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Abstract 
Analyses concerned with identifying optimal plant configurations of solar power plants can be expanded 
by implementing payment schemes where prices are unknown but daily occurring payment multipliers in 
the form of Time-of-Delivery (TOD) factors are known by enhancing the impact of financial conditions 
in optimal designs through the use of financial models. The hybridisation of solar technologies such as 
CSP with TES with photovoltaics (PV) and battery energy storage systems (BESS) have also been shown 
to offer promising synergies in terms of economy and design. The purpose of the present thesis was 
therefore to measure the impact of applying different TOD approaches on optimal plant configurations of 
combined PV-CSP, CSP-only plants as well as combined PV-BESS plants in the chosen market of 
California, United States. Multi objective optimisation studies was then carried out aimed at minimising 
capital expenditures (CAPEX) as well as a benchmark Power Purchase Agreement (PPA) tariff defined 
using a financial model. This allowed the impact of two identified TOD approaches from the local utilities 
Southern California Edison (SCE) and Pacific Gas & Electric (PG&E) to be evaluated for an identified 
case aimed at supplying power during peak demand periods in the state, which involved the development 
and implementation of a dynamic dispatch strategy allowing day-by-day determination of CSP plant 
dispatch. The main results show that the impact of varying the TOD factor during the day has little to no 
effect on optimal PV-BESS plants due to the minimisation of BESS in such a design caused by the high 
cost of integrating such a component, which disfavoured it in relation to the optimisation objectives. 
Simultaneously, the impact was noticeable on optimal PV-CSP and CSP-only plants where the low 
variability in TOD factor between the early-daytime Off-Peak period, and the early-afternoon On-Peak 
daily periods in the SCE case caused the PV-CSP plant to feature a small CSP plant and comparatively 
large PV plant while the CSP-only design featured a large design. The high variability between the early-
daytime “Shoulder” period and the late-afternoon “Peak” period in the PG&E tariff scheme instead 
caused very similar PV-CSP and CSP-only designs, with the main difference that small amounts of PV 
were integrated in the former, resulting in comparable but lower PPA tariff value despite the increase in 
CAPEX. Overall, PV-only designs scored the lowest average PPA tariff values, while the highest power 
output during the peak demand periods was achieved by the CSP-only plants. However, the second best 
performance of the combined PV-CSP optimal plants in terms of the PPA tariff suggests that PV-CSP 
hybridisation is a feasible option in the studied market moving forward, especially if future cases involves 
requirements of firm power output as a technical objective together with financial objectives.  
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Sammanfattning 
Tidigare tekniska och ekonomiska analyser med syfte att identifiera optimala solkraftverkskonfigurationer 
för specifika marknader har i stor utsträckning baserats på antagandet att försäljningspriser för el, 
exempelvis till följd av en inmatningstariff eller historiska data, är kända. Detta antagande kan dock inte 
helt återspegla effekterna av marknadsspecifika ekonomiska villkor på sådana optimala konfigurationer då 
det inte är förenligt med finansiella modeller som vanligen ligger till grund för avtal mellan uppköpare och 
försäljare av kraftproduktion. I dessa modeller sätts istället slutliga försäljningspriser på el från fall till fall 
baserat på specifika marknadsförutsättningar såsom avkastningskrav och betalningsscheman i form av 
betalningspremier för olika dagliga perioder relativt grundförsäljningspriset (s.k. leveranstidsfaktorer, eller 
TOD-faktorer). Hybridisering av koncentrerande solkraftverk (CSP) med integrerad termisk energilagring 
(TES) tillsammans med solcellskraftverk (PV) och elektriska batterilagringssystem (BESS) har samtidigt 
påvisats erbjuda lovande synergier i termer av både ekonomi och design. Syftet med denna studie var 
därför att mäta effekten av olika typer av TOD-betalningssystem på konfigurationen hos optimalt 
designade solkraftverk baserad på ohybridiserad CSP med TES, CSP med TES hybridiserad med PV (PV-
CSP) samt PV hybridiserad med BESS (PV-BESS) för Kalifornien, som utgjorde den valda marknaden för 
studien. Detta gjordes genom en serie optimeringsstudier som syftade till att minimera den totala initiala 
investeringskostnaden (CAPEX) och samtidigt minimera jämviktsvärdet på en prisindikator (PPA-tariff) 
definierad via en finansiell modell och som motsvarade det lägsta möjliga baspriset på den sålda 
elektriciteten som också försäkrar att projektet inte går med förlust över sin livstid. Detta tillät effekten av 
två identifierade TOD-scheman hos de lokala elbolagen Southern California Edison (SCE) och Pacific 
Gas & Electric (PG&E) att bli utvärderad för ett fall där målet var att främst tillhandahålla elektricitet 
under perioder av definierat hög efterfrågan i de båda bolagens elnät. Detta involverade även utveckling 
och implementering av en dynamisk kontrollstrategi för CSP-kraftverken baserad på en framåtblickande 
daglig bestämning av kraftverkens produktionsstatus (på/av) för dygnets olika timmar. 

De huvudsakliga resultaten visar att effekten av att variera TOD-faktorer under dagtid i princip har 
obefintlig inverkan på optimala PV-BESS-kraftverk. Detta på grund av att kapaciteten hos den integrerade 
BESS-komponenten minimerades, orsakat av den höga kostnaden kopplad till integreringen av den med 
ett PV-kraftverk, vilket missgynnade den relativt optimeringsmålen. Samtidigt var effekten tydlig när det 
gällde de optimala PV-CSP- och CSP-kraftverken, där den låga variationen i TOD-faktorer funna i SCE-
fallet under dagtid orsakade att PV-CSP-kraftverken innefattade ett till komponentstorlek sett mindre 
CSP-kraftverk och en relativt hög andel PV-moduler medan de ohybridiserade CSP-kraftverken relativt 
sett var betydligt större, framförallt sett till den termiska energilagringsenheten samt total solreflektorarea. 
Den höga variationen mellan TOD-faktorerna funna i PG&E-fallet under dagtid, med en betydligt lägre 
faktor under tidig dagtid och en betydligt högre faktor under timmarna med högst efterfrågan, orsakade 
istället en mycket snarlik design både för PV-CSP- och CSP-kraftverk. I det senare fallet låg den 
huvudsakliga skillnaden i att små mängder PV-moduler ändå integrerades på marginalen om möjligt, vilket 
ledde till ett jämförbart men något lägre värde i termer av PPA-tariffen trots högre initial 
investeringskostnad. Generellt sett ledde ohybridiserade PV-kraftverk till de lägsta värdena på PPA-
tariffen, medan ohybridiserade CSP-kraftverk ledde till störst elektricitetstillgång under perioderna med 
högst efterfrågan. Synergierna som dock uppstod för CSP-kraftverken via hybridiseringen med PV-
kraftverk, tillsammans med det faktum att elektriciteten från de hybridiserade PV-CSP-kraftverken kunde 
säljas till ett något lägre jämviktspris jämfört med de ohybridiserade CSP-kraftverken, antydde att 
integrering av PV-moduler tillsammans med CSP-kraftverk är ett gångbart alternativ i den studerade 
marknaden. Detta speciellt om framtida fall även tar hänsyn till optimering av tekniska krav såsom krävda 
tillgångsnivåer på elektricitet under specifika tider på dygnet. 
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Nomenclature 

Abbreviations 

AC Alternating Current MPPT Maximum Power Point Tracker 
AM Air Mass Factor MS Molten Salt 
BESS Battery Energy Storage System MW Megawatt 
CAISO California Independent System Operator MWh Megawatt Hour 
CAPEX Capital Expenditure(s) OPEX Operational Expenditure(s) 
CEC California Energy Commission PB Power Block 
CPUC California Public Utilities Commission PG&E Pacific Gas & Electric 
CR Concentration Ratio PID Proportional-Integral-Derivative 
CSP Concentrated Solar Power POU Public-Owned Utility 
DC Direct Current PPA Power Purchase Agreement 
DDS Dynamic Dispatch Strategy PT Parabolic Trough 
DHI Direct Horizontal Irradiance PV Photovoltaic(s) 
DIF Diffuse Horizontal Irradiance RC Rankine Cycle 
DNI Direct Normal Irradiance RDC Ramp Delay, Cold Start 
DOD Depth of Discharge RDH Ramp Delay, Hot Start 
DS Dish Stirling RDW Ramp Delay, Warm Start 
DSG Direct Steam Generation RFP Request for Proposals 
DYESOPT Dynamic Energy System Optimiser RH Reheater 
EA Evolutionary Algorithm RPS Renewable Portfolio Standard 
EC Economiser SAM System Advisor Model 
EV Evaporator SCE Southern California Edison 
FCDS Full Capacity Deliverability Status SDC Sync Delay, Cold Start 
FIT Feed In Tariff SDG&E San Diego Gas & Electric 
GHI Global Horizontal Irradiance SDH Sync Delay, Hot Start 
GW Gigawatt SDW Sync Delay, Warm Start 
HPT High Pressure Turbine SEGS Solar Electric Generation System 
HTF Heat Transfer Fluid SF Solar Field 
IOU Investor-Owned Utility SH Superheater 
IPP Independent Power Producer Si Silicon 
IPT Intermediate Pressure Turbine SM Solar Multiple 
IRR Internal Rate of Return SMUD Sacramento Municipal Utility District 
ISEGS Ivanpah Solar Electric Generating System SO Single Owner 
ITC Investment Tax Credit SOC State of Charge 
KTH Kungliga Tekniska Högskolan ST Solar Power Tower 
kWh Kilowatt Hour STPP Solar Tower Power Plant 
LADWP Los Angeles Department of Water & Power TBHWS Time Between Hot and Warm Start 
LCBF Least Cost, Best Fit TBWCS Time Between Warm and Cold Start 
LCOE Levelised Cost of Electricity TES Thermal Energy Storage 
LF Linear Fresnel TMY Typical Meteorological Year 
MACRS Modified Accelerated Cost Recovery System TOD Time Of Delivery 
MATLAB Matrix Laboratory TRNSYS Transient System Simulation Tool 
MOO Multi Objective Optimisation TTSB Total Turbine Standby Time 
MPP Maximum Power Point WACC Weighted Average Cost of Capital 
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Symbols 
A Area [m2] 

C Cost [$] 

E Electric Energy [Wh] 

G Solar irradiance [W/m2] 

h Hour [-] 

I Current [A] 

i Interest rate [%] 

k Technical performance indicator [-] 

N Number/Counting Variable [-] 

n Year (total number) [-] 

Q Thermal Energy [J] 

q Electric Charge [Ah] 

r Escalation rate [%] 

V Voltage [V] 

W Power [W] 

x Percentage share [%] 

 

Greek letters 
α On/off Determination Variable [-] 

β On/off Determination Variable [-] 

η Efficiency [%] 

σ Standard Deviation [-] 

τ Tax rate [%] 
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1 Introduction 
Energy produced through renewable means is playing an increasingly larger role in contemporary energy 
systems. In 2014, renewables entered second place regarding electricity generation in the world [1]. As the 
demand for electricity is also set to increase in the coming 25 years, together with an increasing will from 
policy makers to reduce the environmental impacts of electricity production, the stage is set for 
renewables to increase their share in the global energy mix in the coming years [1]. Solar power generation 
is therefore a relevant object of investigation. Especially this has been shown through the rapid decrease in 
costs for solar photovoltaic (PV) systems in recent years.  Primarily the price for the PV modules, which 
constitutes the largest part of PV system investment, has steadily declined as the installed capacity has 
increased [2]. Apart from PV systems, concentrated solar power (CSP) systems are showing increasing 
promise and implementation as a feasible technology in the solar energy area. Demonstration plants such 
as the Solar ONE and Solar TWO in the United States, based on the solar tower technology with molten 
salt as heat transfer fluid (HTF), helped prove the technology in the 1980s and 1990s. More recently, a 
proven concept labelled Solar TRES (later Gemasolar), integrating thermal energy storage (TES), was 
commissioned in Spain in 2011 [3]. Despite the progress that the CSP technology has garnered in the 21st 
century, it still remains at a disadvantage compared to PV systems due to its generally higher cost of 
producing electricity in terms of the levelised cost of electricity (LCOE) [4]. This is at odds with the 
CSP technology’s greater promise as a more reliable and, primarily, dispatchable source of electrical energy 
due to its proven compatibility with storage of thermal energy using TES systems, which enables 
operation of CSP power plants even when the solar irradiation is unavailable [5]. One solution to this 
problem is to attempt to combine the two technologies, resulting in a combined PV-CSP configuration. 
This has the promise to combine the PV system’s low cost electricity production with the dispatchability 
offered by the CSP technology, thereby producing a more competitive solution. This is exemplified for 
example by the planned hybrid PV-CSP plants in the Atacama Desert and the city of Copiapó in Chile 
([6], [7]), hoping to deliver around-the-clock solar electricity. 

1.1 Previous Work 
Recent developments have shown that market conditions (i.e. pre-defined electricity prices and/or tariff 
schemes) have a strong impact on what constitutes an optimum CSP plant configuration based on the 
solar tower technology with TES for peaking or continuous load operation [8]. Notably, the level of 
integrated TES has been indicated to vary significantly depending on if the market conditions are based on 
fixed prices during the day or if it resembles more of a liberalised spot market. Consequently, the level of 
profitability will vary. This highlights the need for future deployment of solar projects to early take into 
account the impact of changing market conditions on the profitability level of solar power projects. 
However, it foregoes any technical and economic impact that hybridisation with PV and other 
technologies may imply. This has instead been studied in other studies ([9]–[11]) focusing on different 
operation modes ranging from continuous operation to more intermediate grid loads for CSP and CSP 
hybrid plants, featuring both integrated PV and battery energy storage systems (BESS). While the goal 
of identifying both optimal CSP plants and optimal CSP hybrid plants for various markets in the world 
have been fulfilled in these studies, the approach in determining the LCOE or Power Purchase Agreement 
(PPA) tariff used for comparison either only addresses some financial aspects, such as either fixed pricing 
schemes or limited amounts of tax-based incentives. Furthermore, optimal configurations of PV 
specifically coupled with BESS, having been identified to potentially offer the possibility of added 
dispatchability to standalone utility-scale PV plants [12], have not been widely studied in this regard.  
Financial models have otherwise been shown to be possible to model in conjunction with CSP plants for 
which equilibrium values for unknown PPA tariffs can be found by allowing the tariff to converge around 
a fixed value of profitability (i.e. internal rate of return, IRR) [13]. In this way, financial conditions such as 
costs, tax conditions, location-specific incentives and profitability targets can be taken into account to 
determine equilibrium PPA tariffs provided that they can be defined for each market. Specifically, pricing 
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schemes containing known payment multipliers occurring during certain days of the year, or Time-of-
Delivery (TOD) factors, allows pricing to be coupled to such financial models. The effect on a PPA tariff 
from financial models with fixed profitability targets on solar hybrid plants, such as PV-CSP plants, 
however remains to be investigated. Given the dispatchability offered by the CSP technology, the control 
exercised on it in hybrid PV-CSP configurations is also important. A recent study has highlighted the 
promise in increasing capacity factors for PV-CSP hybrid plants by the use of pre-defined priority levels, 
whereby a lower capacity is aimed to be ensured 100% of the time, and where higher capacities up to and 
including the nameplate capacity is provided more on an as-available basis [14]. Simultaneously, other 
studies have indicated that successful dispatch during hours of prioritised demand, i.e. peak demand 
hours, can be achieved by pre-defining dispatch based on forecasted solar resource availability (and PV 
availability if applicable) as well as the forecasted daily occurring possibility of operating a CSP plant using 
a molten salt TES component ([8], [10], [11]). This offers the promise to not only increase profitability of 
CSP and CSP hybrid plants, but also to generally offer lower LCOE values. Using a pre-defined dispatch 
strategy however foregoes dynamics that may occur during annual simulation of CSP and CSP hybrid 
plants. This does not allow annually and daily occurring TES levels to be taken into account to improve 
the reliability of the dispatch decisions, and also does not offer a mechanism for forecasting the TES level 
based on available price and load data. 

1.2 Thesis Objectives 
Given the information in the previous section, the main objective of the present thesis is to investigate the 
impact of varying TOD schemes as defined in energy procurement frameworks on determining optimum 
CSP, PV-CSP and PV-BESS hybrid plant designs in terms of component sizing and final PPA prices 
based on defined profitability targets in a chosen market. 

 Therefore, the following main objectives need to be fulfilled: 

• Theoretical literature review on CSP, PV and PV-CSP technologies with related energy storage 
technology, hybridisation aspects and the role of TOD factor schemes in support mechanisms for 
solar energy 

• Choose a suitable market, identify suitable pricing models and load supply cases for analysis 
through mapping of energy procurement mechanisms 

• Acquaintance with existing technical and economic performance models 
• Implementation of pricing models through the use of a techno-economic model with a suitable 

financial model 
• Development, implementation and evaluation of required dynamic dispatch strategies to carry out 

identified cases, including comparison to existing, pre-defined approaches 
• Techno-economic evaluation through the use of multi-objective optimisation, where optimal 

plant configurations are identified and compared using final PPA prices and other suitable 
parameters as design objectives 

1.3 Thesis Structure 
Initially, a theoretical framework chapter will detail the technical framework of the thesis, highlighting key 
components for applicable technologies. Following this will be a section describing relevant aspects of the 
economic context of the chosen market of study, which will form the basis of the techno-economic 
evaluation. The methodology and model description of the thesis is then described, including descriptions 
of models already available and the technical and economic contributions that have arisen as a result of 
the thesis. Finally, the results and analysis of the study will be presented, followed by main conclusions 
and suggestions for future work. 
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2 Theoretical Framework 

2.1 Solar Energy Overview 
The Sun is the largest known source of energy. As illustrated by Figure 1, the physical energy potential 
from the Sun vastly exceeds the amount of primary energy which is currently being used in the world. 
This shows that if even a few percent of the available sunlight which hits the Earth every year were to be 
converted into useful energy such as heat and electricity, the energy issues of the world could potentially 
be solved for a long time ahead. 

 
Figure 1: The size of solar resource and other renewable energy sources as compared to global primary energy 

consumption. Source: [15] 

In the world’s energy mix today, renewables in total (hydropower, biofuels, waste and other renewables, 
including solar energy) makes up approximately 14% of the total primary energy supply, and 
approximately 22% of the raw electricity generation in terms of energy input [16]. When it comes to solar 
energy specifically, the installed capacity in the world amounted to roughly 177 GW of global installed 
capacity of solar PV as well as 4.5 GW of concentrated solar power capacity at the end of 2014 and 
beginning of 2015 respectively ([17], [18]).  

The development of solar PV installations in particular has risen sharply in recent years, increasing 8-fold 
only between 2009 and 2014 in terms of installed capacity. The bulk of the added installed capacity during 
2014 (68%) was created in China (10.6 GW), Japan (9.7 GW) and the United States (6.2 GW). Germany 
however remains the country in the world with the most installed capacity of PV with a total of 38.2 GW 
of installed capacity. The added capacity in China during 2014 however meant that China climbed to 
become the second largest PV country in the world with a total of 28.2 GW of installed capacity. [17] 
During 2015, the global installed capacity was expected to increase well above 200 GW [19]. 

The development regarding CSP projects have not been as fast as for solar PV, as indicated by the 
significantly lower global installed capacity thus far. As of 2015, almost 90% of the installed capacity of 
operational CSP plants have been deployed in the United States (1.6 GW) and Spain (2.3 GW) as of 2015. 
Currently, however, enough capacity is being developed for the global installed capacity to potentially 
double in the coming years, as indicated in Figure 2. 
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Figure 2: Operational CSP plants and CSP capacity in development or under construction by early 2016. Source: [20] 

2.1.1 The Solar Resource 

The incoming light from the sun, the global horizontal irradiation (GT,h, or GHI) can be divided into 
two components, namely the direct horizontal irradiation (Gb,h, or DHI) and the diffuse horizontal 
irradiation (Gd,h, or DIF) such that [15]  

𝐺𝐺𝑇𝑇,ℎ = 𝐺𝐺𝑏𝑏,ℎ + 𝐺𝐺𝑑𝑑,ℎ (1) 

The GHI therefore constitutes the total amount of beam and diffuse solar radiation that hits a horizontal 
surface. The total amount of radiation that actually hits the Earth’s surface is further reduced by the air 
mass factor (AM), which is a measure of how the incoming sunlight is reduced by various scattering and 
absorbing effects in the atmosphere, e.g. clouds, and whose value depends on the angle with which the 
sun’s rays deviate from the zenith position for a given location (see Figure 3) For tilted surfaces, the 
radiation components needs to also be corrected by the angle θ with which the surface normal deviates 
from the direction of the incoming sunlight (see Figure 3). [15] 

Measured values of GHI vary depending geographical location, as illustrated by a GHI map (see Figure 4). 
Figure 4 indicates that the largest availability of solar irradiance can be found along the tropic lines 
(highlighted) due to the varying inclination angle that the Earth’s geographical poles has relative to its axis 
during a normal year. This has the effect that the most promising areas for solar energy utilisation based 
on the solar resource alone tend to be desert areas. 

Figure 3: Illustration of the air mass factor and the effect of surface angle. Source: [19] 
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Figure 4: GHI map (Tropic lines added by the author). Source: [21] 

2.2 Concentrated Solar Power 
CSP is a category of solar thermal technologies designed to utilise concentration of the Sun’s rays in order 
to harness its thermal energy. As opposed to PV systems, CSP systems do not directly convert the 
sunlight to electricity, but rather allows this by letting the concentrated sunlight heat up an HTF, whose 
thermal energy content is then exchanged to a secondary PB in the form of a thermodynamic cycle 
involving electricity-generating turbines. The basic outline of a CSP system is illustrated in Figure 5. As 
can be seen in the illustration, the system offers the possibility to integrate TES, which can be of either 
indirect or direct type. 

 
Figure 5: Basic outline of a solar thermal CSP system. (Based on [22]) 

The various versions of the CSP technology category are primarily separated when it comes to how the 
collector system is designed, and the types discussed here are exclusively used in high-temperature 
applications. The currently viable means for solar thermal energy collection in CSP applications are 
summarised in Table 1, where their range in terms of capacity, solar concentration ratio (CR), and typical 
land use requirements are included. An illustration of the working principle of each technology can be 
found in Figure 6. 

TES separation (in case of indirect type) 

Tropic of Cancer 

Tropic of Capricorn 
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Table 1: Typical characteristics of conventional concentrating solar thermal collector technologies. Based on [22]. 
Technology Capacity range [MW] Solar concentration [-] Land use [m2/MWh-a] 

Solar Tower (ST) 10-150 300-1000 8-12 

Parabolic Trough (PT) 10-200 70-80 6-8 

Linear Fresnel (LF) 10-200 25-100 4-6 

Dish/Stirling system 
(DS) 

0.01 – 0.4 1000-3000 8-12 

 

  
Figure 6: Working principles of utility-scale CSP collector technologies. Source: [23] 

In this study, the focus will be on the ST collector technology. As can be seen in Table 1, the SPT 
technology offer advantages compared to for example PT systems, in that it does not necessarily require 
much more land area but offers clear advantages when it comes to how much the sunlight is concentrated 
in the system. This is primarily due to the ST technology being a point-focusing technology (i.e. the solar 
radiation is concentrated to a single point, similar to the DS system), as opposed to PT and LF systems 
which are line-focusing systems which do not allow as high a concentration of the incoming sunlight [24]. 
ST technology, especially when coupled with molten salt as the HTF, has further been demonstrated to be 
able to achieve higher solar-to-electricity conversion efficiencies, higher capacity factors and lower area 
used per unit of electricity generated compared to the more commonly used PT power plants [25]. 

               Linear Fresnel (LF) Solar Tower (ST) 

Dish-Sterling (DS) Parabolic 
Trough (PT) 
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2.2.1 Solar Tower Power Plants 

The Solar Tower Power Plant (STPP) technology is the second most deployed CSP technology of the 
ones listed in Table 1, after plants utilising the PT technology which alone constitute the majority of the 
currently deployed CSP plants [24]. Several contemporary solar thermal power stations are based on the 
STPP technology, notably including the CSP part of the combined PV-CSP plant Atacama-2 which is 
currently being developed for commissioning in Sierra Gorda, Chile [7] as well as the Ivanpah Solar 
Electric Generating System with a net power capacity of 377 MW [26]. A schematic illustration of a STPP 
using molten salt (MS) as the primary HTF can be found in Figure 7. Apart from the solar field (SF), an 
STPP of this type consist of an HTF cycle including the central tower receiver, which can also constitute 
the TES if applicable in the design. The final major part of the STPP is the power block (PB), which can 
consist of any applicable thermodynamic cycle. Typically, however, the utilised cycle for power conversion 
in STPPs is the conventional, steam-driven Rankine cycle with reheat (RC). Other types of STPP than 
the one described in Figure 7 include the direct steam generation (DSG) type, which differ in that the 
indirect connection between the HTF cycle and PB is replaced with a direct connection from the tower 
receiver to the steam-driven PB [27]. 

 
Figure 7: Layout of an STPP with MS as the primary HTF. Source: [28] 

2.2.1.1 The Solar Field and Tower Receiver 

The SF of an STPP is the part of the plant which concentrates the incoming beam radiation component 
of the sunlight onto the central receiver in the solar tower in order to heat the HTF. The mirrors utilised 
in the solar field are called heliostats, and utilise dual-tracking systems in order to individually track the 
Sun’s movement as close as possible, in order to always focus the sunlight on the receiver when the plant 
is online. Important aspects to consider when designing good heliostats are, beside a high tracking 
accuracy, that the heliostat has good reflectivity as well as high optical precision. This is due to the fact 
that the tracking efficiency of the heliostat field is closely related to the efficiency and temperature of the 
central receiver. [28] 

Two of the most important aspects to consider when designing a solar field with heliostats are the solar 
concentration ratio (CR) as well as the solar multiple (SM). The CR is simply the ratio with which the 
SF concentrates the incoming solar radiation onto the receiver, and is closely linked to the geometry of the 
heliostat mirrors as well as the geometry of the tower receiver. The definition of the CR can however be 
done in two ways, either through the geometric concentration ratio, defined using the area of the 
reflecting aperture (Aa) and the area of the solar receiver (Ar) so that [24] 
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𝐶𝐶𝐶𝐶𝑔𝑔 =
𝐴𝐴𝑎𝑎
𝐴𝐴𝑟𝑟

 (2) 

Alternatively, it is defined as the optical concentration ratio, which instead takes into account the 
intercepted radiation at the receiver (Gr), the area-averaged value of the intercepted radiation at the 
receiver and the beam radiation at the reflecting aperture (Gb,a), such that [24] 

 

𝐶𝐶𝐶𝐶𝑜𝑜 =

1
𝐴𝐴𝑟𝑟

∫𝐺𝐺𝑟𝑟𝛿𝛿𝐴𝐴𝑟𝑟
𝐺𝐺𝑏𝑏,𝑎𝑎

 (3) 

The SM is a measure of how oversized the STPP SF is compared to the rated power of the PB at nominal 
operation. In other words, it is defined as the ratio between the thermal power of the SF at the design 
point (Qth,SF,design) and the thermal power output of the PB at the design point (Qth,PB,design), such that 
[29] 

𝑆𝑆𝑆𝑆 =
𝑄𝑄𝑡𝑡ℎ,𝑆𝑆𝑆𝑆,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑔𝑔𝑑𝑑

𝑄𝑄𝑡𝑡ℎ,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑔𝑔𝑑𝑑
 (4) 

The SM is further illustrated in Figure 8, which also illustrates the role that TES can play for a solar 
thermal power plant, as the energy which is normally lost for a case such that SM = 1 can potentially be 
utilised as stored energy for a case such that SM > 1. As the potentially absorbed energy in the SF is only 
limited by the available solar resource, the SM can theoretically be very large. 

