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Abstract 

This master’s thesis presents the work performed during a four-month long internship at Azelio AB in 

Gothenburg. Energy performance models for common energy technologies in microgrid energy systems 

were developed and validated. The investigated technologies are traditional and bifacial PV modules, wind 

turbines, Li-ion battery energy storage systems and diesel generators.  

Subsequently, they were utilised to simulate the energy supply of two remote communities in Queensland, 

Australia. Azelio’s CSP technology, which combines heliostats, thermal energy storage with phase change 

materials and Stirling engine, was introduced as well. By means of scenarios and key performance indicators, 

the possibility of disconnecting such towns from the local electricity distribution network was investigated. 

Both technical and economic aspects were analysed. This led to the conclusion that 10 MW CSP system 

would be sufficient to achieve grid independence if extra backup capacity, e.g. diesel generators, or demand-

side control strategies, are introduced.  

Sensitivity analysis performed on the possibility of dividing the CSP park into two clusters, the smaller one 

being subject to a power threshold, was investigated as well. In terms of economic feasibility, off-grid 

systems resulted more expensive than maintaining the grid connection. 

Sammanfattning 

Denna master’s uppsats presenterar alla resultat från examensarbetet hos Azelio AB i Göteborg. Energy 

performance models för de vanligaste energiteknologerna i microgrid energisystemen designades och validerades. 

De forskade energiteknologerna var traditionella och bifacial solpaneler, vindkraft, energilagring genom Li-

ion batterier och dieselgeneratorer.  

Modellerna användes för att simulera energiförsörjning av olika energisystem som representerar två 

isolerade byar i Queensland, Australia. Azelio’s CSP teknologi, som består av heliostater, värmenergilagring 

med phase change material och en Stirlingmotor, introducerades också. Genom att designa olika scenarier och 

key perfomance indicators, möjligheten att koppla av byarna ifrån det lokala kraftnätsystemet utforskades. Båda 

tekniska och ekonomiska synpunkter värderades. Det beslutades att 10 MW CSP kapacitet kan vara nog 
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mycket för att nå energisjälvständighet om ytterligare backupkapacitet, t.ex. en dieselgenerator, eller demand 

side control strategies introducerades. 

Känslighetsanalys utforskade möjligheten att dela CSP systemet i två olika delar, där den med lägre kapacitet 

kunde avkopplas för att undvika onödig energiförsörjning. Om ekonomiska utförbarhet, off-grid system 

verkade dyrare än sådana system där byarna var fortfarande kopplat till det lokala kraftnätet. 
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1 Introduction 

As the 24th United Nations Climate Change Conference held in Katowice, Poland, in December 2018 ended, 

the urgency of taking climate action was even clearer. Although several obstacles and debates were faced 

during the conference sessions, all the participating countries managed to finally agree on the “rulebook” 

about the how practically implement the 2015 Paris Agreement [1]–[3]. Although, it may be argued that 

several issues were left unresolved, this still appeared as a significant result, showing that even though the 

IPCC Special Report on Global Warming was not adopted [3], there is still commitment in the world to 

reduce carbon emission and more actively embrace sustainable development. This was additionally remarked 

by the adoption of the Solidarity and Just Transition Silesia Declaration [1], which states the importance of 

creating a social security programmes that would safeguard the rights of the workers in the energy market 

as this is transitioning toward a more sustainable asset [4]. 

As climate change becomes a more urgent challenge for our society, the popularity of the concept of 

“sustainable development” increases. One often associates this with renewable energy sources, greenhouse 

gases and global warming, or, more generally, with the ideas of ecology and respect for the environment. 

Although this first association is perfectly correct, it does not show the entire picture. By analysing the actual 

definition of Sustainable Development, as it was first introduced in 1987 by the UN World Commission on 

Environment and Development in “Our Common Future”, a deeper insight is easily grasped: 

“Sustainable Development is development that meets the needs of the present without compromising the ability of future 

generations to meet their own needs.” [5], [6] 

This, often referred as the Brundtland definition, clearly depicts a strong dichotomy, where the present 

generation and its needs are faced by the future societies. Furthermore, the definition continues by 

introducing the three pillars of sustainability: society, economy and environment: 

“It [Sustainable Development] contains within it two key concepts: 

- The concept of ‘needs’, in particular, the essential needs of the world’s poor, to which overriding priority should be 

given; and 

- The idea of limitations imposed by the state of technology and social organization on the environment’s ability to meet 

present and future needs.” (The World Commission on Environment and Development, 1987; 

Wikipedia, 2019) 

It is now easy to understand why, as it often happens, limiting the idea of Sustainable Development to the 

environment completely misses the holistic approach upon which it is defined. This, was actually amplified 

and furthermore explained with the 2030 Agenda for Sustainable Development, adopted by all UN Member 

States in 2015, as the “shared blueprint for peace and prosperity for people and the planet, now and into 

the future” [9]. This agenda presented 17 goals and targets, designed to “stimulate action over the next 15 

year in areas of critical importance for humanity and the planet” [10] e.g. poverty (Goal 1), hunger (Goal 2), 

affordable and clean energy (Goal 7), decent work and economic growth (Goal 8), but also climate action 

(Goal 13) and peace and justice (Goal 16). Figure 1 shows all the introduced sustainable development goals. 

Focusing only on the energy and environmental aspect of sustainability, we see that there is still much to do 

in order to comply with the targets of the Paris Agreement. It is sufficient to take a look at the latest results 

of the Tracking Clean Energy Progress by the International Energy Agency [11]. Only four technologies 

(solar PV, LED lighting, data centres and networks, electric vehicles) are currently considered on track with 

the development required in order to comply with IEA’s Sustainable Development Scenario, which was 

developed from the outcomes of COP21 in Paris [12]. Especially, it can be noted that both renewable power 

and energy integration are labelled as “more efforts needed”. This situation is reflected by the 0.8% absolute 

increase of share renewable energy sources in global total final consumptions between 2016 and 2017 [13]. 

And even though there are local, amazing examples of renewable energy utilization, such as Costa Rica [14], 

the global effort does not seem to be ever enough.  
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Figure 1: Sustainable Development Goals [15] 

Additionally, moving on to economic sustainability, according to International Renewable Energy Agency, 

more investments than actually planned will be required to meet the 2°C-goal of the Paris Agreement by 

2050 [16].  

Again, the social importance of renewable energy sources is stated and remarked, in terms of improved 

lifestyle and creations of new job markets. Regarding the first, however, it was the latest Sustainable 

Development Goals Report to stress the importance of electricity access. Despite remarkable improvements 

worldwide [17] and despite less than one billion people now lacks access to electricity, the world is still off-

track.  

It is in this scenario that solar energy, among all the renewable energy technologies and resources, is regarded 

as a major actor. Costs of both solar photovoltaics and concentrated solar energy have significantly 

decreasing since the early 2000s. Especially, the analysis of cost trends for solar photovoltaic (PV) reveals 

that the levelized cost of electricity has fallen by 73% between 2010 and 2017 [16], while total PV installed 

capacity increased by an astonishing near 10-times factor in the same time period [18]. One of the main 

advantages of solar PV technologies lies in its wide versatility, being easy to install and maintain basically 

everywhere; therefore, solar photovoltaics has undoubtedly risen has main electricity provider in off-grid 

situation [19]. It appears clear that photovoltaic power plants and distributed resources are leading the way 

towards wider energy access worldwide.  

The main drawback of solar energy is its variability. Therefore, energy storage systems are gaining more and 

more attention, at both utility and small scale. Clearly, this development is not limited to solar energy, but 

to all variable renewable energy resources. As battery storage are becoming worldwide popular topic, its 

deployment in utility scale is growing rapidly while costs are dramatically falling, especially for Lithium-ion 

batteries [20]. It is anyhow important to notice that thermal energy storage is growing as well, with the key 

function of managing in the optimal way the available heat before its conversion in useful electrical or heat 

power [21]. Developments and research in thermal energy storage (TES) are fundamental to increase 

technological performance, energy efficiency and economic feasibility of concentrated solar power (CSP). 

This form of solar energy is currently deployed at large-scale level. However, its potential could be exploited 

even at small scale in microgrids or distributed energy systems. Azelio AB is a Swedish company operating 

in this exact niche of the renewable energy market, having developed a new CSP design, combining a Stirling 
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engine, a field of heliostats and a TES system based on phase-changing materials [22]. More details about 

technology and design are given in sections 2.2 and 3.1. 

Along with increasing capacity and improved performance, energy management system, together with 

modelling technologies, are fundamental to a successful transition towards a low-emission society. It is not 

sufficient to install renewable capacity if its power production cannot be properly controlled to meet energy 

demand at any time. Therefore, a deep insight on how different energy technologies may interact with each 

other and how they should optimally be managed is required in order to always match energy supply and 

demand.  

1.1 Objective and methodology 

This work aims to develop performance models of renewable and conventional energy sources and assess 

their technical feasibility in distributed energy systems, by means of designing individual models first and 

integrated ones second, including several of the previous models. The considered technologies are: Azelio’s 

small-scale, modular CSP with TES system, traditional and bifacial PV modules, onshore wind turbines, 

battery storage energy systems and diesel generators. Additionally, the Energy Management System and the 

electricity distribution network (the grid) would be modelled as well. The first one would define the power 

that each energy source need to provide at any time step, while the grid model supplies power only if below 

a maximum value. 

As modelling tool, Wolfram SystemModeler and Modelica language would be used. Every technology model 

would include a detailed explanation and guidelines. 

Initially, a literature review would be performed, analysing existing models for the different technologies 

and to develop better understanding of technological concepts and control strategies. Once this stage is 

complete, modelling of the technological components would start, firstly considering them separately. 

Models are intended to provide preliminary results in terms of energy yield, power production and capacity 

factors, using TMY data together with technical specifications and characteristics as inputs. At this point, a 

larger energy system would be developed by introducing multiple technologies at the same time, in order to 

properly simulate a distributed generation energy system. This latter step would be achieved by means of 

case studies, where the electricity demand of small community would be met by the integrated model, based 

on real, local energy resources. As application, two remote communities in Queensland, Australia, have been 

chosen. The aim of the case studies is to evaluate techno-economic feasibility in realistic operational 

conditions. At this level of detail, an economic analysis would be introduced. For each case study, different 

scenarios would be designed to find an optimal mix of the modelled energy technologies. This would be 

assessed through the introduction of key performance indicators of both technical and economic nature, 

such as e.g. renewable energy fraction of total primary energy supply, total CO2 emissions and renewable 

generation costs. More specifically, the possibility of disconnecting the two communities from the national 

distribution network would be investigated.  

This work is the result of a four-month internship period at Azelio AB’s main office in Gothenburg.   
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2 Literature review 

2.1 Modelling language and software 

The model was built using Modelica language in Wolfram SystemModeler. Modelica is an equation-based 

object-oriented modelling language which allows the user to develop models based on equations rather than 

signals [23]. In Modelica, each component is singularly modelled by writing its governing equations. In this 

way, the modeller can focus on the physical and technical representation of the object, instead than on its 

computational realisation. Thanks to its flexibility, modularity and multi-domain approach, Modelica 

language is a powerful tool, becoming more and more popular, even in microgrid modelling [24]. Another 

advantage lies in the fact that Modelica is only a language, which means that it can be applied to several and 

various simulating software, depending on project requirements. Once a model is developed, its simulation 

as function of time can be performed using a separate tool, which will choose the most appropriate 

numerical solving strategy. In this case, Wolfram Simulation Centre was used to simulate the different 

models. As for Wolfram SystemModeler, this software was the one already in use at Azelio, and thus utilized 

to develop models for the company. 

