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Abstract 

Increasing storage for energy is one of the most important challenges today to overcome in order to 

enable higher penetration of renewable energy in the existing energy systems. Thermal storage is one 

category of energy storage that has been successfully demonstrated in a number of engineering projects 

and is showing promising potential in the future. However, a technology cannot be widespread if it is not 

economically feasible and sustainable in the long run. Bottom up cost analysis can be used to assess 

economic viability of a technology. For newer technologies, the top-down cost calculation is not always 

possible due to the limited amount of data. The aim of this thesis is to investigate the best practices in 

performing bottom up cost calculation and to propose a methodology with the purpose of enabling it to 

be implemented over thermal energy storage bottom up economic evaluations. To achieve this, two 

proven applications, molten salt storage for concentrated solar power and ice thermal storage for building 

cooling, were examined as the basis of the bottom up state of the art calculation models. It was found that 

in the ice storage case, the models were often done in a hybrid bottom up-top down approach which 

limits a fully detailed cost analysis. Instead these are referred as case studies instead because of the few 

elements needed in their calculation. The constructed specialized models and case studies are then 

compared against other external sources to validate the proposed economic analysis procedure. The 

numerical results showed some discrepancies when compared to external resources. A compilation of a 

general bottom up cost model with detailed step by step model to perform a bottom up calculation for 

thermal storages is finally proposed in this work. 

Key words: Thermal Storage, Bottom up cost calculation, Methodology, Molten Salt, CSP, Ice thermal 

Storage 
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Sammanfattning 

Att förbättra möjligheterna att lagra energi är en av dagens viktigaste utmaningar för att kunna öka 

andelen förnybar energi i vårt energisystem. Termisk energilagring eller värmelagring är en typ av 

energilagring som använts framgångsrikt i flera områden och visar hög potential i ett flertal ytterligare 

teknologier. En teknologi kan dock inte få en omfattande påverkan om den inte är ekonomiskt hållbar. En 

bottom-up kostnadsanalys kan användas för att uppskatta genomförbarheten för teknologin. För nya 

teknologier är en top-down kostnadsanalys inte alltid möjlig, vilket är beroende på den begränsade tillgången 

till data. Syftet med den här uppsatsen är att undersöka de vanligaste tillvägagångssätten i att utföra en 

bottom-up kostnadsanalys och föreslå en metodologi som har ändamålet att användas i bottom-up 

kostnadsanalyser för värmelagringstekniker. För att uppnå detta har två beprövade tekniker, smält 

saltlagring i koncentrerad solkraft och islagring för kylning av byggnader, undersökts som modeller för 

moderna bottom-up kostnadsanalyser. Efter undersökning fann man att i islagringsteknologi genomförs 

kostnadsanalysen vanligen i ett hybrid bottom up-top down upplägg, vilket begränsar möjligheten att 

rekonstruera en fullt detaljerad bottom-up kostnadsanalys. Dessa kommer istället att refereras som fallstudier 

eftersom endast ett fåtal objekt behövdes i en kostnadsberäkning. Specialiserade kostnadsmodeller som 

konstruerats och fallstudier jämförs med externa källor för att bekräfta den föreslagna analysproceduren 

för kostnadsberäkningar. Jämförelsen med externa källor visade viss spridning i numeriska resultat. En 

sammanställning av en generell bottom-up kostnadsmodell med detaljerad steg för steg-beskrivning för att 

genomföra en bottom-up kostnadsanalys är dessutom föreslagen i detta arbete.  
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1 Introduction 

For more than a decade, climate change has been one of the most pressing issues for politicians, decision 

makers and mainstream society. While it was uncertain for many years how much effort each country 

would commit to tackle climate change, it was made more definitive in 2015 when 195 of them signed the 

Paris Agreement at the COP21. Before this, many spoke about the Kyoto protocol, but it had been left 

unsigned by many of the bigger economies, which essentially made the protocol ineffective. The signing 

by these countries meant they were legally bound to the climate agreement and it was a huge step forward 

for the world in collaborating to mitigate the increasing greenhouse emissions. One of the main goals of 

the Paris Agreement is to keep the global average temperature increase below 2 degrees Celsius relative to 

pre-industrial levels (European Comission, 2018). 

Energy marks as one of the most important categories in order to realize the goals that were set in the 

agreement. Energy production is responsible for two-thirds of the world’s greenhouse gas emission 

released. This means that big commitments and reductions in carbon dioxide emissions must be made in 

the energy industry. While it is important to combat the greenhouse gas emissions, the work must be done 

in a sustainable way that is financially viable for sustainable economic growth, as well as increasing the 

energy security for the many people who live in poverty (European Comission, 2018). Increasing the 

amount of renewable energy will be one of the focal points of decreasing greenhouse gas emission. 

However only increasing the total amount of renewable energy produced is not enough. The problem is 

more complex than that. A big portion of the renewable energy produced are from intermittent energy 

resources, such as solar or wind. This means that while the energy consumption usually follows a pattern 

per day or season. The energy production from an intermittent renewable resource cannot be controlled 

to be dispatched to meet the consumer demands. Since the weather can be random, there are risks of 

having production shortages or overproduction with high amounts of renewable energy in the grid (Bird, 

Milligan, & Lew, 2013). Countries in this situation usually solve this with grid connection to other 

countries and trade energy when its needed, exporting electricity when there is an overproduction of 

renewable energy and importing when there is an energy shortage. But since there are energy losses 

coupled with transporting electricity over long distances and as well as grid capacity limits, other more 

efficient solutions should be looked at (International Electrotechnical Commission, 2011). 

There are several methods to improve the viability of large amounts of renewable energy in the energy 

system and the implementation of energy storages is one way to achieve that. Thermal storage is one of 

several forms for storing energy. The idea is that energy is stored in a storage medium that is either heated 

or cooled. Thermal Energy Storage (TES) have high potential in residential or industry applications where 

about half of energy consumed is in form of thermal energy. What a storage application could do is to 

balance out the peak demand and supply what is needed (Hauer, 2013). 
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Figure 1 Chiller Peak Load Example for building cooling (Christenson, 2013) 

Figure 1 shows a calculation example of peak load use of energy in a building, where the peak load could 

be smoothened out with the help of a thermal energy storage. If no storage is applied the system needs to 

be dimensioned to meet the peak demand. If there is a thermal storage, the components could be 

dimensioned to smaller capacity and using them at more constant rate, increasing efficiency of the system 

in the building, as well as offloading the demand in the grid. There are obviously costs related to building a 

thermal storage, this is where a cost calculation is needed to see which setup is most profitable.  

Another beneficial situation for thermal storage is when there is an overproduction of energy in the grid. 

Instead of burdening the national electrical transmission grid to export the energy in the form of 

electricity, the energy could be thermally stored for later use. A third situation is for example in the case of 

Concentrated Solar Power (CSP) systems where thermal energy storages are used to ensure the continuity 

of the production in the power block either to counteract the occasional clouds or to meet energy 

consumer demands after sun hours etc.  

When discussing energy systems on a whole, battery technology is often brought up, which is a cheap, 

proven and widespread technology. While the usage is sometimes not within the same scope as thermal 

energy storage, there are some areas where thermal energy storage will be a competitive alternative to 

batteries. Batteries, which are categorized as electrochemical energy storage, does have its drawbacks. The 

making of batteries involves a mining intensive process and energy intensive construction process. In 

addition to that, questions are being raised about health problems associated with the mining process and 

resource depletion risks. When aiming for a sustainable future, all aspects of a technology should be 

considered not just the costs and the technological potential (Hawkins, Singh, Majeau-Bettez, & 

Strømman, 2013).  
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Considering all the things mentioned, thermal energy storage can have a big potential in the current and 

future energy systems. Not only can it increase the flexibility of the renewable technologies, making 

intermittent energy sources more viable in the energy system, but for systems that already uses thermal 

energy, unnecessary conversion steps can be avoided to increase the efficiency of the energy chain. 

However, the technical properties are only one dimension of creating a sustainable solution. The biggest 

drawback so far for many thermal storage applications is the cost of the technology.  

Economic viability of a project is one of the most important factors that brings a prototype or an idea on 

blueprint into a commercial and impactful technology. It is also one of the three pillars of sustainability, 

the other two being environmental and social sustainability. If an activity is not economically sustainable 

the business or country cannot maintain their operation in the long run. When looking at environmental 

sustainability it focuses on the management and consumption of natural resources in a sustainable way. 

The third pillar, social sustainability is the ability to persistently achieve good social well-being for the 

society. All these three aspects need to be well balanced if one is to achieve true sustainability (Circular 

Ecology Ltd, 2018). This is depicted in the sustainability Venn Diagram in figure 2.  

 

There are many applications both commercial and under development that fall under the term thermal 

energy storage. In order to develop and research them further, Energy Conservation and Energy Storage 

(ECES) was formed by the International Energy Agency (IEA) as one of the many Technical 

Collaboration Programs. Within the ECES program, there is a research project called Annex 30, which is 

responsible for Thermal Energy Storage for Cost-Effective Energy Management and CO2 Mitigation. The main 

objective of Annex 30 is “To encourage the implementation of thermal energy storage systems and 

evaluate their potential with respect to CO2 mitigation and cost-effective thermal management” (ECES, 

Figure 2 Three pillars of sustainability (Circular, Ecology Ltd, 2018) 
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2018). Within the Annex 30 project, there are different subtasks. One of them is subtask 3, the Bottom up 

costs, which is the focus of this report. The overall goals of this subtask are the following (Chiu, 2016): 

• Gather assumptions for cost calculation: clear definition of system boundaries 

• Gather case studies for creation of rules of thumb: identification of cost models 

• Categorization of models: arranging by processes 

Attempting to contribute towards the goals of subtask 3, the objectives for this paper were formulated as 

following: 

• Find the best practices of bottom up cost estimating of Thermal Storage technologies by 

investigating Molten salt thermal storage for Concentrated Solar Power and Ice thermal storage 

for building cooling.  

• Construct bottom up cost calculation scenarios in these two technologies which will be used to 

compare the findings to real cost scenarios. 

• Formulate a general bottom up cost calculation approach which should be eligible for a broad 

variety of Thermal Storage applications for future cost estimations.   

To outline the structure of the paper, it will entail a background section about thermal storage and 

economics to establish a foundation for the technologies and economical terms that will be discussed. 

Following that the process is described of how the study was conducted in the methodology chapter. The 

results are divided into several sections, the first section in the results is how is the explanation of how the 

specialized bottom up cost calculation for molten salt storage for CSP was constructed. The second 

section is the case studies of bottom up cost calculation for Ice thermal storage for building cooling. In 

the third section of results indirect costs for both types of storage is discussed. Validation of the 

specialized CSP bottom up cost model and Ice bottom up cost case study is in the fourth section. The 

fifth and final section will compile the information from all other result sections, where a general bottom 

up cost approach for thermal storage is listed. The results are analyzed in a discussion chapter and then 

further summarized in the conclusion 

2 Overview of Thermal Energy Storage 

Thermal Energy Storage can be divided into three different categories, sensible, latent and thermo-

chemical energy storage. Sensible heat storage is a storage where the heat is stored in such a way that 

temperature of that media is increasing or decreasing, the specific heat capacity for the substance of choice 

decides the amount of energy that can be stored for a certain amount of mass. Latent storage on the other 

hand is mainly using the energy required to push a phase change of a material transforming, this could for 

example transform a material from solid to liquid phase. The last type, Thermo-chemical storage is 

utilizing chemical reactions to store and release energy (Hauer, 2013).  
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2.1 Key properties 

There are several technological parameters that can help determine the performance of a thermal storage. 

One of the most important factors is the total storage capacity. 

 

The storage media capacity for a sensible storage can be explained with: 

𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = 𝑚 ∗ 𝑐𝑝 ∗ Δ𝑇 

 

𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = sensible energy    [J] 

𝑚  = mass of the storage media    [kg] 

 𝑐𝑝  = specific heat capacity    [J/(kg*K)] 

Δ𝑇 = temperature change    [K] 

 

While for a latent storage it could be expressed as: 

 

𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 + 𝑄𝑙𝑎𝑡𝑒𝑛𝑡 

𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = 𝑚 ∗ 𝑐𝑝1 ∗ Δ𝑇1 + 𝑚 ∗ 𝑐𝑝2 ∗ Δ𝑇2 

𝑄𝑙𝑎𝑡𝑒𝑛𝑡 = Δℎ𝑓 ∗ 𝑚 

 

Where  

 

 

𝑐𝑝1 = specific heat capacity phase 1   [J/kg]  

𝑐𝑝2 = specific heat capacity phase 2   [J/kg] 

Δ𝑇1 = temperature change in phase 1   [K] 

Δ𝑇2 = temperature change in phase 2   [K] 

Δℎ𝑓 = specific heat of fusion    [J/kg] 

 

The heat capacity for a latent storage has the added heat of the phase change, which could be heat of 

fusion or vaporization. However most practical applications have a solid – liquid or solid – solid 

transformation (Dincer & Rosen, 2002).  

While the capacity is one of the important factors, there are several other technical parameters that are 

crucial as well. Power, for instance, is the parameter to determine how high heat transfer there is 
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potentially in the system. This will determine at what rate energy that can be charged and discharged. If 

one were doing a full-fledged investment calculation, this needs to be considered since it can impact 

production speed, convenience etc.  

Efficiency and storage period are two other parameters that help to distinguish between different types. 

Efficiency is the ratio of how much energy one needs to supply to the storage versus the amount of 

energy that later can be extracted. Storage period is how much time the media needs to store in a design, 

this could be a short amount of time such as a couple of minutes, a couple of hours, or longer period of 

time such as seasonal storage, storing a long time over different seasons.  

Capacity, power, charge and discharge time can be independent variables but in some systems they are 

not. If one TES system has a static volume, an increased power usually means that higher area of heat 

transfer is needed. This would then indicate there is less room for heat storage media, thus decreasing the 

capacity available in the system (Hauer, 2013). 

