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Abstract (in English) 

 

Molten Salt Storage at CHP Plant  

 

Álvaro Borja Vicente 

 

Keywords:             Molten salt  

                                         CHP Plant 

                                         Thermal storage 

                                         Excess energy 

                                          

 

 

Nowadays the main challenge for the energy system is the capability of storing the energy for 

later use. To deal with this problem, molten salt storage technology is being used in some solar 

facilities. By its implementation, the energy can be stored in the form of heat. However, the 

feasibility of this technology is in a testing stage. Its implementation could be done in different 

energy fields. In this thesis, a novel implementation is suggested nearby a CHP, with the aim of 

utilizing the excess electricity provided by the grid in high energy production days. Different 

implementation methods and a real scenario are presented. A study analysis of the tank’s size 

and the amount of molten salt needed as well as an economic analysis are provided. Numerical 

approximations are given and results shown according to the theoretical analysis developed.  
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Abstract (in Swedish) 

 

Smält saltlager på kraftvärmeverk 

Álvaro Borja Vicente 

 

Keywords:             Smält salt 

                                         Kraftvärmeverk 

                                         Thermal storage Termisk lagring 

                                         Överskottsenergi 

                                          

 

 

En av de största utmaningarna i dagens energisystem är att kunna lagra energi för senare 

användning. Denna utmaning hanteras med hjälp av smält salt-lager i vissa 

solkraftanaläggningar. Med denna teknik kan energin lagras i form av värme, men tekniken 

befinner sig ännu i försöksstadiet. Man kan tänka sig en användning av tekniken även i andra 

delar av energisystemet. I detta examensarbete undersöks smält salt-lager i anslutning till 

kraftvärmeverk, i syfte att utnyttja överskottsel från nätet vid hög elproduktion. Olika metoder 

för att genomföra detta, samt ett verkligt scenario, presenteras. En studie av lagringstankens 

storlek, mängden smält salt som behövs, samt en ekonomisk analys genomförs.  Uppskattningar 

av numeriska värden och resultat presenteras, baserade på den genomförda teoretiska 

analysen. 
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1.Introduction 

1.1 Background 

Nowadays society is highly dependent on energy consumption. This fact has created an increase 

in the energy demand, even though the energy production in the world has been decreasing 

slightly recently. This substantial change could imply an important problem for the future.  

The easiest solution for solving this problem involves obtaining better efficiencies on the energy 

use and the energy production. As electricity is one of the most important energy forms, 

performing improvements within the electrical grid has a good chance to influence on the 

energy production efficiency.  

The implementation of thermal energy storages connected to the electrical grid, gives the 

opportunity of saving electricity in the form of heat. This thermal storages are really useful on 

windy or rainy days, when the energy production is higher than the energy demand, avoiding 

the wind power or hydropower plants to be shut down. Thus, the implementation of energy 

storages will increment the efficiency on the grid and reduce the energy losses.  

One of these thermal storages is the molten salt storage, a new technology storage that allows 

storing liquid salt at very high temperatures. Implementing a molten salt storage connected to 

the grid nearby a Combined Heat and Power plant (CHP) will increase the capacity factor of the 

plant, which means lower fuel consumed and more operation hours. The molten salt can be 

heated up by using excess electricity from the grid, which means a reduction of the overall losses 

and a prevention on the grid overload risks. 

 

1.2 Context 

The Swedish energy supply in 2013 was 565 TWh, and the energy consumed was 375 TWh, which 

means 190 TWh of energy losses. The Swedish energy market is based on hydropower and 

nuclear power, but nowadays wind power is increasing significantly. However, the energy 

produced by wind power and hydropower can vary from year to year. An example of this 

variation is found in 2013, when the energy produced by hydropower decreased 17 TWh in 

comparison with the energy produced in 2012. [1] 

Electricity is the dominating form of energy in Sweden, being 140 TWh consumed in 2013. The 

electricity use has decreased due to new technologies, progresses on the energy prices and the 

decrease on the consumption. The electricity production was 149 TWh in 2013, which means an 

electricity waste of 9 TWh. [1] 

The most increasing technology in Sweden is the wind power, having 11,2 TWh of energy 

produced in 2014. This increase in the wind power production has led to a reduction in the 
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energy price. Even so, wind energy production depends on the location and if it is a windy year 

or not. CHP technology is also increasing, and it is one of the best options to invest in, due to the 

energy used on a CHP plant is an energy that otherwise would be wasted. By using this solution, 

a significant reduction on the energy waste could be achieved. [2], [3]  

Sweden is an exporting country. The Swedish net exported almost 16 TWh in 2014. The trade 

between Sweden and its neighbours varies from year to year and also in the same year. Due to 

that, there is an energy price difference between the countries. The electricity trade depends 

on this difference, which, in turn, is a result of the availability of water, nuclear power, wind and 

electricity use. In addition, the electricity price in Sweden in 2013 and 2014 was really low, due 

to the fact that these years were warm and there was an increase on the power production 

capacity, with a lot of new wind power added to the grid. [1] 

Furthermore, the electricity certificate available in Sweden is a system that supports the 

renewable energy production, which could mean a gain in energy produced by sources such as 

wind power and hydropower. Additionally, it promotes the efficiently use of the grid during all 

the year. 

All these mentioned elements cause a hard situation in the country. While the energy 

consumption in the country is decreasing, the total installed capacity of renewable energies is 

increasing. This means that, in a windy and rainy year, with high wind power and hydropower 

production, and adding the low cost of the electricity on the country, the excess energy could 

be really high. The solution already implemented is the electricity trade with other countries, 

which can mean high money losses for the country, because the higher obtained excess is, the 

lower price of the traded electricity will be.  

Nevertheless, a solution could be the implementation of thermal energy storages connected to 

the grid. By its implementation, the excess electricity produced could be used to heat up the 

molten salt used on the thermal storage, which leads to an increase on the electricity price so 

the trades with other countries will not be such adverse. Overall, it will cause savings on the 

energy production sector as the fuels used could be replaced by this thermal fuel some days 

during the year.  

To top it off, thermal energy storages connected directly to the grid could be used as an energy 

method. The electricity used to heat up its fuel can be bought at night, when the electricity price 

is lower, and can be used as heat source during the day, allowing more operational hours on the 

power plant in which this storages will be connected to.  

 

1.3 Objectives 

In this thesis, a short introduction about the molten salt technology will be done. The Gemasolar 

molten salt storage will be briefly described and its advantages and disadvantages shown. 

According to this technology, a solution for energy efficient grid is searched and evaluated.  
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The implementation of a thermal molten salt storage nearby a CHP plant is analysed. An 

approximated design of the system is evaluated according to real data obtained from a real 

database. Different ideas are presented and evaluated. 

A possible scenario for the implementation of the molten salt storage at the Igelsta CHP plant is 

explained. A study of the size of the tank and the amount of molten salt need is done. A short 

economic analysis will be developed.  
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2.Molten Salt  

Today’s technologies are changing quickly looking for new advances with the aim of improving 

human society. Energy is the basic source used to obtain such improvements. Evolutions on this 

field have led to an increment on the energy production and consumption, without taking care 

of the efficiency of this processes. However, some improvements are focused on the idea of 

obtaining a better efficiency on the energy field which can lead to lower losses, thus, a better 

use of this source.  

Molten salt is one of these new technologies which can help humanity. Although it has become 

commercial only couple of years ago, the big number of possible applications make this 

technology really interesting.  

 

2.1 Usability reasons 

Molten salt is a mixture of salts which is solid at standard temperature and pressure, but when 

the temperature is elevated, it turns in liquid phase. This mixture is both non-toxic and inert. 

Due to its characteristics, which are shown in Appendix I, molten salt is considered as the most 

flexible, cost-effective and efficient form of large scale energy storage system which is currently 

operating. Thanks to this storage feature, the power delivered by this technology is stable and 

manageable, and there is no need of using any fossil fuel as backup method. [4] 

When surpassing the melting point, the solid mixture becomes a stable liquid. This liquid has a 

great heat capacity, very similar to the water heat capacity by volume. Also, this liquid flows as 

easily as water does. However, the main differences with the water is that higher temperatures 

are achievable by using molten salt, even higher than 700°C for some compositions, and that, 

when it solidifies, molten salt contracts its volume instead of expanding it, as in the case of the 

water. This characteristic is very important, since if the molten salt freezes in any pipe, there will 

not be risk of breaking. [5] 

This new technology can be used in several different technologies thanks to its particular 

characteristics. In addition to the good heat capacity, the ability to flow as water and the high 

temperatures attainable, it can work as solvent and conduct electricity, having also some 

chemical catalytic properties. [5]  

Molten salts are particularly good for its implementation in thermal energy storages, thanks to 

these features. It is suitable for both heat transfer and thermal energy storage, thus, minimizing 

the number of storage tanks and salt volume needs. [4, 5] 
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2.1.1  Thermal storage 

The increment on the energy obtained from renewable energy sources can be both good and 

bad for the grid. The reduction on the use of fossil fuels for energy production is a big advantage, 

but it is important to notice that natural fluctuations will appear on the grid as the sun and the 

wind are not always shining and blowing in the same way. For that reason, sometimes the energy 

demand does not coincide with the energy produced by these sources. This mismatch can be 

reduced by the implementation of large scale energy storages making the grid more flexible. 

Those storages can absorb the surplus energy produced in good weather days and during peak 

hours, so this energy can be used on bad weather days. Thus, the fluctuation problem on the 

grid will be mitigated. [7] 

Mechanical, chemical, electrical and thermal are the different types of energy storage 

techniques available nowadays. Energy can be converted from one type to another type. 

Maximizing energy density and minimizing losses are the main objectives for an energy storage. 

Mechanical storage has low density and chemical and electrical has high energy losses. Thermal 

storage is probably the most favourable type, even though it has thermodynamic losses when 

converting thermal energy to electricity. [7] 

Thermal energy storage’s high annual efficiency (around 99%, not counting the thermodynamic 

losses mentioned above) allow its implementation in commercial plants. The only losses, which 

are really small, come from the heat convection through the tank walls and the heat lost in the 

heat exchange process between mediums. The energy is stored as sensible heat or latent heat. 

Sensible is related with the variation of the temperature with the amount of stored energy, so 

insulation is needed. Latent is related with the phase-change of the materials and its latent heat 

and is not as efficient as sensible heat storage. [6, 7] 

As said before, molten salt properties makes it ideal for being used as fluid on the thermal energy 

storages, where the energy is stored in the molten salt as sensible heat. Its low viscosity, high 

boiling point and freezing point, low vapour pressure and high volumetric heat capacities, 

additionally with the previous ones mentioned, make this fluid perfect for thermal energy 

storage. The main area where it is currently implemented and working properly is in the solar 

energy sector, specifically the concentrated solar plants (CSP). 

