volume. In general, temperature is one of the determining factors when it comes to the

potential applications for a heat storage. (Dinger and Rosen, 2010)

3.2 Absorption chiller

Absorption chillers are used to generate the cold in a trigeneration process. They differ
from compression chillers by utilizing heat instead of electricity as an energy source.
(Chen and Ni, 2014) The fluid circling the absorption chiller consist of a refrigerant and
an absorbent (Le Lostec, Galanis and Millette, 2013). The most widely used fluids are
water-ammonia and lithium bromide-water (LiBr-H>O) mixtures (Chen and Ni, 2014). In

water-ammonia mixture, the refrigerant is ammonia and the absorbent is water unlike in
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LiBr-H2O mixture, where water works as a refrigerant and lithium bromide as the absor-
bent (Le Lostec, Galanis and Millette, 2013). These two fluids are used in different appli-
cations for they have different qualities in providing cold. Water-ammonia is often used
in food refrigeration applications because it can provide temperatures below freezing
point. LiBr-H>O mixture on the other hand suits well the needs of building air-condition-
ing, since it is able to lower the temperature of water to 4-38 °C. Absorption cycle con-

sists of condenser, evaporator and expansion valve. (Chen and Ni, 2014)

Figure 3.2 presents the process inside the absorption chiller. Heat (Qg) is injected into
generator at higher temperature (Tg). The generator contains LiBr-H.O mixture, which
then starts to free water at high pressure (pc). As water is freed from the mixture, the
mixture becomes rich in LiBr. The now high-pressure and high-temperature water vapor
moves to the condenser, where it condenses back to liquid form by releasing heat (Qc)
to its surroundings. This high-pressure liquid form water is led through either an expan-
sion valve or a throttling device to decrease the pressure (pe) to the level of the evapo-
rator. When the water enters the evaporator, it is in a state of saturated liquid or wet
vapor. In the evaporator, it absorbs heat (Qg) from its surroundings and therefore fully
evaporates, which produces the wanted effect of cooling and maintains a low tempera-
ture (Te). Next, the now saturated or superheated water vapor enters the absorber at the
evaporator pressure. The rich LiBr liquid mixture in the generator is brought to the ab-
sorber through an expansion device to bring down its pressure. In the absorber, the rich
LiBr liquid mixture absorbs the saturated or superheated water vapor making it a lean
LiBr liquid mixture. The absorption process is exothermic, so the generated heat (Qa) is
removed to the environment. Eventually, the lean LiBr liquid mixture is led back to the
generator. Because the pressure at the generator is higher than at the absorber, the LiBr

lean liquid mixture is first pumped to the right pressure (pc). (Tyagi et al., 2018)
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Figure 3.2 Process description in absorption chiller. (Tyagi et al. 2018)

3.3 Organic Rankine Cycle

When dealing with low temperature heat sources and/or limited available thermal power,
such as heat storages, it becomes attractive to utilize another type of prime movers, such
as ORC, says Macchi et al. (2017 pp. 3). ORC is similar to Steam Rankine Cycle (SRC)
in terms of technical implementation. In both processes a high-pressure liquid is vapor-
ized and the vapor is expanded to a lower pressure, which releases kinetic energy. To
close the cycle, the now low-pressure vapor is condensed and pumped back to higher
pressure. The components needed for the former process are, in order, a boiler or an
evaporator, a turbine, a condenser and a pump. The difference between ORC and SRC
is the working fluid, which is water for SRC and an organic compound for ORC. (Quoilin
et al., 2013) The working fluids for ORC can be classified into HTFs, brines, humid air,
molten salts, pure working fluids, and mixtures of fluids as the working fluid. For example,
brines are suitable for geothermal systems and molten salts for solar power tower sys-
tems. Pure working fluid, such as n-pentane or hydrofluoroolefins (HFO), means, that
the fluid experiences no temperature change when it changes phase at constant pres-
sure. (Macchi and Astolfi, 2017, pp.92) The benefit of organic compounds as the working
fluid is their lower boiling point, which allows for power generation from low heat sources
(Quoilin et al., 2013).

Because of the possibility to use other substances than water as the process medium,
ORC can utilize low temperature heat sources. Operating conditions and the efficiency

of the system depend on the selection of the process medium. (Wang et al., 2013) The
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temperature of the heat source is significant in choosing the optimal process medium for
the process. For example, with heat source temperature of 47 °C the optimal process
medium would be R143a and with heat source temperature of 227 °C the optimal process
medium would be R123. (Tocci et al., 2017) Critical temperature determines the maxi-
mum evaporating temperature level for a subcritical cycle, which makes it an extremely
significant parameter for the process medium. Toluene, for instance, has a critical tem-
perature of 318.6 °C and a critical pressure of 41.26 bar. (Bellos and Tzivanidis, 2018a)

Figure 3.3 presents the Ts-diagram for toluene.
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Figure 3.3 Ts-diagram for toluene with an ORC.

As can be seen from Figure 3.3 toluene has wide range temperature wise. The red cycle
represents an organic Rankine cycle, where toluene is the process medium. The maxi-
mum temperature then is around the critical temperature while the minimum temperature

is around 90 °C.

ORC has a few advantages compared to other power producing cycles. The process is
economical, and it does not require an additional fuel. In addition to that the environmen-
tal impacts of ORC are low just like the maintenance costs. However, the energy con-
version efficiency being around 8-12 %, creates a challenge for ORC. (Pethurajan, Sivan
and Joy, 2018) To achieve the best possible efficiency, it is crucial to select the working
fluid well (Cotana et al., 2014). Because of this, it is important to estimate the thermody-
namic and transport properties of the working fluid, determine the heat transfer rate in
the evaporator as well as the condenser and model the expansion machine with com-

plexities of a two-phase fluid. (Pethurajan, Sivan and Joy, 2018)

The turbines used in ORC systems and in SRC systems are essentially the same. Axial

turbines work well in systems with high flow rates and low-pressure ratio while radial
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turbines are the opposite and work well with low flow rates and high-pressure ratios. Low
flow rates and high-pressure ratios means that the temperatures are also lower and thus
radial turbines are preferred for ORC systems. With higher temperatures, axial turbine
may be preferred for the cooling of the turbine blades is easier with axial turbine.
(Pethurajan, Sivan and Joy, 2018)

Aurelian Stodola’s cone law also known as the law of the ellipse can be used to define
the mass flow through a turbine at a certain choking pressure when the inlet and outlet

pressures of the turbine are known. The Stodola equation is defined as follows

g‘_p_aj 1 - (P/Pa)’ "

Mo Pao1-— (Pwo/Pao)z ’

where m is the mass flow corresponding to the choking pressure p,, m, is the maximum
mass flow corresponding to the maximum pressure p,,, p,, is the final pressure of the
expansion and p,,, is the minimum pressure to which the turbine can expand. (Fuls,
2017)

3.4 Heat exchanger

Heat exchangers transfer heat between two or more fluids that flow through the ex-
changer. Flow configuration is an important characteristic in heat exchanger design. Flow
configuration is the geometric way the different streams are set according to each other.
The different flow configurations are counter flow, parallel flow, cross flow, cross counter
flow and multipass shell and tube. (Hewitt, 1990, pp. 1.1.1 1) The best-known flow con-
figurations are counter and parallel flow configurations. They are symmetrical and the
mean temperature difference is determined as the logarithmic mean of the local temper-
ature differences. (VDI Heat Atlas. 2nd ed. 2010., 2010, pp. 38)

To determine the logarithmic mean temperature, first it is important to determine the local
temperature differences at both ends of the heat exchanger. The local temperature dif-

ferences for counter flow are as follows
AT, = Thot,in - Tcold,out (2)
AT, = Thot,out - Tcold,in (3)

where Ty,; refers to the temperature of the fluid releasing heat and T,,,;; refers to the
temperature of the fluid receiving heat. Subindexes in and out refer to the direction of the
flow in relation to the heat exchanger. For parallel flow, the local temperature differences

are defined
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AT, = Thot,out — lcold,out (4)
AT, = Thot,in - Tcold,in (5)

where, like with counter flow, T;,,; refers to the fluid releasing heat and T, refers to the
fluid receiving heat. Subindexes in and out refer to the direction of the flow in relation to
the heat exchanger. (VDI Heat Atlas. 2nd ed. 2010., 2010, pp. 38) A visual representation

of the local temperature differences is presented in Figure 3.4.

