
Master of Science Thesis 

KTH School of Industrial Engineering and Management 

Energy Technology TRITA-ITM-EX 2019:631 

Division of Heat and Power Technology 

SE-100 44 STOCKHOLM 

 

 

 

 

 

 

 

Optimization of energy dispatch in 
concentrated solar power systems 

 

Design of dispatch algorithm in concentrated solar power tower system with thermal energy 

storage for maximized operational revenue 

 

 

 

Anna Strand 

  



II 
 

ABSTRACT 

Concentrated solar power (CSP) is a fast-growing technology for electricity production. With mirrors 

(heliostats) irradiation of the sun is concentrated onto a receiver run through by a heat transfer fluid 

(HTF). The fluid by that reaches high temperatures and is used to drive a steam turbine for electricity 

production. A CSP power plant is most often coupled with an energy storage unit, where the HTF is 

stored before it is dispatched and used to generate electricity. Electricity is most often sold at an open 

market with a fluctuating spot-prices. It is therefore of high importance to generate and sell the 

electricity at the highest paid hours, increasingly important also since the governmental support 

mechanisms aimed to support renewable energy production is faded out since the technology is 

starting to be seen as mature enough to compete by itself on the market. A solar power plant thus has 

an operational protocol determining when energy is dispatched, and electricity is sold. These 

protocols are often pre-defined which means an optimal production is not achieved since irradiation 

and electricity selling price vary. In this master thesis, an optimization algorithm for electricity sales is 

designed (in MATLAB).  

The optimization algorithm is designed by for a given timeframe solve an optimization problem 

where the objective is maximized revenue from electricity sales from the solar power plant. The 

function takes into consideration hourly varying electricity spot price, hourly varying solar field 

efficiency, energy flows in the solar power plant, start-up costs (from on to off) plus conditions for 

the logic governing the operational modes. Two regular pre-defined protocols were designed to be 

able to compare performance in a solar power plant with the optimized dispatch protocol. These 

three operational protocols were evaluated in three different markets; one with fluctuating spot price, 

one regulated market of three fixed price levels and one in spot market but with zero-prices during 

sunny hours. It was found that the optimized dispatch protocol gave both bigger electricity 

production and revenue in all markets, but with biggest differences in the spot markets. To evaluate 

in what type of powerplant the optimizer performs best, a parametric analysis was made where size of 

storage and power block, the time-horizon of optimizer and the cost of start-up were varied. For size 

of storage and power block it was found that revenue increased with increased size, but only up to 

the level where the optimizer can dispatch at optimal hours. After that there is no increase in revenue. 

Increased time horizon gives increased revenue since it then has more information. With a 24-hour 

time horizon, morning price-peaks will be missed for example. To change start-up costs makes the 

power plant less flexible and with fewer cycles, without affect income much. 

 

 

Keywords: concentrated solar power, CSP, energy dispatch, optimization, thermal energy storage, 

renewable energy, mixed-integer linear programming 
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SAMMANFATTNING 

Koncentrerad solkraft (CSP) är en snabbt växande teknologi för elektricitets-produktion. Med speglar 

(heliostater) koncentreras solstrålar på en mottagare som genomflödas av en 

värmetransporteringsvätska. Denna uppnår därmed höga temperaturer vilket används för att driva en 

ångturbin för att generera el. Ett CSP kraftverk är oftast kopplat till en energilagringstank, där 

värmelagringsvätskan lagras innan den används för att generera el. El säljs i de flesta fall på en öppen 

elmarknad, där spotpriset fluktuerar. Det är därför av stor vikt att generera elen och sälja den vid de 

timmar med högst elpris, vilket också är av ökande betydelse då supportmekanismerna för att 

finansiellt stödja förnybar energiproduktion används i allt mindre grad för denna teknologi då den 

börjar anses mogen att konkurrera utan. Ett solkraftverk har således ett driftsprotokoll som 

bestämmer när el ska genereras. Dessa protokoll är oftast förutbestämda, vilket innebär att en optimal 

produktion inte fås då exempelvis elspotpriset och solinstrålningen varierar. I detta examensarbete 

har en optimeringsalgoritm för elförsäljning designats (i MATLAB). Optimeringsscriptet är designat 

genom att för en given tidsperiod lösa ett optimeringsproblem där objektivet är maximerad vinst från 

såld elektricitet från solkraftverket. Funktionen tar hänsyn till timvist varierande elpris, timvist 

varierande solfältseffektivitet, energiflöden i solkraftverket, kostnader för uppstart (on till off) samt 

villkor för att logiskt styra de olika driftlägena. För att jämföra prestanda hos ett solkraftverk med det 

optimerade driftsprotokollet skapades även två traditionella förutbestämda driftprotokoll. Dessa tre 

driftsstrategier utvärderades i tre olika marknader, en med ett varierande el-spotpris, en i en reglerad 

elmarknad med tre prisnivåer och en i en marknad med spotpris men noll-pris under de soliga 

timmarna. 

Det fanns att det optimerade driftsprotokollet gav både större elproduktion och högre vinst i alla 

marknader, men störst skillnad fanns i de öppna spotprismarknaderna. För att undersöka i vilket slags 

kraftverk som protokollet levererar mest förbättring i gjordes en parametrisk analys där storlek på 

lagringstank och generator varierades, samt optimerarens tidshorisont och kostnad för uppstart. För 

lagringstank och generator fanns att vinst ökar med ökande storlek upp tills den storlek optimeraren 

har möjlighet att fördela produktion på dyrast timmar. Ökande storlek efter det ger inte ökad vinst. 

Ökande tidshorisont ger ökande vinst eftersom optimeraren då har mer information. Att ändra 

uppstartkostnaden gör att solkraftverket uppträder mindre flexibelt och har färre cykler, dock utan så 

stor påverkan på inkomst.   

Sökord: koncentrerad solkraft, CSP, energiavsändande, optimering, termisk energilagring, förnybar 

energi, linjär programmering 
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NOMENCLATURE 

 

CSP Concentrated solar power 
BAU Business as usual 
BCR Benefit to cost ratio 
CAPEX Capital expenditure 
DNI Direct normal irradiance 
GHI Global horizontal irradiance 
HTF Heat transfer fluid 
IPP Independent power producer 
IRR Internal rate of return 
KPI Key performance index 
LCOE Levelized cost of energy 
MILP Mixed-integer linear programming 
NPV Net present value 
OM Operational Mode 
OPEX Operational expenditure 
PB Power block 
PT Parabolic trough 
PV Photovoltaics 
SOC State of charge 
SM Solar multiple 
TES Thermal energy storage 
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1 INTRODUCTION 

 

The global energy system is largely based on the burning of fossil fuels; which we today know is 
harmful for environment and contributing to global warming. The Paris agreement of the UN (signed 
by over 200 countries agreeing on the threat of climate change) aims to speed up the transition 
towards a more sustainable energy system. A key element of the agreement is reducing emissions [1], 
where the energy sectors is required to reducing carbon dioxide emissions by more than 70 per cent 
by 2050 (compared to 2015 levels). This can be achieved only by great development of renewable 
forms of energy production (combined with energy efficiency improvements) [2]. The energy 
potential from the sun is very high (exceeding total primary energy used globally) making it a 
promising energy source and a good contributor to the transition to a more sustainable energy 
system. 
 
But - renewables with their variability and intermittency bring challenges to an energy system. Stable 
power output is important, both from a technical point of view (limitations of grid – cannot feed in o 
much electricity too fast) and from an economical point of view (power supply must meet customer 
demand, not the opposite).  
 
 

 

 
Figure 1 Solar resource [3] 

 

One renewable energy technology that is not associated with the mentioned disadvantages is the 
concentrated solar power (CSP) when coupled to a unit of thermal energy storage (TES). CSP with 
TES can be designed to have the same operational flexibility as a conventional power plant and allow 
production at any hour (collecting thermal energy during sunny hours and saving (with very little 
losses) for later dispatch). The operational protocol of a CSP plant determines whether the thermal 
energy is to be dispatched immediately or reserved and dispatched later. There are drawbacks with 
both schemes; if dispatching straight away the plant risks missing price peaks, but if waiting it risks to 
fill storage and having to dump energy [4].  
 
The developer of a solar power plant thus needs to (in addition to the sizing of the plant - solar field, 
power block, storage) design such a dispatch scheme - an operational protocol determining when to 
dispatch and sell electricity. CSP projects, since its novelty on the market has relied much on 
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governmental support schemes such as feed-in tariffs for financial viability. As the technology 
matures, such support schemes are faded out and the CSP-plants must compete by itself on the 
market, which increases importance of optimally designed dispatch schemes. 
 
Having an optimally designed dispatch scheme maximizes revenue from sold electricity, making solar 
power able to decrease its LCOE and other financial KPI:s for becoming more competitive in 
relation to other power sources. In this paper I am going to summarize the current status of 
concentrated solar power and investigate how revenue varies with different dispatch schemes. 
 

1.1 PURPOSE 

The main purpose of this thesis is to evaluate if operational revenue in a solar power plant can be 

increased by changing dispatch strategy to a strategy yielded by an optimizer. The purpose can be 

divided into a set of sub goals which are listed below. 

 

• Develop a script that optimizes sells in relation to spot price of electricity. This is done by 

considering the energy dispatch as an optimization problem and setting it up in a 

MATLAB optimization solver tool. To do that all energy flows of a solar power plant 

and its governing operational logic is mathematically expressed as constraints. A 

reference solar power plant is also constructed in which the strategies are evaluated.  

 

• Compare optimized selling strategy with reference strategies. These other schemes are 

also developed in MATLAB, designed to resemble two typical dispatch strategies. These 

strategies are heuristic, meaning the user defines under which conditions the plant should 

generate electricity or not. Feasible KPI: s for comparison are identified and performance 

are evaluated to see in markets optimization is most promising for increased revenue. 

(Considering whether it is a liberated electricity market with very fluctuating spot price or 

is a closed market with same price profile every day) 

 

1.2 METHODOLOGY 

There is firstly a review of previous work covering the fundamentals of large scale solar thermal 

power with its different technologies and components, the dispatch strategies of a power plant and in 

general about different electricity market structures. The literature study also included basics of 

optimization theory.  

Thereafter – the main part of the work – the design of the optimizer (and the reference dispatch 

scheme) is explained. Based on generated simulation results, an evaluation was then made looking 

mainly at difference in operational revenues.  

 

1.3 STRUCTURE 

The structure of the report is as follows. Following the introductory section, chapter 2 and 3 covers 

background information necessary to provide the reader with sufficient knowledge to follow and 

understand the challenges motivating why this project is interesting.  
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Chapter 4 describes in detail the modelling; the mathematical formulation of the optimizer and the 

reference scenarios (constraints and operational modes). Lastly in this section it is also described how 

the key performance indicators are calculated. 

Lastly, in chapter 5 the results and conclusions of the work is presented, and recommendations for 

future work is presented in chapter 6. 

 

1.4 DELIMITATIONS 

Within the scope of this thesis, some delimitations are done. Firstly, there are simplifications in the 
design of the power plant. The focus is the energy dispatch so energy flows are simplified to be just 
energy flows, and not expressed as temperatures and velocities in the heat transfer fluid. 
 
The main purpose with the thesis is developing the code optimizing revenue from sold electricity, 
hence much focus lied there. The full code for the optimizer is described in Methodology. Though, to 
be able to compare the optimizer with the reference cases, some simplifications were done to the 
optimizer. 
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2 BACKGROUND INFORMATION 

2.1 THE SOLAR RESOURCE 

The solar radiation can be divided into direct and diffuse radiation, where the direct radiation is the 
sunbeams hitting earth directly (not reflected or scattered by clouds etc.). The diffuse is on the 
contrary the radiation affected by clouds, gas molecules etc. The direct and diffuse combined is called 
total or global radiation [5]. The solar resource is measured differently depending on whether the total 
or only direct is of interest. Solar panels utilize both diffuse and direct irradiance whereas CSP only 
make use of the direct component (since the concentrating optics of a CSP plant only effectively 
focus the direct component).  
 
The total irradiation is measured with the “global horizontal insolation” (GHI) and the direct 
irradiation with “direct normal irradiation” (DNI). The DNI is therefore the most important value 
(regarding solar resource) when investigating sites for CSP-plants.  
 

The DNI in Sweden is on average around 1000 
kWh

m2∙year
 , whereas around the equator around 

2500 
kWh

m2∙year
. How “good” DNI that is required for a CSP project to be viable varies, since the other 

technology costs and the amount of governmental support varies. At current state though it is only 

projects in areas with the highest direct normal irradiation (values greater than 2200 
kWh

m2∙year
  ) that 

has been shown to be viable. 
 