 
Figure 8: Illustration of the solar multiple. Source: [29] 

Typically, SFs are designed either as a surround field or a north/south field (see Figure 9). The final size 
and layout of a SF will not only depend on the desired SM, but also on how far away it is feasible to place 
heliostats and simultaneously gain sufficiently in terms of thermal energy [28]. Available land is also a key 
issue, as highlighted by the relatively high land requirements found for STPPs in particular (see Table 1). 
As the distance between receiver and heliostat increase, losses due to attenuation will increase [28]. As the 
reflected light from the heliostat must pass through the air on its way towards the receiver, it will pass 
through dust particles and other air dispersants which scatter the light more and more depending on the 
distance. The distance will also increase the spillage, i.e. the fraction of reflected light which ends up 
missing the receiver, as the target aperture becomes smaller as the heliostats are placed further away from 
the receiver [28]. Other factors such as the occurrence of shading will also affect the relative placement of 
heliostats and therefore influence the size of the SF [28]. 
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Whether the field is a north/south type or surround type will further influence the choice of the receiver 
itself. The external cylinder receiver is designed to be able to absorb beam radiation from all directions, 
which makes it suitable for use in a surround field. The cavity receiver instead encapsulates the area 
absorbing energy for the HTF cycle in a cavity with a large aperture, which has the result that only beam 
radiation within a directional cone defined by the surface normal of the aperture will be able to hit the 
receiver, making this type of receiver suitable for north/south fields. Whether the field is mounted on the 
north side of the tower facing south or south of the tower facing north in a SF using a cavity receiver will 
largely depend on whether the plant location is on the north hemisphere or the south hemisphere. In the 
former case, the field configuration will be a north field and in the latter case the field will be a south field, 
to make the most out of the solar resource. An example of the layout of a surround field and a 
north/south field can be found in Figure 9. [30] 

 
Figure 9: Example of a surround field (using external cylinder type receiver, upper image) and a north/south facing 
field (using cavity receiver, lower image). These were originally suggestions for the field configuration for the Solar 

One project in California. Source: [30] 

2.2.1.2 HTF Cycle and the TES Component 

STPPs work with a variety of HTFs, but the most common ones are different types of molten salts (MS) 
and water/steam, although air and liquid sodium have also been used in smaller scale demonstration 
plants in Germany and Australia respectively ([31], [32]). Typical salts used for the MS type of storage 
include nitrate salts, e.g. NaNO3-KNO3, which allow steam temperatures in the PB to reach above 500°C, 
albeit not above ca. 580°C due to the risk of chemical decomposition [24]. The lower freezing point of 
this type of salt, ca. 290°C, does however put a floor on the temperature range. Together with the upper 
temperature limit this presents an important design challenge [5]. The plant layout as presented in Figure 7 
is typical for a STPP using molten salt, both as a HTF and as the basis for the TES system. Notable 
examples like the Ivanpah solar power station however use water/steam as the HTF, but without any 
possibility of TES [26]. 

2.2.1.2.1 TES and CSP Operation 

Introducing a TES component into a solar thermal power plant, as mentioned, allows the superfluous 
thermal power coming in from the SF to be stored. When the thermal power required by the PB is lower 
than what is available, the HTF can be heated and stored, providing sensible heat storage. This type of 
integration of TES, e.g. using MS, has numerous advantages when it comes to improving the performance 
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and operation of an STPP. The primary advantage is that the introduction of TES introduces 
dispatchability to the STPP, referring to the ability of the plant to respond to the demand of the site where 
it has been deployed. By storing energy as heat, TES allows the electricity generation of the STPP to be 
shifted from periods of low electricity demand to periods of high electricity demand, thus increasing both 
the technical and potential economic value of the plant [5]. Furthermore, the need for investment into 
back-up systems such as fossil fuel-fired boilers will decrease as a result of the use of a TES component, 
and the more stable operation that can be achieved also increases the efficiency of the plant as the 
variability due to e.g. cloud coverage can be mitigated [5]. Finally, a major advantage of utilising TES in 
STPPs is that start-up times and therefore thermal stresses for the turbines and other components in the 
PB can be reduced, since the TES component allows for preheating prior to nominal operation. In this 
way, the number of turbine starts can also be reduced [33]. These varying advantages of TES can be 
summarised by Figure 10, which also shows the intimate connection between TES operation potential and 
the SM. 

 
Figure 10: Advantages of thermal energy storage in CSP plants. Source: [5] 

The increased degree of dispatchability that follows with the introduction of TES allows for a more 
versatile range of possible designs of STPPs. Instead of the sizing of components being dependent on 
when the Sun is shining, the size of the TES component and the PB can vary relative to each other to 
allow for designs ranging from peaking or intermediate load operation (i.e. that the STPP is designed to 
provide power exclusively or primarily during hours of high demand) to baseload operation (i.e. that the 
STPP is designed to provide a continuous, firm power output). The varying dynamics of the types of load 
these operation modes correspond to can be found in Figure 11. 

 
Figure 11: Illustrative daily load curve involving base load, medium (intermediate) load and peak load. Source: [34] 
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The relative sizing versatility, and its impact on the possible operation time of the plant, is further 
illustrated by the examples in Figures 12-14. As can be seen, if the TES is large (in terms of full-load 
hours) compared to the power required to operate the turbine at nominal capacity, a continuous power 
supply is possible, whereas if the TES is small in relation to the turbine nominal capacity, intermediate or 
peak demand coverage is possible. As indicated in the Figures, the capacity of the TES is expressed in 
terms of amount of full-load hours, i.e. the amount of hours which the TES is able to operate the plant at 
its set capacity when it is fully charged. 

 
Figure 12: Example of small TES coupled with medium size turbine for intermediate load coverage. Source: [35] 

 
Figure 13: Example of large TES coupled with small turbine for baseload coverage. Source: [35] 

 
Figure 14: Example of large TES coupled with large turbine for peaking load coverage. Source: [35] 
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2.2.1.3 Power Block and Steam Turbines 

The PB of a STPP typically consists of a conventional RC reheat cycle with steam turbines. This is 
coupled to the fact that this type of power cycle fits well in the temperature range of the widely used 
nitrate salts, which is able to provide superheated steam with temperatures at approximately 550°C to the 
power cycle of an STPP, as previously mentioned. A typical layout of a RC used in solar thermal power 
plants is illustrated in Figure 15. The economiser (EC), evaporator (EV), superheater (SH) and 
reheater (RH) in this illustration corresponds to the same ones found in Figure 7. 

  
Figure 15: A typical steam Rankine reheat cycle used in solar thermal power plants. Arrows and descriptions added for 
emphasis. Source: [33] 

The steam RC takes the hot salt from the tower receiver as an input to superheat the water/steam in the 
cycle, whose internal pressure varies from a few times above atmospheric pressure to 100-200 bars of 
pressure. The main heat exchange takes place in the EC/EV/SH-part of Figure 15. The turbine train in 
the reheat version of the RC typically consist of several turbines, one or several high pressure turbines 
(HPT), intermediate pressure turbines (IPT) and low pressure turbines (LPT). The steam in the 
reheat RC is fed back into the main heat exchanger after passing through the HPT, which further 
increases its energy content and enhances the power output of the LPT. When the steam has passed 
through the entire turbine train, it is fed into the condenser (C), which condenses the steam back to 
liquid water, which is then fed through a network of feed water preheaters to eventually end back up in 
the EC. The feed water preheaters as well as the deaerator (D), whose main purpose is to remove air 
from the RC although it also serves as an open feed water preheater, are operated by using steam 
extractions (1-6) from the HPT as well as from the LPT. 

2.3 Solar Photovoltaics 
PV is a set of technologies designed to directly convert the Sun’s radiation to electricity, by means of the 
photovoltaic effect. As stated previously, utility-scale deployment of PV systems have already been carried 
out in numerous countries, which has led to a rapid decrease in cost of installations of such systems, a 
process which is still ongoing at the time of writing [2]. The basic layout of a PV system with a BESS is 
illustrated in Figure 16. 

Hot salt in, T ≈ 550°C 

Cold salt out,  
T ≈ 300°C 

(2) (3) 
(4) (5) (6) (1) 
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Figure 16: Basic outline of a grid-connected PV system with BESS. Source: [36] 

2.3.1 The Solar Cell 

If a material such as a semiconductor is excited by migrating electrons, and there is a voltage difference 
present, this will cause a current through the material. This effect is the photovoltaic effect and is what 
makes it possible to harness electrical power from the solar cells used in PV systems. Solar cells in PV 
systems are typically made up of semi-conductive materials such as silicon (Si) due to the fact that they 
can be doped with small amounts of impurities. The impurities are typically elements from group 3 or 5 in 
the periodic table (compared to group 4 for Si), leading to a non-pure semi-conductive material in which 
there is either an excess of electrons (p-doping) or a lack of electrons (n-doping). The principle of the 
solar cell is that an n-type semiconductor and a p-type semiconductor are combined. The junction at 
which the materials are combined, the p-n junction, is where the migration of electrons from the n-type 
semiconductor to the p-type semiconductor takes place when photons in the solar radiation, containing 
sufficient amounts of energy, cause the photovoltaic effect to occur. This gives a construction of a simple 
solar cell as shown in Figure 17. [36] 

 
Figure 17: Simple construction of a solar cell. Source: [37] 

2.3.1.1 Solar Cell Types 

The main categories of solar cells are crystalline solar cells, thin film solar cells and organic solar cells. In 
the crystalline cell family there are monocrystalline silicon solar cells and polycrystalline silicon solar cells. 
As the name suggests, monocrystalline silicon cells are made up of a single silicon crystal lattice. Typically, 
these types of cells enjoy a high efficiency but are at a disadvantage compared to some other types of solar 
cells since their manufacturing process is more difficult and therefore comparatively more costly [36]. 
Polycrystalline silicon cells do not have this drawback, as the creation of a multi-crystal lattice is less 
complicated [36]. Due to this and their relatively high efficiency (approximately 20% [38]), they are widely 
used for solar PV applications [36]. 

Thin-film solar cells are solar cells which consist of a homogenous layer of cell material, which enhances 
the efficiency of the light absorption. Amorphous silicon cells (or a-Si cells) are types of thin-film solar 
cells which are less impacted by heat than crystalline solar cells, and tend to be better at absorbing blue 
light wavelengths, which decreases the impact of e.g. cloud passing and makes them more suitable for e.g. 
desert deployment. Despite their significantly lower efficiency (6-7%), a-Si cells tend to produce more 
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electricity over the course of a year compared to crystalline solar cells. The heat resistance is a typical trait 
for most kinds of common thin-film solar cells, including the Cadmium-Telluride solar cell (CdTe), 
who feature even better resistance to heat than the a-Si cell. However, thin-film cells have faced hard 
competition from crystalline solar cells, which tend to have lower manufacturing costs. [36] 

Organic solar cells are a relatively new type of solar cell utilising organic compounds (polymers) instead of 
e.g. silicon as the semiconductive material. Organic solar cells are promising due to their potentially low 
manufacturing costs and flexible large-scale applications, but are currently suffering from low performance 
compared to the more established crystalline and thin-film solar cells. [37] 

2.3.2 Performance of PV plants 

Due to its electrical nature, a solar cell’s performance is dependent on its capability of producing as high a 
voltage and as high a current as possible for any given resistive load. Two important aspects are important 
in order to assess the performance, namely the open-circuit voltage (Voc) and the short-circuit current 
(Isc). The open-circuit voltage constitutes the voltage that occurs over the solar cell when it is not 
connected to any load, and is the highest possible voltage in the solar cell. The short-circuit current is the 
current that occurs over the cell when it is short-circuited, and is the highest possible current that can flow 
through the cell. [36] 

The voltage and current measured across the cell for different resistant loads can be plotted relative to Voc 
and Isc, which results in a plot as found in Figure 18. 

  
(a) (b) 

Figure 18: (a) Current-Voltage diagram and corresponding (b) Power-Voltage diagram for single solar cell. Point C 
(maximum power point from I-V diagram) in P-V diagram added by the author. Source: [36] 

It can be seen in Figure 18 that a varying resistive load causes the solar cell to operate according to varying 
combinations of current (I) and voltage (V). Each point in Figure 18a therefore corresponds to a specific 
power output, due to the fact that the power output (Wcell) can be defined as 

𝑊𝑊𝑐𝑐𝑑𝑑𝑐𝑐𝑐𝑐 = 𝐼𝐼𝑐𝑐𝑑𝑑𝑐𝑐𝑐𝑐 ∗ 𝑉𝑉𝑐𝑐𝑑𝑑𝑐𝑐𝑐𝑐 (5) 

Point C in Figure 18b corresponds to the maximum power point (MPP), i.e. the point where the power 
output from the solar cell is at a maximum [36]. This follows from the fact that if R > Ropt (a movement 
on the curve towards point D) or if R < Ropt (a movement on the curve towards point B), the net effect 
will be a decrease in power output compared to at point C. Hence, Ropt is the optimal resistive load with 
respect to the power output of the cell. The MPP is mainly affected by two parameters: the solar cell 
temperature (TC) and the solar irradiation itself. While an increase in the solar irradiation tend to move the 
MPP outward in the I-V diagram (increase it), an increase in cell temperature tend to move the MPP 
inward in the I-V diagram (decrease it), as exemplified in Figure 19. [36] 
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(a) (b) 

Figure 19: Effect on the I-V diagram from increases in (a) solar irradiation and (b) cell temperature. Source: [36] 

2.3.3 Inverters and Peak Power Tracking 

Inverters are crucial components in grid-connected PV plants, as they are the ones which convert the 
direct current (DC) from the solar cells to alternating current (AC), which can then be fed into the grid. 
The inverters are intricately coupled with the performance of a PV plant since normally, solar cells utilise a 
maximum power point tracker (MPPT) during operation in order to attempt to always operate at the 
MPP despite variations in load and solar irradiation. MPPTs take the form of controllers (DC-to-DC) or 
inverters (DC-to-AC) and are typically designed to either optimise the voltage in order to maximise the 
current, although simpler versions exist which allow for operators to simply choose a fixed MPP for the 
cell to aim for. [36] 

MPPTs are either applied at the array level (i.e. for an entire solar cell array) or at the module level (i.e. for 
individual solar cell modules, see Figure 20). In cases where the MPPT controls an entire array, control is 
simplified since only one tracker is required for the entire PV installation. This design is however 
susceptible to performance loss, as e.g. manufacturing defects in otherwise identical solar cells might cause 
mismatches in the operating point of individual cells. In other words, the cells’ I-V curves might be 
different, and using a single MPPT in such a case is not optimal. Using MPPTs in this way also still 
requires a central inverter. This can be mitigated by instead using individual MPPTs for each module, 
which can come in the form of DC-DC controllers or small DC-AC inverters. An advantage of using the 
latter is that there is no need for a central inverter for the PV plant, and the electricity can be fed directly 
from the array into the grid. A disadvantage is however that installing individual MPPTs is connected to 
higher system costs, thus necessitating a cost/benefit assessment to weigh the added cost against the 
expected performance gain. [36] 

DC-AC inverters can be combined with MPPTs in various ways, as indicated n in Figure 21. Either the 
design is based on a centralised DC-AC inverter design, where the MPP tracking is embedded in the 
central inverter. This was primarily used in the past, and is strongly disfavoured compared to 
string/module-level designs as it comes with many limitations including losses due to mismatches and 
severe power harmonics which made the performance unstable [39]. Alternatively, a reduced version of 
the centralised inverter is used to connect individual strings to its own DC-AC inverter. This is the design 
which allows the modules in the strings to have their own MPP trackers [39]. This type of design also 
allows for multiple strings to be coupled to a common DC-AC inverter with individual module MPP 
trackers, as shown in configuration (c). Another type of inverter design is the AC Module design [(d)], 
which features the connection of a single PV module to its own grid-connected DC-AC inverter. 
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Figure 20: Simple PV array illustration of a parallel configuration with Mp strings connected in parallel and Ms modules 

connected in series. Source: [36] 

The choice of MPPT-inverter design depends on the location of the installation. In a location where the 
PV installation is likely to suffer a large degree of shading and soiling, a module-level approach for MPP 
tracking is favourable as the loss of power from a few solar cells or modules might not affect the overall 
performance as much as for a design with an array-level MPPT. However, while the efficiency can be 
improved this way, investing in a module-level MPPT may not be cost-effective at the present time. [36] 

 
Figure 21: Overview of different PV inverter designs, the (a) centralised inverter technology, the (b) [and (c)] 

string/multi-string technology and (d) the AC Module technology. Source: [39] 

2.3.4 Battery Energy Storage 

The storage component of PV plants, if applicable, is made up of a BESS unit. Similarly as with TES for 
CSP systems, BESS introduce a possibility to make the PV plant more dispatchable, and act as a buffer 
when the supply from the PV array is not sufficient to meet the load during a short or sustained amount 
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of time. Furthermore, a specific advantage of batteries in PV systems is that it prevents the occurrence of 
large and potentially damaging fluctuations of voltages which can occur from PV cells due to their ability 
to produce voltages from everything between 0 V and the open-circuit voltage. In this case, the BESS can 
act to smoothen out the AC electricity supply. While this is true mostly for smaller-scale installations with 
on-site loads, it can potentially pose a challenge in an electricity grid featuring large amounts of utility-scale 
PV. [40] 

The most important parameters for measuring BESS performance are the state of charge (SOC) together 
with the depth of discharge (DOD). The SOC can be defined using the charge (q) of the BESS at any 
given time and the maximum charge capacity (qmax) of the BESS, both measured in ampere-hours (Ah), 
such that [36] 

𝑆𝑆𝑆𝑆𝐶𝐶 =
𝑞𝑞

𝑞𝑞𝑚𝑚𝑎𝑎𝑥𝑥
 (6) 

It follows from this definition that the SOC parameter will vary between 0 and 1 depending on the charge 
state of the BESS, making it a suitable monitoring parameter as well. The DOD is defined as the charge 
which has been removed from a fully charged BESS, and can therefore simply be defined as [40] 

𝐷𝐷𝑆𝑆𝐷𝐷 = 1 − 𝑆𝑆𝑆𝑆𝐶𝐶 (7) 

The charge/discharge regime, defined as the time within which the BESS is charged to qmax (the nominal 
capacity) given the charge/discharge current, is another important aspect to consider together with the 
fact that the nominal capacity will degrade over time in most contemporary batteries, giving it a limited 
lifetime. Normally, the number of charge-and-discharge cycles which lead to a 20% degradation in 
nominal capacity is defined as the lifetime of the BESS. [36] 

Types of batteries used for PV applications are mainly lead-acid batteries, nickel-cadmium batteries, nickel 
hydride batteries and lithium batteries. Lead-acid batteries allow for deep-cycle discharge and are therefore 
most commonly used. The main advantage of using a type of BESS which allows for deep 
charge/discharge cycles is that a BESS in a PV application should ideally be able to deal with repeated 
charging and discharging without suffering too much damage. [36] 

2.4 Support Mechanisms for Solar Power Technologies 
Support systems for renewable energy technologies can be divided into two main categories: quantity-
based support mechanisms and price-based support mechanisms. Quantity-based support mechanisms are 
created by fixing or setting a goal for the amount of installed capacity that is wished by the one setting up 
the policy. It is then left to the market to decide how the final price of electricity is set. Price-based 
support mechanisms are instead based on fixing or setting a profile for the price, and letting the market 
decide how much capacity will be installed. [41] 

Among the most common quantity-based support mechanisms are quota-based systems (also known as 
renewable portfolio standards, or RPS) and tender systems. In a quota-based system the legislator 
normally decides on how high a share of energy from renewable sources that power-producing suppliers 
and utilities need to have, typically up to a particular date in time [41]. The power producers can then 
choose to either produce the required power themselves or buy it from other power producers. In some 
instances, the power producers are allowed to comply by trading certificates on an open market [41]. An 
example of the latter is the Swedish-Norwegian electricity certificate programme, in which power 
producers receive one certificate per MWh of renewable electricity that they produce, over 15 years at a 
maximum. The certificates are then allowed to be traded, allowing supply and demand to decide their 
price. The demand in this case is generated from the fact that all suppliers (and some customers) of 
electric power have an obligation to ensure that a certain percentage of their electricity sales (or electricity 
usage) are made up of renewable electricity. The ownership of a certificate then serves as a proof that this 
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has been accomplished. The cost of the certificates (development of renewable capacity etc.) is eventually 
put on the electricity bill of the end-user, meaning that the costs are ideally spread out collectively. [42] 

Tender systems are auction-like support mechanisms where the legislator issues a call for producers to bid 
on a renewable energy project of a specific size or size range [41]. The support from the legislative body 
can either be in the form of an investment subsidy or guarantee, but more common is that the bidding 
process is based on the price of generated electricity. This has historically been the case, for example in in 
South Africa in the form of various bidding processes for solar projects under the local government’s 
Renewable Energy Independent Power Producer Procurement Programme (the REIPPP programme) 
[43]. In other words, the legislator allows for project developers to attempt to propose systems which can 
most profitably generate the desired power given the pre-determined price structure. 

The primary price-based support mechanisms are net metering and feed-in-tariffs (FITs). Net metering is 
a mechanism whereby producers of electricity from renewable sources are remunerated according to the 
net amount of electricity that is fed into the electricity grid, typically by the end of a month. This support 
mechanism is not the most suitable for large-scale power generation, as it is primarily used for promoting 
small-scale or diversified power generation and requires the presence of a consumer-side electricity meter. 
[41]  

FITs are mechanisms which, similar to net metering, pay out a pre-determine price for electricity which is 
fed into the grid by renewable power producers. In this manner they are similar to the price mechanism 
utilised for tender systems. However, being a price-based mechanism, FITs allows the final quantity of 
installed capacity to be determined by the market. A well-designed FIT system will have remuneration 
levels that are based on the cost structure of each eligible technology separately, in order to accurately 
reflect the appropriately paid price per unit of electricity. In this way, it can be used to ensure an 
appropriate level of return on investment. [41] 

2.4.1 Support Mechanisms and Tariff Schemes 

As shown, different support mechanisms have different impact on the way that the electricity from 
renewable energy sources such as solar power is valued. In the case of a FIT, each eligible technology will 
have to be individually assessed to make sure the price paid reflects the technology-specific costs and a 
suitable level of profitability. Under quantity-based support mechanisms such as a tender system or 
procurement programmes under quota-based systems such as RPS programmes, the final pricing is more 
dependent on the developers’ and/or Independent Power Producers (IPP) ability to produce the most 
cost-efficient design under the constraints of the programme. Under such mechanisms, the actor setting 
up the procurement programme has more liberty in deciding which scheme the paid price should follow, 
and can thus develop technology-specific incentives. 

A TOD approach is one example of such incentives, and is an approach where the price of a commodity, 
e.g. electricity, is priced differently at different times during the day in order to reflect the demand profile 
[44]. While the term is normally used to describe tariffs that consumers might have to pay depending on 
when they use electricity [44], then referred to as time-of-use factors, the term has also been used to 
describe the way that CSP plants with integrated storage has historically been incentivised, for example 
under the 3rd tender bid window within the REIPPP programme in South Africa. As opposed to the 1st 
and 2nd tender bid windows, where the tariff offered was capped at one level, the remuneration scheme in 
the 3rd round was tiered in two levels. While the price between 22:30-04:00 was set to zero, a base price 
was paid between 04:00-16:30 and 21:30-22:30 (off-peak hours) and a premium price (2.7 times the base 
price) paid between 16:30-21:30 in order to incentivise power plant designs which could satisfy the peak in 
electricity demand that was observed during that time [45]. 
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2.5 PV-CSP Hybridisation 
The hybridisation of PV and CSP is a fairly new occurrence at the time of writing. PV plants and CSP 
plants are typically considered as competitors in the solar energy market. This has primarily led to a cost-
profile mismatch between the two categories of technologies, as exemplified by the comparison between 
the levels of LCOE for PV installations and CSP installations compared to power plants fuelled on 
different fossil fuels for the reference year of 2013 (see Table 2). 

Table 2: LCOE for PV and CSP compared to conventional energy sources for 2013. For CSP with storage, the LCOE 
was evaluated for locations with DNI values of 2000 kWh/m2 per year as well as 2500 kWh/m2 per year. For PV (small 
and utility), the LCOE was evaluated for locations with GHI values of 1450 kWh/m2 per year, 1800 kWh/m2 per year 

and 2000 kWh/m2 per year. Source: [46] 
Technology LCOE [€/MWh] 

PV small 60-120 

PV utility 74-100 

CSP (with storage) 142-194 

Wind onshore 45-106 

Wind offshore 120-192 

Biogas 138-215 

Brown coal 38-52 

Hard coal 64-80 

Combined cycle 74-90 

 
However, recent studies have indicated that the hybridisation of PV and CSP with integrated TES can 
result in technical enhancements and compared to plants featuring only CSP. This was e.g. indicated in a 
study simulating the hybridisation of a PV array generating peak power of 60 MWAC with a 100 MW CSP 
plant, similar to the recently-commissioned CSP project Crescent Dunes in Nevada, United States. In 
doing this it was indicated that the capacity factor of the plant was possible to increase from 40% in the 
commissioned CSP plant to 80-90% by the introduction of PV in the design [14]. The dispatch strategy 
prioritised the deployment of PV and uses the CSP primarily to supplement the PV part of the plant when 
it was unavailable. Not only did this approach indicate that the capacity factor could be increased by this 
type of PV-CSP hybridisation, a supply of 100 MW or more was achieved over 80% of the time, 
compared to a CSP-only plant with the same net capacity which achieved that level approximately 65% of 
the time. In other words, the simulation showed that the capacity of the CSP system was more fully 
utilised in the hybridisation case. One drawback was however that the number of turbine starts was 
increased from 19 for a CSP-only plant to 34 in the hybrid PV-CSP plant [14].  

Furthermore, the introduction of PV has been indicated to offer cost synergies compared to conventional 
CSP plants with TES (see Figure 22). Previous work carried out at the publishing institution of this report 
has supported this as well, indicating that the combination of a CSP system (with TES), a PV system (with 
and without BESS) and a gas boiler system is able to provide continuous power supply with reduced 
LCOE when compared to a system based only on CSP with TES or PV with a backup diesel generator for 
the Chilean electricity market [9]. Compared to a hybrid PV-diesel system, the emissions from the PV-CSP 
plant could also be strongly reduced [9]. 
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Figure 22: LCOE figures (€/kWh) for different simulated hybrid plants, using United Arab Emirates as a reference, for 
PV, parabolic trough CSP (SF), thermal storage system (TSS), wind power (Wind) and BESS storage system (Akku). 