Counter flow Parallel flow
TR T
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Figure 3.4 Local temperature differences in counter and parallel flows.

The logarithmic mean temperature is then defined as (VDI Heat Atlas. 2nd ed. 2010.,
2010, pp. 38)

ATy = — AT, (6)

When calculating the heat transfer rate over the heat exchanger and using the logarith-

mic mean temperature as the temperature difference, the heat transfer rate is determined
Q = UAAT,, (7)

where U is an overall heat transfer coefficient, A is the area of the heat exchanger and

AT, is the logarithmic mean temperature as defined above in equation 6. (Serth, 2007,
pp. 93)

Counter flow heat exchangers are the most efficient. They utilize the available tempera-
ture difference best and thus can obtain the biggest temperature change in the fluids.
Parallel flow heat exchanger on the contrary fails to utilize the temperature difference
well. (Hewitt, 1990, pp. 1.1.1 1-2)

When estimating the performance of a heat exchanger, it is important to know the flow

configuration, flow rates and what the resistances to heat transfer are.

Energy equation for a steady flow heat exchanger is determined as
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where m is the mass flow rate of the flow, A is the change in energy (enthalpy, kinetic
energy, and potential energy), Q is the heat transfer rate into the studied area and W, is
the work transferred to the outside by a rotating shaft. With many applications kinetic and
potential energy can be assumed to be 0 as well as the shaft work. (Hewitt, 1990, 1.2.1
1) When only the mass flow rate, enthalpy change and the heat transfer rate are consid-
ered and there are two streams flowing through the heat exchanger, the energy equation

changes into

my (hl,out - hl,in) + m, (hz,out - hz,in) =0 9)

where the subindexes 1 and 2 refer to the different streams. (Hewitt, 1990, 1.2.4 1)

3.5 Heat pump

The primary task of a heat pump is to produce heat. The temperature of the heat pro-
duced with the heat pump must be at the right level for its application in order that the
heat can be used. Each application has its own temperature range, and they are pre-
sented in Table 3.1. (Aittomaki and Aalto, 2012, pp. 336)

Table 3.1 Temperature ranges of heat pump applications (Aittomaki and Aalto, 2012,
pp. 336)

Application Temperature range [°C]
Air heating of buildings 20-40

Water heating of buildings 30-80

Heating of domestic water 50-80

District heating 70-120

Steam development 110-150

Process applications 30—

In this system the applications of interest are air and water heating of buildings and heat-
ing of domestic water. Pumping of heat can be executed in several ways though com-
pression machinery is especially interesting for this case. Compressor driven steaming
machinery is based on Clasius-Rankine -process and it uses mechanical machinery. The

structure and operation are the same for cooling machinery. (Aittomaki and Aalto, 2012)
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Outdoor heat pumps are a very common heat and cooling source in small residential
buildings. The primary use of the heat pumps in residential buildings is for cooling and
heating is only a side product. The pumps can be connected to either air or water circu-
lation system. A special characteristic of outdoor heat pump is that its power output and
coefficient of performance (COP) decrease when the temperature outside decreases.
Thus, the outdoor heat pump may require additional heating system. Because the same
heat pump can be used for both cooling and heating production, it provides a possibility
to use the same machinery in producing heat and cooling simultaneously. (Aittomaki and
Aalto, 2012, pp. 343-344) Figure 3.5 presents a configuration of a heat pump process.
With a right process medium, it is possible to produce both cooling and heating simulta-
neously (Sarkar, Bhattacharyya and Gopal, 2006). With such a heat pump, cooling is

produced at the evaporator and heating at the condenser.

/ Q hot
Condenser

3 2

Throttling Pump
valve

1
Evaporator \Q cold

Figure 3.5 A configuration of heat pump process. Based on (Bellos and Tzivanidis,
2019)

CORP is different for heating and cooling processes. For heating it is determined as

Qconda
COPheating = %, (10)

where Q.4 is the heat removed from the system and W is the work of the compressor.

For cooling COP is determined as
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Q
COPcooling = % , (11)

where Q.,qp is the heat absorbed to the system. Q.4 is the energy that is released
when the process medium condenses from vapor to liquid. Qg in turn is the energy

needed to evaporate the liquid process medium back to vapor form. These can be cal-

culated by
Qcona = m(hy — hy), (12)
Qevap = 1(h; — hy), (13)

where m is mass flow rate through the condenser and evaporator, h is enthalpy for each

point in Figure 3.5. The work used by the compressor is calculated in the same manner
W = m(h, — hy), (14)

where m is the mass flow rate through the compressor and h is enthalpy for points before

and after the compressor. (Bellos and Tzivanidis, 2019)

There is a wide range of refrigerants that can also be used in heat pumps. Each refrig-
erant is best suitable for different kind of applications depending on the temperature
level. The most used refrigerants in heat pumps are R134a, R407C, R410A and propane.
For heat recovery processes, where temperatures are higher, there are some special
refrigerants, such as, R227ea and R236fa. (Aittomaki and Aalto, 2012, pp. 340) For heat
pump systems, where the goal is to produce heating and cooling simultaneously, carbon
dioxide is a potential refrigerant (Sarkar, Bhattacharyya and Gopal, 2006). Another heat
pump application, in which CO, performs well, is domestic water heating. Temperature
range of CO; goes as low as -54 °C. Higher temperatures, like 40-80 °C, are possible
but also the pressure rises high (at 30 °C pressure is 72 bar). On the other hand, CO»
has low viscosity, which means that pressure drops are small. The size of the compres-
sor is small, since the energy gain per cubic metre is high due to big density of CO,. And
because the size of the heat exchangers is also smaller than with other refrigerants due
to good heat transfer, the size of the whole system is smaller. (Aittomaki and Aalto, 2012,
pp. 121-122)

3.6 Lithium ion battery

Li-ion batteries are quite new in the battery technology field. They could possibly revolu-
tionize the renewable energy field by providing a possibility to store energy in major
amounts. Li-ion batteries have a longer lifespan compared to other battery technologies.

They also have higher power and energy densities. The problem, though, lies in the
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costs, that are still too high. Renewables alone are not enough to boost the development

of battery technology to make them more affordable. This would need the development

of other possible applications, such as, electric cars and bikes and military and medical

applications. At the moment one economically feasible MW-scale application for Li-ion

battery systems is in controlling the power balance of power grids. (Diouf and Pode,

2015) Table 3.2 shows the characteristics of different kinds of batteries.