One additional technical property is the operating temperature range of the system, not only does this 

enable you to estimate how much energy that can be stored, it is also a major factor to decide which 

storage media and system materials that are eligible to the design. Deciding on which material that is 

suitable will impact the size of the storage. In a real case scenario size would have a significant impact 

because of the cost of space and increasing the quantity of materials needed for construction.  

Another real case scenario parameter that should be considered is the lifetime of the technology. Different 

rivaling technologies or materials will have differences in their lifetime, for example a material that is more 

efficient or has a higher capacity could have shorter lifetime. This means that one must reinvest in a new 

batch of that storage material or deal with increased maintenance costs over time. Another aspect of 

lifetime is that a material could have decreased efficiency the longer it is used. This would require a more 

in-depth and detailed analysis, which will not be explored in this paper but should be taken into 

consideration for future research (Dincer & Rosen, 2002).  

 Some of the more important technical parameters are summarized below: 

• Capacity 

• Power, charge/discharge 

• Efficiency 

• Storage period 

• Operating temperature 

• Size 

• Lifetime 
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2.2 Sensible storage 

2.2.1 Sensible storage types 

Some sensible heat storage types have been commercially available for a very long time. Something simple 

such as a tank with insulation filled with hot water is a type of sensible storage. Water is heated and stored 

for later use. As mentioned, the sensible storage capacity relies on heating or cooling a storage media, thus 

increasing or decreasing the temperature of the media. There are many different types of sensible thermal 

storage, the storage medium could be water, air, oil, rock beds, bricks, sand or oil. Some applications of 

these types of sensible storage are (Dincer & Rosen, 2002): 

• Water tank for domestic hot water use: This could be coupled with a solar heating or server as a 

buffer with other heating sources such as district heating.  

• Chilled water storage: In some regions where the cooling load is high, chilled water storage can be 

used, to alleviate the peak cooling load. 

• Borehole thermal storage: which are vertical heat exchangers that transfer heat from and to the 

ground layers, the storage media could be clay, sand rock etc. 

• Aquifer thermal storage: this type of storage uses a natural underground water-permeable layer as 

storage media. Both borehole and aquifer thermal storage are dependent on the geological 

availability. 

• Molten Salt storage: Is a common thermal storage type for the concentrated the solar power 

industry. The heat can be stored in temperatures up to 550°C, the high temperature is desired for 

heating water in a steam cycle. 

• Concrete: ceramics or other solid materials are sensible storage types that are being investigated 

with the purpose for even higher operating temperatures of thermal storage. Higher temperature 

in for example a steam cycle makes it possible to have higher efficiency in the cycle. These types 

of storages are however under development. 

While sensible storages tend to be cheaper than latent and thermo chemical storages, they have low energy 

density and variable charge and discharge temperatures.  

2.2.2 Molten salt storage for Concentrated Solar Power  

Molten salt storage was chosen as one of the main types that was researched in this report, thus it is 

explored a little further. This choice was made because of CSP to rise to fully commercial status in the past 

10 years, meaning recent and commercial data is likely to available. Concentrated Solar Power (CSP) is a 

technology that uses the heat of the sun to power a steam cycle to generate power. A thermal heat storage, 

most commonly molten salt storage, can make the power plant generate electricity when it is cloudy or 

after sunset. This can increase the capacity factor up to twice, where the capacity factor is an indicator of 
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how much real output of a plant compared to the installed capacity. This means that a molten salt storage 

can increase the effective output of the plant to be twice as high, which is a big advantage comparing to 

the rivaling technology of Photovoltaic solar panels. Another benefit of having a more consistent 

production is that the wear is less on the equipment which otherwise can lead to high maintenance costs 

(Kumar et al., 2012). While the technology for this type of storage emerged already in the late 80s, the 

interest for it has only begun to rise since 2006 due to decreasing investment costs, as well as new 

supporting policies.  

CSP can be divided into two groups depending on how the solar collection is done: Line-focusing systems 

that collect the heat along a line, or point-focusing systems in which the heat is focused into a single point. 

Comparatively the point-focusing systems have higher operation temperature than the line-focusing 

systems. Line-focusing systems however have a longer history. Until about one decade ago, commercial 

CSP projects were almost exclusively of the line-focusing type, the parabolic through collector technology. 

Parabolic Through uses a parabolic shaped mirror that is focusing the sunlight to a central tube at the foci. 

This structure is then built in a stretched array that can be up to 100 meters (Figure 3). Heat transfer fluid 

is transferring the heat in the tubes to the steam cycle or to the thermal storage. Older types used synthetic 

oils as heat transfer fluid which limited them to about 400°C, newer designs use molten salt which can go 

up to about 540°C.  

Point focusing systems are the other mainstream category of CSP designs. The most common point-

focusing system is solar tower technology, sometimes called central receiver. The technology is using a 

field of rotatable mirrors on the ground to all focus on a single point at the top of a tower. As mentioned, 

the solar tower technology operates at higher temperatures than parabolic through. Future designs can 

achieve as high as 1000 °C. With current designs using molten salts, the maximum operating temperature 

is around 600 °C. The reasons for working towards higher operating temperatures is to be able to increase 

the efficiency in the steam cycle, have higher temperature differentials in the storage, to reduce costs, or to 

increase the size of the system for the same cost (International Renewable Energy Agency, 2012). 

 

Figure 3 Parabolic Through (Sunwindenergy, n.d.)   Figure 4 Central Receiver (mistbreaker, n.d.) 
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2.3 Latent storage 

A latent storage is categorized using the energy in the latent phase change of a material to store the heat, 

these materials are usually called phase change materials (PCM). For instance, water has the heat of fusion 

being 334 kJ/kg when transitioning from solid to liquid, while the sensible heat at heating from 0 to 

100 °C is 419 kJ/kg. (Nave, n.d.) The idea in a storage with PCM is that the design is constructed with the 

latent capacity responsible for a large part of the total heat stored. The benefit with this design aspect is 

that the operating temperature range is narrower around the temperature of the phase change and leads to 

a more constant heat transfer rate. This means that the choice of the material or material properties needs 

to be carefully considered in the design process. A big advantage and desired property of the latent storage 

is that a phase change material have much higher energy density compared to a sensible storage, taking up 

less space for the same amount of energy capacity. 

2.3.1 Latent storage types  

There are many different phase change materials that can be used for thermal storages: salts, organic 

waxes, solid-solid PCMs, eutectic compounds etc. (Sharma, Tyagi, Chen, & Buddhi, 2007). The following 

list consists of some examples of common applications of latent thermal storages.  

• Ice storage: different types of ice storages can be used for housing cooling. While a sensible 

chilled water system can also be used for the same purpose, the requested temperature differential 

is usually about 20 °C, which leads to that a chilled water system would occupy at least 3 times or 

more space than an ice storage (Christenson, 2013). Since space is a commodity especially in 

bigger cities, an ice storage could be a more cost-efficient choice. 

• PCM in buildings: one application is the incorporation of paraffin waxes in building walls to act as 

buffer absorbing heat during the day, while it will release heat during the night. This eliminates or 

decreases the need for cooling during the day and heating during the night (Hauer, 2013).  

• Mobile Thermal Energy Storage: there are applications that recovers industrial waste heat and 

transport it to the consumer. This can be done with both PCM’s or Thermo-chemical storage 

systems (Gladis, 1999).  

Latent storages tend to be more expensive per storage capacity compared to sensible heat storages. This is 

due to many different factors. The storage material usually is more specialized and expensive since it needs 

to have the right properties for the design temperature. The system equipment may also have increased 

complexity, since it is usually much less heat transfer rate from a solid material, consequently larger surface 

area in the equipment leading to increased costs (Hauer, 2013).  
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2.3.2 Ice storage for building cooling 

Ice storage or Cold thermal storage for building cooling was one of the latent thermal storage technologies 

that was investigated further in terms of cost calculations. It was chosen because of the already long 

commercial status of the technology. Thus, it is more likely that more results would be available to 

analyze. It was discovered during the study that these systems are usually either chilled water based, a 

sensible storage solution, or ice-based storage. The ice storage could also sometimes contain eutectics salts 

to change the freezing temperature. Both these systems have the same purpose, basically storing energy 

from during night time when it is off peak electricity production, in the form of ice or chilled water, to be 

used during day time. The energy is often transferred through heat exchangers into the air conditioning 

system, which makes it possible to be added into existing buildings if space for storage tanks is available. 

The implementation of cold thermal storage is suitable in places where the temperature is high during a 

large portion of the year. Often the daytime electricity demand in these locations is very high because of 

the usage of air conditioning. This leads to that the electricity price tends to be considerably cheaper 

during night time when demand is much lower. This means that investing in a thermal storage will reduce 

the cost of cooling the building instead of using just air conditioning with daytime electricity prices. The 

additional benefit of this is that if there are many systems working in a similar way the total peak capacity 

of the grid electric production can be lower (Dincer & Rosen, 2002).  

There are many types of designs for an ice thermal storage. To begin with, there are two main types of 

commercial storage technologies, static and dynamic systems. Static systems utilize ice that are formed on 

cooling coils that are within a storage tank. A dynamic system makes ice in forms of crushed ice, chunks 

or slurry that is stored in a tank. There are also options to add phase change materials in form of salts to 

increase the freezing temperature, which allows chillers to operate with higher efficiency (Dincer & Rosen, 

2002). 

For static systems a common technology is the ice-on-coil which functions through a series of pipes 

submerged in a water tank. Then a cold refrigerant is pumped through the coil. This will make the 

surrounding water to freeze and store energy this way (Dincer & Rosen, 2002) 

One of the dynamic types is the Ice harvester, a schematic is shown in figure 5. The idea is that water is 

pumped from the storage tank to the ice harvester machine. Inside the harvester there are areas of 

refrigerated plates where the water is frozen to thicknesses up to 1 cm. The ice is then removed and 

dumped into the storage tank below where it is mixed with water. An advantage for ice harvesting systems 

is that the ice harvester is an already fully contracted package leading to a simpler installation of the system 

(Dincer & Rosen, 2002). 
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Figure 5 Ice Harvester system chart (Dincer & Rosen, 2002) 

Another type of ice storage is the ice-slurry technology; ice-slurry is a flexible media that can be pumped 

and has different characteristics depending on the concentration of ice-slurry in the mixture. At low 

concentration, approximately 20%, it is similar to chilled water but with five times as high cooling 

capacity. Medium concentration is at 50% with thick slurry properties and at about 70% the medium has 

consistency like soft ice cream. The ability to pump the slurry combined with the technology’s compact 

equipment makes ice-slurry a versatile technology. This is because the storage tank can be placed at 

various places such on the outside, beside the building or on top of the roof, which will not be possible 

for some other technologies because the equipment will too heavy (Dincer & Rosen, 2002). 

Choosing a technology is not the only the dilemma when looking at ice thermal storage, there are several 

options concerning the load schematic, which is much related to electricity costs at the chosen location. 

This will impact the size dimension of the systems depending on how you want to charge the storage. 

Three standard options exist, full storage, load-leveling partial storage and demand-limiting partial storage. 

The full-load storage plan can supply all the needed peak cooling load by shifting it all to the off peak. 

Thus, the storage is charged during off-peak and supply all the cooling load for the building during peak 

hours. This means big initial cost since the storage needs to be larger compared to the other design 

options. The load-leveling partial-storage strategy only delivers a part of the buildings cooling demand 

during peak hours. This will make the equipment needed for the storage smaller and cheaper but also the 

potential for savings is less. Demand-limited partial storage is somewhere in between the previous two 

options in terms of sizing (Dincer & Rosen, 2002). The different loading schemes are illustrated in figure 

6. 
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Figure 6 Operating strategies: a) Full-storage b) Partial-storage c) Partial-storage demand limiting  (Dincer & Rosen, 2002) 

2.4 Economics 

2.4.1 Direct cost vs Indirect cost 

Direct cost is a cost that can be entirely linked with the production of a certain service or product. The 

direct cost can be either fixed or variable: a fixed cost is not dependent on the amount of volume of a 

certain product or service, for example the salary for a person that works on a single project at a company 

doesn’t change regardless of the volume of product that company produces that month. Meanwhile a 

variable cost is increased if the volume is increased, for example, if more material is needed for a project 

additional costs would be added (Investopedia, 2018).  

An indirect cost is a cost which cannot be allocated to a specific product or activity. Instead the cost is 

there to benefit for the overall objective for two activities or more. Some examples are rent for an office, 

permits, fees, taxes, or people working in general administration (National Institutes of Health, 2017).  

2.4.2 Bottom Up vs Top Down cost estimation 

The cost estimation for a project can be done either bottom up or top down. Top down cost can for 

example be the estimation in budgeting where you have a total spending amount determined beforehand. 

This is often done by people with previous experience to determine how much cost is allowed by each 

part or category in the project either by absolute numbers or ratios. Top down method relies on that 

previous estimations have been successful to increase the chances of the current project by being more 

accurate (Puscasu, 2018b).  
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Figure 7 Top down estimating work breakdown structure (Puscasu, 2018b) 

Bottom up cost estimation is essentially done the other way around compared to top down. It involves 

first identifying all the parts needed for a project, calculating all the costs individually and then summing 

them all up. Bottom up cost allows for more details, but also requires more time to complete. Having 

more detail allows decision makers to identify special areas that can be changed or improved.  There are 

various ways of estimating bottom up cost methods, for example, template methods, parametric 

procedures and range estimating. Template method is used when a project is similar to a previous project, 

but small changes and differences are needed. Then all these individual deviations from a standardized 

project is noted and accounted for cost wise. Parametric technique is to assume an average cost or work 

rate from one specific case and then use that average parameter to estimate a similar job on another 

project. Range estimation is used when the uncertainty is big, then a mid, high and low scenario estimate is 

produced for that project or task. The final cost is estimated based on which situation is the most 

probable (Puscasu, 2018a).  

2.4.3 Capital cost vs Operation and Management cost 

For bigger buildings the cost might be divided into capital costs and operation and management costs. 