 

2.2 Coupling to CSP Central Tower Plant 

Very diverse from the typical solar collectors, new solar field generation is being implemented 

in sunny countries nowadays. CSP technology is an innovative technology based on reflecting 

the sun’s rays to a central receiver instead of absorbing them directly. Its implementation is 

raising all over the world due to its capability of both generate and store energy in one plant by 

using a renewable energy source.  
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There are five different types of CSP, two of them are the most used when applying any kind of 

thermal storage to a solar plant: the parabolic trough and the central tower. However, in this 

thesis, the type that is chosen for the analysis is only the central tower type.  

The operation of the CSP central tower is simple: The sun’s rays are reflected and concentrated 

by hundreds of parabolic mirrors (heliostats) into a hot focus receiver, which is placed on the 

top of a tower. Inside the tower, a cold fluid is flowing up to that hot focus, where the heat is 

transferred. The hot fluid is going down from the top to a tank, where it can be stored or used 

to produce steam for immediate electricity generation.  

Initially, water was used as heat fluid, due to its characteristics, and the fact that most of the hot 

fluid was directly used for electricity production. However, molten salt is recently being used as 

heat fluid, due to the capacity of achieving higher temperatures than water and the better 

resistance to freeze. The differences between both fluids can be shown on the Appendix I.  

As is said, the ability to work as a fluid makes possible the use of molten salt as both heat fluid 

and storage medium. Thus, in conventional CSP central tower, two tanks are used for the storage 

of the molten salt. The first one is called the cold tank, where the molten salt is stored at 290°C. 

From there, it is pumped to the hot focus receiver where it is heated up. The hot molten salt, at 

560°C, flows down to the hot tank, where it is stored. Both tanks are well-insulated, allowing 

minimum losses from the heat convection through the tank walls. When electricity is required, 

the hot molten salt from the hot storage is passed through a heat exchanger, where superheated 

steam is created. This steam will enter into a steam generator system, where the turbine will 

generate the electricity. The cooled molten salt from the heat exchange will return to the cold 

tank, completing the close circuit.   

 

Figure 1: CSP central tower with molten salt storage [6] 
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By using molten salt thermal storage, renewable energy sources such as wind or solar, which are 

variable according to the weather conditions, can be dispatched to the grid for producing power 

on demand peaks or work as a backup. [6] 

The schema shown in Figure 1 is the normal two-tank direct system, where the molten salt is 

used as both the heat transfer fluid and the heat storage fluid, which will be stored in a cold and 

a hot tank with good insulation. Nevertheless, there is another type of configuration available 

for the molten salt energy storage, the thermocline. In this configuration, a single tank stores 

both hot and cold molten salts, which are separated by a vertical temperature gradient to 

prevent mixing. As both molten salts convergence in the same tank, two cycles are needed, one 

for charging the tank and another for discharging it. When charging, the molten salt flows out 

from the cold side of the tank, and after being heated up in the process, returns to the tank 

entering by the hot side. When discharging, the hot molten salt flows out from the hot side of 

the tank and its heat is used to generate the steam on the steam generator, so the electricity 

can be produced on the turbine. After that, it returns to the tank entering by the cold side. As 

expected, the cost of the thermocline configuration is much lower and estimated to be about 

35% cheaper. However, the thermocline configuration is nowadays in test period and 

development and is not as much implemented as the two-tank system. [7] 

Despite being a new technology, molten salt thermal storage is implemented in some CSP 

around the world, mainly in Europe and USA. One of the first CSP central tower with molten salt 

storage implemented was the Gemasolar plant, in Sevilla, Spain. The plant, which is shown in 

Figure 2, has a net capacity during daylight hours of 17MWe. This amount can be increased at 

night, when the parasitic loads are lower as there is no need to pump the molten salt up to the 

top of the tower and there is no mirror operation. The annual capacity factor of the plant is 74% 

and its production is around 110000MWh/year.  
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Figure 2: Gemasolar CSP central tower in Sevilla, Spain [6]  

 

This CSP central tower has 6 years of experience, and was the first plant on using molten salt 

storage, achieving up to 24 hours of uninterrupted electricity production. The plant has 

increased the electricity production as compared to the conventional solar plants in the rest of 

Spain, thanks to the introduction of the thermal storage. The temperature achieved by the 

molten salt is much higher than the one that could be achieved by the water, thus, the molten 

salt provides steam at higher pressure and temperature, which increases the thermal cycle 

efficiency. [8] 

The main characteristics of Gemasolar are shown in Table 1, where the most impressive one is 

the storage capacity of 15 hours, attainable thanks to the molten salt storage.  

 

Table 1: Gemasolar main characteristics [9]  

PARAMETER VALUE 

Number of heliostats 2650 

Mirror aperture area 306658 m2 

Receiver power 120 MWth 

Turbine net power 19.9 MWe 

Storage capacity 15 hours 

Land area 165 Ha 
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The molten salt used on the Gemasolar CSP central tower was the called “solar salt”. This 

eutectic mixture is composed of 60% NaNO3 and 40% KNO3. Around 8000 tons were molten 

during the commissioning of the plant. After this process, the salt remains in the liquid state for 

the operating life of the plant. As a eutectic mixture, its melting point is low (221°C) and the 

freezing point is high (238°C), which allows to manage the heat transfer. Both salts start melting 

at the same temperature and the mixture is stable up to 600°C, allowing a high-efficient Rankine 

cycle on the turbines. [6] 

There are more salt mixtures available on the market nowadays, and several researches are 

being done to develop new salts with lower melting point and with better clicking between the 

components. The salts can be composed out of two, three or even more components, but the 

more components, the more difficult to find the good clicking. Also the economical factor is very 

important on the development of new salts.  

The “solar salt” is used on CSP technology due to many good features. All together they have 

led to the commercial availability of this type of storage. Even though some of the molten salt 

characteristics have been mentioned before, the main features and advantages are the 

following ones [4]: 

 Fossil fuels are no needed, molten salt acts also as backup and is stored in the tanks 

 Storage tanks and salt volumes are minimized  

 Electricity can be produced when desired thanks to the storage tanks, as in a 

conventional plant. However, there are no harmful emissions neither fuel costs when 

working with molten salt storage 

 High temperature attainable, up to 600°C, which increases the Rankine cycle efficiency 

 Molten salt storage allows more operational hours on the CSP, working even at night or 

in bad weather conditions days. These provides a base load power for off-grid and on-

grid applications 

 Molten salt could work without being replaced or added for at least 30 years 

 When decommissioning of the plant, the molten salt can be used as a high grade 

fertilizer 

 Molten salt storage is the lowest cost storage system 

 Integrating molten salt storages on renewable power plants allow them to be cost-

competitive with the rest of the plants as the power delivered is reliable and with high 

capacity factor 

 Thanks to all this good characteristics, molten salt thermal storages are the perfect idea 

to be implemented when there is a need of reducing the low energy production 

problem, such in the case of the solar power, where sun is not shining at night or with 

lower intensity on bad weather days. Consequently, more reliable power is delivered, 

thus, the use of renewable energy plants affordable  
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2.3 Coupling to CHP Plant 

 

Due to the necessity of improving the efficiency of conventional power plants, CHP plants were 

developed. While the heat created on the conventional power plants when burning fossil fuels 

is only used for electricity production, on CHP plants the heat is also used for district heating. 

Thanks to that, the energy wasted is much lower, so the efficiency is higher.  

That is the main idea of CHP plants, capturing the heat that would normally be wasted on the 

electricity generation process and pipe it as hot water to nearby buildings. On this plants both 

electricity and hot water are supplied to consumers, having a 90% useful electricity and heat 

production.  

 The efficiency is not the only advantage of CHP plants. Nowadays, biomass and municipal solid 

waste are being burnt therein, so CO2 emissions and environmental problems are reduced. 

Additionally, the size of a CHP plant is much lower than a conventional power plant, which 

converts society less dependent on centralized energy network. Even the investment costs are 

higher, the energy savings end up making them more profitable.  

While some energy sources, such as hydropower, allow for start-up and shut-down operations 

to be done easily, in CHP plants this is not the case. CHP plants are running during almost all 

days in the year, except in maintenance days. The reason is obvious, it takes long time to achieve 

the needed amount of heat inside the plant to burn the fuel, so shutting down the plant doesn’t 

seem to be an efficiently and easy operation. This could be both a good and a bad feature. It can 

be seen as good from the point of view that it doesn’t depend on the seasonal source availability, 

such in the case of solar, wind or hydropower. However, if the plants run out of fuel, it will be 

difficult to resume the activities, but this is not happening frequently in reality. Also, the price 

of the energy produced by a CHP plant will be lower than in the case of a flexible plant.  

Many CHP plants are being built all over the world, and most of them are developed for using 

biomass as a fuel, holding fossil fuels as backup method. The reason is the big availability of this 

resource, which could be seen in Figure 3 in the case of Europe, and the necessity of reduction 

CO2 emissions by avoiding the use of fossil fuels.  
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Figure 3: Biomass availability in Europe [10] 

As shown in Figure 3, the northern part of Europe has big availability of biomass. According to 

that, and the research that is going to be developed in this thesis, Sweden is chosen as evaluation 

site. More specifically, Igelsta CHP plant, the largest bio-fuelled cogeneration plant in the 

country. 

Igelsta is placed near the capital city, Stockholm, as represented with a red point on Figure 3. 

The plant is producing 200MW of district heating and 85MW of electrical power. This production 

can supply up to 100000 private houses. The main fuel used is forestry waste, such as tree 

branches, tops, wood chips or barks. CO2 emissions are reduced by 75000 tons per year. [11]  

In countries with high availability of energy resources, mainly variable and not manageable 

resources, some problems could appear on the difference between the electricity production 

and the electricity demand. This is the case in Sweden, and in particular, Denmark. In those 

countries, additionally to the constant electricity production, in windy, rainy or sunny seasons, 

the production of renewable energies is high, which means a major electricity production 

exceeding the electricity demanded. This excess causes a big drop on the electricity price, which 

can be, in some cases, even negative. When it happens, those countries have to sell the 

electricity really cheap to other neighbour countries, which means a big loss of money.  