Plant 5 from the right correspond to a PV-CSP plant with TES while Plant 1 from the right correspond to a 
conventional CSP plant with TES. Source: [47] 

2.5.1 Simulation and Dispatch Control of CSP and PV-CSP Plants 

A PV-CSP plant can be exemplified using Figure 23. At present, and which will also be the perspective of 
this study, the integration of PV with CSP has been modelled by allowing the CSP part of the plant to 
operate at variable load in response to available PV power output ([9], [14]). This allows the as-available 
nature of the PV and the dispatchable nature of the CSP to be utilised in a reasonable manner. Operating 
a plant constituting a hybridisation of PV and CSP thereby puts special requirements not only on the 
control and feedback system between them, but primarily the way in which the CSP part of the plant is 
utilised, as it is the part of the plant which offers the added dispatchability value to the plant in the 
absence of electric energy storage. The interconnected control/feedback system can be considered the 
most important component when designing a hybrid PV-CSP system based on the PV and CSP 
technologies reviewed in 2.2 and 2.3 [9]. Typically, for a PV-CSP hybrid plant using the STPP technology 
for the CSP part, such a control system will monitor the PV power output and control the net power 
output of the STPP by regulating the mass flow rate from the hot MS tank [9]. 

 

Figure 23: Simple layout of a PV-CSP hybrid plant. Source: [47]. Feedback arrow added for emphasis. 

Control of the CSP part of a PV-CSP hybrid power plant or a standalone CSP plant needs to be exercised 
to avoid inefficient use of the TES, which might lead to situations where the CSP cannot be dispatched as 
needed during operation. As previously mentioned, the SOC of the TES at any given moment will depend 

Feedback 
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on how the relative incoming thermal power from the SF varies, as dictated by the SM, the requirements 
for the PB and the efficiency of the tower receiver. For PV-CSP operation, the decision will further 
depend on the power output of the PV. One way of carrying out dispatch control in plant simulations is 
therefore by using priority levels, similar to what is currently used by SolarReserve in their SmartDispatch 
software [14]. The levels can be input so that a lower, part-load capacity is to be supplied all of the time, 
while higher capacities are offered on an as-available basis depending on the state of charge of the TES. 
Another approach is to use historic data for the solar resource along with price information for a location, 
including for example TOD factors, to identify prioritised (i.e. peak) operation hours and then pre-
defining dispatch decisions once before the annual simulation using a pre-defined strategy (PDS) ([8], 
[10]). The daily operation hours, or THD, defined using Equation 8 ([8]) is then defined using the hourly 
thermal power from the SF (Qth,SF,i) and the thermal power required from the SF at the nominal 
design point(Qth,SM=1) such that 

𝑇𝑇𝑇𝑇𝐷𝐷 = �
𝑄𝑄𝑡𝑡ℎ,𝑆𝑆𝑆𝑆,𝑑𝑑

𝑄𝑄𝑡𝑡ℎ,𝑆𝑆𝑆𝑆=1

24

𝑑𝑑=0
 (8) 

By measuring the ratio between the incoming thermal power from the SF and the thermal power required 
from the SF to supply the PB at nominal power for any given hour, Equation 8 measures the maximum 
number of hours that the TES can operate the PB during any given day and can thus be used for dispatch 
decisions. This allows the decision of whether to dispatch the CSP or not to be pre-defined for each hour 
of the year, which can then be used as an input to a dynamic simulation. The governing logic for such a 
PDS is presented in Figure 24. After reordering the hours of the day in descending price order, they are 
evaluated relative to the maximum TES capacity based on the remaining available load hours in the TES 
as well as the hourly relative SF-to-PB thermal power. The remaining load hours in the TES is estimated 
by adding to the parameter NTES whenever an hour is encountered where the SF supplies less than enough 
to supply the nominal thermal power required by the PB and where the value of NTES for the previous 
hour was below the maximum TES capacity (expressed in full-load hours). Given a scenario where 
operation during a set of prioritised hours is desired (i.e. a peaking or intermediate load case), dispatch of 
the CSP is then allowed primarily during prioritised hours, but also during non-prioritised hours if the 
TES level is sufficient to stay above a pre-defined minimum discharge level. During continuous operation, 
i.e. a baseload case, dispatch is allowed as long as the TES level stays above the minimum discharge level. 
[8] 

The evaluation is this approach requires price data for the location to be used to reorder the daily hours in 
descending price order, ensuring that the dispatch control handles the prioritised hours first if peaking 
operation is desired. The prime advantage is that dispatch during prioritised operation hours can be 
ensured with high precision, and has been shown to be possible to integrate also in a combined PV-CSP 
setting, where Qth,SM=1 in Equation 8 is replaced with as estimation of the required SF power to supply the 
PB at the power level as determined by the availability of PV power [10]. However, a disadvantage is that 
the pre-defined nature of the approach foregoes any consideration of dynamics that might occur during an 
annual simulation. Therefore, there is no guarantee that the determined dispatch for any particular hour is 
actually connected to a proper value of the TES level. This can be addressed by adopting a day-ahead 
strategy, where a more economically maximised dispatch scheme can potentially be determined for each 
annual day in advance and integrated into a dynamic model. Dynamic day-ahead strategies have been 
demonstrated to be beneficial to model for BESS systems in  market situations where price information is 
only made available one day in advance [48], and so improves the approximation of the model behaviour 
with a real system. By expanding this to a case involving CSP with TES, similar benefits may be found. 
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Figure 24: Dispatch decision flowchart for PDS. Source: [8] 

2.5.1.1 PV-CSP and Steam Turbine Operation 

Steam turbines in CSP plants are subject to special operating conditions which differ from that of 
conventional power plants, and which warrants special attention. Solar steam turbines are subject to more 
frequent starts and stops due to the inherent variability of the solar supply, which can be mitigated by the 
integration of TES [33]. Hybridisation of CSP with PV however introduces further aspects such as more 
frequent part load operation of the turbines. Too low part load operation of steam turbine may lead to 
drastically decreased efficiency, increased water droplet erosion on blades in lower pressure stages and 
higher incidence of detrimental blade vibrations ([49], [50]), which will lower the expected life time of the 
turbines. 

Turbine start-up and shutdown behaviour also affects dynamic plant performance, and is thus constraint 
which needs to be considered especially for operation cases involving the primary coverage of priority 
hours, where a power output as close as possible to nominal capacity is desired for particular hours of the 
day. Start-up time of a turbine depends directly on the time since last shutdown (tstandstill), which is linked 
to the inner casing temperature of the HPT and LPT (T0) [51]. This will subsequently influence whether 
the start is categorized as hot, warm or cold (see Table 3). 

Table 3: Steam turbine start categorisation. Source: [51] 
Type of start HPT/LPT inner casing temperature Time after shutdown 

Hot T0 > 430°C tstandstill < 8 h 

Warm 170°C < T0 ≤ 430°C 8 h ≤ tstandstill ≤ 60 h 

Cold T0 ≤ 170°C tstandstill > 60 h 
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3 Market Focus: California 
In terms of markets, the choice in this study fell on the state of California, United States, which was 
chosen for a few reasons. The state has a rich history in solar energy, and was the venue of the nine-plant 
project Solar Electric Generation System (SEGS), commissioning over 300 MW of CSP capacity based 
on the PT collector technology in the 1980s [24]. It also remains one of the leading states in the United 
States in terms of solar energy deployment. California had nearly half of the total installed solar PV 
capacity in the United States by the end of 2015 [52]. Out of the nearly 10 GW of installed solar capacity, 
55% is made up of utility-scale PV installations (> 1 MW in size), and another 32% were made up of 
smaller scale, distributed PV installations (≤ 1 MW in size) [52]. California is the home of the Ivanpah 
Solar Electric Generating System (ISEGS) [26], as well as the 5 MW Sierra SunTower in Lancaster [53], 
designed to deliver power to over 140 000 and up to 4 000 homes respectively ([53], [54]). Furthermore, 
California is the neighbour to the Crescent Dunes project in Nevada, the latest commissioned STP project 
in the South Western United States [55]. The industry activity in California is continuously strong, and 
over $7 billion was invested in the installation of solar energy during 2015, and up to 22 GW of solar 
electricity capacity is estimated to be installed in the coming 5 year period [56]. Financial conditions in the 
United States has recently also been improved due to the extension of an Investment Tax Credit (ITC) 
programme [57], which increases the probability of even higher activity in its markets for solar energy for 
the foreseeable future. With regards to solar resource, California boasts an annual Direct Normal 
Irradiance (DNI) average of 2500-3000 kWh/m2 per year and an annual GHI value of 2000-2200 
kWh/m2 per year, with the highest values found in the South-East parts of the state ([58], [59]). These 
values make for excellent solar resource availability for deployment of both PV and CSP capacity.  

So far, California has been the subject of studies involving grid-level production cost models, whose 
purpose is to minimise the production cost of electricity on the margin in an electricity grid at specific 
time intervals (e.g. hourly) ([60], [61]). This has however been carried out in the context of supplying 
electricity against known historical prices, and leaves the field open for investigation of the impact of 
pricing models as suggested in the present thesis. 

3.1 Structure of Demand and Supply 
The structure of the electricity demand in California is detailed in Figure 25 and Figure 26, where the 
actual electricity demand for a summer day (August 1st, 2016) and a winter day (January 2nd, 2016) is 
visible. Apart from the power supply from renewables, the grid net demand is satisfied by a mixture of 
nuclear power, conventional thermal power plants, large hydro and imports from nearby states. As can be 
seen in both cases, while the imports and nuclear power generation is almost constant throughout the day, 
conventional thermal power plants as well as large hydro power plants are currently satisfying the bulk of 
the peak demand occurring later during the day. The PV capacity, which ramps up and down according 
with the availability of sunlight, peaks in power supply at around noon and is therefore unable to 
participate in supplying peak demand during the latter part of the day, which is especially noticeable 
during the Winter day. Simultaneously, the CSP capacity peaks at approximately 500 MW at noon during 
Summer (out of which the 377 MW of power from the Ivanpah SEGS constitutes the main part), and the 
lack of dispatchability in the existing fleet leads to that it also cannot participate in supplying demand 
during hours of peak demand. 
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Figure 25: Demand and renewables power supply profiles for California (Summer, August 1st 2016). Constructed using 

data from CAISO ([62], [63]). 

 
Figure 26: Demand and renewables power supply profiles for California (Winter, 2016-01-02). Constructed using data 

from CAISO ([62], [63]). 
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3.2 The California Electricity Market 
The California electricity market is a mixture of regulated and deregulated markets, including a deregulated 
wholesale market, controlled by CAISO (California Independent System Operator) the largest balancing 
authority in the state (see Figure 27), as well as a more regulated retail market consisting of a group of 
Investor-Owned and Public-Owned Utilities (IOUs and POUs), who generate their own electricity and 
procure energy from independent power producers (IPPs) and sell it directly to retail customers. [64] 

The wholesale electricity market in California consists of two main submarkets: the day-ahead market 
and the real-time market. CAISO offers a central market place for these two submarkets, as well as 
ancillary services which enables CAISO to provide primary frequency control and thereby participate 
actively in maintaining grid stability in the short term. Another vital function of the CAISO is to provide 
policies and procedures for the operation, maintenance and outage of the available transmission capacity. 
Within its mandate, CAISO is also responsible for monitoring the electricity trading and the efficient use 
of the transmission capacity. [65] 

 
Figure 27: Balancing Authorities in California. Source: [66] 

CAISO's day-ahead trading mechanism is based on bids from utilities and therefore works somewhat like 
a power pool, which is open from seven days before the day it regulates and closes one day before it [65]. 
In this manner, it is similar to the Nord Pool spot power market present in the Nordic countries [67]. The 
day-ahead trading mechanism at CAISO works in three sequential steps. First, a market power mitigation 
test is run on the bids. Market power refers to the extent to which any of the bidding utilities might have 
enough market share to be able to purposely keep power generation down in order to try to increase the 
market price, i.e. work as a price setter rather than a price taker in the market [68]. The market power 
mitigation test is supposed to be able to detect whether this is the case, and revises failed bids to 
predetermined levels [65]. Secondly and thirdly, the forward market determines the needed level of power 
generation to meet the forecasted demand, and a residual mechanism designates additional power plants 
that will have to be stand-by in order to ensure that the forecasted load is met [65]. 
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The real-time trading mechanism is designed to allow utilities to buy and sell electricity in real time (i.e. 
hourly) to shape their power generation profiles to current electricity demand [65]. It takes over from the 
day-ahead trading mechanism at 13:00 on the day prior to the trading day and closes 75 minutes before 
the trading hour [65]. During the trading hour itself, power generation can then be regulated up or down 
in 5-15 minute intervals [65]. An overview of the mixed retail/wholesale market structure present in 
California can be found in Figure 28. 

 

 
Figure 28: Overall electricity market structure for California. Green arrows constitute payment streams, yellow arrows 

constitute flows of electricity and red arrows/lines correspond to regulation. 

As mentioned, electricity sales in California are primarily handled by IOUs and POUs. In 2013, the largest 
IOUs, Southern California Edison (SCE) and Pacific Gas & Electric (PG&E), stood for 77% of retail 
electricity sales together with Los Angeles Department of Water & Power (LADWP, a POU), San 
Diego Gas & Electric (SDG&E, an IOU) and Sacramento Municipal Utility District (SMUD, a 
POU) [69]. Apart from these actors, a number of smaller IOUs and POUs are also present in the state 
(see Figure 29). The retail rates in California, e.g. the final price experienced by the electricity customers, 
are subject to regulation and are set to ensure that the utilities make profits which correspond to a rate of 
return which is determined by the California Public Utilities Commission (CPUC) [64]. Within the 
jurisdiction of the CPUC, the utilities handle the day-to-day supply of energy both through their own 
power generation facilities, by buying power over the power exchange provided and operated by CAISO 
and by procuring energy from IPPs. The latter category is the one that a prospective independent 
developer of solar energy would fall within. Because of this, the technical and economic perspective for 
the present study was assumed to be that of an IPP looking to agree on a PPA contract with a generation 
off-taker in the form of a utility. 
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(a) (b) 

Figure 29: (a) Investor-Owned Utilities and (b) Public-Owned Utilities in California. Source: [70] 

3.3 Solar Energy Policy 
In California, prospective developers of solar energy enjoy two main tiers of incentives or subsidies; the 
federal ITC programme as well as the state government’s own RPS programme. The RPS programme in 
California calls upon utilities in the state by law to fulfil a quota of 33% of renewable electricity sales by 
the end of 2020. The legislature was latest revised in the form of Senate Bill X1-2 [71], which was signed 
into law in 2011 [72]. Together, the CPUC and California Energy Commission (CEC) are jointly put in 
charge of setting goals of renewable energy implementation together with the utilities in the retail 
electricity market in the state, as well as to approve new projects and verify that they comply with the set 
rules, ultimately designed to achieve the quota goal [71]. Within the RPS programme, it is also stated that 
promising renewable energy technologies, such as solar thermal technologies, should receive targeted 
assistance due to their merit as being environmentally beneficial [71]. Solar energy in general, either as a 
result of a solar thermal process or a photovoltaic process, is eligible for RPS compliance according to the 
guidelines for eligibility, with optional energy storage possible if it fulfils the requirements for such a 
component [73].  

3.3.1 Energy Procurement under the California RPS 

Being a quota-based system similar to the Swedish-Norwegian electricity certificate system discussed 
under section 2.4, the California RPS does not directly offer financial assistance to the utilities in the state. 
Rather, it incentivises them to increase the share of renewable electricity in their retail sales through the 
legislation process. The procurement process is carried out by the utilities themselves in the form of 
Energy Procurement Programmes, which typically ends with the signing of a PPA contract, securing the 
scheme of remuneration and level of profitability (price per unit of energy) for a certain time. Examples of 
such procurement programmes are the ones currently set up by SCE, which includes solicitations 
regarding both utility-scale solar photovoltaic specifically (the SPVP) and energy storage facilities as well as 
a more general request for proposals (RFP), launched latest in February 2016, for facilities which fulfil the 
requirements for the RPS programme and which are sized at 0.5 MW or more [74]. PG&E implemented a 
similar programme during 2015 with the same lower limit of capacity, but for which solar projects are 
primarily defined as “As-Available” generating facilities, which are facilities defined as dependent on a 
non-controllable fuel source [75]. In the RPS solicitations, bidders develop projects which are then sent 
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into the utility for consideration. Bidders are required to propose projects which have a certain operational 
time or longer, which in case of the above-mentioned programmes from SCE and PG&E is ten years or 
more [76]. A pro-forma PPA contract is also required from the bidders, which outlines the expected price 
per kWh that the utility will have to pay [77], and the contract clauses involved. This forms the negotiation 
basis for the final contract, for which the general structure can be found in Figure 30. If the project is 
subject to further subsidies (such as federal ITCs), the bidders are expected to propose a suitable price 
reduction of their proposed PPA tariff to reflect this [77]. Furthermore, the soliciting utility also requires 
that the bidders provide proof that the bidders’ project has gone through an assessment of whether it 
passes the requirements for an interconnection to the existing grid by providing an interconnection study 
[76]. As the scheduling responsibility of electricity into the utility’s grid is typically put on the IPP through 
the PPA contract, any monetary revenues or penalties as rewarded by the CAISO (indicated as “CAISO 
Revenues/Penalties” in Figure 30, also known as the real-time imbalance offset charge [78]) will befall the 
IPP. These revenues or penalties arise as a result of the CAISO having to make adjustments in the context 
of the real-time market. This leads to short-term deviations from the scheduled electricity for which the 
CAISO will have to pay (in case of demanding more electricity) or penalise (in case of demanding less 
electricity and if the power producer is unable to comply). 

 
Figure 30: Outline of a PPA contract between an IPP and an IOU in California. Green arrows constitute payment 

streams, yellow arrows constitute flows of electricity and red arrows/lines correspond to regulation. 

The projects that are submitted to the RPS solicitation programmes are evaluated according a Least Cost, 
Best Fit (LCBF) methodology, as mandated by legislation [79] and further specified by CPUC in 
collaboration with utility partners [80]. Taking SCE as an example, this methodology is divided into a 
quantifiable part (“Net Market Value”, taking the “least-cost” approach) which takes into account 
levelised costs and levelised benefits, i.e. costs and benefits over the lifetime of the project discounted 
back to the present year. The levelised costs includes costs for contract payments, costs for required grid 
upgrades, debt equivalence costs (i.e. costs to balance the utility’s balance sheet) as well as costs for 
maintaining a reliable electricity supply after integration of the project into the grid [81]. The levelised 
benefits include energy benefits like the grid-stabilising value of the project (in case of dispatchable 
projects) as well as capacity benefits arising from the project’s ability to contribute to the utility’s level of 
resource adequacy (i.e. its ability to adequately meet peak demands [82]). A more qualitative part which 
allows SCE to evaluate qualitative criteria such as development team experience, contribution to other 
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goals set up by SCE and resource diversity (i.e. aspects that allows SCE to address the “best-fit” criteria) is 
also included in the LCBF methodology [76]. The Net Market Value calculation clearly favours projects 
like CSP with TES which, as mentioned, has been shown to provide a significant degree of dispatchability 
and possibility of ancillary service such as real-time primary frequency control as well as providing 
alternative reserve capacity for up-regulation of electricity generation [61]. 

The opportunity to create specific incentives in the form of tariff schemes featuring TOD factors exists 
according to current legislation, as the CPUC is allowed to take the value of different operation modes 
(Baseload, Dispatchable and As-Available operation) into account in the design of procurement 
procedures with utility partners, and also design procurement guidelines which allows the payment rates to 
be adjusted to reflect the time value of electricity which can be delivered at more suitable times than at the 
time of generation [79]. The TOD schemes are based on forward price forecasting, current capacity, the 
goals set up by the state’s RPS programme as well as an estimation of the needs in terms of providing grid 
reliability in the future [83].  

A key concept to consider is full or partial capacity deliverability status (PCDS or FCDS), which utilities 
can choose to incentivise by providing higher TOD multipliers. PCDS and FCDS are statuses that power 
plants can achieve if they are deemed to provide beneficial levels of resource adequacy and are possible to 
integrate without causing problems in a grid area’s ability to satisfy periods of high demand, in which 
several power plants in the area might be turned on simultaneously [84]. The approaches as used by SCE 
and PG&E in their latest RPS procurement differ in this respect. While SCE does not provide different 
treatment to different types of plants and as a result only provides one set of TOD factors [77], PG&E 
provides a set of higher TOD factors for projects where FCDS is possible, as opposed to if it is not, in 
which case the project will be treated as providing “Energy Only”. 

3.3.2 Federal Incentives and Financing Programmes 

The federal ITC programme currently makes up the most important incentive for solar energy developers 
in the United States. First conceived under the Energy Policy Act of 2005 and extended multiple times 
since, the ITC enables 30% of the total up-front capital investment of a project involving eligible solar 
technology to be used as a dollar-for-dollar reduction in overall income tax liability for the first year of 
operation [85]. The latest extension of the programme, which was carried out in December 2015, saw the 
expiration date for the 30% level until at least 2019, with a following step down to 10% over the course of 
3 years (see Table 4). Solar technologies which are eligible for the ITC include both PV, as can be seen in 
as well as other equipment that uses solar energy to generate electricity (e.g. CSP) [86].  

In the United States, accelerated depreciation is also available in the form of the Modified Accelerated 
Cost Recovery System (MACRS). The MACRS allows solar installations to be depreciated over a period 
of six years, known as the 5-year MACRS, according to the scheme described in Table 5. The MACRS is 
beneficial since it allows the rate of return on investment to be accelerated by reducing tax liability in the 
early years of plant operation [87]. If projects also file for the federal ITC, the depreciable basis will have 
to be decreased by 50% of the ITC amount [87]. In other words, the depreciable basis for under MACRS 
in a situation where the ITC is applied will be equal to 85% of the ITC-eligible costs. 
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Table 4: Scheme of the latest iteration of the federal ITC programme. Adapted from [86]. 

Technology End 
2016 

End 
2017 

End 
2018 

End 
2019 

End 
2020 

End 
2021 

End 
2022 Future Years 

PV/CSP, Solar Water 
Heating, Solar Space 

Heating/Cooling, Solar 
Process Heat 

30% 30% 30% 30% 26% 22% 10% 10% 

Hybrid Solar Lighting, 
Fuel Cells, Small Wind 30% N/A N/A N/A N/A N/A N/A N/A 

Geothermal Heat Pumps, 
Microturbines, CHP 

Systems 
10% N/A N/A N/A N/A N/A N/A N/A 

Geothermal Electric 10% 10% 10% 10% 10% 10% 10% 10% 

Large Wind 30% 24% 18% 12% N/A N/A N/A N/A 

Table 5: 5-year depreciation scheme for the MACRS. Source: [88] 
Year Depreciation percentage [%] 

1 20 

2 32 

3 19.2 

4 11.52 

5 11.52 

6 5.76 

3.4 Market Cases 
As detailed under chapter 3.1, the dynamics of electricity demand in California motivates an approach 
whereby CSP with TES (with and without hybridisation with PV) as well as PV hybridised with BESS are 
designed aimed at displacing non-renewable power generation during peak demand hours in the state. For 
this purpose, two market cases in the form of tariff schemes will be studied based on the mentioned 
procurement programmes from SCE and PG&E, whose effects will then be further studied using a 
techno-economic model and through subsequent optimisation studies. 

For both market cases that were evaluated, the same location was considered in terms of meteorological 
data, using values for a Typical Meteorological Year (TMY). This location was the town of Daggett in 
San Bernadino County, for which key weather parameters can be found in Table 6. 

Table 6: Key meteorological data for Daggett, CA. 
Location: Daggett, CA 

Latitude [°N] 34.85 

Longitude [°W] 116.40 

Accumulated annual DNI [kWh/m2] 2660.14 

Accumulated annual GHI [kWh/m2] 2088.37 
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3.4.1 Case 1: Southern California Edison 

The market case involving the tariff scheme from SCE is detailed in Figure 31 and Figure 32. In the 
schemes, the base payment of electricity is adjusted depending on whether the hour is “On-Peak”, “Off-
Peak” or “Super Off-Peak” and depending on the season, where “Winter” is defined as October 1st – May 
31st and “Summer” is defined as June 1st – September 30th [77]. On-Peak hours occur during weekdays 
between 14:00-20:00 local time, with corresponding TOD factors of 1.18 or 1.35 depending on the 
season. On-Peak hours are omitted from weekends in favour of a prolonged Off-Peak period, and while 
the TOD factor varies for On-Peak hours and Off-Peak hours depending on the season, the TOD factor 
for Super Off-Peak hours is the same (0.86) throughout the year. A closer specification of the period 
definitions and the connected TOD factor values can be found in Table 7. 

 
Figure 31: Daily TOD factors for the Winter period for SCE. 

 
Figure 32: Daily TOD factors for the Summer period for SCE. 

Table 7: Specifications of daily periods in the SCE tariff scheme. 

Period Time Frame TOD Factor 
(Summer/Winter) 

Prioritised in 
dispatch 

On-Peak 
(weekdays only) 14:00-20:00 1.35/1.18 Yes 

Off-Peak 
(weekday) 07:00-14:00, 20:00-21:00 1.08/1.02 No 

Off-Peak 
(weekends) 07:00-21:00 1.08/1.02 No 

Super Off-Peak 
(annual) 22:00-24:00, 00:00-07:00 0.86/0.86 No 
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3.4.2 Case 2: Pacific Gas & Electric 

The market case involving the tariff scheme from PG&E is detailed in Figure 33. In this scheme, the year 
is instead divided into three periods: July-September, October-March and April-June. No distinction is 
made between weekdays and weekends, however the days are divided into three periods: “Peak” (16:00-
22:00 local time), “Shoulder” (07:00-16:00 local time) and “Night” (00:00-07:00 and 22:00-24:00) [89]. A 
notable difference between the two utilities’ approaches is that operation during mid-day hours is clearly 
disincentivised in the approach by PG&E, which points to the difference in the balancing needs of the 
two utilities. Furthermore, the version of the PG&E tariff scheme featuring a significantly higher payment 
multiple during peak demand hours during July-September was chosen due to that this mirrors an 
additional incentive for plants who manages to achieve FCDS status, which is an interesting case to 
consider for power plants with CSP considering the benefits such plants have been indicated to offer in 
terms of grid stability services [61]. A specification of the daily periods involved in the PG&E tariff 
scheme can be found in Table 8. 

 
Figure 33: Daily TOD factors for various annual periods for PG&E. 

Table 8: Specifications of daily periods in the PG&E tariff scheme. 

Period Time Frame TOD Factor (Oct-Mar/Apr-
Jun/Jul-Sep) 

Prioritised in 
dispatch 

Peak 16:00-22:00 1.1982/1.1941/2.2304 Yes 

Shoulder 07:00-16:00 0.7741/0.6585/0.8067 No 

Night 00:00-07:00, 22:00-24:00 0.9399/0.9299/0.9569 No 
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4 Methodology and Model Description 
Under this chapter, the methodology and model utilised in the thesis is described. Initially, the choice of 
simulation and modelling environment is introduced and commented, followed by a description of the 
technical and economic models used to carry out the study, along with a description of the multi-objective 
optimisation method used. Focus will lie on describing the enhancements and models that has arisen as a 
result of the thesis. 

4.1 Introduction to Techno-Economic Analysis 
Simulations are indispensable when it comes to assessing the performance of power plants. In models for 
power plant assessment, it is furthermore important to highlight both economic and technical aspects of 
power plant design in order to facilitate decision making and provide a basis for sound investments. 