2.2 Azelio’s CSP technology 

Azelio AB is a Swedish company founded in 2008 in Åmal, Sweden, as Cleanergy, with the intent of 

developing renewable energy technologies based on the Stirling engine [25]. It initially developed dish 

Stirling CSP systems, installed as demo projects in Chinese Inner Mongolia and Dubai, but moved to a new 

CSP concept in summer 2018, when a CSP design integrating TES with phase-changing materials was 

presented [25]. This technology, which will be further described, would be soon deployed in a demo project 

in Morocco, in collaboration with Masen, the Moroccan Agency for Sustainable Energy [26]. 

Azelio AB has designed a small-scale CSP system, with a gross capacity of 13.5 kW. The system consists of 

a field of 50 (on average) heliostats, concentrating solar irradiance on the receiver, situated top of a 11-

meter-high tower [27]. The heliostats are controlled and are designed with a tracking system to maximize 

their performance. The receiver is directly connected to the bottom of the TES tank; thus, heat is transferred 

directly to the PCM. In this system, liquid sodium is used as HTF, flowing from the PCM tank to the Stirling 

motor whenever required. The engine drives an AC generator, which in terms is connected to two inverters, 

required to supply power at desired frequency. The system has a significant parasitic load, generated by 

numerous control and pumping systems, which, on average, determines a net capacity of 10.5 kW per unit. 

This system has an average global efficiency, from storage to dispatchable electricity, of 28%.  

The TES system, using an aluminium-silicon alloy, can guarantee up to 13 hours of electricity production at 

nominal power (Azelio AB, 2019): this represents a significant competitive advantage against PV systems 

without storage. With a fully charged tank, thus completely melted PCM, Azelio’s CSP can cover an entire 

day, assuming normal production during daylight hours. 

Another advantage of this design lies in its scalability. In fact, the total capacity can be easily be varied by 

changing the number of units, intended as heliostat field and tower.  

2.2.1 Stirling engine 

The Stirling engine is heat engine, delivering useful shaft power from two separate heat sources at different 

temperatures. The engine employs a working fluid, usually a gas, alternating compression and expansion. 

Ideally, this cycle can be described as a Stirling cycle, consisting in two isothermal processes and two 

isochoric processes with regeneration [29].  

Its design consists of six main components: the working fluid (gas) heater, the regenerator, the working fluid 

(gas) cooler, two piston-cylinder pairs and connected to the final component, the crankshaft. Depending on 

how those components are placed with respect to each other, different configurations have been designed. 
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In an α-configuration, the two cylinders are connected through a pipe, where the regenerator is placed. 

Figure 2 shows a schematic overview of an α-type Stirling engine. 

 

Figure 2: Schematic overview of an α-type Stirling engine [30] 

One cylinder is connected to the heat source and the gas heater, while the other one is connected to the gas 

cooler. In the hot cylinder, the gas absorbs heat from the heat source, thus it expands, and its pressure 

increases, pushing the piston to its lowest position. Since the volume in the hot cylinder is now maximum, 

the gas continues expanding through the regenerator to the other cylinder. As the gas enters the cold 

cylinder, which is at the top of its stroke, it is cooled and its pressure decreases. The gas starts now pushing 

the cold piston to the bottom of the cylinder. Flywheel momentum of the shaft triggers a compression 

stroke in the hot cylinder, which pushes all the gas to the cold cylinder, where gas pressure and temperature 

are still decreasing. At this point, the volume is maximum in the cold cylinder and minimum in the hot one. 

The cold piston now begins the upstroke. As the gas is compressed in the cold cylinder, it flows back to the 

hot one and commences expanding, starting the cycle again [31]. 

Modelling of a Stirling engine is presents several obstacles, due the complexity of the physics within the 

oscillatory flow of the gas and within thermodynamic cycle in the real gas regime [29]. Because of this, 

computational fluid dynamics simulation are not approachable, therefore other methodologies are needed 

[30]. At the same time, experimentally obtained validation data is not always available [32]. Numerical 

simulations based on finite volume computer codes for solving quasi-one-dimension flow equations 

represent a feasible possibility. As described in [29] and in [30], this methodologies can achieve high levels 

of accuracy and details.  

2.2.2 Phase Change Materials and Thermal Energy Storage 

Thermal energy storage is seen as one of the most effective solutions for increase dispatchability in CSP 

systems. In 2018, 47% of the existing CSP power plant included TES systems, a value increasing to 72% 

for power plant under construction and to 77% for planned CSP systems [21]. Currently, CSP employs 

sensible heat storage using water, solar oils or molten salts depending on design and operating temperatures. 

However, interest in phase change materials is increasing, due to their many advantages compared to other 

TES materials, e.g. molten salts. PCMs have higher energy density per unit volume, leading to smaller 

amounts of material required, as well as smaller containers [33]–[35]. This could trigger lower costs per unit. 

Additionally, phase change happens at, ideally, constant temperature, which would imply an ideally constant 

output temperature for the working fluid, thus increasing the overall efficiency of the power plant [21]. 

However, compared to sensible heat storage materials, PCMs often have lower thermal conductivity, which 

can be increased through encapsulation. Many PCMs are corrosive materials or tend to change phase 

incongruently [36]. 
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Azelio AB has designed a thermal energy storage system based on an aluminium-silicon alloy. This eutectic 

metallic alloy changes phase at almost sharp temperature (575±2℃) and it does not necessary require micro-

encapsulation [33], [37].  

2.3 Solar PV modules and bifacial PV modules 

There are several ways to model the photovoltaic effect, depending on the desired accuracy. The most 

immediate models are usually based on STC PV module efficiency and total irradiance, where the 

temperature effect could be either considered or not. An example of this approach is the “Simple efficiency 

module model” designed for NREL software SAM [38]. This approach could excessively simplify the model 

and produce misleading results. It is more advisable to utilize the 5-parameter equations presented by [39]. 

This model determines the actual light-generated current and cell voltage as function of a reference diode 

reverse saturation current, reference light current, series and shunt reference cell resistance and the ideality 

factor of the cell, which describes the ideal bandgap of the semiconductor material. This model takes into 

consideration three different incident angles of solar irradiance (beam, diffuse and reflected), which are then 

modified by introducing the refraction and reflection losses due to glass coverage of the module. The 

temperature effect is simulated as well. As internal module and cell resistance are often of low significance 

value, and additionally not provided by solar module manufacturers, they can be neglected, leading to 

admissible inaccuracies.  

It was interesting to review some of the existing models of solar cells developed in Modelica language. In 

their work, Dizqah et al. present a model for a standalone solar power system with battery energy storage, 

where the PV module is simulated applying a single-diode equivalent electric circuit [40], based on De Soto 

et al. work. Additionally, this work, based on hybrid differential algebraic equations, includes an MPP tracker 

algorithm to maximize the power production of the solar cell. Although it was not tested with TMY solar 

irradiance data, the authors claim to have designed a useful and accurate model.  

At 2017 12th International Modelica Conference held in Prague, Czech Republic, a new model for PV cell 

was presented [41]. As the authors state in the introduction, simulating the behaviour of a PV cell is 

challenging because of the large amount and wide variety of factors that could affect the general 

performance. To increase accuracy, both thermal and electrical behaviour should be modelled. As they 

described at the conference, the authors modelled both these aspects, succeeding in validating the electrical 

behaviour, but unfortunately failing with the heat transfer model because of lack of information from the 

validation source. However, the description of both Modelica codes is thorough, and it is interesting to note 

that this model was tested with weather condition from an entire year, introducing cloud coverage as 

parameter. It should be noted that this work is not based on De Soto et al.’s approach, since angle modifiers 

are not introduced, but on a different diode model [42].  

A different approach was tested by [43] and [44]. Both articles present building integrated PV systems 

connected to heat pump applications and are additionally focused on grid integration. Another common 

factor is in the use of De Soto et al. PV model. Baetens et al. developed a detailed mode of a Zero-Energy 

Building located in Belgium, with focus on the energy (thermal and electrical) demand to be satisfied at any 

moment, while respecting voltage and frequency limitations. One of the main outcomes of this work was 

that it led to the creation of an open library for building models in Modelica language, presented by Baetens 

et al. in 2015 [45]. Similarly, Protopapadaki and Saelens focused their work on potential disturbances on low-

voltage distribution grid caused by increasing heat pumps and solar energy use. One of the most interesting 

characteristics of this work is the probabilistic approach to simulate load, generation and disturbances, based 

on Monte Carlo models to variate PV penetration rates, building type and geometry as well as heat pump 

design among other factors.  

Modelling of bifacial PV module, on the other hand, results in more complicated models, since it requires 

calculating the amount of solar irradiance that, after being reflected, reaches the back of the module. Initially, 

the focus was on understanding the working principles of bifacial PV module, by analysing the state of the 

art of both technology and materials. Concerning this approach, it was very interesting to read the work of 
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Guerrero-Lemus et al., which published a clear and detailed review of bifacial PV technology and 

characterization, most important for the modelling [46]. The authors focused on the lack of standardization 

regarding testing procedures and conditions, which then generates a wide and various range of performance 

indicators. Anyhow, the most commonly used, according to the authors, remain the bifaciality factor 

(𝐵𝐹, [−]) and the irradiance gain (𝑔, [−]). The first one is defined as the ratio of module efficiency when 

illuminating exclusively the front or the rear side of the module. The second one, on the other hand, 

describes the increase in absorbed irradiance.  

𝐵𝐹 =
𝜂𝑓𝑟𝑜𝑛𝑡

𝜂𝑟𝑒𝑎𝑟
 

𝑔 =
𝐼𝑓𝑟𝑜𝑛𝑡 + 𝐼𝑟𝑒𝑎𝑟

𝐼𝑓𝑟𝑜𝑛𝑡
 

Various and different approaches to BPV modelling were reviewed. As for the PV model, the first reference 

analysed was NREL SAM documentation [47]. In this report, the authors describe all the steps and equation 

in the modelling algorithm, which can be summarized as following: 

1. By knowing array design, it is determined if the ground behind the module is shaded or not, which 

would then affect the amount of direct irradiance reflected by the ground; 

2. Subsequently, view factors between the ground and the rear side of the module are calculated for 

both shaded and unshaded ground. This passage includes the calculation of contribution factors 

for each irradiance component, based on the previous work of Perez et al. [48]. 

3. The final step leads to the backside irradiance. The rear side of the BPV module is meshed and the 

backside irradiance is calculated for each cell as function of the results from prior steps.  

The authors successfully validated this work by means of comparison with ray tracing software. Although 

the Python code for this model was published online, this modelling approach was discarded, the main 

reason being its complexity in determining all the irradiance components according to Perez et al. work. 

Additionally, as other articles in the field confirmed, accurate modelling of backside irradiance may require 

a dedicated research, which would be outside the scope of the present work.  

Some of the researches that worked on the previous article published a simplified model, accounting for 

reflection, shading and temperature effect on the rear side, in order to determine backside irradiance as 

function of those parameters and sum it to frontside irradiance. [49]. As this model was experimentally 

validated, it clearly emerged that view factors play a significant role in the performance results. 

The analysis of two recent Master thesis reports from KTH Royal Institute of Technology [50] and Delft 

University of Technology [51] introduced two different approaches. Chiodetti’s work considered the electric 

equivalent circuit of a BPV cell, to which he linked view factor theory, based on Yusufoglu et al.’s work [52], 

where a particular attention was dedicated to the module elevation above ground. Chiodetti’s model was 

highly detailed, and Sundeep Reddy Gali refereed to him in his thesis. This latest work presented all the 

different components of the rear irradiance, and it distinguishes view factors between the backside and the 

sky, and between the backside and the ground, introducing new trigonometrical calculations. It is a simpler 

model, compared to the previous ones, even though it is based on view factor calculations for each cell of 

the backside of the BPV module.  