One alternative to solve the overproduction problem is to regulate the production of the CHP 

plants, as it can be modified by introducing less or more fuel. However, this alternative makes 

the energy production in the country weather dependent. If the production on the CHP plants 

is reduced because the day is expected as windy or sunny, and finally the energy obtained from 

renewable sources is not the desired, there will be a lack of energy supply on the country, which 

can generate major issues.    
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Another alternative is the implementation of energy storages. As shown before, molten salt 

energy storages can be used to solve the low production problem, increasing the production 

hours in a plant, as in the case of the CSP plant. The heat obtained during the day is used to heat 

up the molten salt, which is stored for later uses. However, they can also be used when there is 

an overproduction problem. The excess of electricity produced during peak days can be used for 

heating up the molten salt inside the energy storage. For that to happen, the molten salt energy 

storage has to be connected to the grid and to any power plant. Thus, it can receive the 

electricity from the grid and, when needed, use the hot molten salt as fuel in a power plant to 

generate energy. 

This second alternative is chosen in this thesis, as one of the main objectives is to reduce the 

losses when there is overproduction of electricity in any country. The study of the feasibility of 

the implementation of a molten salt energy storage is going to be done. The suggested 

implementation, as shown in Figure 4, is nearby the Igelsta CHP plant described above. There 

are several advantages when implementing a molten salt storage nearby a CHP plant: 

 Capacity of using hot molten salt as thermal fluid, producing, at the same time, 

electricity and hot water for district heating 

 Lower use of fuels, as molten salt can replace them when it is hot. This means a save in 

money for the plant and reduction of CO2 emissions   

 Higher flexibility for the CHP plant, as they can decide when to fuel or molten salt. 

Additionally, if they run out of fuel, they have an environmentally friendly backup 

method 

 Capacity of buying electricity at night when the price is lower and sell the produced one 

during the day 

 Reduction of the risk of overloading in the grid, which can reduce the risk of wasting 

energy due to shut downs 

 Long term gains, due to the low maintenance needed on the molten salt storage, even 

though considerable investment costs 
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The operation principle of the suggested schema is simple: as the wind is blowing hard up in the 

North, on the wind farms, the electricity production is really high. This electricity, additionally to 

the electricity produced by other sources, is connected to the grid. The electricity produced is 

higher than the demanded by this time, so it will be sold to a neighbour country. Instead, the 

electricity is flowing down to the CHP plant, where it enters into the molten salt storage and 

heats the salt. Igelsta CHP plant is connected to it, so when needed, the salt is flowing from the 

hot tank to the plant, where it heats the water inside the pipes and generates either hot water 

for the district heating or steam for the electricity generation. Once it is cold, it returns to the 

cold tank, and is ready for being heated by the electricity again.  

In the analysis below, an approximated size of the molten salt storage is going to be determined, 

and also a study of the feasibility of buying electricity at night for heating the molten salt. 

Additionally, a scenario where to implement the molten salt storage is presented.    

 

 

Wind 

Farms 

Solar 

Plant 

Cables 

Substation 

Igelsta CHP 

District 

Heating 

Grid 

MSS 

Figure 4: Schema of the suggested implementation of the molten salt storage (MSS) 
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3.Scenario 

 

As mentioned before, this thesis will focus on the feasibility study of the implementation of a 

molten salt storage near a CHP plant. It is also said that the main reason of this implementation 

is to reduce the amount of electricity lost in a grid on high electricity production days or low 

electricity demand days. In this chapter, a real scenario of the Swedish electricity grid is 

presented. In this scenario, both facts referred to before are happening simultaneously. This 

scenario is a future scenario where the wind and solar power installed capacity are 60TWh, and 

there is no nuclear, which have been simulated in [12]. Due to the governmental aim at reaching 

100% renewable energy supply, this future scenario appears reasonable. A study of the scenario 

will be developed, and the implementation of the molten salt storage will be explained as a real 

solution.  

The electricity demand in a country is covered by many different energy sources. These energy 

sources can be classified in two different types, variable energy sources and controllable energy 

sources. Controllable energy sources are these sources that can be regulated so it can be 

controlled how much electricity is provided by them to the grid according to the demand in each 

moment. Variable energy sources are these sources that cannot be regulated due to its 

fluctuating nature, but they will provide most of the time a minimum amount of electricity to 

the grid.  

On the scenario presented in this chapter, referred to the Swedish electricity grid, it can be found 

both types of energy sources. Controllable energy sources are expressed as hydropower or 

cogeneration. Conversely, variable energy sources are expressed as wind power or solar power. 

Variable energy sources have to cover a limited percentage on the total electricity production 

and controllable energy sources have a minimum electricity production level.    

In a normal day, both hydropower and cogeneration are regulated around the total electricity 

demanded taking into account the amount of this demand that can be covered by solar power 

and wind power. But on high wind and solar electricity production days, and also in low 

electricity demand days (such as in Swedish summer days), there could happened a situation 

where the electricity provided by these variable energy sources will be “lost” (in reality the 

production will be restricted - some wind turbine could be shut down for example...). Figures 5 

and 6 show a scenario with much more wind power and solar PV production than today.  

In Figure 5, it can be seen clearly, for some days in August, how there is more electricity 

produced by wind power and solar power, both together, than the electricity demanded by the 

country. Grey line represents the total electricity demanded on the country, with their 

respective demand peaks. Red and green lines represent the electricity produced by wind power 

and solar power respectively. In addition, it has to be said that the X-axis represents hours and 

the Y-axis represents MW.  
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Figure 5: Excess scenario in August in Sweden [12] 

As shown in Figure 5, probably due to windy and sunny days and low electricity demand, the 

electricity produced by the wind power and solar power is higher than the electricity demanded 

by the country. This scenario could represent problems for the country as the excess energy 

produced has to be used in a bad way or sold at a really cheap price, even some times negative 

prices could happen.  

However, the scenario showed in Figure 5 will not happen in real life as some limitations will be 

implemented on the grid. The adapted scenario is shown in Figure 6, where the electricity 

produced is restricted to not surpass the electricity demanded by the country.  

 

Figure 6: Limited excess scenario in August in Sweden [12] 
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If comparing figure 5 and 6, it can be determined the amount of electricity produced by solar 

power and wind power that is lost each hour. This term can be extrapolated and thus, the total 

amount of electricity produced by these two energy sources that is lost during the year can be 

calculated. This is showed in Figure 7, where electricity losses are expressed on the upper limit.   

 

Figure 7: Yearly amount of electricity lost in Sweden [12] 

As shown in Figure 7, the total electricity lost during the year in Sweden will be around 1.62 

TWh, which corresponds approximately to a 2.6% of the total solar power and wind power 

electricity production. The fact that all this electricity is lost means that the electricity produced 

by wind power and solar power will be 2.6% more expensive.  

The solution presented by the Swedish government is to export the electricity excess to the 

neighbour countries, which means high money losses as the price will be really low. 

Furthermore, the solution presented on this thesis is the implementation of a molten salt 

storage near a CHP plant.  

By implementing the molten salt storage, there will be two new options for regulating the grid 

available on the country. The first one will be, as mentioned before, using the excess electricity 

on those days to heat up the molten salt that is inside the tanks. The total amount of electricity 

lost will be much lower, even zero, and the price will also increase. Additionally, there will be no 

need to export electricity at cheap prices. The second option will be the idea of buying electricity 

during the night, where the demand and the price is much lower, and use it to heat up the 

molten salt. The grid will be regulated by doing that, so the CHP plant where the molten salt 

storage will be implemented in can decide when to use its fuel or when to use molten salt.  
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4.Implementation 

 

As it is told in the previous chapter, the main suggestion of this thesis is the implementation of 

a molten salt storage near a CHP plant. This sensible thermal storage could cope with the 

problem that is abovementioned. However, there are two different methods that could be used 

for this implementation in the CHP plant. Both methods are presented and studied in this 

chapter. Subsequently, the reasons why one of them is chosen as the preferable in this thesis 

are explained.  

In chapter 2.2, different types of molten salt storage are explained. In this thesis, for solving this 

problem, the two-tank direct system is chosen. In this configuration, there are two tanks, the 

cold tank, for the cold molten salt and the hot tank, for the heated molten salt. The molten salt 

from the hot tank will be heated by using the electricity that arrives from the grid. This process 

will last until this molten salt is heated up to 560°C. From this tank, the heated molten salt will 

enter into a heat exchanger on the CHP plant, where to transfer its heat to the working fluid. 

Usually, the working fluid in a CHP plant is water. Once the water is heated enough by convection 

on the pipes, it can be used either for generating steam that moves a turbine and generate 

electricity or as district heating hot fluid. The molten salt used in this process, after being cooled 

by the heat exchange, will return to the cold tank. From this tank, and when needed, the molten 

salt will go directly to the hot tank, where the process starts again. This process takes place on 

a close circuit, so the leakage of molten salt is minimum and the lifetime is high.     

Additionally, this two-tank direct system will be implemented very close to the CHP plant 

facilities. The closer, the better. This is due to the fact that the closer the tanks are installed, the 

shorter the pipes for carrying the molten salt will be, thus, the lower the heat losses will be. This 

means a double profit, the reduction of heat losses, and the considerable reduction of cost on 

the construction of the pipes. The way of implementing the pipes of this two-tank direct system 

could be done by two methods. This two methods are the ones that will be studied on this 

chapter.   

The first one, which is shown on Figure 8, is the inner pipes method. In this method, the pipes, 

where the molten salt is going to flow in, are positioned covering the walls in the inner part of 

the furnace. In the middle of these walls, in the Igelsta CHP plant, the water will flow from the 

bottom to the top part of the furnace. Figure 8 shows the main parts of the Igelsta CHP plant, 

and the red lines recreate the proposed implementation. As shown in this Figure, the water from 

the water tank, after being pumped before entering the furnace, will flow through the inner part 

of the walls, getting the heat via convection from the molten salt, which will be circulating from 

the hot tank through the pipes. By implementing this method, some fuel can be saved, since 

part of the needed heat will be provided by the molten salt. After the heat exchange between 

water and molten salt is done, the cold molten salt will leave the furnace by the bottom part 

and will return to the cold molten salt tank, where it will be stored until starting again the cycle. 
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In the proposed case, the molten salt is flowing from the top to the bottom, creating a counter-

flow heat exchanger which is more efficient.   

 

Figure 8: Inner pipes method 

The second method, showed on Figure 9, is the preheater method. In this method, the pipes, 

where the molten salt is going to flow in, are immersed on the water pipe which is placed before 

the entrance to the furnace. These water, is the result from the condensation of the steam, and 

it is circulating in a close circuit. It is the water used for the electricity generation, which is cooled 

in the tank by using the water that returns on the district heating close circuit. After this cooling, 

the water has really low pressure, so it has to be pumped with the aim of increasing the pressure 

before entering the furnace. Just after this pumping occurs, the water meets the pipes where 

the hot molten salt is flowing, and a heat exchange between both fluids occurs. By implementing 

the pipes from the molten salt storage immersed on the water pipe, it can be achieved a 

preheated water at the entrance of the furnace. This means that lower fuel will be needed as 

the temperature of the water will be higher at the entrance of the furnace, so less heat must be 

transferred. After the heat exchange occurs, the cold molten salt resulting from it, returns to the 

cold molten salt tank, where it will be stored until starting again the cycle.  

