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ABSTRACT 

This thesis investigates the feasibility and benefits of integrating Thermochemical heat 

Storage (THS) into a CHP (Combined Heat and Power) plant. A case study is done for the 

CHP-plant in Sala, Sweden, with a maximum heat output of 20.9 MW and maximum 

electricity output of 9.6 MW. The THS type considered is calcium oxide in a hydroxide 

system. The fluctuations in electricity price for years 2020, 2030 and 2040 are considered 

and low-price electricity is used as a charging source for THS. During charging the 

superheated steam (endothermic reaction) is used to cover some of the district heating 

demand. The high temperature discharge from the THS is used as reheat in the Rankine 

cycle. The operations are modeled in Ebsilon and optimization is done in MATLAB using 

genetic algorithm with the objective to achieve maximum annual revenue. The results suggest 

that it is not feasible to introduce THS with electricity as a charging source in year 2020, but 

in 2030 and 2040 THS shows promising potential. The biggest increase in revenue comes 

from reduced fuel consumption, and, to a lesser extent, increased income from electricity. It 

is concluded that Calcium hydroxide is a promising candidate for integration into CHP 

during large electricity price fluctuation. The main drivers for the feasibility of this 

combination are high fuel price and large fluctuations of electricity price. 

 

Keywords: [CHP, Operation strategies, Energy Storage, Thermochemical Heat Storage, 

THS, Technoeconomic, Optimization, District Heating, Merit order effect] 
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SUMMARY 

The focus of this thesis is a conceptual configuration of thermochemical heat storage in 

combination with Combined Heat and Power(CHP) plants. Utilization of Thermochemical 

Heat Storage(THS) is simulated through different scenarios in the CHP plant and the model 

extended for the operation of SHEAB (Sala-Heby Energi AB). SHEAB Supplies the district 

heating of Sala and Heby municipality, with a total population of about 15 000. The plant 

consists of a biofuel CHP-plant with 20.9 MW capacity of heating and 9.6 MW electricity 

production capacity.  

The study investigates a pathway of utilization of THS into CHP-plant. The latest 

advancement in thermochemical heat storage have been studied and due to the 

characterization of them, calcium oxide in a closed hydroxide system is selected as an 

alternative for thermochemical heat storage. 

The fluctuations in electricity price are considered and electricity is used as charging source 

for the THS during low electricity price hours. During the endothermic reaction (charging) 

the high temperature steam is used to provide heat to the DHN (District Heating Network). 

The current operation of CHP-plant was modeled in Ebsilon and extended to include reheat 

of the steam, using the high temperature discharge from the THS. Optimization is conducted 

for years 2020, 2030 and 2040 using genetic algorithm with the objective to find maximum 

annual revenue. 

The results suggest that in 2020 the investment cost of THS is too high for it to be feasible 

and the fluctuations in electricity price are too small, which means that it is not economical to 

use electricity as a charging source. The optimized storage size is only 12 MWh but 

integrating this storage to the CHP still yield a decreased annual revenue of roughly 5000 

EUR/year, compared to the case without THS. In 2030 the THS can be used to better 

potential, and the optimal size is about 31 MWh. By adding the THS the annual revenue is 

increased by roughly 25 500 EUR/year. In 2040 the revenue is increased further. By adding a 

THS of approximately 67 MWh, the annual total revenue is increased by about 68 500 

EUR/year, compared to the case without THS. The main factor of the increased revenue is 

due to decreased fuel consumption and increased income from electricity. 

Two sensitivity analyses were done for the year 2030: Increased fuel price and 

increased/decreased cost of THS. If the fuel price is increased by 50 % the total increase in 

annual revenue is roughly 76 000 EUR/year, compared to approximately 25 500 EUR/year 

in the case with no change in fuel price. With a 50 % decrease in investment cost for THS the 

increased annual revenue is roughly 44 000 EUR/year, and with a 50 % increase in THS cost, 

the investment is still profitable, but only by about 14 000 EUR/year. The feasibility of THS 

is therefore most sensitive to changes in fuel price. 

It is concluded that the main drivers to make the combination of CHP and high temperature 

THS feasible, when using electricity as a charging source, are large fluctuations in electricity 

price and high fuel price. It is also concluded that Calcium hydroxide is a promising 

candidate for integration into CHP to increase the flexibility of the plant during large 

variations in electricity price.
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NOMENCLATURE 

Symbol Description Unit 

𝛼 Conversion rate 1 is equal to 100% 

CAPes Discharge Capacity of energy storage 𝑀𝑊ℎ 

𝐶𝑃𝐻2𝑂(𝑙)
 Specific heat of water at liquid phase 𝑘𝑗/𝑘𝑔𝑘 

𝐶𝑃𝐻2𝑂(𝑔)
 Specific heat of superheated steam at 

constant pressure 
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𝐶𝑏𝑖𝑜,𝑦 Cost of biofuel at a certain year 𝐸𝑈𝑅/𝑀𝑊ℎ fuel 

𝐶𝑒𝑙,ℎ Cost of low price electricity used to 
charge the energy storage at a certain 
hour 

𝐸𝑈𝑅/𝑀𝑊ℎ electricity 

𝐶𝑒𝑠,𝑦 Cost of energy storage at a certain year 𝐸𝑈𝑅/𝑦𝑒𝑎𝑟 

𝐷𝐻𝑑𝑒𝑚𝑎𝑛𝑑 District heating demand 𝑀𝑊ℎ 

𝐸𝐿𝑐ℎ𝑎𝑟𝑔𝑒−𝑙𝑖𝑚𝑖𝑡  Electricity price limit for the plant to 
charge the THS with low price 
electricity 

𝐸𝑈𝑅/𝑀𝑊ℎ 



Symbol Description Unit 

𝐸𝐿𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒−𝑙𝑖𝑚𝑖𝑡  Electricity price limit for the plant to 
discharge the THS  

𝐸𝑈𝑅/𝑀𝑊ℎ 

𝐸𝐿𝑙𝑖𝑚𝑖𝑡  Electricity price limit for the plant to 
generate electricity 

𝐸𝑈𝑅/𝑀𝑊ℎ 

𝐸𝐿𝑝𝑟𝑖𝑐𝑒  Electricity price 𝐸𝑈𝑅/𝑀𝑊ℎ 

𝐼𝐶𝑒𝑙,ℎ Income of selling electricity at a certain 
our (h) 

𝐸𝑈𝑅/𝑀𝑊ℎ 

𝐼𝐶𝑑ℎ,ℎ Income from selling heat to the district 
heating network at a certain hour 

𝐸𝑈𝑅/𝑀𝑊ℎ 

𝐼𝑛𝑣𝑒𝑠 Investment cost of energy storage 𝐸𝑈𝑅 

𝐺 Gibbs free energy 𝑘𝑗/𝐾 

∆𝐻𝐶𝐴(𝑂𝐻)2𝐸𝑛
 Required Sensible heat rate, calcium 

hydroxide during endothermic reaction 
𝑘𝑗/𝑚𝑜𝑙 

∆𝐻𝑟𝐸𝑛
 Required heat rate during the 

endothermic chemical reaction 
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∆𝐻𝐶𝑎𝑂𝐸𝑛
 Exchangeable heat rate of calcium 

oxide after endothermic 
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 Required heat rate for producing the 

activation steam(Latent+sensible) 
𝑘𝑗/𝑚𝑜𝑙 

∆𝐻𝑟𝐸𝑥
 Released heat rate during exothermic 

chemical reaction 
𝑘𝑗/𝑚𝑜𝑙 

∆𝐻𝐸𝑛 Total heat rate required for 
endothermic reaction (∆𝐻𝐶𝐴(𝑂𝐻)2𝐸𝑛

+

∆𝐻𝑟𝐸𝑛
)  

𝑘𝑗/𝑚𝑜𝑙 

∆𝐻𝑣𝑎𝑝𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 Enthalpy of vaporization for water 𝑘𝑗/𝑘𝑔 

𝐿𝐻𝑉 Net caloric value 𝑀𝐽/𝑘𝑔 

𝐿𝐿ℎ𝑒𝑎𝑡 Lower heat output limit for the plant to 
generate electricity 

𝑀𝑊 

𝐿𝐿𝑒𝑠−ℎ𝑒𝑎𝑡
 Lower heat output limit for the plant 

with reheat to generate electricity 
MW 

𝑚𝐶𝐴(𝑂𝐻)2
 Total mass of calcium hydroxide 𝑘𝑔 

𝑚𝐶𝑎𝑂  Total mass of calcium oxide 𝑘𝑔 

𝑚𝐻2𝑂 Total mass of water, water content of 
calcium hydroxide 

𝑘𝑔 

�̇�𝑏𝑖𝑜 Mass flow of biofuel 𝑘𝑔/ℎ 

𝑛 Expected life time 𝑦𝑒𝑎𝑟𝑠 

𝑛ℎ𝑒𝑎𝑡−𝑜𝑛𝑙𝑦 Efficiency of heat only boiler % 



Symbol Description Unit 

𝑁𝑃𝑉𝑒𝑠 Net present value of energy storage 𝐸𝑈𝑅 

𝑇∗ Reaction transition temperature at the 
constant standard pressure 

𝐾 

𝑇𝑏𝑜𝑖𝑙𝑖𝑛𝑔𝐻2𝑂
 Boiling temperature of water 𝐶𝑒𝑙𝑠𝑖𝑢𝑠 

𝑇𝐷.𝐻 District heating temperature that THS 
exchange heat with  

𝐶𝑒𝑙𝑠𝑖𝑢𝑠 

𝑇𝐻2𝑂(𝑔) Temperature of superheated steam 𝐶𝑒𝑙𝑠𝑖𝑢𝑠 

𝑄𝑟𝐸𝑥
 Released heat of exothermic chemical 

reaction 
𝑀𝑊ℎ 

𝑄𝑟𝐸𝑛
 Total required heat for endothermic 

reaction 
𝑀𝑊ℎ 

𝑄𝐻2𝑂𝐸𝑛
 Total Exchangeable heat of steam after 

endothermic reaction 
𝑀𝑊ℎ 

𝑄𝐶𝑎𝑂𝐸𝑛
 Total Exchangeable heat of calcium 

oxide after endothermic reaction 
𝑀𝑊ℎ 

𝑄𝐻2𝑂𝐸𝑥
 Total required heat to supply the 

activation steam for exothermic 
reaction 

𝑀𝑊ℎ 

𝑄𝑎𝑓𝑡𝑒𝑟𝑅𝐻  Energy content in stream after 
reheating the Rankine cycle 

𝑀𝑊ℎ 

𝑄𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛,𝑒𝑙,𝑒𝑠, Total electrical energy required for 
activating the discharge process of the 
THS 

MWh 

𝑄𝑏𝑖𝑜 Energy content in biofuel MWh 

𝑄𝑐ℎ𝑎𝑟𝑔𝑒,𝑒𝑙,𝑒𝑠,ℎ Energy content in electricity used to 
charge the energy storage at a certain 
hour 

MWh 

𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  Energy content in stream to reheat 
(from energy storage) 

MWh 

𝑄𝐷.𝐻  District heating demand MWh 

𝑄𝐷.𝐻 𝑛𝑒𝑤 New district heating demand, after 
utilizing excess heat during charging 
THS 

MWh 

𝑄𝑒𝑙,ℎ Electricity sold to the grid at a certain 
hour 

MWh 

𝑄𝑒𝑠 Energy content in energy storage MWh 

𝑄𝐸𝑆𝑜𝑢𝑡𝑝𝑢𝑡 Required discharge from energy 
storage 

MWh 

𝑄ℎ𝑒𝑎𝑡−𝑜𝑛𝑙𝑦 Heat output from heat-only boiler MWh 

𝑄𝑓𝑢𝑒𝑙,ℎ𝑒𝑎𝑡−𝑜𝑛𝑙𝑦 Energy content in fuel for heat-only 
boiler 

MWh 



Symbol Description Unit 

𝑄𝑟𝑒𝑡𝑢𝑟𝑛 Energy content in steam returning to 
energy storage during discharge 

MWh 

𝑟 Annual interest rate % 

𝑅2   Residual   

𝑅𝑦 Revenue at a certain year (y) EUR 

𝑆°
𝑟𝑥𝑛   

𝑈𝐿ℎ𝑒𝑎𝑡 Upper heat output limit for the plant to 
generate electricity without steam 
extraction 

MW 

𝑈𝐿𝐸𝑆−ℎ𝑒𝑎𝑡 Upper heat output limit for the plant 
with reheat to generate electricity 
without steam extraction 

MW 

𝑈𝐿𝑠𝑡𝑒𝑎𝑚𝑒𝑥𝑡𝑟𝑎𝑐𝑡 Upper heat output limit for the plant to 
generate electricity with steam 
extraction 

MW 

𝑈𝐿𝐸𝑆−𝑠𝑡𝑒𝑎𝑚𝑒𝑥𝑡𝑟𝑎𝑐𝑡 Upper heat output limit for the plant 
with reheat to generate electricity with 
steam extraction 

MW 

 

ABBREVIATIONS 

Abbreviation Description 

ATES Aquifer Thermal Energy Storage 

BTES Borehole Thermal Energy Storage 

CHP Combined Heat and Power 

CSP Concentrated Solar Power 

DH District Heating 

DHN District Heating Network 

LHS Latent Heat Storage 

PCM Phase Change Material 

PTES Pit Thermal Energy Storage 

SHS Sensible Heat Storage 

STPP Solar thermal power plant 

TES Thermal Energy Storage 

THS Thermochemical Heat Storage 



Abbreviation Description 

TTES Tank Thermal Energy Storage 

TCM Thermochemical material 

IRR Internal rate of return 

MIRR Modified internal rate of return 

NPV Net present value 

PB Payback time of investment 

DEFINITIONS 

Definition Description 

𝐶𝐻𝐼𝑟+𝑠  

Charge input both sensible & reaction 

CA(OH)2(25°c) → CA(OH)2(510°c)  

CA(OH)2(510°c) →H2O(510°c) +CaO(510°c) 

𝐶𝐻𝑂𝑉  
Charge output 

H2O(510°c) → H2O(25°c) 

CHOCA  
Charge output sensible 

CaO(510°c) → CaO(25°c) 

𝐷𝐶𝐻𝑂𝑟  
Discharge output 

H2O(250°c) +CaO(25°c) → CA(OH)2 

𝐷𝐶𝐻𝐼𝑉  
Discharge input H2O p=2bar 

H2O(25°c) → H2O(250°c) 

RIP(MWh) Induction power for 1 reactor 

RM(kg) Mass of CA(OH)2 in 1 reactor 

ES(MWh) Energy storage 

RS(kg/h) Reaction size 

HES(MWh) Hourly Energy storage 

CHL(MWh) Charging limit 

HRS(kg/h) Hourly reaction sized 

RT(°C) Temperature of CA(OH)2 in 1 reactor 

RQ Quantity of reactor 
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1 INTRODUCTION 

1.1 Background 

The international energy agency reported an increasing trend of sharing the renewable 

energy in European union. In annual report of world energy outlook year 2017, it is predicted 

that 80% of the total energy will be supplied with renewable energy in 2040. After 2030, the 

wind power will be the major source of electricity due to the constant development of wind 

power both offshore and onshore(WEO 2017). Growth of renewable energy sources is the 

major driver of high merit-order effect of renewable energy in the future. In addition, lower 

marginal costs of renewable energy, in comparison with conventional power plants also 

results in a higher merit order effect of renewable energy. Consequently, the revenue of 

conventional power plants will be affected by merit-order effect(Deane et al. 2017).  