 

  

Figure 2 Solar radiation [5] Figure 3 Incoming radiation [6] 

 

The perfect region for a CSP site is therefore one where the atmosphere lack atmospheric humidity, 

dust and fumes (steppes, bush, savannas, deserts). In feasible regions, one square kilometer of land 

can generate 100–130 GWh/year (corresponding to the power produced by a 50 MW conventional 

coal- or gas- power plant).  

 

2.2 CONCENTRATED SOLAR POWER 

The principle of concentrating solar radiation to create high temperatures and convert it to electricity 

are known since more than a century, but have only been exploited commercially since mid-1980s. 

Concentrating solar power plants produce electricity in a similar way to conventional power stations – 

using steam to drive a turbine. 
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The fundamental parts of a CSP plant are:  
 

• Solar collector/receiver  

• Power block  

• Storage unit 
 
CSP-systems uses optics (mirrors or lenses) to concentrate incoming sun onto a receiver. The energy 
from the solar field to the receiver is scaled up with the solar multiple (a design variable reflecting 
gathered amount of energy compared to required thermal power to run the turbine).  
 
A heat transfer fluid (HTF) is pumped through the receiver and is by that heated. The heated HTF 
evaporates water which runs a steam turbine to generate power [7]. The HTF is either immediately 
sent to the power generation cycle or to thermal energy storage (TES) for later use. If coupled with 
TES as described, electricity can be produced in the majority of hours throughout the year.  
 
 

 

Figure 4 Overview CSP with TES [6]  Figure 5 CSP types [6] 

 

Concentrating solar technologies exist in four optical geometrical types; parabolic trough, linear 
Fresnel, dish Stirling and power tower. Parabolic troughs and Fresnel (further descriptions below) 
concentrate the radiation onto a focal line, achieving solar concentration factors of around 60-100. 
Solar towers and dish collectors concentrate onto a single point, hence achieves higher concentration 
factors (up to 1000).  
 
Most of installed capacity of CSP power plants are of the parabolic trough type (90 %) followed by 
solar towers with around 9 %.  The power tower system is acknowledged as the technology with the 
greatest potential for efficiency improvements (and thus cost reductions) due to the flexible 
configuration and the high solar flux concentration ratios [4].  
 

2.2.1 Tower systems 

A concentrating solar power tower system uses heliostats (mirror with two axis making them able to 
track the sun) to reflect solar radiation on to a receiver located on top of a tower (figure 6). The 
sunlight is concentrated 600–1000 times, making it possible to reach very high temperatures in the 
working fluid (up to 1000 C). When the HTF is heated up the salt is transferred to one or more 
thermal energy storage tanks. The HTF can dispatched to the power block when electricity is 
required. After the heat exchange the HTF is cooler and gets transferred back to a secondary storage 
where it Is ready to be pumped up to the receiver again.  
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Figure 6 Power tower [8] 

 

Among CSP technologies, the installed power share of tower systems has increased from 12% in 
2016 to 22% in 2018. Parabolic trough systems have the largest share of 74% (in 2018). Efficiency of 
central receiver plants is usually better than parabolic trough plants since higher fluid temperatures 
(better thermodynamic performance). The higher temperatures also improve storage: smaller volumes 
are possible due to higher difference temperature in temperature between cold and hot tanks [9]. 
 
Big cost reductions have been seen in solar thermal power plants in recent years, even though the 
deployment level only is around 5 GW worldwide. Further cost reductions based on both volume and 
technological improvements is therefore expected. 
 
Due to attenuation losses (losses due to particles in air between heliostats and receiver) the maximum 
distance where the heliostats can be placed is a limitation of the CSP tower systems [11]. When the 
distance from the heliostats to the receiver becomes too big the energy losses in the reflected beam 
becomes bigger than the gain, which means that there is a maximum distance from the receiver where 
the heliostats can be placed to transfer energy to the salts. When this point is reached the CSP tower 
system can’t be expanded any further and if there is need for more power generation a new tower is 
needed to be built. 
 
 
 

 
Figure 7 Energy flow in CSP systems 
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2.2.2 Trough systems 

Parabolic trough (PT) technology uses parabolic mirrors to concentrate sunbeams and focus them 

onto a pipe containing the HTF. The HTF is heated up (up to 400°C) and can then run a steam cycle 

(with the same logic as with the tower system). PT systems are the most widespread and mature 

technology of utility scale solar power [4]. 

 

 

Figure 8 Parabolic trough system 

 
A typical trough solar collector field has parallel rows of troughs placed on a north-south axis so that 
the system can track the sun. By using with an east-west tracking, the direct beam radiation over the 
day is maximized. One collector module is typically 5-6-meter-tall and around 100 meter long. 
 
74% of the total installed capacity of CSP-plants today is parabolic trough system, meaning one 
advantage of a PT systems is the cost reductions (due to improvements) it has gone through, the 
higher availability of standardized components and the fact that there are more actors on the market. 
Moreover, the size of the solar field is not limited (as in CSP-systems) and can be expanded in a PT 
system.  
 
 

2.2.3 Linear Fresnel systems 

The Linear Fresnel technology resembles the trough technology, except that the concavity of the 
trough is “created” by several flat mirrors (an advantage with this technology is therefore the 
possibility to use low cost components). The radiation is reflected onto linear receivers just over the 
receiver (and can also be combined with secondary concentrators). 
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Figure 9a/b Linear fresnel [10] 

 

 

2.2.4 Dish engine systems 

Solar dish engines convert (in similar manner as the other CSP technologies) heat into electricity. The 

difference with the dish engine is that every concentrator has its own turbine, making the system 

modular. It is therefore possible to have both very small systems and big solar fields.  

The efficiency of the dish engine systems is the highest of the CSP technologies, converting up to 

32% of incoming solar power to electricity, compared to around 15% or 16% for power tower or 

parabolic trough designs [11].  

The drawback of the system is that since the electricity is produced immediately, it cannot store the 

energy thermally.  

 

 

Figure 10 Dish engine 

 

2.2.5 Thermal energy storage 

To be able to supply solar thermal electricity after sunset, thermal energy storage systems are utilized. 

TES gives the possibility to balance variations of renewable electricity production and can also 

increase the capacity factor and reduce the levelized cost of solar thermal electricity. Thermal energy 

storage systems are very efficient with thermal losses as low as 2% [4]. 
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Figure 11 Solar supply improved by storage 

 

Seen in figure 11 is a typical profile of how storage is used in relation to incoming solar radiation. The 

demand is met either by direct solar consumption or by discharging from storage. When there is no 

demand but solar irradiation, storage is charged. Storage is of different importance in different 

locations. If demand coincides with energy resource, demand for storage is smaller. But if for 

example demand for electricity peaks during night when there is no sun, the demand for storage is 

obvious. 

Storage systems also gives possibility to participate in the ancillary service market. Historically the electric 

grids are designed to only deal with demand peaks. The increasing variable generation making grids face 

both peaks in demand and generation. Storage systems makes it possible to reduce that peak generation. 

 

2.2.6 Costs of CSP 

The economy of a CSP project is divided into the investment cost (CAPEX) and the operational and 

maintenance costs (OPEX or O&M costs). 

  

2.2.7 Operational costs 

O&M costs consists broadly  of two factors: insurance, with an annual cost of around 0.5-1% of the 

initial capital investment and of the maintenance costs, consisting largely of cleaning and replacing 

mirrors. The operating costs of CSP plants are low compared to fossil fuel-fired power plants but are 

significant, ranging from USD20/MWh to USD40/MWh [12]. This to be compared with e.g. O&M 

costs of a coal fired power plant with an average operating cost of 4600 USD/MWh or natural gas 

3500 USD/MWh [13]. Forecasts indicate that improved O&M procedures (both cost and plant 

performance) will decrease O&M costs of CSP plants to below 0.025/kWh [14].  

Increased fuel prices for conventional fuels also increases O&M costs relative to fossil fueled plants, 
making it possible for CSP to be competitive with mid-load plants in the next 10 to 15 years.  
 
Over the entire life of a CSP power plant, the largest part of the cost is the ones related to 
construction and debt. Once the plant has been paid off (usually after about 15 years) the remaining 
operating costs are very low (of about 2-3 US cents/kWh). CSP is then cheaper than most other 
sources of energy generation, comparable to long-written-off hydropower plants. 
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2.2.8 Investment costs 

The current investment cost for parabolic trough and solar tower power plants with thermal energy 

storage is generally between USD 5 000 and USD 10 500/kW. The division of the cost in its 

respective component of the plant is shown in figure 9;   

 

 

Figure 12 Solar tower investment cost 

 

Unlike power plants fired by fossil fuels, the LCOE of CSP plants is dominated by the initial 

investment cost, which accounts for approximately four-fifths of the total cost, but cost reductions 

for CAPEX in CSP-plants are expected since commercial deployment of CSP still is relatively new 

and when technologies becomes more mature, costs go down [7].  

The investment cost is a function of the sizes of the different parts of the plant. CSP with thermal 

energy storage have higher investment costs, both due to the storage system itself but also due to the 

larger solar field. But since electricity generation is larger in plants with storage, it will generally result 

in a lower electricity generation cost. Energy storage should therefore be investigated thoroughly, as it 

can reduce the cost of electricity generated by the CSP plant and increase capacity factors. Figure 10 

shows averages of costs of operating and constructing solar power plants; 

 

 

Figure 13 Cost break down 
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2.2.9 CSP in relation to other technologies 

In feasible regions, CSP power plants can be economically competitive with fossil fuels plants, and 
the cost of generating solar thermal electricity is on a downward trend. Auction results for projects 
commissioned from 2020 shows LCOE-values of USD 0.06 to USD 0.10/kWh [15]. 
 
Future technological improvements such as mass production, economies of scale and improved 
operation will help further reduce costs. The economic viability of CSP projects is increased also due 
to policy reforms electricity sector, rising demand for ‘green power’, and the development of global 
carbon markets for pollution-free power generation.  
 
A benefit of adding CSP to the energy system is that it helps stabilizing electricity costs, mitigating 
fossil fuel price volatility and the impact of carbon pricing when it takes effects. 
There are external costs from energy production (emissions etc.) that falls on the costs for society. 
The external cost of gas is for example around 1.1-3.0 €cents/kWh and coal 3.5-7.7 €cents/kWh. To 
be able to calculate generation costs for CSP compared to fossil technologies, such external costs 
should be accounted for. 
 

2.2.10  Financing of CSP-projects 

Developing a CSP-project is complex, since many stakeholders are involved (figure 11). A project 

company is often constructed (consisting of the different stakeholders) to be able to raise equity, 

share risk, fulfill technical requirements etc. In tenders such project company is also called the 

“bidding consortium” or a Special Purpose Vehicle (SPV). 

 

 

 

Figure 14 CSP project company 
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There are many different arrangements of project companies depending on circumstances of the 

location, therefore there is no optimal configuration of one. The different actors of the project 

company are involved in different phases of the project (as illustrated in figure 12). 

 

 

Figure 15 Phases is solar power project development 

 

One important role that is of importance of this thesis is to secure financing for the projects with 
loans and/or equity. ‘Bankability’, to prove such long-term business plan income security, has been a 
difficulty in power plant development, delaying commercial expansion. Approaches to gain 
bankability have been for example long-term power purchase agreements and feed in tariffs (FIT: s). 
Solar power plants are generally supported financially through different support schemes. 
 
Since the markets and eventual support-schemes vary, the financing model must be designed 
exclusively for each CSP-project. There are for example private sector initiatives in the US, auction 
mechanisms in South Africa, public feed in tariffs in Spain; emphasizing the business models 
dependency on the respective governmental policies [16].  
 
CSP projects are mostly built through competitive auctions in which technical and financial 

requirements are defined by the government. The CSP-plants submits bidding prices of the electricity 

price to which they are willing and capable of producing and selling. The project company with the 

lowest bidding price will win the tender and be paid that price for every unit of electricity sold. This 

support scheme is called a Power Purchase Agreement (PPA) and provides the project company 

financial security during the time of the PPA (typically 25 years [17]).  

These energy auctions have been used to help CSP enter the markets. As technology matures and 

becomes cost-competitive, projects are increasingly having to manage without PPA:s but competing 

as conventional power producers at spot-markets (in de-regulated markets).  

Since PPA:s guarantees income to the CSP-plant over the time of the agreement, being without one 

(only earning revenues by selling electricity at spot markets price) imposes new challenges.  