Additionally, it has to be said that the cold molten salt temperature in the preheater method is 

going to be colder than in the inner pipes method, as the steam that is flowing at the top of the 

furnace is hot and will keep the temperature of the molten salt at a higher level than in the case 

of the cold water.  

 

540°C 
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Figure 9: Preheater method 

Both methods are considered good enough when choosing which one should be implemented 

on Igelsta CHP plant. However, the method what will be chosen according to the study 

developed in this thesis is the second one. There are some reasons that could make the 

preheater method much interesting to be implemented.  

The main reason is the efficiency of the electricity generation cycle. As is shown on both pictures, 

the temperature needed when the steam leaves the furnace is about 560°C. This temperature 

allows the turbine to work at high efficiency. Nevertheless, this temperature will be hard to 

reach by using both methods without using some fuel. As the molten salt maximum temperature 

on the hot tank is around 540-560°C, it is impossible to get 560°C on the water that flows in the 

electricity generation circuit only by using the heat stored on the molten salt. However, the 

temperature reached on the water will be higher by using the preheater method, as in the inner 

pipes method the molten salt that reaches the top of the furnace will not be hot enough. 

Additionally, the amount of molten salt used on the inner pipes method will be much higher due 

to the necessity of covering more area. This means that the preheater method could be working 

during a longer time period, obtaining better efficiency on the electricity generation cycle as the 

temperature is higher.  

The bigger amount of molten salt used on the inner pipes method could mean a bigger reduction 

on the fuel used for heating the water at the time. This means that, right at the moment when 

the molten salt circuit starts to work, the fuel that is going to be used on the furnace to add 

some heat will be much lower if using the inner pipes method. Even so, the amount of fuel saved 

by using the preheater method will be the same or even higher, but it will be a more slowly 

saving. So, as any CHP plant is used as continuously energy supply way, the preheater method 

could allow the CHP plant to keep working at the same power or even a little bit higher, while 

the inner pipes method could allow the CHP plant to have a peak production, which is, in this 

case, unwanted.  

540°C 

Cold 

Hot 
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Another reason that should be considered is the difference on the construction costs. The main 

cost of the molten salt storage is, of course, the molten salt and the construction of the tanks. 

Both costs are needed in both methods, but there is a cost difference when talking about the 

amount of pipes meters needed. In the inner pipes method, the pipes are covering a bigger area 

than in the preheater method, which means that the prices of investment will be higher on the 

inner pipes method. Additionally, it has to be said that the corrosion is much higher on the pipes 

if they are exposed to fire than if they are immersed in water, so higher maintenance costs are 

expected in the case of inner pipes method.  

Both methods are used as a backup method, allowing the Igelsta CHP plant to be more flexible 

and use lower fuel. As explained in this chapter, preheater method is simpler and cheaper to 

implement than the inner pipes method, and also offers higher efficiency to the plant, which is 

very important. These are the main reasons why in this thesis the preheater method is 

considered the correct method to be implemented.  
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5.Analysis 

In previous chapters in this thesis, the molten salt storage, all its possible implementations and 

the reasons of its use are explained. However, there is not a concrete idea about how large the 

tanks should be, how much its implementation would cost or how much molten salt would be 

needed. All this unknowns are answered on this chapter, where an approximate study is 

developed and some numerical results are given. For that purpose, some database and 

equations are used.     

 

2.1 Tank Size and Amount of Salt Analysis 

The most important unknown to be answered is the size of the molten salt storage, after that, 

the rest of the questions would be solved according to result obtained to this one. In this section, 

the maximum size affordable for the molten salt tanks is analysed. As is told before, in this thesis 

the idea chosen for the implementation is the two-tank direct system. Even there will be two 

tanks, only the study of one of them will be done in this section, as the second one will be equal 

to the first one. Although this fact facilitates the study, it is important to work with the 

temperatures of the molten salt when is inside of both tanks, in the hot tank, with a maximum 

temperature of 560°C and in the cold tank, with a minimum temperature of 290°C. These 

temperatures are chosen as upper and lower limits, and will be used afterwards. Also, a 

temperature differential is defined, which will be used to simplify calculations. The molten salt 

used is the solar salt, which is composed out of 40% KNO3 and 60% NaNO3 and is used in solar 

power facilities. 

𝑇𝐻𝑂𝑇 = 560°C 

𝑇𝐶𝑂𝐿𝐷 = 290°C 

𝛥𝑇 = 𝑇𝐻𝑂𝑇 − 𝑇𝐶𝑂𝐿𝐷 = 270°C 

 

In addition to those temperatures, and as the case of study is the Igelsta CHP plant, located in 

Sweden, the average outdoor ambient temperature is assumed as 15°C. This value can be 

changed for different countries with different climates.  

𝑇𝐴𝑀𝐵 = 15°C 
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While the molten salt tanks used in the CSP are cylindrical, the shape of the tanks chosen for 

this thesis is a normal cube. As is known, the cylindrical shape is the best one for a thermal 

storage, as there are no joints, so the heat or cold are kept much better, without so many 

thermal losses. However, the cubic shape is easier to analyse, and will give a better first 

impression of the size of the tank, which will help in the future when analysing the feasibility of 

its implementation. Equations (5.1) and (5.2) will be used for the calculation of the size: 

𝐴𝑟𝑒𝑎 = 6 ⋅ 𝑆𝑖𝑑𝑒2 (5.1) 

𝑆𝑖𝑑𝑒 = (𝑉)(
1
3

) 

 

(5.2) 

On equation (5.1) and (5.2), Side refers to each wall of the cubic tank, and the volume (V) that 

appears on equation (5.2), is the volume of each tank. This volume depends on the properties 

of the thermal fluid, and for the case studied here, depends on the properties of the solar salt. 

The most important properties that will be analysed in this section are the density (ρ) and the 

specific heat (𝐶𝑝). However, the analysis of both properties can be done in several ways.  

The first way is the simpler one and can be used for both properties. The values for the density 

and the specific heat can be found just by checking on the Table 2 at a desired temperature. For 

the cold temperature of the solar salt, the equivalent specific heat will be around 1493 J/kg°C 

and the equivalent density will be 1907 kg/m3. For the hot temperature of the solar salt, the 

specific heat will be close to 1540 J/kg°C and the density 1731 kg/m3. However, it will be really 

complex to analyse the tank properties itinerating each value of the solar salt temperature, from 

the coldest one until the hottest. For that reason, an average value would be taken for both 

solar salt properties in order to simplify the calculations if this way is used.  
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Table 2: Solar salt properties as a function of the temperature [13] 

 

 

The second way could be used just for obtaining the values for the density of the solar salt. This 

one is more complex than the previous one, as some operations must be done. This operations 

are given for the cold solar salt and for the hot solar salt by equation (5.3). [14] 

𝜌𝐶𝑂𝐿𝐷 = 2090 − 0.636 ⋅ 𝑇𝐶𝑂𝐿𝐷 (5.3) 

𝜌𝐻𝑂𝑇 = 2090 − 0.636 ⋅ 𝑇𝐻𝑂𝑇  

 

 

The density in this second way is also calculated as a function of the temperature of the solar 

salt. Thus, it will be also really complicated to analyse every value of the density for every 

corresponding temperature value. So, again, for that reason, an average value would be taken 

for the density of the solar salt in order to simplify the calculations if this way is used.  

The third way could be used for obtaining both values of the solar salt. It is a table where a 

database is collected. On it, both density and specific heat are determined for a temperature of 

300°C. Additional properties are given for the solar salt. However, in this thesis the average for 

both properties of interest is not going to be referred to 300°C.  
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Table 3: Solar salt properties [15] 

 

Even though the three ways are all good enough to be used as reference for the analysis of the 

solar salt properties, in this thesis the chosen way is the first one. However, the properties are 

not going to be calculated for the upper neither the lower temperature limit. Instead, an average 

value for the temperature is going to be selected. This value can be changed for future analysis, 

but in this thesis 425°C is the value chosen. Thus, looking in the Table 2, and making an 

approximation in the range chosen, the result for both properties is going to be:  

𝜌 = 1820 kg/m3 

𝐶𝑝=1515 J/kg°C 

 

Once the values for the main properties of the solar salt are chosen, the analysis of the size of 

the tanks can be started. As mentioned before, the volume (V) that appears in equation (5.2) is 

the volume of each tank, and it can be calculated as follows in equation (5.4).  

𝑉 =
𝑚𝑠𝑎𝑙𝑡

𝜌
 

 

(5.4) 

Where ρ is the density, which value is known, and 𝑚𝑠𝑎𝑙𝑡is the mass of the solar salt. This value 

is unknown, but it can be determined as shown in equation (5.5). 

𝑚𝑠𝑎𝑙𝑡 =
𝐸𝑛𝑒𝑟𝑔𝑦𝑠𝑎𝑙𝑡

(𝐶𝑝 ⋅ 𝛥𝑇)
 

 

(5.5) 

And again, the values for the denominator, 𝐶𝑝 and 𝛥𝑇, are known. However, 𝐸𝑛𝑒𝑟𝑔𝑦𝑠𝑎𝑙𝑡  is the 

energy that is held in the solar salt, and must be calculated by using the equation (5.6): 
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𝐸𝑛𝑒𝑟𝑔𝑦𝑠𝑎𝑙𝑡 =
𝑟𝑎𝑡𝑖𝑜 ⋅ 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 ⋅ 𝑝𝑜𝑤𝑒𝑟

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
 

 

(5.6) 

This time, all the values are new unknowns. The first unknown is the ratio. Assuming that it is 

not possible to reach the temperature level required on the steam (560°C) by only using the 

solar salt as thermal fluid, the ratio represents the percentage of solar salt that is used in 

comparison with the fuel. In this thesis, this ratio is going to be taken as 90%, which will mean 

that for reaching 560°C on the steam, there is still a 10% of the total heat that must be supplied 

by the fuel used on the CHP plant. Furthermore, this ratio never wants to be 100%, because, as 

is said before, it is not worth to shut down completely a CHP plant. For that reason, some fuel is 

desired to be always burning inside the furnace, so a small percentage of the heat is obtained 

thanks to it. Also, in this thesis, the solar salt system is going to be used as preheater system, so 

the temperatures reached after the heat exchange with the water are not going to be high 

enough to cover the steam temperature required.  