Capital costs consists of one-time costs that is required to make a factory or power plant built and fully 

functional (InvestorWords, 2018). This includes assets such as land, equipment, installation, construction 

and project costs. Overnight capital cost is a hypothetical scenario that is often used with power plants to 

estimate the cost of a plant if it was built ‘overnight’ with current prices. This means that it does not take 

into account price changes with time, which makes it easier to compare different types of plants since they 

sometimes have different construction times (Lyndon G., Jordan Hanania, 2017). 
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Operation and management (O&M) cost are costs that will occur after the project has been operational. 

Depending on technology choice there is a possibility for example that a capital cost for a project is lower, 

but O&M costs are higher compared to another choice, resulting in a higher total cost of the project. 

Some examples of O&M costs are, staff salary, fuel, maintenance costs (Energy Information 

Administration, 2016). 

2.4.4 Technology cost development over time 

Depending on when the cost figures were taken it can be possible that those costs have changed over 

time. Common for newer technologies is that the cost can decrease over time as the technology becomes 

more mature and efficient. Technologies such as TVs, computers, solar panels etc have been following 

this trend (National Geographic, n.d.). This means that when doing a cost calculation one should be a bit 

careful with the data used. A cost scaling for this phenonenom is not something that has been explicitly 

discussied in this thesis but should be highlighted when using older data. Detailed data is likely to be more 

available to the public when a technology is newer due to universities and research organisations doing 

cost calculations. When the technology has gone fully commerical it may be more common to estimate in 

terms of top down estimations or classified as confidential company information.  

 

 

Figure 8 Solar PV panel cost evolution and Global solar PV panel installations  (National Geographic, n.d.) 

An early study done in 2003 estimated trends for CSP plants with different technologies where all of them 

were estimated to decrease in cost. Another later source in 2010 (International Renewable Energy Agency, 

2012) projected that thermal storage costs in CSP plants would be reduced by approximately 38% to 69% 

by 2020. This means that using old data and assuming same cost rates can be quite a big error margin in a 

cost calculation. At the same time costs can also increase in absolute numbers if the becomes more 

advanced etc. but should in theory yield more output per cost.   
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Figure 9 Levelized Energy Cost development projection done in 2003  (LLC Consulting Group, 2003) 

 

Following table in figure 10 from Hauer (2013), shows the level of maturity of a thermal storage 

technology. This is denoted in a percentage distribution of how much that is ready for commercial use 

versus how much that is still in research and development the more mature a technology the more likely it 

will have established cost levels. This is marked by a high percentage in market.   

Table 1 Technology Maturity vs R&D Status (Hauer, 2013) 

Technology Status (%) 

Market/R&D 

Barriers Main R&D Topics 

Sensible TES 

Hot Water Tanks 

(Buffers) 

95/5  Super Insulation 

Large Water Tanks 

(Seasonal) 

25/75 System integration Material tank, 

stratification 

UTES 25/75 Regulation, high cost, 

low capacity 

System integration 

High temp. solids 10/90 Cost, low capacity High temp materials 

High temp. liquids 50/50 Cost, temp<400C Materials 

PCM 

Cold storage (ice) 90/10 Low temp Ice production 

Cold storage (other) 75/25 High cost Materials (slurries) 

Passive cooling 

(buildings) 

75/25 High cost, performance Materials 

(encapsulation) 
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Table 2 (cont.) 

High temp. PCM 

(waste heat) 

0/100 High cost, material 

stability 

Materials (PCM 

containers) 

TCS 

Adsorption 5/95 High cost, complexity Materials and reactor 

design 

Absorption 5/95 High cost, complexity Materials and reactor 

design 

Other chemical 

reactions 

5/95 High cost, complexity Materials and reactor 

design 

3 Methodology 

A literature study was done to get an overview of the attributes of thermal storages chosen and to help 

determine which component parts to include in the cost calculation.  Knowledge about cost calculation, 

various economic theories and cost data was also acquired through a literature study in order to further 

define which components and expenses that were crucial to the thermal storage systems.  

A bottom up approach on a cost calculation was then done by estimating every possible budget item for a 

project and then summing it all up. To create both specialized and then a generalized cost formula for 

thermal energy storage technologies, many projects and budgets were looked at and then common 

denominators were drawn out from those cost calculations. Budgets were sometimes not very detailed, 

often a cost were stated, but no information on how it was calculated. Thus, other sources had to be 

resorted to in order to find bottom up costs, while budgets were mostly used to compare listed 

components and total project costs.  

In order to try to make a cost formula, attempts were made with two thermal storage technologies to 

make test calculations and then compare it to real cost scenarios. Major problems with this approach were 

firstly that only few technologies could fit into the time scope of the study. A generalized formula would 

be more accurate by having as many technologies as possible. Secondly there were many designs per 

technology as well. Within a technology, designs with similar properties make calculations most accurate 

but were sometimes hard to find. The most thorough cost calculation was often chosen as the basis and 

later also compared to other detailed bottom up cost calculations to makes sure all the essential 

components were taken into consideration.   

When finding cost examples or parameters it is sometimes not mentioned what is included or excluded 

from that cost calculation which can lead to bigger errors. Most sources were from a selection of peer 

reviewed papers, books or consulting company projections. Often the costs were found from several 

different designs that had partial cost information. Then the costs are combined to fill in the missing gaps. 

In a more trivial scenarios sources give a parametric cost e.g. cost per weight ($/kg) per component. This 
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was not always the case. This is why the dimensioning of the component is done first. And the cost was 

estimated by multiplying the dimensions by the raw material unit cost. This would give the least amount of 

cost, since realistically the cost of a component consists of both material cost and additional refining and 

labour costs.   

It was found that sometimes there are no detailed bottom up cost calculations, then a hybrid cost 

calculation can be performed by combining techniques from bottom up and top down. This generally has 

fewer elements and few additions needs to be done. An example of this is using cost curves for 

components which has been derived from previous costs. Some cost curves are sometimes used for total 

plant costs which is a type of top down approach. The cost calculations done in this paper for those 

scenarios are regarded as more or less case studies calculation wise.  

In order to validate the specialized cost model, it is calculated in a excel spreadsheet with its results 

compared against other cost calculations or budgets under similar conditions. Then a generalized model is 

summarized from the combined findings of the two cases.  

4 Results 

4.1 Component list 

The following are the notable components and cost expenses found in the literature study for bottom up 

cost calculation in respective areas: 

4.1.1 CSP 

Storage tank 

Tank Insulation 

Tank foundation 

Storage media 

Heat exchangers 

Salt pumps 

Piping/Balance of System 

Indirect costs 

4.1.2 ICE 

Chiller 

Storage tank 

Pumps 
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Heat Exchanger 

Cooling tower 

Pipes/Balance of System 

Indirect costs 

4.2 User inputs in specialized CSP cost calculation model 

The approach in the bottom up cost calculation started with thinking about which properties a 

constructor or customer want to prioritize. One parameter that was commonly found in the sources was 

total energy capacity (Christenson, 2013; Federal Energy Management Program, 2000; Hauer, 2013; 

Hinkley et al., 2011). This is therefore used as an input into the cost calculation model. Other important 

inputs would be the total amount of hours or power the storage would be required to have (Fichtner, 

2010; Vogel & Kalb, 2010). In some applications the power need is the most important parameter. For 

example; a house or machine needs to be supplied with a certain amount of power for a certain amount of 

time, then both power and time of storage needs to be specified beforehand as an input. The total energy 

capacity can be derived from power multiplied with storage time, but total energy capacity is still believed 

to be convenient to have as an individual input. 

Another input parameter that is needed from the user perspective is the range of temperature within 

which the storage is operating, in the form of two temperature points (Kelly & Kearney, 2002). The user 

needs to input temperature ranges that are physically possible based on the storage material. The two 

temperature points are used mainly to get a temperature difference Δ𝑇 to calculate the amount of volume 

that is needed from the storage material. When all the inputs are supplied the cost calculation model 

would roughly estimate a thermal storage cost for those few inputs. 

Inputs: 

Either 

• Storage Energy Capacity kWht (kilo Watt hour thermal)  

Or 

• Power kW (kilo Watt) and Storage Time h (hours) 

And 

• Two operating Temperature points T1 and T2 (Kelvin) 
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4.3 System component dimensioning for CSP specialized 

model 

The dimensioning of the system components is the next step in the calculation, with the input data one 

can dimension the different system components to calculate how much material needed for the 

components. Since total energy capacity and temperature difference is requested in the previous step, we 

can derive the total mass of the storage media that is needed to accommodate that amount of energy 

through the equation from section 2.1. Note that CSP is a sensible storage so there is no latent energy to 

be considered. 

𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = 𝑚𝑠𝑜𝑙𝑎𝑟𝑠𝑎𝑙𝑡 ∗ 𝑐𝑝,𝑠𝑜𝑙𝑎𝑟𝑠𝑎𝑙𝑡 ∗ Δ𝑇 

 

𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = sensible energy    [J] 

𝑚𝑠𝑜𝑙𝑎𝑟𝑠𝑎𝑙𝑡  = mass of the storage media    [kg] 

 𝑐𝑝,𝑠𝑜𝑙𝑎𝑟𝑠𝑎𝑙𝑡  = specific heat capacity, 1,53 (Reddy & of Alabama, 2013)  

 [J/(g*K)] 

Δ𝑇 = temperature change    [K] 

 

After acquiring the amount of mass of the storage media that is required, it is required to calculate the 

volume. 

𝑉 = 𝑚 ∗ 𝜌 

𝜌 𝑠𝑜𝑙𝑎𝑟𝑠𝑎𝑙𝑡 = density = 1,75 (Reddy & of Alabama, 2013)  [kg/m3] 

𝑉 = Volume     [m3] 

 

4.3.1 Tank Mantle 

For this part of the calculation the dimensions of the tank are calculated, for simplicity the shape of the 

tank is assumed to be a cylinder (Pérez-Segarra, Rodríguez, Oliva, Torras, & Lehmkuhl, n.d.), and  a 1:1 

height to diameter ratio for the given volume of storage media. This is done because there would be too 

many unknowns in the equations otherwise. This is a part where the user could potentially input their own 

height or diameter, or a dimension limiting value, but less inputs equals less works for a user. A loss factor 

Kloss is introduced to accommodate dead space. 

 

𝑉𝑡𝑎𝑛𝑘 = 𝜋 ∗ 𝑟2 ∗ 𝑧 ∗ 𝐾𝑙𝑜𝑠𝑠 

Assumption: 𝑧 = 2 ∗ 𝑟   =>  
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𝑉𝑡𝑎𝑛𝑘 = 𝜋 ∗ 2𝑟3 ∗ 𝐾𝑙𝑜𝑠𝑠 

𝑟 = (
𝑉𝑡𝑎𝑛𝑘

2𝜋 ∗ 𝐾𝑙𝑜𝑠𝑠
)

1/3

 

 

𝑟 = radian of tank    [m] 

𝑧  = tank height     [m] 

𝐾𝑙𝑜𝑠𝑠  = Dead space Volume increase (5%)   [%] 

 

 

After calculating the radius, we want to test if the height of the tank is above 14 meters, since that height 

was one practical maximum given in one of the sources (Herrmann, Kelly, & Price, 2004; Pérez-Segarra et 

al., n.d.). If the height is more than 14 meters, we will re-calculate with 14 meters with same volume as 

before and result in a new diameter of the tank. This calculation could be even more refined to have a 

max restriction of volume for a tank or diameter restriction, which will increase the number of tanks when 

the dimensions are too large for industry standards.  

𝑉𝑡𝑎𝑛𝑘 = 𝜋 ∗ 𝑟2 ∗ 𝑧 ∗ 𝐾𝑙𝑜𝑠𝑠 

{
𝑧 > 14 [𝑚]

𝑧 = 14
   

𝑉𝑡𝑎𝑛𝑘 = 𝜋 ∗ 𝑟𝑛𝑒𝑤
2 ∗ 14 ∗ 𝐾𝑙𝑜𝑠𝑠 

𝑟𝑛𝑒𝑤 = √
𝑉𝑡𝑎𝑛𝑘

14𝜋 ∗ 𝐾𝑙𝑜𝑠𝑠
 

 

When the dimensions of the tank are decided, the calculations for the tank mantel material is calculated. 

First the thickness needs to be decided; the wall thickness should be varying for the walls and bottom 

surfaces depending on how big the tank is. In (Pérez-Segarra et al., n.d.) the authors assume the wall for a 

tank 14 meter in height and 38,5 m diameter to be 39 mm on the bottom part of the wall and 10mm on 

the top part of the wall with thickness varying linearly. Meaning for every meter of height the thickness 

would increase by about 2mm.  

For the floor thickness it was listed first as a static 8mm in (Kelly & Kearney, 2002), but sources (Pérez-

Segarra et al., n.d.) did scale slightly with the increasing diameter. Matching with (Pérez-Segarra et al., n.d.) 

it assumed it could increase with 0.2 mm at the thickest point per m diameter increase to accommodate 

the increased stress on the material. Assuming a linear decrease to the minimum of 8mm at the centre 

would yield the following formula for doing the average tank floor thickness. 
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ℎ𝑤𝑎𝑙𝑙 =
10 + (𝑧 ∗ 2 + 10)

2
= 10 + 𝑧 

ℎ𝑟𝑜𝑜𝑓 = 6  

ℎ𝑓𝑙𝑜𝑜𝑟 =
8 + (0,2 ∗ 𝑑 + 8)

2
= 8 + 0,1 ∗ 𝑑 

 

 

ℎ𝑤𝑎𝑙𝑙 = Average wall thickness in storage tank   [mm] 

z  = tank height     [m] 

ℎ𝑟𝑜𝑜𝑓 = roof thickness in storage tank = 6 (Kelly & Kearney, 2002)  [mm] 

ℎ𝑓𝑙𝑜𝑜𝑟 = floor thickness in storage tank   [mm] 

𝑑 = tank diameter    [m] 

 

Using the three different wall thicknesses one can calculate the tanks mantle material volume, from there 

using the density for carbon steel or stainless steel will determine the mass of material needed from the 

storage tank. In the (Kelly & Kearney, 2002) it is stated that the cost for carbon steel tank is 4.4 $/kg with 

material, shop fabrication, shipping & field fabrication included. This cost was derived from earlier cost 

studies and information from the company Bechtel. There is also a small attempt to make the tank 

material cost to scale from carbon steel to stainless steel. Since sources say that stainless steel is used for a 

hot tank in the central receiver design CSP at about 565 °C, basically multiplying that tank’s mantle cost 

with the relative difference between market carbon steel price and stainless-steel price, which is about 

three times the price (Metal Miner, 2018)(Metal Miner, n.d.). One should not forget that at least two tanks 

will be needed, one for the hot storage and one for cold storage, but only storage material to fill one tank 

completely.  