Competing on the open market highlights the importance of selling electricity at the hours of highest 

revenue. When a plant under a PPA-agreement is paid equally during all hours, there is no incentive 

to improve the dispatch scheme, but becomes crucial at the spot market.  
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2.2.11  CSP trends 
CSP is the fastest growing type of power generation with a growth rate of around 40 %. 
 

 
Figure 16 Net power generating capacity added in 2017 by technology 

 
However, since the technology is still relatively new its share in total global electricity mix is only 0.2 
% (4.7 % of the renewable electricity (if hydropower is excluded)) [18]. The total global solar power 
capacity was around 400 GW in 2017. The potential for CSP is far greater though, analysis shows that 
concentrating solar power could supply 12% of the world’s projected power needs in 2050 [9]. 
 
 

 
Figure 17 CSP increase over time 

 

2.2.12  Electricity markets 
As mentioned in the section on project development, a CSP-plant sells electricity on a market where 

the electricity is a commodity that is traded with as any other product. Due to politics, history and 

natural resources, electricity markets across the world work differently.  

Generally, the actors on a typical electricity market is;  

1) the end-users; the consumers buying and using the electricity  

2) the electricity producers; the actors that produce electricity. In countries with a de-regulated 

electricity market, there is competition between the producers.  
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3) the retailers; the companies that buy electricity from producers (or other retailers) and sells to end-

users (or other retailers). Since the average consumer consumes very little in relation to what the 

producer produces, it is convenient with a middle hand who buys large amounts of electricity from 

the producer and then resells it.  

4) the grid-owners; companies who own and maintains the grid, and usually has monopoly in an area 

5) the system operator. Electricity is not easily stored, so at every second someone uses electricity, 

there must be the corresponding amount produced. The responsible of ensuring system stability 

between production and consumption (e.g. monitoring frequency of the net) is the system operator. 

6) the balance responsible, responsible for financial adjustments in the market.  

There are short-term trades (hourly or shorter basis) and long-term trades (power purchase 

agreements).  

The electricity market can be horizontally or vertically integrated. A horizontally integrated market 

has companies that governs everything from generation to distribution, whereas a vertically integrated 

market has different companies dealing with the different roles.  

 

 

Figure 18 Electricity market structures 

 

Liberalization of the electricity market is the concept of creating more competitive markets by 

deregulation and introduction of competition with the aim of thereby reduce the electricity price. The 

vertically integrated utilities have been in majority traditionally [19], but has shown to fail to make the 

optimal use of generation plants (by having an overcapacity). Privatization (liberalization) has shown 

to reduce the overcapacity and to provide financial gains from improved efficiency in the operation, 

networks and distribution services [15].  

In the beginning of the -00, privatization took place in the European Union energy markets and the 

ongoing trend continues to be towards increased liberalization and privatization of the electricity 

market, especially in higher income economies (overview in Figure 14). 

 

 



15 
 

 

Figure 19 Public vs. private utilities 

 

In an open and liberalized electricity market, the electricity price is set by supply and demand. A 

producer knows the cost of producing one unit of electricity and the selling price of that unit will be 

where the supply curve meets the demand curve (and the revenue for the producer is the difference 

between selling price and cost of production).  

To the power pool the producer gives a sell bid consisting of the quantity (MWh) to be produced, the 

planned time of production (trading period) and to what minimal price (€/MWh) the producers 

agrees to sell. Correspondingly the retailer gives a purchase bid consisting of quantity (MWh) to be 

bought, at what time (trading period), and to what maximal price (€/MWh) [20]. 

The different power producing technologies have different pre-requisitions for ramping up and down 

capacity - therefore, for example nuclear power will serve as base load to a relatively long-term fixed 

price, whereas peak-serving utilities can increase capacity in events of increased demand. The utilities 

with the highest cost of producing thus enters the market last – so when demand is high, the price of 

electricity is high. And vice versa – if supply is big (e.g. in markets with high penetration of 

renewables a windy and sunny day) the electricity price decreases. 

 

 

Figure 20 Load profiles 

The power plant needs to take into account both the hourly selling price of the market, different 

efficiencies throughout the day and the plants other “internal” costs, such as start-up costs – in order 

to produce electricity with maximized revenue. 
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2.3 OPTIMIZATION 

The goal of the project is to develop an operational protocol of a CSP-plant that utilizes TES in an 

optimal way that optimizes sells and maximizes revenue. Solving an optimization problem is finding 

the best solution of a limited range of allowed solutions [21].   

A general formulation of an optimization problem is to minimize a function f(x), subject to x ∈ X, 

Where; 

x = vector of optimization variables, 

f(x) = objective function, 

X = set of feasible solutions. 

The feasible solutions are the solutions that mathematically obeys the constraints and the variable 

limits. The constraints describe how the relations between optimization variables work) and the 

variable limits describes limitations on values for a single optimization variable).  

A subgroup of optimization is the linear optimization, where all constraints can be mathematically 

expressed with linear functions. If it is possible to formulate the optimization problem as a linear 

problem, it is preferable to do so. This is firstly since a non-linear optimization problem can have 

both a local and a global maximum (it is therefore possible to miss the global maxima) whereas the 

maxima of a linear problem per definition is the global maximum. The linear optimization solvers 

also require much less computational power than the non-linear [22]. The optimization of this thesis 

is described more specifically in the Methodology.  

3 LITERATURE STUDY 

3.1 DISPATCH GENERAL 

 
The advantage with CSP (compared to many other renewable energy technologies) is the possibility 
to store energy thermally and dispatch later (without much losses, as for example with PVs and 
battery storage that have much bigger energy losses). Dispatch refers to the withdrawal of heated 
fluid from thermal energy storage unit (TES) to the power block (PB). The dispatch strategies are 
both used as operational protocol in a power plant, and in the simulation stage to find the optimal 
production scheme for a planned power plant.  
 
CSP systems are often designed to allow bigger thermal power generation from solar field than what 
is possible to be directly consumed by the power cycle [23]. It is a design choice whether to have a big 
power block and generate electricity for a few hours or a smaller power block generating many hours 
and serve as baseload. The sizes of the solar field, power block and TES can be combined in many 
ways, and it is a design choice for the power plant developer to choose which design that gives largest 
revenue (while meeting requirements of the customer). 
 
The dispatch strategies can simplified be divided into two main subgroups; conservative and 
aggressive production schemes. A conservative electricity production schedule means that stored 
energy is saved for high value hours. The tradeoff is that revenue can be lost if the TES reaches 
maximum charge and the plant is being forced to not take in the thermal energy. Since we can only 
forecast the weather and plan dispatch in relation to weather and price, but the forecasts can be 
wrong. An aggressive electricity production schedule means that the plant generates when it can, not 
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valuing certain hours. Revenues can be lost since the plant does not charge enough to be able to 
generate electricity to the highest price.   
 
The sizing of the power plant and the dispatch strategy are linked together. For example, the optimal 
dispatch scheme for a system with big storage is not the optimal scheme for a system with small 
storage. There are also tradeoffs to consider regarding the relation between sizing and dispatch 
strategy (for example tradeoff between avoided investments in TES and the value of unused solar 
energy [24]). 
 

3.2 DISPATCH MODELLING 

The main objective of dispatch modelling is to decide which part of the hourly available solar energy 
is to be directly used to generate electricity and which part should to be sent to thermal storage for a 
later dispatch [24]. The best operation/dispatch strategy, though, is not easily found since many 
parameters affects it and since it can change day-to-day throughout the year, depending on forecast of 
weather and market pricing.  The dispatch algorithm also must be dynamic – e.g. remember storage 
levels from previous timesteps.  
 
Another challenge is the interlinkage between solar field and TES. Electricity is generated when 
thermal energy from storage is dispatched, and storage is filled when solar field produces thermal 
energy, so a strategy to optimize the dispatch needs to follow the constraints of both systems. The 
hours to optimally use receiver are maybe not the same as the hours to utilize power block. 
 
Too fast changes in temperature (in receiver for example) poses material stress and might damage the 
CSP system, therefore the developer must know the physical limitations of the system and write 
optimization constraints accordingly. There is also a logic time-dependency that must be modeled, 
with constraint that needs to be fulfilled at every time step for moving from one step (e.g. operational 
mode) to next. If there for example is a standby mode, you can have a constraint saying it can only go 
from off to stand-by, not from on to standby.  
 
Plant-level thermal energy storage control strategies are, according to Hansson et al. often based on 
pre-determined approaches and not on actual dynamics of thermal energy storage system operation 
[25]. With pre-determined meaning there are certain conditions set for when to produce or not (the 
predefined strategies are thus not taking into consideration the value of the hour in relation to hours 
before or ahead, as an optimizer does). 
 
Hansson et. al have created a dynamic dispatch strategy with a TRNSYS controller and the modelling 
tool DYESOPT. The aim of the dispatch controller is to increase revenue by prioritizing to sell when 
the prices are high (peak hour is defined and then prioritized). Important outcomes from their study 
was that by taking storage levels into account (at the beginning of every simulated day) and 
prioritizing peak hours the technical and economic performance of a CSP plant is improved. 
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Figure 21 Overview dispatch logic Hansson et. al 

 
Figure 19 shows the logic of the dispatch algorithm created by Hansson et. al. It is a day-ahead 
dispatch control flowchart where the solid black lines represent YES-paths, dashed black lines 
represent NO-paths and bold black lines represent decisions [25].  
 
Another dispatch controller for a hybrid CSP-PV plant was constructed by Hansson et al where a 

strategy was implemented that predicts the energy levels in TES at the end of each day and thereafter 

deciding daily dispatch schemes for the CSP. The CSP output is set to vary in response to PV power 

output, e.g. being the difference between the desired hourly plant load and the forecasted PV power 

output. The model is thus prioritizing stable generation before maximal revenue.  

Control algorithms that integrate solar concentrating technologies with energy storage systems exists, 
but according to Camerada et al [26], there are much work to be done. When designing a power plant, 
it is often needed to develop new scripts. Camerada et al. developed a control system (for a CSP/PV–
plant in Italy) with the aim of produce electricity in accordance with weather forecasting. Their 
overview logic is shown in figure 20 and findings from the study was that including weather 
forecasting improved the heuristic operational strategy.  
 

 
Figure 22 Logic overwiew Camarada [26] 

 

Wagner [4] have designed an optimization function for dispatch of thermal energy in CSP plants. The 
optimizer takes into consideration the physical constraints of all sub-systems of a power plant. By 
defining all constraints and letting an optimizer tool solve for the objective function maximized 
revenue, the optimizer yields what output at every timestep being the most profitable. The objective 
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function is to maximize electricity sales. Cost penalties (cycle and receiver start-ups and change in 
electricity production between time steps) are subtracted from the revenue. 
 
An optimizer can, as opposed to an heuristic dispatch “tell” the system to keep some energy at the 
end of each day to more efficiently start the next or choose to generate power at a reduced rate avoid 
shutdown altogether (the trade-off between startup cost and profit from generation).  
 
Depending on market and energy system of location study, different load profiles can be wanted. 
Different profiles can be designed by changing constraints under which the optimizer have to find 
maximum. Choosing what the model is set to value and the value of the cost penalties makes 
different dispatch schemes - one factor that for example effect dispatch strategy is the “production 
change penalty”. Keeping the number of power block cycles (on and offs) per day down increases 
plant lifetime and thus reduces costs related to maintenance. But having more than one cycle during 
the day allows the plant to more flexibly produce in relation to incoming radiation and thus produce 
more energy. By manipulating the “production change penalty” value, it is possible to find the 
optimized number of cycles, but also to make the generation profile of the CSP plant to act as both a 
peak and a base-load plant. It was also found that the number of cycles can be reduced by 50% 
without significantly affect the objective function value (revenue) [4]. 
  
The “start-up penalty” can in a similar way affect the behavior of the power cycle. A small cost per 
start leads to a larger amount of cycle starts. An operational protocol that seeks to minimize starts and 
stops can therefore be equally economically viable compared to a more flexible approach [4]. 
 

3.3 VALUE OF DISPATCH RESEARCH 

Economical comparisons of electricity production are often done with the “levelized cost of 
electricity”, LCOE, in which you calculate all costs associated with a power plant over its lifetime and 
divide by the amount of produced electricity. When comparing technologies, wind- and PV power for 
example have lower LCOE than CSP. This indicator though is not taking into consideration the value 
of being able to choose when power should be generated. LCOE-based comparisons therefore 
generally overvalue intermittent resources without storage [27]. In Germany - a country with high 
penetration of intermittent sources of energy, the electricity is at some hours “sold” at negative prices, 
highlighting the importance of producing in relation to demand.  
 