The second unknown is the variable seconds, which refers to the number of seconds that can be 

stored the solar salt without losing to much energy neither freezing. Longer times will mean 

freezing problems on the tanks. This parameter is calculated as shown in equation (5.7). The 

third unknown is the power, which is easy to calculate for Igelsta as is given on the database. 

This CHP plant produces 200MW of district heating and 85MW of electrical power, which gives 

a total of 285MW. The fourth unknown is the efficiency, which refers to the efficiency of the 

plant and that for Igelsta is taken as 90%. [11]  

So, summarising, the variables found on equation (5.6) are: 

𝑟𝑎𝑡𝑖𝑜 = 0.9 

𝑝𝑜𝑤𝑒𝑟 = (200 + 85) = 285𝑀𝑊 

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 0.9 

 

And the second variable is given as: 

𝑠𝑒𝑐𝑜𝑛𝑑𝑠 = 𝑑𝑎𝑦𝑠 ⋅ 24 ⋅ 3600 

 

(5.7) 

Where days is the number of days that the solar salt can be stored in the tanks without losing 

all the heat and freezing. This variable is, together with the size, the parameters that are wanted 

to be solved in this section.  

The parameters and equations showed so far are related with the geometry of the tanks. 

However, there are additional parameters needed for the complete calculation of the size of the 

tank. The reason is that, although the walls of the tanks are well-insulated, there will be heat 

losses, which will impact on the analysis. Mainly, the impact of this heat loss will affect the 
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number of days that the solar salt can be keep at high temperature levels. Higher heat losses 

will mean lower storage days, which will impact on the feasibility of the implementation of the 

molten salt storage.  

When there is an excess on the electricity production, the extra energy is used for heating up 

the solar salt that is inside the hot tank. Normally, there are not many excesses on the 

production, so when happens, it is desirable to keep this excess as long as possible in the form 

of heat, so it can be used when required. If the number of days that this heat can be held in the 

solar salt is really low, a lack of interest on the implementation of this technology could appear.  

This number of days depends directly on the material and thickness used on the insulated walls 

of the tanks. Better insulation will means lower losses, so longer period the heat will be kept 

inside the tank. Additionally, better insulation means thicker walls and use of materials with 

better insulation properties, which also means more expensive production of these tanks. For 

all these reasons, a middle ground should be found, to keep the heat as long as possible but 

without expending too much money on it. Time periods longer than one week are not expected 

as the main idea of the molten salt storage is to continuously take the possible excess on the 

grid, so it is important to have always the solar salt in the cold tank ready for being heated.   

Several insulating materials have been and are analysed, with the aim of finding the better 

stability between money and operability. In Table 4, some materials and their properties are 

shown. The most important parameter in this Table 4 is the thermal conductivity, as the heat 

losses will depend to a larger extent on it.  

Table 4: Insulating materials [16] 

 

As shown in Table 4, the KX-99, which is a refractory brick type, is the material with higher 

thermal conductivity, and all the ceramic types have much lower thermal conductivity. As said 

before, the idea is to find a stability between this insulation property and the cost that it will 

involve itself. For that reason, the material chosen for the analysis in this thesis is the G-23, 

which is an insulating brick type. The thermal conductivity for this material is considered to be 

low enough for the purpose of this analysis, and its value is showed below. It has to be said that, 

sometimes, several materials can be used to build up the tank, which could mean a gain in 

insulation and a reduction of the costs.  

𝐾 = 0.33 𝑊/𝑚 ∗ 𝐾 
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In addition to the insulating material, and as was said before, the thickness of the wall is also 

very important when determining the number of days that the heat can be held into the tank. 

As in the case of the insulating material selection, in the thickness selection process, it is also 

need to find the stability between good enough insulation and construction cost. Thicker walls 

will provide, normally, a better insulation, but will cost, obviously, much more money. For that 

reasons, in this thesis, a thickness of 0.2 m is chosen.  

𝐿 = 0.2 𝑚 

 

Both parameters chosen, thermal conductivity of the insulating material and thickness of the 

wall, are important for the calculation of the heat transfer coefficient. Additionally to this two 

parameters, the convection heat transfer coefficient for both fluids (air and solar salt) is needed. 

Values for both fluids will be taken according to the Table 5. 

Table 5: Convection heat transfer coefficient [17] 

 

  

The value of the convection heat transfer coefficient is influenced by several properties, like the 

density, the viscosity or the heat capacity. As in the outer part of the tank’s walls is going to be 

ambient air flowing, it is going to be considered as a gas in free convection condition, so an 

approximate value will be taken from the Table 5.  

However, in the inner part of the tank`s walls, solar salt will be flowing, and in this case, some 

considerations must be taken into account for obtaining its heat transfer coefficient value. 

Firstly, it has to be said that the solar salt, at ambient temperature, is in solid condition, but 

when is at operation temperature, it works as a fluid. For that reason, the solar salt is going to 

be considered as a fluid in free convection condition. Nevertheless, in Table 5, water and oil are 

the unique fluids in free convection. Therefore, an evaluation of the properties of these two 

fluids must be done, to determine to which is more similar the solar salt. Appendix I will be used 

for the comparison between water and solar salt.  
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There are differences in all the properties between water and oil. Referring to density, the water 

is a little bit denser than the oil. However, the solar salt is much denser than the water. As the 

difference between the density of the water and the oil is small, it cannot be concluded to what 

fluid is more similar the solar salt.  

When talking about the specific heat, bigger differences can be found. The water has higher 

specific heat, almost double, than the oil. Thus, comparing the specific heat of the solar salt and 

the water, it can be also seen that specific heat of the water is much higher than the solar salt 

one. So, from this property, it can be glimpsed that solar salt could be more similar to oil than 

to water. But another property is going to be analysed to be totally sure.  

This third property is the viscosity. Comparing the value for the water and for the oil, it can be 

easily seen that the viscosity of the oil is much higher than the water one. Additionally, in the 

Appendix I, it can be seen that the viscosity of the solar salt is almost three times higher than 

the viscosity of the water. So, as a conclusion, after all the properties are analysed, it can be said 

that the solar salt is more similar to oil. For that reason, an average value for the oil under free 

convection condition is taken from Table 5. Values for both fluids are showed below.  

ℎ𝐴𝑖𝑟 = 10 𝑊/𝑚2 ⋅ 𝐾 

ℎ𝑆𝑜𝑙𝑎𝑟𝑆𝑎𝑙𝑡 = 100 𝑊/𝑚2 ⋅ 𝐾 

 

Convection heat transfer coefficients, as well as the thickness and the thermal conductivity of 

the insulating material, are used together for obtaining the value of the overall heat transfer 

coefficient U: 

𝑈 =
1

1
ℎ𝐴𝑖𝑟

+
1

ℎ𝑆𝑜𝑙𝑎𝑟𝑆𝑎𝑙𝑡
+

𝐿
𝐾

 

 

(5.8) 

The overall heat transfer coefficient is now used, in an additional calculation, for obtaining the 

time in which the heat stored in the hot solar salt will be totally transferred to the air via 

convection through the walls. The complete transfer will mean that the hot solar salt is turned 

into cold solar salt, even a lower temperature level than the minimum, creating a risk of 

solidification of the solar salt.   

For obtaining this time, it is needed to calculate first some variables. The first one, showed in 

the equation (5.9), is the heat flow that appears in the exchange between both fluids, measured 

per area. The area that appears in this equation, can be replaced by the Area showed in equation 

(5.1).  

�̇� = 𝐴𝑟𝑒𝑎 ⋅ 𝑈 ⋅ (𝑇𝐻𝑂𝑇 − 𝑇𝐴𝑀𝐵) 

 

(5.9) 
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Once the heat flow exchanged between both fluids is obtained, it will be introduced in equation 

(5.10), where the temperature decreasing rate of this process where the heat is exchanged is 

calculated.  

�̇� =
�̇�

(𝑚𝑠𝑎𝑙𝑡 ⋅ 𝐶𝑝)
 

 

(5.10) 

Thus, the time spent for losing 5% of the stored heat is calculated as follows: 

𝑠𝑒𝑐𝑜𝑛𝑑𝑠2 =
0.05 ⋅ 𝛥𝑇

�̇�
 

 

(5.11) 

And calculating the equation (5.11) in days: 

𝑑𝑎𝑦𝑠2 =
𝑠𝑒𝑐𝑜𝑛𝑑𝑠2

24 ⋅ 3600
 

 

(5.12) 

By following the equations step by step, it can be noticed that it is not possible to calculate any 

of the times that are exposed in this section. However, both time calculations could be seen as 

the same one. For that reason, and for obtaining the maximum time that the heat can be stored 

in the molten salt tanks, equations (5.7) and (5.11) must coincide. After this calculation, the 

upper size of the molten salt storage system is easily calculated.  

𝑠𝑒𝑐𝑜𝑛𝑑𝑠2 = 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 = 𝑠𝑒𝑐𝑜𝑛𝑑𝑠𝑇 (5.13) 

𝑠𝑒𝑐𝑜𝑛𝑑𝑠𝑇 =  (0.05 ⋅ 𝛥𝑇/(6 ⋅ (𝑟𝑎𝑡𝑖𝑜 ⋅ 𝑝𝑜𝑤𝑒𝑟/𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦/(𝐶𝑝 ⋅ 𝛥𝑇))^(−1/3)

⋅ 𝜌^(−2/3) ⋅ 𝑈 ⋅ (𝑇𝐻𝑂𝑇  −  𝑇𝐴𝑀𝐵)/𝐶𝑝))^(3/2) 

 

(5.13) 

And if the time is wanted in days,  

𝑑𝑎𝑦𝑠𝑇 =
𝑠𝑒𝑐𝑜𝑛𝑑𝑠𝑇

24 ⋅ 3600
= 5.27 

 

(5.14) 

Finally, with all the values taken for this thesis and showed above, the result of maximum 

number of days that the heat can be stored in the molten salt tanks is 5.27 days, which is equal 

to 5 complete days and 6 hours more or less. Now, with the maximum number of days, the 

maximum size of the molten salt storage tank is calculated. This could be done by introducing 

this value in equation (5.7), where 𝑑𝑎𝑦𝑠 is equal to 𝑑𝑎𝑦𝑠𝑇. The value obtained for the seconds, 

is now introduced in equation (5.6), which value is introduced in equation (5.5). By doing that, 
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the energy obtained from the solar salt and the amount of solar salt needed for that purpose is 

calculated.  