𝑉𝑤𝑎𝑙𝑙 = 𝜋 ∗ 𝑧((𝑟+ℎ𝑤𝑎𝑙𝑙)2 − 𝑟2) 

𝐴𝑓𝑙𝑜𝑜𝑟 = 𝐴𝑟𝑜𝑜𝑓 = 𝑟2 ∗ 𝜋 

𝑉𝑓𝑙𝑜𝑜𝑟 = 𝐴𝑓𝑙𝑜𝑜𝑟 ∗ ℎ𝑓𝑙𝑜𝑜𝑟   𝑉𝑟𝑜𝑜𝑓 = 𝐴𝑟𝑜𝑜𝑓 ∗ ℎ𝑟𝑜𝑜𝑓  

𝑚𝑡𝑎𝑛𝑘 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 = 𝜌 𝑠𝑡𝑒𝑒𝑙 ∗ (𝑉𝑤𝑎𝑙𝑙 + 𝑉𝑓𝑙𝑜𝑜𝑟 + 𝑉𝑟𝑜𝑜𝑓) 

𝐶𝐶𝑆 𝑡𝑎𝑛𝑘 = 𝑚𝑡𝑎𝑛𝑘 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 ∗ 𝑢𝐶𝑆 

𝑢𝑆𝑆 = 𝑢𝐶𝑆 ∗ 𝑀𝑠𝑠 

𝐶𝑆𝑆 𝑡𝑎𝑛𝑘 = 𝑚𝑡𝑎𝑛𝑘 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 ∗ 𝑢𝑆𝑆 
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𝐴𝑓𝑙𝑜𝑜𝑟 = Tank floor area    [m2] 

𝐴𝑟𝑜𝑜𝑓 = Tank roof area    [m2] 

𝑉𝑤𝑎𝑙𝑙 = Tank wall material volume    [m3] 

𝑉𝑓𝑙𝑜𝑜𝑟 = Tank floor material volume    [m3] 

𝑉𝑟𝑜𝑜𝑓 = Tank roof material volume    [m3] 

𝑚𝑡𝑎𝑛𝑘 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙= Tank material mass    [kg] 

𝜌 𝑠𝑡𝑒𝑒𝑙 = Density of steel, either carbon or stainless steel  [kg] 

𝐶𝐶𝑆 = Carbon steel tank cost    [$] 

𝑢𝐶𝑆 = Carbon steel unit price    [$/kg] 

𝑢𝑆𝑆 = Stainless steel unit price    [$/kg] 

𝑀𝑠𝑠 = Stainless steel relative market cost difference with carbon steel [$/kg] 

𝐶𝐶𝑆 = Stainless steel tank cost    [$] 

 

After getting the material cost for the tank steel shell, each tank has a separate but parallel calculation 

because of the different materials or amount of materials that are needed with regard to what temperature 

range the tank is operating in. In short, one calculation for a hot tank and one calculation for a cold tank.  

The walls and the roof of the tanks are covered with layer of calcium silicate block insulation, and 

additional aluminum jacket for protection. The thickness is assumed to vary linearly in response to the 

temperature chosen for the tank. A minimum 300 mm at 290 °C to a maximum 500mm at 565 °C. The 

cost is also assumed to vary linearly, 160 $/m2 at 290°C to a maximum 235 $/m2 at 565°C.  

 

𝑓𝑜𝑟: 𝑇𝑚𝑎𝑥 > 𝑇 > 𝑇𝑚𝑖𝑛 

ℎ𝑐𝑎𝑙𝑠𝑖𝑙 =
𝑇 − 𝑇𝑚𝑖𝑛

𝑇𝑚𝑎𝑥 − 290
∗ (ℎ𝑐𝑎𝑙𝑠𝑖𝑙,𝑚𝑎𝑥 − ℎ𝑐𝑎𝑙𝑠𝑖𝑙,𝑚𝑖𝑛) + ℎ𝑐𝑎𝑙𝑠𝑖𝑙,𝑚𝑖𝑛 

ℎ𝑐𝑎𝑙𝑠𝑖𝑙 =
𝑇 − 290

565 − 290
∗ (0,5 − 0,3) + 0,3 

 

𝐴𝑤𝑎𝑙𝑙 = 2𝑟 ∗ 𝜋 ∗ 𝑧 

𝐶𝑐𝑎𝑙𝑠𝑖𝑙,𝑤𝑎𝑙𝑙 = 𝐴𝑤𝑎𝑙𝑙 ∗
𝑇 − 𝑇𝑚𝑖𝑛

𝑇𝑚𝑎𝑥 − 290
∗ (𝑢𝑐𝑎𝑙𝑠𝑖𝑙,𝑚𝑎𝑥 − 𝑢𝑐𝑎𝑙𝑠𝑖𝑙,𝑚𝑖𝑛) + 𝑢𝑐𝑎𝑙𝑠𝑖𝑙,𝑚𝑖𝑛 
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𝐶𝑐𝑎𝑙𝑠𝑖𝑙 = 𝐴𝑤𝑎𝑙𝑙 ∗
𝑇 − 290

565 − 290
∗ (235 − 160) + 160 

 

ℎ𝑐𝑎𝑙𝑐𝑖𝑙 = Calcium silicate thickness    [mm] 

𝑇 = Temperature    [°C] 

𝑇𝑚𝑎𝑥 = Minimum temperature (565)   [°C] 

𝑇𝑚𝑖𝑛 = Minimum temperature (290)   [°C] 

ℎ𝑐𝑎𝑙𝑠𝑖𝑙,𝑚𝑎𝑥 = Maximum calcium silicate block thickness (0,5)  [m] 

ℎ𝑐𝑎𝑙𝑠𝑖𝑙,𝑚𝑖𝑛 = Minimum calcium silicate block thickness (0,3)  [m] 

𝐴𝑤𝑎𝑙𝑙 = Area of tank wall    [m2] 

𝑢𝑐𝑎𝑙𝑠𝑖𝑙,𝑚𝑖𝑛 = Minimum calcium silicate block unit price (160)  [$/m2] 

𝑢𝑐𝑎𝑙𝑠𝑖𝑙,𝑚𝑎𝑥 = Maximum calcium silicate block unit price (235)  [$/m2] 

 

4.3.2 Tank Insulation 

In this next part we are going to estimate the insulation for the tank, where the following parts are found 

in the sources for cost calculation:  

• Concrete slab 

• Insulating concrete slab 

• Foam glass insulation 

• Insulating firebricks 

• Steel slip plate 

• Perimeter ring wall  

In Table 2 the parameters that are given in by Kelly & Kearney (2002) are shown.  
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Table 3 Tank insulation parameters (Kelly & Kearney, 2002) 

  

With the different parameters supplied one calculation must be done separately for the hot and the cold 

tank respectively. Also, a labour hour cost must be separately assumed in the calculation model in contrast 

from the price given for the tank shell, where labour and material cost it was already integrated in the cost 

figures given. We assume 35 $/hr (Pay Scale, 2018) unless it is stated explicitly by a source. Calculating the 

cost for the concrete slab part is done as follows: 

 

𝑉𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 = 𝐴𝑓𝑙𝑜𝑜𝑟 ∗ ℎ𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 

𝐶1𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 = 𝑉𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 ∗ 𝑢𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 

𝐶2𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 = 𝑉𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 ∗ 𝑇𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 ∗ 𝐿𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 

𝑚𝑟𝑓𝑠𝑡𝑒𝑒𝑙 = 𝑉𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 ∗ 𝑝𝑟𝑓𝑠𝑡𝑒𝑒𝑙 

𝐶1𝑟𝑓𝑠𝑡𝑒𝑒𝑙 = 𝑚𝑟𝑓𝑠𝑡𝑒𝑒𝑙 ∗ 𝑢𝑟𝑓𝑠𝑡𝑒𝑒𝑙 

𝐶2𝑟𝑓𝑠𝑡𝑒𝑒𝑙 = 𝑚𝑟𝑓𝑠𝑡𝑒𝑒𝑙 ∗ 𝑇𝑟𝑓𝑠𝑡𝑒𝑒𝑙 ∗ 𝐿𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 

 

𝐶𝑡𝑜𝑡𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 = 𝐶1𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 + 𝐶2𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 + 𝐶1𝑟𝑓𝑠𝑡𝑒𝑒𝑙 + 𝐶2𝑟𝑓𝑠𝑡𝑒𝑒𝑙 

Insulation Parameter 

Concrete slab + steel  610 mm think, 73 kg of reinforcing steel per m3 of 

concrete 

Concrete cost 85$/m3 and 1.3 installation hour/m3 

Reinforcing steel cost 0.8$/kg and 0.022 installation hour/kg 

Insulating concrete slab 0mm @ 290°C to 230 mm @565 °C 

Insulating concrete slab cost 100$/m3 and 1.3 installation hour/m3  

Foam glass insulation 400m @ 290°C to 300mm @565 °C 

Foam glass insulation cost 356$/m3 

Insulating firebrick 0mm at 290°C to 165mm @565°C 

Insulating firebrick cost 1$ per piece and 0.1 labour hours per brick 

Perimeter ring wall 1$ per piece and 0.33 labour hours per brick. 

Steel plate 6mm, 1.3$/kg and 0.022 installation hour/kg 

Foundation cooling pipes 200mm, schedule 20 carbon steel, 1200 mm on 

centre 

Foundation cooling pipes cost 2.2$/kg and 1.15 installation hour /kg 
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𝑉𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 = Volume concrete slab    [m3] 

ℎ𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 = Concrete slab thickness (0,61)   [m] 

𝑢𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 = Concrete slab unit price (85)   [$/m3] 

𝐶1𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 = Concrete slab material cost    [$] 

𝑇𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 = Installation concrete slab labor time (1,3)   [hrs/m3] 

𝐿𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 = Concrete slab Labor unit cost (35) (Pay Scale, 2018)  [$/hrs] 

𝐶2𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒1 = Concrete labor cost    [$] 

𝑚𝑟𝑓𝑠𝑡𝑒𝑒𝑙 = Reinforced steel mass    [kg] 

𝑝𝑟𝑓𝑠𝑡𝑒𝑒𝑙 = Amount of Reinforced steel per volume of concrete slab (73) [kg/m3] 

𝑢𝑟𝑓𝑠𝑡𝑒𝑒𝑙 = Reinforced steel unit cost (0,8)   [$/kg] 

𝐶2𝑟𝑓𝑠𝑡𝑒𝑒𝑙 = Reinforced steel labor cost    [$] 

𝑇𝑟𝑓𝑠𝑡𝑒𝑒𝑙 = Installation reinforced steel labor time (0,022)  [hrs/kg] 

𝐿𝑟𝑓𝑠𝑡𝑒𝑒𝑙 = Reinforced steel labor unit cost (35) (Pay Scale, 2018)  [$/hrs] 

 

Every insulation part would be calculated in similar fashion but with their respective unit costs, with one 

calculation for each tank as well because of the varying values depending on if the tank is hot or cold. This 

means that sometimes one has to adopt the interpolating method done earlier in the calcium silicate for 

the tank shell, where a maximum and minimum value is given but the wanted value is somewhere 

between. However, since not enough information is supplied in the source, some assumptions had to be 

made.  

For example, when calculating the insulating firebricks, the data given was that one brick costs 1$ but the 

dimensions are not given for the brick whatsoever. So, a dimension of 9″x4.5″x2.5″ was taken from 

(Forno Bravo, 2017) which would cost about 1.2$ today according to the source, but with accounting to 

inflation the cost would be similar as given by the main document. With this information and tank 

dimension you could calculate how many layers of bricks, and how many bricks needed per layer to arrive 

at how many bricks were needed.  

4.3.3 Foundation cooling pipes 

The foundation cooling pipes are another part where some assumptions need to be made. Alternatively, 

additional information is needed from other additional references. In one source, it is stated that the 

cooling pipes are 1200mm on centre. After some research it was found that this means that it is 1200 mm 

between each pipeline. Dimensions of the cooling pipes also have to be looked up with Schedule 20 as size 

reference. It is decided to be 0,219 m outer diameter and 6,35 mm wall thickness when attained from (The 

Engineering Toolbox, 2017) and an inner diameter of 0.2063 m is calculated. When assessing the amount 
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of piping that is needed it would have been the correct way of determining the pipe length with a 

trigonometry formula of calculating a chord since the bottom of the foundation is of a circle shape. 

However, when this was tried it was too hard to make it numerically work for every possible scenario. 

This is because one series of calculations must be done separately for each time the point of AB moves 

1200mm on centre, because a new angle needs to be calculated first, which is relative to the current tank 

foundation size. It was deemed too time consuming to make this work. 

 

Figure 10 Estimating a Chord, Length between A and B (Hughes et al., 2012) 

 

Instead an assumption is made that one puts the pipelines through a square shape to get the estimated 

total length of pipes needed and then multiply it with the relative difference of circle area versus a square 

area with the same diameter as square side.  