Two values is lost in LCOE according to Brand [24]; firstly it is the ‘‘time of delivery-value’’ which 
represents the cost savings within the daily dispatch of the power system (for example by selling at 
expensive evening hours) and secondly the value of firm capacity (a CSP plant with TES can be 
designed to have a high capacity factor, meaning it can serve as base-load generation).  
 
Brand et al. have studied how the value of dispatchability can differ from country to country. It was 
done by a comparative study of CSP systems in Morocco and Algeria and shows that due to the 
different electricity market and energy systems (but similar solar resource) the value of the 
dispatchability was different. Moroccan energy system is more based on coal power whereas the 
Algerian on the more flexible gas power generation. Algeria therefore had fewer problems with large 
amounts of solar power fed into the system since the gas power plants could more easily and cost-
efficiently follow the variations of solar electricity production (the coal power plants had to be 
ramped down or operated in an efficiency-reduced partial load mode). Conclusions from the study 
was therefore that CSP storage had higher economic value in the Moroccan power system than in the 
Algerian one. It is thus important to know when economic advantages of dispatchability outweighs 
the disadvantages of CSP’s higher LCOE (than PV in this case). How much renewable energy 
penetration that is wanted in the system affects the tradeoff - when required share of renewable 
generation in a system is low, the value of dispatchability is often not sufficient to justify investments 
in CSP and TES [24].  
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3.4 SOLAR POWER MODELLING TOOLS 

Some modelling tools were reviewed for this project. KTH:s in-house energy-modeling tool DYESOPT 

stands for Dynamic Energy System OPTimizer. It is used for dimensioning and investigating 

performance of power plants and is written in MATLAB interface. Existing dispatch strategies in 

DYESOPT is the PDS (pre-defined strategy), where dispatch model is decided once before annual 

simulation, meaning that the model will not take irradiation data into consideration and plan the 

dispatch/storage around it.  

The trade-off between technology and cost can by investigated with for example SolarPILOT (Solar 
Power tower Integrated Layout and Optimization Tool), a software simulating power plant 
performance (and each sub-system separately).  
 
The software SAM (System Advisor Model) is a tool used to techno-economically evaluate a power 
plant. SAM can also use weather data as input and thus dynamically predict electricity production of 
the plant. SolarPILOT and SAM can be used from initial plant design to simulation and financial 
evaluation. The CSP model within SAM uses a short-time-horizon (deterministic) TES dispatch 
optimization mode. An optimized dispatch strategy is possible to use in SAM.    
 

4 METHODOLOGY 

In this chapter it is explained how the solar plant and its dispatch strategies (the optimized and the 

two reference scenarios) were constructed and mathematically formulated. KPI:s for evaluation are 

also presented and explained.  

4.1 PRE-CALCULATIONS 
Before the dispatch optimization can begin, a solar power plant is constructed in MATLAB. Several 

variables are calculated which works as input to the dispatch scripts. The optimization variables are 

the ones set by the user, which then creates the conditions for the optimizer to obey.  

4.1.1 Dimensioning solar power plant 
The simulation is run with a reference solar power plant constructed in MATLAB. The CSP plant 

model consists of a molten salt central-receiver system integrated with a two-tank molten salt direct 

TES, coupled to a Rankine cycle. The plant is “located” in Chile meaning historical irradiation data 

from Chile is used. 

The energy flows of solar plant are visualized by figure 23 and the operational logic in figure 24. 
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Figure 23 Energy flow of solar power plant 

 

 

Figure 24 Logic constraints 

 

The energy flows and physical constraints of the power plant is mathematically defined accordingly;  

4.1.2 Solar field design 
 

 Description/formula Unit 

 

𝑆𝑚 

 
Solar multiple (over-dimensioning factor of solar field) 
 

 
[-] 

𝑎𝑟𝑒𝑎𝑚𝑖𝑟𝑟𝑜𝑟  
 

Mirror area of one heliostat 

𝑟𝑜𝑢𝑛𝑑(4511.2 ∙ 𝑠𝑚 − 304.86) 
 
 

[𝑚2] 

𝑛ℎ𝑒𝑙𝑖𝑜𝑠𝑡𝑎𝑡𝑠 Number of heliostats 
 

 [-] 

𝑒𝑠𝑓 Energy from solar field at time (t) 
 𝐼𝑏𝑒𝑎𝑚(𝑡) ∙  𝜂𝑠𝑓(𝑡) ∙  𝑛ℎ𝑒𝑙𝑖𝑜𝑠𝑡𝑎𝑡𝑠  ∙  𝑎𝑟𝑒𝑎𝑚𝑖𝑟𝑟𝑜𝑟  

106
 

 

 
[MW] 

   
Table 1 Solar field variables 

DNI(t) ∙ ηsf(t) = erec in(t)

Input historical values of DNI from 
chosen location ∙ solar field efficiency 

(matrix)

erec in(t) ∙ ηrec = 

erec out(t)

Energy from solar field to reciever ∙
efficiency of receiver

qin(t) → TES → qout(t)
erec out(t) = qin(t) + waste(t)

Assuming no losses in TES

qout(t) = Pgross(t) +  

Pparasitics(t)

From TES withdrawn energy to be sold and 
the energy required for plants own 

consumption

Pgross(t) ∙ ηgen ∙ ηPB= ∙
Pnet

Pgross converted with power block and 
generator efficiencies to Pnet

Variable limits
Input limits to all variables, example

Pmin< Pnet(t) < Pmax

Operational modes

Binary variables  (1 or 0) 

Power out when 𝑦on(t) = 1 etc.

Parasitic losses associated with modes

Start-up and shut 
downs

Allowed minimum time on/off

𝑐on(t) = 1 when power block turns on etc.
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4.1.3 Power block design 
 

 Description/formula Unit 
 

𝑃𝑚𝑎𝑥  

 
Nameplate net capacity of power block, input from user 

 
[MW] 

 

𝑃𝑚𝑖𝑛 

 

= 
𝑃𝑚𝑎𝑥

3
 

 
[MW] 

 

𝜂𝑝𝑏 

 
Efficiency of power block 0.3912  
 

- 

𝜂
𝑔𝑒𝑛

 
 
Efficiency of generator 0.9 
 

- 

𝑞𝑚𝑖𝑛  Minimum required thermal energy to dispatch from TES to meet 𝑃𝑚𝑖𝑛 
requirement; 

𝑞𝑚𝑖𝑛 =  
𝑃𝑚𝑖𝑛

𝜂𝑝𝑏 ∙ 𝜂𝑔𝑒𝑛

 

 

 

𝑐𝑡𝑝 Cycle thermal power; maximum dispatchable thermal energy from TES to 

not exceed 𝑃𝑚𝑎𝑥  ; 
 

𝑐𝑡𝑝 =  
𝑃𝑚𝑎𝑥

𝜂𝑝𝑏 ∙ 𝜂𝑔𝑒𝑛

 

 

 
 
 
 
 
 

Table 2 Power block variables 

 

 

4.1.4 TES – design 
 

 Description/formula Unit 

 

𝑇𝐸𝑆ℎ𝑜𝑢𝑟𝑠 

 
Number of hours required for storage (input) 

 
H 

 

𝑇𝐸𝑆𝑠𝑖𝑧𝑒  

 
Theoretical maximum of energy storage 
 

𝑇𝐸𝑆ℎ𝑜𝑢𝑟𝑠 ∙  𝑃𝑚𝑎𝑥 

 

𝑀𝑊ℎ𝑡ℎ 

𝑇𝐸𝑆𝑚𝑖𝑛 0,01 Fraction 

 

𝑇𝐸𝑆𝑚𝑎𝑥  

 
1 

 
Fraction 

 

𝑆𝑚𝑖𝑛  

 

Smallest allowed amount of energy in storage 𝑇𝐸𝑆𝑚𝑖𝑛 ∙ 𝑇𝐸𝑆𝑠𝑖𝑧𝑒  

 

𝑀𝑊ℎ𝑡ℎ 
 

𝑆𝑚𝑎𝑥  

 

Real maximum of energy storage 𝑇𝐸𝑆𝑚𝑎𝑥 ∙ 𝑇𝐸𝑆𝑠𝑖𝑧𝑒  𝑀𝑊ℎ𝑡ℎ
 

 

𝑆0 

 
Initial storage level  𝑀𝑊ℎ𝑡ℎ

 

   
Table 3 Storage variables 
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4.1.5 Solar field efficiency 
The efficiency of the solar field is a function of the suns position in the sky; the solar elevation angle 

𝜃𝑠 and the solar azimuth angle 𝛾𝑠.The elevation angle is defined as the altitude of the sun, thus 
indicating the angle between the horizon and the center of the disc of the sun [28]. The azimuth is the 
angle in the horizontal plane between a reference direction (in this case north) and the sun. The 
efficiency is commonly given with a solar field efficiency matrix. In this simulation, the azimuth and 
elevation angles are functions of time, hence it is needed to for every time step interpolate in the 
given matrix. 
 

 
Figure 25 Solar angles 

 
 
The input of the interpolations function is the azimuth and elevation angles which are calculated 
through following formulas. 

 
 

4.1.5.1 Solar field efficiency functions 
 

 Formula Unit 

   
Equation 
of time  

 

∆𝑡 𝐸𝑂𝑇 (𝑡)= 𝐴 𝑐𝑜𝑠 (2𝜋 ∙
(𝑛(𝑡) − 1)

365
) +  𝐵 𝑠𝑖𝑛 (2𝜋 ∙

(𝑛(𝑡) − 1)

365
)

+ 𝐶 𝑐𝑜𝑠 (4𝜋 ∙
(𝑛(𝑡) − 1)

365
)     + 𝐷 𝑠𝑖𝑛 (4𝜋 ∙

(𝑛(𝑡) − 1)

365
)  

 

𝐴 =  0.258;  𝐵 =  −7.416;  𝐶 =  −3.648;  𝐷 =  −9.228  
 
 

rad 
 

 
 

  

Solar time    
 

𝑡𝑠(𝑡) =  𝑡𝑐𝑙𝑘 (𝑡)  
𝛹𝑠𝑡𝑑 − 𝛹𝑙𝑜𝑐

15°
+  

∆𝑡 𝐸𝑂𝑇 (𝑡)

60
+ ∆𝑡 𝐷𝑆𝑇 

rad 

 
 
 

Hour angle 

  

 
 𝜔 =  

180

12
∗ (𝑡𝑠 − 12) 

rad 
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Declination 

angle 
 

𝛿 = 𝑎𝑟𝑐𝑠𝑖𝑛 0.39795 ∙ 𝑐𝑜𝑠 (2𝜋
(𝑛 − 173)

365
) 

 

rad 

 
 
 

Solar 
zenith 
angle 

  

  

𝜃𝑧 = 𝑎𝑟𝑐𝑐𝑜𝑠 𝑐𝑜𝑠 𝜑 𝑐𝑜𝑠 𝛿 𝑐𝑜𝑠 𝜔 + 𝑠𝑖𝑛 𝜑 + 𝑠𝑖𝑛 𝛿 

rad 

Solar 
elevation 

angle 

  

 
𝜃𝑠 =  

𝜋

2
−  𝜃𝑧 

 

rad 

 
Solar 

azimuth 
angle 

  

 
𝛾𝑠 =  (𝑠𝑔𝑛(𝜔)|

𝑐𝑜𝑠 𝜃𝑧 𝑠𝑖𝑛 𝜑 𝑠𝑖𝑛 𝛿
𝑠𝑖𝑛 𝜃𝑧 𝑐𝑜𝑠 𝜑

) 
rad 

 
Table 4 Solar formulas 

 

 

4.1.6 Time dependent variables solar time 
 

Variable Unit Description 

 

𝑡𝑠(𝑡) 

 
H 

 
Solar time 

𝑡𝑐𝑙𝑘(𝑡) H local clock time 

𝛹𝑠𝑡𝑑 𝑊° Time Zone Meridian 

𝛹𝑙𝑜𝑐 𝑊° Longitude of Chile 

   
Table 5 Solar time variables 

 
The efficiency matrix consists of typical efficiencies dependent on solar positions.  
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Figure 26 Solar field efficiency matrix 

 
To be able to use the time-dependent values of those angles, the MATLAB function interp2 is used.  
Interp2 interpolates in x- and y-direction over solar field efficiency matrix and yields actual efficiency 
[29].   

4.2 DISPATCH STRATEGY 1 - OPTIMIZATION 

Under this section the optimized dispatch strategy is explained.  