𝑠𝑒𝑐𝑜𝑛𝑑𝑠 = 455332 sec (5.7) 

𝐸𝑛𝑒𝑟𝑔𝑦𝑠𝑎𝑙𝑡 = 1.23 × 1014 𝐽 (5.6) 

𝑚𝑠𝑎𝑙𝑡 = 3.17 × 108 𝑘𝑔 

 

(5.5) 

This big amount of solar salt needed is in the case of maximum sizes of the molten salt tanks. 

Even one molten salt tank is capable of storing all this amount of solar salt on its volume, the 

solar salt will be, normally, divided equally between both tanks, so each one is half full. However, 

if the system is not running for a while, and the excess electricity is provided during a long period 

of time, more solar salt can be transferred from the cold tank to the hot tank for being heated. 

Anyhow, this will be the maximum amount of solar salt that could be kept in the system, and by 

using it, the volume is calculated. 

𝑉 = 174311 𝑚3 

 

(5.4) 

And finally, the size of the walls of the cubic tanks is calculated. 

𝑆𝑖𝑑𝑒 = 55.86 𝑚 

 

(5.2) 

And the general schema of the molten salt tank can be shown in Figure 10: 

  

 

5
5

.8
6

 m
 

55.86 m 

1.58 × 108 𝑘𝑔 

Electric Heater 

Grid 

Incoming Salt 

Outgoing Salt 

Figure 10: Molten Salt Storage 
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The values shown in Figure 10 are the obtained after the analysis in this thesis. They represent 

the maximum values affordable for the construction of this molten salt tank nearby the Igelsta 

CHP plant. The size and amount of solar salt obtained are considered large enough to be able to 

cover the necessities of the plant and small enough for not implying a very high cost. However, 

another values can be obtained if some properties are changed.  

Even the values selected for the density and specific heat of the solar salt are done by 

approximation, bigger or smaller values will just mean a small change on the number of minutes 

that the heat can be held. Thus, the size and amount of solar salt needed is not influenced by 

those properties.  

Nevertheless, a possible change on the insulating material selected as well as a change on the 

thickness of the insulating material itself, could mean big changes on the values obtained for 

number of days, size and amount of solar salt needed. If a ceramic material is chosen as 

insulating material, the thermal conductivity associated to it is lower, so the size of the tank will 

be much higher, as the number of days will be much higher, also the amount of solar salt needed. 

On the other hand, if the refractory brick is chosen, the number of days will be much lower, 

meaning much lower size of the tank and amount of solar salt needed. So it could be concluded 

that better insulating materials will mean higher number of days that the heat can be stored, 

thus, lower sizes and amount of solar salt are needed to store this heat. Obviously, using better 

insulating materials will also mean higher costs.  

By the way, reducing the thickness of the walls will mean lower days that the heat can be held, 

thus, lower amount of solar salt needed. Opposite to that, thicker walls will keep the heat longer, 

but more size and amount of solar salt will be needed.  

As is mentioned before, the main point when choosing all the properties and characteristics of 

the molten salt tank, is to find a middle point between costs and reliability. Also, the necessities 

of the CHP plant in which the system is going to be implemented must to be taken into 

consideration. If a CHP plant needs the solar salt as a backup method, probably faster system 

which gives faster energy will be looked for to be implemented on the plant. Thus, insulation 

and days that the heat can be held are less interesting for this case. The walls will be thinner and 

the insulating material will have worse properties, which will mean a save in money and a 

smaller tank size. On the contrary, if what is wanted for the CHP is to have a system that could 

act as main heat supply source when needed, and save some money by saving some fuel, the 

walls will be thicker and the insulating material better, but it will also mean higher costs and 

tank size.  
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2.2 Economic Analysis 

Additionally to the analysis of the size and amount of solar salt needed that is done in this 

chapter, an economical aspect that must be taken into consideration is studied. Even the 

complete construction costs of the system are very difficult to determine, and will be large, as it 

is a new technology, there will be an associated money saving related to the fuel saved by the 

CHP plant.  

Investment costs are the main problem for the implementation if this technology. The big 

amount of solar salt must be bought, and the tanks and the pipes must be built. However, it 

could be a cost-effective technology in the long run, thanks to the heat source that is used for 

heating up the molten salt.  

In the environmentally friendly CHP plants, the heat source that is used as main fuel is the 

biomass. Additionally, a fossil fuel backup system is needed. Even the price of the biomass is not 

so expensive, by using the molten salt storage technology, some money can be saved, and also, 

lower CO2 emissions and lower environmental impact will be produced.  

For the study case, the Igelsta CHP located in Sweden is using forestry as main fuel. At full 

capacity, this CHP plant consumes 17000 tons per week of fuel, of which 75% are forestry like 

wood chips and 25% are recovered fuels as waste. This means that, in a week, 12750 tons comes 

from the forestry and 4250 tons from the recovered fuel.  

In this thesis, only the price of the forestry will be analysed, as the price for the waste depends 

on the location and season. The price of the wood chips is, in this country, around 0.2 SEK/kWh. 

The energetic value of the wood chips depends on the moisture content itself. For that reason, 

equation (5.15) shows how this dependency is [18]: 

𝐸𝑛𝑒𝑟𝑔𝑒𝑡𝑖𝑐 𝑉𝑎𝑙𝑢𝑒 = 19.2 − (0.2164 ⋅ 𝑀𝐶) 

 

(5.15) 

Where MC is the moisture content. The normal values for the wood chip moisture content are 

between 25 to 60%, but the typical value and the chosen for this analysis is 35%. So introducing 

this value on the equation (5.15), the energetic value of the wood chips is obtained: 

𝐸𝑛𝑒𝑟𝑔𝑒𝑡𝑖𝑐 𝑉𝑎𝑙𝑢𝑒 = 11.62 
𝐺𝐽

𝑡𝑜𝑛
 

 

Now, by multiplying this energetic value for the amount of tons of wood chips needed in a week, 

the energy used in this period of time is calculated: 

𝑊𝑒𝑒𝑘𝑙𝑦 𝐸𝑛𝑒𝑟𝑔𝑦 = 11.62
𝐺𝐽

𝑡𝑜𝑛
⋅ 12750𝑡𝑜𝑛 = 148231.5𝐺𝐽 

 

(5.16) 
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And by using the conversion factor between J and kWh that is shown in equation (5.17), the 

weekly energy is calculated in the used units: 

𝑊𝑒𝑒𝑘𝑙𝑦 𝐸𝑛𝑒𝑟𝑔𝑦 = 148231.5 × 109𝐽 ⋅ ( 
2.77 × 10−7𝑘𝑊ℎ

1𝐽
)

= 4.106 × 107 𝑘𝑊ℎ 

 

(5.17) 

Finally, the weekly and yearly cost for the fuel used is calculated as follows: 

𝑊𝑒𝑒𝑘𝑙𝑦 𝐶𝑜𝑠𝑡 = 4.106 × 107 𝑘𝑊ℎ ⋅ 0.2
𝑆𝐸𝐾

𝑘𝑊ℎ
= 8212025.1 𝑆𝐸𝐾 (5.18) 

𝑌𝑒𝑎𝑟𝑙𝑦 𝐶𝑜𝑠𝑡 = 8212025.1 𝑆𝐸𝐾 ⋅
365

7
= 428198451.6 𝑆𝐸𝐾 

 

(5.19) 

So, the cost of the fuel for a year is calculated to be around 428 million SEK, which is an important 

cost. In addition, the cost for the recovered fuel must be added to get the final price of the used 

fuel. Thus, the cost for the fuel used in Igelsta in a year is expected to be really high. Furthermore, 

the price of the wood chips is expected to rise above the 0.2 SEK/kWh in coming years, so the 

total cost for the fuel will be much higher.  

On the other hand, the price for the solar salt must be calculated to have a comparison between 

both fuels. As is said, this solar salt is composed of 60% NaNO3 and 40% KNO3. With the total 

amount of solar salt needed calculated above, the amount of each salt is estimated to be: 

𝑚𝑠𝑎𝑙𝑡 = 3.17 × 108 𝑘𝑔 

𝑚NaNO3 = 1.90 × 108 𝑘𝑔 

𝑚KNO3 = 1.27 × 108𝑘𝑔 

 

An approximated price for each salt is taken after consulting several manufacturers. The values 

are presented for a 99.5% purity in both cases. In the case of the NaNO3, the price is expected 

to be around 3265 SEK/ton, and for the KNO3, 2365 SEK/ton. So the investment cost for the solar 

salt needed are [19]: 

𝑃𝑟𝑖𝑐𝑒 NaNO3 = 1.90 × 108 𝑘𝑔 ⋅
1 𝑡𝑜𝑛

1000 𝑘𝑔
⋅ 3265

𝑆𝐸𝐾

𝑡𝑜𝑛
= 6.21 × 108 𝑆𝐸𝐾 

(5.20) 

𝑃𝑟𝑖𝑐𝑒 KNO3 = 1.27 × 108 𝑘𝑔 ⋅
1 𝑡𝑜𝑛

1000 𝑘𝑔
⋅ 2365

𝑆𝐸𝐾

𝑡𝑜𝑛
= 3.0 × 108 𝑆𝐸𝐾 
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𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑖𝑐𝑒 = 6.21 × 108 𝑆𝐸𝐾 + 3.0 × 108 𝑆𝐸𝐾 = 9.21 × 108 𝑆𝐸𝐾 

 

(5.21) 

So the final price for the solar salt will be around 921 million SEK, which means an important 

investment cost. However, and as it is said several times, by using molten salt storages, there 

are some annual savings on the fuel used by the CHP plant. This savings has to be determined 

for completing the comparison. For that purpose, it is assumed that, in about 10% of the total 

hours in a year, the molten salt storage will get free energy from the electricity excesses. This 

fact will mean that during 876 hours per year, the molten salt storage is heating up the solar salt 

by free. Thus, the amount of electricity produced by Igelsta CHP plant during each of this hours 

will be equal to the maximum power capacity of the plant. 

𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑟𝑒𝑒 = 876ℎ ⋅ 85𝑀𝑊 = 74460
𝑀𝑊ℎ

𝑦𝑒𝑎𝑟
. 

 

(5.22) 

So the total energy obtained by free during the year is equal to 74460MWh. This energy means 

0 costs to the Igelsta CHP plant, and also, savings on the fuel used, thus, money savings. This 

savings in a year by this reduction, are calculated on equation (5.23) and will be used to 

determinate a payback time.  