The approach of taking both technical and economic aspects of power plant design into account is called 
techno-economic modelling. Tools for techno-economic modelling of solar power plants include the 
System Advisor Model (SAM), developed and supported by NREL ([90], [91]), as well as Greenius, 
developed by the German Aerospace Center ([91], [92]). Focus in both of these tools is on creating a user-
friendly environment in which a range of parameters can be tested in connection to solar power 
performance, especially with regards to e.g. solar block design for PT and ST systems as well as PV 
performance. Furthermore, both tools offer a range of financial performance indicators, including cash-
flow analysis, where SAM has the most flexibility due to the implementation of financial models with 
varying degree of complexity [93]. A drawback of tools such as SAM and Greenius is however that not 
much flexibility is offered in terms of PB design, as the performance of steam turbines is based on pre-
defined and static models using only characteristic curves for thermal-to-electric conversion ratios [91]. 

To model PBs on a case-specific basis, tools like Thermoflex can instead be used [94]. While this solves 
the issue of more detailed PB design and annual operation simulation, the computational times are slow 
compared to tools like SAM or Greenius [91]. Because of this reason, efforts in later years have focused 
on combining the fast energy yield and detailed solar block calculations of e.g. SAM with more detailed 
models for PB design [91], along with options for e.g. PV and CSP hybridisation. One of these tools is the 
Dynamic Energy System Optimiser (DYESOPT), which therefore forms the basis for the methodology of 
the thesis. Developed in-house at the KTH Department of Energy Technology, it works according to the 
flow scheme presented in Figure 34 and offers steady-state and dynamic design of electricity-generating 
power plants [95]. The DYESOPT model is all-inclusive in the sense that it allows both steady-state 
modelling and dynamic (i.e. time-dependent) modelling of power plant configurations as well as the 
evaluation of the post-commissioning economic performance of the plant in light of technical 
specifications. 

 
Figure 34: Flow chart of DYESOPT model operation. Source: [95] 
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Underlying in the structure of the tool is a combination method which allows combinations of different 
plant parts according to Figure 35. The structure of the combination model is that the user first chooses a 
primary heat energy source technology (i.e. CSP, either MS or DSG), a primary electric energy generation 
technology (i.e. conventional RC or PV system), a primary TES technology (e.g. MS tanks) and a primary 
electric energy storage technology (e.g. BESS). In addition to the primary technologies, the user is also 
presented with the ability to combine either of the primary technologies with secondary technologies. In 
this manner, plant configurations designed for various operation modes is possible to create. 

 
Figure 35: Plant component combination methodology in DYESOPT. 

The model uses a combination of MATLAB routines and the dynamic simulation software TRNSYS, as 
well as site-specific data (indicated by the blue-coloured boxes in Figure 34), to perform the different 
operations required to complete each of the tasks indicated by the white-coloured boxes in Figure 34. At 
the time of writing, DYESOPT contains fully integrated models of utility-scale PV plants, STPPs as well 
as a natural gas-fired boiler designed to ensure continuous operation if it is desired. In case combinatory 
electric energy generation technologies have been specified, these will be individually sized and modelled, 
for later use with the dynamic part of the overall modelling. 

Once the steady-state design has been completed, the results are saved and sent to the corresponding 
power plant model in TRNSYS, in order to perform the dynamic modelling for operation during a year. 
When the dynamic modelling procedure has been carried out, the results are sent back to MATLAB and 
post-processed in the form of techno-economic evaluations using pre-defined cost functions as well as 
technical and financial performance indicators. During the post-processing phase the user can also choose 
to carry out sensitivity analysis of selected parameters, as well as multi-objective optimisation. In the 
following section, descriptions of the DYESOPT models used and developed in the study will be 
provided. 

4.2 DYESOPT Steady State Modelling 

4.2.1 STPP Steady State Model 

The steady state STPP power plant model in DYESOPT consists of three major steps: the sizing and 
design of the SF, conventional RC as well as the HTF/TES cycle respectively. The SF is designed 
according to a complex field growth method built on the one existing for the DELSOL3 solar collector 
design software [96]. Initially, the area around the central receiver tower is divided into a number of cells. 
Through an iterative process, heliostats are generated in a row of cells (with reference to the central 
tower), after which the best performing heliostats in terms of specific energy output are kept. The process 
stops once no heliostats can be placed in the field without decreasing the overall specific energy output of 
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the entire field [97]. The individual heliostats are modelled to take aspects such as shadowing and blocking 
into account. However, in order to save computational time, a simple radial stagger pattern is chosen for 
the placement of the heliostats [97]. Using the generated SF matrix, which takes the user-supplied SM into 
account along with the location-specific meteorological data, makes it possible to generate an efficiency 
matrix for the SF which can later be used in deciding the dispatch scheme for the CSP STPP as well as an 
input to the dynamic field model. 

The sizing of the RC is based on iteratively assigning a steam mass flow rate which is used to determine 
pressure, temperature levels and steam properties in the condenser, turbines and preheaters respectively. 
The resulting power output is compared to the desired power output as defined in the design parameters, 
and the sizing is complete once the assigned mass flow rate results in a power output matching the desired 
one. This approach has been refined and implemented by previous work carried out on DYESOPT 
utilising existing work in power cycles ([98], [99]). Regarding the HTF/TES cycle, based on work carried 
out on the SAM software [100], the thermodynamic state of the chosen HTF is possible to determine 
using pressure and temperature data from the steady-state design of the SH, EV, EC and RH of the RC. 
Together, they define the total amount of thermal energy transferred from the HTF cycle to the RC 
during steady-state operation. The storage capacity of the TES block (hot salt tank and cold salt tank) is 
defined in the design parameters as the number of full-load hours, which defines the capacity in terms of 
energy by multiplication with the nominal thermal power required by the power block in the steady-state 
design. By assuming that the storage tanks have the shape of a cylinder, the volume of the salt in the tanks 
can further be determined and transferred to the dynamic model. 

4.2.2 PV Steady State Model 

The steady state sizing methodology of the PV array is based on an existing model ([101], [102]) and takes 
place by designing the array around the maximum GHI value present in the location-specific 
meteorological data. Based on this value, the maximum PV cell temperature (calculated using equations 
from [103] and [104]) at the design point and thereby the maximum PV module voltage at the design 
point are determined. This allows the number of PV modules that is possible to put together in one string 
of PV modules (i.e. in series) to be determined. The limiting factor in the sizing of the PV strings is the 
maximum voltage permitted by the PV inverter. The number of strings that can be put in parallel for each 
inverter is then determined, once again limited by the PV inverter and the maximum DC current it can 
accept. An iterative process then takes place, where the power output of the estimated PV array is 
calculated and adjusted by adjusting the number of total module strings until the desired oversizing factor, 
as determined by the user-supplied DC-to-AC ratio, is satisfied. The DC-to-AC ratio allows the user to let 
the PV model oversize the PV array with a certain factor, thereby allowing the size of the PV plant to vary 
for any given AC capacity if this is allowed by the PV inverter. 

The dynamic performance of the PV is part of the steady state design stage in MATLAB and is simulated 
by forecasting of the PV power output for each hour of the year, using the values from the location-
specific meteorological data. After determining the varying solar position relative to the tilted  in terms of 
hourly azimuth, zenith and incidence angles relative to the tilted PV surfaces, equations are used for 
determining the diffuse radiation ([105]) and ground reflected radiation. The beam radiation hitting the 
surface then allows the total radiation that hits the PV surfaces each hour to be determined, depending on 
whether a tracking method is utilised or not, which in turn allows the power output to be estimated. 
DYESOPT offers the possibility to design PV arrays using single axis tracking, dual axis tracking or using 
fixed-tilt design, for which equations adopted from [106] is used. Depending on whether the estimated 
load that the PV plant should provide is equal to or lower than the design power output, controls are 
finally put in place on the DC side of the PV. These force any superfluous PV power output, in absence 
of any electrical energy storage, to be curtailed. The forecasted performance of PV in DYESOPT is 
entirely MATLAB based, however the second step allows the power output profile to be extracted and 
used in combination with other technologies in the dynamic models. 
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4.2.3 BESS Steady State Model 

The BESS steady state model in DYESOPT is built using a mathematical model, implemented due to its 
computational efficiency [9]. The governing input parameter for the BESS sizing is the desired size, 
expressed in MWh, and the main limiting factor is the DOD, as described in subchapter 2.3.4, due to its 
direct influence on the lifetime of a BESS. Manufacturer data regarding both cost and technical 
specifications were previously implemented for the four available BESS technologies in DYESOPT: lead-
acid, described briefly under subchapter 2.3.4, lithium nickel manganese cobalt (Li-NMC), lithium titanate 
battery as well as aqueous hybrid ion battery [9] (see APPENDIX A for details). The sizing of the BESS 
itself is carried out similarly as for the steady state PV model, where the number of battery cells that can 
be put in series is first determined based on the maximum allowable voltage to the inverter, after which 
the number of battery cells that can be put in parallel for each inverter is calculated based on the inverter’s 
maximum allowable current. Whether or not the inverter for the BESS is the same as for the PV plant or 
not will depend on the type of coupling that the user chooses as input. The method of AC coupling, based 
on work by [107], allows the BESS to be coupled to the grid separately from the PV array using an AC 
bus, thus warranting a separate BESS inverter. The method of DC coupling, instead based on work by 
[108], features a layout where the PV array and the BESS are connected through a DC bus, which in turn 
is connected to a common DC/AC inverter. 

4.3 Combined Dynamic Performance Model 
The steady state models as previously described in this chapter forms the basis of the dynamic TRNSYS 
models, which are used to simulate power plant operation for a full year by dividing the number of hours 
in a year into time steps, whose value is assigned by the user in the initial steps of the design specification 
and thereby allows the performance of the plant to be modelled with a varying degree of resolution. The 
dynamic performance of each plant component (apart from the components in the PV plant, as 
previously described) is simulated on a component level and solved iteratively for each time step. The 
results can then be printed for post-processing in MATLAB. For the combined models, it is assumed that 
the plant, regardless of the technology combination, is sized according to the condition that the set 
capacity of the CSP is the set capacity for the plant, even in the PV-BESS configuration in which it acts as 
the plant capacity. Furthermore, the dispatch of the PV is prioritised, allowing the dispatchability of the 
CSP and TES to be used during priority hours if applicable. The combined model for the PV-BESS was 
assumed to operate under the condition that the BESS should primarily be used to supplement the plant 
power output during peak hours. The set capacity of the plant acts as a threshold in this model, where the 
BESS will only be charged during periods where the net PV output exceeds the set capacity, without the 
possibility of storing electricity from the grid. Table 9 details the default technical data defining the design 
point for each of the plants. 

Table 9: Design point conditions for combined model. 
Parameter Value 

Design DNI [W/m2] 850 

Design Day [Gregorian] 173 

Solar Time [-] 12:00 

Design Temperature [°C] 30 

Ambient Air Pressure [bar] 1 
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4.3.1 Control System 

The control system used in DYESOPT was enhanced by the efforts of this thesis through the 
development of two controller components for integration into the previously implemented and validated 
TRNSYS models for each type of plant. A CSP controller integrates the dispatch decisions into TRNSYS 
by use of a dedicated component, and the BESS controller was integrated to allow the performance of a 
peaking/intermediate operation mode for PV-BESS plants to be gauged and compared to CSP and hybrid 
PV-CSP plants. Besides attempting to improve performance for the peaking/intermediate load cases 
considered for California, the purpose of the CSP controller is to improve the sequential prediction of hot 
MS tank levels in an attempt to lend better support to the dispatch decisions as compared to the existing 
PDS in DYESOPT, which works according to the structure as described in section 2.5.1. 

4.3.1.1 Dynamic Dispatch Strategy (DDS) for CSP and PV-CSP Plants 

4.3.1.1.1 Constraints and Operation Boundary Conditions 

The required initial inputs to the developed dispatch controller for CSP plant and PV-CSP hybrid plants 
are: 

• Estimated thermal power provided by the SF over the simulation year 
• Estimated required thermal power from the SF (to supply the PB) over the simulation year 
• A tariff scheme indicating prioritised operation hours 
• The power setpoint of the CSP plant over the simulation year 
• TES capacity expressed in hours of full nominal load operation 

A file writing routine in MATLAB handles the first four of these inputs, while the fifth is determined in 
the default parameters of DYESOPT. The first input is readily estimated by the use of the location-
specific meteorological data, along with the estimation of the SF efficiency matrix. The second input will 
vary depending on whether the considered case is a CSP-only plant or a hybrid PV-CSP plant. In the 
former case, the aim of the control is to ensure nominal capacity operation of the plant whenever 
operation is desired, whereas in the latter case, the dispatch of the PV is always prioritised when available 
in order to allow the dispatchability of the CSP to be used during priority hours as specified by the tariff 
schemes. This means that the power setpoint of the CSP will vary in response to the available PV power 
output, which is found prior to the dynamic simulation using the results from the forecasted power output 
from the PV steady state design, described in section 4.2.2. In order to properly account for this, the 
mentioned file writing routine was further updated by calculating the hourly required power from the SF 
which allows the power setpoint of the CSP to be met. This was done by using Equation 9, expressing the 
hourly required thermal power from the SF, expressed in W/m2, taking into account the hourly power 
setpoint for the CSP (Wset,CSP,i), the average generator efficiency (ηgen), the turbine mechanical 
efficiency (ηmech), the TES-to-steam-cycle heat exchanger thermal efficiency (ηth,HEX), the tower 
receiver efficiency (ηrec) as well as the receiver aperture area (Aaper) so that 

𝑄𝑄𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑 =
𝑊𝑊𝑑𝑑𝑑𝑑𝑡𝑡,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑

𝜂𝜂𝑔𝑔𝑑𝑑𝑑𝑑 ∗ 𝜂𝜂𝑚𝑚𝑑𝑑𝑐𝑐 ∗ 𝜂𝜂𝑡𝑡ℎ,𝐻𝐻𝐻𝐻𝐻𝐻 ∗ 𝜂𝜂𝑟𝑟𝑑𝑑𝑐𝑐 ∗ 𝐴𝐴𝑎𝑎𝑎𝑎𝑑𝑑𝑟𝑟
 (9) 

This effectively allows the CSP to operate at part-load, down to a level of roughly 30% of nominal turbine 
capacity, at which point the superfluous PV generation will have to be curtailed. This threshold is set to 
attempt to avoid operation below a point where the aspects described under chapter 2.5.1.1 come into 
play. For this purpose, the total start-up delay of the turbines of the turbines was considered, where the 
total start-up time of a hot, warm and cold turbine start was used as presented in Table 10 (based on start-
up data from the Ivanpah SEGS, where the start-up time is divided into sync delay, SD, and ramp delay, 
RD). The values for the time between a hot and a warm start (TBHWS) as well as the time between a 
warm and a cold start (TBWCS) was based on data found in additional literature. 
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The use of TES in the model also introduces certain constraints, as it should not be discharged below a 
certain threshold level. In the combined PV-CSP case, the TES is oversized to account for this threshold. 
Therefore, the TES capacity fed into the dynamic power plant model corresponds to the total available 
TES range. The same is valid for the CSP case as the same combined PV-CSP model was used for the 
evaluation of CSP-only plants, but modelled with zero PV capacity. 

Table 10: Implemented turbine start-up data. 
Parameter Value Reference 

SDH + RDH [hrs] 0.25 + 0.25 Ivanpah turbine start-up data 

SDW + RDW [hrs] 0.75 + 1 Ivanpah turbine start-up data 

SDC + RDC [hrs] 1.5 + 1.5 Ivanpah turbine start-up data 

TBHWS [hrs] 8 [51] 

TBWCS [hrs] 60 [51] 

 

4.3.1.1.2 Operation strategy 

The dispatch control in the developed DDS is described by the flowchart in Figure 36. As opposed to the 
PDS, where dispatch is decided only once prior to the annual simulation, the strategy is based on 
predicting the TES level (expressed in hours) that will occur in the TES hot tank during each day of the 
dynamic simulation, and thereafter deciding daily schemes of dispatch decisions for the CSP. The decision 
mechanism is a day-ahead forecasting method where the hot tank storage level at the beginning of every 
24 hour period (hTES,SOD) is initially read. The daily hours are then evaluated sequentially, updating the 
predicted remaining TES level for every hour using a control variable (NTES) which continuously stores 
and keeps track of the sum of utilised or stored thermal energy during the day by taking the available solar 
resource as well as the hourly required thermal power from the PB into account. This effectively allows 
the controller to decide both whether or not the CSP should be operated (i.e. whether the on/off variable 
α should assume the value 1 or 0) as well as if the TES can and should be charged or discharged during 
any of the evaluated hours (i.e. whether the control variable NTES should decrease or increase, 
respectively). This will primarily depend on whether an evaluated hour is a prioritised demand hour or not 
(as specified in the load scheme and whose daily sum is indicated in Figure 36 as the variable hprio,j) and 
whether the remaining stored thermal energy in the TES is estimated to be enough to supplement the PB 
and/or charge the TES. The hourly SF thermal power (QSF,i) relative to the hourly required thermal 
power from the SF to supply the PB (QSF,req,i, determined by Equation 9) is expressed as 

ℎ𝑜𝑜𝑎𝑎,𝑑𝑑 =
𝑄𝑄𝑆𝑆𝑆𝑆,𝑑𝑑

𝑄𝑄𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑
 (10) 

In Equation 10, QSF,i implicitly takes into account the SF efficiency as determined during the steady state 
design. A value greater than 1 of hop,i indicates that the SF will supply more than enough to operate the 
PB, allowing energy to be stored, while a value of less than 1 indicates that the TES will have to supply 
thermal power to make sure that the PB can supply a power output corresponding to its power setpoint as 
brought up in the previous subchapter. Similarly, the remaining full-load hours in the TES are expressed 
by 

ℎ𝑇𝑇𝐻𝐻𝑆𝑆,𝑑𝑑 = ℎ𝐻𝐻𝐻𝐻𝑆𝑆,𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑁𝑁𝑇𝑇𝐻𝐻𝑆𝑆 = 1 − ℎ𝑜𝑜𝑎𝑎,𝑑𝑑 (11) 

As the value of hop,i changes in the day-ahead TES level forecast, its value will help determine the status of 
the TES (charge/discharge) by deciding the value of NTES as indicated in Figure 36. During operation of 
the plant, dispatch of the CSP is limited during low priority hours and prioritised during priority hours. 
The decision of whether to charge or discharge the TES is however the same regardless of whether the 
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CSP is dispatched during priority or low priority hours: it is estimated to be charged with an amount 
corresponding to hop,i - 1 (e.g. the excess of what is not required by the PB) if hop,i > 1  and discharged 
with an amount corresponding to 1 - hop,i (e.g. supplementing the PB up to the power setpoint) if hop,i ≤ 1. 
In the former case, a further condition is that charging the TES does not result in a situation where the 
TES level is predicted to be above its maximum capacity. In such a case, it is assumed that the TES is 
charged up to the maximum capacity and that the remaining thermal power is curtailed. During low 
priority periods, the TES will be discharged provided that the level is high enough to ensure coverage of 
the remaining priority hours for the day (hprio,rem,i; note that at the beginning of the day, hprio,rem,I = hprio,j). 
In order to attempt to avoid a situation where the TES level is predicted to be negative, CSP operation 
during periods of TES levels lower than the remaining sum of daily priority hours will only be allowed as 
long as the TES operates on a level corresponding to more than one hour above its minimum level. For 
TES levels below this threshold, the TES will however still be charged with whatever thermal power 
comes in from the SF. 

 
Figure 36: CSP day-ahead dispatch control flowchart. Solid black lines represents YES-paths, dashed black lines 

represent NO-paths and bold black lines represent decisions. 

A final stage of post-processing takes place before the final dispatch scheme for the day is submitted to 
the TRNSYS model for the coming 24 hours. At this stage, the CSP is set to be on a sufficient number of 
hours (equal to the parameter τturb) before any given priority hour based on whether the type of start is 
estimated to be hot, warm or cold in order to take the turbine start-up behaviour into account (see Figure 
37). This is done by continuously keeping track of the total turbine standby time (TTSB, measured in 
hours) which increases whenever the turbines are offline and resets when the CSP is on, and comparing it 
toward the values for TBHWS and TBWCS. In order to make the estimation conservative, the required 
start-up time is rounded up, which means that the minimum start-up time considered is one hour. 
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Figure 37: Post ON/OFF decision process for determining required pre-priority hour operation to account for turbine 
start-up. Solid black lines represent YES-paths, dashed black lines represent NO-paths and bold black lines represent 

decisions. 

4.3.1.2 PID Controller for Mass Flow Control 

For the purpose of regulating the MS mass flow for the CSP in response to any integrated PV, a 
Proportional-Integral-Derivative (PID) controller component in TRNSYS was used. PID control is one of 
the most common control algorithms, and works by minimising the steady-state error between the value 
of a controlled variable and a setpoint value by varying the value of a critical input defined by the system 
designer [109]. In the combined PV-CSP model, the controlled variable was the CSP power output, the 
setpoint was Wset,CSP,i (as featured in Equation 9) and the critical input was the HTF mass flow rate from 
the hot tank of the TES. Generally, PID control is performed by dividing the steady-state error into a 
proportional (P) term, an integral (INT) term and a derivative (DER) term so that the steady-state error 
function v(t), subject to minimisation at every time step, can be defined using a gain constant, K, an 
integral time, Ti and a derivative time Td as [110] 

𝑣𝑣(𝑡𝑡) = 𝐾𝐾 �𝑒𝑒𝑎𝑎(𝑡𝑡) +
1
𝑇𝑇𝑑𝑑
� 𝑒𝑒(𝜏𝜏)𝑑𝑑𝜏𝜏
𝑡𝑡

0
+ 𝑇𝑇𝑑𝑑

𝑑𝑑
𝑑𝑑𝑡𝑡

(𝑒𝑒𝑑𝑑(𝑡𝑡))� = 𝑃𝑃 + 𝐼𝐼𝑁𝑁𝑇𝑇 + 𝐷𝐷𝐷𝐷𝐶𝐶 (11) 

Further, the P and DER error subfunctions ep(t) and ed(t) can be defined using the time step setpoint 
value yset, control variable value y and proportionality constants b and c for P the and DER functions 
respectively as [110] 

𝑒𝑒𝑎𝑎 = 𝑏𝑏 ∗ 𝑦𝑦𝑑𝑑𝑑𝑑𝑡𝑡 − 𝑦𝑦; 0 ≤ 𝑏𝑏 ≤ 1 (12) 

𝑒𝑒𝑑𝑑 = 𝑐𝑐 ∗ 𝑦𝑦𝑑𝑑𝑑𝑑𝑡𝑡 − 𝑦𝑦;  0 ≤ 𝑐𝑐 ≤ 1 (13) 

In the TRNSYS PID controller, the value for K, Ti, Td as well as the proportionality constants b and c 
could be altered manually until a satisfactory dynamic response of the CSP power output to the PV power 
output was achieved. The values finally developed for a time step of 30 minutes and a time step of 15 
minutes are presented in Table 11. Keeping the time step at 15 minutes was found to allow for a higher 
proportional gain and smaller integral time, thus accelerating error minimisation but resulting in a 
significantly longer total simulation time. Therefore, the higher time step of 30 minutes was chosen for the 
optimisation studies as it allowed for an acceptable trade-off between time step error minimisation and 
simulation time. For fast setpoint changes, which was the case for the integrated PV in the PV-CSP 
model, the effect of keeping a value of b < 1 is that overshoot of the control variable is reduced for while 
the effect of keeping a value of c < 1 is that large fluctuations in the control variable can be reduced [110]. 
Therefore, the values of these were kept well below 1 in the tuning of the controller. 
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Table 11: Tuned values for the gain constant and integral/derivative time in the PID controller component in TRNSYS. 

Timestep [min] 𝐊𝐊 [-] 𝐓𝐓𝐢𝐢 [h] 𝐓𝐓𝐝𝐝 [h] 𝐛𝐛 [-] 𝐜𝐜 [-] 

15 4500 0.07 0.05 0.05 0.05 

30 4000 0.10 0.05 0.1 0.1 

 

4.3.1.3 Peaking Dispatch Strategy for PV-BESS Plants 

4.3.1.3.1 Constraints and Operation Boundary Conditions 

The deciding factor for controlling dispatch of a BESS in the hybrid PV-BESS model in DYESOPT is the 
ratio between the power output from the PV plant compared to the power setpoint of the hybrid plant. In 
order to enable the BESS to be used in a peaking or intermediate load scenario together with the PV 
model, a dispatch controller as described by Figure 38 was developed, which allowed the charge/discharge 
cycle of the BESS to further depend on whether any given simulation hour is classified as a priority hour 
or not according to the given tariff scheme, and set the discharge ON/discharge OFF variable β to 1 or 0 
respectively. The controller works in tandem with the previously validated DYESOPT models for PV 
plants as well as BESS systems, which handles the charging behaviour of the BESS during hours of excess 
PV power generation. The PV power output is monitored together with the BESS SOC, which allows a 
PV ratio to be determined using the time step value of net PV power output, Wel,PV,i, and the net plant 
power setpoint, Wel,set,plant, such that 

𝐶𝐶𝑃𝑃𝑃𝑃,𝑑𝑑 =
𝑊𝑊𝑑𝑑𝑐𝑐,𝑃𝑃𝑃𝑃,𝑑𝑑

𝑊𝑊𝑑𝑑𝑐𝑐,𝑑𝑑𝑑𝑑𝑡𝑡,𝑎𝑎𝑐𝑐𝑎𝑎𝑑𝑑𝑡𝑡
 (14) 

The BESS SOC allows the remaining stored electric energy, and therefore the number of remaining full-
load operation hours, to be estimated using the rated BESS rated cell voltage (Vrated), the number of 
BESS cells in series and parallel (NS and NP), the total number of PV arrays (Narrays) and the BESS 
inverter efficiency (ηinv,B) as 

ℎ𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑚𝑚 = 𝜂𝜂𝑑𝑑𝑑𝑑𝑖𝑖,𝑃𝑃 �
𝑄𝑄𝑚𝑚(𝑆𝑆𝑆𝑆𝐶𝐶𝑑𝑑 − 𝐷𝐷𝑆𝑆𝐷𝐷) ∗ 𝑉𝑉𝑟𝑟𝑎𝑎𝑡𝑡𝑑𝑑𝑑𝑑 ∗ 𝑁𝑁𝑆𝑆 ∗ 𝑁𝑁𝑃𝑃 ∗ 𝑁𝑁𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑑𝑑

𝑊𝑊𝑑𝑑𝑐𝑐,𝑑𝑑𝑑𝑑𝑡𝑡,𝑎𝑎𝑐𝑐𝑎𝑎𝑑𝑑𝑡𝑡
� (15) 

The hBESS,rem variable is subsequently used to help the controller estimate whether the SOC of the BESS is 
high enough to ensure the coverage of remaining daily priority hours in a peaking case, similar as for the 
case with the CSP dispatch controller. As the DOD limit is different for different BESS types in 
DYESOPT, this variable will also vary accordingly.  

 
Figure 38: BESS dispatch controller flowchart for PV-BESS integration. Solid black lines represents YES-paths, dashed 

black lines represent NO-paths and bold black lines represent decisions. 
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4.3.1.3.2 Operation Strategy 

The implemented operation strategy for the BESS controller described by Figure 38 will first evaluate 
whether the stored electric energy can be estimated to be enough to cover the remaining daily priority 
hours. If this is the case and RPV,i < 1, the controller will set the BESS to be discharged regardless of if the 
evaluated hour is a priority hour or not. If it is the case and RPV,i ≥ 1 the BESS will instead be set to not 
discharge. In the situation where the estimated remaining electric energy ends up below the threshold of 
ensuring remaining priority hour coverage, the BESS will be set to discharge only if the evaluated hour is a 
priority hour. In any other case, the BESS will be set to not discharge. 