 

4.2.1 Optimizing tool  
The optimization is done with the mixed-integer linear programming solver “intlinprog” in 
MATLAB. The input to the optimization solver is 1) the governing equations of the problem 
formulated as equality or inequality functions and 2) constraints to variables.  

Intlinprog finds minimum of a problem specified by; 

 

𝑚𝑖𝑛
𝑥

𝑓𝑇𝑥 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 {

𝑥(𝑖𝑛𝑡𝑐𝑜𝑛)
𝐴 ⋅ 𝑥 ≤ 𝑏

𝐴𝑒𝑞 ⋅ 𝑥 = 𝑏𝑒𝑞
𝑙𝑏 ≤ 𝑥 ≤ 𝑢𝑏

 

 

Where;  

 

𝑓 Vector representing function to be minimized 

𝑥 Vector of all variables of optimization problem 

𝑖𝑛𝑡𝑐𝑜𝑛 Vector defining integer variables 

𝐴 Matrix of coefficients of inequality functions 

𝐵 Solution vector to inequality functions 
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𝐴𝑒𝑞 Matrix of coefficients to equality functions 

𝐵𝑒𝑞 Solution vector of equality functions 

𝑙𝑏/𝑢𝑏 Vector defining lower and upper bounds of variables 

 

The MATLAB syntax for calling this solver is; 

  

𝑥 =  𝑖𝑛𝑡𝑙𝑖𝑛𝑝𝑟𝑜𝑔(𝑓, 𝑖𝑛𝑡𝑐𝑜𝑛, 𝐴, 𝑏, 𝐴𝑒𝑞, 𝑏𝑒𝑞, 𝑙𝑏, 𝑢𝑏) 

 

The vector x is thus one big vector of all result variables at all timesteps, so needs to be sorted and 

arranged after optimization solver yielded results.  

 

4.2.2 Objective function 
The objective is to maximize electricity sales. Electricity sales are defined as the summation over time 

of the product of electricity price and power generation less parasitic losses. Cost penalties associated 

with cycle and receiver start-up are subtracted from the revenue.  

 
 

∑(𝑃𝑛𝑒𝑡(𝑡) − 𝑃𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐(𝑡)
𝑜𝑓𝑓

)  ∙  𝑝𝑠𝑒𝑙𝑙(𝑡) − 𝑃𝑛𝑒𝑡(𝑡) ∙  𝐶𝑃𝐵
𝑂𝑀 − 𝑐𝑃𝐵(𝑡)

𝑜𝑛 ∙ 𝐶𝑃𝐵
𝑠𝑡𝑎𝑟𝑡−𝑢𝑝

   

𝑡∈𝑇

 

 
 

4.2.3 Optimization parameters and sets  

4.2.3.1 Time indexed parameters 
Symbol Unit Description 

𝑒𝑠𝑓(𝑡) 𝑀𝑊𝑡ℎ Energy collected at solar field at time t 

𝑝𝑠𝑒𝑙𝑙(𝑡) $/𝑀𝑊ℎ Electricity sales price in time t 

𝜂𝑠𝑓(𝑡) - Efficiency of solar field at time t 

   

   

4.2.3.2 Steady state parameters 

𝑃𝑚𝑎𝑥 𝑀𝑊𝑒 Net electric power rated capacity of PB 

𝑃𝑚𝑖𝑛 𝑀𝑊𝑒 Minimum net electric power output from PB 

𝑃𝑔𝑟𝑜𝑠𝑠 𝑀𝑊𝑒 Gross electric power output from PB 

𝑄𝑚𝑖𝑛 𝑀𝑊𝑡ℎ Minimum thermal output from TES 
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𝑄𝑚𝑎𝑥 𝑀𝑊𝑡ℎ Thermal power capacity of PB 

𝑆𝑚𝑖𝑛 𝑀𝑊ℎ𝑡ℎ Minimum allowed levels in storage 

𝑆𝑚𝑎𝑥 𝑀𝑊ℎ𝑡ℎ Energy storage capacity 

𝜂𝑟𝑒𝑐 -  Efficiency of receiver 

𝐶𝑃𝐵
𝑠𝑡𝑎𝑟𝑡−𝑢𝑝

 $ PB start-up cost 

𝐶𝑟𝑒𝑐
𝑠𝑡𝑎𝑟𝑡−𝑢𝑝

 $ Receiver start-up cost 

𝑟𝑒𝑐𝑚𝑖𝑛 𝑀𝑊𝑡ℎ Minimum thermal output 

𝑟𝑒𝑐𝑚𝑎𝑥 𝑀𝑊𝑡ℎ Thermal capacity of receiver 

 

4.2.4 Variables  

4.2.4.1 Continuous 

𝑃𝑛𝑒𝑡(𝑡) 𝑀𝑊𝑒 Sold electricity at time t 

𝑃𝑔𝑟𝑜𝑠𝑠(𝑡) 𝑀𝑊𝑡ℎ 𝑃𝑛𝑒𝑡 plus 𝑃𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐
𝑜𝑛  at time t 

𝑟𝑒𝑐𝑖𝑛(𝑡) 𝑀𝑊𝑡ℎ Thermal energy from SF to receiver at time t 

𝑟𝑒𝑐𝑜𝑢𝑡(𝑡) 𝑀𝑊𝑡ℎ Thermal energy from receiver at time t 

𝑞𝑖𝑛(𝑡) 𝑀𝑊𝑡ℎ Thermal energy into to TES at time t 

𝑞𝑜𝑢𝑡(𝑡) 𝑀𝑊𝑡ℎ Thermal energy from TES at time t 

𝑆(𝑡) 𝑀𝑊 TES reserve quantity at t 

𝑃𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐(𝑡)
𝑜𝑛  𝑀𝑊𝑡ℎ Power cycle parasitic losses at time t (when PB on) 

𝑃𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐(𝑡)
𝑜𝑓𝑓

 𝑀𝑊𝑡ℎ Power cycle parasitic losses at time t (when PB off) 

𝐶𝑃𝐵(𝑡)
𝑂𝑀  $ Cost of production at time t 

𝑇𝐸𝑆𝑤𝑎𝑠𝑡𝑒(𝑡) 𝑀𝑊𝑡ℎ Wasted thermal energy if TES is full 

𝑟𝑒𝑐𝑤𝑎𝑠𝑡𝑒(𝑡) 𝑀𝑊𝑡ℎ Wasted thermal energy if receiver max is reached 

 

4.2.4.2 Binary 

𝑦𝑜𝑛(𝑡)  1 if PB is generating power at time t; 0 otherwise 

𝑦𝑜𝑓𝑓(𝑡)  1 if PB is off at time t; 0 otherwise 

𝑟𝑒𝑐𝑜𝑛(𝑡)  1 if receiver is collecting energy at time t; 0 otherwise 

𝑟𝑒𝑐𝑜𝑓𝑓(𝑡)  1 if receiver is off at time t; 0 otherwise 
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𝑐𝑃𝐵(𝑡)
𝑜𝑛   1 if PB is starting up at time t; 0 otherwise 

𝑐𝑃𝐵(𝑡)
𝑜𝑓𝑓

  1 if PB is shutting down at time t; 0 otherwise 

𝑐𝑟𝑒𝑐(𝑡)
𝑜𝑛   1 if receiver is starting up at time t; 0 otherwise 

𝑐𝑟𝑒𝑐(𝑡)
𝑜𝑓𝑓

  1 if receiver is shutting down at time t; 0 otherwise 

   

4.2.5 Receiver constraints 

4.2.5.1 Receiver energy flows 
 

𝑟𝑒𝑐𝑖𝑛(𝑡) + 𝑟𝑒𝑐𝑤𝑎𝑠𝑡𝑒 (𝑡) = 𝑒𝑠𝑓(𝑡) ∀𝑡 ∈ 𝑇 (1a) 

𝑟𝑒𝑐𝑖𝑛(𝑡) ∙ 𝜂𝑟𝑒𝑐(𝑡) =  𝑟𝑒𝑐𝑜𝑢𝑡(𝑡)  ∀𝑡 ∈ 𝑇 (1b) 

𝑟𝑒𝑐𝑜𝑢𝑡(𝑡) =  𝑞𝑖𝑛(𝑡) +  𝑇𝐸𝑆𝑤𝑎𝑠𝑡𝑒(𝑡)  ∀𝑡 ∈ 𝑇 (1c) 

 

4.2.5.2 Receiver operational modes and start-ups/shut-downs 
 

𝑟𝑒𝑐𝑜𝑛(𝑡) + 𝑟𝑒𝑐𝑜𝑓𝑓(𝑡) = 1  ∀𝑡 ∈ 𝑇   (1d) 

𝑟𝑒𝑐𝑜𝑛(𝑡) − 𝑟𝑒𝑐𝑜𝑛(𝑡−1) =  𝑐𝑟𝑒𝑐(𝑡)
𝑜𝑛 −  𝑐𝑟𝑒𝑐(𝑡)

𝑜𝑓𝑓
 ∀𝑡 ∈ 𝑇: 𝑡 ≥ 1 (1e) 

𝑟𝑒𝑐𝑜𝑢𝑡(𝑡) − 𝑀 ∙ 𝑟𝑒𝑐𝑜𝑛(𝑡) ≤ 0 ∀𝑡 ∈ 𝑇    (1f) 

𝑟𝑒𝑐𝑜𝑛(𝑡) ∙  𝑟𝑒𝑐𝑚𝑖𝑛 (𝑡) ≤  𝑟𝑒𝑐𝑜𝑢𝑡(𝑡) ∀𝑡 ∈ 𝑇   (1g) 

𝑐𝑟𝑒𝑐(𝑡)
𝑜𝑛 + 𝑐𝑟𝑒𝑐(𝑡+1)

𝑜𝑓𝑓
+ 𝑐𝑟𝑒𝑐(𝑡+2)

𝑜𝑓𝑓
≤ 1 ∀𝑡 ∈ 𝑇: 𝑡 ≥ 2 (1h) 

𝑐𝑟𝑒𝑐(𝑡)
𝑜𝑓𝑓

+ 𝑐𝑟𝑒𝑐(𝑡+1)
𝑜𝑛 + 𝑐𝑟𝑒𝑐(𝑡+2)

𝑜𝑛 ≤ 1 ∀𝑡 ∈ 𝑇: 𝑡 ≥ 2 (1i) 

 

4.2.5.3 Explanations receiver constraints 
Constraint (1a) handles the energy flow from solar field to receiver. The solar field supplies the 

receiver with energy, but if receiver maximum is reached there is the possibility to aim heliostats away 

from receiver to avoid damage. How efficient the receiver converts incoming energy to possible 

outflowing energy is determined with the receiver efficiency and handled in Constraint (1b).  Energy 

flowing in to TES from receiver is limited by the size of TES and hence another waste variable is 

introduced and handled in constraint (1c). Constraint (1d) states that only one operating mode (“on” 

or “off”) can happen at the same time. Constraint (1e) governs the turning on and off of receiver. If 

the operational mode changes from time step to next, it must indicate as either a turn on (𝑐𝑟𝑒𝑐(𝑡)
𝑜𝑛 = 1) 

or shutdown (𝑐𝑟𝑒𝑐(𝑡)
𝑜𝑓𝑓

=1). According to constraint (1g) the receiver can only have energy output when 

it is a) in operational mode on and b) energy output is larger than minimum allowed receiver output. 
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To avoid short cycles Constraint (1i) states that when receiver starts, it has to remain on for a 

minimum of two hours.    