It was interesting to conclude the literature review on this technology by reading the work of [53]. The 

authors here considered vertical BPV modules to understand and analyse the performance of BPV modules 

avoiding view factor calculation. In fact, in case of vertical modules, the view factor with both the ground 

and the sky would result constant and equal to 0.5. 

In the present work, PV and BPV arrays was modelled based on De Soto et al. equation systems and 

assuming negligible internal module resistances. Regarding BPV modules, rear irradiance was calculated 

considering the one single view factor, the one for the central point of the module. More details about the 

PV and BPV module are given in section 3.2. 
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2.4 Wind turbines 

Wind turbines are able to convert the kinetic energy of wind into useful electrical energy, by means of 

rotating electric machines, such as induction or synchronous generators. Wind turbines can be divided into 

four groups, based on the electric equipment and configuration and control system of the blade rotation 

[54]: 

• Type 1 wind turbine, mounting a squirrel cage induction generator. Those turbines, developed by 

Vestas in the 90’s, spin at constant rotational speed and usually have two electric rotors with 

different number of poles. In this way, they can compensate the lack of pitch regulation. This design 

is cheap, simple and robust but has low efficiency and requires reactive power and a soft starter; 

• Type 2 wind turbines with a wound-rotor induction generator with variable rotor resistance. This 

design introduces control on rotor rotational speed by varying electric resistance, hence increasing 

electromagnetic torque. By controlling the slip, it is now possible to increase nominal rotational 

speed by 10%. Global efficiency is increased compared to the previous design, although active 

power losses are generated by the electric resistance; 

• Type 3 wind turbines with doubly fed induction generators. These machines include power 

electronic devices (back-to-back voltage source converters) to partly decouple power generation 

from wind speed. Also, the presence of converters allows the wind turbine to deliver a positive net 

power output even at sub-synchronous speed. Another advantage of this design relies in its high 

controllability of rotational speed, up to ±30%. This implies that converters could be dimensioned 

to only one third of the nominal generator capacity, therefore decreasing both costs and weight;  

• Type 4 wind turbines have a synchronous generator with a full-scale converter, which allows a 

complete decoupling of the rotational speed of the generator rotor from the frequency of the power 

produced. These electric machines have usually large multipole annular synchronous generators, 

which allows to decrease the amount of revolutions, hence increasing lifetime. This design is often 

referred as “direct-driven” to describe the lack of gearbox. They reach the highest efficiency at the 

cost of the highest initial investment. 

Here, only type 3 and 4 were considered, since they are the most recent designs. In fact, large wind turbine 

manufacturers, such has Vestas, Enercon or Siemens, sell only those two kinds of wind turbines.  

One of the main concerns with wind power is integration into the existing electricity network. Wind power 

requires both voltage and frequency controls, which is nowadays ensured through power electronics 

equipment, such as full-scale converters and inverters. 

Wind turbine Modelica-based models have been developed by many researchers and institutes. For example, 

Bonvini et al published an online available package containing simple Modelica models to integrate a building 

into the grid and provide for its electricity demand with renewable energy sources (Bonvini et al., 2014). 

Here, the authors modelled the power output from a small-scale wind turbine directly from the power curve. 

A similar work was published by Wetter et al. [56], based on Bonvini et al.’s open-source library. 

Casella et al., on the other hand, focused on the advantages that Modelica language would introduce in smart-

grid modelling, being flexible, controllable and dynamic [24]. The authors, claim that a wind turbine could 

easily be modelled by “connecting an electric generator model, featuring DC or AC power port and a 

mechanical rotational port for shaft connection, with an aerodynamic model of the rotor and blades 

equipped with a shaft port and some input ports for the actuation signals to the blade pitch and rotor 

orientation.”. It is clear that Modelica language could be exploited to disassemble all the components of a 

wind turbine, from rotor to generator, to analyse the behaviour of each component. This is what both 

Andersson and Strömner and Eberhart et al. did, for vertical and horizontal axis wind turbines respectively 

[57], [58]. Both articles described in detail how every component of the wind turbine was modelled, with 

focus on control strategies. Regardless if the wind turbine has a vertical or horizontal axis, the objective is 

to regulate the rotational speed of the rotor to harness the maximum power. This control process can be 

achieved by acting on the electromagnetic torque, which provide a breaking service, leading to higher 
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efficiencies. This process can be modelled by introducing empirical correlations between the tip speed ratio, 

function of the rotational speed, and the power coefficient of the wind turbine. By analysing Eberhart et al.’s 

article, it clearly emerges that the authors designed a complicated system of switches and logical ports to 

control, at any moment, the rotational speed, hence the power output, of the wind turbine.  

Modelling wind farms is a complex procedure, since it requires introducing wake and turbulence models, 

for which commercial software have been specifically designed [59].  

For the scope of this work, wind turbines and wind farms were simulated only in terms of power 

productions, assuming no voltage or frequency issues, as explained in section 3.3. 

2.5 Diesel generators 

Diesel generators, or gensets, are one of the most important components in microgrid, off-grid and 

distributed energy systems. Including rotating electric machines, they provide inertial control on both 

frequency and voltage. At the same time, they are characterized by high flexibility and reliability, and, thanks 

to their technological simplicity, they are extremely common worldwide [60], [61].  

Benhamed et al. and Salazar et al. developed two similar models for diesel generators, where the genset was 

approached from both mechanical and electrical point of view [60], [61]. The first research developed four 

different models with increasing complexity, leading to a fully validated model, with a focus on different 

control rules. In the second case, the attention was towards integration of gensets into renewable-powered 

microgrids. Thus, it is based on analysing key parameters, such as voltage and frequency, in order to respond 

to load disturbances.  

On the other hand, other researches have focused on power output and fuel consumption, in order to 

directly model integration of gensets into hybrid microgrids. The power output is modelled either as 

function of the nominal power or based on load curve from the diesel generator manufacturer. It is the case 

of the work of Ameen et al., who designed a generation system including PV solar power, battery storage 

and a diesel generator [62]. The most interesting outcome of this article are the two control strategies: load-

following or cycle charging. In the first one the battery is only charged by DC current from the PV array, 

while in the second case, the battery can be charged even by the diesel generator. In “Hybrid diesel 

generator/renewable energy system performance modelling” by Kusakana and Vermaak [63], the diesel 

engine works at nominal power at any moment, delivering an AC current matching the system requirements. 

Instead, Dufo-López et al. performed an economic analysis on a stand-alone PV-wind-diesel system with 

batteries storage [64]. For the authors of this article, the main focus was fuel consumption and emissions, 

since they calculated both the levelized cost of both emissions and electricity. In this case, the power output 

of the genset was a function of the power demand at any time.  

Regarding this master thesis, a similar approach was considered. Genset power output was modelled as 

function of the power demand and, subsequently, fuel consumption was simulated depending on the part 

load percentage.  

2.6 Battery storage 

Energy storage represents another fundamental pillar in off-grid energy system. As battery costs are 

decreasing worldwide, deployment of energy storage solutions becomes every day more common. 

Worldwide, 4.67 TWh electricity storage are installed, expecting to reach more than 11 TWh in 2030 [65]. 

In this report, the International Renewable Energy Agency clearly describes all the technologies in energy 

storage, their potential and requirements in several situations, from frequency reserve to off-grid micro and 

nanogrids.  

In stationary application, battery systems should be characterized by high power and energy density, but 

lower when compared to vehicle batteries, low cost and long cycle and calendar life [66]. Depth of discharge 
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becomes an important parameter, as well as the length of the cycles, especially in renewable energy storage 

applications. A qualitative comparison is shown in Figure 3. 

 

Figure 3: Qualitative comparison of the energy storage requirement profile for vehicles and stationary applications (cycling operation) respectively [66] 

Along those parameters, state of health should be mentioned, as it describes the aging process as function 

of the ration between stored power and nominal capacity [67]. Additionally, the 𝐶𝑟𝑎𝑡𝑒 , [ℎ𝑜𝑢𝑟𝑠−1] is 

necessary to characterize a battery based on its scope. This indicator is defined as the ratio between the 

maximum dischargeable power and the energy capacity. Thus, power batteries, those delivering high 

amounts of power, have high 𝐶𝑟𝑎𝑡𝑒 values, while energy batteries discharge more slowly, having a low 𝐶𝑟𝑎𝑡𝑒. 

The energy to power ratio, another useful indicator, is the inverse of the 𝐶𝑟𝑎𝑡𝑒. 

The first battery model to be analysed was the one published by NREL and designed for its software SAM 

[68]. Here, at each time step, battery charge, voltage, electrical current and state of charge are calculated, 

with voltage being the main parameter. This, in fact, is not considered constant but rather a function of 

electrical current and charge of the battery. Additionally, researchers at NREL developed a simple thermal 

model which would affect the charge storable in the battery.  

Einhorn et al. published a Modelica model for electrical energy storage with a high level of details [69], which 

then led the works of Gerl et al. [70]. Both models are very similar and present the battery as equivalent 

electric circuit. In Einhorn et al.’s work, one of the main parameters is the state of charge vs. open circuit 

voltage plot, which is input as table. The validation of this research allowed the authors to publish an online 

Modelica library intended to be included in the Modelica Standard Library.  

Another interesting document was a thesis from KTH Royal Institute of Technology where off-grid 

distributed energy systems in Malaysia were modelled [71]. Here, the battery is modelled in detail, using the 

state of charge and the state of health as main parameters. 

As the use of battery system increases all over the world, it becomes fundamental to understand and share 

best practice approaches, especially regarding thermal management systems. This is why research towards 

optimal cooling systems has been increasing. For instance, Lithium-ion batteries perform best between 15℃ 

and 35℃, thus it becomes an efficiency issue to keep them in this temperature range [72]. Batteries could 

be air or liquid cooled, with the choice based on efficiency, cost and performance trade-offs, as described 

by both Chen et al. and An et al.[72], [73]. Computational fluid dynamics software are the main tool for 

design and optimization of battery thermal management system, as shown by several articles [74], [75]. 

For the scope of this project, the optimal solution is to follow the procedure described by NREL 

documentation, applying some assumptions when needed. The battery model is described in section 3.5. 
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2.7 Microgrids 

Several of the cited sources described microgrids and distributed energy systems and how those were 

modelled. The main component in microgrid models would be the control system, often named Energy 

management system (EMS).  

In his thesis, Marty [71] describes the difference between EMS for grid-connected systems and for off-grid 

communities. In the first case, requirements and constrains in frequency and voltage are introduced by the 

grid operator, as the demand is always to be met. In off-grid system, on the contrary, the demand is limited 

by the available power generation, thus the EMS is designed to optimize the power dispatchment and limit 

curtailments.  

As previously mentioned in 2.5 Ameen et al. [62] developed two different algorithms managing the battery 

energy storage system. In this work, the system is modelled neglecting frequency and voltage control. A 

different approach was presented in [61], where the attention was on the electrical system rather than on 

the power supply. The authors fully introduced frequency and voltage control equipment in their model, 

such as speed controller on diesel generator and automatic voltage regulators. Frequency controllers were 

introduced to manage the power output of a wind turbine and of a PV array. 

For the scope of this work, it was decided to focus on microgrid system based on power supply and therefore 

excluding voltage and frequency control systems. This decision was additionally triggered by the fact that at 

Azelio, modelling of the electrical system is performed on different software from the one used for power 

modelling.  
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3 System modelling 

In this section, the governing equations of each investigated energy technology are described. Also, the 

Modelica representation of them is presented. This leads to the design of two different microgrid energy 

systems. The first one does not include Azelio AB’s CSP technology and it was developed to simulate 

existing energy systems at potential locations. It was necessary to properly understand how demand, in a 

certain location, is met and what the opportunities for small or medium scale CSP would be. The second 

one is an example of how CSP could be integrated in microgrids. 