The daily, weekly and monthly variation of energy demands in the residential, industrial, 

commercial and utility sectors can be fulfilled with help of a synergic operation of Thermal 

Energy Storage (TES) (Dincer and Rosen 2010). 

In the future, the electricity spot price will have higher variation, and lower price with 

response to the demand. A CHP-plant without energy storage is limited to the configuration 

of the plant and thus it’s maximum heat and power generation. With the addition of an 

energy storage, further operation strategies by charging and discharging the storage for 

increasing heat and power production in the plant may be developed. 

The fundamental principal of thermal energy storage is by process of cooling, heating, 

melting, solidifying, or vaporizing a material. By reversing these processes, the energy is 

available as heat and the energy storage system works with these reversible processes. There 

are mainly three types of TES. Sensible heat TES that takes place by heating and temperature 

rise. Latent heat TES by melting or vaporization (or solidifying or liquefying). TES that is in 

the form of a chemical reaction is thermochemical TES. In all of these types of thermal 

energy storage, energy recovers in form of heating or cooling by reversing the process(Dincer 

and Rosen 2010).  

TES has different applications, mostly in heating and cooling. The state of the art for TES is 

mostly based on the molten salt technology, as the Phase change material(PCM), because of 

the domination of sensible and latent heat. PCMs with higher energy density than sensible 

TES, are characterized by low to moderate energy densities (0.2, -0.5
𝐺𝐽

𝑚3). The main challenge 

in utilization of PCM appears in large scale TES, with significantly high heat losses. The 

solution for overcoming this challenge is thermochemical heat storage (THS). This 
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technology offers a high energy storage density (0.5 to 3
𝐺𝐽

𝑚3). Heat losses are also lower which 

enable the potential of large scale, long time storage capacity.(Sakellariou et al. 2015). 

In this study, a promising thermochemical material(TCM) is investigated as THS. The 

performance of THS integrated with CHP-plant is studied and the following applications for 

charging and discharging the storage are considered. These applications are explained in 

further detail under section 4.24. 

1.1.1 Charging 

During low electricity price situations, it may be beneficial to use electricity as a heat source 

for the energy storage or district heating system. In (Schweiger et al. 2017), it is concluded 

that the potential of power to heat in Swedish district heating systems amounts to 0.2-8.6 

TWh with the assumption of applying electric boilers as power to heat technology. It is also 

concluded that by adding TES, the potential for power to heat is increased further. 

In this thesis, for charging the THS, only charging with low price electricity is considered due 

to the high temperature heat requirement for charging. the hourly variations in electricity 

price prediction in years 2020,2030,2040 is considered as electricity price. THS is charged 

during hours that electricity price is optimal. Other charging possibilities with different THS 

are discussed in the discussion part of the report.  

During charging the THS, the superheated steam as the product of the decomposition of the 

selected TCM, is also utilized to the DHN. Therefore, it covers a part of the heat demand of 

the DHN. More details are available in the section 4.2.1. 

During charging, the other product of decomposition, is solid calcium oxide at temperature of 

510°C. The heat content of calcium oxide after decomposition is considered as loss. More 

details are available in the section 4.2. 

1.1.2 DISCHARGING 

The heat from the THS may be used in several ways in the CHP plant. In this study, in the 

Table 1, these utilization pathways are considered. 

Table 1: Utilization of exothermic reaction energy 

utilization of the exothermic reaction’s energy in the form of heat during discharge 

❖ Reheating the steam in Rankine cycle ❖ Exchanging the available heat directly with DHN 

 

Depending on the discharge temperature of the THS, the discharged heat may be used for 

reheating the steam after the high-pressure turbine. More details are available in the sections 

4.3.3 & 4.3.4. By doing this, the electrical efficiency of the CHP-plant can be increased at the 

same time, the overall efficiency of the plant might increase as well.  
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The discharged heat also can be utilized as heat to the district heating system during high 

demand situations or as a complement to the boiler during low electricity price hours. By 

doing this, the plant fuel consumption can be reduced.  

1.2 Purpose/Aim 

In this work the feasibility of integrating THS with low price electricity as the charging source 

into the CHP-plant is investigated. The aim is to do a process design of a suitable THS, 

develop more flexible operational strategies to maximize the revenue, find optimal operation 

and optimal THS capacity in future scenarios with different variations in electricity price.  

1.3 Research questions 

• What are the major drivers for implementing THS into the CHP-plant? 

• What is the optimal operation of a common Swedish steam Rankine cycle integrated with high 

temperature THS when electricity is used as a charging source?  

• What are the promising candidates of THS when integrating it to CHP-plant? 

1.4 Delimitation 

Assumptions have been made in simulation, including the construction of the operational 

strategies, THS process design and THS operation in CHP-plant. In section 4, Current study, 

all assumptions are described in further details for the related area of study. Significant 

limitations for the simulation purposes, are described as follow: 

❖ This work is limited to current predictions of the hourly electricity price that always has some 

uncertainties.  

❖ The thermochemical material and technology studied in this study is assumed to be in an ideal 

form that is ready for commercial application.   

❖ The plant configuration limits the operation-flexibility of the CHP-plant.  

❖ The plant has a sensible heat storage (tank). For simplification, this storage is not modelled. 

Instead a separate biofuel boiler is simulated to cover the excess heat demand above the 

capacity of the main boiler.  

❖ Maintenance costs of the CHP-plant were not available. The maintenance costs of the CHP-

plant are assumed to be the same with or without THS. 

❖ The district heating demand is assumed to remain constant in years 2017, 2020, 2030 and 

2040. 

❖ Shifting the operation strategy in hourly basis, may have some limitation in the real CHP-

plant. In this study, it is assumed that it is possible to change the operation strategy hourly. 

❖ The conversion rate of chemical reaction is assumed to be full conversion.  
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2 METHOD 

In this section, the methodology is described and divided into parts: Literature study and 

modelling. Modelling is described in further detail under section 4, Current study. 

2.1 Literature Study 

Previous research has been studied in a literature study. Areas studied include CHP-plants, 

Energy systems, Electricity price predictions, Energy storage technologies, and complex 

systems with energy storage applied to different technologies. Research papers have been 

gathered from databases Google Scholar, Science Direct and IEEE. Other references were 

gathered from home pages, Google search and through Mälardalen University.  

2.2 Modelling 

The current operation of Sala CHP-plant, but excluding the SHS, is modeled in Ebsilon 

professional at different district heating loads. Steam-bypass over the turbine for utilization 

directly to the DHN is modeled to increase maximum heat production. The model is 

extended by adding a heat exchanger for reheat of the steam in the Rankine cycle, the energy 

for reheat is the high temperature discharge from the THS. Based on the heat exchanger 

performance in the Ebsilon model, a conceptual process design of the THS is done in the 

section 4.2, to determine the required process values of THS.  For simplification, the 

electricity production, fuel consumption, discharge from the THS, and steam extraction have 

been correlated as functions of heat demand. Different operational strategies are constructed 

in the section 4.3, by considering the limitation of the plant and more flexible operations with 

THS. 

An economic model is developed with the objective to optimize the operation of the plant to 

achieve the maximum annual revenue. In the section 4.5, different strategies for optimization 

are described. Optimization is done using single objective genetic algorithm to determine the 

optimal performance of the CHP-plant using the described strategies. Optimization is 

performed over an 8736-hour year. Optimization includes these information: which 

operation strategy is optimal strategy at a certain hour, charge or discharge of THS at a 

certain hour, optimal THS capacity that leads to highest revenue. 

Excel is used for the data handling and curve fitting. MATLAB is used for optimization.     

 

2.2.1 Controlling factors 

The DHN is controlling the heat demand and thus the cooling capacity of the condenser in 

the CHP-plant. The heat demand from the DHN must always be fulfilled and the plant shall 
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never generate more heat than is needed for district heating demand. The electricity power 

output of the plant is dependent on the electricity price and DHN heat load. Furthermore, the 

charge and discharge of the THS is considered for supplying the DHN with heat during 

periods of low electricity price and high heat demand. Fuel price and district heating prices 

are also considered for optimization purposes. 

2.2.2 Sensitivity analysis 

Since the THS technology chosen is still novel, the investment for the THS will be estimated 

for different investment costs to determine the maximum investment cost to make the 

addition of THS worthwhile. A sensitivity analysis will also be done for fuel price. 
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3 LITERATURE STUDY 

The literature study focuses on the Swedish energy system and different ways of storing 

thermal energy. The aim is to find a promising TES-candidates for use in the CHP-plant in 

the future Swedish energy system. 

3.1 Swedish energy system 

In 2017, electricity in the Swedish energy system was generated by 40% nuclear power, 40% 

hydropower, 11% wind power, and 9% power from heat and power plants (mainly biomass). 

The total electricity production was 159 TWh. The energy consumption in 2017 is more or 

less at the same level as for 15 years ago (Energimyndigheten 2018a).Today the Swedish 

electricity production is almost fossil free thanks to high penetration of nuclear and hydro 

power. 

The Swedish nuclear reactors Ringhals 1 and 2 are to be closed down in 2019-2020 

(Vattenfall 2017) and Oskarshamn 1 is expected to be closed down before 2020 (Bixia 2015). 

Even though the decision has been made that new reactors may be built, it takes many years 

to build them. Today the Swedish energy system is dependent on nuclear power for base 

electricity production. The transformation of nuclear power energy to renewable energy in 

the future may cause intermittent production of electricity which results in some challenges 

between production and demand.   

 (Karin Byman, Koebe, and Ingenjörsvetenskapsakademien 2016) investigated different 

pathways the Swedish electricity may be produced up to 2030 and 2050 to remain fossil free. 

The first of four pathways are more solar and wind-power. In this case the wind and solar 

power is increased, and up to 70 TWh of electricity is to be generated from wind power, and 

20 TWh is to be generated from solar power annually. This case is seen as the case with most 

challenges in the future, because the electricity production is intermittent. The grids must be 

extended internally, but also between countries with high penetration of solar and wind 

power. It is stated that high volumes of over-and underproduction may occur locally. 

The second case is with more electricity from biofuels. Here about 40 to 60 TWh of electricity 

shall be generated from biofuels annually. Wind power is also extended to 30-50 TWh and 

solar power to 5 TWh. It is stated that for this case to work, the CHP-plants must have a 

better collation between electricity and heat markets, and that new means of cooling the 

steam-cycle should be investigated, so more electricity can be produced when needed. 

The last two cases are new nuclear power and extended hydro power. In the case with new 

nuclear power, the mix for producing electricity is similar to today, but the nuclear reactors 

are replaced with new ones, wind power is extended to about 20 TWh and solar power to 

about 5 TWh. In the case with extended hydro power, hydro power is built in the rivers that 

are protected by environmental restrictions today. The bio power is also extended to 30-

40TWh. This case is seen as the most flexible since hydro power can react to the demand, 

however over capacity in northern Sweden may occur.  
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Various sources state the electricity price is predicted to increase in the future. The company 

Bixia has done a long-term prediction of the electricity price which states that the electricity 

prices will decrease until 2019, but then increase to an average price of 37 EUR/MWh in 

2030, compared to about 27 EUR/MWh in 2016. They also predict larger variations of 

electricity prices during the day, mostly since the wind power is increased. Even today, signs 

that the wind power decreases the electricity price during windy weather have been observed 

(Bixia 2017). Profu draw similar conclusions in the report (Profu 2010), where the production 

electricity price is expected to increase by almost 30% in 2030, compared to today’s prices. 

Svenska kraftnät predicts that when the electricity production from nuclear power decrease, 

uncertainties of the electricity price arise. They predict that the purchasing price of electricity 

from wind and hydro power increase to roughly 42-47 EUR/MWh in 2030 in areas SE2 and 

SE3 (Hilda Dahlsten 2017). 

The fuel for the CHP-plant is mostly biomass that is locally available. Today, a total demand 

for forest-based biomass for energy purposes is 130 TWh annually, and it is expected to 

increase by 30TWh in 2030 and 35-40 TWh in 2050 (Börjesson, Hansson, and Berndes 

2017). The effective use of biomass for both power and heat-production means significant 

reductions in CO2-emissions, compared to the use of Natural Gas or other fossil fuels and can 

therefore be an important part of a sustainable energy system. In Europe, only a small part of 

the heat in CHP-plants is generated by renewable resources. The main fuels for CHP-plants 

in Europe are natural gas and coal resources (Werner 2017). 

The district heating plants are usually equipped with short term sensible energy storage (hot 

water tanks) to enhance the operation flexibility of the plant. The district heating 

network(DHN) itself may also be used as energy buffer, by increasing the temperature in the 

DHN during low demand. An advantage of using the DHN as an energy buffer is that no 

additional investments must be made, on the other hand the overall heat losses are increased 

(Sartor and Dewallef 2018). 

3.2 Sensible heat storage (SHS) 

Sensible heat storage’s(SHS) principle is with raising the temperature of storage material and 

increasing the internal energy during charging process(Eslami and Bahrami 2017). SHS are 

bulkier and mainly based on the weight, heat capacity(Dinker, Agarwal, and Agarwal 2017). 

SHS is the most developed and applied type of thermal energy storage. There is no phase 

change occurrence in SHS material and this system applies the temperature difference to a 

medium to store energy.(Scapino et al. 2017). SHS’ main components are a storage medium, 

a container, connection and nozzles as the inlet and outlet. Because of the potential of heat 

losses, SHS container usually equipped with thermal insulation. The SHS potential can be 

expressed by Equation 1 (Zhang et al. 2016): 

Equation 1 Sensible heat 

𝑄 = 𝑚 ∫ 𝐶𝑃

𝑇𝐻

𝑇𝐿

𝑑𝑇 = 𝑚𝑐𝑝(𝑇𝐻 − 𝑇𝐿) 
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𝐶𝑃 is specific heat of storage material at constant pressure. The mass of storage material is 𝑚. 

The high and low temperatures of SHS application are 𝑇𝐻 & 𝑇𝐿. 

Sensible heat storages can vary in size from small tanks to large scale Borehole Thermal 

Energy Storage (BTES) or Aquifer Thermal Energy Storage (ATES) used for seasonal energy 

storage. 

Most Swedish district heating plants use Tank Thermal Energy Storage (TTES), or 

accumulator tanks for short time storage of heat. The principle is that hot water is stored in a 

large insulated tank and heat can be discharged during peaks in district heat demand. Due to 

the simple design, the technology is inexpensive, however, the disadvantages include limited 

capacity and is only suitable for short term storage (Michael Harris 2011). Pit Thermal 

Energy storages (PTES) are similar to TTES, since the main storage media most of the time is 

water, but instead of storing it in a tank above ground, a tank is constructed underground 

and closed by an insulated lid. The storage can also be filled with 60-70% gravel, but because 

the heat storage capacity per cubic meter decrease, a PTES with this mixture must be 1.3-2 

times larger than a PTES with water as storage media to achieve the same storage capacity. 

The soil and rock around the acts as insulation and extra insulation is often not needed on 

the bottom and sides of the storage. Well stagnant ground is suitable for this type of water, 

since it is preferable to avoid groundwater (International Energy Agency 2015). 