 

Figure 11 Chord simplification: Distance of Blue in Circle 

The relative difference is estimated to be 0,785398, basically a circle with same diameter as a square’s side 

is 0,786 times the size of the area compared to the square area. So, it is assumed whatever the length of 

pipes needed to cover an area for a square, 0,785 of that is the amount to cover a circle shape. In reality, 
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this is not completely accurate but, for simplicity this calculation method is chosen.  The following shows 

how the calculation is done for the foundation cooling pipes: 

 

𝑁𝑝𝑖𝑝𝑒 𝑟𝑜𝑤𝑠 =
𝑑

𝑥𝐶𝑒𝑛𝑡𝑒𝑟
 

𝐿𝑝𝑖𝑝𝑒𝑠 = 𝑁𝑝𝑖𝑝𝑒 𝑟𝑜𝑤𝑠 ∗ 𝑑 ∗ 𝐾𝑠𝑞𝑢𝑎𝑟𝑒−𝑐𝑖𝑟𝑐𝑙𝑒  

𝐴𝑝𝑖𝑝𝑒 = 𝜋((
𝑑𝑜𝑢𝑡

2
)

2

− (
𝑑𝑖𝑛

2
)

2

)  

𝑉𝑝𝑖𝑝𝑒 =  𝐴𝑝𝑖𝑝𝑒 ∗ 𝐿𝑝𝑖𝑝𝑒𝑠  𝑚𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒 =  𝑉𝑝𝑖𝑝𝑒 ∗ 𝑝𝑝𝑖𝑝𝑒 

𝐶1𝑝𝑖𝑝𝑒 =  𝑚𝑝𝑖𝑝𝑒 ∗ 𝑢𝑝𝑖𝑝𝑒 

𝐶2𝑝𝑖𝑝𝑒 =  𝑚𝑝𝑖𝑝𝑒 ∗ 𝑙𝑝𝑖𝑝𝑒 ∗ 𝑇𝑝𝑖𝑝𝑒 

 

𝐶𝑡𝑜𝑡𝑝𝑖𝑝𝑒 = 𝐶1𝑝𝑖𝑝𝑒 +  𝐶2𝑝𝑖𝑝𝑒 

 

𝑁𝑝𝑖𝑝𝑒 𝑟𝑜𝑤𝑠 = Number of pipeline rows in foundation   [-] 

𝑑 = Tank diameter    [m] 

𝑥𝐶𝑒𝑛𝑡𝑒𝑟 = Schematic design 1200 mm on center   [-/m] 

𝐿𝑝𝑖𝑝𝑒𝑠 = Length of pipes    [m] 

𝐾𝑠𝑞𝑢𝑎𝑟𝑒−𝑐𝑖𝑟𝑐𝑙𝑒 = Scaling factor square to circle (0,785398)   [-] 

𝐴𝑝𝑖𝑝𝑒 = Cooling pipe cross section area   [m2] 

𝑑𝑜𝑢𝑡 = Cooling pipe outer diameter (0,219)   [m] 

𝑑𝑖𝑛 = Cooling pipe inner diameter (0.2063)   [m] 

𝑉𝑝𝑖𝑝𝑒  = Volume of pipeline material    [m] 

𝑚𝑝𝑖𝑝𝑒  = mass of pipeline material     [m] 

𝐶1𝑝𝑖𝑝𝑒  = Cost of pipeline material     [$] 

𝑝𝑝𝑖𝑝𝑒  = Amount of Carbon steel per volume of pipeline (7850)  [kg/m3] 

𝑢𝑝𝑖𝑝𝑒 = Pipeline unit cost (2,2)    [$/kg] 

𝑙𝑝𝑖𝑝𝑒 = Pipeline labor time (1,15)    [hrs/kg] 

𝑇𝑝𝑖𝑝𝑒 = Pipeline labor cost estimate (35) (Pay Scale, 2018)  [$/hrs] 

𝐶𝑡𝑜𝑡𝑝𝑖𝑝𝑒 = Total Pipeline cost     [$] 
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4.3.4 Storage media 

The total volume of the storage media is calculated in the earlier in section 5.3 when dimensioning the 

system because it is needed to decide the size of the tank. The cost calculation is presented in this section. 

The following cost distribution of a storage media is given by Kelly and Kearney (2002) in table 3. 

Table 4 Storage media cost distribution (Kelly & Kearney, 2002) 

Salt price 0,43 $/kg 

Fuel to melt 0,02 $/kg 

Labour 0,05 $/kg 

Total  0,5 $/kg 

 

Another NREL source (Glatzmaier, 2011) provides the number of 1,23 $/kg from 2011, adjusting to 

inflation to the same year as the method source of 2004 gives 0,95 $/kg. Cross referencing on Alibaba the 

price seems to be varying from 0,3-1,5 $/kg as of October 2018 (Alibaba, 2018). 

When investigating several sources, the solar salt storage media in the CSP is a big portion of the total 

cost. It amounts to close to 50% from at least three different sources, so having a correct price is 

paramount for a good approximation (International Renewable Energy Agency, 2012); (Steinmann, 2012) 

(Kelly & Kearney, 2002); (Steinmann, 2012). 

4.3.5 Heat exchangers 

Although the document of (Kelly & Kearney, 2002) has a long description of the assumptions they make 

for the heat exchangers, there is not enough numerical data to understand what parameters and which 

equations they have decided on. This leads to that in the calculation made in this paper one has to do 

some uncertain assumptions to get any substantial results. The accuracy of the assumptions and 

calculations made for this part can be debated.  

What they seemed to do is to simulate several different cases with different heat exchanger areas, thus 

arriving at various performance and cost results. This method would be complicated to arrange in the 

current calculation method and it will be easier to get average values to calculate from. To correctly 

calculate the performance and cost of the heat exchangers, data would be needed for every heat exchanger 

in the system; this is because of different temperature and area of the heat exchanger depending on where 

it is situated in the system, however this data is not available. 

The method that is used in this paper is using the area, thermal power and the user input temperatures of 

the storage for one listed case in (Kelly & Kearney, 2002) and calculate an average for all heat exchangers 

U value, thermal transmittance, from the data supplied. This U value will then be used for all CSP cases 

for this paper. Case 9 is the test that gives the best economical outcome for them, for the scenarios of 6 
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and 9 hours of storage respectively. In the case study, it is stated 13 052m2 heat exchanger area, with 128 

MW thermal output, temperatures of 294°C and 383°C in the cold and hot tank respectively.  

With a counter flow heat exchanger layout (Kelly & Kearney, 2002), 

𝐴ℎ𝑥 =
𝑃

𝑈𝑜𝑣𝑒𝑟𝑎𝑙𝑙 ∗ ∆𝑇
 

𝐴ℎ𝑥 = Heat exchanger area    [m2] 

𝑃 = Thermal power    [kW] 

𝑈𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = Thermal transmittance    [kW/(m2*K)] 

∆𝑇 = Temperature difference    [K] 

 

From this equation, a static U value is calculated. This is then used in the calculation model for calculating 

the area of heat exchangers, since both the thermal power input and temperature difference are inputs 

provided by the user. The next step is calculating the cost for the heat exchangers and the following data is 

available for heat exchangers in table 4. 

 

Table 5 Heat exchanger cost parameters (Kelly & Kearney, 2002) 

Oil-to-salt heat exchanger 146$/m2  

Heat exchanger labour costs 2.2 per metric ton (based on unit of 200kg/m2) 

 

𝐶ℎ𝑥1 = 𝑢ℎ𝑥 ∗ 𝐴ℎ𝑥 

𝑚ℎ𝑥 = 𝐴ℎ𝑥 ∗ 𝐾ℎ𝑥 

𝐶ℎ𝑥2 = 1000 ∗ 𝐿ℎ𝑥 ∗ 𝑚ℎ𝑥 

 

𝐶ℎ𝑥1 = Heat exchanger material cost   [$] 

𝑢ℎ𝑥 = heat exchanger unit price    [$/m2] 

𝑚ℎ𝑥 = Heat exchanger mass    [kg] 

𝐾ℎ𝑥 = Heat exchanger unit weight (200)   [kg/m2] 

𝐶ℎ𝑥2 = Heat exchanger labor cost    [$] 

𝐿ℎ𝑥 = heat exchanger labor unit cost (2.2)   [$/ton] 
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4.3.6 Salt pumps 

 

It is not listed how much pump power that is needed from (Kelly & Kearney, 2002) but some related 

parameters is given in table 5. In another (Herrmann et al., 2004) it lists total pump power for the system, 

flow rate and heat exchanger area. What is derived from this source is an average pump power a system 

needed per heat exchanger area. With the heat exchanger area known from previous calculation one can 

get the total pump power needed. With pump power known, one can use the relations for cost given in 

table 5. 

Table 6 salt pump cost parameters (Kelly & Kearney, 2002) 

Cold salt pumps $/kWe 14,720 (Pump motor power, kWe)-0,4488 

Hot salt pumps $/kWe 5512 (Pump motor power, kWe)-0,1845 

Installation labour 1 per pump 100 hours below 75 kWe 

Installation labour 2 per pump 300 hours for 75-750 kWe 

Installation labour 3 per pump 500 hours for 750-1500 kWe 

 

From (Herrmann et al., 2004) they have the following data: 

• 316 kWe pump power 

• 8635 m2 area heat exchangers 

This would then give the key numbers 

• 0,0365 kWe/m2, pump power needed per heat exchanger area.  

Since one knows the heat exchanger area from the previous section one can calculate how much pump 

power is needed in the system.  

𝑃𝑆𝑎𝑙𝑡𝑝𝑢𝑚𝑝 = 𝐴ℎ𝑒𝑎𝑡𝑥 ∗ 𝑝𝑝𝑢𝑚𝑝𝑟𝑒𝑞 

𝑐1𝑝𝑢𝑚𝑝 = 𝑃𝑆𝑎𝑙𝑡𝑝𝑢𝑚𝑝 ∗ 14720 ∗ (𝑃𝑆𝑎𝑙𝑡𝑝𝑢𝑚𝑝)−0,4488 

𝑐2𝑝𝑢𝑚𝑝 = 𝑃𝑆𝑎𝑙𝑡𝑝𝑢𝑚𝑝 ∗ 5512 ∗ (𝑃𝑆𝑎𝑙𝑡𝑝𝑢𝑚𝑝)−0,1845 

𝑇𝑝𝑢𝑚𝑝 = 100ℎ𝑟𝑠 𝑓𝑜𝑟 𝑃𝑆𝑎𝑙𝑡𝑝𝑢𝑚𝑝 < 75    

300 ℎ𝑟𝑠  𝑓𝑜𝑟 75 < 𝑃𝑆𝑎𝑙𝑡𝑝𝑢𝑚𝑝 < 750 

 500 ℎ𝑟𝑠 𝑓𝑜𝑟 750 < 𝑃𝑆𝑎𝑙𝑡𝑝𝑢𝑚𝑝 < 1500   

𝐶𝑝𝑢𝑚𝑝 = 𝑐1𝑝𝑢𝑚𝑝 + 𝑐2𝑝𝑢𝑚𝑝 + 2 ∗ 𝑇𝑝𝑢𝑚𝑝 ∗ 𝐿𝑝𝑢𝑚𝑝 
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𝑃𝑆𝑎𝑙𝑡𝑝𝑢𝑚𝑝 = Salt pump power    [kWe] 

𝑝𝑝𝑢𝑚𝑝𝑟𝑒𝑞 = Pump power required per heat exchanger area  [kWe/m2] 

𝑐1𝑝𝑢𝑚𝑝 = Material cost for cold salt pump   [$] 

𝑐2𝑝𝑢𝑚𝑝 = Material cost for hot salt pump   [$] 

𝑇𝑝𝑢𝑚𝑝 = Pump labor time per pump    [hrs] 

𝐶𝑝𝑢𝑚𝑝 = Pump total cost    [$] 

𝐿𝑝𝑢𝑚𝑝 = Pump labor cost 35 (Pay Scale, 2018)   [$/hrs] 

4.3.7 Piping, Balance of system 

Although there is some pricing data supplied in the document of (Kelly & Kearney, 2002) there are no 

values given for length or quantity of piping in the system. It later proved hard to find this detailed data 

from other sources. Instead, the cost is taken from percentage distribution from overall cost values. In 

both (International Renewable Energy Agency, 2012); (Steinmann, 2012) the balance of system is between 

9-9,5% of the total cost of the system. From this the cost is decided to be 9% of the capital costs. This 

means that all other parts must be calculated before one can calculate the cost though multiplying with the 

factor 9/91 to get the cost of piping.  

Taking a flat % increase such as in the piping case, is the best estimation we can make according to the 

sources found. It depends however on that the cost of the other parts are calculated correctly. 

𝐶𝑝𝑖𝑝𝑖𝑛𝑔 = 𝐶𝐶𝑎𝑝𝑖𝑡𝑎𝑙1 ∗
9

91
 

 

𝐶𝑝𝑖𝑝𝑖𝑛𝑔 = Piping cost     [$] 

𝐶𝐶𝑎𝑝𝑖𝑡𝑎𝑙1 = Capital cost of project before taking piping into consideration [$] 

 

All the above are treated as direct costs to a power plant. To get total costs in a real case scenario indirect 

costs need to be considered, the different indirect costs are handled in a later section.   

4.4 System component dimensioning for Ice Storage 

The other conventional storage type investigated is Ice storage for residential cooling. It was chosen 

because it is a phase change type of storage and the technology is mature. The hypothesis was that there 

would be higher chances of finding good data of bottom up cost calculation methods. After some time of 

research and calculation, it was decided that this was not the entirely the case. The technology’s already 

commercial status has led to few available scientific or peer reviewed publications. Due to company 

competitiveness, recent data are kept hidden. In addition to that, many sources list both ice storage and 
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water storage together since they fulfil similar objectives with different parameters, techniques and costs. 

The important task for the thesis work is therefore to find out the methodology of other sources and how 

cost estimations are done for such systems.  

The same method used in CSP calculations by starting with the storage media’s energy capacity and then 

deriving all the dimensions and costs, cannot be done with the data of the sources found due to the data 

found. Instead, the sources found most commonly use a combined bottom up and top down approach. 