It is important to note that these models only simulate power flows and does not include voltage or 

frequency analysis or control. 

SI units were used for each calculation, unless differently specified. 

3.1 Azelio AB’s CSP with integrated TES 

As previously described, Azelio AB’s technology consists in a field of heliostats, concentrating sunlight on 

a receiver on top of a tower, where all the main components are installed. Liquid sodium is the HTF, 

transferring heat from the receiver to the TES tank. Heat is then absorbed by the PCM material, which 

would then deliver heat to the working fluid, glycol, which works as gas-heater for the Stirling engine. Heat 

is converted to shaft power and finally to a net electric power output once all the parasitic loads are 

considered. The model, representing one heliostat field and one fully equipped tower, shown in Figure 4, 

was developed by Martin Nilsson, chief engineer in system thermodynamics at Azelio.  

 

Figure 4: Schematic for Azelio's CSP model in Wolfram SystemModeler 

Main components are listed below: 

1. TMY input, as table. DNI, as well as sun angles and ambient temperature and pressure, are required; 

2. Heliostat field, simulating the performance of each heliostat, reflecting sunlight to the receiver. It 

is controlled by another component; 

3. Heliostat field controller, determining the optimal tracking for each mirror; 

4. Tower receiver, where the heat is absorbed and transferred to the TES tank; 

5. TES tank, whose temperature, indicator of the phase change, is constantly monitored; 

6. Power demand normalizer, where the power demand is converted to the power ratio 𝑃𝑅, as it will 

be soon explained; 

7. Pumping system for the HTF; 

8. Cooling system of the Stirling engine; 
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9. Power output control system, the controller for the rotational speed of the Stirling engine shaft; 

10. Stirling engine, modelled based on experimental coefficients; 

11. Friction and pressure loss calculator; 

12. AC electric generator; 

13. Inverters; 

14. Parasitic load calculator, determining the net power output of the entire system. 

Each component in the model communicates with the others by means of real or Boolean connectors. It is 

interesting to note the presence of two main controllers, one stirring the heliostats field (3) and one 

controlling the generator shaft speed (9). The latter was designed to determine the shaft rotational speed as 

function the power demand; thus, it will act as main link between the CSP system and the other energy 

technologies in the energy system. Power demand to be supplied by the CSP system is converted to a value 

between 0 and 1, namely the power ratio 𝑃𝑅. 

𝑃𝑅 =  
𝑃𝑑𝑒𝑚

𝑁𝑢𝑛𝑖𝑡𝑠 ∙ 𝑃𝑁𝑜𝑚
 

Where the denominator is the product between the number of CSP units installed and the nominal power 

of each of them: 

𝑃𝑁𝑜𝑚 = 10.5 𝑘𝑊 

The shaft rotational speed of the Stirling Engine is limited between 𝑛𝑚𝑖𝑛 = 1000 𝑟𝑝𝑚 and 𝑛𝑚𝑎𝑥 =

2000 𝑟𝑝𝑚. The controller was designed so that a 𝑃𝑅 = 0.05 and 𝑃𝑅 = 1 would correspond to the 

minimum and maximum shaft speed respectively. Thus, the following function was designed: 

𝑛𝑠ℎ𝑎𝑓𝑡(𝑃𝑅) = 𝑛𝑚𝑖𝑛 + 𝑒𝐴∙𝑃𝑅 + 𝐵 

Where 𝐴 and 𝐵 are two constants, calculated so to respect the constraints: 

{
𝐴 = 6.909

𝐵 = −1.413 
 

The controller is designed so to check if the Stirling engine is able to run, by analysing system temperature; 

at the same time, it compares the power ratio value with its minimum, and stop the engine from running 

for any 𝑃𝑅 < 0.05. This control strategy appears to work very well at high partial load (𝑃𝑅 > 0.5). 

Nevertheless, since the system cannot decrease its shaft speed below the minimum value, production of 

excess power has been recorded at low partial loads.  

This behaviour opens to many possibilities in development of this control component, as well as on the 

design of the Stirling engine itself. Regarding the model, control and limit values for the pressure of the gas 

in the engine could be introduced, together with Boolean variables able to start up and shut down the engine. 

These developments could make Azelio’s CSP a possible actor in power downregulation. 

The system is represented by the icon shown in Figure 5. 

 

Figure 5: Model icon for Azelio's CSP technology 

The model requires several inputs, as both TMY and technical parameters.  
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3.2 Solar PV and bifacial PV modules 

This work presents two different models of solar energy technology, namely solar PV “traditional” modules 

and bifacial PV modules. 

3.2.1 PV modules and arrays 

An array of PV modules was modelled as a single object. Its DC power output, as well as energy yield, are 

calculated as function of the total incident irradiance on the surface, which in terms determines the 

maximum power point voltage and current, and the number of modules, as well as introducing system 

losses: 

𝑃𝐷𝐶 = 𝑁𝑚 ∙ 𝑉𝑀𝑃𝑃
𝑐 ∙ 𝐼𝑀𝑃𝑃 ∙ (1 − 휀𝑠ℎ𝑎𝑑) ∙ (1 − 휀𝑠𝑜𝑖𝑙) ∙ (1 − 휀𝑚𝑖𝑠𝑚) ∙ (1 − 휀𝑐𝑎𝑏) 

This model requires several inputs, which can be divided into four groups: 

1. Location information: 

i. Latitude of the array location; 

ii. Elevation above sea level; and 

iii. Ground albedo coefficient. 

2. Irradiance, solar position and location TMY data, necessary to calculate the optimal position of the 

PV modules with respect to the position of the sun, and to determine the total incidence irradiance. 

More specifically, the following is required for each hour: 

i. Global Horizontal Irradiance; 

ii. Diffuse Horizontal Irradiance; 

iii. Direct Normal Irradiance; 

iv. Ambient temperature [℃]; 
v. Solar elevation angle; 

vi. Solar azimuth angle; and 

vii. Wind speed. 

3. PV characteristics, such as geometry and performance parameters, all easily accessible from the 

manufacturer datasheet: 

i. Short-circuit current; 
ii. Temperature coefficient; 

iii. Reference diode reverse saturation current. If not given, the model includes a reference 

value; 

iv. Nominal Operational Cell Temperature; 

v. Module efficiency; 

vi. Number of photovoltaic cells per module; and 

vii. Nominal module power. 

4. Array characteristics, such as: 

i. Tracking system, as a Boolean variable, where the value “true” refers to single-axis tracking 

system, while “false” calculate the optimal fixed tilt based on the latitude: 

𝛽(𝜑), = {
0.746 ∙ |𝜑| + 2.1°, 𝜑 ≤ 65

0.224 ∙ |𝜑| + 33.6°, 𝜑 > 65
      [𝑑𝑒𝑔] 

ii. Nominal solar array power output; 
iii. Performance losses due to soiling; 

iv. Performance losses due to shading; 

v. Performance losses due to mismatching; and 

vi. Performance losses in DC cabling. 

Every temperature is converted in degrees Kelvin, as any angle is converted in radians to avoid possible 

errors. 
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As anticipated, this model includes the possibility of choosing between a fixed tilt angle, as function of the 

location’s latitude, and a single-axis tracking system. The latter is modelled as presented by [38] for the 

NREL software SAM. The tracking system enables to follow the sun path in the sky, by modifying the tilt 

angle of the module. This is achieved by introducing a rotation angle of the PV module around the tracking 

axis, which is assumed to be parallel to the ground and to the direction North-South. 

Hence, in case of single-axis tracking, the rotation angle is function of the solar azimuth and zenith angle, 

which is then required to calculate the optimal tilt angle 𝛽 [𝑟𝑎𝑑] and module azimuth. The tracking axis 

angle is either 𝜋 in the Northern Hemisphere, or 0 in the Southern Hemisphere. 

𝛽 = |𝑟𝑜𝑡| =  |arctan[tan 𝜃𝑍 ∙ sin(𝜃𝑆 − 𝑇𝑟𝑎𝑐𝑘𝑃𝑉)]| 

𝛾𝑃𝑉 = 𝑇𝑟𝑎𝑐𝑘𝑃𝑉 + arcsin [
sin(𝑟𝑜𝑡)

sin 𝛽
] 

In case of fixed tilt, the module azimuth is equal to the tracking axis angle. 

Independently from the tracking system, the incidence angle is a function of the Sun and collector position: 

𝜃 = acos[𝑐𝑜𝑠𝛽 ∙ cos 𝜃𝑍 + 𝑠𝑖𝑛𝛽 ∙ sin 𝜃𝑍 ∙ cos(𝛾𝑆 − 𝛾𝑃𝑉)] 

Following NREL methodology, beam, diffuse and ground reflected irradiance on tilt surface are obtained 

as function of the tilt angle: 

𝐺𝑡𝑜𝑡 = 𝐺𝑏 + 𝐺𝑑 + 𝐺𝑔 = 𝐺𝐷𝑁𝐼 ∙ cos 𝜃 + 𝐺𝐷𝐻𝐼 ∙
1 + 𝑐𝑜𝑠𝛽

2
+ 𝜌𝐴 ∙ 𝐺𝐺𝐻𝐼 ∙

1 − 𝑐𝑜𝑠𝛽

2
 

Thus, the useful irradiance on the collector, which would then define the light current, is calculated by means 

of actual incidence angle for each irradiance component and related incidence angle modifiers.  

𝐺 = 𝑀 ∙ (𝐺𝑏 ∙ 𝐼𝐴𝑀𝑏 + 𝐺𝑑 ∙ 𝐼𝐴𝑀𝑑 + 𝐺𝑔 ∙ 𝐼𝐴𝑀𝑔) 

Where 𝑀 is the air mass modifier, which is a polynomial function of the air mass. 

At this point, actual module temperature can be obtained as function of NOCT temperature, reference 

efficiency, useful irradiance and wind speed. The latest is introduced to simulate heat transfer through 

convection.  

The core of the model consists in the following five equations. They determine the actual performance of 

the modules, and, in the end, they calculate the actual DC power output. The first equation describes the 

relation between ambient condition (irradiance and temperature) and module characteristics (short-circuit 

current and current-temperature coefficient) which defines the DC current generated by the PV module, 

assuming all the photovoltaic cells are connected in series. Then, the bandgap energy in the semiconductor 

is calculated from the reference value of 1.121 𝑒𝑉, which represents the energy bandgap of monocrystalline 

silicon at STC conditions. At this point, the dark saturation current of the module, which represents the 

current in the photodiode in the dark when it is reverse-biased, can be obtained. The fourth equation is 

solved to determine the voltage at MPP conditions in one cell, which then is multiplied by the number of 

cells per module to reach the MPP voltage of the module. The last step determines the module MPP current 

as function of this latest parameter.  

𝐼𝐿 =  
𝐺

1000
∙ [𝐼𝑆𝐶 + 𝛼𝑇 ∙ (𝑇𝑃𝑉 − 298.15)] 

𝐸𝑏𝑔 = 1.121 ∙ [1 − 0.0002677 ∙ (𝑇𝑃𝑉 − 298.15)] 

𝐼𝑑𝑎𝑟𝑘 = 𝐼0 ∙ (
𝑇𝑃𝑉

298.15
)

3

∙ 𝑒
[(

1.121
298.15

−
𝐸𝑏𝑔

𝑇𝑃𝑉
)∙ 

1
8.6173303∙10−5]
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(1 +
𝑞 ∙ 𝑉𝑀𝑃𝑃

𝑐

𝑘 ∙ 𝑇𝑃𝑉
) ∙ 𝑒

𝑞∙𝑉𝑀𝑃𝑃
𝑐

𝑘∙𝑇𝑃𝑉 = 1 +
𝐼𝐿

𝐼𝑑𝑎𝑟𝑘
 

𝐼𝑀𝑃𝑃 =  
𝑞 ∙ 𝑉𝑀𝑃𝑃

𝑐 ∙ (𝐼𝐿 + 𝐼𝑑𝑎𝑟𝑘)

𝑘 ∙ 𝑇𝑃𝑉 + 𝑞 ∙ 𝑉𝑀𝑃𝑃
𝑐  

Where 𝑞 is the elementary charge and 𝑘 is Boltzmann’s constant. Finally, the DC power output is 

determined, followed by the DC energy yield (𝐸𝐷𝐶), as integral of the power over one year. 