The principle of a Borehole Thermal Energy Storage (BTES) is that mainly the geology 

around the boreholes is used for storing heat. Boreholes are drilled to a depth of roughly 50-

200 m and hot water is circulated through borehole “U-pipes” for heat transfer between the 

geology and water media. Given the right prerequisites, this storage type is suitable for 

seasonal storage due to high heat capacity and thermal conductivity. However, it is limited to 

the geology, where ground water is favorable, but ground water velocity should be less than 1 

m/s to minimize heat losses (Alva, Lin, and Fang 2018). The size of the BTES can vary a lot in 

size, from a single borehole to hundreds of holes. The roundtrip efficiency varies from about 

60% from small storages to 85-90% for large systems (Edstedt, Nordell, and Statens råd för 

byggnadsforskning 1994). BTES have high capital cost, compared to other sensible heat 

storage options (Alva, Lin, and Fang 2018). 

Natural occurring aquifers can be used for storage of heat in an Aquifer Thermal Energy 

Storage (ATES). Two wells are required, one hot and one cold. During heat charge, water 

from the cold well is heated and injected to the hot well (International Energy Agency 2015). 

The energy is stored in the materials within the aquifer that can be gravel, water, rock and 

other substances. This storage type is dependent on natural rock formations that enclose the 

storage, and thus giving no to very now natural ground flow. Due to these limitations, 

locations suitable for this storage type are scarce. ATES have low capital cost, compared to 

other thermal storages, due to only a few wells for supplying and extracting the heat must be 

drilled, making it one of the cheapest storage types. ATES is also suitable for seasonal 

storage. Since the heat is stored in ground water, environmental permission may have to be 

granted, which could rule out this option as energy storage in certain aquifers (Alva, Lin, and 

Fang 2018). 
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Table 2 highlights the advantages and disadvantages of different sensible energy storage 

types for seasonal storage (Michael Harris 2011). 

Table 2: Sensible heat storage advantages and disadvantages 

 

Aquifer TES Borehole TES Pit TES 

A
d

v
a

n
ta

g
e

s
 ❖ High capacity for a 

“low” price (pay off 
usually around 2-3 
years) 

❖ Suitable for most 
locations 

❖ Good price/capacity-
ratio 

❖ High temperatures 
❖ Easy to get 

permission 
❖ More economical if size 

is increased 

D
is

a
d

v
a

n
ta

g
e

s
: 

❖ Can be difficult to get 
permission due to 
environmental 
restrictions 

❖ Drilling can be 
expensive (pay-off 
usually around 5 
years) 

❖ Requires a lot of space 
(shallow storage) 

❖ Usually high 
maintenance cost of 
wells 

❖ High storage 
capacity requires 
many boreholes 

  

❖ Monitoring of water 
flows 

❖ Maintenance of 
boreholes 

  

❖ Few suitable locations 
(Often requires one or 
more existing aquifers 
and rocks holding the 
aquifer in place) 

    

 

3.3 Latent heat Storage (Phase-Change Materials)  

Latent heat storages (LHS) apply the phase change materials (PCMs), remove and store 

energy in phase transition of the PCMs. PCMs absorb heat during temperature rising. The 

heat absorption is like sensible material until the PCM reaches the temperature of phase 

transition. After phase transition temperature, PCM’s chemical bonds break and it starts to 

absorbs energy at constant temperature(K. S. Reddy, Mudgal, and Mallick 2018). A certain 

amount of heat is needed for phase transition of a substance so called latent heat of fusion 

and a certain amount of heat needed to be removed from a substance to come back to the 

former phase(Dincer and Rosen 2010). Exploiting this phase change enthalpy of PCMs, 

utilize the energy storage in the certain range of temperatures, depends on the characteristic 

of the PCMs. The typical PCMs that applied in LHS are solid-liquid, liquid-gas and solid-

solid(Scapino et al. 2017).  
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The storage capacity of LHS can be expressed by Equation 2. In Equation 2, 𝑇𝑚 is the melting 

point of the PCM. Specific heat of PCM is expressed by 𝐶𝑃𝑙  & 𝐶𝑃𝑠 in liquid and solid phases. 

Enthalpy of phase change is expressed as ∆𝐻𝑚. In the case of when the specific heat is not as 

a function of temperature, the equation can be expressed by Equation 3(Zhang et al. 2016). 

Equation 2 Heat of PCM's phase transition 

𝑄 = 𝑚 ∫ 𝐶𝑃𝑠

𝑇𝑚

𝑇𝐿

𝑑𝑇 + 𝑚∆𝐻𝑚 + 𝑚 ∫ 𝐶𝑃𝑙

𝑇𝐻

𝑇𝑚

𝑑𝑇 

  

Equation 3 Heat of PCM's phase transition when Cp is independent to temperature 

𝑄 = 𝑚[𝐶𝑃𝑠(𝑇𝑚 − 𝑇𝑙) + ∆𝐻𝑚 + 𝐶𝑃𝑙(𝑇𝐻 − 𝑇𝑚)] 

The most common LHS is known as melting-solidification cycle, at the specific constant 

temperature with different temperature ranges and for the specific thermal applications. The 

absorbed or released energy during phase transition as melting-solidification is known as the 

latent heat of fusion(melting). In Figure 1, the 

latent heat of vaporization is significantly larger 

than the latent heat of fusion(melting). But 

most of the applications of PCMs are on solid-

liquid LHS system. The main reason for this, is 

the high density change that takes place during 

liquid-gas phase transition; Therefore, it 

requires a significant quantity of equipment 

that makes the application unfeasible(Fleischer 

2015a).  

Figure 1: Standard heating curve(Fleischer 2015a)  

As described, the solid-liquid LHS is the most common type of LHS. For solid-liquid 

applications, PCMs are classified into the main three categories. Organic compounds, 

inorganic compounds and eutectics mixtures. All of these three PCMs categories are 

classified into the subgroups in Table 3(Lizana et al. 2017).  

Table 3 Classification of solid-liquid PCMs 

phase change material 

Organic compound Inorganic compound Eutectics 

Paraffin wax Salt hydrates Organic-organic 

Fatty acids Metallic Inorganic-organic 

Alcohols 
 

Inorganic-inorganic 

Esters 
  

 

(Farid et al. 2004) reviews different kinds of phase-change materials (PCMs). The study 

investigates Paraffin Waxes and hydrated salt storage. The focus is on storing energy from 

solar energy, but it is stated that the storages can be used for other applications. It is 
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concluded that most organic PCMs are non-corrosive, chemically stable and exhibit little or 

no sub-cooling. They are also compatible with most building materials, have high latent heat 

per unit of weight and low vapor pressure. On the negative side, they have high volume 

change on phase-changes and flammability, and low thermal conductivity. (Lizana et al. 

2017) in comparison with paraffin it is stated that fatty acids, esters and alcohol have higher 

flammability, toxicity and low thermal conductivity which limited the application of them in 

the building.  

Inorganic compounds have higher latent heat per unit of volume, high thermal conductivity, 

and are non-flammable. They are also low in cost in comparison with the organic substances 

(Farid et al. 2004). Salt hydrates are a combination of inorganic salt (oxides, carbonates, 

sulphates, nitrates and halides) and water molecules. Salt and salt hydrates have a wide range 

of melting points that enable operating range of 10 °C to 900 °C (Fleischer 2015b). Inorganic 

PCMs are corrosive to most materials. Their face sub-cooling and decomposition properties 

can affect their phase-change capacities. Because of this, inorganic compounds require 

thickening agents to minimize sub-cooling and phase segregation(Farid et al. 2004). Metallic 

PCMs in LHS applications are not widely applied because of high weight density. But based 

on the high thermal conductivity, high latent heat of fusion, low specific heat and less vapor 

pressure, they are potential candidate in TES(K.S. Reddy, Mudgal, and Mallick 2018).   

Eutectic PCMs are combination of two or more PCM components, mostly inorganic and/or 

organic, that do not shape a new chemical compound(Lizana et al. 2017). The certain ratio of 

these compounds results in crystallization inhabitant that leads to lower melting temperature 

than its components. Thermal properties of few eutectic PCMs are known and there are 

further investigation in this area(K.S. Reddy, Mudgal, and Mallick 2018).  

(Fleischer 2015c) reviewed the applications of PCMs in LHS. Almost 50 years ago, there was 

an interest in PCMs for thermal management systems. In Table 4, the most popular 

applications of PCM are listed.  

 
Table 4: most common PCM applications 

PCM applications 

Electronic 
thermal 
management 

Building solar energy 
plants 

domestic 
solar 
application 

packed 
bed design 

Textile 
design 

 

In 1970 NASA implemented PCMs as what they called “thermal capacitor” in moon vessels 

and Skylab. 1977 NASA published a tech brief handbook for design and control strategy of 

PCMs.  At the same decade, there was a development in conception of embedding PCMs in 

building material to enhance the efficiency of energy consumption by reducing the heating 

and cooling load. There was also building application of TES with PCMs in solar systems for 

domestic hot water. TES with PCMs was interesting also for large solar plants. It was also in 

that decade that the studies were started on comprehensive thermophysical and numerical 

study of PCMs. In 1980 by significant growth in computer science and technology, PCMs 

material were studied and integrated to the high-performance process military, consumer 

electronics. Finally, the most recent application of PCMs are on textile design for energy 

absorbing clothing. 

In depth review of PCMs is not in the scope of this thesis but worthy to have a general review 

as one of the TES alternatives.        
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3.4 Thermochemical heat storages (THS) 

Thermochemical heat storage (THS) absorbs heat during a reversible chemical reaction and 

release it in the reverse reaction(Zhang et al. 2016). Thermochemical heat storages have an 

excellent energy density in comparison with other methods of storing heats(Aydin, Casey, 

and Riffat 2015). A chemical reaction that mostly is under constant pressure can equates in 

this form: 

𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

Standard Enthalpy of reaction ∆𝐻°
𝑟𝑥𝑛 is the difference between summation of enthalpies of 

products and summation of enthalpies of reactant.  

∆𝐻°
𝑟𝑥𝑛 = ∑ 𝐻°(𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠) − ∑ 𝐻°(𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠)      

Sign of enthalpy of reaction defines the nature of reaction whether it is endothermic or 

exothermic(Chang and Goldsby 2012). THS applies the reversibility of chemical reaction to 

absorb, store and release energy in the form of heat. In a reversible chemical reaction, heat 

can be released/stored when the bounds between the reactants breaks. Thermochemical heat 

storage can be expressed with different terminology “chemical”, “thermochemical sorption”, 

“sorption” and “compact storage”(Fopah Lele n.d.).  

One of the most important information is the temperature which reaction proceeds in a 

favorable manner. For thermochemical energy storage we can express this temperature as 

operating temperature or condition. Due to second law of thermodynamic: the entropy of the 

universe increases in a spontaneous process and remain unchanged in an equilibrium 

process. 

(Chang and Goldsby 2012) states that the standard entropy of reaction ∆𝑠𝑟𝑥𝑛 is important to 

study the spontaneous condition of reaction and it can be expressed as follow: 

∆𝑆°
𝑟𝑥𝑛 = ∑ 𝑆°(𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠) − ∑ 𝑆°(𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠) 

To clarify and making the spontaneity of reaction clear, the thermodynamic term Gibbs free 

energy is important for calculation of the suitable operating temperature of chemical reaction 

in constant pressure and temperature. The free energy 𝐺 is expressed as: 

Equation 4 Gibbs free energy 

𝐺 = 𝐻 − 𝑇𝑆 

Both terms at the right side of the Equation 4, is in the form of energy unit enthalpy and 

entropy of the system. T is the temperature of the system. G has the unit of energy like S and 

H. G is a state function. The change in free energy of the system can be expressed by: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 

T is the constant-temperature of the system and Free energy is the available energy to do 

work. Due to entropy changes in the system and the enthalpy changes of the system at the 

specific temperature that makes ∆𝐺 negative enough it guaranties that the reaction is 
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spontaneous. With those range of temperature (T) that makes ∆𝐺 positive, the system is 

nonspontaneous in the opposite direction. When ∆𝐺 = 0 system is at equilibrium(Chang and 

Goldsby 2012).  

By finding the equilibrium condition (∆𝐺(𝑇∗) = 0), the transition temperature, 𝑇∗ , at the 

given standard pressure can be determined with Equation 5. During charging 𝑇 > 𝑇∗ which 

decomposition dominates. When 𝑇 < 𝑇∗ synthesis dominates and the discharging takes place 

in the system(Alva, Lin, and Fang 2018). 

Equation 5 Transition temperature of chemical reaction 

𝑇∗ =
∆𝐻(𝑇∗)

∆𝑆(𝑇∗)
 

The ideal thermochemical heat storage material selection generally characterized with these 

items that summarized in the Table 5(Yan et al. 2015). 

Table 5 Ideal characteristics of TCM adapted from  (Yan et al. 2015)  

Ideal characteristics of material/chemical reaction for thermochemical 
heat storage 

❖ Moderate reaction temperature and high reaction heat; 

❖ Good reversibility without apparent secondary reaction; 

❖ Fast enough forward and reverse reaction rate to facilitate the energy charging and 
discharging; 

❖ Easily separated and stably stored reaction products; 

❖ Non-toxic, non-corrosive, non-flammable and non-explosive reactants and products; 

❖ Small volume variation during reaction; 

❖ Large-scale availabilities and abundance, cheap price. 

 

Thermochemical TES system are on laboratory scale development and in some cases on pilot 

projects. Development of thermochemical heat storage is a multi-disciplinary work that 

requires development from different technical engineering before it commercially becomes 

viable in operation(Pardo et al. 2014). (Garg, Mullick, and Bhargava 1985) &(Pardo et al. 

2014) identified the technical disciplines that is essential in development of thermochemical 

TES system in Table 6.  



14 

Table 6: Technical development of THS adapted from(Pardo et al. 2014; Garg, Mullick, and Bhargava 1985) 

inter-disciplinary of thermochemical heat storage material/chemical reaction 

chemistry process engineering material heat transfer system analysis 

reaction selection operating process 
plant 

corrosion reactor/heat 
exchanger design 

technical and 
economic feasibility 
studies 

reversibility process sizing impurities factor catalytic reactor 
design 

process safety 

reaction rates process 
optimization 

inexpensive 
materials of 
construction 

improving the heat 
transfer 

cost benefit studies 

operating condition 

  

thermodynamic 
optimization 

 

catalyst lifetime 

    

kinetic 

    

 

Chemical reaction can be classified into two main groups. Chemical reaction heat storage 

without sorption and chemical sorption heat storage. The most typical and promising 

candidate reaction for both chemical reaction and sorption chemical reaction based on the 

phase of reactor and reactance summarized in Table 7, by (Yan et al. 2015).  

Table 7 Thermochemical reaction classification with some promising candidate(Yan et al. 2015)  
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3.4.1 Ammonia based chemical reaction 

The chemical reaction is  2𝑁𝐻3(𝑔) ↔ 𝑁2(𝑔) + 3𝐻2(𝑔) with the reaction enthalpy of 66.8 
𝑘𝑗

𝑚𝑜𝑙
 

ammonia at 20 MPa and 300 K. Technical feasibility of ammonia-based TES system for 

concentrating solar power has been proven among different studies. A concentrating solar 

plant with 400 larges dishes, with area of 400 𝑚2 arranged in array can supply a 10 MW base 

load plant with a synthesis reactor by rate of 1500 t/day. The heat of the synthesis reaction 

can utilize a power cycle to produce the superheated steam at 793 K and pressure of 10 

MPa(Yan et al. 2015). (Chen et al. 2018) presents the advantages of ammonia based THS as 

follows, relative to other technologies: 

❖ Single step reversible dissociation-synthesis reaction without any side reactions with essential 

control of the reaction path. 