Table 3.2 Comparison between different battery technologies. Modified from (Diouf
and Pode, 2015)

Specifica- | Lead acid | NiCd NiMH Li-ion
tions
Cobalt Manganese Phosphate
Spesific 30-50 45-80 60-120 | 150-190 100-135 90-120
energy
density
[Wh/kg]
Cycle life | 200-300 | 1000 300- 500- 500-1000 1000-2000
(80 % dis- 500 1000
charge)
Fast 8-16 1 typical | 24 2-4 1 orless 1 orless
charge
time [h]
Mainte- 3—-6 30-60 60-90 Not required
nance re- | months days days
quirement | (topping (dis- (dis-
charge) charge) | charge)
Safety re- | Thermally | Thermally stable, Protection circuit mandatory
quire- stable fuse protection
ments common
Toxicity Very high | Very Low Low
high

As can be seen from Table 3.2, Li-ion batteries are superior on many aspects compared

to other battery technologies. Li-ion batteries are low in toxics, they charge fast, are low
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maintenance and have higher specific energy density. It must be pointed out though that

the information is from 2015 and thus can be outdated.

Stationary application areas for Li-ion batteries can be divided into three: stand-alone
systems or part of the electricity grid, size of the storage unit and the length of the dis-
charge time. Discharge time is considered short, when it is less than one hour, and long
when it is from one hour to several days. When the size of the battery is smaller than
100 kWh, it is a local storage system. For central storage systems the size of the battery
is bigger than 1 MWh. Applications, such as uninterrupted power supply (UPS) and com-
pensation of load peaks, work with local storage system and short discharge time. Alt-
hough grid stabilization also works with short discharge time, it requires more energy
and thus a central storage system. Central storage systems are also utilized with wind
farms, arbitrage in the grid and central photovoltaic systems. (Korthauer, 2018) Arbitrage
means the practice of purchasing electricity at a low price during low-demand-hours,
storing it and discharging it with a higher price during the high-demand-hours (Zhang et
al., 2021). All of these require long discharge time, as well as, telecommunications, pho-
tovoltaic systems on buildings and arbitrage in the industrial sector. However, these ap-
plications utilize local storage systems. Li-ion batteries are great for short discharge time
applications. (Korthauer, 2018) This is beneficial, especially with controlling the power
balance of electrical grid, where fast response times are required. With long discharge
time applications, Li-ion batteries compete with other battery technologies that are
cheaper (Korthauer, 2018).

The application, the amount of energy to be stored and the discharge time define the
technical requirements for energy storage batteries. Safety is prioritized, especially when
the batteries are located inside buildings. The life span of these batteries can go up to
10 years, which can also mean high cycle numbers. Most applications do not require
high energy density. Power density, in turn, is of great importance especially when it
comes to applications with a short discharge time. Li-ion batteries have a high storage
efficiency, which means that most of the stored energy can be released again. They can
also store the energy for long periods without big power losses. This is called self-dis-
charging. (Korthauer, 2018)
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4. MATERIALS AND METHODS

This chapter presents the research strategy used in this thesis. It also presents the initial
values that were used in the calculations, the actual calculations, and the basis for the
economic feasibility analysis. It explains the choices behind some initial values and how
the calculations were done. A more precise process chart of the systems is provided as
well as a presentation of three cases according to which the calculations were run. Lastly

it showcases the equations the economic feasibility analysis is based on.

4.1 Research strategy

The research methods in this study were a literature review, a process simulation, and
an economic feasibility analysis. The study consists of four phases, which are presented
in Figure 4.1. In the first phase of the research, trigeneration and its applications and
possible technologies for trigeneration were studied through literature. The literature
used consists of different research publications, basic literature of the energy technology

field and statistics.

Phase 1 —) I Phase 2 I ——) Phase 3 —) I Phase 4 I

Literature review: Construction of simulation tool: Automation of simulation tool: ) Writing of results:
- Trigeneration - Process charts - Automation of calculations - Initial values for simulation
- Applications - Modelling the functions of - Running the case studies )| - Simulation results
- _Technologies each system component } - Conclusions and future
- Initial values . L ) research
. . Economic feasibility analysis:
- Creating the case studies N X
- Results from the simulation
- Prices of main system
components
J
Case 1: Case 2:
- Sunny day - Cloudier day
- Solar panels working - Solar panels working
Case 3:
- Very cloudy day or
- Solar panels not working
Research question 1: Research question 2: Research question 3: Research question 4:
What are the Which combination of What are the production How does the chosen
applications to which technologies can best be values, respectively for combination of technologies
trigeneration is suitable applied with high power, heating and cooling, with heat storage compare to
for? temperature heat storage? for the chosen application the chosen competing
and trigeneration trigeneration technology in
production? terms of production values
and economic feasibility?

Figure 4.1 Research process.
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The second phase consisted of constructing the process simulation tool and creating
case studies that would test the systems in different ways. The first step in constructing
the process simulation tool was to make process charts for both processes. The second
step then was to model the functions of each system component through the process
medium. This meant calculating the temperatures, pressures, mass flows, enthalpies,
and entropies of the process mediums at different parts of the system. Initial values were
determined along the calculations when needed. The third phase of the research started
when the simulation tool could perform correct calculations on each process point man-
ually. The first step was to make the calculations automated, so that the user could get
the wanted results by only inserting a few initial values. The second step then was to run
the different case studies on the now automated simulation tool. Lastly, with all the

knowledge from the simulation, an economic feasibility analysis was performed.

The fourth and final phase of the research was to write down the initial values used in
the simulation and the simulation results. The results were analysed, and some conclu-
sions were made based on that. Ideas for future research were presented based on the

whole research project.

4.2 Target application

The energy consumption numbers used in the calculations are based on a hospital in
Finland. The hospital is in Raasepori and its area is 21590 m? (Hareja, 2021). The energy
consumption numbers are based on (Hareja, 2021) and then were modified to fit the
profile of a country with warmer climate (Bawaneh et al., 2019). The electricity consump-
tion used in the calculations was 5.48 MWh/d, the heat consumption was 4.11 MWh/d,
and the cooling consumption was 1.37 MWh/d. The hourly profile of each energy form
was created by hand taking into consideration the conditions of the application and the
country. Since the application, where the calculations are applied to, is a hospital, the
electricity consumption profile can thought to be quite level throughout the day. The hos-
pital is also thought to be in a warm country, where the need for heating is rather small
and the need for cooling significant. Naturally the need for cooling is greater during the
day than during the night. Figure 4.2 presents the energy consumption profile for the

target hospital, which was used in the calculations.
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Figure 4.2 Hourly energy consumption profile for a day for the target hospital.

The energy supply values were provided by Polar Night Energy. The values are based
on solar radiation energy values in Finland over a year. Figure 4.3 presents the energy
supply profiles for the cases, which were used in the calculations. Two hourly profiles
were chosen to represent different kind of weather conditions. A sunny day during the
Summer (case 1 in Figure 4.3) was thought to be more representative of a normal day
in a country with warmer climate than in Finland. The other hourly profile (case 2 in Figure

4.3) was chosen to represent a rather cloudy day.
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Figure 4.3 Energy supply profiles for cases 1 and 2.

As can be seen from Figure 4.3, the available energy differs a lot in these two cases.
The solar panel power is a constant value of 2.7 MW meaning, that the solar panels were
assumed to produce energy at power of 2.7 MW all the time. This power value was

chosen as it is enough to raise the capacity of the heat storage back to its original value
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when the storage is being loaded. These same profiles were used in the Li-ion battery

calculations as well.