3.2.1.1 Model validation 

The model was tested by comparison with NREL software SAM. The chosen location was Ouarzazate, 

Morocco (30.933° 𝑁, −6.9° 𝐸, 𝐸𝐴𝑆𝐿 = 1140 𝑚 ), and 2005 TMY data were used. The comparison was 

based on ideal DC power output, thus when all the losses coefficients are set to zero. The system consisted 

of one array of 38 SunPower X21-345 COM module [76], with a nominal DC capacity of 13.11 𝑘𝑊. As it 

can be seen in Table 1, the model successfully yielded very similar results, both with fixed tilt and single-axis 

tracking.  

Table 1: Validation results for PV array 

 

DC annual electricity yield 

[MWh] Relative error 

Reference Model 

Fixed tilt 30.67 30.53 -0.46% 

Single-axis tracking 37.92 38.08 +0.42% 

3.2.2 Bifacial PV modules and arrays 

This model consists of three blocks, simulating the irradiance reaching the front and the rear of the bifacial 

module (BPV), and then combining them to obtain the DC power output. The same reasoning behind 

angles and tracking systems applied in the case of the PV module was implemented. The front of the BPV 

is modelled as a traditional PV module, described in paragraph 3.2.1. Regarding the rear, the simulation is 

based on two main changes. First, the tilt angel is the supplementary angle of the front tilt; secondly, view 

factors are introduced to describe the actual amount of solar irradiance reaching the back of the module. 

View factors are calculated as described by [51], after introducing simplifications. As modelling proper view 

factors would have required dedicated models, as the literature review showed, it was decided to move 

towards simplified models. It is assumed that, since the modules are either facing North (Southern 

Hemisphere) or South (Northern Hemisphere), no beam irradiance would directly reach the rear of the 

BPVs. Thus, the total irradiance on the rear side of the BPV module is determined as: 

𝐺𝑟 = 𝑀 ∙ (𝐺𝑑 ∙ 𝐼𝐴𝑀𝑑 + 𝐺𝑔 ∙ 𝐼𝐴𝑀𝑔) = 𝑀 ∙ (𝐺𝐷𝐻𝐼 ∙ 𝑉𝐹𝑟𝑒𝑎𝑟−𝑠𝑘𝑦 ∙ 𝐼𝐴𝑀𝑑 + 𝜌𝐴 ∙ 𝐺𝐺𝐻𝐼 ∙ 𝑉𝐹𝑟𝑒𝑎𝑟−𝑔𝑟𝑜𝑢𝑛𝑑 ∙ 𝐼𝐴𝑀𝑔) 

Where 𝐺𝑑 and 𝐺𝑔 are diffuse and global horizontal irradiance on tilted surface, obtained by means of 

multiplication of TMY DHI and GHI by rear-to-sky and rear-to-ground view factors respectively. The first 

one represents the amount of diffuse irradiance which reaches the back of the module, while the second 

one quantifies the reflected irradiance from the ground. 

𝑉𝐹𝑟𝑒𝑎𝑟−𝑠𝑘𝑦 =
𝑠𝑖𝑛𝛿 − 𝑐𝑜𝑠𝛽

2
 

𝑉𝐹𝑟𝑒𝑎𝑟−𝑔𝑟𝑜𝑢𝑛𝑑 =
𝐻 + √𝐻0

2 + (𝐷 + 𝑑)2 − √(𝐷 − 𝐻 ∙ 𝑐𝑜𝑠𝛽 + 𝑑)2 + (𝐻 ∙ 𝑠𝑖𝑛𝛽 + 𝐻0)2

2 ∙ 𝐻
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Where all the angles and lengths can be read in Figure 6 and Figure 7. The angle 𝛿 is calculated for one 

single point, being the centre of the module height 𝐻. 

 

Figure 6: Reference angle for rear-to-sky view factor 

 

Figure 7: Reference figure for rear-to-ground view factor 

Once irradiance on both front and back of the module are calculated, they are combined by means of the 

bifaciality factor, which is given by the manufacturer. Thus, the useful irradiance on the tilted surface of the 

BPV module is determined, as shown in [49], where the system is idealised: 

𝐺 = 𝐺𝑓𝑠 + 𝐵𝐹 ∙ 𝐺𝑟𝑠 

At this point, the calculations follow the same governing equation of the PV module. This model requires 

the same inputs as the PV model, with some additions for the rear irradiance calculations: 

• Rack height above ground (𝐻0); 

• Module height (𝐻); 

• Spacing between rows (𝐷); and 

• Bifaciality factor. 

Combination of front and rear sides of the BPV module happens in a separated block, where MPP current 

and voltage, hence DC power are calculated. 

3.2.2.1 Model validation 

As for the PV array, the validation of this model was performed by comparison with results from NREL 

software SAM. Similarly to the previous case, the location was Ouarzazate, Morocco, with TMY from 2005 
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and 38 SunPower X21-345 COM module [76], for which the bifaciality option was selected. The bifaciality 

factor was fixed to 65%. In this case, it was also necessary to specify the array layout, since it strongly 

influence the view factor calculation. Modules were arranged on two rows, each of them consisting of two 

lines of modules in landscape position. The array was 0.5 m high from the ground and the rows were 2 m 

apart from each other. Results, for system with and without tracking system are shown in Table 2. 

Table 2: Validation results for BPV array 

 

DC annual electricity yield 

[MWh] 
Relative error 

Increase in 

output 

compared to 

PV array Reference Model 

Fixed tilt 32.10 33.58 +4.61% +9.99% 

Single-axis tracking 38.79 40.97 +5.62% +7.59% 

Additional work on the view factors led to increased errors, thus this model was considered validated. 

3.2.3 Inverter 

The DC-power output of the array is subsequently converted into final net AC power by multiplying it by 

nominal inverter efficiency, as given by the manufacturer: 

𝑃𝐴𝐶 = 𝜂𝑖𝑛𝑣 ∙ 𝑃𝐷𝐶 

Final AC energy yield was also determined, as integral of AC power over one year. This allowed to calculate 

the capacity factor of the power plant, with proper units:  

𝐶𝐹 =
𝐸𝐴𝐶  [𝑊ℎ]

8760 ∙ 𝑃𝑁𝑜𝑚
 

This block requires just one input as parameter (inverter efficiency) and two from the PV, or BPV, array, 

(DC output and nominal power). 

Figure 8 and Figure 9 show the system schematics for PV and BPV arrays, with clear information flows. 

 

Figure 8: Schematic for PV array system model in Wolfram SystemModeler 
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Figure 9: Schematic for BPV array system model in Wolfram SystemModeler 

3.3 Wind turbines and wind farm 

This model consists of three different blocks, namely the wind shear, the wind turbine and the wind farm, 

necessary to calculate the total power and energy output of this energy system when TMY data are input.  

3.3.1 Wind shear 

The first step towards the modelling of a wind turbine, and subsequently a wind farm, was modelling the 

wind shear, or in other words how wind speed varies with increasing height. Several models are available to 

describe the wind speed profile as function of height. The most common are the logarithmic profile and the 

power law profile [54]. However, for this model, the wind shear is calculated as described in the European 

Standard [77]. This model combines the effect of both terrain orography and roughness: 

𝑣ℎ = 𝑐𝑟 ∙ 𝑐𝑜 ∙ 𝑣 

Where: 

• 𝑣ℎ is the wind speed at wind turbine hub height; 

• 𝑐𝑟 is the roughness coefficient; 

• 𝑐𝑜 is the orography coefficient, generically set to 1.00, according to [77]; and 

• 𝑣 is wind speed at reference height. 

According to the standard, the roughness coefficient is defined as: 

𝑐𝑟 =  𝑘𝑟 ∙ ln (
ℎ

𝑧0
) 

Where 𝑘𝑟 is the non-dimensional terrain coefficient as function of the surface roughness length 𝑧0 

According to [77], the surface roughness length should be defined based on the standard terrain category, 

as illustrated in Table 3. 
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Table 3: Description of the terrain category and surface roughness length [77] 

Terrain category Description 𝒛𝟎 [𝒎] 

0 Sea or costal area exposed to the open sea 0.003 

I 
Lakes or flat and horizontal area with negligible vegetation 

and without obstacles 
0.01 

II 

Area with low vegetation such as grass and isolated obstacles 

(trees, buildings) with separations of at least 20 obstacle 

heights 

0.05 

III 

Area with regular cover of vegetation or buildings or with 

isolated obstacles with separations of maximum 20 obstacle 

heights (such as villages, suburban terrain, permanent forest) 

0.3 

IV 
Area in which at least 15% of the surface is covered with 

buildings and their average height exceeds 15 m 
1 

Thus, for each wind speed 𝑣 from TMY location data, the model delivers the wind speed at hub height. 

Finally, the inputs required for this model are: 

1. Surface roughness length; 

2. Orography coefficient; 

3. Wind turbine hub height; and 

4. TMY wind speed at reference height. 

3.3.2 Wind turbine 

The power output of a single wind turbine was determined according to the following equation [54] as 

function of air density, wind turbine rotor diameter, power coefficient and wind speed at wind turbine hub 

height, as previously calculated by the wind shear block: 

𝑃𝑊𝑇 =
1

2
∙ 𝜌 ∙ 𝜋 ∙ (

𝐷

2
)

2

∙ 𝑐𝑝 ∙ 𝑣ℎ
3 = 𝑐𝑝 ∙ 𝑃𝑤𝑖𝑛𝑑 

Two different models of a wind turbine were developed. The first one is based on available data about the 

exact power coefficient 𝑐𝑝 for each wind speed at hub height 𝑣ℎ, as given by the wind turbine manufacturer. 

As this information is not always available, the second wind turbine model simulates different control 

strategies, typical of variable speed wind turbines, to calculate the optimal and actual power coefficient.  

It is important to note that these wind turbine models do not include the wind direction but assume that 

the wind turbine nacelle would always be able to yaw to face the direction of the wind at any time.  

Anyhow, both models require TMY inputs, necessary to determine the air density at each time step at hub 

height: 

1. Ambient temperature [℃]; and 

2. Atmospheric pressure [𝑘𝑃𝑎]. 

Air density 𝜌 is calculated considering the ideal gas law: 

𝜌 = 0.34837 ∙
𝑝

𝑇ℎ + 273.15
 

Where 𝑇ℎ is air temperature at hub height according to the international standard atmospheric lapse rate 

(℃) [54]:  
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𝑇ℎ = 𝑇𝐴𝑚𝑏 − 0.66 ∙
ℎ

100
 

Additionally, the annual energy yield of the single wind turbine is determined according to the same equation 

in both models, and from that the capacity factor is obtained by knowing the nominal power of the wind 

turbine: 

𝐶𝐹 =
𝐸𝑊𝑇 [𝑊ℎ]

8760 ∙ 𝑃𝑁𝑜𝑚
 

3.3.2.1 Tabulated cp model 

The first wind turbine model uses the tabulated value of the power coefficient 𝑐𝑝 as function of the wind 

speed at hub height. Thus, for each timestep, the solver interpolates among tabulated 𝑐𝑝 values to retrieve 

the proper power coefficient. Once the power output is determined, a conditional statement is implemented 

to eliminate any possible wind turbine power output larger than the nominal one, and to set to zero any 

energy output calculated for wind speed below cut-in wind speed or above cut-off wind speed. This is 

necessary to properly simulate the fact that the wind turbine does not produce power for wind speed below 

cut-in wind speed; also, the wind turbine is shut down for safety and reliability issues whenever the wind 

speed rises above cut-off wind speed. 