❖ All elements, Ammonia, nitrogen and hydrogen remain stable at the operating temperatures. 

❖ Both reactants and products are abundant. 

❖ Automatic phase separation in ambient temperature because of the large density difference 

between ammonia and hydrogen/nitrogen gas mixture, which leads to that, they can be stored 

in the same tank. 

❖ The enormous industrial experience with ammonia synthesis is available(Chen et al. 2018). 

 

3.4.2 Sulphur trioxide (𝑺𝑶𝟑) dissociation 

Another promising candidate for gas-gas chemical reaction is the chemical reaction of 

Sulphur trioxide (𝑆𝑂3) stand on the reversible dissociation of 𝑆𝑂3.  

2𝑆𝑂3(𝑔) ↔ 2𝑆𝑂2(𝑔) + 𝑂2(𝑔) 

Decomposition proceeds in temperature range of 1073-1273 K without any unwanted side 

reaction. Reactivity enhancement can be done with presence of a proper catalyzer. In this 

form of THS the gases 𝑆𝑂2, 𝑂2 from dissociation reaction are deliverable with pipes for 

heating purposes. In one study with integration of this chemical reaction THS with a solar 

plant steam cycle, the heat storage system efficiency is about 58% with overall conversion 

efficiency from thermal to electric energy of 26%. The related solar power plant steam cycle’s 

efficiency is about 40%(Yan et al. 2015).  

3.4.3 Methanol decomposition 

The decomposition of methanol is a potential candidate for low temperature application 

since the decomposition takes place in low temperature. 

𝐶𝐻3𝑂𝐻(𝑔) ↔ 2𝐻2(𝑔) + 𝐶𝑂2(𝑔)  
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The good properties of methanol decomposition are that it is cheap, clean and can be stored 

conveniently. There is a proposal for two step liquid-phase including the intermediate 

products methyl as follows: 

 𝐶𝐻3𝑂𝐻 + 𝐶𝑂 → 𝐻𝐶𝑂𝑂𝐶𝐻3 ;  𝐻𝐶𝑂𝑂𝐶𝐻3 + 2𝐻2 → 2𝐶𝐻3𝑂𝐻 

The two-step decomposition, by conversion ratio of 90% can reach the transportation 

efficiency of 75% (Yan et al. 2015).    

3.4.4 Methane reforming 

Methane reforming chemical reaction as THS is another promising candidate in application 

of solar heat and industrial waste. The temperature of endothermic reaction is high. By 

reversible exothermic reaction, as a positive point, there is a possibility of long distance 

transportation of the gas as the product of reforming reaction. As a result, methane 

reforming reaction is a potential and effective candidate for on operation energy system with 

means of utilization and optimization. Methane reformation with water or carbon dioxide 

widely applied in industrial production with 𝐶𝑂2 or steam reforming(Anikeev et al. 1998). 

But solar reforming of methane got a great attention recently. 

𝐶𝐻4(𝑔) + 𝐻2O → 𝐶𝑂(𝑔) + 3𝐻2(𝑔)  

𝐶𝐻4(𝑔) + 𝐶𝑂2(g) → 2𝐶𝑂(𝑔) + 2𝐻2(𝑔)   

Theoretically, by supplying the heat of endothermic reaction of methane reforming to 

produce syngas via solar power plant, the calorific value of feedstock methane can be 

upgraded by 22-28 %. The CH4/CO2 reforming is superior in comparison to CH4/H2O 

reformation. The side reaction, water-gas shift and insufficient exothermic heat rate are 

drawbacks for CH4/H2O. Solar reforming of CH4/CO2 has had experimental feedback more 

than 20 years. The solar CH4/CO2 provide the energy or in other words, store the energy into 

a high-grade energy as well as reducing the CO2 emission(Yan et al. 2015).  

(Brown et al. 2014) clarify the impact of syngas as the product of methane reforming THS 

with an example. The General Electric syngas turbine, 7FA, has a capacity of 232 MW. In 

comparison to the same turbine but, natural-gas fired, 7FA, has 3% higher LHV efficiency.  

For combined cycle it has even more advantages. The syngas-fired combined cycle plant has 

10 % higher efficiency than natural gas fired combined cycle power plant correspondingly 

67.9 % and 57.5 %.  

3.4.5 Ammonia hydrogen sulfate chemical reaction: 

(Wentworth and Chen 1976) investigated the decomposition of ammonium hydrogen 

sulphate. The author constructed 10 criteria for applicability of a reaction with means of 

thermochemical heat storage. Ammonium hydrogen sulphate satisfied all these criteria and it 

is a promising reaction.  

𝑁𝐻4𝐻𝑆𝑂4(𝑙) ↔ 𝑁𝐻3(𝑔) + 𝐻2𝑂(𝑔) + 𝑆𝑂3(𝑔) 
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The endothermic reaction temperature and exothermic released temperature depend on the 

condition of the reaction. The thermal energy storage density varies between 3.098 and 4.102 
𝐺𝐽

𝑚3 by storing 𝐻2𝑂, 𝑁𝐻3, 𝑆𝑂3 as liquids at ambient pressure. Two-step reaction proposed for an 

effective separation of 𝐻2𝑂, 𝑁𝐻3, 𝑆𝑂3 . The endothermic reaction, by employing one metal 

sulphate( 𝑀2𝑆𝑂2) to form intermediate pyrosulphate ( 𝑀2𝑆2𝑂7). The decomposition of ( 

𝑀2𝑆2𝑂7) leads to an effective decomposition of ( 𝑀2𝑆2𝑂7) in a way that gas product of 

decomposition (𝐻2𝑂, 𝑁𝐻3, 𝑆𝑂3) can be condensed for long term transportation and 

storage(Yan et al. 2015).  

(Wentworth and Chen 1976) investigated twenty-five metal oxides, among them, 𝑍𝑛𝑂 was the 

best intermediate reagent for this reaction that gives the best separation in decomposition. 

𝐻2𝑂(𝑔) at temperature of 436 K, 𝑁𝐻3(𝑔) at temperature of 638-691 K and the mixture of 

 𝑆𝑂2 𝑎𝑛𝑑 𝑆𝑂3 at temperature of 1173 k. The endothermic reaction, by employing the 𝑍𝑛𝑆𝑂4 

was also very fast and progressive at temperature of 1123 K. 

3.4.6 Redox system: 

Storing and release or retrieval of heat takes place during the reduction and re-oxidation of 

solid metal oxides in REDOX (reduction and re-oxidation) system. During charging, the 

oxide undertakes a reduction. During discharge, by employing cool air, heat releases during 

the re-oxidation. In the REDOX system both heat transfer fluid and reactant can be 

air(Project Staff 2011). In one study due to the study of 74 metal oxide reaction with chemical 

reaction and equilibrium software (HSC), these pairs nominated as the potential candidate 

for THS, in operating range temperature of solar thermal power plant(STPP)(Agrafiotis, 

Roeb, and Sattler 2016). 

2𝐵𝑎𝑂2 + ∆𝐻 ↔ 2𝐵𝑎𝑂 + 𝑂2;  𝑇𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 = 690°𝑐; ∆𝐻 = 474
𝑘𝐽

𝑘𝑔
    

2𝐶𝑜3𝑂4 + ∆𝐻 ↔ 6𝐶𝑜𝑂 + 𝑂2;  𝑇𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 = 870°𝑐; ∆𝐻 = 844
𝑘𝐽

𝑘𝑔
     

6𝑀𝑛2𝑂3 + ∆𝐻 ↔ 4𝑀𝑛3𝑂4 + 𝑂2;  𝑇𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 = 1000°𝑐; ∆𝐻 = 204
𝑘𝐽

𝑘𝑔
     

4𝐶𝑢𝑂 + ∆𝐻 ↔ 2𝐶𝑢2𝑂 + 𝑂2;  𝑇𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 = 1030°𝑐;  ∆𝐻 = 811
𝑘𝐽

𝑘𝑔
  

Barium oxides showed a good potential but, some difficulties in reaction conversion in kinetic 

studies considers as the draw back(Pardo et al. 2014). Direct thermal dissociation of metal 

oxides is quite energy consuming and difficult in practice. In some studies the binary 

iron/cobalt oxide shows a good structural ability that leads to long duration reversibility with 

10% iron at the same time maintaining the enthalpy sufficient for THS (Yan et al. 2015). 

(Agrafiotis, Roeb, and Sattler 2016) reviewed different redox pairs and characterized each 

pair for the application of air operated STPP. The study concluded that there are a series of 

challenges in the real-world application of barium oxide as THS. The study predicts the 

trends of REDOX system development in combination of two single metal oxides for large 

scale application.       
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3.4.7 Reversible chemical reaction of Metal hydroxide 

The reaction of metal oxides with water(steam) is a possible choice for heat storage 

application. The most typical metals that has this potential are in groups of the alkaline and 

alkaline earth metal. Mg(OH)2 , Ca(OH)2, Sr(OH)2 or Ba(OH)2 and LiOH are heat storage 

materials but most of the investigations and experimental laboratory are for magnesium 

hydroxide and calcium hydroxide(Felderhoff, Urbanczyk, and Peil 2013).  

Calcium oxide chemical reaction with water is one of the high energy density TCM. The 

operating temperature depends on the steam partial pressure, can varies between 623 K and 

1173 K, respectively, for 0 to 2 bar steam partial pressure. With high experimental material 

energy density of 200
𝑘𝑊ℎ

𝑚3  , high number of reversible cycles, no by product, product 

separation, the high availability and low price, non-toxic product and over 10 years of 

experimental feedback on reaction and its technology, calcium oxide has a high potential of 

utilization in large scale THS. Some challenges in applying this reaction as THS is 

agglomeration and sintering, change of volume to 95% and low conductivity(Pardo et al. 

2014).  

𝐶𝑎(𝑂𝐻)2(𝑠) + ∆𝐻 ↔ 𝐶𝑎𝑂(𝑠) + 𝐻2𝑂(𝑔); ∆𝐻 = 104
𝑘𝐽

𝑚𝑜𝑙
    

As mentioned with more than 10 years of experience feedback in applying salt in THS, there 

are further improvement in the technology of salt. SaltX Company (former Climatewell AB) 

in Sweden developed a method of salt treatment in year 2011 to enhance the capability of 

Calcium oxide and or salt hydration. One of the main drawback of THS materials is corrosive 

reaction in contact with atmospheric tank during absorption. SaltX developed a method to 

manufacture a particle consists of a salt (Cao) as inner part and hydrophobic nanoparticles as 

the outer coating of particle. The advantages of these particles (Nano coated calcium oxide) is 

eliminating the effect of corrosion almost completely by enclosing the salt within the 

hydrophobic nanoparticles. This leads to long term stability of the absorption machines and 

open new horizons for the application of salt material in form of chemical reaction. The form 

of NCS stops the salt migration in liquids or gas phases. 100 times greater surface contact 

claimed to be achieved with NCS particles in compare with the common salt absorption. NCS 

particles reduce the system costs by eliminating the needs of expensive circulating pump and 

corrosion inhibitor injection package as the PH buffer to counteract with corrosion(Bolin and 

Glebov 2016). 

Magnesium hydroxide with operation temperature between 450-550K for charge and 

discharge(Felderhoff, Urbanczyk, and Peil 2013). Sufficient reaction rate both forward and 

backward approved in some studies for this reaction to apply it for TES(Pardo et al. 2014).  

𝑀𝑔(𝑂𝐻)2(𝑠) + ∆𝐻 ↔ 𝑀𝑔𝑂(𝑠) + 𝐻2𝑂(𝑔); ∆𝐻 = 81
𝑘𝐽

𝑚𝑜𝑙
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3.5 Energy storage for CHP 

(Aravindh Murali 2017) reviews both latent heat storage and PCM that can be used with 

CHP-plants. It is stated that implementation of a TES into the combined CHP plants has 

great potential for increasing the energy efficiency in industries. By introducing a SHS(tank) 

the energy efficiency and flexibility of the CHP is increased, while CO2 emissions and energy 

consumption is decreased. The CHP can also operate more continuously and increase the 

operating hours of the plant. When properly optimizing and controlling the operation of the 

TES, the Combination of CHP and TES can adapt to areas with high renewable penetration. 

New technologies for heat storage will have the ability to further increase the energy 

efficiency and reduce costs. 

Researchers at University of Liége in Belgium (Sartor and Dewallef 2017) investigated the 

benefits of integrating SHS (tank) into DHN. The model is applied to the DHN of University 

of Liége. The model is built to estimate the economic, environmental, and energetic 

performance of the CHP plant when connected to DHN. Both seasonal and short-term use of 

the SHS is evaluated. They conclude that an hourly optimal volume of the storage can be 

found, but SHS is not feasible from an economic standpoint due to long pay-back time and 

lack of subsidies from the Belgian government. For seasonal storage, it is not possible to find 

an optimal volume and large investment costs combined with few operating hours means 

that it is not economical.  
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4 CURRENT STUDY 

The current study-section is divided into different sub-parts. Under 4.1 a brief overview of the 

CHP-plant in Sala is given. In section 4.2 the thermochemical design of the energy storage is 

explained. In 4.3 the different CHP-plant operational strategies are introduced. Under 4.4 

the economic model is displayed and in 4.5 optimization strategy over the dynamic time-

frame is explained. 

4.1 Sala CHP-plant 

 

The CHP-plant in Sala uses biofuel for production of 

electricity and heat. The total maximum electrical power 

generation is 9,6 MW and 20,9 MW heat production with 

district heating return/supply temperatures of 47/82 °C. 

The boiler is of the type Bubbling Fluidized Bed with 

dimensioned power of 32 MW (Fjärrvärmebyrån AB 

1999). 

The turbine is single axle of reaction type with exit to feed 

water tank (stage one), low pressure pre-heater (stage 

two), and two stage district heating (stage three and four). 

During 100 % load the steam data after the boiler is 80 

bar at 480 °C. At the first stage it is 11 bar and 246,3 °C, at 

the second stage it is 3,6 bar at 139,9 °C, at the third stage 

it is 0,566 bar at 84,5 °C and at the fourth stage it is 0,3 

bar at 67 °C. The mass flow of steam from the boiler is 

11,95 kg/s. The district heating return temperature is 47 

°C return and supply temperature is 82 °C during design for 100 % load. Figure 3 is the flow 

chart for 100% load. Flow charts for 25 %, 50 % and 75 % can be found in Appendix 1. 

Figure 2 : Boiler at Sala CHP-plant. Captured from reference (Fjärrvärmebyrån AB 1999). 
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Figure 3: Sala CHP-plant at 100% load 

The district heating demand of Sala for 2017 (David Zheng (SHEAB) 2018) is shown in 

Figure 4.  

 

Figure 4 District heating hourly demand Sala 2017 

The district heating demand peaks in January at 41.1 MW. The red area in the Figure 4 shows 

the heat demand that cannot be fulfilled by the current operation of Sala CHP-plant.  
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4.2 Thermochemical process design  

Different types of energy storage are discussed theoretically in chapter Literature study. In 

this thesis, mainly, the objective of simulation is to find out the best utilization pathways and 

configurations of THS with TCM into the CHP plants. According the Literature study,  section 

3.4, thermochemical heat storage is the best choice for large scale application, when high 

discharge temperature is desired.  