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 = 𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑟𝑒𝑒 ⋅ 0.2
𝑆𝐸𝐾

𝑘𝑊ℎ
= 74460

𝑀𝑊ℎ

𝑦𝑒𝑎𝑟
⋅

1000 𝑘𝑊ℎ

1 𝑀𝑊ℎ
⋅ 0.2

𝑆𝐸𝐾

𝑘𝑊ℎ
 

= 1.49 × 107
𝑆𝐸𝐾

𝑦𝑒𝑎𝑟
 

(5.23) 

 

So in total, 14.9 million SEK will be saved during a year thanks to using the molten salt storage 

instead the fuel. And now, comparing this savings with the total cost of the molten salt, the 

payback time for recovering the investment payment is calculated as shown in equation (5.24). 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘𝑇𝑖𝑚𝑒 =
9.21 × 108𝑆𝐸𝐾

1.49 × 107 𝑆𝐸𝐾
𝑦𝑒𝑎𝑟

 = 61.8 𝑦𝑒𝑎𝑟𝑠 

 

(5.24) 

This is an approximated payback time period, as fees, interests, subsidies, yearly variations and 

pipes and tanks construction are not included. Also, the price of the recovered fuel from waste 

that the CHP plant is using is not included. By making the payback time analysis taking into 

consideration the price of the recovered fuel from waste, the result is quite lower. Assuming 

that the price for this fuel is similar to the price of the wood chips, 0.2 SEK/kWh, the total amount 

of fuel used in this case will be 17000 tons/week. Thus, the amount of fuel saved by 
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implementing the molten salt storage system will be higher, obtaining higher money savings, 

and finally, a payback time period of 46.4 years.  

Although this result is much interesting than the first one, it is still high enough for not 

considering the implementation of the molten salt storage. The main problem in both analysed 

cases will be that the maximum electricity that can be inputted on the tank is 85MW. With this 

maximum available electricity, and with the values for the excess electricity in Sweden shown in 

Figure 7, the time needed to heat up completely the solar salt inside the hot tank will be around 

17 days, according to the equation (5.25): 

𝐻𝑒𝑎𝑡𝑖𝑛𝑔𝑇𝑖𝑚𝑒 =
𝐸𝑛𝑒𝑟𝑔𝑦𝑠𝑎𝑙𝑡

𝐸𝑛𝑒𝑟𝑔𝑦𝑖𝑛𝑝𝑢𝑡
=

1.23 × 1014 𝐽 ⋅ ( 
2.77 × 10−7𝑘𝑊ℎ

1𝐽
)

85𝑀𝑊
= 400.83 ℎ 

 

(5.25) 

So, as it can be shown, it is a long time period to heat up all the solar salt by having only 85MW 

as input. Also, it will make no sense to last 17 days in heating up all the solar salt, because, firstly, 

it is really difficult to have 17 days in a raw with excess electricity, and, secondly, because the 

time that the heat can be kept inside the tank is much lower (5.27 days). So basically, it will not 

be possible to heat up completely the tank, because when not having excess, the heat will be 

lost, and more days will be needed, and so on. It can be concluded that this is a big problem for 

the implementation of the proposed molten salt storage. However, in this thesis, a solution is 

explained to make this project feasible.  

Looking to Figure 5, it can be seen that the excess electricity obtained in certain days is around 

2000MW. Even though this value could be higher, the electrical lines needed for withstanding 

this amount of electricity will be really huge. In addition, in Figure 7 it can be seen that most of 

the hours in the year, when excesses occur, the electricity losses are 2000MW or higher. For 

that reason, this value is considered to be appropriate for the analysis suggested.  

The idea proposed is to add transfer capacity to the Igelsta CHP plant by implementing a 

2000MW power line instead of the 85MW power line that is already built. By this substitution, 

several interesting advantages are found. First of all, the Igelsta CHP plant could support all the 

excess electricity that is happening in Sweden up to 2000MW. As shown in Figure 5, for this 

three consecutive days with an excess of 2000MW, Igelsta CHP plant will pick this electricity and 

use it for heating up the molten salt. Otherwise, around 1900MW of the total would be sold to 

neighbours countries at really cheap price. The second advantage found is, as shown in equation 

(5.26), a reduction on the time needed to heat up completely the solar salt in the tank. 

𝐻𝑒𝑎𝑡𝑖𝑛𝑔𝑇𝑖𝑚𝑒 =
𝐸𝑛𝑒𝑟𝑔𝑦𝑠𝑎𝑙𝑡

𝐸𝑛𝑒𝑟𝑔𝑦𝑖𝑛𝑝𝑢𝑡
=

1.23 × 1014 𝐽 ⋅ ( 
2.77 × 10−7𝑘𝑊ℎ

1𝐽
)

2000𝑀𝑊
= 17.03 ℎ 

 

(5.26) 
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By implementing the 2000MW power line, the input electricity on the tank will be more than 23 

times higher, which result in that only 17 hours are needed to heat up all the solar salt instead 

of the 400 hours needed before. Thanks to that, and as shown in Figure 5, those three 

consecutive days with several hours with an electricity excess of around 2000MW will be enough 

to heat up completely the solar salt. In following days, even not excess is happening, the solar 

salt will be ready to be used. In addition, now it will make sense to build up the molten salt 

storage because the time needed to heat up the solar salt is much lower than the 5.27 days that 

this heat can be held.  

The third advantage found is that all the excess electricity could be picked by the same CHP 

facility. Even though, it could be interesting to build more molten salt storages in other CHP 

plants, so bigger excesses can be used, and also, smaller tanks will be needed. If some CHP plants 

build this technology, as the tanks will be smaller, and thus, the solar salt needed lower, the 

money invested for each CHP plant will be lower than the invested if it is only implemented in 

Igelsta.  

The fourth advantage is, looking again to Figure 7, that now it is not needed to assume a 10% of 

cheap electricity per year. Now, it is known that the 2000MW excess electricity is going to be 

cheap. By assuming that 10%, the energy free obtained will be: 

𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑟𝑒𝑒 = 876ℎ ⋅ 2000𝑀𝑊 = 1752000
𝑀𝑊ℎ

𝑦𝑒𝑎𝑟
. 

 

(5.27) 

And as it can be shown in Figure 7, the electricity lost in a year is 1.6TWh. From this amount, not 

all will be used by the new power line, so it is assumed that 1.2TWh could be the correct value. 

This amount lost will be the amount saved in a year, as it will be used in the molten salt storage, 

so for the case of the 2000MW power line: 

𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑟𝑒𝑒 = 1200000
𝑀𝑊ℎ

𝑦𝑒𝑎𝑟
. 

 

 

The fifth advantage is that, as more excess can be picked by the CHP plant, more fuel is expected 

to be saved, and thus, more money will be saved. Even though there will be a cost for 

implementing the new power line, it will not be high if compared to the higher money that is 

going to be saved by saving the fuel. Therefore, it can be concluded that it will be economically 

profitable to build up this new power line.  

Finally, another interesting advantage is found on the payback time period. As is seen in previous 

calculations, the expected payback time is really high, so it will not be interesting for a CHP plant 

to implement this technology. However, by adding more transfer capacity to the plant, this 

period time expected will be lower. The previous analysis, will be now, with 2000MW, expected 

to be like:  
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𝑆𝑎𝑣𝑖𝑛𝑔𝑠 = 𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑟𝑒𝑒 ⋅ 0.2
𝑆𝐸𝐾

𝑘𝑊ℎ
= 1200000

𝑀𝑊ℎ

𝑦𝑒𝑎𝑟
⋅

1000 𝑘𝑊ℎ

1 𝑀𝑊ℎ
⋅ 0.2

𝑆𝐸𝐾

𝑘𝑊ℎ
 

= 2.4 × 108
𝑆𝐸𝐾

𝑦𝑒𝑎𝑟
 

(5.28) 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘𝑇𝑖𝑚𝑒 =
9.21 × 108𝑆𝐸𝐾

2.4 × 108 𝑆𝐸𝐾
𝑦𝑒𝑎𝑟

 = 3.83 𝑦𝑒𝑎𝑟𝑠 

 

(5.29) 

Which, as can be shown, is a much more interesting payback time period. However, as the costs 

for the construction of the pipes, tanks and power line are not included, it will be expected to 

be a little bit higher, around 4.5-5 years.  

As main conclusion for the economic analysis, it could be said that the implementation of the 

molten salt storage with the actual 85MW power line will not be economical interesting, as the 

payback time will be high and there are several technical disadvantages. However, if a new 

2000MW power line is implemented, this project could be very interesting for Igelsta CHP plant, 

as the payback time is really short, and despite of having high investment costs, it will be 

compensated in the long-term with a reduction of the fuel used with the associated CO2 

emissions reduction will be really positive. In addition, the excess problem can be easily solved 

by this new power line, and if other plants implement this technology, smaller tanks with lower 

solar salt will be needed, so the investment costs will be lower. Additionally, the idea of buying 

electricity at night will be still available with this power line, thus more savings could happen.  

 

 

 

 

 

 

 

 

 

 

 



       Molten Salt Storage at CHP Plant - Álvaro Borja Vicente   45 

 

 

 

45 

2017 

6.Conclusion  

Storing the energy is the main energetic problem nowadays. Although it is possible to obtain 

energy from a lot of sources, this energy must be consumed immediately in most cases. 

Otherwise, there could occur an excess of energy and the respective loosening. This scenario is 

happening in European Nordic countries, where the energy, in the form of electricity, is wasted. 

In the case of Sweden, when high wind and solar production is taking place, the electricity is sold 

to neighbours countries at really cheap price, even negative.  

In this thesis, for solving this excess problem, which involve losses of money and a risk for the 

grid, a molten salt sensible thermal storage is presented. The idea is to use this excess of 

electricity to heat up the molten salt. This hot molten salt could be used as thermal fluid in an 

electricity or heat generation systems. For that reason, it is suggested the implementation of a 

two-tank direct storage system nearby a CHP plant.  

This technology is being already used in some solar facilities as Gemasolar power plant, which is 

presented and studied. This solar plant has gain in production hours as well as in the capability 

of using molten salt on bad weather days. Although the problem analysed in this project is quite 

different from this one, this study case will be used as reference for many important aspects.   

A real scenario of future Swedish electricity excess (for the case of 60 TWh wind and solar power, 

a reasonable future scenario) is shown, and database values are analysed for concluding that 

about 2.6% of the total solar power and wind power electricity production is lost during the year, 

meaning that the electricity will be 2.6% more expensive. The solution presented could regulate 

that problem easily.  

The Swedish CHP plant Igelsta is the location selected for the analysis of this implementation. 

Two methods for this implementation are presented. The preheater method is chosen as the 

best one because its capability of achieving higher temperatures on the outflowing steam used 

for electricity production. There are several benefits for the CHP plant, like better efficiency, fuel 

and money savings and reduction of CO2 emissions. The CHP plant could use excess electricity, 

which is the main point for this implementation, but additionally, the electricity could be bought 

at night when is cheaper meaning more money savings.  