Different case situations were created for this study to thoroughly examine the function-

ality of these two systems.
CASE 1

The first case presents a situation, where there is solar energy available, but it is not
enough to cover the energy demand for the whole day. It poses a rather normal situation
since solar energy is not always available nor is it enough to cover the energy demand.
This case provides information on the functionality of the system in normal circum-

stances.
CASE 2

The second case presents a similar situation as the first case in terms of operating the
system. The difference between these two cases is in the available solar energy. In case
1, the total available solar energy is around 18.6 MWh while in case 2 the total available
solar energy is 8.1 MWh. The two solar power profiles were presented earlier in Figure
4.3.

CASE 3

The third case presents a situation, where the energy storages in both systems have
been loaded beforehand but not during the operation. It poses an extreme situation when
there is no solar energy available. This case provides information on how long these

systems can match the energy need of the end user.

4.3 Trigeneration production technology specifics

Two different trigeneration systems were studied in this thesis. Figure 4.4 presents sim-
ple system configurations for both systems. System 1 is a heat storage system and sys-
tem 2 is a Li-ion battery system. They were studied as separate systems. Both, heat

storage and Li-ion battery, are loaded with solar energy from the solar panels.
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The main working principle for both systems is the same. When the solar energy from

the solar panels is enough to cover the energy need of the target hospital, heat storage

cycle nor the Li-ion battery cycle are not utilized. Electricity is then produced with the

solar panels and heat and cooling with a heat pump or an absorption chiller or some

other device. This has not been decided as it is not of interest in this study. However,

when the solar energy is not enough to cover the demands of the hospital, heat storage

cycle and Li-ion battery cycle are utilized to cover the demands. In system 1, heat from

the heat storage is used in a trigeneration system to produce electricity, heat, and cooling
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for the hospital. In system 2, electricity from the Li-ion battery is used to provide electricity

for the hospital and run a heat pump, that produces heat and cooling.
Heat storage system

There were no official initial values for this studied process as the process has not been
done in this way before. Some process values are based on the values provided by
manufacturers, some on laws and regulations and some are purely educated guesses.

The main process values that define the studied process are presented in Table 4.1.

Table 4.1 Initial values for the heat storage system (Figure 4.5).

Cycle Point | Temperature [°C] | Pressure [bar] | Volume flow [m°/h]

Heat storage all 1*
A2b | 270**
A3b | 140**

ORC B1 320" 32*

Absorption chiller | C1 80* 1 60*
C2 70* 1% 60*
D1 7* 1** 91*
D2 12* 1** 91*
E1 35* 1** 212*
E2 30* 1** 212*

* The value is based on the value provided by a manufacturer.
** The value is based on an educated guess.

The domestic water temperatures are regulated by law. The cold water temperature can-
not overpass 20 °C (Ohje 2.3.6.1) and the hot water temperature must be between 55—
65 °C (Maarays 2.3.8 and Maarays 2.3.9). (Ministry of Environment, 2007) The values

chosen for this study are 10 °C for cold water and 60 °C for hot water.

The heat exchanger connecting A and B cycles (Figure 4.5) is thought to be three differ-
ent heat exchangers: one heats up the toluene, one evaporates toluene and one super-
heats it. Because of the different application of each heat exchanger, they all have dif-
ferent overall heat transfer coefficients. The first and last heat exchangers are shell-and-
tube heat exchangers while the middle one is naturally an evaporator. The first heat

exchanger has liquid on one side and gas on the other side so its overall heat transfer
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coefficient is 15—-70 W/m?K (VDI Heat Atlas. 2nd ed. 2010., 2010). For this study the
chosen value was 70 W/m?K. Toluene’s circulation is produced by a pump, so the circu-
lation is forced. The overall heat transfer coefficient for a forced circulation evaporator is
900-3,000 W/m?K (VDI Heat Atlas. 2nd ed. 2010., 2010). The chosen value for this study
was 900 W/m2K. The last heat exchanger has gas on both sides of the shell-and-tube,
so the overall heat transfer coefficient is 150-500 W/m?K (VDI Heat Atlas. 2nd ed. 2010.,
2010). For this study the chosen value was 400 W/m?K.

Efficiency of the pump and isentropic efficiency of the turbine were needed for the ORC
cycle calculations. The pump efficiency was chosen to be 80 % and the isentropic effi-
ciency for the turbine was chosen to be 97 %. The molar masses of air and water were
used in the energy balance equations (equation 9). The molar mass of air was 0.0289

kg/mol and the molar mass of water 0.018 kg/mol (Eronen et al., 2019).
Li-ion battery system

The maximum capacity of the Li-ion battery is 3.2 MWh. The C-value of the battery is
thought to be 1, which means that the maximum power for charging and discharging is
3.2 MW. (‘A Guide to Understanding Battery Specifications’, 2008). In the calculations
the relation between energy and power is simple. If, for example, the required electric
power is 30 kW, the capacity of the Li-ion battery decreases 30 kWh in one hour. The
electrical power that is discharged from the battery consists of the power of the heat
pump compressor and the overall electricity need of the hospital. The COP values for
both heating and cooling are constant for the heat pump. A heat pump that produces
heating and cooling simultaneously, has little higher values for COP than a heat pump
that only produces heating or cooling. For this reason, the COP values chosen for these

calculations are 4.5 for heating and 3.5 for cooling.

As the purpose of the heat pump is to produce domestic water heating, the HTF on the
heating side is naturally water. The same regulations, decreed by the Finnish Ministry of
Environment (2007), as for the heat storage system apply also for the Li-ion battery sys-
tem. The temperature of the water therefore is 10 °C before entering the heat pump and
60 °C when the water exits the heat pump. On the cooling side, the HTF is air. As the
hospital is thought to be located in a place with warm climate, the temperature of air
before entering the heat pump is chosen to be 28 °C. Air temperature when exiting the
heat pump is chosen to be 10 °C because public places are usually cooler in temperature

than people’s homes.
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4.4 Simulation program

The process simulations for both systems were executed on Microsoft Excel. CoolProp
for Excel was used with the heat storage system to access the thermodynamic values of
toluene. CoolProp is a C++ library that implements eight different features. The most
important features, considering this study, are pure and pseudo-pure fluid equations of
state and transport properties for 122 components, mixture properties using high-accu-
racy Helmholtz energy formulations, and correlations of properties of incompressible flu-
ids and brines. CoolProp supports for instance, in addition to Microsoft Excel, Python,
Java and MATLAB. (Welcome to CoolProp — CoolProp 6.4.1 documentation, no date)
After defining the initial values presented in chapter 4.3, rest of the process points were

then calculated from basic thermodynamic formulas.
Heat storage system

The process is designed to work together with solar panels. The panels produce elec-
tricity that is used in heating resistors to heat up sand in the heat storage. The electricity
produced by the panels is also used as it is and to generate heat and cold when the solar
panel production is enough to cover the energy demand for the hour. When solar panels
are enough to cover the energy demand, the heat storage system is not used. When the
electricity production is not enough to cover the whole energy demand, it is used to only
cover the electricity demand and heat and cold are produced with an absorption chiller
or a heat pump. The heat storage system is utilized only when the solar panel production
is not enough to cover any of the energy demands for the hour. Figure 4.5 presents the

process chart for the studied heat storage process.



31

| —© ) P electricity
B1 ‘
B2

A2a ORC
¢ < turbine
2
Al ¢
A3a ¢ da
B4 ¢
Pump ¢B3
A2be @ éca
Heat
storage 7
¢A3b
¢ C3
A5 ¢
éi’) A4
Q domestic
Fan water heating
E‘Z C2e
Q space heating L > . -
El
D1
® .
Q cooling ¢ > Abso.rptlon
° chiller
D2

Figure 4.5 Process chart of the heat storage system.