The inputs required by this model are: 

1. Tabulated power coefficient values as for different wind speed; 

2. Nominal wind turbine power; 

3. Wind turbine rotor diameter; 

4. Cut-in wind speed; and  

5. Cut-off wind speed. 

3.3.2.2 Optimal cp model 

The second model is designed to be used whenever specific tabulated power coefficient values are missing, 

hence determining the optimal operating conditions for each wind speed. This wind turbine model is based 

on different control strategies, typical of variable rotor speed wind turbine. As shown in Figure 10, four 

different control zones can be individuated from the wind turbine power curve: 

1. For wind speeds below cut-in speed (𝑣ℎ < 𝑣𝑐𝑖𝑛), the power output is zero; 

2. For wind speeds between cut-in and rated wind speeds (𝑣𝑐𝑖𝑛 ≤ 𝑣ℎ < 𝑣𝑟), the power output is 

optimized by maximizing the power coefficient. The rated wind speed 𝑣𝑟 is defined as that wind 

speed at which the wind turbine delivers nominal power output. This is obtained by varying the 

rotational speed of the wind turbine, in order to keep the tip speed ratio constant at its optimal 

value, hence delivering a maximum and constant power coefficient.  

𝜆 =  
𝜔 ∙ 𝐷

2 ∙ 𝑣ℎ
 

In this area, the power output is not constant; 

3. For wind speeds between rated and cut-off wind speeds (𝑣𝑟 ≤ 𝑣ℎ < 𝑐𝑐𝑜𝑓), the power output is 

stabilized at its nominal value to provide the best power quality. This is achieved by keeping the 

rotational speed constant, and thus delivering variable tip speed ratio. Here, the power coefficient 

is determined as following: 

𝑐𝑝 =
𝑃𝑁𝑜𝑚

𝑃𝑤𝑖𝑛𝑑
 

4. For wind speeds above cut-off wind speed (𝑣ℎ ≥ 𝑣𝑐𝑜𝑓), the power output is zero.  
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Figure 10: Ideal power curve of a variable rotor speed wind turbine and control areas 

In control region 2, the power coefficient is determined as described by [58], [78]: 

𝑐𝑝 = 𝑐1 ∙ (
𝑐2

𝜆𝑖𝑛𝑡
− 𝑐3 ∙ 𝛽𝑜𝑝𝑡 − 𝑐4) ∙ 𝑒

𝑐5
𝜆𝑖𝑛𝑡  

Where the coefficients 𝑐1 through 𝑐5 are experimental and given by [58], [78], 𝜆𝑖𝑛𝑡 is an intermediate tip 

speed value used to ease the calculations, and 𝛽𝑜𝑝𝑡 is the optimal pitch angle [𝑑𝑒𝑔].  

𝜆𝑖𝑛𝑡 = (
1

𝜆𝑜𝑝𝑡 + 0.089
−

0.035

𝛽𝑜𝑝𝑡
3 + 1

)

−1

 

𝛽𝑜𝑝𝑡 = 𝑝1 ∙ 𝜆𝑜𝑝𝑡
3 + 𝑝2 ∙ 𝜆𝑜𝑝𝑡

2 + 𝑝3 ∙ 𝜆𝑜𝑝𝑡 + 𝑝4 

𝜆𝑜𝑝𝑡 =
𝜔𝑜𝑝𝑡 ∙ 𝐷

2 ∙ 𝑣ℎ
 

Where the coefficients 𝑝1 through 𝑃4 were provided by [58], [78]. As previously introduced, the power 

coefficient of this area is maximized, thus: 

𝜕𝑐𝑝

𝜕𝜆𝑖
= 0 

This set of equations would finally yield the optimal power coefficient 𝑐𝑝, tip speed ratio 𝜆𝑜𝑝𝑡, pitch angle 

𝛽𝑜𝑝𝑡 and actual rotational speed 𝜔 as function of the wind speed.  

In control region 3, the optimal rotational speed 𝜔𝑜𝑝𝑡 is calculated from the definition of the tip speed ratio 

when this is at its optimal value 𝜆𝑜𝑝𝑡 and the wind speed is equal to the rated wind speed 𝑣𝑟. 

Finally, once all those variables have been properly assigned, the power output of the wind turbine exceeding 

its nominal power is limited to 𝑃𝑁𝑜𝑚 through an if statement. 

This model requires similar inputs compared to the previous one: 

1. Nominal wind turbine power;  

2. Wind turbine rotor diameter; 

3. Cut-in wind speed  

4. Rated wind speed; and  

5. Cut-off wind speed. 

Also, the value of the optimal tip speed ratio 𝜆𝑜𝑝𝑡 requires initialization. Realistic results are obtained for 

𝜆𝑜𝑝𝑡(𝑡 = 0) = 8, which reflects typical values of the tip speed ratio [54]. 
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3.3.2.3 Model validation 

The process of validation was based on comparing results, in term of capacity factor and hourly power 

output with reference values. As benchmark, NREL software SAM was used, considering a single wind 

turbine at a time, installed in Ouarzazate, Morocco (30.933° N, -6.9° E), using TMY from 2014. Since this 

software uses a peculiar file format for wind resource file, wind speed was input at three different heights, 

namely 50 m, 80 m and 120 m, as it resulted from the wind shear model described in section 3.3.1. 

Table 4 shows technical characteristics of the chosen wind turbines: the first one is an Enercon E-48, 

mounting a synchronous generator, while the second one is a Vestas V52 with a doubly fed induction 

generator. Several hub heights were tested, starting from 50 m, and increasing by 10 m, up to 150 m.  

Table 4: Technical characteristics of chosen wind turbines [79], [80] 

 Unit Enercon E-48 Vestas V52 

Nominal Power kW 810 850 

Rotor diameter m 48 52 

Hub height m 50:10:150 50:10:150 

Cut-in wind speed m/s 3 4 

Rated wind speed m/s 14 16 

Cut-off wind speed m/s 31 25 

Figure 11 and Figure 12 show the comparison of the capacity factors for Enercon E-48 and Vestas V52. 

The relative error was determined for each hub height. 

As expected, the optimal power coefficient model is not fit for the Enercon wind turbine, since it is designed 

for variable rotor speed wind turbines. The Enercon E-48 has a synchronous generator with a full-scale 

converter, thus is rotational speed of the rotor is completely disconnected from the rotational speed of the 

generator [54], [79]. On the other hand, the model based on the manufacturer power curve yielded useful 

results, with error decreasing with increasing hub height, as shown in Figure 11. 

 

Figure 11: Validation results for wind turbine Enercon E-48 
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Regarding Vestas V52, it can be seen in Figure 12 that the calculation of the optimal power coefficient did 

not deliver realistic results at any hub height, with an average relative error of 31%. This may be due to the 

fact that the optimal power coefficient model assumes ideal and immediate speed control on the wind 

turbine blades, which in reality happens at much slower speed and with lower accuracy. On the contrary, 

the tabulated model closely follows the reference value.  

 

Figure 12: Validation results for wind turbine Vestas V52 

Additionally, the hourly power output was compared. Figure 13 shows the difference in power output in 

January 2014 between the model (using the power curve) and the reference source (SAM), for a Vestas V52 

wind turbine with 80 m hub height. It can be noted that the model matches the results from the reference 

site at low and medium wind speed, up to 12 m/s. Above this value the discrepancy increases, nearly to +20 

kW around 15 m/s. The hourly power output difference, on average in January, resulted in -0.96 kW, with 

a maximum value of 19.21 kW, measured at wind speed of 14.6 m/s.  

 

Figure 13: Power output difference between wind turbine model and reference value as function of wind speed 
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In conclusion, only the tabulated power coefficient model was considered validated at any hub height, while 

the other model would require adding limitations to reduce its ideality. 

3.3.3 Wind farm 

This block simulates the power and energy output  of a wind farm, by accounting for array losses [54], [81] 

𝐸𝑊𝐹 = (1 − 𝐴𝐿) ∙ 𝑁𝑊𝑇 ∙ 𝐸𝑊𝑇 

Array losses are determined according to [54], [81] as function of the turbulence intensity and the ratio 

between the crosswind spacing and the turbine diameter, when considering a downwind spacing between 8 

and 10 rotor diameters. A third-grade polynomial was obtained from Figure 14 when considering all wind 

directions. 

𝐴𝐿 = 𝑎1 ∙ 𝐶𝑊𝑆𝐷
3 + 𝑎2 ∙ 𝐶𝑊𝑆𝐷

2 + 𝑎3 ∙ 𝐶𝑊𝑆𝐷 + 𝑎4 

Where 𝑎1 through 𝑎4 are non-dimensional polynomial coefficients, and 𝐶𝑊𝑆𝐷 is the crosswind spacing-

rotor diameter ratio. This model is designed for only three values of turbulence intensity: 0.05, 0.10, 0.15. 

This model requires three inputs: 

1. Turbulence intensity; 

2. 𝐶𝑊𝑆𝐷, as a rule-of-thumb, the crosswind spacing is usually 4 times the rotor diameter; and 

3. 𝑁𝑊𝑇. 

As usually the downwind spacing, referring to the main wind direction, is 7 rotor diameters, this wind farm 

model can be used as a reference and preliminary calculation. 

 

Figure 14: Array losses as function of the turbulence intensity and the ratio of crosswind spacing and rotor diameter [54], [81] 

3.3.3.1 Model validation 

To validate this windfarm model, one array of five Vestas V52 (80 m hub height), located in Ouarzazate, 

Morocco, was designed. All the wind turbines were aligned facing the main wind direction. Annual 

elecetricity production was calculated, as function of the crosswind spacing-diameter ratio, using both the 

model and SAM. In SAM, array effect was simulated with its “Simple Wake” model, based on “wind speed 

deficit factor to estimate the reduction in wind speed at a downwind turbine due to the wake of an upwind 

turbine” [82]. Results are shown in Figure 15. As it can be appreciated, SAM energy yield is constant and 

independent from the CWS, as expected from the wind farm model description. On the other hand, the 

modelled energy output increases as CWS increases. The graph shows the relative error as well, on the 

secondary y-axis. This indicator is minimized for 15 CWS, at around 8%, while it is significant (-19.8%) at 

low wind turbine spacing.  
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Figure 15: Wind farm model validation results 

In conclusion, even though the validation software does not introduce energy losses for this specific wind 

farm design, it was decided to consider this wind farm model validate. The main reason behind this lies in 

the fact that the wind turbine model does not consider yawing, thus it is assumed that the wind turbines 

always face the wind direction. Hence, the array losses introduced within the windfarm model would 

counterbalance the ideality of the yawing process, as well as represent more complex arrays.  

Figure 16 and Figure 17 shows the schematics for the two wind turbine models. 

 

Figure 16: Schematic for wind farm model with tabulated power coefficient in Wolfram SystemModeler 
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Figure 17: Schematic for wind farm model with optimal power coefficient in Wolfram SystemModeler 

3.4 Diesel generators 

Diesel generators are modelled in terms of power output and hourly fuel consumption. Two different 

models were developed, depending on data availability. The first one is thought to be used whenever 

datasheet information about fuel consumption is not available, while the second model is based on datasheet 

consumptions. 

Both models require hourly data about electricity demand, as it is assumed that the diesel generator will 

entirely provide for it. Additionally, the two models assume that the diesel generators always follow the load 

(prime power mode) and that, to maximize diesel generator lifetime, the minimum power output is defined 

as fraction of the nominal power.  