Calcium hydroxide decomposition in application of THS is reviewed. The required heat rate 

for endothermic chemical reaction, required sensible heat rate to raise the calcium 

hydroxide’s temperature to the transition temperature and exchangeable heat rate of calcium 

oxide after decomposition are summarized, as the result of an experimental laboratory 

experience (Kanzawa and Arai 1981). In this simulation, the listed data in the Table 8, is 

applied as some of the input data for modelling the THS. In the Table 8, the required heat 

rate for charging the THS, is the summation of required heat rate to raise the temperature of 

calcium hydroxide and the required heat rate for endothermic chemical reaction.  

Table 8: Laboratory experience endothermic reaction of calcium hydroxide decomposition  

Reaction Phenomena Heat rate(kJ/mol) 

𝐶𝑎(𝑂𝐻)2(𝑠)(25°𝑐) → 𝐶𝑎(𝑂𝐻)2(510°𝑐) Sensible heat 54 

𝐶𝑎(𝑂𝐻)2(𝑠)(510°𝑐) → 𝐶𝑎𝑜(𝑠)(510°𝑐) + 𝐻2𝑂(𝑔)(510°𝑐) Endothermic reaction 94.6 

𝐶𝑎𝑜(𝑠)(510°𝑐) → 𝐶𝑎𝑜(𝑠)(25°𝑐) Sensible heat 23.4 

(Felderhoff, Urbanczyk, and Peil 2013) stated that if the reaction is activated by superheated 

steam, the exothermic reaction releases energy up to 109 kJ/mol. This exothermic reaction 

enthalpy (heat rate) is considered as the exothermic reaction’s heat rate. 

The exothermic reaction is activated with superheated steam. The partial pressure of steam is 

set to be 2 bar, to activate the exothermic reaction and reach a reaction temperature higher 

than 510 °C. The equilibrium pressure of superheated steam after decomposition is assumed 

to be 1 bar. Table 9 presents the heat cycle of thermochemical heat storage. The status shows 

whether the process is in charging or discharging state. I/O shows whether the heat in each 

state, is required heat(input) or released heat(output). Water heat rate in both charging and 

discharging, are calculated separately based on the utilization and supplying assumptions.   

Table 9: THS’ cycle 

THS’ Cycle Status I/O 

𝐶𝑎(𝑂𝐻)2(𝑠)(25°𝑐) + ∆𝐻𝐶𝐴(𝑂𝐻)2𝐸𝑛
→ 𝐶𝑎(𝑂𝐻)2(510°𝑐) CH I 

𝐶𝑎(𝑂𝐻)2(𝑠)(510°𝑐) + ∆𝐻𝑟𝐸𝑛
→ 𝐶𝑎𝑜(𝑠)(510°𝑐) + 𝐻2𝑂(𝑔)(510°𝑐) CH I 

𝐻2𝑂(𝑔)(510°𝑐) → 𝐻2𝑂(𝑙)(60°𝑐) + ∆𝐻𝐻2𝑜𝐸𝑛
 CH O 

𝐶𝑎𝑜(𝑠)(510°𝑐) → 𝐶𝑎𝑜(𝑠)(25°𝑐) + ∆𝐻𝐶𝑎𝑂𝐸𝑛
 CH N/A 

𝐻2𝑂(𝑔)(25°𝑐) + ∆𝐻𝐻2𝑜𝐸𝑥
→ 𝐻2𝑂(𝑙)(250°𝑐) DCH I 

𝐶𝑎𝑜(𝑠)(25°𝑐) + 𝐻2𝑂(𝑙)(25°𝑐) → 𝐶𝑎(𝑂𝐻)2(𝑠)(25°𝑐) + ∆𝐻𝑟𝐸𝑥
 DCH O 
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Heat of reaction is the function of storage material, enthalpy of the reaction and the 

conversion rate. Heat of exothermic reaction(discharge) can be determined with Equation 6: 

Equation 6 Heat of exothermic reaction 

𝐷𝐶𝐻𝑂𝑟 = 𝑄𝑟𝐸𝑥
= 𝑚𝐶𝐴(𝑂𝐻)2

𝛼∆𝐻𝑟𝐸𝑥
 𝑤𝑖𝑡ℎ   𝛼 ≤ 1 

With initial 50 MWh exothermic released heat of reaction (𝑄𝑟𝐸𝑥
)and the heat rate of 

exothermic reaction (∆𝐻𝑟𝐸𝑥
), the total mass of calcium hydroxide (𝑚𝐶𝐴(𝑂𝐻)2

) is determined by 

Equation 6. The conversion rate 𝛼 is assumed to be 1(full conversion) in Equation 6. 

By chemical equation in terms of weight per mole of reaction in Equation 7, the ratio of 

reactants relative to the product determines. 

Equation 7 Reaction mass balance 

𝐶𝑎(𝑂𝐻)2(1𝑚𝑜𝑙 = 74.09𝑔) = 𝐶𝑎𝑂(1𝑚𝑜𝑙 = 56.07𝑔) + 𝐻2𝑂(1𝑚𝑜𝑙 = 18.01𝑔) 

In Equation 8, the total heat rate of endothermic reaction (∆𝐻𝐸𝑛), is the summation of 

sensible required heat rate of 𝐶𝑎(𝑂𝐻)2 for temperature’s rising to 510 °C and the required 

heat rate of the endothermic reaction (∆𝐻𝑟𝐸𝑛
).   

Equation 8 Total required heat rate for endothermic reaction 

∆𝐻𝐸𝑛 = ∆𝐻𝐶𝐴(𝑂𝐻)2
𝐸𝑛

+ ∆𝐻𝑟𝐸𝑛
 

The required heat for the endothermic reaction of 𝐶𝑎(𝑂𝐻)2 decomposition, ( 𝑄𝑟𝐸𝑛
), is 

calculated with Equation 9. 𝑚𝐶𝐴(𝑂𝐻)2
is the mass of 𝐶𝑎(𝑂𝐻)2. ∆𝐻𝐸𝑛 is the total heat rate of 

endothermic reaction. 

Equation 9 Total required heat rate for endothermic reaction 

𝐶𝐻𝐼𝑟+𝑠 = 𝑄𝑟𝐸𝑛
= 𝑚𝐶𝐴(𝑂𝐻)2

∆𝐻𝐸𝑛 

The Steam at 510 °C in 1 bar absolute is the product of decomposition. The steam can be 

utilized to district heating system for exchanging the heat. The heat dominates while phase 

change takes place during ∆T. The total energy that is exchangeable with district heating 

water (𝐶𝐻𝑂𝑉), by assuming the D.H temperature of 60°C, is determined by Equation 10.    

Equation 10 Exchangeable heat after endothermic reaction (both sensible & latent) 

𝐶𝐻𝑂𝑉 = 𝑄𝐻2𝑂𝐸𝑛
= 𝑚𝐻2𝑂 [𝐶𝑃𝐻2𝑂(𝑙)

(𝑇𝑏𝑜𝑖𝑙𝑖𝑛𝑔𝐻2𝑂
− 𝑇𝐷.𝐻) + ∆𝐻𝑣𝑎𝑝𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 + 𝐶𝑃𝐻2𝑂(𝑔)

(𝑇𝐻2𝑂(𝑔) − 𝑇𝑏𝑜𝑖𝑙𝑖𝑛𝑔𝐻2𝑂
)] 

 

All values for steam and water are read from the steam characteristic table for pressure of 1 

bar and superheated temperature of 510 °C.  

During decomposition(charging), temperature of CA(OH)2 should be higher than 510 °C, to 

maintain the spontaneity of the reaction. ∆𝐻𝐶𝐴(𝑂𝐻)2𝐸𝑛
  is the sensible heat rate required for 

raising the temperature of calcium hydroxide from 25 °C to 510 °C.  
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After decomposition(charging), there is a certain exchangeable energy in calcium oxide at 510 

°C. The exchangeable heat of solid calcium oxide (𝑄𝐶𝑎𝑂𝐸𝑛
), after decomposition from 510 °C to 

25 °C, is determined with Equation 11. In this simulation, this heat is assumed to be unusable 

and can be considered as waste heat. 

Equation 11 Sensible exchangeable heat of calcium oxide after endothermic reaction 

CHOCA = 𝑄
𝐶𝑎𝑂𝐸𝑛

= 𝑚𝐶𝑎𝑂∆𝐻𝐶𝑎𝑂𝐸𝑛
 

To activate the exothermic reaction, superheated steam with partial pressure of 2 bar at 

temperature of 250 °C, is injected to the reactor. The required heat to exchange with water at 

temperature of 25 °C (𝑄𝐻2𝑂𝐸𝑥
), to produce the activation steam, is determined with Equation 

12. The properties of steam at 250 °C and water at 25 °C is read from the water characteristic 

table with the corresponded pressure and temperature.  

Equation 12 Required heat for producing the activation steam for exothermic reaction 

𝐷𝐶𝐻𝐼𝑉 = 𝑄𝐻2𝑂𝐸𝑥
= 𝑚𝐻2𝑂 [𝐶𝑃𝐻2𝑂(𝑙)

(𝑇𝑏𝑜𝑖𝑙𝑖𝑛𝑔𝐻2𝑂
− 𝑇𝐻2𝑂) + ∆𝐻𝑣𝑎𝑝𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 + 𝐶𝑃𝐻2𝑂(𝑔)

(𝑇𝐻2𝑂(𝑔) − 𝑇𝑏𝑜𝑖𝑙𝑖𝑛𝑔𝐻2𝑂
)] 

The conceptual process is designed based on the case study CHP plant. The source for 

charging is assumed to be electrical heater. The induction heater may be used inside the 

reactor without physical contact to reactor wall. The theoretical efficiency of electrical heater 

is 100%. One of the limitations for electricity supply to the reactor heater is the electrical 

capacity of plant, including cable design etc. It is not possible to supply more electricity than 

the electrical capacity of plant. To satisfy this constrain, the total storage material (CA(OH)2) 

must be divided into smaller volume reactors, otherwise the reactor volume becomes too 

large, or the induction power exceeds the capacity of the plant.  

To calculate the power of induction heater for one step of charging, firstly, the mass that is 

supposed to be stored in each reactor is determined by:  

 

MR = 𝑚𝑎𝑠𝑠 𝑖𝑛 1 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 =
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑐𝑡𝑜𝑟(𝐶𝐻𝐼𝑟+𝑠. RS)

𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑟𝑒𝑐𝑡𝑜𝑟𝑠(𝑅𝑄)
  

 

By using the quantity of reactors, the total induction power can be calculated as follows: 

 

RIP = 𝐼𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑤𝑒𝑟 𝑓𝑜𝑟 𝑜𝑛𝑒 𝑟𝑒𝑐𝑡𝑜𝑟(𝑀𝑊) =
𝑡𝑜𝑡𝑎𝑙 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 ℎ𝑒𝑎𝑡 𝑓𝑜𝑟 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔, (𝐶𝐻𝐼𝑟+𝑠. 𝐸𝑆)

𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑟𝑒𝑐𝑡𝑜𝑟𝑠(𝑅𝑄)
 

𝑅𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝐶𝑎(𝑂𝐻)2(°𝑐) =
𝐼𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑤𝑒𝑟 𝑓𝑜𝑟 𝑜𝑛𝑒 𝑟𝑒𝑐𝑡𝑜𝑟(RIP)

𝑚𝑎𝑠𝑠 𝑖𝑛 1 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(MR)
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The total volume of calcium hydroxide is divided in 7 reactors. Reactors set to be elliptical 

with approximate volume of 8.2 𝑚3 , for example diameter of 2 𝑚 and length of 2.6 𝑚. The 

quantity and volume of the reactors are sized in a way that it satisfies the total volume of the 

storage material. The reactors capacities are sized in a way that half of the electrical capacity 

of the plant can full charge 1 reactor in 1 hour. It leads to a better flexibility. Note that the 

mass of calcium hydroxide in each reactor, induction power of each reactor and the number 

of reactors, are designed based on the temperature of 𝐶𝐴(𝑂𝐻)2. The temperature of 𝐶𝐴(𝑂𝐻)2 

should be higher than transition temperature and lower than melting point of 𝐶𝐴(𝑂𝐻)2. 

A parametric modelling is done by setting all the equations in the model. The initial required 

rate of chemical reaction per unit of time(ton/hour), is designed to have a discharge heat 

output of 10 MWh, in 1 hour for the maximum discharge of 5 hours, which is corresponded to 

50 MWh. The charge and discharge rates are calculated and presented in Table 10.  

Table 10: Charge and discharge rate 

State ES 
(MWh) 

HES 
(MWh) 

CHL 
(MWH) 

RS     
(t/h) 

HRS  
(t/h) 

SSV  
(m3) 

𝐶𝐻𝐼𝑟+𝑠 68.17 13.63 9.74 122.36 24.47 55.36 

𝐶𝐻𝑂𝑉 26.91 5.38 3.84 29.75 5.95 107400.52 

CHOCA 2.15 0.43 0.31 92.61 18.52 27.64 

𝐷𝐶𝐻𝑂𝑟  50.00 10.00 7.14 122.36 24.47 55.36 

𝐷𝐶𝐻𝐼𝑉 23.64 4.73 3.38 29.75 5.95 7134.28 

 

The required number of reactors, temperature of calcium hydroxide, mass amount in each 

reactor and the heater’s power for each reactor for the corresponded 50 MWh THS, are 

presented in Table 11. The number of reactors is selected to charge 2 reactors simultaneously 

by considering the maximum electrical capacity of the CHP-plant. 

 

Table 11: 50 MWh THS 

RIP(MWH) 4.87 

MR(kg) 17479.34 

RT(Celsius) 576.14 

Quantity 7.00 
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4.2.1 Activation of energy storage and high temperature steam utilization during 

charging 

During discharge, after exchanging heat with steam in the Rankine cycle, the energy that 

remains at the hot side of heat exchanger is utilized for producing activation steam of the 

storage and then reheated by the heat output from the energy storage. The temperature of 

276.8 °C at the hot outlet of the heat exchanger after reheating the Rankine cycle is sufficient 

to produce the activation steam of 250 °C. The energy content is also higher than the energy 

required for the steam production process. The overview of discharging process is presented 

in the Figure 5.  

 

Figure 5: Overview of discharging process 

The total energy required from the storage is: 

𝑄𝐸𝑆𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 − 𝑄𝑟𝑒𝑡𝑢𝑟𝑛 

Where: 

𝑄𝑟𝑒𝑡𝑢𝑟𝑛 = 𝑄𝑎𝑓𝑡𝑒𝑟𝑅𝐻 − 𝑄
𝐻2𝑂𝐸𝑥

 

The definition of 𝑄𝐻2𝑂𝐸𝑥
is given in 4.2. 
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The return from the storage can only be used for steam-production when the storage has 

been activated. For activation of the energy storage an electrical boiler is used. The time 

required for the cycle to be fully operational is assumed to be 5 minutes. 

The total electricity required for one activation for one hour is calculated as: 

𝑄𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛,𝑒𝑙,𝑒𝑠, =
5

60
∗ 𝑄

𝐻2𝑂𝐸𝑥
 

In the case that the energy storage is discharged in consecutive hours, the electricity boiler is 

only required during the first five minutes of the first hour, during the following hours, only 

the return from the energy-storage cycle is used. 