The heat transfer medium in the heat storage cycle is air. The airflow at point A1 is di-
vided into two different partial flows. One partial flow is used to heat up the process
medium at points A3a and A3b and the other is used to evaporate process medium at
points A2a and A2b. The mass flow in A3 partial flow is defined by using the heat ex-
changer balance formula (equation 9) and the mass flow in A2 partial flow is defined from
the basic heat transfer equation. Thus, total air mass flow is the sum of these partial

flows. The partial mass flows are combined and then led through a fan before entering
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the heat storage. Because the flows were in different temperatures, mass flow at point
A2b at 270 °C and mass flow at point A3b at 140 °C, a mass-fraction-based calculation

was used in order to define the temperature of the combined flow.

The process medium in ORC-cycle is toluene. At point B1 super-heated toluene at the
pressure of 32 bar and temperature of 320 °C enters a choke valve, whose purpose is
to control the pressure and mass flow through the turbine to control the electricity gen-
eration. The mass flow of wanted electricity generation is calculated using equation 1.
After the choke valve, toluene is led through the ORC-turbine, where toluene expands to
its saturation pressure. The kinetic energy of the turbine is changed into electric energy
by a generator connected to the turbine. After the turbine, toluene is in vapor form and
is led to a condenser. Toluene first releases heat until it reaches the saturation temper-
ature of 90 °C and then condenses into liquid and the heat released is transferred to the
hot water cycle of the absorption chiller. The now saturated liquid toluene continues to a
pump where its pressure is raised back to 32 bar. Lastly toluene enters a heat exchanger,
where it is first heated up, then evaporated and finally superheated before it exits the

heat exchanger.

The absorption chiller has three cycles. Each cycle produces a different product, de-
pending on the temperature of the process medium. The process medium in all three
cycles is water. Cycle C starts at point C1, where water enters the absorption chiller at
the temperature of 80 °C. At point C2 water exits the absorption chiller at 70 °C and
enters a heat exchanger. In the heat exchanger water releases heat, which is used to
heat up domestic water supply for the application. This reduces the temperature to 68.2
°C (point C3) at which the water flow enters another heat exchanger, which is in charge
of heating the water up to 80 °C, when ORC is not used. When ORC is in use, this heat
exchanger is used to preheat the water flow to a temperature of 72 °C (point C4). After
this, the water flow enters the condenser in B cycle. In the condenser, water is heated
up to 80 °C. Cycle E is used to provide space heating for the application. Water enters a
heat exchanger at 35 °C at point E1. After releasing heat, it exits the heat exchanger and
enters the absorption chiller again at the temperature of 30 °C. Cycle D is similar to cycle
E in terms of functionality. However, cycle D produces cooling instead of heating. Water
flow at 7 °C enters a heat exchanger (point D1), where it receives heat, raising the tem-

perature of the water flow to 12 °C (point D2).

The areas of the heat exchangers needed to be calculated for the economic feasibility
analysis. With the three-stage heat exchanger between A and B cycles, the final temper-
atures of each stage were calculated using the basic heat transfer equation. All needed

temperatures for the other heat exchanger were already known. To calculate the area of
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each heat exchanger, a logarithmic mean temperature difference method (LMTD) was
used. The temperatures at different stages of the heat exchangers were used to calculate
the logarithmic mean temperature (equation 6) and then the logarithmic mean tempera-
ture with the overall heat transfer coefficients presented in the previous chapter were

used in equation 7 to calculate the area of the heat exchanger.

The time span in the simulations was set to 24 hours. Each hour had its own energy
demand and energy supply, which were tried to make meet. Energy demand consist of
electricity, heat, and cooling consumption. Energy supply is the amount of electricity solar
panels are able to produce. When the energy supply was not enough to cover the whole
energy demand, second step was to compare the electricity consumption to the energy
supply. If the energy supply was enough to cover the electricity consumption, ORC-tur-
bine was not used, and heating and cooling were produced from different sources. All
the energy demand that could not be covered with the energy from the solar panels was
to be covered with the heat storage system. The heat storage system was run based on
the electricity consumption. The amount of cooling, space heating and domestic water
heating stays the same regardless of the electricity production from the ORC-turbine.
When ORC-turbine is used, domestic water heating works as described earlier. How-
ever, when the ORC-turbine is not used, the temperature at points C4 and C1 becomes
the same. Since the amount of energy needed for the heating of domestic water stays
the same, the energy needed to heat up the water flow from the temperature of C4 to C1
becomes greater. This energy gap is covered by heat from the heat storage. Now for the
hours, when the solar energy supply is enough and ORC-turbine is not used, the excess

energy from the solar panels is used to load the heat storage.
Li-ion battery system

Just like the heat storage system, also the Li-ion battery system is designed to work
together with solar panels. Figure 4.6 presents the process chart for the Li-ion battery

system.
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Figure 4.6 Process chart of the Li-ion battery system.

The process medium in the competing process is carbon dioxide. A compressor uses
electricity from the Li-ion battery to compress the carbon dioxide flow to a higher pressure
(point 1). After the compressor, carbon dioxide is led to a condenser (point 2), where it
releases heat while going through a phase change. The now liquid carbon dioxide (point
3) expands in a throttling valve and continues to an evaporator (point 4). In the evapora-
tor carbon dioxide goes through another phase change back to gas form by absorbing

heat.

In the condenser, the HTF is water. Water goes in at the temperature of 10 °C. It heats
up until 60 °C before exiting the condenser. Water is used for both space heating and as
domestic water. The HTF in the evaporator is air. Air (at 28 °C) releases heat to carbon
dioxide and thus its temperature decreases (to 10 °C) allowing cooling production. Elec-

tricity for the end user is taken straight from the Li-ion battery.

The energy demand and energy supply profiles are the same for the Li-ion battery sys-
tem as for the heat storage system. The heating and cooling production of the system
are calculated with equations 12 and 13. The mass flow rates for air and water in the

evaporator and the condenser are calculated using iterations.
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4.5 Economic feasibility

To get a better understanding of the economic situation, an economic feasibility analysis
was done for both systems. The analysis examined capital expenses (CAPEX) and the
life span of each system component. Both were estimated based on values found from

different sources. The values used in the calculations are presented in Table 4.2.

Table 4.2 Capital expenses and the life span of the system components.

CAPEX Price [€] Life span [years]
Heat storage 1,000,000* 30"
ORC-turbine 820,533** 25*
Heat exchangers 159,768**** 25*
Absorption chiller 62,000* 20*
Heat pump 40,000* 15*
Li-ion battery 1,446,400*** 10*

* The value is based on information provided by Polar Night Energy.
** The value is based on information from (Arvay et al., no date)

*** The value is based on information from (Solar Off-Grid Lithium Battery Banks |

BigBattery, no date)

**** The value is based on information from (Capocelli et al., 2020) and cost-to-capacity

method.

Heat storage and Li-ion battery are both loaded with renewable energy and thus the
energy itself is free of charge. Because of this OPEX are not included in the calculations.
To simplify the calculations, only the main components in the system are included in
CAPEX. “Heat exchangers” in Table 4.2 consists of all the different heat exchangers
used in the heat storage system. The area of each heat exchanger was calculated using
the LMTD method (equations 6 and 7) and then all the areas were summed together,

and the price was calculated with cost-to-capacity method.