𝑃𝑚𝑖𝑛 = 𝑘𝑚𝑖𝑛 ∙ 𝑃𝑁𝑜𝑚 

Where 𝑘𝑚𝑖𝑛 is the non-dimensional coefficient quantifying the minimum load allowed. Subsequently, an if 

statement is designed to quantify the power output: 

𝑃𝐷𝐺 = {

𝑃𝑁𝑜𝑚, 𝑃𝑑𝑒𝑚 > 𝑃𝑁𝑜𝑚

𝑃𝑑𝑒𝑚,  𝑃𝑚𝑖𝑛 < 𝑃𝑑𝑒𝑚 ≤ 𝑃𝑁𝑜𝑚

𝑃𝑚𝑖𝑛, 𝑃𝑑𝑒𝑚 ≤ 𝑃𝑚𝑖𝑛

 

The two models determine the hourly specific fuel consumption, annual fuel consumption, as well as the 

annual energy output and generator efficiency. 

𝜉 =  
𝐹𝐶

𝑃𝑜𝑢𝑡
 

𝜂𝐷𝐺 =
1

𝜉 ∙ 𝜌𝐷 ∙ 𝐿𝐻𝑉𝐷
 

Where 𝜌𝐷 is diesel density and 𝐿𝐻𝑉𝐷 is the lower heating value of diesel. Reference values are hereby shown 

[83]. 

𝜌𝐷 = 832.0
𝑘𝑔

𝑚3 
          𝐿𝐻𝑉𝐷 = 43.1

𝑀𝐽

𝑘𝑔
 

3.4.1 Estimated fuel consumption 

As described in several articles [62], [64], diesel generator fuel consumption can be modelled as function of 

the power output and nominal power [84] 

𝐹𝐶 = 𝐴 ∙ 𝑃𝐷𝐺 + 𝐵 ∙ 𝑃𝑁𝑜𝑚 
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Where 𝐴 and 𝐵 are constant coefficients [84]. 

𝐴 = 0.246
𝑙

𝑘𝑊ℎ
          𝐵 = 0.08145

𝑙

𝑘𝑊ℎ
 

Hereby the inputs required by this model: 

1. Hourly power demand; 

2. Nominal power; 

3. Minimum load fraction; 

4. Diesel density; and  

5. Diesel lower heating value. 

The model can be seen in Figure 18. 

 

Figure 18: Schematic for genset model without fuel consumption table in Wolfram SystemModeler 

3.4.2 Manufacturer fuel consumption 

In this model, the fuel consumption is determined by means of interpolation between tabulated fuel 

consumption values (𝐹𝐶𝑡𝑎𝑏 , [
𝑙

𝑘𝑊ℎ
]) given by the diesel generator manufacturer.  

𝐹𝐶 = 𝐹𝐶𝑡𝑎𝑏 

This variable is given as a two-column table, where the first one contains the load ratio 𝑘 and the second 

the relative fuel consumption 𝐹𝐶𝑡𝑎𝑏. As input to the table, the ratio between power demand and the nominal 

power is necessary.  

𝑘 =
𝑃𝑑𝑒𝑚

𝑃𝑁𝑜𝑚
 

It is important to note that the minimum load ratio listed in the table should be equal to the minimum power 

fraction allowed. 

This model requires the following inputs: 

1. Hourly power demand; 

2. Tabulated fuel consumption as function of power ratio; 

3. Nominal power; 

4. Minimum load fraction; 

5. Diesel density; and  

6. Diesel lower heating value. 

The model is shown in Figure 19. 
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Figure 19: Schematic for genset with manufacturer's fuel consumption table in Wolfram SystemModeler 

3.5 Battery storage 

Storage of electricity was introduced through a generic battery model, simulating both electrical and thermal 

behaviour. Since the goal of this work is develop a model simulating the power flows within a defined energy 

system, it was decided to design this model as a black box, storing excess power and releasing it when 

needed. To achieve this, the following assumptions were required, regarding both power and thermal 

calculations: 

• The battery model is as generic as possible to fit as many situations as possible; 

• The battery voltage is assumed constant and independent from the state of charge and battery 

temperature. This would be the most critical and ideal assumption; 

• The battery storage system comprises several cells which are connected in series; 

• The cooling system consists in a fan operating whenever the temperature of the battery system is 

outside a defined temperature window; 

• The fan has only three possible speeds, namely 0, 2 and 4 kg/s; 

• The battery temperature is assumed homogenous throughout its mass; 

• The battery exchanges heat with air only through convective heat transfer and through its lateral 

surface area; and 

• No other heat losses are considered. 

With the awareness that these assumptions may excessively simplify the entire model, the power flow in and 

out the energy storage system, and its temperature were designed as following. 

3.5.1 Power model 

The power flow is determined at each timestep as function of the battery capacity, charge, maximum and 

minimum states of charge, charging and discharging efficiencies and net power. This is defined as the 

difference between power supply and power demand. Thus, a negative net power indicates a power deficit 

requiring battery discharge, while a positive net power depicts the opposite situation, when the battery can 

be charged. The algorithm determining whether to charge or not the battery is shown in Figure 20.  

According to this model, the battery power is defined negative when the battery is being discharged and 

positive when the battery is being charged. At each time step the model compares the battery charge and 

required net power with several limit values, such as: 

• Minimum and maximum battery charge, defined as the battery maximum charge multiplied by the 

minimum and maximum state of charges, respectively; and  

• Minimum dischargeable power and maximum chargeable power. 

This model can be integrated in the larger system in two different ways: it can be directly connected to DC 

power sources, such as PV solar array, or to AC sources, hence it would need an inverter to manage the 

input/output currents. 
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Figure 20: Battery charging and discharging algorithm 

This first part of the model requires several parameters, mostly to describe the operational limits of the 

energy storage system: 

• Battery capacity [J]; 

• Maximum state of charge; 

• Minimum state of charge; 

• Charging efficiency; 

• Discharging efficiency; and  

• Maximum power flow; 

It is necessary to specify the initial state of charge of the battery.  

3.5.2 Thermal model 

The goal of the thermal model is to calculate the electric parasitic load to maintain the battery at optimal 

temperature. The required assumptions were listed above. As main reference, NREL documentation was 

used [68]. The battery storage system is assumed in a closed environment, to protect it from environmental 

conditions, and cooling is based on air convective heat transfer. A diagram of the system, with the 

considered heat flows is shown in Figure 21. 

 

Figure 21: Diagram for the thermal model of the battery 
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The following energy balance is solved at each time step. The battery internal energy variation is set equal 

to the convective heat transferred with cooling air and the heat generated by the battery internal resistance 

(𝑃ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠). The second equation introduces the air mass flow absorbing heat from the battery, entering at 

ambient temperature and exiting the energy storage environment at 𝑇𝑜𝑢𝑡𝑙𝑒𝑡. 

(𝑚 ∙ 𝑐𝑝)
𝐵𝑎𝑡𝑡

∙
𝑑𝑇𝐵𝑎𝑡𝑡

𝑑𝑡
= ℎ𝑐𝑜𝑛𝑣 ∙ 𝐴𝐵𝑎𝑡𝑡 ∙ 𝐿𝑀𝑇𝐷 + 𝑃ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠 

ℎ𝑐𝑜𝑛𝑣 ∙ 𝐴𝐵𝑎𝑡𝑡 ∙ 𝐿𝑀𝑇𝐷 = (�̇� ∙ 𝑐𝑝)
𝑎𝑖𝑟

∙ (𝑇𝐴𝑚𝑏 − 𝑇𝑜𝑢𝑡𝑙𝑒𝑡) 

𝐿𝑀𝑇𝐷 =  
(𝑇𝐴𝑚𝑏 − 𝑇𝑏𝑎𝑡𝑡) − (𝑇𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑏𝑎𝑡𝑡)

ln(𝑇𝐴𝑚𝑏 − 𝑇𝑏𝑎𝑡𝑡) − ln(𝑇𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑏𝑎𝑡𝑡)
 

The specific heat of the battery is assumed constant and set to 975 J/(kg∙K), typical value for Lithium – ion 

batteries [85]. 

The cooling fan is designed with only three speeds, which are selected depending on the battery temperature. 

In fact, the cooling system is shut down (�̇� = 0) whenever the battery temperature drops below the lower 

battery temperature limit, while the air flow is increased to its maximum value whenever the battery 

temperature surpasses the maximum allowed. The cooling power required to operate the fan is calculated 

as function of the fan pressure increase (∆𝑝), fan efficiency and volumetric flow rate. This parasitic load 

can be either supplied by the grid or subtracted by the power charged and discharged by the battery. 

𝑃𝑓𝑎𝑛 =
∆𝑝 ∙ �̇�

𝜌 ∙ 𝜂𝑓𝑎𝑛
 

For this section, necessary inputs are listed below: 

• Ambient temperature [°C]; 

• Battery nominal voltage; 

• Number of battery units; 

• Internal resistance; 

• Minimum and maximum battery temperature; 

• Heat transfer coefficient; 

• Battery exposed area; 

• Battery mass; 

• Cooling system pressure increment; and 

• Fan efficiency.  

The model is shown in Figure 22. 

 

Figure 22: Schematic for battery storage system coupled to the grid through an inverter in Wolfram SystemModeler 
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3.6 Grid connection 

The electricity network is modelled as a power input which can supply any power below a maximum value, 

set by grid constrains. To determine whether the system is on- or off-grid, the value of the Boolean variable 

“Grid connection” can be modified. Thus, the inputs required are: 

1. Maximum grid capacity; and 

2. Boolean variable for grid connection, which is set to “true” for on-grid systems and “false” for off-

grid ones. 

3.7 Examples of integrated model 

In the following two examples, the main component would be the Energy Management System. Starting 

from the energy source with the highest priority (merit order), this model determines how much power is 

consumed at any time, by comparing power supply and demand. It calculates how much power excess and 

deficit are generated too. The latter would be then the power demand for the energy source with the 

following merit order number. In this way, as the merit order increases, the power supplied by each energy 

sources decreases. So, for 𝑛 energy sources, each delivering power 𝑃𝑖, with 1 ≤ 𝑖 ≤ 𝑛 being the merit order, 

the power balance 𝐵𝑎𝑙𝑖, deficit and excess are calculated as shown: 

𝐵𝑎𝑙1 = 𝑃𝑑𝑒𝑚 − 𝑃1 

𝐵𝑎𝑙2 = 𝑃𝑑𝑒𝑓,1 − 𝑃2 

… 

𝐵𝑎𝑙𝑛 = 𝑃𝑑𝑒𝑓,(𝑛−1) − 𝑃𝑛 

{
𝑃𝑑𝑒𝑓,𝑖 = 𝐵𝑎𝑙𝑖 , 𝐵𝑎𝑙𝑖 < 0

𝑃𝑒𝑥𝑐,𝑖 = 𝐵𝑎𝑙𝑖 , 𝐵𝑎𝑙𝑖 > 0
 

3.7.1 Energy system without CSP 

This model is intended to show how a generic microgrid system could be represented. This energy system 

includes a PV array, a wind farm, a battery storage unit, a diesel generator system and a grid connection, 

each of them modelled as previously described. The system schematic is shown in Figure 23. Time is input 

hourly and it determines the value of solar and wind resources, as well as power demand. Power generated 

from the renewable energy sources is sent to the Energy Management System model. Here, at any time step, 

the power supply is compared with the power demand, as previously explained, according to the following 

merit order: 

1. Solar farm, wind farm; 

2. Battery; 

3. Genset 1, genset 2, etc…; 

4. Grid. 

The power deficit after renewable generation can be supplied by either the electric grid, if present, or by a 

set of diesel generators. In this case, priority is given to the genset, since the model was developed for off-

grid applications. Thus, once the amount of diesel generators is specified, they are designed to cover the 

power deficit at any moment. Each of the gensets supplies the total power deficit reduced by the power 

already supplied by the other gensets. Multiple gensets were modelled as arrays, where each row contains 

results for each diesel generator. The electric grid model is designed to supply the power deficit calculated 

after the power supplied by the gensets. 