 

4.2.6 Power cycle  

4.2.6.1 Power cycle energy flows 
 

𝑄𝑜𝑢𝑡(𝑡) =  𝑃𝑔𝑟𝑜𝑠𝑠(𝑡) + 𝑃𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐(𝑡)
𝑜𝑛    ∀𝑡 ∈ 𝑇 2a 

𝑃𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐(𝑡)
𝑜𝑛 = 𝑦𝑜𝑛(𝑡) ∙

𝑃𝑛𝑒𝑡(𝑡)

5
 ∀𝑡 ∈ 𝑇 

2b 

𝑃𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐(𝑡)
𝑜𝑓𝑓

=  𝑦𝑜𝑓𝑓(𝑡) ∙  
𝑃𝑚𝑖𝑛

5
 ∀𝑡 ∈ 𝑇 

2c 

𝑃𝑔𝑟𝑜𝑠𝑠(𝑡) ∙  𝜂𝑝𝑏 ∙  𝜂𝑔𝑒𝑛 =  𝑃𝑛𝑒𝑡(𝑡) ∀𝑡 ∈ 𝑇 2d 

 
 

4.2.6.2 Power cycle operational modes and start-ups/shut-downs 
 

𝑦𝑜𝑛(𝑡) + 𝑦𝑜𝑓𝑓(𝑡) = 1  ∀𝑡 ∈ 𝑇   2e 

𝑦𝑜𝑛(𝑡) − 𝑦𝑜𝑛(𝑡) =  𝑐𝑃𝐵(𝑡)
𝑜𝑛 − 𝑐𝑃𝐵(𝑡)

𝑜𝑓𝑓
 ∀𝑡 ∈ 𝑇: 𝑡 ≥ 1 2f 

𝑃𝑜𝑢𝑡(𝑡) − 𝑀 ∙ 𝑦𝑜𝑛(𝑡) ≤ 0   ∀𝑡 ∈ 𝑇 2g 

𝑃𝑚𝑖𝑛  ∙  𝑦𝑜𝑛(𝑡) ≤  𝑃𝑜𝑢𝑡(𝑡) ∀𝑡 ∈ 𝑇 2h 

−𝑃𝑜𝑢𝑡(𝑡) ≤ 0  ∀𝑡 ∈ 𝑇 2i 

𝑐𝑃𝐵(𝑡)
𝑜𝑛 + 𝑐𝑃𝐵(𝑡+1)

𝑜𝑓𝑓
+  𝑐𝑃𝐵(𝑡+2)

𝑜𝑓𝑓
≤ 1 ∀𝑡 ∈ 𝑇: 𝑡 ≥ 2 2j 

𝑐𝑃𝐵(𝑡)
𝑜𝑓𝑓

+ 𝑐𝑃𝐵(𝑡+1)
𝑜𝑛 +  𝑐𝑃𝐵(𝑡+2)

𝑜𝑛 ≤ 1 ∀𝑡 ∈ 𝑇: 𝑡 ≥ 2 2k 

𝑃𝑚𝑖𝑛 < 𝑃𝑜𝑢𝑡(𝑡) < 𝑃𝑚𝑎𝑥 2l 

 
 

4.2.6.3 Explanations power block constraints 
Energy from TES both accounts for parasitic losses within the plant and for the thermal energy that 

is sent to the power block, as described by Constraint (2a).  The parasitic losses is the energy required 

for running the plant and is thus a function of the power output at time t and is taken from storage 

when on as described in Constraint (2b). When the plant is off it also requires electricity, which is 

then bought from the grid. For every hour off, the plant buys the same amount of electricity as the 

minimum output of the plant (Constraint (2c)). The output sent as thermal energy to power block is 

then multiplied with the efficiency of power block which then gives electricity output (Constraint 

(2d)). Two operational modes cannot coincide (according to constraint 2e) and a change in 
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operational mode from time step to next implies a change in either 𝑐𝑃𝐵(𝑡)
𝑜𝑛  or 𝑐𝑃𝐵(𝑡)

𝑜𝑓𝑓
 according to (2f). 

Pout has to be greater than minimum allowed power level when power block is on, defined in (2h), 

and constraint (2i) states that power generation can only be positive. Constraints (2j) and (2k) 

introduces a timeframe for which the power block has to be on respectively off if changing 

operational modes, to avoid suboptimal cycling (too many on/offs). 

4.3  DISPATCH STRATEGY 2 - AGGRESSIVE 
The first reference strategy is called the aggressive dispatch strategy, since it will as fast as there is 

revenue sell electricity. The strategy defines two types of hours; peak and off peak. The limit defining 

peak hour can be set by user and in this evaluation, the cost of operation is used (𝑝𝑠𝑒𝑙𝑙  >  𝐶𝑂𝑀
𝑃𝐵 ). E.g 

the plant will produce when revenue is made and there is enough available thermal energy to do so.  

Advantages with the aggressive strategy is that the plant will have little or no waste, and thus will 

probably require smaller storage. Disadvantages with such strategy are that the solar power plant will 

not sell electricity when there is the most revenue.  

The dispatch strategy of the reference case 1 is constructed in MATLAB and evaluates for every 

time-step if the hour 1) is a peak-hour, and 2) has enough energy accessible from SF and/or TES to 

provide power block with enough thermal energy for required for nominal operation and 3) if there is 

room in TES for incoming solar energy. If the three conditions are fulfilled, there will be power 

output of nominal capacity.  

The dispatch is thus pre-defined, so for every hour, the solar power plant will operate in one of the 

eight different modes visualized in Figure 12.   

 

 

Figure 27 Visualization reference strategy aggressive 

 

4.3.1 Description of operational modes reference scenario 1 

The dispatch logic of reference scenario 1 is a MATLAB if-loop which evaluates outer (irradiation 

and electricity) and inner circumstances (storage level from previous hour) and updates arrays of 
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power output, storage levels and waste depending on which of the ten modes the input corresponds 

to. 

 
 

Op. 
mode 

Description  𝑷𝒏𝒆𝒕(𝒕) 𝑻𝑬𝑺𝒘𝒂𝒔𝒕𝒆(𝒕) 𝑺(𝒕)  

1 
 

Enough energy either available to 
produce, peak hour, not room in 
storage  
 

𝑃𝑚𝑎𝑥  𝑒𝑟𝑒𝑐(𝑡) −  𝑐𝑡𝑝  - ( 𝑆𝑚𝑎𝑥  -

𝑆 (𝑡−1) ) 

𝑆𝑚𝑎𝑥  

     
2 Enough energy available to 

produce, peak hour, room in 
storage 

𝑃𝑚𝑎𝑥  0 𝑆(𝑡−1)  +  𝑒𝑟𝑒𝑐(𝑡) −  𝑐𝑡𝑝   

     
3 Enough energy available to 

produce, not peak hour, not 
room in storage 
 

0 𝑒𝑟𝑒𝑐(𝑡) - ( 𝑆𝑚𝑎𝑥  -𝑆 (𝑡−1) ) 𝑆𝑚𝑎𝑥  

     
4 Enough energy available to 

produce, not peak hour, room in 
storage    
 

0 0 𝑆𝑡−1 + 𝑒𝑟𝑒𝑐(𝑡) 

 

     
5 Not enough energy available to 

produce, peak hour, not room in 
storage 

0 𝑒𝑟𝑒𝑐(𝑡) - ( 𝑆𝑚𝑎𝑥  -𝑆 (𝑡−1) ) 𝑆𝑚𝑎𝑥  

     
6 Not enough energy available to 

produce, peak hour, room in 
storage 

0 0 𝑆𝑡−1 + 𝑒𝑟𝑒𝑐(𝑡)    

     
7 Not enough energy to produce, 

not peak hour, not room in 
storage   
 

0 𝑒𝑟𝑒𝑐(𝑡) - ( 𝑆𝑚𝑎𝑥  -𝑆 (𝑡−1) )      𝑆𝑚𝑎𝑥  

     
8 Not enough energy to produce, 

not peak hour, room in storage   
 

0 0 𝑆𝑡−1 + 𝑒𝑟𝑒𝑐(𝑡)   

Table 6 Operational modes "aggressive" scheme 

 

4.4 REFERENCE SCENARIO 2 
The second reference scenario is the “conservative” dispatch strategy. This strategy is also pre-

defined by the user, so for every hour, the circumstances (storage level, irradiation) will put the plant 

in a certain operational mode. In this strategy three different categories for the prices exist (off-peak, 

semi-peak and peak). If the selling price is below the cost of producing, obviously there will be no 

generation. If the price is higher than the cost of generation and higher than a chosen peak-level, the 

hour will be a peak hour. For the plant to produce during peak hours, it will follow the same logic as 

reference scenario 1 (producing maximum capacity if solar irradiation is enough). Though, for the 

plant to operate during semi-peak hours an additional criterion must be fulfilled. The additional 

criteria is that the plant has to have enough thermal energy in storage to allow production during the 
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peak hours (or some peak hours – amount of hours to “keep” is input from user – typically duration 

of hours of typical peak).   

The advantage with this strategy (compared to reference case 1) is thus that it will identify peaks and 

use storage to be able to always sell during peak hours. Producing off-peaks only when it has enough 

energy in storage.  

 

Figure 28 Reference scenario “conservative” visualization 

 

 

4.4.1 Description of operational modes reference scenario 2 (conservative) 
The dispatch logic of reference case is a MATLAB if-loop which evaluates outer circumstance 

(irradiation and electricity) and inner (storage level from previous hour) and updates arrays of power 

output, storage levels and waste depending on which of the ten modes the input corresponds to. 

The plant is not allowed to operate during semi-peak unless a certain amount of thermal energy is in 

storage. This variable is defined as the “peak hour storage” (“phs”) and is set by finding average 

length (in hours) a typical price peak is.  

 

Op. 
modes 

Description  𝑷𝒏𝒆𝒕(𝒕) 𝑻𝑬𝑺𝒘𝒂𝒔𝒕𝒆(𝒕) 𝑺(𝒕)  

 
1 
 

 
Peak hour, enough energy to 
produce, not room in storage 

 

𝑃𝑚𝑎𝑥  

 

𝑒𝑟𝑒𝑐(𝑡) − 𝑐𝑡𝑝 - ( 𝑆𝑚𝑎𝑥  -

𝑆 (𝑡−1) ) 

 

𝑆𝑚𝑎𝑥  
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2 Peak hour, enough energy to 
produce, room in storage   

𝑃𝑚𝑎𝑥  0 𝑆(𝑡−1)  +  𝑒𝑟𝑒𝑐(𝑡) −  𝑐𝑡𝑝   

     
3 Peak hour, not enough energy 

to produce, not room in 
storage  

0 𝑒𝑟𝑒𝑐(𝑡) - ( 𝑆𝑚𝑎𝑥  -𝑆 (𝑡−1) ) 𝑆𝑚𝑎𝑥  

     
4 Peak hour, not enough energy 

to produce, room in storage    
0 0 𝑆𝑡−1 +  𝑒𝑟𝑒𝑐(𝑡) 

 
     
5 Not peak hour, enough 

energy to produce while 
storing for peak hours, not 
room in storage    

 𝑃𝑚𝑎𝑥    𝑒𝑟𝑒𝑐(𝑡) − 𝑐𝑡𝑝 - ( 𝑆𝑚𝑎𝑥  -

𝑆 (𝑡−1) ) 

𝑆𝑚𝑎𝑥  

     
6 Not peak hour, enough 

energy to produce while 
storing for peak hours, room 
in storage 

 𝑃𝑚𝑎𝑥 0 𝑆𝑡−1 +  𝑒𝑟𝑒𝑐(𝑡) − 𝑐𝑡𝑝 

     
7 Not peak hour, not enough 

energy to produce while 
storing for peak hours, not 
room in storage  

0 𝑒𝑟𝑒𝑐(𝑡) -  ( 𝑆𝑚𝑎𝑥  -𝑆 (𝑡−1) )    𝑆𝑚𝑎𝑥  

     
8 Not peak hour, not enough 

energy to produce while 
storing for peak hours , room 
in storage 

0 0 𝑆𝑡−1 +  𝑒𝑟𝑒𝑐(𝑡)   

     
9 No revenue, not room in 

storage  
0 𝑒𝑟𝑒𝑐(𝑡) -  ( 𝑆𝑚𝑎𝑥  -𝑆 (𝑡−1) ) 𝑆𝑚𝑎𝑥  

     
10 No revenue, room in storage 0, 0 𝑆𝑡−1 + 𝑒𝑟𝑒𝑐(𝑡) 

 

4.5 DESIGN OF REFERENCE POWER PLANT 

4.5.1 Reference power plant (dispatch strategy evaluation) 
When looking at performance of different dispatch strategies, the reference power plant is set up 

accordingly. 

 
Parameter 

 
Chile 

 
Spain 

 
Morocco 

Power block [MW] 150  150 150 

TES [h] 8  8  8  

Sm 2 2 2 

Peak price definition [USD/MWh] Mean ≈ 37 Mean ≈ 50  100  

Peak hour storage definition [h] 4 4  4  

Table 7 Reference power plant varying dispatch 
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4.5.2 Reference power plant (optimizer parametric analysis) 
When looking at performance of optimizer under different powerplant configurations, the solar 

power plant will be varied accordingly 

 

Parameter Unit Value 
 
Net electrical output 

 
MWe 

 
50, 100, 150 

 
Size of TES 

 
h 

 
(0),1, 5, 10, 15, 20 

 
Time-horizon 

 
h 

 
24,,,576 

   
Start-up cost USD 100,,,6000 
   

Table 8 Reference power plant optimizer evaluation 

 

4.6 ECONOMIC AND TECHNICAL  EVALUATION KPI:S 
In this section the KPI:s used for analysis are presented and explained. 

 

4.6.1 Power output 
The net sum of all generation over a year. 

 

∑ 𝑃𝑛𝑒𝑡(𝑡)

𝒕=𝟖𝟕𝟔𝟎

𝒕=𝟎

 [𝑀𝑊] 

Equation 1 Power output 

 

4.6.2 Operational revenue  
The main interest is how the total operational revenue of the solar power plant can increase by only 

changing dispatch strategy. Therefore, a KPI is constructed by taking the total revenue divided with 

the total generation, thus getting the revenue per generated MW, where no investment costs are 

involved.  