4.3.2 Dispatch Strategy Performance Indicators 

In order to evaluate the performance of the developed dynamic dispatch controllers, a set of performance 
indicators was used both to illustrate the performance of the controllers as well as to gauge any 
improvements, specifically for the DDS, as compared to the existing PDS in DYESOPT. Three 
performance indicators (k1,TES, k2,TES, k3,TES) were developed for the improvement in TES level prediction 
while one performance indicator (kBESS) was developed for the evaluation for the BESS controller. Two 
capacity factor indicators were also used: the priority hour capacity factor, fCAP,prio, as well as a capacity 
factor for the non-prioritised (or “base”) hours, fCAP,base. By comparing these to the annual capacity factor, 
fCAP, it will be possible to measure how the developed dispatch strategy distributes the operation of the 
CSP over the prioritised hours compared to the non-prioritised hours. The annual capacity factor is 
determined using the sum of the hourly generated electricity (Enet,gen,i) and the nominal net capacity of the 
power plant (Wel,set,plant) as 

𝑓𝑓𝐶𝐶𝐶𝐶𝑃𝑃 =
∑ 𝐷𝐷𝑑𝑑𝑑𝑑𝑡𝑡,𝑔𝑔𝑑𝑑𝑑𝑑,𝑑𝑑
8760
𝑑𝑑=1

𝑊𝑊𝑑𝑑𝑐𝑐,𝑑𝑑𝑑𝑑𝑡𝑡,𝑎𝑎𝑐𝑐𝑎𝑎𝑑𝑑𝑡𝑡 ∗ 8760
 (16) 

The priority-hour capacity factor and non-priority hour capacity factor was derived from the annual 
capacity factor by extracting generated electricity during these hours (Enet,gen,p) and summing it up over the 
total amount of priority hours so that 

𝑓𝑓𝐶𝐶𝐶𝐶𝑃𝑃,𝑎𝑎𝑟𝑟𝑑𝑑𝑜𝑜 =
∑ 𝐷𝐷𝑑𝑑𝑑𝑑𝑡𝑡,𝑔𝑔𝑑𝑑𝑑𝑑,𝑎𝑎
𝑃𝑃
𝑎𝑎=1

𝑊𝑊𝑑𝑑𝑐𝑐,𝑑𝑑𝑑𝑑𝑡𝑡,𝑎𝑎𝑐𝑐𝑎𝑎𝑑𝑑𝑡𝑡 ∗ ∑ ℎ𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
 (17) 

The priority-hour capacity factor measures the ratio between electricity generated during priority hours 
compared to if the plant operated at the desired set capacity during all of the priority hours. Through this 
it measures the ability of the dispatch strategies to operate the plants at as high a capacity as possible 
during the annual priority hours and therefore measures power output performance of the plants during 
these hours. Similarly, the non-priority hour capacity factor is determined as the total energy output during 
the total number of hours which are not prioritised compared to if the plant operated at its nominal 
capacity during all of these hours, 

𝑓𝑓𝐶𝐶𝐶𝐶𝑃𝑃,𝑏𝑏𝑎𝑎𝑑𝑑𝑑𝑑 =
∑ 𝐷𝐷𝑑𝑑𝑑𝑑𝑡𝑡,𝑔𝑔𝑑𝑑𝑑𝑑,𝑏𝑏
𝑃𝑃
𝑏𝑏=1

𝑊𝑊𝑑𝑑𝑐𝑐,𝑑𝑑𝑑𝑑𝑡𝑡,𝑎𝑎𝑐𝑐𝑎𝑎𝑑𝑑𝑡𝑡 ∗ ∑ ℎ𝑏𝑏𝑎𝑎𝑑𝑑𝑑𝑑
 (18) 

The first DDS performance indicator, k1,TES, is an indicator evaluating how well the strategy manages to 
control whether the CSP plant should be dispatched or not. This is performed by comparing the 
prediction of the strategy (1 = ON, 0 = OFF) to the operation status of the hour in the actual simulation 
and indicating matching hours with a 1 and non-matching hours with a 0 in an array, whose sum can then 
be divided with the total number of hours in the year. Thus, 

𝑘𝑘1,𝑇𝑇𝐻𝐻𝑆𝑆 =
∑ �ℎ𝑚𝑚𝑎𝑎𝑡𝑡𝑐𝑐ℎ,𝑎𝑎𝑟𝑟𝑑𝑑𝑑𝑑−𝑎𝑎𝑐𝑐𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐�𝑎𝑎𝑑𝑑𝑑𝑑

8760
 (19) 
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In an ideal case, the controller will have predicted every hour correctly and the sum will match the number 
of annual hours (8760). Thus, a value close to 1 of k1,TES indicates that the controller managed to match 
the predicted operation status of the evaluated hours well compared to an ideal case of 100% correct 
predictions. 

For evaluating the improvement in TES level prediction, the indicators k2,TES and k3,TES were used. k2,TES, 
described by Equation 20, measures the average annual deviation of the predicted TES level and the TES 
level actually occurring during the annual simulation, measured as ratios against the total TES capacity. 
Ideally, this indicator assumes the value 0, as this means that the controller was able to predict the storage 
level perfectly. k3,TES, described in Equation 21 measures the mode of the average annual deviation of the 
predicted TES level and the TES level actually occurring during the annual simulation, i.e. the most 
frequently occurring percentage difference of the predicted TES level from the actual TES level. In this 
way, it more reliably accounts for sub-daily variations. These two performance indicators were also 
complemented by the calculation of the standard deviation, denoted σTES, of the mentioned TES level 
deviation dataset. The standard deviation allows the variability of the TES level prediction from the mean 
difference value (determined by k2,TES) over the year to be determined. The closer the standard deviation 
is to 0, the lesser variability is experienced in the dataset. 

𝑘𝑘2,TES =
1

8760
�� �

hTES,i,actual − hTES,i,predicted

hTES,cap
�

8760

i=1

� (20) 

𝑘𝑘3,𝑇𝑇𝐻𝐻𝑆𝑆 = 𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 �
ℎ𝑇𝑇𝐻𝐻𝑆𝑆,𝑑𝑑,𝑎𝑎𝑐𝑐𝑡𝑡𝑎𝑎𝑎𝑎𝑐𝑐 − ℎ𝑇𝑇𝐻𝐻𝑆𝑆,𝑑𝑑,𝑎𝑎𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐𝑡𝑡𝑑𝑑𝑑𝑑

ℎ𝑇𝑇𝐻𝐻𝑆𝑆,𝑐𝑐𝑎𝑎𝑎𝑎
� (21) 

The evaluation of the BESS controller was checked by using kBESS, which measures the number of annual 
hours where the PV was deemed to be unavailable (as dictated by Equation 14), where a priority hour was 
present and where the discharge signal β was simultaneously set to 1, compared to the total number of 
hours where β was set to 1. 

𝑘𝑘𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆 =
∑ℎ𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑃𝑃𝑃𝑃𝑎𝑎𝑑𝑑𝑎𝑎𝑖𝑖𝑎𝑎𝑑𝑑𝑐𝑐,𝑎𝑎𝑟𝑟𝑑𝑑𝑜𝑜,𝛽𝛽=1

∑ℎ𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝛽𝛽=1
 (22) 

For the comparison of the developed DDS with the existing PDS in DYESOPT, two further indicators 
were used to measure any impact on turbine behaviour: nstarts, measuring the total number of CSP turbine 
starts caused due to the dispatch strategy, along with the fraction of hot and warm starts (fstart,hot and 
fstart,warm) which measures any changes in terms of start type distribution that may occur as a result of either 
dispatch strategy. 

4.4 Economic Model 

4.4.1 Cost Functions 

The total upfront investment cost, or capital expenditure (CAPEX) for the plants is calculated as the sum 
of CSP CAPEX (CCAPEX,CSP), PV CAPEX (CCAPEX,PV) and BESS CAPEX (CCAPEX,BESS) so that 

𝐶𝐶𝐴𝐴𝑃𝑃𝐷𝐷𝐶𝐶𝑡𝑡𝑜𝑜𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆 (23) 

In line with the technology combinations, only the costs connected to the plant combination will finally be 
included, setting the CAPEX connected to the other technologies to zero. The recurring operation 
expenditure, or OPEX, of the plants can be calculated as the sum of CSP, PV and BESS OPEX 
(COPEX,CSP, COPEX,PV and COPEX,BESS) according to 

𝑆𝑆𝑃𝑃𝐷𝐷𝐶𝐶𝑡𝑡𝑜𝑜𝑡𝑡 = 𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃 + 𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃 + 𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆 (24) 
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Similarly as for the CAPEX calculation, this can be applied to power plants with varying combinations of 
PV, CSP and BESS by setting the costs for the omitted technologies to zero. In the following section, a 
breakdown of the CAPEX and OPEX costs for PV, CSP and BESS will be provided. 

4.4.1.1 CSP Cost Functions 

For the case of California considered, the CAPEX and OPEX costs, as detailed here, had to be updated. 
For this purpose, the comprehensive cost investigation carried out by CSP Today ([27]) with data from 
year 2014 was used as a reference. Detailed descriptions of the CSP cost functions described in this 
subchapter and their references can be found in APPENDIX B. 

4.4.1.1.1 CAPEX 

The CAPEX costs for the CSP STPP is divided into direct costs (CCAPEX,CSP,direct) and indirect costs 
(CCAPEX,CSP,indirect). Thus,  

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 (25) 

The direct costs of the STPP include the costs for site preparation (CCAPEX,CSP,site), the cost for the PB 
(CCAPEX,CSP,PB, e.g. for investment in turbines and the water/steam cycle), the TES (CCAPEX,CSP,TES, e.g. the 
direct investment cost for acquiring the storage tanks including the molten salt), the SF (CCAPEX,CSP,SF), the 
central receiver tower (CCAPEX,CSP,tower) as well as the solar receiver (CCAPEX,CSP,rec). The Balance of Plant 
cost (CCAPEX,CSP,BOP) is a miscellaneous cost which includes civil works and piping work involved in the 
preparation of the land and construction of the plant. The costs also include a post dealing with 
investment contingency (CCAPEX,CSP,con). Thus, 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 =
𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑃𝑃𝑃𝑃 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑇𝑇𝐻𝐻𝑆𝑆 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑆𝑆𝑆𝑆

+ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑟𝑟 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑟𝑟𝑑𝑑𝑐𝑐 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑃𝑃𝑆𝑆𝑃𝑃 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡 
 (26) 

The direct costs for the STPP components are estimated using exponential scaling functions, described by 
Equation 27, involving the total number of STPP towers (nT), a reference cost for the component 
(Cref,i), the size of the considered component (Xi) as well as the reference size for the reference 
component (Xref,i): 

𝐶𝐶𝑑𝑑 = 𝑛𝑛𝑇𝑇 ∗ 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟 �
𝐶𝐶𝑑𝑑

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑
�
𝛾𝛾𝑖𝑖

 (27) 

The purpose of the scaling exponent γi is to take into account economies of scale, since a certain increase 
in the magnitude of Xi will not necessarily translate to a proportional increase in the cost, Ci [27]. The 
indirect costs include costs involving indirect costs connected to the ownership of the plant 
(CCAPEX,CSP,EPC), the acquisition of land for the project (CCAPEX,CSP,land), the cost for sales taxes 
(CCAPEX,CSP,stax) as well as bureaucratic costs adherent to the legal and permitting process for the plant 
(CCAPEX,CSP,LP), so that 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝐻𝐻𝑃𝑃𝐶𝐶 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑡𝑡𝑎𝑎𝑥𝑥 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝐿𝐿𝑃𝑃 (28) 

4.4.1.1.2 OPEX 

The OPEX for the CSP STPP reflect annually recurring costs over the lifetime of the plant. It is calculated 
as a sum of the annual labour costs (COPEX,CSP,labour), costs for service (COPEX,CSP,service), cost for utilities 
(COPEX,CSP,utilities, e.g. water and electricity), the recurring cost of plant insurance (COPEX,CSP,insurance) as well as 
miscellaneous costs (COPEX,CSP,misc) which take into account various annual overheads, such that 

𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃 =
𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟 + 𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑟𝑟𝑖𝑖𝑑𝑑𝑐𝑐𝑑𝑑 + 𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑎𝑎𝑡𝑡𝑑𝑑𝑐𝑐𝑑𝑑𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑

+ 𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,,𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑟𝑟𝑎𝑎𝑑𝑑𝑐𝑐𝑑𝑑 + 𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐
 (29) 
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4.4.1.2 PV Cost Functions 

The site-specific cost structure for PV plants in California was updated according market-specific 
estimates from the fourth quarter 2015 (Q4 2015) provided by the Solar Energy Industries Association 
(SEIA) and GTM Research [111] as well as cost data provided by NREL ([112]–[114]). Detailed 
descriptions of the PV cost functions described in this subchapter and their references can be found in 
APPENDIX B. 

4.4.1.2.1 CAPEX 

The CAPEX for the PV can also be broken down into direct costs (CCAPEX,PV,direct) and indirect costs 
(CCAPEX,PV,indirect), so that 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 (30) 

The direct costs include not only the investment costs into the PV modules themselves (CCAPEX,PV,mod), the 
inverters (CCAPEX,PV,inv), additional site preparation and the racking equipment (CCAPEX,PV,site, CCAPEX,PV,rck), 
but also the Balance of System costs (CCAPEX,PV,BOS). The BOS cost is a cost associated with the electrical 
and structural equipment investment such as wiring and mounting hardware and is analogous to the BOP 
cost for the CSP STPP. Thus, 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 =
𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑚𝑚𝑜𝑜𝑑𝑑 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑖𝑖 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑃𝑃𝑆𝑆𝑆𝑆

+ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑟𝑟𝑐𝑐𝑟𝑟 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑
 (31) 

The indirect costs associated with the PV system is the cost associated with design, engineering and 
permitting (CCAPEX,PV,DEP), grid interconnection (CCAPEX,PV,intcon), installation labour costs (CCAPEX,PV,labour), 
the cost involved in the acquisition of the land for the PV plant (CCAPEX,PV,land), sales taxes (CCAPEX,PV,stax) as 
well as the miscellaneous cost including costs associated with profit margins for the contracted EPC 
company as well as contingency and overhead for the developer (CCAPEX,PV,misc). Thus, 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 =
𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑆𝑆𝐻𝐻𝑃𝑃 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑡𝑡𝑎𝑎𝑥𝑥

+ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑡𝑡𝑐𝑐𝑜𝑜𝑑𝑑 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐
 (32) 

The cost for site preparation varies heavily depending on the existing suitability for PV deployment at the 
location considered [113], however the preparation cost for areas requiring low amounts of preparatory 
work (such as clearing and levelling) such as that found at the location of study was assumed to be at the 
lowest part of the cost spectrum. 

4.4.1.2.2 OPEX 

For the purpose of estimating the OPEX of the PV plant, the cost is divided into operations and 
maintenance costs (COPEX,PV,O&M) as well as a cost for insurance (COPEX,PV,ins), so that 

𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃 = 𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑆𝑆&𝑆𝑆 + 𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑑𝑑 (33) 

The O&M activities for utility-scale PV installations can range from administration of O&M, conducting 
operations to ensure the safe and efficient operation of the modules, to preventative and corrective 
maintenance which handle prevention of failure or replacing failed components on an as-needed basis 
[115]. Due to the difficulty of determining a general O&M plan for any given PV installation, the O&M 
cost is assumed to be reflected as a percentage of initial investment [115]. 

Annual insurance premiums make up a cost corresponding approximately to 0.25-0.5% of the total 
installed system cost, which can also be expressed as 0.25-0.5% of total initial investment when scaling the 
cost to the system size. The insurance premium will depend on the perceived risk involved in the 
insurance of the PV installation, which in turn will strongly depend on the maturity of the PV market and 
financing conditions at any given location. [116] 
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4.4.1.3 BESS Cost Functions 

The cost structure for the BESS is based on prior work carried out on the model ([9]) and uses data from 
the Electric Power Research Institute ([117], [118]) to estimate the costs involved. Similarly as for the CSP 
and PV cost functions, detailed descriptions of the BESS cost functions can be found in APPENDIX B, 
along with reference information. 

4.4.1.3.1 CAPEX 

Similar as for the CSP and the PV, the BESS CAPEX is divided into direct costs (CCAPEX,BESS,direct) and 
indirect costs (CCAPEX,BESS,indirect). Thus, 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 (34) 

The direct CAPEX costs include the cost for the BESS modules (CCAPEX,BESS,mod), the power conditioning 
system (CCAPEX,BESS,PCS), the cost for the Balance of System (CCAPEX,BESS,BOS) as well as a BESS specific 
installation cost (CCAPEX,BESS,inst.): 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑚𝑚𝑜𝑜𝑑𝑑 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑃𝑃𝐶𝐶𝑆𝑆 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑃𝑃𝑆𝑆𝑆𝑆 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡. (35) 

The indirect CAPEX costs for the BESS include costs for contractor and engineering work 
(CCAPEX,BESS,E&C), sales taxes (CCAPEX,BESS,stax) as well as contingency costs for the installation and equipment 
acquisition (CCAPEX,BESS,cont.): 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝐻𝐻&𝐶𝐶 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑑𝑑𝑡𝑡𝑎𝑎𝑥𝑥 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡. (36) 

4.4.1.3.2 OPEX 

The BESS OPEX, expressed by Equation 37, consists of a fixed O&M cost (COPEX,BESS,fixed) expressed as a 
percentage of the investment cost of the PCS, a variable O&M cost (COAPEX,BESS,var) which will vary with 
the application of the BESS but which generally reflect damages incurred by maintaining charge during 
periods of high operation temperature [119], as well as a cost for replacing the battery modules 
(COPEX,BESS,repl.). The replacement cost will depend on the number of annual charge/discharge cycles of the 
BESS, and is therefore not strictly an annual OPEX cost, but will rather appear as an added OPEX cost in 
the applicable year. 

𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆 = 𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑥𝑥𝑑𝑑𝑑𝑑 + 𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑖𝑖𝑎𝑎𝑟𝑟 + 𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑎𝑎𝑐𝑐. (37) 

4.4.2 Financial Model and Economic Performance Indicators 

The main economic performance indicator considered was an average PPA tariff (PPAave) to ensure a 
certain, pre-determined level of profitability expressed in the Internal Rate of Return (IRR) over the 
lifetime of the power plant project. This was based on prior work carried out on the DYESOPT model 
[13] but expanded to account for TOD factors of energy during the year, which was facilitated by the 
development of a tariff scheme import module. Such a module was developed based on the approach 
taken in the SAM software [120]. A calendar matrix is first created, where the TOD factors for daily hours 
are defined using external data gathered from procurement documents (2015-2016 for SCE and 2014-
2015 for PG&E). The module will then import the scheme for each annual hour and assign a TOD factor 
depending on whether the day is a weekday or a weekend according to the scheme chosen by the user.  

The calculation of the PPA tariff will have to take both CAPEX and OPEX into account, but will also 
take the annual plant revenues, yearly tax payments, depreciation as well as debt payments (including 
amortisation as well as interest payments) into account. Additionally, for the case of the United States 
market specifically there is also a specific incentive in the form of the 30% ITC, which will reduce the 
federal tax liability during the first year of operation by 30% of ITC-eligible costs CAPEX, which was 
interpreted to correspond only to direct CAPEX costs. Furthermore, there is the modified accelerated 
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depreciation scheme MACRS, which allows the depreciation to be performed over a six year period after 
the start of the operation period. 

Typically, the PPA for a power plant project will escalate with a certain percentage each year, primarily to 
account for inflation or to comply with an agreed rate with the generation off-taker. This annual value of 
the PPA tariff (PPAt) can be expressed by using the first-year PPA tariff  (PPA1) and an annual escalation 
rate (resc) so that ([13]) 

𝑃𝑃𝑃𝑃𝐴𝐴𝑡𝑡 = 𝑃𝑃𝑃𝑃𝐴𝐴1 ∗ (1 + 𝑟𝑟𝑑𝑑𝑑𝑑𝑐𝑐)𝑡𝑡−1       (39) 

As the escalation rates remain difficult to estimate due to their market-specific and project-specific nature, 
the assumption was made that the PPA is indexed to the inflation rate [27]. The single owner (SO) 
financial model was chosen for the economic performance evaluation, which is a model assuming that 
there is only one party (typically the developer, see Figure 39) providing equity for the project and who 
receives any tax benefits such as ITCs [93]. The total upfront CAPEX for the power plant project in the 
SO model is however divided between equity and debt. 

 
Figure 39: Illustration of the single owner financial model. 

As demanded rates of return for debt and the plant developer’s own internal rate of return (i.e. the cost of 
debt, idebt, and cost of equity, iequity, which corresponds to the IRR of the developer) typically differ, the 
SO model calculates an optimal weighted average cost of capital (WACC) based on the share of debt 
(xdebt), iequity, idebt and the corporate tax rate of the location, τcorp so that ([27]) 

𝑊𝑊𝐴𝐴𝐶𝐶𝐶𝐶 = (1 − 𝑥𝑥𝑑𝑑𝑑𝑑𝑏𝑏𝑡𝑡) ∗ 𝑖𝑖𝑑𝑑𝑟𝑟𝑎𝑎𝑑𝑑𝑡𝑡𝑎𝑎 + 𝑥𝑥𝑑𝑑𝑑𝑑𝑏𝑏𝑡𝑡 ∗ 𝑖𝑖𝑑𝑑𝑑𝑑𝑏𝑏𝑡𝑡 ∗ �1 − 𝜏𝜏𝑐𝑐𝑜𝑜𝑟𝑟𝑎𝑎� (40) 

As the WACC captures the opportunity cost of both the creditor and the equity holder in investing in the 
project due to the inclusion of the cost of equity and debt, it can be assumed that it also corresponds to 
the discount rate of the project. Given a tariff scheme involving tiers, where the total number of tiers is 
denoted by F, the corresponding TOD factors are denoted by kf and the electricity generated during any 
given annual period is expressed by Ef, the net revenue of the power plant in any given year can be 
expressed as 

𝐶𝐶𝐷𝐷𝑉𝑉𝑑𝑑𝑑𝑑𝑡𝑡,𝑡𝑡 = 𝑃𝑃𝑃𝑃𝐴𝐴𝑡𝑡 ∗��𝑘𝑘𝑟𝑟 ∗ 𝐷𝐷𝑟𝑟�𝑡𝑡

𝑆𝑆

𝑟𝑟=1

− 𝑆𝑆𝑃𝑃𝐷𝐷𝐶𝐶𝑡𝑡𝑜𝑜𝑡𝑡,𝑡𝑡 (41) 

 

 

 

 

Equity holder (owner) Debt provider (bank) 

CAPEX
total

 

𝑥𝑥𝑑𝑑𝑑𝑑𝑏𝑏𝑡𝑡  𝑥𝑥𝑑𝑑𝑟𝑟𝑎𝑎𝑑𝑑𝑡𝑡𝑎𝑎  
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Using Equation 41 and 42, the Net Present Value (NPV) of the project can be calculated. This is done by 
taking into account yearly costs for loan payments (LPt), tax payments (Tt) as well as the fact that the total 
number of operation years (nop) will be preceded by a period of construction (ncon) over which the total 
CAPEX (CAPEXtot) is equally distributed and can be expressed as ([13], [27]) 

𝑁𝑁𝑃𝑃𝑉𝑉 =

⎣
⎢
⎢
⎢
⎢
⎢
⎡
�

𝐶𝐶𝐴𝐴𝑃𝑃𝐷𝐷𝐶𝐶𝑡𝑡𝑜𝑜𝑡𝑡
𝑛𝑛𝑐𝑐𝑜𝑜𝑑𝑑(1 + 𝑊𝑊𝐴𝐴𝐶𝐶𝐶𝐶)𝑡𝑡

𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐−1

𝑡𝑡=0

− �
𝐿𝐿𝑃𝑃𝑡𝑡

(1 + 𝑊𝑊𝐴𝐴𝐶𝐶𝐶𝐶)𝑡𝑡

𝑑𝑑𝑙𝑙𝑐𝑐𝑙𝑙𝑐𝑐+𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐

𝑡𝑡=𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐

−

− �
𝑇𝑇𝑡𝑡

(1 + 𝑊𝑊𝐴𝐴𝐶𝐶𝐶𝐶)𝑡𝑡

𝑑𝑑𝑐𝑐𝑜𝑜+𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐

𝑡𝑡=𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐

+ �
𝐶𝐶𝐷𝐷𝑉𝑉𝑑𝑑𝑑𝑑𝑡𝑡,𝑡𝑡

(1 + 𝑊𝑊𝐴𝐴𝐶𝐶𝐶𝐶)𝑡𝑡

𝑑𝑑𝑐𝑐𝑜𝑜+𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐

𝑡𝑡=𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐 ⎦
⎥
⎥
⎥
⎥
⎥
⎤

  (42) 

In accordance with financial theory, a positive value of the NPV for any combination of values for the in-
going variables will mean that the investment will produce an added value to the investors. This version of 
the NPV equation can be solved iteratively together with Equation 39 in order to identify the lowest value 
of PPA1 (PPA1,final) which will produce an NPV value greater than or equal to zero. Consequently, the 
corresponding (minimum) average PPA tariff over the lifetime of the project can be calculated as 

𝑃𝑃𝑃𝑃𝐴𝐴𝑎𝑎𝑖𝑖𝑑𝑑 =
1
𝑛𝑛𝑜𝑜𝑎𝑎

� 𝑃𝑃𝑃𝑃𝐴𝐴1,𝑟𝑟𝑑𝑑𝑑𝑑𝑎𝑎𝑐𝑐 ∗

𝑑𝑑𝑐𝑐𝑜𝑜

𝑡𝑡=𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐

(1 + 𝑟𝑟𝑑𝑑𝑑𝑑𝑐𝑐)𝑡𝑡−1 (43) 

The details of the default financial assumptions used in the study can be found in APPENDIX B. 

4.5 Multi Objective Optimisation 
As part of the evaluation methodology, multi-objective optimisation (MOO) was carried out. 
Optimisation of designs based on satisfying a single objective, e.g. maximising thermal efficiency or 
minimising environmental impacts such as CO2 emissions, can present power plant designers with trade-
offs. A plant of high thermal efficiency may for example turn out to be unfeasibly expensive to construct 
[121]. MOO methods attempts to address this issue by instead offering the possibility to let the system 
design be optimised based on satisfying several objectives, e.g. maximising thermal efficiency while 
minimising plant investment cost. This better captures the impact of design characteristics on the 
performance outcome and allows plant developers and investors to consider inherent trade-offs early on 
in the design process [8]. In DYESOPT, the built in MOO process is based on an evolutionary 
algorithm (EA) previously developed at Ècole Polytechnique de Lausanne [121] and implemented by the 
developers of the tool [122].  

EAs for MOO work with populations of design configurations and can either be generational or steady-
state, out of which the present one in DYESOPT is of the latter category. This means that there is only 
one population of possible optimal solutions at any given time, from which design configurations (or 
individuals) are added and removed based on their degree of optimality with respect to the chosen 
objectives. Individuals are added and removed from the population by use of two operations: crossover 
and mutation. While crossover refers to the process of generating a new individual from two parent 
individuals already in the population, mutation refers to the process of also slightly changing the 
parameter values of a new individual, thereby simulating natural evolution. The objective values produced 
by the individual are then evaluated and it is then either preserved or subsequently discarded from the 
population depending on how it aids in producing an optimal solution. [121] 

The outcome of an MOO based on EA is a Pareto frontier of optimal individuals, exemplified in Figure 
40. Pareto-optimality refers to a situation where it is not possible to improve the value of one of the 
objectives without producing a worse outcome for the other [121], which is the case for every individual 
found on the frontier. In this manner, the MOO process helps determine the trade-off between two 
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objectives, and most importantly the combination of design parameter values that produces different 
types of optimal solutions along the Pareto frontier. 