Annuity method is used to analyse the economic feasibility in a wider time frame. Annuity
method is a method for calculating the depreciation on a fixed asset. Its purpose is to
produce a constant annual charge for the total depreciation as well as produce a cost of
an asset. (‘annuity method’, 2016) The adjusted annual costs of the system are deter-
mined as

P=Apy + Aoper = Cn/iPinv,tot + Aoper (15)
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where A;,,, is the annual investment cost, A, is the annual operational costs, P, ot
is the total investment cost of the system and c,,; is annuity factor. The annuity factor is
calculated as follows

i(r+"

Cnyi = a+oi-1 (16)

where n is the economic lifetime and i is imputed rate of interest. (Myllymaa, Holmberg
and Ahtila, 2019) In this study, the imputed rate of interest i is 5 %. The economic lifetime

of each component is presented in Table 4.2 as “Life span”.

Cost-to-capacity method is a tool used for cost estimations. It uses known costs and
capacities to estimate the current costs of a piece of machinery or even of an entire
facility. It is important to understand the characteristics of the facility, which is planned to
be used in the project. (Richard K Ellsworth, 2009) Cost-to-capacity method is easy to
apply for use and it gives a reasonable order-of-magnitude cost estimate quickly. Appli-
cations where great accuracy is required the cost-to-capacity method is not the best
choice (REMER and CHAI, 1990) as it is classified as Class 5 or 4 by the Association for
the Advancement of Cost Engineering (AACE). Class 5 is for the start of a project, when
there is only limited information available, and Class 1 is for a fully defined project with
many details. (17R-97: Cost Estimate Classification System - AACE International, no
date) For optimal results, the technology of the facility, whose costs are being estimated,
has to be the same or really close to the technology of the facility with known costs (Cost-

to-Capacity Method: Applications and Considerations - evcValuation, no date).

Cost-to-capacity method can be defined as

C X

G _ (&) , (17)

G \Q
where C; is the known cost of facility 1, C, is the cost to be estimated for facility 2, Q, is
the known capacity of facility 1, Q, is the known capacity of facility 2, and x is the scale
factor for these two facilities (Cost-to-Capacity Method: Applications and Considerations
- evcValuation, no date). This equation is used to calculate the costs of some of the
technologies used in the simulations as no exact price was available for these process

values.
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5. RESULTS AND DISCUSSION

This chapter presents the simulation results for each case and for both combination of
technologies. The results are analysed, and the main points are highlighted with figures.
Comparison of technologies is performed considering the technical performance on each
case and the economic feasibility of the systems. Lastly the possible aspects of future

study are discussed shortly.

5.1 Heat storage system simulation results

The simulations were performed on three different case scenarios. The first case repre-
sented a normal day, when there is plenty of solar energy available. The second case
represented a cloudier day, when the available solar energy is limited. The third case
represented a day, when there is no solar energy available. The results for the heat

storage system are presented in Table 5.1.

Table 5.1 Heat storage system results.

ORC-turbine Energy extracted | Heat storage | Heat storage
electricity gen- | from heat storage | mean  tempera- | outlet tempera-
eration [kW] [kW] ture [°C] ture [°C]
Day max min | max min max min max min
Case 1 | 235 13 1,199 814 596 411 507 368
Case 2 | 218 13 1,174 815 515 359 446 329
Case 3 | 286 164 | 1,413 1,057 515 116 446 147

As can be seen from Table 5.1 case 1 has the highest temperatures for both the heat
storage mean temperature as well as the outlet temperature. It also has the widest range
in ORC-turbine electricity supply and the used energy from the heat storage. The less
solar energy is available, the smaller the power range is with ORC electricity and heat
storage energy and the lower the minimum temperatures are for the heat storage. Figure
5.1 shows how much and during which hours the solar panels can match the energy
demand of the hospital in case 1. Between 7 and 18 o’clock the solar panels produce
more energy than what is needed in the hospital. During these hours, the extra energy
from the solar panels is used to load the heat storage. This results in higher temperatures

in the heat storage, which can also be seen in Table 5.1.
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Figure 5.1. Solar panels energy supply and hospital energy demand as a function of
time in case 1.

In case 2, the hours during which the solar energy produced is enough and ORC system
is not used are narrowed. Figure 5.2 shows the relation between the energy supply and
demand in case 2. As can be seen, the solar panels produce enough energy to cover
the energy demand only between 11 and 17 o’clock. This is three hours less than in case
1 and can be seen in Table 5.1 in the lower heat storage temperatures and smaller en-

ergy range than with case 1.
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Figure 5.2. Solar panels energy supply and hospital energy demand as a function of
time in case 2.

The heat storage capacity is 35 MWh at the beginning of the simulation. The heat storage
is designed so that with the capacity of 35 MWh and solar panel power of 2.7 MW, the

heat storage reaches its original capacity at the end of the day in case 1. Figure 5.3
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shows two curves, which represent different variables in the heat storage simulation. The
upper curve represents the variation in the capacity during the day in case 1. The curve
below on the other hand represents the energy taken from or added to the heat storage
at each hour of the day. As heat is taken from the heat storage, the amount of energy is
negative and thus the capacity curve is a downward line. As stated before, between the
hours of 8 and 18 o’clock, energy is added to the heat storage. This shows in Figure 5.3

as positive values in the energy curve and as a rising capacity curve.
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Figure 5.3. The relation between heat storage capacity and heat storage energy in
case 1.

The ORC -turbine is utilized more in case 2 as the produced solar energy is less than
with case 1. This same effect can be seen in Figure 5.4, where the upper curve repre-
sents the variation in capacity during the day and the lower curve represents the energy
taken from or added to the heat storage. Unlike in case 1, the capacity does not reach

its original value of 35 MWh at the end of the day. This is due to both smaller amount of
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energy added to the heat storage and longer period of time, when energy is taken from
the heat storage. The shape of the curves is similar to the curves in Figure 5.3, though
between 10 and 18 o’clock the capacity curve does not rise as strongly due to the rea-

sons explained earlier.
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Figure 5.4. The relation between heat storage capacity and heat storage energy in
case 2.

For case 3 the situation is different in many ways. The heat storage has been loaded to
the capacity of 35 MWh beforehand and is not loaded during the day. Thus, it is not
reasonable to present the curves for heat storage capacity and energy, as they all follow
the form of the outlet temperature curve in Figure 5.5. The outlet temperature of the heat
storage decreases gradually as more heat is taken from the heat storage, but none is
added to it. If all the energy could be drained from the heat storage, it would eventually

reach the temperature of 0 °C. However, this is not possible, as for the ORC-cycle to
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work properly, the temperature of toluene, before it enters the turbine, must be 320 °C.
Thus, the lowest outlet temperature, in which the heat storage system works, is 340 °C.
To ensure that the system operates smoothly, the lowest outlet temperature is set to 360
°C (orange line and dot in Figure 5.5) and the lowest mean temperature of the heat
storage is 400 °C. As can be seen from the figure, the lowest possible operating point is
reached in around eight hours in case 3. This means that the heat storage system is able
to cover the energy demand of the hospital only for the first eight hours. After this point,
the energy demand must be covered in other ways.
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Figure 5.5. Outlet temperature of the heat storage in case 3.

This same issue occurs with case 2. Because the energy added to the heat storage
during the peak solar hours is not enough to raise the capacity back to its original level,
the outlet temperature also remains lower. The orange line and dot in Figure 5.6 repre-
sent the moment when the outlet temperature is at 360 °C. This happens after around
21 hours. Similarly, to case 3, during the last three hours of the day, the energy demand
of the hospital must be covered with some other energy source, as the heat storage
system is not able to cover the whole day with these initial values for case 2.
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Figure 5.6 Outlet temperature of the heat storage in case 2.