 

∑ (𝑃𝑛𝑒𝑡 − 𝑃𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐
𝑜𝑓𝑓

)  ∙  𝑝𝑠𝑒𝑙𝑙 − 𝑃𝑛𝑒𝑡 ∙  𝐶𝑃𝐵
𝑂𝑀 −  𝑐𝑃𝐵

𝑜𝑛 ∙ 𝐶𝑃𝐵
𝑠𝑡𝑎𝑟𝑡−𝑢𝑝8760

𝑡=1  

∑ 𝑃𝑛𝑒𝑡
𝑡=8760
𝑡=0

 [
𝑈𝑆𝐷

𝑀𝑊
] 

Equation 2 Operational revenue 

 

The total revenue is the summation over a year of the revenue from sold electricity with subtracted 

costs associated with generation (the calculation is explained in detail under section 4.2.2). The total 

revenue is then divided with the total generation.  
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4.6.3 Relative improvement 
The relative improvement is a unitless ratio between performances of optimizer strategy to the 

reference cases. Two main parameters evaluated is revenue and power output.  

 

𝑅𝐼𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐𝑎𝑙 =  
𝑟𝑒𝑣𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑟

𝑟𝑒𝑣𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑖𝑒𝑠

 

Equation 3 RI economical 

 

𝑅𝐼𝑝𝑜𝑤𝑒𝑟 =  
𝑃𝑛𝑒𝑡 𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑟

𝑃𝑛𝑒𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠𝑡𝑟𝑒𝑡𝑒𝑔𝑖𝑒𝑠

 

Equation 4 RI power 

 

 

4.6.4 Average selling price 
Is found by dividing total income from sells with total generation. 

 

∑
(𝑃𝑛𝑒𝑡(𝑡)  ∙  𝑝𝑠𝑒𝑙𝑙(𝑡))

𝑃𝑛𝑒𝑡(𝑡)

𝒕=𝟖𝟕𝟔𝟎

𝒕=𝟎

 [𝑈𝑆𝐷] 

Equation 5 Average selling price 

 

4.6.5 Operation and maintenance costs 
The sum of all operation and maintenance costs over a year. The first term is an om-cost which is a 

function of power output, set  to 20 USD/MW. The other term is the cost associated with turning on 

from off (100 USD). 

 

∑ −𝑃𝑛𝑒𝑡 ∙  𝐶𝑃𝐵
𝑂𝑀 − 𝑐𝑃𝐵

𝑜𝑛 ∙ 𝐶𝑃𝐵
𝑠𝑡𝑎𝑟𝑡−𝑢𝑝

𝒕=𝟖𝟕𝟔𝟎

𝒕=𝟎

 [𝑈𝑆𝐷] 

Equation 6 Omcosts 

 

4.7 ECONOMIC EVALUATION – MARKETS 
To compare the performance of the dispatch controller, three different market structures were 

chosen. The price data of all market structures are real historical hourly selling price of 1 MWh. The 

locations chosen are chosen to resemble two typical markets – two where the electricity price is 

determined based on market mechanisms at an open market, and one with a state-owned market with 

pre-determined fixed price levels.  
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Figure 29 Price profile Morocco 

The Moroccan price profile has as seen, three distinct price levels. The electricity is sold to the lowest 

price during mornings, a bit more expensive during day and with a peak during evening. 

 

 

Figure 30 Electricity price profile Chile 

The Chilean energy system is characterized by a high penetration of solar PV and thus has a big input 

of power during the day. The law of supply and demand thus makes the price low, in this case as low 

as 0 USD/MWh. During mornings and evening the prices fluctuate, but in a very limited range.  
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Figure 31 Electricity price profile Spain 

 

The price profile of Spain is a spot market profile with prices fluctuating between around 15-75 

USD/MWh.   

4.8 OPTIMIZER PARAMETRIC STUDY 

4.8.1 Storage  
Evaluating performance under varying storage capacities is done by simulating annual performance 

keeping power block and solar multiple (sm) values fixed but varying storage capacity (hours). The 

hours are varied are from 0 to 16 with the step size of 2.  

 

4.8.2 Time horizon of optimizing 
The performance of the power plant is investigated under varying optimization time-horizons. The 
default time horizon of the optimizer is 24 hours, meaning the optimizer solves an optimization 
problem having information about price data for 24 hours. The following day, it will import the last 
value of storage level from day before. By running the simulation with 24-hour chunks, the optimizer 
cannot “think” overnight and thus it misses if there is a price peak during the morning hours (before 
solar energy of that second day is enough for producing. The total hours investigated is chosen to be 
576 (24 days of 24 hours), since it is possible to divide with many different hours.  
The total 576 hours is divided into n simulations of m hours each accordingly; 
 

Time-horizon attempt n simulations m hours per simulation Hours 

1 24 24 576 
2 12 48 576 
3 8  72 576 
4 6 96 576 
5 4 144 576 
6 3 192 576 
7 2 288 576 
8 1 576 576 
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Figure 32 Time horizon of optimization 

 

4.8.3 Start-up cost 
Depending on market and power plant, there can be incentives for wanting to minimize the number 

of power cycles. This is simulating by varying the cost of the power block start-up. The initial cost is 

100 USD per start-up. This value is increased with a factor 10 until 10000. The last value of 60000 

was found iteratively, since a too large value will prevent the plant from turning on all together. 

When reviewing financial performance, only income from sells are looked, not total revenue function.  

 

𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑐𝑜𝑚𝑒 =  ∑ (𝑃𝑛𝑒𝑡(𝑡)  ∙  𝑝𝑠𝑒𝑙𝑙(𝑡)

8765

𝑡=0

) [𝑈𝑆𝐷]   

Equation 7 Total income 
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5 RESULTS 

The results section starts with the comparison of the optimizer to the reference heuristic strategies, 

where the performance of a reference power plant is studied. In the other section a parametric 

analysis of only the optimizer is done. 

5.1 RESULTS COMPARISON DISPATCH STRATEGIES 
Evaluation of change in revenue between the optimized dispatch strategy and the two heuristic 

dispatch strategies with a reference power plant under three different market conditions. 

5.1.1 Spain 

5.1.1.1 Four-day visualization 
 

 

Figure 33 Strategy comparison - Optimizer Spain 

 

Figure 34 Strategy comparison - Conservative Spain 

 



40 
 

 

Figure 35 Strategy comparison - Aggressive Spain 

 

5.1.1.2 Annual simulation 
 

Parameter Optimizer Aggressive Conservative 

    

𝑃𝑛𝑒𝑡  [MW] 2,86 ∙ 105 2,461∙ 105 2,616∙ 105 
Revenue [USD] 1,887∙ 107 1,29∙ 107 1,55∙ 107 
Revenue/MW 65,9 52,4 59,3 
Relative improvement  46,2 % 21,7 % 

Average selling price [USD] 107,9 99 103,7 

O&M costs 57,2 ∙ 105 49,2 ∙ 105 51,06 ∙ 105 
 

Table 9 KPI:s comparison strategies Spain 

 

5.1.1.3 Generation profile 
Visual representation of generation (one month simulated). 

 

Figure 36 Comparison strategies Spain (monthly) 

5.1.1.4  Conclusion 
As seen, the optimized strategy produces most electricity and to the highest revenue. The price-

profile is rather “easy” for all strategies though, since price peaks are some days coinciding with 

irradiation peaks, making the simplest strategy (the aggressive) performing well. When looking at 

storage utilization it is found that the optimizer makes much more use of the storage. For the 

aggressive strategy, the number of cycles will basically be the number of days, whereas for the 

conservative it will be related to the number of times the price is higher than the price peak level, but 

for the optimizer it is harder to find such pattern. The optimizer makes the biggest improvement in 
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this market since the prices fluctuate the most; the revenue can increase a lot by shifting when the 

plant generates.   

 

5.1.2 Morocco 

5.1.2.1 Four day visualization 

 

Figure 37 Strategy comparison - Optimizer Morocco 

 

 

Figure 38 Strategy comparison - Aggressive Morocco 

 

 

 

 

 

 

 

Figure 39 Strategy comparison - Conservative Morocco 
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5.1.2.2 Annual simulation with KPI.s 
 

Parameter Optimizer Aggressive Conservative 
𝑃𝑛𝑒𝑡  [MW] 2,86 ∙ 105 2,46 ∙ 105 2,55 ∙ 105 
Revenue [USD] 1,90 ∙ 107 8,32 ∙ 106 1,68 ∙ 107 
Revenue/MW 66,57 33,81 65,76 
Relative improvement  43,8 % 13,1 % 

Average selling price [USD] 105,2 75,7 105 

O&M costs 57,2 ∙ 105 49,2 ∙ 105 52,3 ∙ 105 
Table 10 KPI:s Morocco 

 

5.1.2.3 Generation profile  
Visual representation of generation (one month simulated). 

 

Figure 40 Comparison strategies Morocco (monthly) 

 

5.1.2.4 Conclusions Morocco 
The same conclusions can be drawn for this price profile as with the Spain prices. The optimized 

strategy performs best, even though very close to the conservative pre-defined. The conservative pre-

defined strategy works well since it is easy to design a dispatch scheme when prices are also pre-

defined, so both optimizer and conservative will try to only sell during the peak-level. The 

conservative compared to the optimized have more startups though since it cannot choose to ramp 

up slowly to avoid unnecessary start-up and shut-down. The optimizer thus has a more predictable 

and stable output. The aggressive scheme is always missing the price peaks in this market since they 

are always happening during evening.  

 

5.1.3 Chile 

5.1.3.1 Four day visualization 

Simulation of four days with Chile price file.  
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Figure 41 Strategy comparison - Conservative Chile 

 

 

Figure 42 Strategy comparison - Optimizer Chile 

 

 

Figure 43 Strategy comparison - Aggressive Chile 

 

5.1.3.2 Annual simulation with KPI:s 
 

Parameter Optimizer Aggressive Conservative 

𝑃𝑛𝑒𝑡   [MW] 277408 258541 259150 

Revenue [USD] 70,8∙ 105 45,5∙ 105 60,8∙ 105 

Revenue/MW 25,52 17,59 23,47 
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Relative improvement  55,6 % 16,4 % 

Average selling price [USD] 57,76 48,06 53,57 

Tabell 1 KPI:s Chile 

 

5.1.3.3 Generation profile 
 

 

Figure 44 Comparison strategies Chile (monthly) 

 

5.1.3.4 Conclusion 

For this market, the peak price will be whenever the price is positive. The electricity price is basically 

either zero or fluctuating around 50 USD/MWh. The two heuristic dispatch strategies therefore work 

the same in this market. 

The optimizer performs best seen to both revenue and power output, and also has a much more 

stable generation profile. But the difference in revenue between optimizer and heuristic strategies is 

small in this market (even though open spot market), since there is not a big variation in prices (as 

with the Spain prices). The “window” during the day where it is possible to sell with revenue is also 

limited so in this market (compared to the others) it becomes a factor to take into consideration to 

simply make use of all incoming irradiation.   

  
 

  

 

5.2 RESULTS PARAMETRIC STUDIES OPTIMIZER 

5.2.1 Varying storage 
Simulations are run with a fixed sized power plant of 150 MW and a solar multiple of 2. It is done in 

the same three markets. 

5.2.1.1 Open market (Chile-prices) 
The performance of the plant when coupled to TES of different sizes is investigated. The simulation 

is done over 96 hours, dividing the hours into two simulations of 48 h each, with price data from 

Chile (zero during days). 
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TES [h] 𝑷𝒏𝒆𝒕  [MW] Revenue [USD] Rev/MW 
0 0 0 0 

2 1,268∙ 103 5.932 ∙ 103 4,68 

4 2.312 ∙ 103 4.553  ∙ 104 19.69 

8 2.847 ∙ 103 6.223  ∙ 104 21.85 

12 2,847 ∙ 103 6.223  ∙ 104 21.85 

16 2,847 ∙ 103 6.223  ∙ 104 21.85 

Figure 45 Storage evaluation Chile 

 

It is seen that the size of the storage needs only to be big enough to fit all incoming solar energy. In 

the first simulation with only 4 hours of storage, a lot of energy gets wasted every day. But with 8 

hours of storage, there is no waste already, so the revenue is the same for the following bigger sizes. 