The analysis for the maximum size of the tanks and the maximum amount of molten salt needed 

is developed. The main parameter to be determined is the number of days that the heat can be 

held in the molten salt inside the tank. In this elaborate analysis, the molten salt selected is the 

solar salt, used in Gemasolar plant. The temperatures of this solar salt are explained and used 

for the size calculation. Several ways of selecting the main properties of the solar salts are 

exposed, but an approximation is taken. However, modifying this values in the presented ranges 

will not affect on the final result.   
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Different insulating materials are analysed for covering the walls of the tanks, but the insulating 

brick is the proposed. Even usually the storing tanks are cylindrical, a cubical shape is selected 

in this analysis. Also, different thickness could be selected, but 0.2 m is the chosen. By modifying 

the material selected or the thickness of the walls the final results will be highly modified. Better 

insulating materials will mean lower days that the heat can be held, so lower size needed, and 

vice versa. On the other hand, thicker walls will provide longer days, so longer sizes will be 

needed, and vice versa.  

With the values for the insulating material chosen, the number of days are determined. In this 

thesis, 5.27 days is the maximum value proposed, which means a maximum amount of solar salt 

equal to 3.17 × 108 𝑘𝑔. This values could be modified according to what is mentioned before, 

and depending on the plant necessities. However, a medium term for the number of days should 

be found. Short periods of time will mean lower costs, but also that the heat can be held lower 

time, which means that is has to be used quickly, reducing the capability of storing energy from 

excesses. It will not be very clever to build a tank with this aim, as the function of a CHP plant is 

not to produce energy immediately, it is to produce this energy continuously. Neither will be a 

good idea to build a higher tanks, because 5.27 days is an accurate range, longer period of time 

is no needed neither worth, as the costs will be higher. In a period of 5.27 days, there is enough 

time to use the energy stored and, possibly, reheat the solar salt with a new excess of electricity 

production. In long period of time without excesses, smaller or longer tanks could be useless, 

first ones because the solar salt will be cold due to the absence of electricity and second ones 

because big amounts of solar salt will be stopped.  

For the Igelsta CHP plant, the implementation of this molten salt storage will mean, of course, 

important investment costs. For that reason, an economic analysis is developed for clarifying if 

the implementation of this molten salt storage is profitable on a long-term period. However, not 

all the costs could be analysed.  

The results obtained in the economic analysis for the actual input power, which is 85MW, are 

poor. The payback time period obtained is 62 years, which cannot be afford by any plant. This 

results are obtained without taking into consideration the price of the recovered fuel from 

waste, the tank and pipes construction costs and subsidies, fees or interests. If the price of the 

waste fuel is included, a payback time of 46 years is obtained, which is still high. With all, the 

problem found on this analysis is the power input, 85MW. By implementing a higher power line, 

better results are obtained. After studying the scenario of the Swedish excess electricity 

situation for the future, it is noticed that the appropriate value for the new power line should 

be 2000MW. For this value, the heating time period is reduced to 17 hours, instead of the 400 

hours obtained before.  If it last 17 hours to heat up completely the solar salt and it can held this 

heat for 5.27 days, this project seems to be reliable. In addition, as shown in Figures 5 and 7, the 

2000MW excess are happening during consecutive days, so the solar salt can be heated during 

this period and used later. Also, Igelsta CHP plant could support all the excess that is happening 

those days, even though more tanks could be implemented in other CHP plants, so the electricity 

excess is divided. This will mean smaller tanks, with lower solar salt needed, which means lower 

investment costs. Finally, by implementing the 2000MW power line, Igelsta CHP plant can save 

more fuel, thus more money. This, will affect on the payback time period, reducing it to 4.5-5 
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years, which is a reasonable period. With all, it can be concluded that for the actual power line 

installed, 85MW, it is not economical profitable, but by implementing a new 2000MW power 

line, definitely it will be both economical and technically profitable in a future, when the wind 

and solar power installed capacity will be 60TWh. In addition, this project could be implemented 

in countries such as Germany or Denmark, where the installed capacity of both renewable 

energy sources is already high enough. Furthermore, as the price of the wood chips is expected 

to increase and with the implementation of the 2000MW power line more benefits are found 

for the CHP plant, this project seems to be even more interesting.  
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Appendix I 

Energy can be obtained via several ways. When talking about CHP plants, energy is usually 

obtained by burning a fuel, which have a high energy capacity. The heat obtained is used to heat 

up a fluid, which can be used for district heating or electricity generation. Good properties on 

this fluid are essential for obtaining a good efficiency on the energy generation.  

Mainly, the fluid used on most of the CHP plants is water. Double water close circuits are used. 

The heat obtained when burning the fuel is used to heat up the water on the first loop, which, 

via convection, transfer this heat to the second loop. This water on the second loop can be used 

for electricity generation (if steam is generated) or for district heating. Water, additionally to its 

good properties, which are shown below, is used due to the economical factor, as it is really 

cheap in comparison with other fluids.  

Even though, alternative heat sources are proposed nowadays for its use on the CHP plants. One 

of them is the molten salt, which can be used as a thermal energy storage fluid. Due to the 

possibility of the application of a molten salt energy storage on a CHP plant, the comparison 

between the properties of the water and the molten salt is done, pointing the main advantages 

of each one.  

The main properties that are interesting for the application of both fluids on a CHP plant are the 

viscosity, density, specific heat and thermal conductivity. The molten salt evaluated in this 

appendix is the solar salt, with and eutectic mixture composed of 60% NaNO3 and 40% KNO3.   

The properties for the water are shown in the Figure 11, where Temperature is on the X-axis, 

viscosity and specific heat are on the left side and density and thermal conductivity on the right 

side.  

 

Figure 11: Properties of the water [20] 
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Figure 11 shows the dependency of the fourth variables respect the temperature variation. The 

pressure of the water for its evaluation is 24MPa. This pressure allows water to work as a fluid 

at higher temperatures, according to its properties, which can make possible to use it as storage 

fluid. Even that, it is really complicated to maintain this high pressure for the water. Reversely, 

the molten salt works fine at normal pressure levels, which represents a big advantage when 

using it as a storage fluid. On the Figure 11, the red line represents the viscosity, the green one 

the specific heat, the dark blue the density and the continuous blue line the thermal 

conductivity.  

For the molten salt, Figure 12 represents the evolution of the specific heat of the solar salt 

respect the temperature. On the Y-axis, the specific heat is represented, and on the X-axis, the 

temperature.  

 

Figure 12: Specific heat of the solar salt [21] 

Comparing the specific heats on Figure 11 and Figure 12, it can be concluded that the specific 

heat for the water is much higher than for the solar salt. Even that, when the temperature raises, 

the water decreases its specific heat after reaching its pseudo critic point, while the solar salt 

specific heat increases with the increment of the temperature. Despite the fact that the specific 

heat if the water continues being higher for temperatures such as 600°C, it could be interesting 

working with a fuel in which its specific heat raises as the increment of the temperature.  

In addition, Figure 13 shows the evolution of the density of the solar salt respect the 

temperature. On the Y-axis, the density is represented, and on the X-axis, the temperature.  
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Figure 13: Density of the solar salt [21] 

Comparing the densities on Figure 11 and Figure 13, it can be concluded that the density of the 

solar salt is much higher than the density of the water. In both cases, there is a decrease on the 

value respect the increase on the temperature. The higher the temperature is, the lower the 

density is. Even that, the decrease on the density of the water is much higher once it reaches its 

pseudo critic point. The density of the solar salt is more than double the density of the water. 

This fact is really good for a thermal fluid as it can be heated with higher temperatures with 

lower risk of gasification. 

In this study comparison, the water diagrams are done for a pressure level of 24MPa. This high 

level of pressure is needed in the case of working with water as thermal fluid because, at lower 

pressures, at shown in Figure 14, the water will convert into steam. Additionally, for 24MPa of 

pressure, the temperature reached by the water is around 380°C, much lower than the 560°C 

reached by the molten salt as thermal fluid. If more temperature is wanted on the water working 

as a thermal fluid, more pressurisation should be applied on it, which means much higher costs. 

Additionally, this means that the solar salt can hold more energy during more time before it is 

used for energy production. For the case of the excess of electricity on the grid, which is being 

study on this thesis, using water as storage fluid is worse than using solar salt from the point of 

view of its density, as the water can hold lower energy, thus reducing much less the excess on 

the grid. Larger amounts of water would be needed for holding the same amount of energy 

arising from the excess on the grid. Finally, molten salt is much better as thermal fluid because 

at the same pressure level, it continues being fluid and can reach much higher temperatures. 
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Figure 14: Water pressure variation [22] 

Also, Figure 15, represents the evolution of the viscosity of the solar salt respect the 

temperature. On the Y-axis, the viscosity is represented, and on the X-axis, the temperature. 

 

Figure 15: Viscosity of the solar salt [21] 
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Comparing the viscosities on Figure 11 and Figure 15, it can be concluded that the viscosity of 

the water is much lower than the viscosity of the solar salt. The water flows easier than the solar 

salt, so there will be much lower risks of obstruction on the pipes using water. Additionally, as 

the viscosity is the resistance of a fluid to change its form, there are more risk of freezing and 

thus obstruction in the pipes when using water. Also, there are more risk of evaporation of the 

water, and obviously it evaporates at much lower temperatures, which, as said before, is worse 

for thermal storages.  

Finally, Figure 16, represents the evolution of the thermal conductivity of the solar salt respect 

the temperature. On the Y-axis, the thermal conductivity is represented, and on the X-axis, the 

temperature.  

 

Figure 16: Thermal conductivity of the solar salt [21] 

Comparing the thermal conductivities on Figure 11 and Figure 16, it can be concluded that both 

thermal conductivities are very similar at low temperature, but when the temperature increases, 

the thermal conductivity of the solar salt is much higher. The thermal conductivity of the water 

is decreasing with the increment of the temperature, while the thermal conductivity of the solar 

salt is increasing with the increment of the temperature. That is the main reason why water can 

be used for low temperatures processes, but for high temperature processes is much desirable 

to use solar salt.  

Both materials are good as thermal fluids, even that, there are some points to take into 

consideration depending on its use. The water is better for low temperature processes, as it 

thermal conductivity is good, it is really cheap, it has more viscosity and much higher specific 

heat. Even though, solar salt is better for high temperatures processes, as the storage process, 

thanks to its good specific heat capacity at high temperatures, its higher density and the better 
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thermal conductivity at higher temperatures. Even this material is more expensive, it is still 

cheap and its implementation on a thermal storage could be more profitable due to the 

properties and the fact that its maintenance is also low. The tank volumes when using water 

would be much higher, which makes this option lower desirable, in spite of being cheaper.  
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