With price relation or a cost curve per component for that technology with an exponential function 

expression and often not including all components. Since there are fewer elements in these, three different 

case studies were investigated to compare methods between each one of them.  

In source (Grozdek, 2009) the cost calculation is divided into the parts of Ice Silo, Chiller, Heat exchanger 

and Pump cost. Each of them is estimated with exponential function. 

4.4.1 Case study one (Grozdek, 2009) 

In the case the cost calculation is divided into the parts of Ice Silo, Chiller, Heat exchanger and Pump 

cost. Each of them is estimated with exponential function. They use the following expression when 

estimating the cost of an ice storage: 

𝐼𝑖𝑐𝑒 𝑠𝑖𝑙𝑜 = 1020 ∗ 𝑄0
0,64   

 𝑣𝑎𝑙𝑖𝑑 𝑓𝑜𝑟 𝑄0 > 250 

𝐼𝑖𝑐𝑒 𝑠𝑖𝑙𝑜 = Cost ice silo that includes agitator, insulation, control, instrumentation [EUR] 

𝑄0 = Storage capacity     [kWh] 

 

𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝐴 = 745,4 ∗ 𝑃1
0,77  

𝑣𝑎𝑙𝑖𝑑 𝑓𝑜𝑟 𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑠 5°C > T > −10°C 

 

𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝐴 = Chiller cost     [EUR] 

P1 = Chiller’s refrigeration capacity   [kW] 

 

 

For plate heat exchangers a source for fluid cooling in food industry is found.  

𝐼𝑝𝑡ℎ𝑥 = 58,78 ∗ P1
0,94  

𝑣𝑎𝑙𝑖𝑑 𝑓𝑜𝑟 600 >   P1 >  100 
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𝐼𝑝𝑡ℎ𝑥 = Chiller cost     [EUR] 

P1 = Chiller’s refrigeration capacity   [kW] 

  

There is another option for shell and tube heat exchangers, but it will require the heat exchanger area, 

which is not available in the current setup. 

𝐼s&thx = 1500 ∗ Aℎ𝑒
0,65   

𝐼s&thx = Shell and tube heat exchanger   [EUR] 

Aℎ𝑒 = Area of heat exchanger    [m2] 

 

It is mentioned that pumps used for the system are usually be 4-7% of the total investment cost.   

𝐼pump =  𝑥𝑝𝑢𝑚𝑝

𝐼𝑖𝑐𝑒 𝑠𝑖𝑙𝑜 + 𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝐴 + 𝐼𝑝𝑡ℎ𝑥

1 − 𝑥𝑝𝑢𝑚𝑝
 

𝐼𝑝𝑢𝑚𝑝 = Pump cost     [EUR] 

𝑥𝑝𝑢𝑚𝑝 = Pump fraction cost 4-7%     

The total capital cost from this source would then be 

𝐼𝑡𝑜𝑡𝑎𝑙 = 𝐼𝑖𝑐𝑒 𝑠𝑖𝑙𝑜 + 𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝐴 +  𝐼𝑝𝑡ℎ𝑥 + 𝐼𝑝𝑢𝑚𝑝 

 

4.4.2 Case study two (Federal Energy Management Program, 2000)   

In a source from U.S Department of energy estimates that the cost calculations for residential cold 

storages can be done with the expressions in the following sections. Both expressions 𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝐵  and 

𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝐶 below are for estimating costs of chillers for conventional chilled water storage. It is mentioned 

that a required capacity for a water chiller is about 1,5 times larger than the capacity needed for an ice 

storage. But for ice-on-coil systems these equations can also be applied for estimating chiller cost. Note 

here that the storage capacity 𝑄2 is in the units of nominal Tons of refrigeration, which is approximately 

12 000 British thermal units per hour (Btu/hr) or 3,517 kW (Engineering Toolbox, 2004). This means 

these expressions are valid for 70- 700 kW reciprocating chiller and 700-5275 kW centrifugal chiller. 

𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝐵 = 11900 + 591 ∗ 𝑃2  

𝑉𝑎𝑙𝑖𝑑 𝑓𝑜𝑟: 200 > 𝑃2 > 20 

𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝐶 = 57700 + 307 ∗ 𝑃2  
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𝑉𝑎𝑙𝑖𝑑 𝑓𝑜𝑟: 1500 > 𝑃2 > 200 

 

𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝐵 = Chiller B cost    [$] 

𝑃2 = Nominal chiller capacity    [TR] 

𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝐶 = Chiller C cost    [$] 

 

There is also a cost estimation for a dynamic ice generator. As mentioned before, these are more 

expensive than static ice on coil systems. Following expression is for an Ice harvesting generator, roughly 

700-3500 kW. In the source it is said to cost about 1000$/Ton which will be used for 0 to 200 TR. 

𝐼𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐷𝑦𝑛 = 195000 + 900 ∗ 𝑃2  

𝑉𝑎𝑙𝑖𝑑 𝑓𝑜𝑟: 1000 > 𝑃2 > 200 

𝐼𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐷𝑦𝑛 = 1000 ∗ 𝑃2 

𝑉𝑎𝑙𝑖𝑑 𝑓𝑜𝑟: 200 > 𝑃2 

 

𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝐷𝑦𝑛 = Chiller Dynamic Ice Harvester cost   [$] 

𝑃2 = Nominal chiller capacity    [TR] 

 

Both types of systems regardless of static or dynamic need a cooling tower to reject the heat from the 

system cycle. According to (Bhatia, n.d.) the heat rejection is generally 15-25% larger than the cooling 

capacity, a static 20% is assumed here. Cost equation given for this is: 

 

    

𝑃ℎ𝑟 = 𝑃2 ∗ 1,2 

𝐼𝐶𝑡𝑜𝑤𝑒𝑟 = 982 ∗ 𝑃ℎ𝑟
0,64

 

𝑉𝑎𝑙𝑖𝑑 𝑓𝑜𝑟: 1000 > 𝑃ℎ𝑟 > 60 

 𝐼𝐶𝑡𝑜𝑤𝑒𝑟1 = Cooling tower cost    [$] 

𝑃ℎ𝑟 = Tons of heat rejected    [TR] 

 

In the source they also list expressions for installed costs for storage, which we assume to be the storage 

tank and not the whole system itself, since the capacity is listed as refrigeration Ton-hours. Reference 
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(Baltimore Aircoil Company, n.d.) lists a ΔT range of 18 ℉ for an ice storage system. These estimations 

are valid for 2100-21 000, 3165-31 650 and 4220- 42 200 kWh respectively. 

𝐼𝑠𝑡𝑜𝑟𝑎𝑔𝑒10 = 802 ∗ 𝑄𝑖𝑜𝑐
0,686  

𝑉𝑎𝑙𝑖𝑑 𝑓𝑜𝑟: ∆𝑇 = 10℉ , 6 000 > 𝑄𝑖𝑜𝑐 > 600  

𝐼𝑠𝑡𝑜𝑟𝑎𝑔𝑒15 = 616 ∗ 𝑄𝑖𝑜𝑐
0,686  

𝑉𝑎𝑙𝑖𝑑 𝑓𝑜𝑟: ∆𝑇 = 15℉, 9 000 > 𝑄𝑖𝑜𝑐 > 900  

𝐼𝑠𝑡𝑜𝑟𝑎𝑔𝑒20 = 498 ∗ 𝑄𝑖𝑜𝑐
0,686  

𝑉𝑎𝑙𝑖𝑑 𝑓𝑜𝑟: ∆𝑇 = 20℉, 12 000 > 𝑄𝑖𝑜𝑐 > 1200  

 

𝐼𝑠𝑡𝑜𝑟𝑎𝑔𝑒10 = Storage tank cost ΔT =10 ℉   [$] 

𝑄𝑖𝑜𝑐 = Ice on coil storage capacity    [TR-hrs] 

𝐼𝑠𝑡𝑜𝑟𝑎𝑔𝑒15 = Storage tank cost ΔT =15 ℉   [$] 

𝐼𝑠𝑡𝑜𝑟𝑎𝑔𝑒20 = Storage tank cost ΔT =20 ℉   [$] 

 

For dynamic systems the expression for storage cost is as following, valid for 14 000-140 000 kWh.  

𝐼𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝐷𝑦𝑛 = 211 ∗  𝑄𝑑𝑦𝑛
0,686

 

40 000 > 𝑄𝑖𝑜𝑐 > 4000 

𝐼𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝐷𝑦𝑛 = Storage tank cost, Ice harvester   [$] 

𝑄𝑑𝑦𝑛 = Dynamic ice harvester Storage Capacity   [TR-hrs] 

 

The total capital cost in this source would then be: 

𝐼𝑡𝑜𝑡𝑎𝑙 = 𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝑥 + 𝐼𝐶𝑡𝑜𝑤𝑒𝑟1 +  𝐼𝑠𝑡𝑜𝑟𝑎𝑔𝑒𝑥 

4.4.3 Case study three (Hostick et al., 2012)  

A third source states that Ice storage systems generally come in packages. The authors therefore have 

decided not to break it up into component level and only provide with numbers of total system 

investment costs. They however do show a component level calculation for a chilled water system which 

is listed below. Firstly, there is an expression describing the storage tank cost, which is then multiplied for 
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an extra 31 % which is deemed to be the additional costs for, design, overhead and miscellaneous auxiliary 

costs. This extra 31% might be also better suited in an indirect cost category.  

𝐼𝑊𝑎𝑡𝑒𝑟𝑡𝑎𝑛𝑘 = 𝑋𝑒𝑥𝑡𝑟𝑎3−1 ∗ 2197 ∗ 𝑄3
0,677

 

𝐼𝑊𝑎𝑡𝑒𝑟𝑡𝑎𝑛𝑘 = Storage tank cost    [$] 

𝑄3 = Storage capacity    [TR-hrs] 

𝑋𝑒𝑥𝑡𝑟𝑎3−1 = Extra cost factors (31%)     

The second component is the chiller cost, which is assumed to be a linear cost function. A 10% extra is 

added on the theoretical cooling load as adjustment to realistic load. 

𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟3 = 40000 + 𝑋𝑒𝑥𝑡𝑟𝑎3−2 ∗ 330 ∗ 𝑃3  

𝐼𝑐ℎ𝑖𝑙𝑙𝑒𝑟3 = Storage tank cost    [$] 

𝑃3 = Average chiller load    [TR] 

𝑋𝑒𝑥𝑡𝑟𝑎3−2 = Extra cooling load factor (10%)    

The last component is a cooling tower and it is expressed with the following cost curve below. In contrast 

to case study 2, (Federal Energy Management Program, 2000) no mention is made of additional heat 

rejection load. It is likely that the cost curve is adjusted to the chiller instead.   

𝐼𝐶𝑇𝑜𝑤𝑒𝑟2 = 1726 ∗ 𝑋𝑒𝑥𝑡𝑟𝑎3−2 ∗ 𝑃3
0,62  

𝐼𝐶𝑡𝑜𝑤𝑒𝑟2 = Cooling tower cost    [$] 

 

Please note that the cost calculations above is for a chilled water storage. The numbers may not necessarily 

translate to an ice storage. The important thing to take away is the method used. When looking at how the 

authors calculates ice storage methods, they look at several installed costs and then divide it per kilowatt. 

It is then assumed for ice storage to have 2200-2500 $/kW installed cost.   
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4.5 Indirect costs  

To see which indirect costs that are usually included in a cost calculation for a thermal energy storage, 

there are several cost distribution sources considered, such as budgets or cost calculations: (Fichtner, 2010; 

Hinkley et al., 2011; International Renewable Energy Agency, 2012; NREL, 2018; Sohn & Taylor, 1991; 

Vogel & Kalb, 2010) The impact indirect costs in these sources usually have on average account for 18-

30% of the total cost. This is for the technologies investigated and will be varying depending on type of 

storage project, technology etc. For big power plants some reoccurring terms found in multiple source are 

owner’s costs, contingency and EPC. Contingency is also found in older ice budgets, while it does not 

occur as often in newer sources. In some of the cost calculations done it is likely that some costs included 

in the direct costs should in fact belong to indirect cost, but it cannot be extracted from a cost curve since 

the details are not known. In addition to this in many sources the indirect costs were presented in respect 

to the total project cost. This means there is no separate indirect cost calculated only for the storage. Since 

no more details are known here as well, the same indirect cost percentages are assumed the same carrying 

over from total project to storage alone. 

4.5.1 Contingency  

Cost contingency is a cost for a project where we want to account for the unknown costs that is likely or 

expected to occur to ensure that the budget is more realistically estimated. It basically accounts for 

uncertainty or probable risks for the project. Unforeseeable events that are not controlled by the project is 

not included in the Cost contingency, for example a disaster (Shohreh Ghorbani, 2017). Numbers from 

the Global Carbon Capture and Storage institute give some example guidelines of how contingency can 

vary depending on technology maturity. It should be noted these numbers are for CCS technology but as 

seen in Table 6, the more mature the technology is the lesser range of the expected cost contingency 

(Global CCS Institute, n.d.). The expected trend should be applicable to other technologies as well but 

possibly with different cost ranges.  

Table 7 Examples of contingency levels depending on technology advancement (Global CCS Institute, n.d.) 

Technology Status Process Contingency (% of Associated Process 

Capital) 

New concept with limited data 40+ 

Concept with bench-scale data 30-70 

Small pilot plant data  20-35 

Full-sized modules have been operated 5-20 

Process is used commercially 0-10 
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How cost contingency is quantified for a project is according to sources a complex problem in itself. 

Several different methods can be used, but what is common in most of the cost calculations is that many 

use a percentage of project base cost as the preferred projection. The percentages are usually set by either 

expert judgement or predetermined guidelines by associations or similar originations (Shohreh Ghorbani, 

2017). From commercial cost calculations sources in the technologies investigated in this project 

contingency seems to range from about 7- 18% while many are 7-10% (Fichtner, 2010; NREL, 2018; 

Vogel & Kalb, 2010). Most of the sources found come from CSP technologies both for parabolic through 

and central receiver design. When approaching a general cost calculation, it is likely that a contingency 

margin will be needed; a smaller percentage for an already mature technology but higher percentage when 

dealing with newer or less commercial ones.  