During the charging process, the high temperature steam (𝐶𝐻𝑂𝑉) is utilized in the CHP-plant 

by proving the energy to the district heating network. Otherwise, the energy content of 

(𝐶𝐻𝑂𝑉) would be wasted and could be considered as losses. By doing this, the heat demand 

from the district heating network that needs to be covered by the CHP-plant is decreased. 

The equation for the new district heating demand is: 

𝑄𝐷.𝐻 𝑛𝑒𝑤 = 𝑄𝐷.𝐻 −  𝑄
𝐻2𝑂𝐸𝑛

 

The plant is then set to operate at the new heat demand. Figure 6 presents the overview of 

charging process. 

 

Figure 6: Overview of charging process 
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4.3 Operational strategies 

The CHP-plant is modelled in Ebsilon. Components used are standard from the Ebsilon-

component library. Four main models are constructed for the following operations: normal 

operation, maximized electricity operation, heat only production and energy storage model. 

Different circumstances are considered as the drivers for the best utilization of THS in each 

of the scenarios due to simulation results. The control factors that are considered as the 

objective of simulation during the configuration of THS presents are: Fuel price, electricity 

price, district heating demand and price. 

The properties of biofuel have been gathered from the database Phyllis2. Batch #115 Wood, 

Pine, dry, is used and presents in Table 12.  

Table 12: Material fractions of the batch used 

Material Fraction wt% 

Carbon 27.78 

Hydrogen 6.33 

Nitrogen 0.06 

Sulphur 0.05 

Oxygen 41.66 

Ash content 0.5 

Net Calorific Value(LHV) 19.45 MJ/kg 

 

The energy content in the fuel is calculated as: 

𝑄𝑏𝑖𝑜 =
�̇�𝑏𝑖𝑜 ∗ 𝐿𝐻𝑉

3600
  

The following operational strategies, Table 13, are constructed to make the plant’s operation 

more flexible. 

Table 13: summary of operations 

Normal operation A model of the current CHP-plant operation. Both electricity and heat are 
generated. The heat production is within the maximum and minimum heat 
production-limits of plant. 

Normal operation 
with steam 
extraction 

This operation is similar to Normal operation but is used when the heat 
demand exceeds the maximum heat production limit for normal 
operation. In this strategy, steam is bypassed over the turbines to increase 
heat production but also decrease electricity production. 

Maximized electricity 
operation  

During this operation, the energy storage is discharged, and the steam is 
reheated in the Rankine cycle. This allows maximal electricity production 
and increased maximum heat production. 
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Maximized electricity 
operation with steam 
extraction 

If heat demand is above the limit for maximized electricity operation, 
steam is bypassed over the turbine and is utilized for heat production. The 
electricity production is reduced during this process. 
 

Heat only operation Here a separate biofuel boiler is used for only production of heat. In this 
strategy, no electricity is generated. 

 

4.3.1 Normal operation model 

The “normal” operation model is similar to how the plant operates today. When electricity 

price is high and the energy level in the energy storage is at minimum discharge level the 

plant will enter normal operation. 

One sub-model is constructed for each heat load-100%, 75%, 50% and 25%, giving a total of 

four sub-models. From the sub-models, the efficiencies and steam-mass-flow steam of each 

turbine-step and the KA-values and mass-flow over the heat exchangers are extracted. By 

doing this, charlines of the performance of the turbine and heat exchangers for each load case 

are made. The charlines are added to the components in the main model set to “off-design”-

mode. After setting the main model to “off-design” mode, the Excel ad-on is used to simulate 

the plant for each heat load between 25 to 100%. 

 

Figure 7: Ebsilon model at district heating demand 20.9 MW 

Curve fitting is used to find the electricity production with each corresponding district 

heating demand. Figure 7 highlights the electricity production in normal operational mode 

and the best fit function “y”; in this case a straight line. 
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Figure 8: Electricity output (MW) to district heating demand (MW) in normal operation mode 

The limits of the plant to function in normal operational mode without bypass are: 

7.2 ≤ 20.9 𝑀𝑊 𝐷𝐻 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑑𝑒𝑚𝑎𝑛𝑑 

Within these limits the following functions are used to estimate biofuel consumption of the 

main boiler and electricity generation. X in the functions is the heat demand in MW in Table 

14. 

Table 14: Functions in normal operation 

Y Function Unit 𝑹𝟐   

Fuel consumption Y=1.6571x-1.7486 MW 0.9999 

Electricity generation Y=0.506x-0.994 MW 0.9997 

 

4.3.2 Normal operation with steam extraction 

During heat demand above 20.9 MW, steam is bypassed over the turbines to increase heat 

production while electricity production is decreased. The electricity production is assumed to 

decrease linearly to the amount of steam extracted until the minimum steam flow over the 

turbine, which is 3.55 kg/s. The maximum steam from the boiler is 11.95 kg/s at 480 °C. For 

heat demands above the limit of heat production while using steam-extraction (27.83 MW), 

the main-boiler is only used for heat production. 

y = 0.506x - 0.994
R² = 0.9997
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Figure 9: Electricity output (MW) to district heating demand (MW) in normal operation mode with steam 
extraction 

20.9 ≤ 27.83 𝑀𝑊 𝐷𝐻 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑑𝑒𝑚𝑎𝑛𝑑 

Within these limits of steam bypass, the following functions are used to estimate biofuel 

consumption of the main boiler and electricity generation. X in the functions is the heat 

demand in MW. The fuel consumption is always the maximum for the plant, achieved during 

heat demand 20.9 MW. 

Table 15: Functions in normal operation with steam extraction 

Y Function Unit 𝑹𝟐   

Fuel consumption Y=1.6571*20.9-1.7486 MW 0.9999 

Electricity generation 
(𝑄𝑒𝑙) 

Y=-1X+30.543 MW 1 

 

When the heat demand exceeds the maximum capacity of the main boiler, an extra boiler for 

heat only production is used for the heat demand above 27.83 MW. This boiler uses the same 

biofuel as the main boiler. The efficiency of the heat-only boiler (𝑛ℎ𝑒𝑎𝑡−𝑜𝑛𝑙𝑦) is assumed to be 

80%. 

The biofuel consumption of the heat only boiler is calculated as: 

y = -1x + 30.543
R² = 1
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Equation 13 fuel consumption for boiler to cover district heating demand above the capacity of plant 

𝑄𝑓𝑢𝑒𝑙,ℎ𝑒𝑎𝑡−𝑜𝑛𝑙𝑦 =
𝑄ℎ𝑒𝑎𝑡−𝑜𝑛𝑙𝑦

𝑛ℎ𝑒𝑎𝑡−𝑜𝑛𝑙𝑦
 

This boiler is also used when the district heating demand is below 7.2 MW, and no electricity 

is generated. 

4.3.3 Maximized electricity model 

The electrical efficiency and heat-output of the CHP-plant can be increased by reheating the 

steam in the cycle after the first step in the turbine. Here the high temperature discharge 

from the THS is used as heat source for reheating the steam. A heat exchanger is added to 

transfer heat from the THS-cycle to the steam-cycle in the Figure 10. 

 

Figure 10: Ebsilon model with reheat at district heating demand 24.3 MW 

The steam is reheated to 490 °C and the discharge from the THS is controlled to achieve the 

reheat temperature of 490 °C. Ebsilon and the Excel ad-on is used to simulate the plant 

during different heat-demands from the minimum heat output of 7.2 MW to maximum steam 

flow from the boiler of 11.95 kg/s. 
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Figure 11: Electricity output (MW) to district heating demand (MW) in maximized electricity operation mode 

 

The limits of the plant to function in maximized operational mode without bypass are: 

7.2 ≤ 24.35 𝑀𝑊 𝐷𝐻 𝑑𝑒𝑚𝑎𝑛𝑑 

Within these limits the following functions are used to estimate biofuel consumption of the 

main boiler, electricity generation, THS discharge and energy content in THS-cycle after 

reheating. X in the functions is the heat demand in MW. 

Table 16: Functions maximized electricity operation 

Y Function Unit 𝑹𝟐   

Fuel consumption  Y=1.4092x-1.3871 MW 0.9999 

Electricity generation 
(𝑄𝑒𝑙) 

Y=0.5274x-1.0794 MW 0.9999 

Energy storage discharge 
(𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒) 

Y=0.0062𝑥2+0.268x+0.476
9 

MW 1 

Energy content in THS-
cycle after reheating 

(𝑄𝑎𝑓𝑡𝑒𝑟𝑅𝐻) 

Y=0.0046𝑥2+0.0716x+0.51
21 

MW 0.9999 

 

4.3.4 Maximized electricity model with steam extraction 

For heat demands above 24.35 MW, steam is extracted with the same method as for 

4.3.2,Normal operation with steam extraction, where the electricity production is assumed to 

y = 0.5274x - 1.0794
R² = 0.9999
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decrease linearly to the amount of steam extracted until the minimum steam flow over the 

turbine, which is 3.55 kg/s. 

 

Figure 12: Electricity output (MW) to district heating demand (MW) in maximized electricity operation mode 
with steam extraction 

The limits of heat demand in this operation are: 

24.35 ≤ 33.38 𝑀𝑊 𝐷𝐻 𝑑𝑒𝑚𝑎𝑛𝑑 

The following functions are used, where X is the heat demand in MW 

Table 17: Functions maximized electricity operation with steam extraction 

Y Function Unit 𝑹𝟐   

Fuel consumption Y=1.4092*24.35-1.3871 MW 0.9999 

Electricity generation Y=-x+36,168 MW 1 

Energy storage discharge 
(𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒) 

Y=-25.07ln(x)+90.651 MW 1 

Energy content in THS-
cycle after reheating 

(𝑄𝑎𝑓𝑡𝑒𝑟𝑅𝐻) 

Y=0.0131𝑥2-
1.1652x+25.536 

MW 1 

 

For heat demands above 33.38 MW, the extra boiler in Equation 13is used to cover the excess 

demand. 

y = -x + 36,168
R² = 1
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4.3.5 Heat only model 

In this mode no electricity production is desired since the electricity price is low. Here the 

plant will be operated to only produce heat. 

The heat can in practice come from both the main boiler and extra heat only boiler, 

depending on the heat demand. The roundtrip efficiency is assumed to be the same 80 % in 

both cases. Equation 14 Required fuel of extra boiler (heat only boiler)is used to calculate the 

required fuel for this boiler. 

Equation 14 Required fuel of extra boiler (heat only boiler) 

𝑄𝑏𝑖𝑜 =
𝑄𝐷𝐻

𝑛ℎ𝑒𝑎𝑡−𝑜𝑛𝑙𝑦
 

4.4 Economic model  

The economic model is built around wholesale electricity price, fuel price, district heating 

price and cost of energy storage. Predicted prices for years 2020, 2030, 2040, and the 

economic model are explained in this section. 

4.4.1 Wholesale electricity price years 2020, 2030 and 2040 

To evaluate the potential of the thermal energy storage, a predicted hourly spot wholesale 

electricity price for the years 2020, 2030 and 2040 is used. The prediction is based on 

standard derivation of the wholesale electricity price. In the project North European Power 

Perspectives (NEPP), it is suggested that the price volatility in some EU countries will 

increase by as much as a factor of ten by 2030 (North European Power Perspectives (NEPP) 

2016). Updated results from this study will be published (Jay Hennessy 2018) . 

In Figure 13, the average of electricity price for each hour, season and year is presented.  
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Figure 13: Average electricity price prediction of hourly basis in 2020, 2030 and 2040 

In 2020 the prices are predicted to be slightly lower than today’s prices, with almost all 

hourly prices to be in the range 4 to 64 EUR/MWh and no extreme prices above 64 

EUR/MWh. The prediction in 2030 is that about one fourth of the prices will be in the range 

of 4-64 EUR/MWh, 4 % low prices of below 4 EUR/MWh and 21 % of extreme prices above 

64 EUR/MWh. In 2040 more than half of the spot prices will be extreme with prices above 

64 EUR/MWh, 34 % in the range 4 to 64 EUR/MWh and about 15 % low prices below 4 

EUR/MWh. The prices are in real 2016 EUR/MWh. 

4.4.2 Cost of biofuel 

In the last seven quarters the price of refined biofuel for district heating plants in Sweden 

have been steady varying from 253 to 276 SEK/MWh excluding taxes (Energimyndigheten 

2018b). The average price during this time-period is roughly 267 SEK/MWh equal to 26.7 

EUR/MWh with the assumption of 10 SEK per EUR. 

Table 18: Biofuel price (C_bio) during quarter 2 2016 to quarter 4 2017 (Energimyndigheten 2018b) 

 

 

 

Prices refined biofuel-district 
heating(EUR/MWh) 

Q2 2016 26.5 

Q3 2016 27.0 

Q4 2016 26.8 

Q1 2017 26.7 

Q2 2017 27.1 

Q3 2017 27.6 

Q4 2017 25.3 

Average 26.7 
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The average price during these quarters have been used as cost for biofuel (𝐶𝑏𝑖𝑜). 

4.4.3 Average price of heat for district heating 

The cost of purchasing district heating varies depending on the supplier. In this study, the 

average district heating price in Sala excluding value added tax of 25% is used. In Sala, the 

district heating price is divided into winter price and “other time”-price. The winter price is 

applied during months November to March, and “other time”-price is applied during April to 

October (SHEAB 2018).  

Table 19: The district heating price excluding value added tax from 2018-02-01, converted to EUR with 10 SEK 
to 1 EUR: 

Yearly heat 
consumption 
MWh 

Winter price 
EUR/MWh 

Other time price 

EUR/MWh 

0-35 76.6 68.6 

30-100 73.8 67.0 

100-200 71.9 66.9 

200-500 68.4 65.8 

>500 66.2 61.7 

Average 71.3 66.5 

   

The average price for district heating during winter and “other time” have been used as 

income from district heating (𝐼𝐶𝑑ℎ). 

4.4.4 Revenue/cost-model 

The system is to be optimized to achieve the highest revenue within the limits of the plant 

and energy storage capacity. Maintenance costs of the CHP-plant are not included in the 

model and is assumed to be the same with or without THS, however, extra cost for 

maintenance of THS is considered in the investment cost for the THS. 

The revenue equated in Equation 15: 

Equation 15 Total revenue 

𝑅𝑦 = ∑ (𝐼𝐶𝑒𝑙,ℎ ∗ 𝑄𝑒𝑙,ℎ)8736
1 + ∑ (𝐼𝐶𝑑ℎ,ℎ ∗ 𝑄𝑑ℎ,ℎ)8736

1 − 𝐶𝑏𝑖𝑜,𝑦 ∗ 𝑄𝑏𝑖𝑜,𝑦 − ∑ (𝐶𝑒𝑙,ℎ ∗8736
1

𝑄𝑐ℎ𝑎𝑟𝑔𝑒,𝑒𝑙,𝑒𝑠,ℎ) − ∑ (𝐶𝑒𝑙,ℎ ∗ 𝑄𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛,𝑒𝑙,𝑒𝑠,ℎ) −8736
1 𝐶𝑒𝑠,𝑦   

The annual cost, 𝐶𝑒𝑠,𝑦, of energy storage is calculated with the Equivalent annual cost (EAC) 

is determined with Equation 16: 
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Equation 16 Annual cost of THS 

𝐶𝑒𝑠,𝑦 =
𝑟 ∗ (−𝑁𝑃𝑉𝑒𝑠)

1 − (1 + 𝑟)−𝑛 

The Net Present Value of the energy storage is: 

𝑁𝑃𝑉𝑒𝑠 = −𝐼𝑛𝑣𝑒𝑠 

Correspondingly, the internal rate of return(IRR), modified internal rate of return(MIRR) 

with the same interest rate (4%), payback time and net present value of investment are 

calculated and presented in the result. It is good to mention that the THS’s benefit between 

years 2020,2030 and 2040 are assumed to have yearly increment. For example, when the 

start of investment is at 2030, the benefit of 2031 is calculated as follows: 

𝐵𝑒𝑛𝑒𝑓𝑖𝑡 (2030) +
 𝐵𝑒𝑛𝑒𝑓𝑖𝑡(2040)− 𝐵𝑒𝑛𝑒𝑓𝑖𝑡(2030)

10
     

Where the following values are used: 

Symbol Description Value/equation Unit 

𝑟 Annual interest rate 4 % 

𝑛 The expected life time 
of the energy storage. 