The optimal storage size could therefore be found, since the investment cost of TES is big, it is 

desirable to have one that is as small as possible.   

 

 

Figure 46 a-d Varying storage size Chile 
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5.2.1.2 Open market (Spain-prices) 
The same evaluation of TES capacity is done, but with price data from another market. As seen in 

graphs, the electricity profile of Spain has positive electricity price every hour, whereas the Chilean 

price profile has during the day many hours of prices of zero. That market demands more storage, 

since there are hours where the plant does not make revenue (electricity price < cost of generation).  

 

TES [h] Pnet [MW] Revenue [USD] Rev/MW 

0 2.99 ∙ 103 7.36 ∙ 104 24.59 

2 3.15 ∙ 103 1.02 ∙ 105 32.45 

4 3.15 ∙ 103 1.12  ∙ 105 35.45 

8 3.15 ∙ 103 1.14  ∙ 105 36.32 

12 3.15 ∙ 103 1.14  ∙ 105 36.32 

16 3.15  ∙ 103 1.14  ∙ 105 36.32 

Figure 47 TES evaluation Spain 

 

 

Figure 48 a-d  Varying storage size Spain 

 

This price profile is a bit “easier” for the optimizer to handle, and as seen in table the revenue 

increases marginally from 4 to 8 hours but is thereafter constant. Meaning it is sufficient with 8 hour 

storage to produce at the optimal hours. It is of course also a trade-off if storage is worth the 

investment, since it in this case could be viable even without storage. There are also of course other 
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variables that affect if energy storage is necessary, such as if there are any requirements on when to 

produce electricity. 

5.2.1.3 Morocco 

 

  

Figure 49 a-d Varying storage size Morocco 

 

TES [h] 𝑷𝒏𝒆𝒕 [MW] Revenue [USD] Rev/MW 

0 2.985 ∙ 103 1.02 ∙ 105 34.17 

2 3.146 ∙ 103 1.477 ∙ 105 46.79 

4 3.146 ∙ 103 1.908  ∙ 105 60.66 

6 3.146 ∙ 103 2.096  ∙ 105 66.61 

8 3.146 ∙ 103 2.096  ∙ 105 66.61 

10 3.146  ∙ 103 2.096  ∙ 105 66.61 

Tabell 2 TES evaluation Morocco 

The same effect can be seen in the Moroccan market. Storage increases the possibility to produce at peak 

hours, but at a certain size, the optimizer has found the optimal way of generation and doesn’t require 

larger storage, in this case 6 hours of storage is sufficient.  

Storage in the three different markets is summarized in figure 26.   
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5.2.1.4 TES – size evaluation summary 
 

 

Figure 50 TES-size in markets 

 

5.2.2 Varying power block size 

5.2.2.1 Spain 
For investigation of impact of varying power block size, the reference plant is used and 12 days 

simulated. 

 

Capacity [MW] 𝑷𝒏𝒆𝒕 [MW] Revenue [USD] Rev/MW  Capacity factor 

50 6,979 ∙ 103 2,38 ∙ 105 34,10  0.645 

100 6,979 ∙ 103 2,66 ∙ 105 38,10  0.483 

150 6,979 ∙ 103 2,73  ∙ 105 39.16  0.323 

Tabell 3 Power block evaluation Spain 
 

 
As seen, the difference in revenue is smaller between 100 and 150 MW than between 50 and 100. 
Taking into consideration investment costs of power block, an optimal size could be found. It is 
evident though, that the most important for the power block size (when storage size is already set) 
that it has big enough capacity to avoid waste.  
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Figure 51 Power block evaluation Spain 

Having a big power block, will give a generation profile of power peaks during the price peaks. 
 
  

5.2.2.2 Chile 
 

Capacity [MW]  𝑷𝒏𝒆𝒕 [MW] Revenue [USD] Rev/MW  Capacity factor 
50 6,035 ∙ 103 1.024 ∙ 105 32.2  0.229 

100 5,94 ∙ 103 2.06 ∙ 105 34.65  0.40 

150 6,847 ∙ 103 2,36  ∙ 105 34,47  0.19 

Tabell 4 Power block evaluation Chile 

 

 

Figure 52 Power block evaluation Chile 

 

The most revenue is made with the biggest power block, but the most revenue per MW comes with the 

middle-sized power block. Since when having a larger power block, the algorithm will prioritize no waste, 

and is not prioritizing hours.  

 

5.2.2.3 Morocco 
 

Capacity [MW] 𝑷𝒏𝒆𝒕 [MW] Revenue [USD] Rev/MW  Capacity factor 
50 6,035 ∙ 103 1.769 ∙ 105 29.30  0.64 

100 1.084 ∙ 104 3.562 ∙ 105 32.86  0.40 

150 1.409 ∙ 104 5.082  ∙ 105 36.07  0.35 

Tabell 5 Power block evaluation Morocco 
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Figure 53 Power block variation Morocco 

 

5.2.2.4 Conclusions 
Similar conclusions can be drawn as when varying storage size. The larger the power block, the more 

the power plant acts like a peak serving plant and the more possibility it has to “use” the dispatch 

optimizer. If power block is too small – even if optimizer identifies peak hours - the power plant has 

to produce regardless of electricity price since it would otherwise waste.   

 

5.2.3 Results varying Start-up costs 

5.2.3.1 Spain-prices 
The behavior of the plant is investigated when varying the start-up cost. This is to see how the 

revenue is affected if the generation profile is shifted (maybe to meet requirements from markets). 7 

days is simulated. 

 

Start-up cost [USD] 𝑷𝒏𝒆𝒕 [MW] Income [USD] Cap fac Cycles 

0 5,44 ∙ 103 3,04 ∙ 105 42,3 8 

100 5,44 ∙ 103 3.04  ∙ 105 42,3 8 

1000 5,44 ∙ 103 3,02  ∙ 105 44,6 7 

10000 5,44 ∙ 103 3,02  ∙ 105 44,6 7 

20000 4,35 ∙ 103 2,45∙ 105 25 4 

30000 4,37 ∙ 103 2,2 ∙ 105 31,6 3 

40000 4,78 ∙ 103 1,89 ∙ 105 51,2 2 

60000 1.71 ∙ 103 1.14  ∙ 105 0.177 1 

Figure 54 Start-up cost evaluation 
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Figure showing that number of cycles decreasing when increasing start-up cost, without revenue and 

power output being affected much, indicating that operational protocol seeking to minimize amount 

of cycle start-ups can be as economically viable as a more flexible approach. 

Graphs visualizing plant behavior with start-up penalty varying from 100 – 1000 – 100000 – 600000 

USD; 

   

 

Figure 55 Start-up 100 USD                                                          Figure 56 Start-up 1000 USD 

 

 

Figure 57 Start-up 10000                                                                    Figure 58 Start-up 60000 
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Figure 59 Start-up 20000                                                  Figure 60 Start-up 40000 

 

5.2.4 Investigation of time-horizon 

5.2.4.1 Spain 
The performance of the power plant is investigated under varying optimization time-horizons.  
 
Simulations 𝑃𝑛𝑒𝑡 Revenue Rev/MW Start-ups Capacity factor 
24 a 24 h 11.03∙ 103  314 ∙ 103 28.56 24 0.17 

12 a 48 h 11.05∙ 103 
 

345 ∙ 103 31.29 23 0.25  

8 a 72 h 11.18 ∙ 103 
 

364 ∙ 103 32.63 23 0.28 

6 a 96 h  11,13 ∙ 103 419 ∙ 103 
 

37.63 20 0.28 

4 a 144 h  10.99 ∙ 103 408 ∙ 103 
 

37.18 22 0.28 

3 a 192 h  10.92 ∙ 103 
 

500 ∙ 103 45.86 18 0.24 

2 a 288 h 10.91 ∙ 103 
 

435 ∙ 103 39.92 18 0.26 

1 a 576 h 10.43 ∙ 103 
 

901 ∙ 103 48.07 18 0.25 

Figure 61 Time horizon 

 (The reason of Pnet decreasing is the optimizer empties storage after every simulation).  
 
 

 
Figure 62 Effect on revenue with varying time-horizon 

 

As seen, the revenue increases as time-horizon increases. The more information the optimizer has, 

the “smarter” choices it can make. As seen in figure 43, when optimizer has information of 8 coming 

days, it chooses to only store and not turning on for three days to be able to fully produce during a 

“superpeak” (around hour 300 in figure 43). In real life though, the spot prices are only available 

some days ahead, but it could be interesting to discuss the optimal time horizon. The longer time-

horizon, the bigger ability to optimize but increases computational power required.  
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Figure 63 24 h, 24 simulations 

 

 

Figure 64 3 simulations of 192 h each 

 

6 CONCLUSIONS AND FUTURE WORK 

 A mixed-integer optimization problem is solved to optimize the TES dispatch in a solar power plant.  

The work (optimized dispatch schemes) can be used both in planning stage of CSP projects to 

forecast revenue or as operational protocols in existing powerplants.  

The results indicate that dispatch optimization significantly improves plant revenue compared to 

heuristic dispatch schemes. Though, how big the gains are is largely dependent on the market in 

which the optimizer is introduced. For simple tariff schemes with different discrete price levels (daily 

recurring) simple heuristic schemes can work fine. In a spot market though, the difference in revenue 

between optimized and heuristic is larger. 
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Heuristic schemes are also not advanced enough when required to supply more advanced properties. 

In an optimizer it is possible to add both forcing constraints, and conditions to be chosen on regards 

to economy. It is therefore easier to adapt an optimizer to market requirements than it is to adapt a 

heuristic scheme.   

It is found that by changing constraints and economical penalties, the optimizer can imitate load 

profiles of both baseload and peak load plants.  The number of start-ups can be reduced, without a 

big decrease in revenue.  

For future work, more constraints can be added to the optimizer. One factor that can have big impact 

is adding that the TES should have a certain level of thermal energy left in storage at the end of each 

simulation.  

In some simulations the optimized strategy had more waste that the other strategies due to this. The 

reason optimizer has waste is because it optimizes storage. Meaning it only wants to take in as much 

energy as needed, and to empty it after every simulation. When the new day (simulation) starts – the 

storage is empty. With the heuristic schemes there can be thermal energy left in storage, meaning they 

produce during eventual morning peaks. This could be “fixed” with either setting that there should be 

a certain amount of storage left at the end of each simulation, or by using longer time-horizon of the 

optimizer or a combination of these. If adding a constraint of thermal energy required to be left in 

storage after simulation would enable optimizer only needing 24 hours per simulation and still be able 

to produce during eventual morning peaks. It is important to “help” the optimizer like that, since 

when adding more constraints, the simulations become increasingly computationally demanding 

(especially when increasing time-horizon of simulation), so that the user identifies the general profile 

and adjust optimizer accordingly improves results.   

It is also possible, and interesting, to add other revenue streams to the objective function for example 

revenues from the ancillary service market. Also to include in optimizer location-specific investment 

costs and/or governmental subsidies etc. and to have as objective function to maximize e.g. NPV or 

LCOE. Then both the dispatch scheme generated, and the power plant size would be of optimal style 

(and not only dispatch scheme as in this work). It is also important to study how the energy system of 

the location of study is built up. As discussed in Literature section, depending on flexibility of rest of 

energy system, the value of CSP:s dispatchability differs from country to country.   

The initial goal was to be able to introduce the optimizer strategy to DYESOPT by translating the 

MATLAB optimizer script to FORTRAN and thus be able to convert it into a TRANSSYS 

controller, but it is not done due to time-limitations. It is possible though to call the optimizer 

function via script that opens MATLAB - but for simplicity, future work can include translating into 

FORTRAN programming language. By calling this optimizer script and using it as strategy in 

DYESOPT, a much more in-depth analysis can be done, since it is then possible to use the already 

built up infrastructure of DYESOPT (power plant design and financial analysis).  The reference 

power plant of DYESOPT is also much more detailed than the one created for this thesis work.  

To summarize; the share of renewables is increasing, and electricity markets are also becoming more 

and more open, with fluctuating electricity spot prices. It is therefore to be expected that these 

challenges (storage utilizing) will continue to be of interest since optimized operational protocols 

improves revenue and thus increases competitiveness of concentrated solar power. Important to 

notice is that these problem formulations also can be translated to any other renewable energy 

generation technology with storage; as for example hydropower with water storage dams, PV- or 

wind power with batteries etc. 
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