4.5.2 Owner’s costs  

Owner’s cost is a term that is identified in sources with bigger budgets. It is mainly found when 

investigating power plant budgets. In (Doina Dobre, 2018) it is explained as an umbrella term for the 

many indirect costs that are required to make a project go to functioning commercial state. Some of the 

cost that can occur are mentioned below: 

• Financing costs 

• Insurance 

• Temporary site services and facilities 

• Legal Fees 

• Permits 

• Land costs 

• Taxes 

It is logical to think that these are expenses that can occur in bigger projects, such as power plants. But for 

small projects such as the ice or chilled water storages, it is possible that these costs are small or negligible 

thus not worth the effort of determining specifically. This can be the reason that the term owner’s costs 

do not appear in cost calculations for the Ice and chilled water storages. In three separate sources, owner’s 

costs seem to range from 4-9% (Fichtner, 2010; International Renewable Energy Agency, 2012; Vogel & 

Kalb, 2010). It is important that these percentages are included in calculations regarding a total CSP power 

plant with molten salt storages, where it is not possible to single out the exact amount or cost percentage 

is for the molten salt storage alone.  

4.5.3 Engineering Procurement and Construction (EPC) 

Engineering Procurement and Construction (EPC) is a term found for many CSP with molten salt storage 

budgets. It is slightly differently categorized in different sources. For example (Shohreh Ghorbani, 2017) 
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considers EPC as a direct cost while (International Renewable Energy Agency, 2012; Vogel & Kalb, 2010) 

considers it as an indirect cost. EPC is a type of contract when the owner hires a contractor who is 

responsible for the majority of the project’s design process. The contractor is responsible for the design, 

procurement, construction, commissioning and start up. The cost for EPC, in (International Renewable 

Energy Agency, 2012) labeled as EPC/Project management is about 5-15% of the total project cost for a 

CSP plant with storage. This is currently not included as direct cost in the cost model as it most likely 

varies depending on the technology used in the specific project. Despite this, it should be considered if 

one wants a more realistic calculation. This cost is more relevant when the projects are larger, as it is more 

likely that the owner will outsource the construction to a contractor.  

4.5.4 Inflation 

Depending on the publishing year of the sources used the pricing can be very different due to inflation. 

For example, 1 $ in 2000 is in 2018 1,46 $ a 46% difference but has the same value (CoinNews Family, 

2018) which means comparing cost calculations should be adjusted to inflation. The following picture 

shows the inflation rate per year between 1990 to 2018 which usually varies between 1,5-4 % 

(Statista.com, 2019). 

 

Figure 12 United States Inflation rate 1990 to 2018 (Statista.com, 2019) 
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4.6 Validation of specialized CSP model 

To verify whether specialized cost model for CSP is producing reasonable numbers, it is important to 

compare it to other cost calculation results. The specialized CSP model is implemented in an excel 

spreadsheet to validate the output cost figures and thus the specialized CSP model.  

4.6.1 Thermal storage commercial tank study (Kelly & Kearney, 2002) 

Using the inputs similar in (Kelly & Kearney, 2002) where many parametric cost figures have been 

extracted from. Note that these are calculated before any indirect costs. The result comparison is listed in 

table 7.   

Input: 

Parabolic Through molten salt storage 

Storage energy capacity: 880 MWh 

Storage time: 6 hours 

Power: 146 MWthermal 

Temperature: T1 = 294°C ; T2 = 383°C 

Inflation: 0 %, both assuming 2004 prices 

 

Table 8 result comparison with (Kelly & Kearney, 2002) 

Part of Storage 

Calculation 

Sheet (mil 

USD) 

(Kelly & 

Kearney, 2002) 

Calculation 

Sheet % 

distribution of 

Total cost 

(Kelly & 

Kearney, 

2002) % 

distribution of 

Total cost 

Salt ($) 11,63 13,40 49,1% 48,8% 

Storage tank 

($) 4 ,70 4,34 19,8% 15,8% 

Insulation 

Materials ($) 6,50 1,08 2,7% 3,9% 

Foundation + 

Steel Slip plate 

($) 6,97 1 ,86 2,9% 6,8% 

     

Heat 

Exchangers ($) 2 ,45 2 ,87 10,4% 10,4% 
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Table 7 (cont.)  

Pumps ($) 1 ,42 1 ,42 6,0% 5,2% 

Balance of 

system ($) 2 ,13 2, 50 9,0% 9,1% 

Total ($) 23 ,7 27,46 100,0% 100,0% 

$/kWhstorage  26,9 30,78   

 

Comparing the results for the same input there is large disparity in the Foundation section where the 

difference is almost two times as much in (Kelly & Kearney, 2002). Insulation materials also seem to be 

undervalued as well. The total amount and the $/kWhstorage seems relatable but not entirely close.  The 

percentage distribution of the storage is slightly closer in comparison, nothing out of the ordinary. Please 

note that a large portion of the total cost is attributed towards the storage media, meaning a slight error of 

calculation in either price or volume will have big impact on the total outcome of the cost calculation.  

4.6.2 50 MW Andasol-like power plant investment calculation 

(International Renewable Energy Agency, 2012) 

This is compared to a NREL source in table 8 (International Renewable Energy Agency, 2012), where it is 

a theoretical 50 MW Andasol-like parabolic plant, which is taken as the electrical output. We assume the 

same efficiency ratio of 37.5% as the plant in (Kelly & Kearney, 2002). Excluding indirect costs, they are 

budgeted in another section in their cost calculation.  

 

Inputs: 

Parabolic through – molten salt storage 

Power: 50MWe/0,375 = 133,3 MWT 

Storage time: 7.5 hours 

Storage energy capacity= 1000 MWh 

Temperature: No temperatures given in source 1,E – assuming: T1 = 294°C ; T2 = 383°C 

Inflation: 15,4%, 2004-2010 
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Table 9 Result comparison with (International Renewable Energy Agency, 2012) 

Part of 

Storage 

Calculation 

Sheet 

Adjusted for 

inflation 

 (mil USD) 

IRENA 2012 

(mil USD) 

Calculation 

Sheet % 

distribution of 

Total cost 

IRENA 2012 % 

distribution of 

Total cost 

Salt ($) 15,2 18,6 51,4% 48,57% 

Storage tank 

($) 5,9 6,6 20,0% 17,14% 

Insulation 

Materials ($) 0,8 0,7 2,7% 1,90% 

Foundation + 

Steel Slip plate 

($) 0,9 2,3 3,1% 5,71% 

Heat 

Exchangers ($) 2,6 5,1 8,7% 13,33% 

Pumps ($) 1,5 1,6 5,2% 3,81% 

Balance of 

system ($) 2,7 3,5 9,0% 9,52% 

Total ($) 29 ,7 38,4   

$/kWhstorage  29,68 38,4   

 

When comparing the results there are differences, especially in the total cost of the storage. There are 

limitations we know about, to the initial inputs from the source, and it is mainly included because of the 

cost breakdown both in total amounts and percentagewise of each part. Foundation seems to be 

undervalued here again together with heat exchangers also being twice the cost to the comparison source. 

The heat exchanger area is something that is highly experimented with in (Kelly & Kearney, 2002). There 

are several possible setups and (International Renewable Energy Agency, 2012) may merely have gone 

with one solution that requires higher heat exchanger area. When looking at percentage distributions one 

can see that they are relatable and having similar properties as previously mentioned.   

4.6.3 System Advisor Model, software (NREL, 2018) 

National Renewable Energy Laboratory (NREL) is part of the U.S energy department of Energy. They 

have developed a simulation program called System Advisor Model (SAM) which “is a performance and 

financial model designed to facilitate decision making for people involved in the renewable energy 
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industry” (NREL, 2018). It was investigated how SAM calculated their costs for the thermal storage. 

While there are many technical parameters you can change back and forth, it was found that in the end the 

storage costs are calculated with a flat unit cost of 24$/kWht for solar tower and 65$/kWht for parabolic 

through. In table 9 we compare the default inputs in the SAM model with the calculation sheet. In the 

SAM program contingency, Owner’s cost and EPC are listed outside the cost for the storage itself so it is 

applied for the whole power plant cost. Meaning, only direct costs are included in the 24 and 65 $/kWht. 

 

Parabolic through inputs: 

Power: 111 MWe, 311,8MWt 

Storage Capacity: 1870.8 MWht 

Storage Tim-e: 6 hours 

Temperature: T1 = 250°C ; T2 = 365°C 

Inflation: 2004->2017: 29,8% 

 

Central Receiver/Solar tower inputs: 

Power: 115MWe, 279,1 MWt 

Storage Capacity: 2791,3 

Storage Time: 10 Hours 

Temperature: T1 = 280°C ; T2 = 500°C 

Inflation: 2004->2017: 29,8% 

 

Table 10 Result comparison with (NREL, 2018) 

 Parabolic 

through- 

Calculation Sheet 

Adjusted for 

inflation  

SAM Parabolic 

Through 

Central 

Receiver - 

Calculation Sheet 

Adjusted for inflation 

SAM 

Central 

Receiver 

$/kWhstorage 26,17 65   

$/kWhstorage 

Stainless steel 

hot tank  30,4 65 16,03 24 

 

Comparing these results, there is a big difference in the estimated costs. In the parabolic through test it is 

added in the sheet to have a stainless-steel tank, that can withstand higher temperature for the hot tank. 

This alternative is chosen since in the SAM model it has a high limit for the heat transfer fluid to the hot 

tank. In any case, the suggested cost in the SAM model is more than twice as high. When comparing the 

results of the Central receiver technology, the difference is quite similar; the SAM model gives almost 
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twice as high cost. It is noted here that both models anticipate a central receiver design to be much 

cheaper per heat capacity. It should be noted that our model is not constructed for a central receiver 

design, the only difference is the choice of stainless-steel tank. It is unfortunate that a source of the SAM 

cost details cannot be found. It is likely that they are based on empirical numbers from existing plants. 

Overall in their cost model, they have simplified by using flat unit prices to calculate a cost estimation. 

4.6.4 Consulting company cost calculation (Fichtner, 2010)  

These figures were retrieved from a presentation by the Energy consulting company Fichtner, which 

presented for the World bank (Fichtner, 2010). The indirect costs of contingency, engineering and owners’ 

cost are present in the budget but accounting for the total project cost, meaning it is not included in the 

storage costs themselves as depicted in cost breakdown in figure 15. 

   

Figure 13 Capital Expenditure breakdown (Fichtner, 2010) 

For parabolic through, they have investigated three options 4,5h, 9h and 13,4h of storage for a 100 MWe 

plant. Central receiver had 9h, 12h and 15h options for 100 MWe. The results are listed in table 10.  

Parabolic through inputs: 

Power: 233,3MWt, 233,3MWt, 235MWt 

Storage Capacity: 1050 MWht, 2100 MWht, 3150 MWht, 

Storage Time: 4,5 hours, 9 hours, 13,4 hours 

Temperature: T1 = 280°C ; T2 = 380°C 

Inflation: 2004->2010: 15,4% 

 



52 
 

Table 11 Result comparison with (Fichtner, 2010) 

Parabolic 

Through 

Calculation 

Sheet 

Adjusted for 

inflation 

 (mil USD) 

4,5h 

(Fichtner, 

2010) 4,5h 

Calculation 

Sheet 

Adjusted for 

inflation 

 (mil USD) 9h 

(Fichtner, 

2010)  

9h 

Calculation 

Sheet 

Adjusted 

for 

inflation 

 (mil USD) 

13,4h 

(Fichtner, 

2010) 

13,4h 

Storage cost 

(mil USD) 30,6 62,7 51,75 123,6 72,7 184,4 

$/kWhstorage 29,14 59,7 24,64 58,9 23,07 58,53 

 

Similar to the values in the comparison to the simulation program SAM, the results are about half of the 

expected costs from the consulting company Fichtner in both of terms of total cost and $/kWhstorage  

Although the specialized model is as mentioned is not constructed for solar tower designs. The cost 

results where compared to Solar tower cost estimations from three separate sources (Fichtner, 2010); 

(Hinkley et al., 2011). and with the flat unit price from the simulation software SAM as well (NREL, 

2018). The inputs in the calculation sheet is similar to (Fichtner, 2010) option for 9 hours. 

Power: 237,5MWt 

Storage Capacity: 2138 MWht 

Storage Time: 9 hours 

Temperature: T1 = 280°C ; T2 = 565°C 

Inflation: 2004->2010: 15,4% 
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Table 12 Solar tower result comparison 

Power tower 

comparison 

Calculation 

Sheet 

Adjusted for 

inflation 

 (mil USD) 9h 

(Fichtner, 

2010) 

9h 

SAM (NREL, 

2018) 

 (Hinkley et 

al., 2011) 

6h 

$/kWhstorage 12,25 27,4 24 10,6 

 

Interesting to note that both (Fichtner, 2010) and SAM has no real cost breakdown for the thermal 

storage itself. While (Hinkley et al., 2011) has a simple cost break down that resulted in prices quite similar 

to the spreadsheet. The sheet calculation is rather close to the one from (Hinkley et al., 2011), but about 

again half the value from the other two sources. 

4.7 Validation of Ice Case studies  

It was found that most of them employed a combination of bottom up cost and top down method, which 

is more heavily based on numbers given from previous projects. The three case studies were put into an 

excel calculation sheet to output how their different methods compared to other total cost figures.  

 

4.7.1 Case studies versus consulting company Ingersroll Rand (Hanson, 

2013) 

The cost calculation in table 12 is done by a consulting company from Ingersoll Rand (Hanson, 2013). 

The total cooling load is estimated to 750 Tons. The Ice storage system combined with the chillers needs 

to supply the same cooling load. Judging by the cost and schematics, the chillers in the Ice storage option 

are dimensioned to be 
2

3
 of the load, so the ice storage is assumed to supply the last 

1

3
 of the load. 