30 Years 

 

Little data is available for investment cost of Calcium oxide THS (𝐼𝑛𝑣𝑒𝑠). The investment cost 

includes costs for feedstock, tank/construction materials, auxiliary equipment, labor, and 

others, including piping and control systems assumed to be 4.78 $/MJ that is taken from 

(Bayon et al. 2018). The cost is converted from USD to EUR with the conversion rate of 0.817 

EUR to 1 $. 

The total investment cost in EUR becomes: 

 

𝐼𝑛𝑣𝑒𝑠 = (0.817 ∗ 4.78) ∗ 3600 ∗ CAPes 

4.5 Optimization strategies 

4.5.1 CHP-plant without THS optimization strategy 

The optimization without THS is optimized by varying the limit when electricity shall be 

generated or not. The limits are set to: 
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Table 20: Limits of optimization (no THS) 

Variable Description Limits Unit 

𝐸𝐿𝑙𝑖𝑚𝑖𝑡 Limit for the plant to 
generate electricity 

5 ≤ 𝐸𝐿𝑙𝑖𝑚𝑖𝑡 ≤ 30 EUR/MWh 

 

The limits are changed to achieve the highest yearly revenue, Equation 15, where 

𝐶𝑒𝑠,𝑦, 𝐶𝑒𝑙,ℎ, 𝑄𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛,𝑒𝑙,𝑒𝑠,ℎ 𝑎𝑛𝑑 𝑄𝑐ℎ𝑎𝑟𝑔𝑒,𝑒𝑙,𝑒𝑠,ℎare equal to zero during this optimization. The 

CHP-plant in Sala has a Tank Thermal Energy Storage (TTES) but this is not considered in 

the optimization process. Instead an extra boiler is considered to cover the peak heat 

demand. 

In the flow chart below (i) is the current hour. 

 

Figure 14: General flow chart of operation without THS 

Figure 14, shows the general optimization strategy for no THS operation. The optimization is 

modelled in MATLAB. 

The optimization is based around the hourly electricity price (𝐸𝐿𝑝𝑟𝑖𝑐𝑒(𝑖)) and the hourly 

district heating demand (𝐷𝐻𝑑𝑒𝑚𝑎𝑛𝑑(𝑖)). It is first checked if: 

𝐸𝐿𝑝𝑟𝑖𝑐𝑒(𝑖) > 𝐸𝐿𝑙𝑖𝑚𝑖𝑡  
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If this is true the plant will generate electricity, granted that 𝐷𝐻𝑑𝑒𝑚𝑎𝑛𝑑(𝑖) is higher than the 

lower limit for electricity generation (𝐿𝐿ℎ𝑒𝑎𝑡). If it is False or if 𝐷𝐻𝑑𝑒𝑚𝑎𝑛𝑑(𝑖) is below 

𝐿𝐿ℎ𝑒𝑎𝑡the plant operation will be heat only operation explained in the section 4.3.5. 

If 𝐷𝐻𝑑𝑒𝑚𝑎𝑛𝑑(𝑖) is higher than 𝐿𝐿ℎ𝑒𝑎𝑡 the plant will generate electricity explained in section 

4.3.1 & 4.3.2 based on 𝐷𝐻𝑑𝑒𝑚𝑎𝑛𝑑(𝑖). If 𝐷𝐻𝑑𝑒𝑚𝑎𝑛𝑑(𝑖) is below the upper limit of heat demand 

to operate in normal operation without steam extraction 𝑈𝐿ℎ𝑒𝑎𝑡(𝑖) the plant will operate with 

the conditions of section 4.3.1. If 𝐷𝐻𝑑𝑒𝑚𝑎𝑛𝑑(𝑖) is higher the plant will operate with the 

conditions under section 4.3.2, where steam extraction is used and if 𝐷𝐻𝑑𝑒𝑚𝑎𝑛𝑑(𝑖) is higher 

than the upper heat limit of steam extraction (𝑈𝐿𝑠𝑡𝑒𝑎𝑚𝑒𝑥𝑡𝑟𝑎𝑐𝑡) it will also use extra boiler for 

heat only production. 

4.5.2 CHP-plant with high temperature THS optimization strategy 

The general optimization strategy for a high temperature THS is that the hourly electricity 

price determines if the plant should maximize electricity production or heat production. 

There are four variables that the optimization can vary to optimize the total annual revenue 

given in Equation 15. The optimization is modelled in MATLAB to optimize the operation. 

The decision variable for optimization are described in Table 21 with the optimization bonds 

that are considered for optimization. 

Table 21: Limits for high temperature THS optimization strategy 

Variable Description Limits Unit 

𝐸𝐿𝑙𝑖𝑚𝑖𝑡  Electricity price limit for the plant 
to generate electricity 

5 ≤ 𝐸𝐿𝑙𝑖𝑚𝑖𝑡 ≤ 30 EUR/MWh 

𝐸𝐿𝑐ℎ𝑎𝑟𝑔𝑒−𝑙𝑖𝑚𝑖𝑡  Electricity price limit for the plant 
to charge the THS with low price 
electricity 

0 ≤ 𝐸𝐿𝑐ℎ𝑎𝑟𝑔𝑒−𝑙𝑖𝑚𝑖𝑡 ≤ 20 EUR/MWh 

𝐸𝐿𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒−𝑙𝑖𝑚𝑖𝑡  Limit for the plant to discharge 
the THS (maximized electricity) 

18 ≤ 𝐸𝐿𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒−𝑙𝑖𝑚𝑖𝑡

≤ 60 

EUR/MWh 

𝐶𝐴𝑃𝑒𝑠 Discharge capacity of the energy 
storage 

12 ≤ 𝐶𝐴𝑃𝑒𝑠 ≤ 150 MWh 

 

Figure 15 shows the general optimization flowchart strategy for high temperature THS. In the 

flow chart below (i) is the current hour. 
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Figure 15: General flow chart of operation with THS 

 

Charging the storage 

The strategy will first check if the hourly electricity price is below the limit to charge the THS. 

𝐸𝐿𝑝𝑟𝑖𝑐𝑒(𝑖) < 𝐸𝐿𝑐ℎ𝑎𝑟𝑔𝑒−𝑙𝑖𝑚𝑖𝑡  

If this is true electricity will be used to charge the THS, with the constraint that the energy 

storage is not fully charged. 
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𝑄𝑒𝑠(i) ≠ 𝐶𝐴𝑃𝑒𝑠 

If the hourly electricity price is above the limit to generate electricity 

𝐸𝐿𝑝𝑟𝑖𝑐𝑒(𝑖) > 𝐸𝐿𝑙𝑖𝑚𝑖𝑡  

The plant will generate electricity and charge the storage, the heat output of charging is used 

in the district heating network to reduce the heat need from the biofuel boiler. If the 

electricity hourly electricity price is below this limit, electricity will instead be bought from 

the grid and the plant will be operating to only produce heat. 

Discharging the storage 

If the fulfilments of charging the storage are not met, the optimization will check if the 

storage shall be discharged to maximize electricity production (reheating the Rankine cycle). 

This will be done if the hourly electricity price is above the limit to discharge the storage. 

𝐸𝐿𝑝𝑟𝑖𝑐𝑒(𝑖) > 𝐸𝐿𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒−𝑙𝑖𝑚𝑖𝑡 

If this is true, the storage will be discharged if the following constraints are met: 

𝑄𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑖) > 𝑄𝑒𝑠(𝑖) 

&& 

𝐷𝐻𝐷𝑒𝑚𝑎𝑛𝑑 > 𝐿𝐿𝑒𝑠−ℎ𝑒𝑎𝑡 

Where it is firstly checked if the charge of the energy storage is enough to provide the 

discharge for electricity production. After this, it is checked if the district heating demand is 

enough to produce electricity or if only heat can be produced (below lower limit of plant). If 

one of these are not true, the optimization will instead focus on normal operation or heat 

only operation, depending on the electricity price. 

If the storage is discharged, the required discharge depends on the hourly heat demand, 

explained in 4.3.3 & 4.3.4 & 4.2.1. The plant will operate with or without steam extraction 

depending on the district heating demand. 

If the storage is not discharged, the plant will operate with the same constraints as without 

THS. 

4.5.3 Sensitivity analysis 

To see how the system reacts when some parameters are changed, sensitivity analysis is 

conducted. Sensitivity analysis is done with increased cost of the storage with 20 % and 50 %, 

and decreased cost of storage with 20 % and 50 % (Table 22). Sensitivity is also done with 

increased fuel price of 20 % and 50 %(Table 23). The analyses are only done for year 2030. 
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Table 22: Sensitivity analysis 2030, changed cost of THS 

New storage 
cost(EUR/MWh)  

 Case 

15000.2 Original value 

18000.3 Increase 20% 

22500.3 Increase 50% 

10500.1 Decrease 20 % 

7500.1 Decrease 50 % 

 

Table 23: Sensitivity analysis 2030, increased fuel cost 

Fuel price(EUR/MWh) Case 

33.07 Original case 

39.68 20 % increase 

49.61 50 % increase 
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5 RESULTS 

Results of the optimizations without and with THS is presented for years 2020, 2030 and 

2040. First, a summary of the costs, incomes and revenue from the different CHP-plant 

configurations are presented. After that, the result of optimized operation of CHP plant 

without THS is presented. Then, the result of optimization for CHP-plant integrated with 

THS is presented. Lastly, the results from the sensitivity analysis are presented. The results 

are included both for when the storage capacity is assumed to be a fixed value of 50 MWh 

capacity and when the THS capacity is optimized.  

For transparency of the presentation of the results, due to the complexity of optimization, 

two indicators are constructed. The results for operation of CHP plants without THS are 

presented with the average values of each parameter for each month at the certain hour to 

present the general behavior of energy system. To present the results of THS integrated with 

CHP plant, same indicator but for each quarter is presented. The number of charge and 

discharge values are presented by summation or count of them at the certain hour of a 

quarter or month to make the graph traceable during the operation of THS. By these graphs, 

the interaction of all variables and parameters are clear as the result of the optimization.    

The results include optimized limits, electricity production, total revenue, revenue from 

electricity, revenue from heat and cost of biofuel. 

In Table 24, the economic evaluation of optimization is presented for the described scenario. 

Table 24: Optimization Results  

Parameters Income 
Electricity 

Income 
Heat 

Cost 
Biofuel 

Cost El for 
discharge 

Cost EL 
for 

charging 

Annual 
cost of 
THS 

Total 
Revenue 

Optimal 
Storage 

Size 

2020 1.14 M€ 8.46 
M€ 

4.62 
M€ 

NA NA NA 4.97 M€ NA 

2020 with 
opt.THS 
capacity 

1.14 M€ 8.46 
M€ 

4.61 
M€ 

59 € 10.4 K€ 9.8 K€ 4.97 M€ 12 MWh 

2020 with 50 
MWh THS 

capacity 

1.14 M€ 8.46 
M€ 

4.59 
M€ 

71 € 22.0 K€ 40.7 K€ 4.94 M€ 50 MWh 

2030 1.81 M€ 8.46 
M€ 

4.55 
M€ 

NA NA NA 5.72 M€ NA 

2030 with 
opt.THS 
capacity 

1.83 M€ 8.46 
M€ 

4.47 
M€ 

240 € 48.7 K€ 25.3 K€ 5.74 M€ 31 MWh 

2030 with 50 
MWh THS 

capacity 

1.83 M€ 8.46 
M€ 

4.46 
M€ 

235 € 52.9 K€ 40.7 K€ 5.74 M€ 50 MWh 

2040 2.50 M€ 8.46 
M€ 

4.52 
M€ 

NA NA NA 6.44 M€ NA 

2040 with 
opt.THS 
capacity 

2.52 M€ 8.46 M€ 4.40 M€ 300 € 15.1 K€ 54.5 K€ 6.51 M€ 67 MWh 

2040 with 50 
MWh THS 
capacity 

2.52 M€ 8.46 M€ 4.43 M€ 287 € 6.0 K€ 40.7 K€ 6.50 M€ 50 MWh 
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The total revenue is compared and visualized in Figure 16. 

 

Figure 16: Revenue with and without THS in years 2020, 2030 and 2040) 

The optimized storage size in 2020 is only 12 MWh but integrating this storage to the CHP 

still yield a decreased annual revenue of roughly 5000 EUR/year, compared to the case 

without THS. In 2030 the THS can be used to better potential, and the optimal size is about 

31 MWh. By adding the THS the annual revenue is increased by roughly 25 500 EUR/year. In 

2040 the revenue is increased further. By adding a THS of approximately 67 MWh, the 

annual total revenue is increased by about 68 500 EUR/year, compared to the case without 

THS. The main factor of the increased revenue is due to decreased fuel consumption in the 

plant. 

 

Figure 17: Decreased fuel consumption by adding THS (GWh) 
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In Figure 17, The fuel consumption of energy system decreases when the THS is applied. The 

most notable decrease is in 2030 and 2040 when fluctuations in electricity price are 

increasing. 

 

Figure 18 THS performance in operation, year 2030 

 

Figure 19 THS performance in operation, year 2040 

The operation of THS with response to the electricity price is presented in Figure 18 & Figure 

19. The year 2020 is excluded because the number of cycles is low, due to the lower variation 

in electricity price in 2020. It is noted that most of the charging occurs while the average 

electricity price is low, and most of the discharging happens when the average electricity 

price is high. 

In each section 5.1 & 5.2, for the corresponded year, the optimum values as the results of 

optimization is presented.  
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5.1 Results and revenue no THS years 2020, 2030 and 2040 

In the Figure 20, Figure 21 and Figure 22, it is observed that the main boiler covers most of 

the district heating demand while the district heating demand is high and electricity price is 

high. When the district heating demand is low, for example in summer, the main boiler 

covers most of the district heating demand. The heat only boiler is used more in 2030 and 

2040, compared to 2020, this is because there are more hours with low electricity price. 

Table 25 Shows the optimal limit to start electricity production. Below this limit, no 

electricity is produced. 

Table 25 The optimal Electricity price limit for operation of CHP-plant without THS 

Year The optimal 𝐸𝐿𝑙𝑖𝑚𝑖𝑡(Euro/MWh) for 
operation of CHP-plant without THS 

2020 18.3 

2030 16.6 

2040 21.9 
 

 

Figure 20: Operation in 2020 CHP with no THS 
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Figure 21: Operation in 2030 CHP with no THS 

 

 

Figure 22: Operation in 2040 CHP with no THS 

 

5.2 Results and revenue with 500°C discharge temperature-THS 

The results of operations’ optimization for CHP-plant with THS are presented in this chapter. 
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5.2.1 2020 

In Table 26, The optimal limits for optimized and 50 MWh THS are presented. 