The final production values are the same for all three cases in case of cooling and heat-
ing. Heating is divided into space heating and domestic water heating as they are pro-
duced at different parts of the process. The production value for cooling is 530 kW, for
space heating 1,223 kW and for domestic water heating 119 kW. As the use of ORC-
cycle does not define the process values for these products, the production of cooling

and heating stays the same throughout the day.

5.2 Li-ion battery system simulation results

The same three cases were driven for the Li-ion battery system. Just like with the heat
storage system, the Li-ion battery was designed so that with the capacity of 2 MWh and
solar panel power of 2.7 MW, the capacity of the battery would return to 2 MWh at the
end of the day. Because the Li-ion battery process is driven based on the heat demand
(Figure 4.2), the process values stay the same in all three cases. The difference between
the three cases is in the variation of these process values as they are not always the
same at the same hour. Table 5.2 presents the process values for the Li-ion battery

system.
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Table 5.2 Process values for Li-ion battery system.

max min
Heating [kW] 205.5 137.0
Cooling [kW] 159.8 106.5
Compressor power [kW] 45.6 304
Total electricity removal from Li-ion battery [kW] 331.9 194.0

Figure 5.7 shows how the total electricity removal from the battery is divided between
the electricity demand of the compressor of the heat pump and the electricity demand of
the hospital and how the capacity of the Li-ion battery varies during the day in case 1.
As can be seen from the figure, when electricity is taken from the battery, its capacity
decreases. Between 8 and 18 o’clock, the battery is charged with excessive solar energy
until it reaches its maximum capacity which is 3,2 MWh. This retells the energy supply

and demand curves in Figure 5.1 as expected.
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Figure 5.7 The relation between Li-ion battery capacity and electricity removal from
the battery in case 1.

In case 2, compressor power and the total electricity demand stay the same in compari-
son to case 1 but since energy supply from the solar panels is less, more is required
from the Li-ion battery. Figure 5.8 presents the relation between Li-ion battery capacity
and electricity removal from the battery in case 2. The difference between case 1 and
case 2 is that in case 2, the solar panels produce enough energy to start charging the Li-
ion battery at around 10 o’clock while in case 1 this happened at 8. This also results in

the capacity of the battery to reach smaller values: the minimum capacity value of the Li-
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ion battery is around 300 kWh in case 2 while in case 1 the minimum value is around

650 kWh. Naturally the maximum capacity value is also reached later, at around 14
o’clock, in case 2.
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Figure 5.8 The relation between Li-ion battery capacity and electricity removal from
the batter in case 2.

Case 3 is a bit different since there is no solar energy available at any point of the day
and therefore the Li-ion battery is not charged. This can be seen in Figure 5.9, which
shows how the capacity of the Li-ion battery decreases during the day and also how the
need for electricity varies throughout the day. On a day with no solar energy available or
with the solar panels on a service break, the hospital would need to use external energy
for 15 hours a day. For the Li-ion battery to be enough for the whole day, the capacity of
the battery would have to be 6.2 MWh.
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Figure 5.9 The relation between Li-ion battery capacity and electricity removal from
the battery in case 3.
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5.3 Results of economic feasibility analysis

Another thing that was calculated during this process, was the price of both of the sys-
tems. Each system was broken down to its main components, which were heat storage,
ORC, heat exchangers and absorption chiller in the heat storage system and Li-ion bat-
tery and heat pump in the Li-ion battery system. The prices and life spans of each com-
ponent were presented in Table 4.2. The annuity method was used to calculate the an-

nual costs of each component and the results are presented in Table 5.3.

Table 5.3 Annual costs of the systems and their main components.

Component Heat storage system [€/a] | Li-ion battery system [€/a]
Heat storage 65,051.44

ORC-turbine 58,218.83

Heat exchangers 11,335.97

Absorption chiller 4,975.04

Li-ion battery 187,315.42

Heat pump 3,853.69

Total annual costs 139,581.28 191,169.11

As can be seen from Table 5.3 Li-ion battery is the most expensive component while
heat pump is the cheapest one. All the components in the heat storage system fall in
between these prices. Cost-to-capacity method (equation 17) was used to calculate the
price of the heat exchangers. Other prices were based on different sources presented in
chapter 4.5. The total annual costs for both systems exceeded 100,000 euros and the
Li-ion battery system almost reached 200,000 euros. If the hospital were to buy all the
energy it needs, the annual price would be around 280,000 euros. This price is based on
the energy consumption profile (Figure 4.2) and market energy prices in Finland. With
these prices, it would be profitable for the hospital to utilize either of the systems instead
of buying the energy from the market. Obviously, this is a very rough analysis on the
economic feasibility of these systems as well as the option to buy from the market and

no further decisions should be made according to this.
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5.4 Analysis of chosen technologies

The simulation results for the heat storage system and the Li-ion battery system were
presented in the previous chapters. The results include the process values, figures, and
analysis on how well each system can match the energy demand of the hospital and the
total annual costs of the systems. The results were presented separately for both sys-

tems and the aim of this chapter is to compare these results to each other.

The process values for both processes matched the demand and, in some cases, also
exceeded them. This was due to the design point of view as both systems were simulated
so that the limiting factor (electricity for the heat storage system and heat for the Li-ion
battery system) was always met. Thus, the other process values exceeded their de-
mands. The heat storage system produced almost seven times more cooling than what
the maximum need was. With Li-ion battery system this number was approximately 1.4.
The combined heat production from the heat storage system was 1,342 kW, which is 6.5
times more than the maximum heat demand while Li-ion battery system produced exactly
the heat demand as it was the limiting factor for that system. Electricity production for
both systems matched the demand, since electricity was the limiting factor for the heat
storage system and Li-ion battery is an energy storage whose output energy form is

electricity.

In cases 1 and 2, there is more solar energy available than what the total demand is.
This results in extra solar energy during some hours of the day and that energy is used
to charge and load the storages. With the heat storage system, the extra solar energy is
transformed into heat. The heat storage can receive heat until the mean temperature of
the heat storage is around 600 °C. As can be seen from Table 5.1 the maximum heat
storage mean temperature is 595 °C, which means that the heat storage can receive all
the extra solar energy the solar panels produce. The operating principle of the Li-ion
battery is different. It cannot receive all the extra solar energy if the battery is already full

and thus the leftover solar energy goes to waste.

The total annual prices as well as the annual prices for the main components were pre-
sented earlier in Table 5.3. The price difference in the total annual prices between the
heat storage system and the Li-ion battery system is notable, around 50,000 euros for
the benefit of the heat storage system. The Li-ion battery is the most expensive compo-
nent of all the components listed exceeding the price of the heat storage with about
120,000 euros. The components in the heat storage system are more on the same price
range, except for the absorption chiller, which is clearly cheaper than the rest of the

components.
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One of the biggest differences between the heat storage and the Li-ion battery is their
size in terms of capacity. The capacity of the heat storage is around 17 times greater
than the capacity of the Li-ion battery. This is most likely an efficiency question. The
electricity produced by the solar panels is transformed into heat in the heat storage and
then later again transformed into electricity by the ORC generator. The electricity trans-
formed into heat is also used as heat in the process to produce heat and cooling. The
energy running in the process changes form twice, which increases the energy losses.
Another reason for the bigger capacity, is the need of heat, which is bigger than the need
of electricity, to produce the desired amount of energy. To produce 338 kWh of energy
in the form of electricity, heat and cooling, the heat storage system requires 1,057 kW of
heat while the Li-ion battery requires 194 kW of electricity, which consists of the electricity
demand of the hospital and the power demand of the heat pump. The Li-ion battery sys-
tem is also more straightforward as the electricity from the solar panels is stored as elec-
tricity and then later it is transformed into heat and cooling in the heat pump. Thus, the
Li-ion battery is more efficient, because it can produce the desired amount of energy with

smaller capacity.