Schematics give us the storage capacity of 2130 ton-hrs. We have subtracted the Air distribution part from 

the total cost for this calculation, it does amount to almost 48% of the primary cost. To get a fair result 

from the third case study, we assume 48% is subtracted from the cost parameter provided since it is stated 

as a package cost.  

Table 13 Fort Myers Cost Comparison Breakdown (Hanson, 2013) 

  For Myers Regional Service Center 

 Conventional A/C System 

(Thousands USD) 

Energy Storage (Thousands 

USD) 
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Table 12 (cont.) 

Chillers 717 447 

Ice Storage 0 357 

Pipe & Pumps 395 264 

Air Distribution 988 976 

Total Cost 2100 2044 

FPL Rebate 0 187,5 

NET Cost to Customer 2100 1856,5 

Net Cost/Ton 2,8 2,475 

Net First Cost Savings  243,5 

Annual Savings over past 3 years 

Electricity (Demand & Energy)  119,5 

Maintenance & Water (no 

cooling towers) 

 25 

Total Annual Operating Savings  144,5 

 

Inputs: 

Cooling load: 750 tons= 2638 kW 

Chiller power: 500 tons =1758 kW 

Storage Capacity: 2130 Ton-hours = 7490 kWh 

Storage Time:  8,5 hours 

Storage power: 250 

Temperature: T1 = 22°F; -5,5°C; T2 = 56 °F; 13,3 °C 

Inflation: all sources adjusted to 2018 numbers: 

Table 14 Case studies result comparison with (Hanson, 2013) 

Ice storage Case study 1 

(Grozdek, 2009) 

Thousands USD 

Case Study 2 

(Federal Energy 

Management 

Program, 2000)  

Thousands USD 

Case Study 3 

(Hostick et al., 

2012) 

Thousands USD 

(Hanson, 

2013)Thousands USD 

Chiller 326 1012  485 

Ice storage 427 59  387 

Pump 44   286 

Heat exchanger 92    

Cooling tower  86   

Total 890 1157  1158 
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Table 13 (cont.) 

$/kWh 119 155  155 

$/kWtotal load 338 439 1258 439 

 

 

Comparing (Hanson, 2013) to the sheet calculation numbers, there are some significant differences and 

spread results even within the calculation sheet sources. Case study 2 has a large cost for the chiller but 

low cost for the storage. There is also the problem that it is likely that parametric cost on component level 

does not account for all parts in the system. Meanwhile Case study 3 only lists the average total cost for an 

entire storage including all components and indirect costs for Ice storage. Including indirect costs in 

components is likely the case for (Hanson, 2013) as well.  

4.7.2 External sources  

The above calculations show varying results. But even when comparing the results of total cost 

estimations from both textbooks and reputable sources like IEA and NREL there is conflicting data as 

well. One group of data is from slightly older sources where the total costs for an Ice thermal storage is 

estimated lower compared to numbers from newer sources, which would contradict a technology 

progression expectation. While it is unclear which components of the system are included, one can assume 

that a higher cost would include ice storages system, chillers, air distribution system and various indirect 

costs. A lower cost could be extracted from a retrofit cost of the only ice storage alone to an existing air 

distribution and chiller system. The sources are not specific in which components are included. 

(International Energy Agency, 2014) lists a very high cost, where it is stated that the system is installed in 

Tokyo, Japan. One assumption that it is a more space saving and advanced technology, although more 

costly. however, the cost differences are still large.  
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Table 15 various sources cost comparison 

 (International 
Energy 
Agency, 2014) 

(Hostick et al., 
2012) 

(Dincer & 
Rosen, 2002) 
Cost figures 
from 1997 

 Cost figures 
from 1992 
(Christenson, 
2013) 

(Sohn & 
Taylor, 
1991) 

$/kWh   15-50 43 21-42 

$/kW 6000-15000 2200-5000   132-345 

$/kWh 
adjusted for 
inflation 

  24-79 77 38-78 

$/kW  
adjusted for 
inflation 

6408-16000 2594-5895  270 246-640 

 

4.8 General bottom up cost approach 

In this section a general approach is outlined to calculate bottom up cost for thermal storage. This 

approach is useful for less mature technologies where fewer economic studies have previously been done.  

1. Identify which parts are needed for the storage. One simplified example for CSP may look like as 

follows: 

o Storage tank 

o Foundation for storage tank 

o Storage media 

o Insulation 

o Heat exchangers 

o Piping/Balance of System 

o Pumps 

2. Decide key parameters of the energy storage. In this paper the following parameters are chosen: 

o Energy capacity 

o Power 

o Storage time 

o Temperature differential 

3. Dimensioning of parts with respect to the initial requirements. E.g. for a 100 000 kWh CSP 

storage, with a storage media (solar salt) that has 1,53 J/(g*K) specific heat capacity for a 

temperature differential of 100 °C requires approximately 2643 tons of material. This breaks 

down to a tank of at least 1510 m3 in volume using 1750 kg/m3 as the density. Similar methods 

can be used for other energy storages than CSP to dimension major parts of the systems. 

4. For some parts, parametric estimations may be needed for dimensioning. Such data can be 

acquired from previous projects to find out how much material is needed for a design. E.g. for 
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one of the foundation materials in the study of CSP it was found from a source that it needed 610 

mm thick (Kelly & Kearney, 2002). Since we have the volume from the tank from previous 

calculation and assuming a cylinder shape, the amount of foundation volume can be calculated.  

5. The amount of material is then multiplied with the unit price to get the material cost. Sometimes a 

component parametric cost can be found from data in other cost calculations. E.g. the parametric 

cost for a pump in dollars per kilowatt ($/kW) might be found or derived from another source. 

There might be a chance that the pump has not the same characteristics but similar enough. Then 

it is possible to add or subtract a percentage on that parameter to account for the specific design 

chosen.  

6. Labor costs need to be estimated for constructing and installing that component. Often labor 

hours or cost is quite hard to find in the literature. If one finds the number of hours needed for a 

specific job, one can assume an average labor cost in that field and multiply with the labor 

required. 

7. Adding all the material and labor costs together gives the total direct cost.  

8. For a realistic approach the indirect costs need to be accounted for as well, indirect cost 

accounted for about 18-30% of the total cost in the two storage technologies researched. Some 

major categories that was discovered in literature were contingency margin, owner’s costs and 

engineering, procurement and construction (EPC). It should be noted that owner’s cost and EPC 

is not relevant for all types of projects. Since it is not explained in the source publications how the 

indirect costs are calculated, the indirect costs are not discussed in detail except that they need to 

be included. Regarding contingency margin it is found that less proven technologies allow 

themselves a higher percentage estimate. This is due to the likelihood that more unknown costs 

might occur.  

9. Adjusting the total cost to potential inflation. 

5 Discussion 

For the CSP bottom up calculation in this study a mix of either dimensioning components multiplied with 

material cost or parametric unit cost calculations are applied to get the costs of the components. However, 

if one wants to get a realistic total estimation the indirect costs of a project should be considered. In the 

case of CSP most budget or cost calculations the indirect costs are sectioned outside of the cost of the 

thermal storage itself since they account for the whole CSP plant. This means that it will be hard to know 

how much exactly of the indirect costs are allocated to the storage itself. However, it is assumed that the 

indirect costs are derived using a top down approach where a certain indirect cost is assumed to cost an 

additional flat percentage of the direct costs based on previous construction experience. Indirect costs 

seemed to be more often accounted for in bigger projects like a CSP power plant than the ICE thermal 

storages. This assumption has been made after looking at budgets for both technologies. One possible 

explanation is that when projects gets as large as CSP projects, a couple percent of the total cost is a big 
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amount in absolute numbers and needs to be accounted for. Direct costs on the other hand are usually 

easier to quantify since a technology would not function without a component and would be more likely 

taken into consideration in system blueprint. Indirect costs are more obscure in projects when having little 

past experience from real project construction.  

Ice storage is a proven technology as a thermal storage. Among the cost calculations studied, the most 

common approach is to only estimate a total cost with either regards to power or total storage capacity 

based on earlier projects. Estimating costs this way is a form of top down approach to quickly acquire a 

result. Few sources have a bottom up approach where the system is divided into its components and the 

cost is calculated individually for each component. Those sources that do a bottom up approach use a 

parametric cost estimation per component for their requested output. No sources use detailed bottom up 

approach by dimensioning components and calculating material costs. The reason behind this is that it is 

more time consuming and likely to be less accurate than just to base the costs on previous projects or 

examples. Using top down or middle ground bottom up is in this case a more accurate and faster method 

overall.  

It is not clear in the case studies which sources account for indirect costs and which do not. One 

assumption is that a project that is derived from a total project cost per storage capacity or power is likely 

to include the indirect costs. Other theoretical projects that have done bottom up cost calculation with 

components are less likely to include indirect costs if not mentioned explicitly. This could be the reason 

why the discrepancy is substantial between the different estimations of total cost by various sources. 

Another assumption being that the costs should be much closer between projects if the technology is 

more mature.   

A detailed bottom up cost method has both advantages and disadvantages. An advantage to the bottom 

up process is that one can distinguish the cost per component or cost area and compare to other similar 

projects. If a certain part of the project is expensive in certain areas, attention can be diverted to those in 

order to improve the cost situation. Another important reason for conducting a bottom up cost method is 

when a technology is either prototype or early commercial stage. This is when there is little or no previous 

data on cost. In order to acquire any sort of estimation of the cost at all a detailed bottom up cost needs to 

be performed. The less data that is available of the components, the less accurate the cost calculation will 

be. Even if data is available on a related but not correct component type it can be adjusted for the desired 

design. An example of this is when information was available for carbon steel product in the CSP 

calculation. A crude adjustment to stainless steel was done using the relative difference in market price 

material cost. In calculations where there are several occurrences like the scenario above there is an 

increasing likelihood that the error margins will be substantial. Similarly, if the person doing the cost 

calculation have little experience of technology itself it can be significant errors of dimensioning. Since 

there are many steps in a detailed bottom up cost calculation high error margins can be expected if done 
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poorly or with little previous data. The process is also more time consuming compared to a top-down or 

combined approach regarding time consumption.   

Generally, costs for a certain technology will decrease over time. This is especially true for newer 

technologies. For example, one source projected a 38% to 69% cost decrease in the thermal storage part 

in a CSP plant between 2010 and 2020 (International Renewable Energy Agency, 2012). However, in the 

cost calculations done in this thesis it is either similar or less costly when comparing to other sources. 

There may be multiple reasons for that. Incorrect dimensioning, simplifying, forgetting components, 

partial understanding of the system design or underestimating costs are some examples that the author or 

other methodology sources may have been victim to when doing cost calculations. When looking at the 

CSP storage the storage media can account for almost 50% of the total cost. And the cost for the storage 

media have been reported from different sources to vary from 0.5-1$/kg. This is one example of the 

errors margins and when adding them all up together the outcome variance will increase. One way to deal 

with this type of error margins when doing a budget for a project is to use the contingency cost. Basically, 

one assumes that some cost will be likely to be added from having error in the cost calculation. As 

mentioned before, contingency is assumed to be less for a more mature a technology since the unknown 

costs have been discovered and categorized to a greater extent.  

Bottom up cost is one type of cost calculation for estimating the total initial costs of a project if one 

would want an investment calculation for methods such as net present value, payback time or levelized 

cost of energy. There needs to be data concerning operation and management costs and the expected 

revenue of an operation of the storage. These costs can be specific geographically concerning electricity 

rates, work and production costs etc. These often translate more easily to decision makers since it will be 

quantifiable in the gain of a project. However, these cannot be done without having the capital costs of a 

project beforehand  

6 Future work 

There are several areas where this project can be refined further. Firstly, there are only two technologies 

included in the study, to make it more comprehensive more technologies can be researched. This is to see 

if there are more general trends that can be deducted between several thermal storage technologies or if a 

statement or approach listed in this paper is not applicable for most technologies.  

Secondly when studying the technologies itself more accurate number can be acquired to give a fairer 

numerical result. This will also translate into better estimations when doing by doing a net present value, 

payback time or levelized cost calculations.  
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7 Conclusions 

Increasing energy storage capacity is one of the most important topics today for enabling more renewable 

energy in the energy system. Many thermal storage technologies are emerging and bottom up cost 

calculations will be needed in order to make feasibility projections. These are needed because a technology 

cannot be brought to commercial stage without being economically sustainable.  

A bottom up calculation is one way to estimate the capital costs of a project. This method is suitable when 

little or no previous cost data is available. Cost is calculated for each component by dimensioning or using 

a parametric cost and then all sub parts are all added up; this would be categorized as direct cost. To get a 

more realistic estimate indirect cost would need to be considered. Indirect cost needs to be relied on 

previous data on similar projects often adding a flat percentage in relation to the total direct costs. The 

drawback for bottom up cost is that it is time consuming and have potentially wide error margins if little 

data is available beforehand.  

Bottom up cost calculation were investigated in two technologies, CSP power plants and Ice thermal 

storage for cooling buildings. While detailed bottom up cost method was found for CSP, the methods 

found for Ice storage were not as thorough, likely due to higher technology maturity. From this a 

specialized bottom up cost scenario was conducted for parabolic through molten salt storage as well as 

three bottom up cost calculation scenarios using case studies for Ice thermal storage for buildings. These 

models were implemented in a excel spreadsheet and results from these cost calculations were compared 

to other total project cost estimations for validation. For CSP the results of the bottom up cost 

calculations were ranging from the same to about half of the value of some projects given similar inputs. 

In contrast it was harder to evaluate Ice storage which had conflicting cost data in other external resources 

while the case study component cost distribution also had big variation. The total cost figures of the case 

studies were despite this close in comparison. From the results a generalized method was extracted which 

describes the steps of doing a bottom up cost calculation suited for a large variety of thermal storage 

technologies. 
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