 
Figure 40: Example of a Pareto frontier as a result of EA MOO. Source: [121] 

4.5.1 Optimisation Cases and Variables 

Table 7 and Table 8 details the objectives and variables, along with the selected optimisation ranges, used 
for the study. The objectives chosen were to minimise the average PPA tariff while simultaneously 
minimising the total CAPEX of the plants. This combination was chosen primarily due to the fact that the 
techno-economic model involves the 30% ITC tax benefit, which increases with CAPEX due to its 
dependence on direct CAPEX costs and which directly influences the average PPA tariff as well. It was 
therefore presumed that if the CAPEX was not included as an objective to be minimised, very low PPAs 
would be achieved but coupled to very large CAPEX values which, given the inclusion of a large 
percentage of debt in the default assumptions, would constitute an unfeasibly large financial risk in any 
real case. Furthermore, financing is one of the most difficult aspects of solar energy deployment ([123]), 
which gives further economic motivation to attempt to minimise the amount of investment which needs 
to be procured from outside investors. 

Optimisations were carried out for the combined models for both of the tariff schemes mentioned under 
chapter 3.4, utilising the developed DDS as the dispatch strategy. Furthermore, optimisations were carried 
out for PV-CSP and CSP-only using the existing PDS in DYESOPT for the SCE tariff scheme, in order 
to provide a basis for the impact on implementing one dispatch strategy or the other. Due to the two 
different tariff schemes having different daily period definitions, the definition of the daily load tier 
variance variable for the CSP differed. The purpose of including variance in the setpoint during daily 
periods was to allow the optimiser to choose to only allow a certain maximum load (set to 75-100% of 
nominal capacity) if this leads to a more optimised design in terms of the optimisation objectives. As the 
peak demand periods were prioritised, the output was only allowed to vary at off-peak hours. For SCE, 
this means that variance was applied to the Super Off-Peak period (22:00-08:00) and Off-Peak period 
(08:00-14:00/20:00-22:00 during weekdays and 08:00-22:00 during weekends). For PG&E, daily load tier 
variance was applied to the Night period (00:00-07:00 and 22:00-24:00) and Shoulder period (07:00-15:00) 
respectively. For the PV-BESS combination, an oversizing factor was included. This oversizing factor was 
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implemented to determine the capacity of the PV in each configuration as a multiplier of the desired plant 
capacity. This allowed the PV to be more or less oversized compared to the plant capacity, thus simulating 
various levels of curtailment which can be used to charge any implemented BESS. This factor was varied 
from 1 to 2, thus effectively allowing the PV to assume values from 50 MW up to 500 MW in the PV-
BESS optimisation. The desired DC/AC ratio of the PV plant was also varied, but only for the PV-BESS 
configuration. This was done as initial tests of the model suggested that the trade-off in terms of PPA and 
CAPEX was significantly smaller for the PV-BESS configuration compared to the CSP-only and PV-CSP 
combinations due to the smaller number of initial optimisation variables. The DC/AC ratio was therefore 
included as another technical parameter in the PV-BESS configuration in an attempt to facilitate trade-off. 

Table 12: Considered optimisation cases 

Case # Tariff 
scheme 

Dispatch 
Strategy 

Performance 
Indicator Objective Unit 

1 SCE DDS 
Average PPA Tariff Minimise $/MWhe 

Total plant CAPEX Minimise $mill 

2 PG&E DDS 
Average PPA Tariff Minimise $/MWhe 

Total plant CAPEX Minimise $mill 

3 SCE PDS 
Average PPA Tariff Minimise $/MWhe 

Total plant CAPEX Minimise $mill 

 

Table 13: Optimisation variables and ranges. 
* 50-250 MW with steps of 5 MW for PV-BESS 

** For CSP-only and PV-CSP 
*** Included only for PV-BESS 

Variable Range Unit Step 

CSP (STPP) 

Solar Multiple 1-4 - 0.1 

TES Size 3-20 h 1 

Tower Height 180-240 m 15 

CSP/Plant Net 
Capacity 50-270* MW 10 

Daily Load Tier 
Variance 75-100 % - 

PV 

PV Net Capacity 0-270** MW 10 

PV oversizing factor*** 1-2 - 0.05 

Desired DC/AC 
ratio*** 0.7-1.4 - 0.1 

BESS 

BESS Capacity 0-5000 MWh 50 

BESS Technology 1-4 - - 
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5 Results and Discussion 
This section details the results obtained for the study. Initially, the results from the optimisation study 
using the identified market cases will be presented. Focus will lie on comparing the competing 
technologies in terms of configuration, techno-economic performance and dynamic performance both 
between each-other and in terms of the varying tariff schemes. For this purpose, one optimal plant 
configuration per tariff scheme and technology was selected by first choosing a capacity level and then 
find the plant configurations with the lowest possible PPA tariff which is also present on the resulting 
trade-off curve. The capacity level chosen was 110 MW (CSP capacity for CSP/PV-CSP and PV capacity 
for PV-BESS). This capacity level was chosen due to the fact that this capacity mirrors the capacity of the 
recently deployed Crescent Dunes CSP plant in Nevada [55], and therefore constitutes a reasonable point 
of comparison for the technologies. 

Secondly, the results obtained for the evaluation of the developed DDS will be presented, with focus on 
performance with regards to the performance indicators as presented in subchapter 4.3.2. Apart from a 
separate evaluation of the DDS, a comparison with the existing PDS in DYESOPT will be made using 
optimisation case 3 as the basis. 

5.1 Optimisation Cases and Comparison 

5.1.1 Optimisation Case 1: Southern California Edison 

Figure 41 and Figure 42 shows the general behaviour of the achieved Pareto fronts for the SCE tariff 
scheme, and together with Figure 43-47 indicates the convergence in design by showing the optimisation 
fronts in terms of DC/AC ratio, PV oversizing factor and BESS capacity (PV-BESS), TES and SM (for 
CSP and PV-CSP) and capacity factor (annual and for prioritised hours). In Figure 41, each point 
represents a power plant resulting from a unique combination of the optimisation variables as presented in 
section 4.5.1, and the total number of points per plot is the result of approximately 2000 simulations. The 
positions of the selected optimum plant configurations A1, B1 and C1 are also indicated in Figure 41, 
whose values for the optimisation variables as well as key results for the plant designs can be found in 
Table 14 at the end of this section. 

  
(a) (b) 

Figure 41: Pareto fronts for the SCE tariff scheme in terms of CSP capacity for (a) PV-CSP and (b) CSP-only. 
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Figure 42: Pareto front for the SCE tariff scheme in terms of PV capacity for PV-BESS. 

It can be seen that for CSP and PV-CSP, the average PPA tariff decreases with increasing CAPEX, and 
the hybridised PV-CSP model is able to achieve generally lower values of the tariff than the plant featuring 
only CSP, featuring a value for the optimal plant A1 of $98.57 per MWh compared to $100.52 for plant B1. 
Little to no trade-off is visible for the PV-BESS optimisation, and as Figure 44 further details, the PV 
oversizing factor and BESS capacity has converged to their respective minimum values along the resulting 
fronts, leading to a PV-only power plant. Meanwhile, the desired DC/AC ratio causes a layering effect in 
the results with higher values (1.3 and higher) dominating for the lowest PPA values while values below 1 
causes somewhat higher PPA values. This indicates that for the chosen combination of PV module and 
inverter (see APPENDIX A), no scaling effects in terms of power output could be extracted by increasing 
the DC/AC ratio due to the voltage limitations of the inverter. Despite this fact, the PV-BESS 
configuration, having converged to a PV-only plant, offers the lowest average PPA tariff of any of the 
technologies at $39.22 per MWh. 

  
(a) (b) 

 
(c) 

Figure 43: Pareto fronts for the SCE tariff scheme in terms of the (a) PV oversizing factor, (b) desired DC/AC ratio and 
(c) BESS capacity for PV-BESS. 
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The CSP and PV-CSP optimisation for the SCE scheme has led to some notable differences, which is 
further indicated by the Pareto fronts with regards to the capacity of the TES and the SM found in Figure 
44 and Figure 45. While the PV-CSP has converged to plants with 8-9 hours of TES and an SM of 1-1.1, 
the CSP optimisation has converged to plants with 14-15 hours of TES and an SM of 1.8-2.0. 

  
(a) (b) 

Figure 44: Pareto fronts for the SCE tariff scheme in terms of TES capacity for (a) PV-CSP and (b) CSP-only. 

  
(a) (b) 

Figure 45: Pareto fronts for the SCE tariff scheme in terms of the SM for (a) PV-CSP and (b) CSP-only. 

As can be seen in Figure 46, the annual capacity factor has converged to approximately 30% while the 
capacity factor for the prioritised hours has converged to approximately 60% for the PV-BESS 
optimisation. The values are higher for the configurations featuring higher values of the PPA tariff, 
primarily due to a connection to higher values of the PV oversizing factor. This causes firmer output due 
to the oversizing of the PV array (in terms of AC power) compared to the plant capacity, but 
simultaneously larger CAPEX which increases the overall PPA tariff. Simultaneously, Figure 47 details 
that higher annual capacity factors (approximately 60%) are achieved for the CSP-only optimisation 
compared to the PV-CSP (approximately 50%) along with higher capacity factors during prioritised hours 
(94-96% compared to 90-94% for PV-CSP). For PV-CSP and CSP-only, there is also a tendency for the 
capacity factor values to increase with increasing CAPEX, which is coupled to the fact that plants with 
larger CAPEX generally feature larger TES units (see Figure 44). 
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(a) (b) 

Figure 46: Pareto fronts for the SCE tariff scheme in terms of (a) annual capacity factor for PV-BESS and (b) priority 
hour capacity factor for PV-BESS. 

  
(a) (b) 

  
(c) (d) 

Figure 47: Pareto fronts for the SCE tariff scheme in terms of (a) annual capacity factor for PV-CSP, (b) priority hour 
capacity factor for PV-CSP, (c) annual capacity factor for CSP-only and (d) priority hour capacity factor for CSP-only. 
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Table 14: Optimal plant configurations and key results for PV-CSP, CSP-only and PV-BESS when using the SCE tariff 
scheme. 

Parameter A1 B1 C1 

CSP Capacity [MW] 110 110 - 

PV Capacity [MW] 90 - 110 

PV/CSP ratio [%] 81.8 - - 

Solar Multiple [-] 1.0 2.0 - 

TES Size [h] 8 14 - 

Tower Height [h] 180 210 - 

Daily Load Factor 
(Super Off-Peak/Off-

Peak) 
0.8592/0.9423 0.7929/0.9950 0.9724/1.0 

Desired PV DC/AC 
ratio [-] 1.2 1.2 1.4 

PV oversizing factor  
[-] - - 1.0 

PV Tracking Method North-South Single Axis - North-South Single Axis 

BESS Capacity 
[MWh] - - 0 

Performance 
Indicator A1 B1 C1 

Average PPA 
[$/MWh] 98.57 100.52 39.22 

CAPEX [$mill] 548.60 645.96 159.60 

First-year Energy 
Yield [GWh] 492.25 565.78 289.38 

Annual capacity 
factor [%] 52.66 61.88 30.03 

Capacity factor, 
prioritised hours [%] 91.99 95.38 63.78 
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5.1.2 Optimisation Case 2: Pacific Gas & Electric 

Figure 47-52 contains the primary results obtained for the optimisation using the PG&E tariff scheme, 
both in terms of general trade-off with regards to the overall capacity of each plant, results with regards to 
the PV oversizing factor, desired DC/AC ratio and BESS capacity (PV-BESS), TES size and SM (PV-CSP 
and CSP-only) as well as the capacity factor (annual and for the prioritised hours). Similar as for Figure 41, 
each point in Figure 48 corresponds to a unique plant configuration, and the total number of points is the 
result of approximately 2000 simulations.  Figure 48 also details the position of plant configuration A2, B2 
and C2 chosen for further investigation, whose values for the optimisation variables and resulting 
objective values can be found in Table 15, found at the end of the section. 

  
(a) (b) 

Figure 48: Pareto fronts for the PG&E tariff scheme in terms of CSP capacity for (a) PV-CSP and (b) CSP-only. 

 
Figure 49: Pareto front for the PG&E tariff scheme in terms of PV capacity for PV-BESS. 

The results show clear trade-offs in terms of plant CAPEX and average PPA tariff values for PV and PV-
CSP, while the PV-BESS configuration show little to no trade-off, similar as for Optimisation Case 1. 
Also for the PG&E tariff scheme, the BESS capacity has converged to zero throughout the front obtained 
for the PV-BESS configuration. Simultaneously, the layered trade-off that does occur is due to a 
combination of higher values of the oversizing factor, which has converged to 1 for the plant 
configurations with the lowest values of the PPA tariff, and the desired DC/AC ratio (see Figure 50). For 
these optimisations, the effect of the desired DC/AC ratio is more prominent as it can clearly be seen that 
values above 0.9 have no effect on the value of the PPA tariff due to the PV inverter/module 
combination. Overall, as detailed by Table 15, plant C2 technically constitutes an identical plant 
configuration to plant C1. 
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(a) (b) 

 
(c) 

Figure 50: Pareto fronts for the PG&E tariff scheme in terms of the PV oversizing factor, desired DC/AC ratio and 
BESS capacity for PV-BESS. 

Apart from the integration of small amounts of PV for PV-CSP, the plant configurations are largely 
similar as for CSP-only, which is also reflected in the largely similar values for the average PPA tariff for 
the optimal plants A2 ($102.04 per MWh) and B2 ($102.40 per MWh). This is also indicated in the largely 
similar results obtained for the SM and integrated TES, where values of 1.3-1.5 of the SM and TES sizes 
of 8-10 hours can be observed along the respective Pareto fronts, as indicated by Figure 51 and Figure 52. 

  
(a) (b) 

Figure 51: Pareto fronts for the PG&E tariff scheme in terms of TES size for (a) PV-CSP and (b) CSP-only. 
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(a) (b) 

Figure 52: Pareto fronts for the PG&E tariff scheme in terms of SM for (a) PV-CSP (b) CSP-only. 

Figure 53 and Figure 54 show the value distributions regarding the annual capacity factor and the capacity 
factor during the prioritised hours for the optimisations. In terms of annual capacity factor, the PV-CSP 
manages to achieve slightly higher values compared to the CSP (see Figure 54 and Table 15) due to the 
presence of the PV, which enhances the overall power output by providing some electricity generation 
during the morning part of the “Shoulder” period hours.  

The effect on the capacity factor for the prioritised hours is however less discernible. This is coupled to 
the fact that the inclusion of the PV does not affect the power output during these hours as much, which 
is both due to the later occurrence of the “Peak” period in the PG&E tariff scheme, as compared to the 
“On-Peak” daily period in the SCE tariff scheme, as well as the low PV capacity. Simultaneously, the size 
of the optimal CSP part of the plant in both the PV-CSP and CSP-only case are largely similar, with the 
sizing difference being caused by the difference in SF size due to slightly different values of the SM. The 
PV-BESS optimisation, having converged to PV-only configurations, manages to perform worst in terms 
of both capacity factor values also for the PG&E tariff scheme, but obtains the lowest average PPA tariff 
at $43.88 per MWh. 

  
(a) (b) 

Figure 53: Pareto fronts for the PG&E tariff scheme in terms of (a) annual capacity factor for PV-BESS, (b) priority 
hour capacity factor for PV-BESS 
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(a) (b) 

  
(c) (d) 

Figure 54: Pareto fronts for the PG&E tariff scheme in terms of (a) annual capacity factor for PV-CSP, (b) priority hour 
capacity factor for PV-CSP, (c) annual capacity factor for CSP-only and (d) priority hour capacity factor for CSP-only 
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Table 15: Optimal plant configurations and key results for PV-CSP, CSP-only and PV-BESS when using the PG&E 
tariff scheme. 

Parameter A2 B2 C2 

CSP Capacity [MW] 110 110 - 

PV Capacity [MW] 20 - 110 

PV/CSP ratio [%] 18.2 - - 

Solar Multiple [-] 1.3 1.4 - 

TES Size [h] 9.0 9.0 - 

Tower Height [m] 180 180 - 

Daily Load Factor 
(Night/Shoulder) 0.7510/0.9332 0.8596/0.8631 0.9048/1.0 

Desired PV DC/AC 
ratio [-] 1.2 1.2 1.4 

PV oversizing factor  
[-] - - 1.0 

PV Tracking Method North-South Single Axis  North-South Single Axis 

BESS Capacity 
[MWh] - - 0 

Performance 
Indicator A2 B2 C2 

Average PPA 
[$/MWh] 102.04 102.40 43.88 

CAPEX [$mill] 508.98 499.53 159.60 

First-year Energy 
Yield [GWh] 412.95 392.42 289.38 

Annual capacity 
factor [%] 45.18 43.04 30.03 

Capacity factor, 
prioritised hours [%] 90.72 90.28 37.59 

5.1.3 Optimal Plants Dynamic Performance 

Figure 53-55 show power output performance for plants A1, A2, B1, B2, C1 and C2 found in the previous 
sections. Operation is shown for calendar week 11, which was chosen due to the occurrence of high, low 
and intermediate levels of SF thermal power and DNI for PV-CSP, CSP-only and PV-BESS respectively. 
When comparing plants A1, B1 and C1, it can be seen that the power output is enhanced during early 
morning hours for plant A1 compared to plant B1 due to the integration of PV and the implementation of 
the DDS. The favouring of PV during the morning hours due to the implementation of the DDS has 
enabled the TES to be charged in order for the CSP to instead be operated during the prioritised load 
period occurring in the early afternoon. Simultaneously, the PV integration has caused a larger extent of 
part-load operation of the CSP during the afternoon hours for plant A1. 
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The benefit of employing the DDS is most prominent during days of low TES levels caused by low or 
intermittent DNI availability, such as during Monday, Tuesday and Friday. During these days, the fact that 
the DDS has withheld CSP operation to operate during as many prioritised load hours as possible has led 
to a successful shift of CSP operation to almost exclusively occur during these hours. While this is also 
true for plant B1, the lack of PV in the design makes morning operation of the power plant not possible 
during days of low TES levels. 

  
(a) (b) 

Figure 55: Week operation of plant (a) A1 and (b) A2 

  
(a) (b) 

Figure 56: Week operation of plant (a) B1 and (b) B2 

  
(a) (b) 

Figure 57: Week operation of plant (a) C1 and (b) C2 

The difference in CSP design is visible in the operation of plant B1 compared to A1, where the smaller SF 
and TES capacity in plant A1 leads to more days with near-full or full discharge of the TES at the end of 
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the day.  In turn, the larger SF and TES in plant B2 enables the CSP to operate for longer during days of 
high solar resource availability, such as Wednesday and Saturday.  

The same reasoning as above can be applied for plant A2 compared to B2, however the comparatively low 
PV integration in plant A2 causes its dynamic operation to be very similar to that of plant B2, with the 
largest difference being that the slightly smaller SF has caused more near-full or full discharges of the TES 
during the week for plant A2. Plant C1, featuring only PV, has no possibility to store energy and is 
therefore unable to extend full-load operation to hours other than the ones with available solar resource. 
However, as previously mentioned, due to the incidence of the prioritised load hours in the SCE tariff 
scheme, plant C1 manages to maintain a relatively high power output during these hours. Plant C2 operates 
identically to plant C1, however the later occurrence of the prioritised load period in the PG&E tariff 
scheme can be seen to cause lower power output during these particular hours. 

5.1.4 Comparative Analysis and Discussion 

The optimisation results obtained show that varying the pricing model of electricity has a clear impact on 
optimal plant configurations for PV-CSP and CSP-only plants when the objectives are to minimise the 
average PPA tariff and minimise the total plant CAPEX, while the impact on optimal PV-BESS plants is 
significantly smaller. When implementing the tariff scheme found from SCE, where the TOD factors 
during one day vary between 0.86 and 1.35 over the year, optimal plant configurations for PV-CSP plants 
like plant A1 can be found to feature small CSP designs with SM values close to 1 and TES sizes close to 8 
hours. Simultaneously, it was found optimal to integrate a relatively large PV plant corresponding to 
approximately 80% of the installed CSP capacity. When utilising only CSP technology, like in plant B1, the 
SCE tariff scheme causes optimal plant layouts to feature a comparatively large CSP design with SM 
values close to 2 and TES sizes close to 14 hours, thereby constituting what could more be described as a 
baseload design. The large difference between the optimal designs for the SCE tariff scheme is partly due 
to the absence of choice to integrate any PV in the CSP-only design. With no PV that can be dispatched 
during daytime hours to save storage and still operate during hours with lower TOD factors, the SF 
(through the SM) and TES needs to be larger to generate more electricity in order drive down the value of 
the PPA tariff. This leads to a shift towards larger CAPEX values for the same level of the PPA tariff. The 
CAPEX for the CSP due to the higher SM and TES offsets its higher technical performance when it 
operates alone and is what leads to better overall techno-economic performance of the PV-CSP in terms 
of the average PPA tariff for the SCE tariff scheme, as indicated in Table 14. 

The relatively high TOD factor found over the year for the “Peak” period in the PG&E tariff scheme 
instead caused the design to lean towards maximising the use of CSP in the optimal design A2 while the 
low TOD factor during the Shoulder period has caused the PV to be disfavoured. The PV was however 
still preferred in small amounts (20% of installed CSP capacity) compared to sizing up the SF, which 
instead occurred in plant B2. While the resulting techno-economic performance was comparable under the 
PG&E tariff scheme, due in part to the almost identical dynamic performance between plant A2 and B2, 
plant A2 performed slightly better due to the enhancement in capacity factor caused by the integration of 
PV, despite the higher CAPEX. 

The results for the PV-BESS optimisations show that the tariff schemes has had comparatively little effect 
on the optimal technical configuration compared to the case for PV-CSP or CSP-only, related to the fact 
that the BESS capacity converged to zero for both tariff scheme optimisation cases, which made the 
technical performance of the plant design solely dependent on the available solar resource and technical 
specifications of the PV array. The minimisation of BESS in both cases further indicates that the 
integration of BESS is unable to provide any economic gain to the PV in the current model, which 
remains more competitive when operating alone. This was also due in part to the chosen optimisation 
objectives. Being both cost-based, they disfavoured implementation of the BESS because of the high cost 
connected to implementing such a component. A notable difference can however be seen in the priority 
hour capacity factor which is lower for plant C1 than for plant C2 due to the later occurrence of the 
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“Peak” period during the day for the PG&E tariff scheme (16:00-21:00). This also explains the generally 
higher PPA value obtained using the PG&E tariff scheme despite plant C1 and plant C2 being otherwise 
technically identical, as this means that electricity is sold during hours with lower TOD factors for plant C2 
compared to plant C1. 

The difference found between the two applied tariff schemes both in terms of optimal plant 
configurations and dynamic performance indicate that the relative difference between TOD factors during 
the daytime periods has the most effect on optimal plant layouts for combined PV-CSP and CSP-only 
plants, especially when the variation is not as large, as e.g. in the SCE tariff scheme featuring TOD factors 
above 1 for both “Off-Peak” and “On-Peak” hours. Here, a comparatively large PV plant in conjunction 
with a smaller CSP plant or alternatively a large CSP plant was found to be optimal depending on if PV 
integration is possible, thus leading to large differences in the overall plant configurations. Simultaneously, 
due to the load supply case that was considered, it can be deduced that the TOD factor occurring during 
night time periods had very little effect. This can be seen when observing the dynamic performance of the 
plants, where this is indicated by to the fact that changing this factor value has little to no effect on the 
average PPA tariff as the neither the CSP (nor the PV, due to technical limitations) is operated during the 
night time to any significant extent. 

Overall, the results rely on the choice of optimising the designs based on financial indicators in the form 
of the average PPA tariff and the CAPEX, as well as the broadly defined framework for the market cases. 
This strongly favoured designs featuring only PV due to the low CAPEX costs involved compared to 
CSP. However, the results obtained indicate that if a comparison was made based on a technical objective 
such as firm output during the prioritised hours, this would favour CSP investment even more as 
indicated by the higher capacity factors for the prioritised hours obtained for the CSP and PV-CSP hybrid 
plant. Depending on which type of TOD scheme is implemented, the inclusion of BESS together with PV 
could potentially be increased in such a scenario as well, as this will be necessary to shift operation of the 
PV to other periods of the day besides the daytime, and thereby provide capacity factor values which are 
on par with the CSP-only and PV-CSP hybrid plants. If firm output would be required for a more 
extended period of time, even higher PV integration levels could also be expected for the hybrid PV-CSP 
case. 

5.2 CSP Dispatch Strategy Performance 
Figure 58 and Figure 59 show the dynamic performance of the TRNSYS controller component when 
utilising the DDS for plants A1, A2, B1 and B2. Plants C1 and C2 are omitted since the DDS was not 
applicable to the PV-BESS configuration. The week featured is the same as in the previous subchapter. 
Furthermore, Table 16 features the values obtained for the plants of the performance indicators, as 
presented in subchapter 4.3.2.  

The featured Figures allow the performance of the DDS to be verified. Upon inspection of the plots, it 
can be seen that the output of the controller when utilising the DDS follows the operation strategy 
described in subchapter 4.3.1.1 well. As long as the predicted TES level is below the required level to 
supply the full amount of prioritised load hours in any 24 hour period, dispatch is withheld by the DDS. 
Simultaneously, dispatch does not occur as long as the TES level remains below the threshold level of 1 
hour. The lack of prioritised hours during the Weekend for the SCE tariff scheme is also properly taken 
into account in Figure 58a and Figure 59a, where the CSP is dispatched during Saturday and Sunday as 
soon as the predicted TES level goes above the 1 hour threshold level to allow operation. The effect of 
the implemented turbine start-up post processing stage can also be discerned, especially for days with low 
TES levels for which the CSP is always set to be on a suitable amount of hours before the start of the 
actual priority load period. When inspecting Figure 58 and Figure 59 together with Table 16, it is clear that 
the overall control of the CSP remains in the same region for both types of plant. A value of 89-90% of 
C1,TES can be discerned, indicating that controller I/O output corresponded with plant on/off status 89-
90% of the annual hours. The predictive ability of the DDS can also be seen, however there is a tendency 
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for the charging rate of the TES to be overestimated when a comparatively large PV plant is integrated, 
such as the one in plant A1. The point that the PV integration affects the DDS output is enforced when 
considering that for both plant B1 and B2, where no PV is present, the accuracy of the TES level 
prediction is notably improved compared to plant A2, and plant A1 in particular. In the values of the 
indicators, this is reflected through the generally lower value of k2,TES, indicating that the mean deviation 
between the actual TES level and the predicted TES level is lower for plant B1 and B2, which is also 
verified upon inspection of Figure 58 compared to Figure 59. The mean prediction error compared to the 
actually occurring TES level is less than 0.06% in those cases compared to A1, with the highest amount of 
integrated PV, which has a mean prediction error of 0.11%. It is also reflected in the fact that the 
calculated standard deviation, σTES, is lower for plant B1 and B2 compared to A1 and A2, indicating that the 
variability in the TES level prediction deviation is lower for the CSP-only plants. The most commonly 
occurring deviation value is 0 for both types of plant, influenced heavily by the update of the TES level by 
the DDS at the beginning of every day. 