5.5 Future work

In the future, were this research to continued, there are a few issues to focus on. The
first one is the execution of cooling, when the process runs solely on solar power. This
kind of situation would happen daily during the sunny hours of the day and the heat
storage system would be utilized at night, when there is no sunlight available. There are
three different possibilities to solve the cooling problem. First one is a cooling compressor
that takes the needed power straight from the solar panels. Second option is to use the
absorption chiller from the heat storage system and power it also with the solar panels.
The downside of this, though, is its small COP, which results in rather bad efficiency. To
tackle the low-efficiency-issue, a second heat storage could be added to the system.
Cooling would be produced with the absorption chiller but instead of using the cool right
away, it is stored in a water storage. The problem to solve in the future is which of these

three options has the best efficiency-cost-effectiveness-rate.

Another thing to focus on are the weather conditions. Weather conditions vary signifi-
cantly in different locations and also throughout the year. There are important questions
that need to be answered when determining whether this combination of technologies is
best suitable for the conditions at the location of interest. How much does the weather

affect the production? Is the production still profitable in these weather conditions? Is the
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system able to produce enough energy to meet the needs of the application throughout

the year?

With the world slowly trying to shift to more environmentally friendly energy production
options and manufacturing in general, it is only natural to dig deeper into the emissions
and other environmental effects these two systems might have. Batteries contain metals
that are rare, expensive and their mining has severe environmental and social effects
(Castelvecchi, 2021). Surely this is a problem on its own, but it becomes an even greater
problem as the world is transitioning away from fossil fuels to renewable energy and
electric vehicles, which rely heavily on batteries, should we desire to keep this standard
of living we now have. According to Castelvecchi (2021) a Li-ion battery pack for electric
vehicle could contain 8 kg of lithium, 35 kg of nickel, 20 kg of manganese and 14 kg of
cobalt. The capacity of electric vehicles batteries varies between 17.6 kWh—-100 kWh
(Electric-Vehicle Battery Basics, no date). The capacity of the Li-ion battery in this study
was 3.2 MWh which is 32 times more than the maximum capacity of an electric vehicle
battery. The amount of materials needed for a battery of this size must also exceed the
amounts mentioned in (Castelvecchi, 2021) in multiples thus increasing the environmen-
tal and social effects as well. Whether it is actually environmentally sensible to utilize
such a system is a topic for future research. The environmental effects of manufacturing
the heat storage system on the other hand, are unknown and have not been studied
before. The heat storage itself can reduce CO; emissions by several tons a year (Mission
Innovation, 2020) but the question for future research is, whether the manufacturing of

the heat storage system has environmental effects or not, and what those effects are.

While the results show that the price of the heat storage system is lower than the price
of the Li-ion battery system, the components of these system differ in the age of the
technology. Li-ion batteries and heat pumps are older, well-known, and well-developed
technologies while absorption chiller and ORC are newer and not so widely used. The
development of Li-ion batteries is fast, and the prices have come down fast in past years.
What is the situation for absorption chillers and ORC? There is space to study these
technologies and the processes they are utilized in. Are there possibilities to develop
these technologies? What happens to the prices in the future? What about efficiencies?
Could it be, that, in the future, the Li-ion battery system becomes cheaper than the heat
storage system? These are all valid question that can be answered should this work be

continued in the years to come.
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6. CONCLUSIONS

The purpose of this thesis was to study trigeneration with a heat storage system and
compare it to a Li-ion battery system. The research questions covered the possible ap-
plications for trigeneration as well as the suitable technologies that could be combined
with the heat storage in order to enable trigeneration production with it. Other research
questions covered the process and production values and the comparison of the two
systems. The research methods used to conclude this study were literature review, a

process simulation, and an economic feasibility analysis.

Trigeneration is a means of energy production where electricity, heat and cooling are all
produced simultaneously. A requirement for a feasible trigeneration system is that all
three energy forms are needed throughout the year. On the other hand, trigeneration
also has great advantages over traditional power plants or CHP systems. Trigeneration
has, for instance, an ability to run on multiple fuels, lower fuel consumption and higher
overall efficiencies. Possible applications for a trigeneration system are hospitals, hotels,

office buildings and schools or universities.

The heat storage system in this study consists of a heat storage, ORC-turbine, absorp-
tion chiller and different types of heat exchangers. The heat storage is loaded with energy
from solar panels and then the heat from the storage is used in different parts of the
system to produce electricity, heat, and cooling. Electricity is produced with the ORC-
turbine, whose process medium is toluene. Absorption chiller is responsible for produc-
ing both heat and cooling and it is connected to the ORC-cycle with a heat exchanger.
The process medium in the absorption chiller is water and in the heat storage cycle it is
air. The Li-ion battery system consists of two components: a Li-ion battery and a heat
pump. The heat pump uses electricity from the battery to produce heat and cooling at
the same time. The process medium in the heat pump is CO; and the HTFs are water

on the heating side and air on the cooling side.

A process simulation was done to both systems. The application chosen for the simula-
tion was a hospital in Finland, whose energy consumption profile was modified to better
fit the consumption profile in country with warmer climate. The energy consumption pro-
file was an hourly profile, and it was done for 24 hours. The initial values for the simula-
tions were gathered from different sources and some were based on laws and regula-

tions or on educated guesses. There were three different case studies that were run for
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both systems. The first case represented a normal sunny day, the second case repre-
sented a cloudier day, and the third case represented a day with either no sunlight avail-
able or the solar panels on a service break. The same energy consumption values were
used for all three cases. In addition to the production values an economic feasibility anal-
ysis was performed on both systems to determine which of the systems had smaller

investment costs.

The results showed that both systems were able to meet the energy demands of a hos-
pital in cases 1 and 2 and failed to meet those demands in case 3. The heat storage
system produced excess cooling and heating as it was run based on the electricity de-
mand. During the hours when the solar panels produced more energy than needed, the
excess energy was used to load the heat storage. Because the maximum mean temper-
ature of the heat storage in the simulations was below the maximum temperature of the
heat storage structures, the heat storage could receive all the excess energy from the
solar panels. The Li-ion battery system produced only excess cooling as it was run based
on the heat demand and because it is an energy storage for electricity. However, the Li-
ion battery system is not spared from waste energy, as it cannot receive all the extra
energy the solar panels produce during peak solar hours. Since the systems performed
as well in terms of meeting the energy demands, differentiating them came down to the
investment costs. The annual costs of the Li-ion battery system were significantly bigger
than the annual costs of the heat storage system. The annual costs the Li-ion battery
were the biggest of all the components in both systems and the cost of the heat pump
were the smallest. The annual costs of the heat storage components fall in between

these two, the costs of the heat storage being the biggest.

Considering the costs of these systems, the heat storage system is a more sensible
choice for industrial scale applications. However, it is a more complex system and re-
quires more space and maintenance. In the future, possible research subjects include
technology and price development of both systems, environmental effects of manufac-
turing these technologies, solutions to the problem of having no sunlight available and

the effects of different seasons and weather conditions.
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