Table 26: Optimal optimization limits 2020 with THS 

2020 optimal THS capacity Fixed THS capacity (50 MWh) 

Optimal EL limit (EUR/MWh) 18.0 17.8 

Optimal Charge limit (EUR/MWh) 19.6 19.8 

Optimal Discharge limit (EUR/MWh) 20.6 20.5 

Storage Size (MWh) 12.0 50.0 

 

 

Figure 23: Operation in 2020 CHP with optimal THS 

 

Figure 24: Operation in 2020 CHP with 50 MWh THS 

By the results, it is observed that in year 2020 it is not profitable to integrate the THS into the 

CHP-plant. Since the charging is only electricity, this is expected, because the fluctuations in 

electricity price is small, compared to 2030 or 2040. The minimum THS-size of 12 MWh has 

a higher yearly revenue than the fixed 50 MWh but is still not profitable. Almost no charge or 

discharge is happening during the winter months, when the electricity price is at its peak, and 

because of this, the THS cannot be utilized to good potential. 
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5.2.2 2030 

In Table 27, the optimal limits for optimized and 50 MWh THS in year 2030 are presented. 

Table 27: Optimal optimization limits 2030 with THS 

2030 Optimal THS 
capacity 

Fixed THS capacity (50 
MWh) 

Optimal EL limit (EUR/MWh) 16.5 16.6 

Optimal Charge limit (EUR/MWh) 17.1 14.1 

Optimal Discharge limit (EUR/MWh) 25.2 18.1 

Storage Size (MWh) 31.1 50.0 

 

 

Figure 25: Operation in 2030 CHP with optimal THS 

 

Figure 26: Operation in 2020 CHP with 50 MWh THS 

In 2030, the CHP in combination with THS has a higher annual revenue, compared to CHP 

without THS. The difference is not significant, however, and the same behavior as in 2020 

can be seen, where only a few hours of charging and discharging happens during Quarter 

one. The optimization suggests an optimal size of roughly 31 MWh, which is significantly 

larger than in 2020. This indicates that THS is more prominent during this time. 
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5.2.3 2040 

In Table 28, The optimal limits for optimized and 50 MWh THS are presented. 

Table 28: Optimal optimization limits 2030 with THS 

2040 Optimal THS capacity Fixed THS capacity (50 MWh) 

Optimal EL limit (EUR/MWh) 17.2 19.1 

Optimal Charge limit (EUR/MWh) 12.6 19.0 

Optimal Discharge limit (EUR/MWh) 18.2 23.8 

Storage Size (MWh) 67.1 50.0 
 

 

Figure 27: Operation in 2040 CHP with optimal THS 

 

Figure 28: Operation in 2020 CHP with 50 MWh THS 

The optimization of 2040 shows that the case with optimized THS gives considerably more 

revenue than the case without THS. The 50 MWh THS also gives good results. Due to larger 
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variations in electricity price over the day, it is possible to charge/discharge the THS even in 

quarter 1, increasing the benefit of THS. The optimal size is quite large, roughly 111 MWh. 

The optimization with THS has been conducted with the fixed THS capacity of 50 MWh and 

for optimized capacity for the years 2020, 2030, 2040. 

By introducing the THS, the annual cost of biofuel is decreased in all cases. The electricity is 

converted to heat during charging of the THS and used to the district heating network.   

The cost for purchasing electricity for production of steam for activation of the storage 

(discharge) is very small in all cases. The storage is often discharged in consecutive hours, 

which means that only a small amount of electricity is required for activation, since the 

remaining heat in the cycle can be used for steam production and activation of the discharge. 

The income from heat compared to income from electricity is very large in all cases, which 

means that the main income for the CHP-plant is from heat. The largest increase in income 

from electricity is in 2040 with optimal THS size, but the increased income from electricity is 

less than 1 %, compared to the configuration without THS. The main benefit of introducing 

the THS is therefore decreased fuel consumption. 

 

5.3 Sensitivity analysis results 

The sensitivity analysis results are compared to if the plant had no THS. The changes 

considered presented: Cost of biofuel, income Electricity and Total annual revenue. These 

variables were chosen since they change the most during the sensitivity analysis. 

Change in fuel price: 

 

Figure 29: Revenue sensitivity analysis fuel 2030 
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Figure 30: Fuel sensitivity analysis 2030- Impact of adding THS 

When increasing the fuel price, the revenue by adding THS increases (Figure 30). If the fuel 

price increase by 20 % the total revenue increase by about 43 000 EUR/year, compared to if 

the plant had no THS. In the case with 50 % higher fuel price, the increased revenue is 

roughly 76 000 EUR/year. The increase in revenue with addition of THS was approximately 

25 500 EUR/year in the original case with no change in fuel price. Since the addition of THS 

is more prominent, the optimal capacity is increased. This is most notable during fuel price 

increase of 50 %, where the income of electricity is increased the most. During discharge, the 

biofuel consumption is decreased due to reheat of Rankine cycle with the stored energy in 

THS, and utilization of excess heat during the THS charging process. Therefore, with higher 

fuel price, the benefit of THS will increase. 

Change in investment cost of THS: 

 

Figure 31: Total revenue sensitivity analysis-cost of THS 
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Figure 32: Sensitivity analysis cost THS- impact of THS 

The changes in investment cost for THS highlights that even with an 50 % increase of THS 

cost, the revenue is still increased, compared to the case with no energy storage (Figure 32). 

With decreased investment cost, the optimal storage size is increased. This is noted by a 

larger decrease in cost of fuel and increased income from electricity. The investment cost of 

THS impacts the feasibility of THS, but not as much as the changes in fuel price. With a 50 % 

decrease in investment costs the increased annual revenue is roughly 44 000 EUR/year.  

5.4 Investment evaluation 

In Table 29, the economic indicators that are constructed to investigate the economic 

feasibility of the 50 MWh THS investment are presented. In year 2020, the investment with 

2% internal rate of return has still the negative net present value. In 2030, the investment’s 

IRR is 8% and the payback time is half of the lifetime of THS. The most benefits are seen in 

2040 as discussed before. The pay-back time is 9 years and the IRR is 13%.   

Table 29 investment's economic indicator 

 Investment start year 

Economic indicator 2020 2030 2040 

IRR 2 % 8 % 13 % 

MIRR 2 % 6 % 7 % 

NPV -288 k€ 500 k€ 1177 k€ 

Pay-Back time 25 Years 15 Years 9 Years 
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6 DISCUSSION 

The discussion is divided into three parts. In the first section, THS is discussed. In the second 

section, the model is critically analyzed and possible improvements that can be made to the 

model are described. In the last section, the benefits of THS in combination with CHP and 

future energy system is discussed. 

6.1 Thermochemical heat storage 

Calcium oxide is a proper choice for applying as thermochemical heat storage, but there are 

some drawbacks that mentioned in literature study section 3.4.7, like agglomeration, low 

number of cycles etc. The trends of technology and material improvement shows that there is 

a good potential in near future to apply THS in a reliable manner (3.4.9). Some of the most 

important challenges is solved and some of them are under the research and development I.e. 

corrosivity, conversion, separation agglomeration etc.    

After decomposition, calcium oxide temperature can raise to more than 510 °C and this 

energy is not included for simulation because of the heat transfer technology is unfeasible for 

this case. The required sensible heat rate of endothermic reaction can be reduced in terms of 

sensible heat rate in case of daily accumulation, because the temperature of calcium oxide 

may not decrease to 25°C in few hours. However, the calculated required heat rate for this 

simulation is based on the sensible temperature increasing of calcium oxide from 25 °C to 

510 °C. 

The heat transfer technologies, reactor deign, heat transfer fluid, process control philosophy 

etc. plays a significant role in the future of THS’ technologies. Each THS system has its own 

properties that requires development in technologies to become commercial in large scale. 

The laboratory experience is the first stage of THS development.       

The optimal THS-size in 2040 is roughly 67 MWh, this is quite large. Further research should 

be done to determine if THS of this size is possible. The fixed size of 50 MWh was 

investigated and is concluded to be a reasonable THS-size. Investment costs for calcium 

oxide THS are uncertain. Only one source of investment costs was found, and the real 

investment cost may therefore be higher or lower. 

6.2 Improvements of the model and possible error sources 

The model has been developed with the aim to determine if high temperature THS in 

combination with CHP is feasible. To our knowledge, no other studies of this combination 

have been done, which means that the results are difficult to validate, since the possibility to 

compare with other research results are limited. More research should be done to validate the 

results from this study, and real case demonstration plants to simulate the real behavior of 

the system. 
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The revenue from heat is the same for all cases during the same year. This is expected, 

because of the constraint that the CHP-plant always should produce enough heat to fulfill the 

heat demand. The real revenue from heat is most likely lower than the values in this thesis, 

since the income is based on the heat demand at the plant and average district heating price. 

No losses in the district heating network are taken into consideration. However, this does not 

have impact on the feasibility of THS because the real values would be the same with or 

without THS.  

By reheating the steam in the cycle, the electricity generation could be increased. In the real 

plant there may be limits to how much electricity that can be generated, due to the type of 

turbine and generator. This was not considered in this thesis, instead the possible benefits 

were investigated. In the real plant, further investments of generator/and or turbine may 

have to be done. No costs of installing the actual reheat (heat exchanger) was considered, 

instead, the costs of THS and its required components is considered. The plant may also not 

be able to cope with rapid changes in operations, this was also not considered. The power 

plants that already have Rankine cycle with reheat, and the heat for reheat is produced from 

a boiler, may use the discharge from the THS instead of extra boiler. 

During some hours, plant produced only heat. Here an extra boiler was always considered. In 

the real case, the main boiler could be used for heat only production during some hours, 

instead of the extra boiler. The main boiler would have higher efficiency than the heat only 

boiler due to its size. The real fuel consumption could therefore be lower than the values 

presented in this study. 

The study was limited to the CHP-plant in Sala, the results are expected to be different with 

other plants. Since the maintenance costs differ from plant to plant, this was not considered 

in the study. The largest benefit of introducing THS is reducing the fuel consumption, which 

means that plants with expensive fuels, like oil, would have higher benefit, and plants with 

cheap fuels like waste, would have less benefit. In the case that a cheap fuel is used, high 

temperature steam may be used for charging the THS. In Sala, the steam is only superheated 

to 480 °C, but in plants with higher temperature steam, steam could be an option for 

charging the storage. 

A prediction of the future electricity price was used. Since it is a prediction, there are always 

uncertainties, which means that the benefit of THS with electricity as a charging source in the 

future may differ from the values presented in this thesis. The biofuel price was also 

predicted to only increase as much as inflation. The time that electricity is required for 

production of steam for the storage is only assumed, the real time may be different from this 

assumption. 

The dynamic optimization was conducted in MATLAB-environment using genetic algorithm. 

This optimization is suitable for this kind of system, but further optimization may be done, by 

for example introducing more limits of charge/discharge. Different limits for summer and 

winter could be added, which could increase the operation of THS during winter.  
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6.3 The role of THS in future CHP-plants and energy system 

The results suggest that integration of THS into CHP with electricity as a charging source can 

be an interesting option in a future energy system. However, more sources of charging the 

energy storage should be investigated before the full potential of THS in combination with 

CHP can be concluded. Due to the high temperature requirements of the THS investigated in 

this thesis, only electricity was considered as charging source. Other charging sources for 

high temperature THS can be Concentrated Solar Power (CSP) or high temperature steam. 

The steam in the Sala CHP-plant is only superheated to 480 °C, which is not sufficient for 

Calcium hydroxide THS, and thus limiting its use as a charging source. If the plant uses 

cheap fuel, for example waste, steam may prove to be a good source of charging the storage. 

Introduction of CSP as a charging source to the THS is could be an interesting option, but a 

very large storage may be required since most of the heat from CSP is generated during 

summer months. 

Other energy storage types were investigated during the literature study, but Calcium oxide 

was chosen due to high discharge temperature and some laboratory experiments had been 

done, which provided the possibility to model the storage charge and discharge process. 

Calcium hydroxide is further developed nowadays by different material treatment 

technologies, to enhance the capability of THS application. Other energy storage types should 

be investigated in further dept, including latent heat storage types and other THS. THS with 

lower discharge temperature, for example 250 °C can be an interesting choice. It may not 

suitable for reheating the steam in the cycle but can be used by first preheating the water to 

the boiler, and then providing heat for the district heating network. Low temperature THS, 

with a discharge temperature of about 100 °C may fulfill the role of the sensible heat storages 

that exist in many CHP-plants, which mainly is to provide heat to the DHN during peak 

demands. The THS may be more suitable for seasonal storage, compared to the sensible heat 

storage. However, further research should be done. 

The fluctuations of the electricity price depend on various factors, including the energy mix. 

Since the energy mix in the future is unknown, the electricity price is difficult to predict. In 

the case of a lot of intermittent energy sources, energy storage may prove to be invaluable. Li-

ion batteries are popular today for storing electricity but is often not feasible due to high cost 

and difficulty to recycle the batteries. THS in combination with steam cycle could be an 

interesting alternative to batteries or other means of storing electricity to be able to provide 

electricity to the inhabitants when demand is high. 
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7  CONCLUSIONS 

Based on the results of this study, the following conclusions are made: 

• The major driver that leads to the higher revenue in configuration of THS in CHP-plants, is the 

electricity price fluctuations or in other words higher penetration of renewable energies due to 

the intermittent nature of them. Power plants fuel type, fuel price, costs of THS and district 

heating price are also important. Operation strategies are based on the operating temperature 

of TCM. Operating temperature of TCM decides the utilization and supplying pathways both 

for charging and discharging the THS. The availability of sources for supplying the 

thermochemical cycles are dependent on the THS system, including the reactor and reactant 

types. 

• The optimal operation when using electricity as a charging source is to charge the THS during 

low electricity price hours and discharging the storage during high electricity price hours. High 

temperature THS can be utilized in the Rankine cycle by reheating the steam after the first 

step in the turbine. Some of the excess heat during charging can be utilized in the DHN to 

reduce the required heat from the CHP plant. The main benefit of introducing THS to CHP is a 

more flexible plant operation during electricity price fluctuations, decreased fuel consumption 

and increased revenue in future energy system. 

• Metal hydroxide system is a promising candidate for Rankine cycle due to the availability of 

superheated steam. Calcium hydroxide is a promising candidate in the operation of Rankine 

cycle.   
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8  SUGGESTIONS FOR FURTHER WORK 

Future studies could be to optimize different CHP-configurations, TES types, and fuel types. 

Also, other charging sources, including CSP, steam or waste heat could be investigated. Other 

ways to discharge the storage for utilization of TES could also be interesting, including 

preheating the feedwater to the boiler and using the discharge mainly to provide heat to the 

DHN. Configurations of several types of Energy Storage types, in combination with the CHP, 

for example low temperature sensible storage in combination with high temperature 

thermochemical heat storage could provide more flexibility to the CHP and could be 

interesting as further research.  

Further studies on heat transfer technology, heat transfer medium and reactor design are 

essential in transforming to the commercial stage of THS application. All the challenges 

should resolve with inter-disciplinary researches and pilot projects.     
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APPENDIX 1: SALA CHP-PLANT OPERATION DURING 

DISTRICT HEATING LOADS 100%, 75%, 50% AND 25 %  

Sala CHP-plant in load 100%, 75%, 50% and 25% 
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