  
(a) (b) 

Figure 58: Output performance of TRNSYS controller with DDS for plant (a) A1 and (b) A2 

  
(a) (b) 

Figure 59: Output performance of TRNSYS controller with DDS for plant (a) B1 and (b) B2 

Table 16: Technical performance indicator results for plant A1, A2, B1 and B1 
Performance 

Indicator A1 A2 B1 B2 

k1,TES [%] 89.89 90.21 90.70 90.18 
k2,TES [%] -0.1112 -0.0625 -0.0135 -0.0569 

k3,TES [-] (annual 
frequency) 0 (12.63%) 0 (10.72%) 0 (7.29%) 0 (11.01%) 

σTES [-] 0.1851 0.0914 0.0587 0.0837 
fCAP [%] 52.66 45.17 61.88 43.04 

fCAP,prio [%] 91.99 90.72 95.37 90.28 
fCAP,base [%] 44.09 29.99 54.59 27.29 
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5.2.1.1 Comparison with Optimisation Case 3 

Figure 60 details the main result of the comparative optimisation study carried out for PV-CSP and CSP-
only when using the existing PDS in DYESOPT as the dispatch strategy, and shows the resulting plot 
after running approximately 2000 simulations, similarly as for the previously described cases. Furthermore, 
Table 14 includes the values for the optimisation variables for the optimal plant layouts, along with the 
corresponding values of the technical and economic performance indicators. In this comparison, the total 
number of turbine starts, nstart, as well as the fraction of hot starts, fstart,hot, is included to measure any 
difference between the dispatch strategies in terms of turbine behaviour. In order to also gauge the 
difference in performance for constant CAPEX values, single runs were performed for plant APDS and 
BPDS but utilising the DDS as the dispatch strategy. The values obtained for plant A1 and B1 is here 
featured again, for comparison.  

When comparing optimum plant APDS with plant A1 and BPDS with B1 it becomes apparent that the PDS 
has enabled the optimisation to reach lower values of the average PPA tariff compared to when utilising 
the DDS. However, as indicated by Table 17 this has come at the expense of a higher optimal CAPEX 
value, despite the lower degree of PV integration. This comes as a result of that the optimisation for the 
PDS has converged to generally higher values of both the tower height and the SM compared to when 
utilising the DDS for both PV-CSP and CSP-only. This means that the SF of the CSP design will be 
larger, which enhances the annual capacity factor due to the increased energy yield coupled to a higher 
thermal power supply from the SF. 

  
(a) (b) 

Figure 60: PDS optimisation fronts in terms of CSP capacity for (a) PV-CSP and (b) CSP-only 

The overall control of the CSP, measured by the indicator k1,TES, shows a slight improvement for the PV-
CSP cases using the DDS compared to the cases using the PDS, while the same comparison for the CSP-
only cases shows a slightly better performance for the PDS. The DDS performs better in terms of the 
capacity factor during the prioritised hours, fCAP,prio, both in the optimal plant designs A1 and B1 as well as 
when the optimal plant designs from the PDS optimisation were run while using the DDS as the dispatch 
strategy. This can be traced to the manner in which the DDS tends to start up the CSP prior to a priority 
hour period by use of the turbine start-up routine as described in Figure 37, and can be seen when 
considering the comparative operation of plant APDS and BPDS featured in Figure 61 and Figure 62, where 
it can be seen that the DDS starts up the CSP earlier than the PDS during days of low solar resource (e.g. 
Monday and Tuesday) thereby enhancing power output when the prioritised period starts. The capacity 
factor during the non-prioritised hours, fCAP,base, is however lower when employing the DDS. This 
indicates that less non-prioritised hours were selected for operation by the DDS in favour of operating 
during prioritised hours with higher TOD factors. As indicated by the generally lower annual capacity 
factor for the power plants using the DDS as the dispatch strategy, however, less CSP operation was 
achieved overall. This would indicate that the DDS works better than the PDS in terms of achieving a 
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peaking load operation, but also explains the overall higher PPA tariff values obtained while utilising the 
DDS. 

The TES level prediction can be seen to overall be improved by implementation by the DDS. Although 
the value of k2,TES (measuring the mean percentage difference in relation to the maximum TES capacity 
between the predicted and actual TES level) is higher overall for the DDS, Figure 61 and Figure 62 
suggests that this is due to that the PDS over- and underestimates the actual TES level significantly more 
frequently than the DDS. This is further enforced when considering the values obtained by the DDS for 
both k3,TES and σTES. The fact that σTES is reduced (from 0.32 to 0.17 for plant APDS and from 0.24 to 
0.0549 for BPDS) for the DDS compared to when using the PDS shows that the variability in the TES level 
prediction has been significantly reduced as well. The value of k3,TES is reduced to 0 for all plants utilising 
the DDS compared to -0.8740 for plant APDS run with the PDS and -0.7867 for plant BPDS run with the 
PDS. This shows that the DDS, primarily through its continuous update of the TES level at the beginning 
of every day but also through its more accurate prediction of TES behaviour, less systematically 
overestimates or understimates the actual TES level. 

Finally, the number of turbine starts is decreased for the PV-CSP plants while the number of starts is 
increased for the CSP-only plants. In the former case, it can be attributed to the behaviour of the PDS 
where the reordering of dispatch decisions occasionally causes several starts and shutdowns of the 
turbines during the same day, e.g. as during the Friday operation in Figure 61b. In the latter case, the TES 
is not large enough to continuously keep the level above the capacity required in order for the DDS to not 
withhold dispatch at the beginning of the weekdays. This leads to more turbine starts compared to the 
PDS which can be seen in Figure 62b to not be affected by such a constraint.  Overall, the number of hot 
starts was decreased by using the DDS, suggesting that part of the explanation for both the lower annual 
capacity factor and higher average PPA tariffs obtained when using the DDS is due to that more warm 
starts of the turbines occur, which causes longer start-up times during which the power output will be less 
than the set power output level for the CSP. 

Table 17: Optimal plant layouts for DDS/PDS comparison 

 

 

 

 

 

 

Parameter APDS  APDS  A1  BPDS  BPDS  B1 

Dispatch Strategy PDS DDS DDS PDS DDS DDS 

Net CSP capacity [MWe] 110 110 110 110 110 110 

PV capacity [MWAC] 80 80 90 0 0 0 

PV/CSP ratio (power) [%] 72.72 72.72 81.81 N/A N/A N/A 

TES size [hrs] 8 8 8 14 14 14 

SM [-] 1.1 1.1 1.0 2.2 2.2 2.0 

Tower Height [m] 195 195 180 225 225 210 

Daily load factor, Off-Peak [-] 0.9841 0.9841 0.9423 0.9911 0.9911 0.9950 

Daily load factor, Super Off-Peak [-] 0.8539 0.8539 0.8592 0.9630 0.9630 0.7929 
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Table 18: Performance indicator results for DDS/PDS comparison 

 

    
(a) (b) 

  
(c) (d) 

Figure 61: Week operation of plant APDS in terms of (a) power output when using the PDS, (b) strategy output when 
using the PDS, (c) power output when using the DDS and (d) strategy output when using the DDS 
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Performance 
Indicator/Parameter APDS APDS A1 BPDS BPDS B1 

Dispatch Strategy PDS DDS DDS PDS DDS DDS 

Total plant CAPEX [$mill] 556.05 556.05 548.60 688.92 688.92 645.96 

Average PPA tariff [$/MWh] 96.59 99.93 98.57 96.97 101.58 100.52 

k1,TES [%] 89.51 90.17 89.89 92.68 90.91 90.70 

k2,TES [-] -0.0158 -0.0794 -0.1112 -0.0047 -0.0164 -0.0135 

k3,TES [-] (annual frequency) 
-0.8740 
(0.91%) 

0 
(11.45%) 

0 
(12.6%) 

-0.7867 
(0.24%) 

0 
(6.53%) 

0 
(7.29%) 

σTES [-] 0.32 0.17 0.19 0.24 0.0549 0.0587 

fCAP [%] 54.61 52.64 52.66 69.98 66.10 61.88 

fCAP,prio [%] 90.77 92.89 91.99 92.49 95.75 95.38 

fCAP,base [%] 46.73 42.68 44.09 65.06 59.47 54.59 

nstart [-] 492 459 484 394 441 442 

fstart,hot [%] 47.97 32.90 41.74 62.18 53.97 50.45 

 fstart,warm [%] 52.03 67.10 58.26 37.82 46.03 49.55 
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(a) (b) 

  
(c) (d) 

Figure 62: Week operation of plant BPDS in terms of (a) power output when using the PDS, (b) strategy output when 
using the PDS, (c) power output when using the DDS and (d) strategy output when using the DDS 

5.3 BESS Dispatch Controller Performance 
As the BESS capacity converged to minimum values in both optimisation cases due to the choice of 
objectives, the BESS controller performance had to be separately evaluated. This was done by performing 
two single simulation runs with the plant configuration C3 specified in Table 19 with each of the two tariff 
schemes, for which the resulting week operation plots for the same week as previously specified can be 
found in Figure 63 and Figure 64. Furthermore, Table 19 includes the results in terms of the technical 
performance indicator kBESS as well as the annual capacity factor, fCAP, and capacity factor for the 
prioritised hours, fCAP,prio. Apart from featuring a chosen 1500 MWh BESS component and an oversizing 
factor of 2, configuration C3 is identical to plant configuration C1 and C2. 

As indicated in Table 19, values of 0.9996 and 0.9995 is achieved in terms of the indicator kBESS, which 
indicate that the BESS controller successfully manages to sense the unavailability of the PV and the 
presence of, allowing the BESS to be dispatched when necessary, limited by the DOD limit which in this 
case is 20%. The priority-hour capacity factor is also notably increased, due in part to that the PV is more 
oversized compared to the plant capacity but also due to the successful dispatch of the BESS, which can 
most clearly be seen during the Friday operation in Figure 64 where the power output during the late-
afternoon priority hours is almost exclusively made up of BESS output. Similarly, the difference in 
weekday and weekend operation due to the implementation of the controller can be seen in Figure 61, 
where the BESS is only dispatched during prioritised hours during the weekdays while dispatched as 
needed and as available during the weekend, where no prioritised demand hours are present. 
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Table 19: Plant specifications and techno-economic performance for BESS controller evaluation. 

Parameter C3 C3 

Tariff scheme SCE PG&E 

Plant Capacity [MW] 110 110 

PV Capacity [MW] 220 220 

Desired PV DC/AC 
ratio [-] 1.4 1.4 

PV oversizing factor  
[-] 2 2 

PV Tracking Method North-South Single 
Axis 

North-South Single 
Axis 

BESS Technology Absolyte Lead Acid 
Battery 

Absolyte Lead Acid 
Battery 

BESS Capacity 
[MWh] 1500 1500 

Performance 
Indicator C3 C3 

Average PPA 
[$/MWh] 312.43 317.90 

CAPEX [$mill] 1994 1994 

First-year Energy 
Yield [GWh] 537.89 540.60 

Annual capacity 
factor [%] 56.15 56.37 

Capacity factor, 
prioritised hours [%] 91.69 80.38 

kBESS 0.9996 0.9995 

 

  
(a) (b) 

Figure 63: Week operation of plant C3 when for the SCE tariff scheme in terms of (a) power output and (b) BESS 
controller output, priority hour incidence and BESS SOC. 
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(a) (b) 

Figure 64: Week operation of plant C3 for the PG&E tariff scheme in terms of (a) power output and (b) BESS controller 
output, priority hour incidence and BESS SOC. 
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6 Conclusions 
In this study, the impact of varying pricing models in the form of Time-of-Delivery (TOD) schemes on 
the optimal plant layout of hybrid solar power plants in the form of hybrid PV-CSP, CSP-only and PV-
BESS plants have been investigated for market conditions found in the state of California, United States. 
Two different TOD schemes from the two local utilities SCE and PG&E were identified through market 
research of energy procurement mechanisms in the state. This was then applied in multi-objective 
optimisation studies with the use of a financial model using the techno-economic modelling tool 
DYESOPT. In this way, costs, revenues and financial conditions such as taxes and location-specific 
incentives found in the market could be taken into account. This allowed optimal plant configurations and 
benchmark average PPA tariff values to be identified and compared within the scope of each tariff 
scheme as well as between the tariff schemes. Within the scope of the technical model, focused on 
delivering electricity during hours of peak demand in the state as specified by the pricing models and the 
structure of electricity demand, a dynamic dispatch strategy (DDS) for CSP and hybrid PV-CSP plants was 
also developed and implemented into annual simulation models, along with a BESS controller for hybrid 
PV-BESS plants designed to enhance peaking load operation of PV plants by use of BESS technology in 
order to allow a comparative analysis between all three plant combinations for both pricing models. The 
DDS could later be compared with an existing pre-defined dispatch strategy (PDS) while the BESS 
controller had to be separately evaluated. 

The results of the comparative analysis showed that plant configurations featuring only PV is the best 
choice in terms of techno-economic performance regardless of the applied tariff scheme, at least when the 
optimisation objectives were to minimise the average PPA tariff while simultaneously minimising the 
CAPEX of the power plants. This disincentivised any BESS in connection to the plant design due to the 
high added cost of integrating such a component and resulted in the lowest average PPA tariffs in both 
schemes. Furthermore, besides featuring different values of the capacity factor during the prioritised 
demand periods due to the different definitions in the schemes, the PV plant configurations were 
technically identical, featuring no discernible effect from the applied tariff schemes. Simultaneously, the 
applied schemes had notable effects on the outcome in terms of optimal designs for CSP and combined 
PV-CSP plants. When the TOD factor during the prioritised peak demand hours was higher and morning 
as well as mid-daytime operation was most disincentivised, like in the PG&E tariff scheme, CSP was 
strongly favoured in both cases while PV was disfavoured when combined with CSP. Small amounts of 
PV were however found to be beneficial instead of increasing the SF of the CSP on the margin, despite 
increasing the CAPEX, due to the added benefit of increasing the annual capacity factor. This ultimately 
led to comparable performance between the combined PV-CSP and the CSP-only plant for the PG&E 
tariff scheme. When applying the tariff scheme from SCE with less variation in the TOD factors but 
where only night-time operation was disincentivised through a TOD factor which was less than 1, PV was 
integrated to a higher degree in the optimal PV-CSP design. Therefore, notable cost synergies arose, and 
the higher integration of PV allowed for smaller CSP designs which could almost exclusively be used to 
cover the prioritised peak demand period present in the scheme. This allowed the hybrid PV-CSP to 
achieve a lower average PPA tariff and CAPEX compared to the CSP-only design for the SCE tariff 
scheme, which was found to feature both a large SF and a large TES and thus higher CAPEX. Ultimately, 
the CSP-only plants performed worst in terms of techno-economic performance, showing that PV 
integration is a feasible option in the studied market. This was however partly due to the choice of 
optimisation objectives and the broadly defined procurement frameworks which did not require specific 
technical performance, such as firm output during the prioritised hours, which likely would have shifted 
the conclusion even more in favour of the CSP and BESS technologies or even higher PV integration 
levels if firm power output would be required for an even more extended period of time. 

The implemented DDS for CSP operation was verified and shown to yield good results in terms of 
supplying power during the prioritised demand periods as defined in the tariff schemes. This was achieved 
in part due to a combination of the daily forecast approach where the TES level was continuously updated 
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and a mechanism whereby operation was withheld in the beginning of days featuring prioritised demand 
hours, so that operation during these hours could be achieved to as high an extent as possible. The TES 
level prediction could also be improved, although the integration of PV in the combined PV-CSP plants 
was found to interfere with the accuracy of the level prediction as evidenced by the more accurate TES 
level prediction achieved for CSP-only plants. Compared to the existing method of pre-defined dispatch 
featured in DYESOPT, higher energy yield under prioritised demand hours could be achieved with the 
DDS, along with lower annual capacity factors. This indicated more successful shift of operation from 
hours of low TOD factors to the prioritised hours and led to somewhat smaller plants in terms of 
CAPEX, but resulted in overall higher values of the average PPA tariff from the optimal designs. 
Furthermore, the number of hot turbine starts was decreased as a result of implementing the DDS, 
indicating that further improvements can be done in regards to the accounting of turbine start-ups in 
order to minimise start-up times even further. The BESS controller showed to be effective in predicting 
PV unavailability and the presence of priority hours in the evaluated tariff schemes despite having to be 
evaluated separately due to the absence of BESS in the optimal PV-BESS design. Thus, it showed good 
agreement with the implemented dispatch strategy for the BESS.  
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7 Model Limitations and Suggestions for Future Work 
Due to the time constraint of the thesis, there are aspects of the described model which could be further 
refined, for example the following: 

• The study was carried out for one financial model, the single-owner model, in order to establish 
the frame for the average PPA tariff used as one of the optimisation objectives. In future studies, 
the use of several financial models can be compared. This can allow the dynamics of financial 
conditions in different markets to be captured more in detail. 

• This study considers the PPA tariff as the only price indicator. However, analysis can also be 
carried out using the LCOE as an objective to gauge differences in design that might result from 
such an approach. 

• The study was based on historical weather and load data. Looking ahead, any further potential 
benefits of employing a DDS for CSP and PV-CSP can be measured by the development and 
implementation of forward-forecasting DNI and load demand tools, which supplies load and 
DNI data to the dynamic models on a daily basis. 

• In relation to the former point, the techno-economic model could not capture the vastly 
improved performance caused by the dispatchability of CSP and PV-CSP with TES compared to 
the PV plants beyond the impact on electricity delivery during peak demand hours. The grid 
benefit potential in the form of e.g. ancillary services and displacement of expensive power plant 
starts has simultaneously been indicated to be offered by the CSP technology [61]. By combining 
plant-level design tools like DYESOPT with grid production cost models in the future, more 
benefits from CSP with TES compared to PV can potentially be highlighted. 

• The performance of the DDS can potentially be improved by integrating feedback loops which 
continuously corrects any mistakes caused by erroneous TES level predictions. 
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8 Appendix 

APPENDIX A –Technical Specifications (PV/BESS) 
Table 20 details the choice of PV module utilised in the study, while Table 21 details the technical 
specifications of the chosen PV inverter. 

Table 20: Technical specifications of the chosen PV module. 
*STC = Standard Test Conditions 

**NOCT = Normal Operating Cell Temperature conditions 
Name: SunPower E20 435W 

G, STC* [W/m2] 1000 

Air Mass, STC* [-] 1.5 

Cell Temperature, STC* [°C] 25 

G, NOCT** [W/m2] 20 

Cell Temperature, NOCT** 
[°C] 20 

Reference Cell Temperature, 
NOCT** [°C] 45 

Peak Power [W] 435 

Efficiency [%] 20.3 

Voltage, MPP [V] 72.9 

Current, MPP [A] 5.97 

Open-Circuit Voltage [V] 85.6 

Short-Circuit Current [A] 6.43 

Maximum System Voltage [V] 600 

Number of cells [-] 128 

Temp. Coefficient, Power 
[%/°C] 0.38 

Temp. Coefficient, Open Circuit 
Voltage [mV/°C] -235.5 

Temp. Coefficient, Short Circuit 
Current [mA/°C] 3.5 

Manufacturer Tolerance [%] 5 
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Table 21: Technical specifications of the chosen PV inverter. 
Name: SMA Sunny Central 800 CP XT 

Maximum DC Voltage  1000 

Maximum MPP Voltage 850 

Minimum MPP Voltage 641 

Maximum DC Current 1400 

Efficiency [%] 98.4 

Rated Power [W] 800 
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Table 22: Technical specifications of DYESOPT's implemented BESS technologies. 

Parameter 
Absolyte Lead 
Acid Battery 

Corvus Lithium 
NMC Battery 

AltairNano 
LTO Battery 

Aquion AHI 
Battery 

Rated cell capacity [Ah] 312 75 60 3.28 

Capacity parameter 
(charge) [-] 

-10.92 -2.63 -5.00 -0.12 

Capacity parameter 
(discharge) [-] 

367.06 88.24 70.59 3.85 

Voc on charge [V] 1.98 3.60 2.45 1.50 

Voc on discharge [V] 2.15 4.15 2.35 1.60 

Fractional SOC 
coefficient (charge) [-] 

0.08 0.08 0.25 0.25 

Fractional SOC 
coefficient (discharge) [-] 

0.08 0.08 0.01 0.01 

Cell type parameter 
(charge) [-] 

0.86 0.86 0.86 0.85 

Cell type parameter 
(discharge) [-] 

1.00 1.00 0.60 0.40 

Nominal voltage [V] 2.0 3.7 2.4 1.5 

Efficiency [%] 85 90 99 85 

Cut-off charge/discharge 
current (max/min) [A] 

40 50 40 1.04 

Cut-off charge/discharge 
voltage (max/min) [V] 

-312 -75 -60 -1.04 

Internal resistance, 
charge [Ω] 

0.010 0.040 0.004 0.916 

Internal resistance, 
discharge [Ω] 

0.002 0.007 0.004 0.153 

Life [cycles] 1200 5000 1600 3000 

Life [years] 20 20 25 20 

Cost 318.18 [$/cell] 7117 [$/module] 1440 [$/cell] 15 795 [$/cell] 

DOD [%] 80 80 100 100 

Self-discharge 
[%/month] 

4 2 2 2 

Pack Voltage [V] 2 44.4 24 48 

Pack Capacity [Ah] 312 150 60 314.4 

Power output degradation 
rate [%/year] 

20 20 20 30 
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APPENDIX B – Default Financial Parameters and Detailed 
Plant Cost Data 

B.1 Default Financial Assumptions 

The final set of financial parameter values used in the model is presented in Table 23. The lifetime of the 
plants were chosen to fit into the recently deployed procurement frameworks found for California from 
SCE and PG&E. The value for the developer IRR (which, as mentioned, acts as the cost of equity in the 
model) interest during operation (IDO, cost of debt) and inflation rate is the same in all of the cases. PV 
installations generally enjoy lower risk of investment and thus lower rate of return requirements ([27], 
[124]). Despite that the inclusion of a BESS may increase the uncertainty of the project, a lower value for 
the PV-BESS configuration was used to reflect the market status of the PV. The construction time for the 
plants are also different: the default value for CSP construction time in DYESOPT is 24 months (two 
years), however construction time for PV plants is significantly lower (6 months [112]), which was 
rounded up to 12 months (one year) to account for the inclusion of the BESS. 

Table 23: Default financial assumptions for the techno-economic model. 

Parameter Hybrid PV-BESS Hybrid PV-CSP CSP-only Reference 

Lifetime, 𝒏𝒏𝒐𝒐𝒐𝒐 [yrs] 20 20 20 [81], [89] 

Loan duration, 𝒏𝒏𝒍𝒍𝒐𝒐𝒍𝒍𝒏𝒏 
[yrs] 

16 16 16 [27] 

Construction time, 
𝒏𝒏𝒄𝒄𝒐𝒐𝒏𝒏 [yrs] 

1.0 2.0 2.0 [124] (PV) 
DYESOPT 

default (CSP) 
Share of debt, 𝒙𝒙𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 

[%] 
70.0 70.0 70.0 [27] 

Developer IRR, 𝒊𝒊𝒅𝒅𝒆𝒆𝒆𝒆𝒊𝒊𝒅𝒅𝒆𝒆 
[%] 

7.0 13.5 13.5 [124] (PV) 
[27] (CSP) 

Cost of debt, 𝒊𝒊𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 [%] 6.85 9.0 9.0 [27] (CSP) 
[125] (PV) 

Corporate Tax Rate, 
𝝉𝝉𝒄𝒄𝒐𝒐𝒄𝒄𝒐𝒐 [%] 

35.0 35.0 35.0 [27] 

Sales Tax Rate, 𝝉𝝉𝒔𝒔𝒅𝒅𝒍𝒍𝒙𝒙 
[%] 

7.5 7.5 7.5 [126] 

Annual Energy 
Degradation Rate, 

𝒇𝒇𝒅𝒅𝒅𝒅𝒅𝒅 [%] 

0.79 (PV) 0.79 (PV) 
0.1 (CSP) 

0.1 [27] (CSP) 
[127] (PV) 

Capital Insurance 
Rate, 𝒙𝒙𝒊𝒊𝒏𝒏𝒔𝒔 [%] 

1.0 1.0 1.0 [128] 

Inflation Rate, 𝒄𝒄𝒊𝒊𝒏𝒏𝒇𝒇𝒍𝒍 
[%] 

3.0 3.0 3.0 [27] 

Depreciation Scheme 5 yr MACRS 5 yr MACRS 5 yr MACRS [87] 
ITC [%] 30.0 30.0 30.0 [86] 
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B.2 CSP Cost Functions and References 

B.2.1 CSP CAPEX 

Equations 44-56 describe the details of the CAPEX cost functions used for the CSP plants, while Table 
24 and Table 25 details the reference data for the cost parameters.. 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑 =
𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑 ∗ �

𝑛𝑛𝑇𝑇 ∗ 𝐴𝐴𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑,𝑆𝑆𝑆𝑆

𝐴𝐴𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑,𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠,1

− 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑𝑖𝑖𝑎𝑎𝑜𝑜𝑑𝑑𝑑𝑑𝑑𝑑 ∗ �1 −
𝑛𝑛𝑇𝑇 ∗𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑
𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑,𝑟𝑟𝑑𝑑𝑟𝑟

�
𝛾𝛾𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠,2 

 
 

(44) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑃𝑃𝑃𝑃 = 𝑛𝑛𝑇𝑇 ∗

⎩
⎪
⎨

⎪
⎧ ��

𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑
𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑,𝑟𝑟𝑑𝑑𝑟𝑟

�
𝛾𝛾𝑃𝑃𝑃𝑃,1

∗ �
𝑃𝑃𝑑𝑑𝑑𝑑,𝐻𝐻𝑃𝑃𝑇𝑇

𝑃𝑃𝑑𝑑𝑑𝑑,𝐻𝐻𝑃𝑃𝑇𝑇,𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑃𝑃𝑃𝑃,2

�

∗ ��𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝑃𝑃 − 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝐻𝐻 ∗ �1 −
𝑛𝑛𝑃𝑃𝐻𝐻

𝑛𝑛𝑃𝑃𝐻𝐻,𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑃𝑃𝑃𝑃,3

��
⎭
⎪
⎬

⎪
⎫

 

 
 

(45) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑇𝑇𝐻𝐻𝑆𝑆 = 𝑛𝑛𝑇𝑇 ∗

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡ 𝐶𝐶𝑑𝑑𝑎𝑎𝑐𝑐𝑡𝑡𝑑𝑑,𝑟𝑟𝑑𝑑𝑟𝑟 ∗ �

𝑊𝑊𝑡𝑡ℎ,𝑇𝑇𝐻𝐻𝑆𝑆,𝑐𝑐𝑎𝑎𝑎𝑎

𝑊𝑊𝑡𝑡ℎ,𝑇𝑇𝐻𝐻𝑆𝑆,𝑐𝑐𝑎𝑎𝑎𝑎,𝑟𝑟𝑑𝑑𝑟𝑟
�

+𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑𝑎𝑎𝑑𝑑𝑡𝑡𝑑𝑑𝑚𝑚 ∗ �
𝑊𝑊𝑡𝑡ℎ,𝑇𝑇𝐻𝐻𝑆𝑆,𝑐𝑐𝑎𝑎𝑎𝑎

𝑊𝑊𝑡𝑡ℎ,𝑇𝑇𝐻𝐻𝑆𝑆,𝑐𝑐𝑎𝑎𝑎𝑎,𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑇𝑇𝑇𝑇𝑇𝑇

+𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑡𝑡𝑎𝑎𝑑𝑑𝑟𝑟 ∗ �
𝑊𝑊𝑡𝑡ℎ,𝑇𝑇𝐻𝐻𝑆𝑆,𝑐𝑐𝑎𝑎𝑎𝑎

𝑊𝑊𝑡𝑡ℎ,𝑇𝑇𝐻𝐻𝑆𝑆,𝑐𝑐𝑎𝑎𝑎𝑎,𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑇𝑇𝑇𝑇𝑇𝑇

⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

 
 
 

(46) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑆𝑆𝑆𝑆 = 𝑛𝑛𝑇𝑇 ∗ �𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑆𝑆𝑆𝑆 ∗ �
𝐴𝐴𝑆𝑆𝑆𝑆

𝐴𝐴𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑇𝑇𝑆𝑆

� 
 

(47) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑟𝑟 = 𝑛𝑛𝑇𝑇 ∗ �𝑎𝑎𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑟𝑟 ∗ ℎ𝑇𝑇2 + 𝑏𝑏𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑟𝑟 ∗ ℎ𝑇𝑇 + 𝐶𝐶𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑟𝑟,𝑟𝑟𝑑𝑑𝑟𝑟� (48) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑟𝑟𝑑𝑑𝑐𝑐 = 𝑛𝑛𝑇𝑇 ∗ �𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑟𝑟𝑑𝑑𝑐𝑐 ∗ �
𝑊𝑊𝑟𝑟𝑑𝑑𝑐𝑐

𝑊𝑊𝑟𝑟𝑑𝑑𝑐𝑐,𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑟𝑟𝑠𝑠𝑐𝑐,1

∗ �
𝐴𝐴𝑟𝑟𝑑𝑑𝑐𝑐

𝐴𝐴𝑟𝑟𝑑𝑑𝑐𝑐,𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑟𝑟𝑠𝑠𝑐𝑐,2

� (49) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑃𝑃𝑆𝑆𝑃𝑃 = 𝑛𝑛𝑇𝑇 ∗ �𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝑆𝑆𝑃𝑃 ∗ �
𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑

𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑,𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑃𝑃𝐵𝐵𝑃𝑃

� (50) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡,𝑑𝑑𝑡𝑡 =
𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑃𝑃𝑃𝑃 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑇𝑇𝐻𝐻𝑆𝑆

+ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑆𝑆𝑆𝑆 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑟𝑟 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑟𝑟𝑑𝑑𝑐𝑐 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑃𝑃𝑆𝑆𝑃𝑃
 (51) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡 = 𝑥𝑥𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡,𝑑𝑑𝑡𝑡 (52) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝐻𝐻𝑃𝑃𝐶𝐶 = 𝑥𝑥𝐻𝐻𝑃𝑃𝐶𝐶 ∗ 𝐶𝐶𝐴𝐴𝑃𝑃𝐷𝐷𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟 ∗ �
𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡

𝐶𝐶𝐴𝐴𝑃𝑃𝐷𝐷𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑇𝑇𝑃𝑃𝐸𝐸

 (53) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑 = 𝑛𝑛𝑇𝑇 ∗ 𝐴𝐴𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑 ∗ 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑 (54) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑡𝑡𝑎𝑎𝑥𝑥 = 𝜏𝜏𝑑𝑑𝑡𝑡𝑎𝑎𝑥𝑥 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 (55) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝐿𝐿𝑃𝑃 = 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝐿𝐿𝑃𝑃 (56) 
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Table 24: CSP direct CAPEX cost references 
CAPEX Cost Parameter Value Unit Reference 

Site 

𝐴𝐴𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑,𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑟𝑟 Confidential m2 [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑𝑖𝑖𝑎𝑎𝑜𝑜𝑑𝑑𝑑𝑑𝑑𝑑 Confidential € [27] 

𝛾𝛾𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑,1 0.9 - [129], [130] 

𝛾𝛾𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑,2 0.9 - [129], [130] 

Power Block 

𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑,𝑟𝑟𝑑𝑑𝑟𝑟 Confidential kW [27] 

𝑃𝑃𝑑𝑑𝑑𝑑,𝐻𝐻𝑃𝑃𝑇𝑇,𝑟𝑟𝑑𝑑𝑟𝑟 Confidential bar [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝑃𝑃 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝐻𝐻 Confidential € [27] 

𝑛𝑛𝑃𝑃𝐻𝐻,𝑟𝑟𝑑𝑑𝑟𝑟 Confidential - [27] 

𝛾𝛾𝑃𝑃𝑃𝑃,1 0.8 - [129], [130] 

𝛾𝛾𝑃𝑃𝑃𝑃,2 0.2 - [129], [130] 

𝛾𝛾𝑃𝑃𝑃𝑃,3 0.85 - [129], [130] 

TES 

𝑊𝑊𝑡𝑡ℎ,𝑇𝑇𝐻𝐻𝑆𝑆,𝑐𝑐𝑎𝑎𝑎𝑎,𝑟𝑟𝑑𝑑𝑟𝑟 Confidential MWth [27] 

𝐶𝐶𝑑𝑑𝑎𝑎𝑐𝑐𝑡𝑡𝑑𝑑,𝑟𝑟𝑑𝑑𝑟𝑟 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑𝑎𝑎𝑑𝑑𝑡𝑡𝑑𝑑𝑚𝑚 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑡𝑡𝑎𝑎𝑑𝑑𝑟𝑟 Confidential € [27] 

𝛾𝛾𝑇𝑇𝐻𝐻𝑆𝑆 0.8 - [129], [130] 

Solar Field 

𝐴𝐴𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑟𝑟 Confidential m2 [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑆𝑆𝑆𝑆 Confidential € [27] 

𝛾𝛾𝑆𝑆𝑆𝑆 1 - [129], [130] 

Tower 

𝐶𝐶𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑟𝑟,𝑟𝑟𝑑𝑑𝑟𝑟 Confidential € [27] 

𝑎𝑎𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑟𝑟 1 835.7 $/m2 [130] 

𝑏𝑏𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑟𝑟 285 868 $/m [130] 

Receiver 

𝐴𝐴𝑟𝑟𝑑𝑑𝑐𝑐,𝑟𝑟𝑑𝑑𝑟𝑟 Confidential m2 [27] 

𝑊𝑊𝑟𝑟𝑑𝑑𝑐𝑐,𝑟𝑟𝑑𝑑𝑟𝑟 Confidential kWth [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑟𝑟𝑑𝑑𝑐𝑐 Confidential € [27] 

𝛾𝛾𝑟𝑟𝑑𝑑𝑐𝑐,1 0.7 - [129], [130] 

𝛾𝛾𝑟𝑟𝑑𝑑𝑐𝑐,2 -0.2 - [129], [130] 

BOP 
𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝑆𝑆𝑃𝑃 Confidential € [27] 

𝛾𝛾𝑃𝑃𝑆𝑆𝑃𝑃 0.8 - [129], [130] 

Contingency 𝑥𝑥𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡 10 % [128] 

 

  -86- 
 



Table 25: CSP indirect CAPEX cost references 
CAPEX Cost Parameter Value Unit Reference 

EPC 

𝑥𝑥𝐻𝐻𝑃𝑃𝐶𝐶  11 %  

𝐶𝐶𝐴𝐴𝑃𝑃𝐷𝐷𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟 Confidential € [27] 

𝛾𝛾𝐻𝐻𝑃𝑃𝐶𝐶  0.9 - [129], [130] 

Land 
𝐴𝐴𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑 Confidential m2 [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑 Confidential € [27] 

Sales Tax 𝜏𝜏𝑑𝑑𝑡𝑡𝑎𝑎𝑥𝑥 7.5 % [126] 

Legal, Permitting 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝐿𝐿𝑃𝑃 Confidential € [27] 

B.2.2 CSP OPEX 

Equations 57-61 describe the details of the OPEX cost functions used for the CSP plants, while Table 26 
details the reference data for the cost parameters. 

 

𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟 = 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑎𝑎𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑 + 𝑛𝑛𝑇𝑇 ∗

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡ 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,1 + 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,2 ∗ �

𝐴𝐴𝑆𝑆𝑆𝑆
𝐴𝐴𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑟𝑟

�

+ 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝑃𝑃,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,1 + 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝑃𝑃,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,2 ∗ �
𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑

𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑,𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑙𝑙𝑙𝑙𝑙𝑙𝑐𝑐𝑙𝑙𝑟𝑟,1

+ 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑆𝑆𝑆𝑆,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,1 + 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑆𝑆𝑆𝑆,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,2 ∗ �
𝐴𝐴𝑆𝑆𝑆𝑆

𝐴𝐴𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑙𝑙𝑙𝑙𝑙𝑙𝑐𝑐𝑙𝑙𝑟𝑟,2

⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

 

 

 

 
(57) 

𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑟𝑟𝑖𝑖𝑑𝑑𝑐𝑐𝑑𝑑 = 𝑛𝑛𝑇𝑇 ∗ �𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑𝑑𝑑𝑟𝑟𝑖𝑖𝑑𝑑𝑐𝑐𝑑𝑑 ∗ �
𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑

𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑,𝑟𝑟𝑑𝑑𝑟𝑟
�� (58) 

𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑎𝑎𝑡𝑡𝑑𝑑𝑐𝑐𝑑𝑑𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑛𝑛𝑇𝑇 ∗ ��𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑎𝑎𝑡𝑡𝑑𝑑𝑐𝑐𝑑𝑑𝑡𝑡𝑎𝑎,𝑡𝑡𝑎𝑎𝑡𝑡𝑑𝑑𝑟𝑟 + 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑎𝑎𝑡𝑡𝑑𝑑𝑐𝑐𝑑𝑑𝑡𝑡𝑎𝑎,𝑎𝑎𝑜𝑜𝑡𝑡𝑑𝑑𝑟𝑟� ∗ �
𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑

𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑,𝑟𝑟𝑑𝑑𝑟𝑟
�� (59) 

𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐 = 𝑛𝑛𝑇𝑇 ∗

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡�𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐,𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑 + 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐,𝑆𝑆𝑆𝑆� ∗ �

𝐴𝐴𝑆𝑆𝑆𝑆
𝐴𝐴𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑟𝑟

� + 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐,𝑟𝑟𝑑𝑑𝑐𝑐 ∗ �
𝑊𝑊𝑟𝑟𝑑𝑑𝑐𝑐

𝑊𝑊𝑟𝑟𝑑𝑑𝑐𝑐,𝑟𝑟𝑑𝑑𝑟𝑟
�

+ 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐,𝑇𝑇𝐻𝐻𝑆𝑆 ∗ �
𝑊𝑊𝑡𝑡ℎ,𝑇𝑇𝐻𝐻𝑆𝑆,𝑐𝑐𝑎𝑎𝑎𝑎

𝑊𝑊𝑡𝑡ℎ,𝑇𝑇𝐻𝐻𝑆𝑆,𝑐𝑐𝑎𝑎𝑎𝑎,𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑚𝑚𝑖𝑖𝑠𝑠𝑐𝑐

+ 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐,𝑃𝑃𝑃𝑃 ∗ �
𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑

𝑊𝑊𝑔𝑔𝑟𝑟𝑜𝑜𝑑𝑑𝑑𝑑,𝑟𝑟𝑑𝑑𝑟𝑟
�
𝛾𝛾𝑚𝑚𝑖𝑖𝑠𝑠𝑐𝑐

⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

 

 

 
(60) 

𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,,𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑟𝑟𝑎𝑎𝑑𝑑𝑐𝑐𝑑𝑑 = 𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑,𝐶𝐶𝑆𝑆𝑃𝑃 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 (61) 
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Table 26: CSP OPEX cost references 
OPEX Cost Parameter Value Unit Reference 

Labour 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑎𝑎𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,1 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,2 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝑃𝑃,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,1 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝑃𝑃,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,2 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑆𝑆𝑆𝑆,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,1 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑆𝑆𝑆𝑆,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,2 Confidential € [27] 

𝛾𝛾𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,1 0.7 - [129], [130] 

𝛾𝛾𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟,2 0.7 - [129], [130] 

Service 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑𝑑𝑑𝑟𝑟𝑖𝑖𝑑𝑑𝑐𝑐𝑑𝑑 Confidential € [27] 

Utilities 
𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑎𝑎𝑡𝑡𝑑𝑑𝑐𝑐𝑑𝑑𝑡𝑡𝑎𝑎,𝑡𝑡𝑎𝑎𝑡𝑡𝑑𝑑𝑟𝑟 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑎𝑎𝑡𝑡𝑑𝑑𝑐𝑐𝑑𝑑𝑡𝑡𝑎𝑎,𝑎𝑎𝑜𝑜𝑡𝑡𝑑𝑑𝑟𝑟 Confidential € [27] 

Miscellaneous 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐,𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐,𝑆𝑆𝑆𝑆 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐,𝑟𝑟𝑑𝑑𝑐𝑐 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐,𝑇𝑇𝐻𝐻𝑆𝑆 Confidential € [27] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐,𝑃𝑃𝑃𝑃 Confidential € [27] 

𝛾𝛾𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐 0.7 - [129], [130] 

Insurance 𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑,𝐶𝐶𝑆𝑆𝑃𝑃 1 % [128] 
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B.3 PV Cost Functions and References 

B.3.1 PV CAPEX 

Equations 62-72 describe the details of the CAPEX cost functions used for the PV plants, while Table 27 
and Table 28 details the reference data for the cost parameters. 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑚𝑚𝑜𝑜𝑑𝑑 = 𝐶𝐶𝑑𝑑𝑎𝑎𝑑𝑑𝑐𝑐,𝑚𝑚𝑜𝑜𝑑𝑑 ∗ 𝑊𝑊𝑃𝑃𝑃𝑃,𝑆𝑆𝐶𝐶,𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 (62) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑖𝑖 = 𝐶𝐶𝑑𝑑𝑎𝑎𝑑𝑑𝑐𝑐,𝑑𝑑𝑑𝑑𝑖𝑖 ∗ 𝑊𝑊𝑃𝑃𝑃𝑃,𝑆𝑆𝐶𝐶,𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 (63) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑃𝑃𝑆𝑆𝑆𝑆 = 𝐶𝐶𝑑𝑑𝑎𝑎𝑑𝑑𝑐𝑐,𝑃𝑃𝑆𝑆𝑆𝑆 ∗ 𝑊𝑊𝑃𝑃𝑃𝑃,𝑆𝑆𝐶𝐶,𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 (64) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑟𝑟𝑐𝑐𝑟𝑟 = 𝐶𝐶𝑑𝑑𝑎𝑎𝑑𝑑𝑐𝑐,𝑟𝑟𝑐𝑐𝑟𝑟 ∗ 𝑊𝑊𝑃𝑃𝑃𝑃,𝑆𝑆𝐶𝐶,𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 (65) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑 = 𝐴𝐴𝑑𝑑𝑎𝑎𝑑𝑑𝑐𝑐,𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑,𝑃𝑃𝑃𝑃 ∗ 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑𝑎𝑎𝑟𝑟𝑑𝑑𝑎𝑎 ∗ 𝑊𝑊𝑃𝑃𝑃𝑃,𝐶𝐶𝐶𝐶,𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 (65) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑆𝑆𝐻𝐻𝑃𝑃 = 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑆𝑆𝐻𝐻𝑃𝑃 ∗ 𝑊𝑊𝑃𝑃𝑃𝑃,𝑆𝑆𝐶𝐶,𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 + 𝐶𝐶𝑎𝑎𝑟𝑟𝑑𝑑𝑚𝑚𝑑𝑑𝑎𝑎𝑚𝑚 (66) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑 = 𝐴𝐴𝑑𝑑𝑎𝑎𝑑𝑑𝑐𝑐,𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑,𝑃𝑃𝑃𝑃 ∗ 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑 ∗ 𝑊𝑊𝑃𝑃𝑃𝑃,𝐶𝐶𝐶𝐶,𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 (67) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟 = 𝐶𝐶𝑑𝑑𝑎𝑎𝑑𝑑𝑐𝑐,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟 ∗ 𝑊𝑊𝑃𝑃𝑃𝑃,𝑆𝑆𝐶𝐶,𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 (68) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑡𝑡𝑐𝑐𝑜𝑜𝑑𝑑 = 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑𝑑𝑑𝑡𝑡𝑐𝑐𝑜𝑜𝑑𝑑,𝑑𝑑𝑑𝑑𝑖𝑖 + 𝐶𝐶𝑑𝑑𝑑𝑑𝑡𝑡𝑐𝑐𝑜𝑜𝑑𝑑,𝐻𝐻𝑃𝑃𝐶𝐶 ∗ 𝑊𝑊𝑃𝑃𝑃𝑃,𝑆𝑆𝐶𝐶,𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 (69) 

𝐶𝐶𝑃𝑃𝑃𝑃,𝐻𝐻𝑃𝑃𝐶𝐶 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑚𝑚𝑜𝑜𝑑𝑑 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑖𝑖 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑃𝑃𝑆𝑆𝑆𝑆 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝐶𝐶𝑆𝑆𝑃𝑃,𝑟𝑟𝑐𝑐𝑟𝑟 (70) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐 =
𝑥𝑥𝑚𝑚𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎,𝐻𝐻𝑃𝑃𝐶𝐶 ∗ 𝐶𝐶𝑃𝑃𝑃𝑃,𝐻𝐻𝑃𝑃𝐶𝐶 + 𝑥𝑥𝑆𝑆𝐻𝐻,𝑑𝑑𝑑𝑑𝑖𝑖 ∗ �𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑆𝑆𝐻𝐻𝑃𝑃 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑� +

+𝑥𝑥𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡,𝑑𝑑𝑑𝑑𝑖𝑖 ∗ �𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑆𝑆𝐻𝐻𝑃𝑃 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑�
 (71) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑡𝑡𝑎𝑎𝑥𝑥 = 𝜏𝜏𝑑𝑑𝑡𝑡𝑎𝑎𝑥𝑥 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 (72) 

Table 27: PV direct CAPEX cost references 
CAPEX Cost Parameter Value Unit Reference 

PV Modules 𝐶𝐶𝑑𝑑𝑎𝑎𝑑𝑑𝑐𝑐,𝑚𝑚𝑜𝑜𝑑𝑑 0.65 $/WDC,peak [111] 

PV Inverters 𝐶𝐶𝑑𝑑𝑎𝑎𝑑𝑑𝑐𝑐,𝑑𝑑𝑑𝑑𝑖𝑖 0.11 $/WDC,peak [111] 

BOS 𝐶𝐶𝑑𝑑𝑎𝑎𝑑𝑑𝑐𝑐,𝑃𝑃𝑆𝑆𝑆𝑆 0.16 $/WDC,peak [114] 

Racking 𝐶𝐶𝑑𝑑𝑎𝑎𝑑𝑑𝑐𝑐,𝑟𝑟𝑐𝑐𝑟𝑟 
0.16 (Fixed Tilt) 

0.22 (Tracking) 
$/WDC,peak [114] 

Site 
𝐴𝐴𝑑𝑑𝑎𝑎𝑑𝑑𝑐𝑐,𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑,𝑃𝑃𝑃𝑃 

7.5 (Fixed Tilt) 

8.3 (Tracking) 
acres/ MWAC,peak [113] 

𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑𝑎𝑎𝑟𝑟𝑑𝑑𝑎𝑎 5500 $/acre [113] 
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Table 28: PV indirect CAPEX cost references 
CAPEX Cost Parameter Value Unit Reference 

DEP 
𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑆𝑆𝐻𝐻𝑃𝑃 0.02 $/WDC,peak [111] 

𝐶𝐶𝑎𝑎𝑟𝑟𝑑𝑑𝑚𝑚𝑑𝑑𝑎𝑎𝑚𝑚 500 000 $ [114] 

Land 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑐𝑐𝑎𝑎𝑑𝑑𝑑𝑑 5500 $/acre [113] 

Direct Labour 𝐶𝐶𝑑𝑑𝑎𝑎𝑑𝑑𝑐𝑐,𝑐𝑐𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑟𝑟 
0.19 (Fixed Tilt) 

0.20 (Tracking) 
$/WDC,peak [114] 

EPC 
𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑑𝑑𝑑𝑑𝑡𝑡𝑐𝑐𝑜𝑜𝑑𝑑,𝑑𝑑𝑑𝑑𝑖𝑖 

0 
(WPV,AC,peak < 10 MW) 

2 500 000  
(WPV,AC,peak > 200 MW) 

0-2 500 000  
(10 MW ≤ WPV,AC,peak ≤ 200 MW) 

$ [114] 

𝐶𝐶𝑑𝑑𝑑𝑑𝑡𝑡𝑐𝑐𝑜𝑜𝑑𝑑,𝐻𝐻𝑃𝑃𝐶𝐶 0.03 $/WDC,peak [114] 

Miscellaneous 

𝑥𝑥𝑚𝑚𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎,𝐻𝐻𝑃𝑃𝐶𝐶 8 % [114] 

𝑥𝑥𝑆𝑆𝐻𝐻,𝑑𝑑𝑑𝑑𝑖𝑖 

10 
(WPV,AC < 10 MW) 

15  
(WPV,AC > 100 MW) 

10-15  
(10 MW ≤ WPV,AC ≤ 100 MW) 

% [114] 

𝑥𝑥𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡,𝑑𝑑𝑑𝑑𝑖𝑖 4 % [114] 

Sales Tax 𝜏𝜏𝑑𝑑𝑡𝑡𝑎𝑎𝑥𝑥 7.5 % [126] 

 

B.3.2 PV OPEX 

Equation 73 and Equation 74 describe the details of the OPEX cost functions used for the PV plants, 
while Table 29 details the reference data for the cost parameters. 

𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑆𝑆&𝑆𝑆 = 𝑥𝑥𝑆𝑆&𝑆𝑆 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃 (73) 

𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑,𝑃𝑃𝑃𝑃 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝑃𝑃 (74) 

Table 29: PV OPEX cost references. 
OPEX Cost Parameter Value Unit Reference 

O&M 𝑥𝑥𝑆𝑆&𝑆𝑆 0.5 % [115] 

Insurance 𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑,𝑃𝑃𝑃𝑃 0.25-0.5 % [116] 
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B.4 BESS Cost Functions and References 

B.4.1 BESS CAPEX 

Equations 75-82 describe the details of the CAPEX cost functions used for the BESS, while Table 30 and 
Table 31 details the reference data for the cost parameters. 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑚𝑚𝑜𝑜𝑑𝑑 = 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑚𝑚𝑜𝑜𝑑𝑑 ∗ 𝐷𝐷𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆 (75) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑃𝑃𝐶𝐶𝑆𝑆 = 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝐶𝐶𝑆𝑆 ∗ 𝑊𝑊𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆 (76) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑃𝑃𝑆𝑆𝑆𝑆 = 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝑆𝑆𝑆𝑆 ∗ 𝑊𝑊𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆 (77) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡. = 𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡,𝑚𝑚𝑜𝑜𝑑𝑑 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑚𝑚𝑜𝑜𝑑𝑑 + 𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡,𝑃𝑃𝐶𝐶𝑆𝑆 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑃𝑃𝐶𝐶𝑆𝑆 (78) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝐻𝐻&𝐶𝐶 = �𝑥𝑥𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡𝑟𝑟𝑎𝑎𝑐𝑐𝑡𝑡𝑜𝑜𝑟𝑟 + 𝑥𝑥𝑑𝑑𝑑𝑑𝑔𝑔� ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡. (79) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑑𝑑𝑟𝑟𝑎𝑎𝑑𝑑𝑎𝑎𝑚𝑚𝑑𝑑𝑑𝑑𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑚𝑚𝑜𝑜𝑑𝑑 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑃𝑃𝐶𝐶𝑆𝑆 (80) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡. = 𝑥𝑥𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡,𝑎𝑎𝑟𝑟𝑜𝑜𝑝𝑝𝑑𝑑𝑐𝑐𝑡𝑡 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡. + 𝑥𝑥𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡,𝑎𝑎𝑟𝑟𝑜𝑜𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑑𝑑𝑟𝑟𝑎𝑎𝑑𝑑𝑎𝑎𝑚𝑚𝑑𝑑𝑑𝑑𝑡𝑡 (81) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑑𝑑𝑡𝑡𝑎𝑎𝑥𝑥 = 𝜏𝜏𝑑𝑑𝑡𝑡𝑎𝑎𝑥𝑥 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑐𝑐𝑡𝑡 (82) 

Table 30: BESS direct CAPEX cost references 
CAPEX Cost Parameter Value Unit Reference 

Battery 
Modules 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑚𝑚𝑜𝑜𝑑𝑑  - $/cell/module/kWh 

Supplier 
quotations (see 

Table 22) 

PCS 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝐶𝐶𝑆𝑆 200-367 $/kW [117], [118] 

BOS 𝐶𝐶𝑟𝑟𝑑𝑑𝑟𝑟,𝑃𝑃𝑆𝑆𝑆𝑆 4 $/kW [117], [118] 

Installation 
𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡,𝑚𝑚𝑜𝑜𝑑𝑑 5 % [117], [118] 

𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡,𝑃𝑃𝐶𝐶𝑆𝑆 12.5 % [117], [118] 

 

Table 31: BESS indirect CAPEX cost references 
CAPEX Cost Parameter Value Unit Reference 

E&C 
𝑥𝑥𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡𝑟𝑟𝑎𝑎𝑐𝑐𝑡𝑡𝑜𝑜𝑟𝑟 15 % [117], [118] 

𝑥𝑥𝑑𝑑𝑑𝑑𝑔𝑔 5 % [117], [118] 

Contingency/Soft Costs 
𝑥𝑥𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡,𝑎𝑎𝑟𝑟𝑜𝑜𝑝𝑝𝑑𝑑𝑐𝑐𝑡𝑡 5-10 % [117], [118] 

𝑥𝑥𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡,𝑎𝑎𝑟𝑟𝑜𝑜𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑 5-10 % [117], [118] 

Sales Tax 𝜏𝜏𝑑𝑑𝑡𝑡𝑎𝑎𝑥𝑥 7.5 % [126] 
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B.4.2 BESS OPEX 

Equations 83-85 describe the details of the OPEX cost functions used for the BESS, while Table 32 
details the reference data for the cost parameters. 

𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑥𝑥𝑑𝑑𝑑𝑑 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑃𝑃𝐶𝐶𝑆𝑆 ∗ 𝑥𝑥𝑟𝑟𝑑𝑑𝑥𝑥𝑑𝑑𝑑𝑑 (83) 

𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑖𝑖𝑎𝑎𝑟𝑟 = 𝐷𝐷𝑑𝑑𝑑𝑑𝑡𝑡,𝑔𝑔𝑑𝑑𝑑𝑑,𝑎𝑎𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑐𝑐 ∗ 𝑥𝑥𝑖𝑖𝑎𝑎𝑟𝑟 (84) 

𝐶𝐶𝑆𝑆𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑟𝑟𝑑𝑑𝑎𝑎𝑐𝑐. = 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻𝐻𝐻,𝑃𝑃𝐻𝐻𝑆𝑆𝑆𝑆,𝑚𝑚𝑜𝑜𝑑𝑑 ∗ 𝑥𝑥𝑟𝑟𝑑𝑑𝑎𝑎𝑐𝑐. ∗ 𝑛𝑛𝑟𝑟𝑑𝑑𝑎𝑎𝑐𝑐. (85) 

Table 32: BESS OPEX cost references 
OPEX Cost Parameter Reference value Unit Reference 

Fixed 𝑥𝑥𝑟𝑟𝑑𝑑𝑥𝑥𝑑𝑑𝑑𝑑 2 % [117], [118] 

Variable 𝑥𝑥𝑖𝑖𝑎𝑎𝑟𝑟 0.0006 $/kWh [117], [118] 

Replacement 𝑥𝑥𝑟𝑟𝑑𝑑𝑎𝑎𝑐𝑐. 30-50 % [117], [118] 
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