For example, in a system with three equal diesel generators with 1 MW capacity, and a power deficit of 5 

MW, all of the gensets would work at nominal capacity and the grid, if present would provide the remaining 

2 MW. On the other hand, in case of a lower power deficit, 2.5 MW for example, the first two gensets would 
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deliver 1 MW each, while the third one would work at partial load and supply the remaining 0.5 MW. In 

this case, the grid would not deliver power to the system. 

 

Figure 23: Schematic for the energy system without CSP in Wolfram SystemModeler 

Apart from the inputs listed in each model description, this microgrid model requires: 

1. Hourly power demand; and  

2. Number of diesel generators. 

The solar array model is slightly different from the one presented in section 3.2, as it presents six additional 

inputs on the top side. These are just all the PV technical specifications, which are input through a table, 

visible in the top left corner of Figure 23. This was introduced in order to quickly change the PV module 

model, from one manufacturer to another. 

3.7.2 CSP integrated energy system 

Adding CSP in the previous system does not introduce much complexity. In fact, the only significant change 

would be in the EMS component. Here, CSP has a high merit order, thus the power it produces is consumed 

after the solar farm and wind farm. Regarding the battery storage, CSP power could be consumed either 

before or after, depending on what would be prioritized in the system. The merit order of this model is the 

following, where CSP and battery positions could be exchanged: 

1. Solar farm, wind farm; 

2. CSP; 

3. Battery; 

4. Genset 1, genset 2, etc …; 

5. Grid. 
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4 Case study: remote communities in Queensland, 

Australia 

4.1 Introduction 

It was decided to analyse the energy system of remote locations in Queensland, Australia. Queensland is 

one of the six Australian states, more precisely, the second largest in area and the third most populous, 

reaching more than 5 million people [86]. Its population is mostly located on the coast, in the South East 

Queensland urban agglomeration, close to the state capital Brisbane. It is estimated that around 75% of the 

state population lives in this area [87], as it can be deduced from Figure 24 [88]. 

 

Figure 24: Population distribution in Queensland in June 2018 [88] 

However, it is the population of remote areas that requires the most attention in terms of energy, since the 

transmission and distribution grid often does not reach them. Figure 25 shows the electricity network of 

Queensland, highlighting the lack of interconnections in many areas, especially in the western outback and 

in the far north region [89]. Thus, remote communities must rely on expensive and polluting diesel 

generators, although renewable energy sources are becoming a more popular choice [90]. At this point, it is 

important to distinguish between off-grid and fringe-of-grid communities. The former, which could be 

identified as mines and related communities, are completely disconnected from the distribution grid, and 

are mostly powered by diesel generators, often paired with solar PV systems [91]. The expression “fringe-

of-grid” describes locations and small towns connected to distribution network which authorities or grid 

operators aim to disconnect permanently or temporarily, as in case in case of peak demand, in order to 

reduce operational and maintenance costs [90]. The idea behind fringe-of-grid communities is to exploit 

their flexibility in terms of grid connection to reduce costs, at the price, of course, of introducing additional 

system complexity and microgrid management tools. This could be achieved only if new generation capacity 

and possibly storage capacity are introduced in the system. 

Both off-grid and fringe-of-grid communities could benefit from CSP technology. In fact, CSP, integrated 

with TES system, could be a cost-effective alternative to diesel generators, and even to grid network capacity 

augmentation, as shown by a study from the Institute for Sustainable Future [92]. According to this study, 

CSP capacity could avoid more than 500 million AUD in network investments between 2018 and 2024, 

50% of which would be in Queensland.  
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This transition could lead to creation of new job opportunities as well as to cost cuts for those communities, 

together with a cleaner and more sustainable renewable-based energy system. A study by the Australian 

Industrial Transformation Institute recently published, has concluded that CSP would certainly have a 

significant impact on the economy of the entire country [93]. According to business-as-usual scenario from 

this study, if today’s policies and initiatives are respected, the development of CSP between 2031 and 2040 

would contribute to the Gross State Product with nearly 2.5 billion AUD. Limiting the scope to Queensland, 

the direct economic contribution decreases to 179 million AUD, inducing additional 371 million AUD and 

creating a total of more than 3 thousand full-time-equivalent jobs [93].  

 

Figure 25: Transmission (left) and distribution (right) network in Queensland in November 2018 [89] 

To better understand the advantages of CSP, it is necessary to analyse Queensland energy system. A 

collaboration between the Australian Bureau of Statistics and the Department of the Environment and 

Energy within the Australian Government produced the latest data about energy production and 

consumption [94], with a detailed differentiation between states and territories. In fiscal year 2016-2017, 

Queensland reached a total primary energy supply (TPES) of 1533.8 PJ, whose breakdown is shown in 

Figure 26. Notice that the category “Other Renewables” includes all the other technology not listed, 

especially solar thermal energy. Most of the fossil fuels produced are exported, as for the entire country, and 

only 44% of it used in electricity generation. The electricity mix is depending on natural gas and coal for 

92% of the total input. In general, renewable energy sources represents just 129.40 PJ of the TPES, being 

slightly more than 8%. More specifically, only 24.69 PJ are actually used in electricity generation, as the 

remaining 104.71 PJ are mostly bagasse for other uses. The primary renewable energy fraction in electricity 

generation is just 3.80%. In the same year, the final energy consumption was 1074.30 PJ, with electricity 

representing 19% of it.  

Figure 27 and Figure 28 show the conversion process from primary energy to final consumption, 

introducing all the transformation and transmission losses. The source of data defines the electricity mix 

twice, firstly as function of the primary energy input, and secondly by considering the conversion efficiency 

and at the same time still differentiating the input energy source. On average, conversion of fossil fuels to 

electricity has an efficiency of 37%. Primary energy from all renewables excluded biomass was considered 

directly converted to useful electricity, while conversion of biomasses resulted being 37% efficient as well. 

As reference, conversion from primary energy to electricity is 36.8% efficient. By comparing electricity 

production and consumption, transmission and distribution (T&D) losses were quantified to 6%.  
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Figure 26: Total Primary Energy Supply by energy source, in PJ 

 

 

 

Figure 27: Energy supply of fossil fuels, from primary energy to electricity and other consumptions 
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Figure 28: Energy supply of renewable energy sources, from primary energy to electricity and other consumptions 

The total installed capacity in Queensland is 15.16 GW (shown in Figure 29), with coal and gas power plants 

covering more than 80% of the total. Renewables are led by solar PV installations (1.01 GW), among which 

the Daydream Solar Farm in the central-north region tops with 150 MWDC capacity. Hydropower capacity 

includes a 500 MW pumped hydro power plant from 1984 [89]. “Other fossil fuel” category includes waste 

coal mine gas burners, gas/diesel hybrid power plants, and diesel power plants; while “Other renewables” 

category includes wood waste, agricultural waste, landfill gas and sewage waters power plants 

 

Figure 29: Breakdown of total installed capacity in Queensland, as of November 2018 [89] 

The same source lists the power plants under construction. Interestingly, the total installed capacity will 

increase with 1.32 GW of renewable capacity only, which would increase the renewable share to 22.4% from 

less than 16%. Looking at proposed powerplants, at various stages of development, all of them are 

renewable powered, for a total of more than 19 GW. The proposed PV capacity surpasses the total installed 

capacity of 2018 (15.5 GW), while wind capacity could increase by a factor of 10. Storage systems would be 

deployed at large scale, with an approved 1 GW/ 4 GWh battery storage capacity system [95], and a PV-

pumped hydro storage system of 250 MW/2 GWh capacity using an abandoned gold mine as water reservoir 
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[96]. Only one 250 MW CSP plant has been proposed near the city of Townsville, which is still waiting for 

approval. 

In general, it can be concluded that Queensland energy system is certainly moving away from fossil fuels, as 

the information about proposed or under-construction power plants shows. However, CSP technology has 

not yet become a part of this development, even though its benefits are recognised [93]. 

4.2 Location selection in Queensland 

The selection of possible locations for the modelling was based on a map (Figure 30) published on a report 

prepared for Jeanes Holland and Associates by ENERGEIA, an Australian energy consultancy company, 

about CSP opportunities in Australia [90]. 

 

Figure 30: Fringe-of-grid and off-grid towns relative to large towns, by distance band [90] 

By comparison with satellite images and maps, all the fringe-of-grid and off-grid towns indicated by blue 

dots in the map were identified, as shown in Table 5.  

Apart from the towns of Cloncurry, Hughenden and Longreach, all the other communities have less than 

one thousand inhabitants, for which the average load of 8.3 MW was considered non-representative. This 

said, Cloncurry and Longreach were chosen as study locations, because of their similar populations, their 

fringe-of-grid status, being located at the end of a distribution line, and lack of large renewable power plants. 

Hughenden was discarded because of the presence of a 60 MW capacity wind-PV-storage hybrid power 

plant at the outskirt of the town [97]. 

The report includes an average daily load profile for such locations, which is shown in Figure 31 (dashed 

line). Knowing the half-hourly power demand profile for the entire Queensland (fiscal year 2015), provided 

by Azelio AB, an entire hourly annual load curve was downscaled using the average daily profile as reference. 

Figure 31 shows four reference days (Spring equinox, Summer solstice, Autumn equinox and Winter 

solstice), as well as the reference load profile.  
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Table 5: Possible fringe-of-grid locations in Queensland. Population from Wikipedia, solar and wind resource from Global Solar Atlas and Global 

Wind Atlas respectively, and temperature read from the Global Solar Atlas [98], [99] 
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Abingdon 
Downs 

NA 300 5.98 6.38 1.78 25.20 5.29 Off-grid 

Blackbull NA 500 5.95 6.42 1.72 26.70 5.11 On-grid 

Bollon 334 300 5.58 6.79 1.46 20.80 5.85 Off-grid 

Bulleringa NA 200 5.93 6.23 1.83 24.60 5.84 Off-grid 

Cloncurry 2719 800 6.15 7.01 1.62 25.70 5.88 On-grid 

Eromanga 50 700 5.89 7.20 1.46 23.20 6.53 Off-grid 

Hughenden 1136 300 6.09 7.01 1.57 24.40 6.23 On-grid 

Isisford 262 500 5.96 7.14 1.48 23.80 6.00 Off-grid 

Jericho 370 300 5.83 6.83 1.55 22.30 5.36 On-grid 

Longreach 2970 500 5.98 7.06 1.52 24.50 6.35 On-grid 

Maneroo NA 600 5.99 7.05 1.53 24.50 6.10 Off-grid 

Morven 200 300 5.63 6.85 1.46 20.20 5.58 On-grid 

Mount Surprise 306 200 5.83 6.10 1.86 23.00 6.04 Off-grid 

Muttaburra 88 500 6.01 7.00 1.56 24.50 6.33 Off-grid 

Stamford 75 400 6.07 6.96 1.60 25.00 6.24 On-grid 

Thargomindah 270 700 5.79 7.16 1.43 22.20 6.55 Off-grid 

Windorah 158 800 5.98 7.21 1.47 24.00 5.84 Off-grid 

Winton 875 700 6.06 7.01 1.58 25.40 6.13 On-grid 
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Figure 31: Daily load profile for selected reference days and yearly average 

4.3 Key Performance Indicators 

In order to compare different energy systems, four main energy key performance indicators were defined. 

The first one is the primary energy supply in energy generation (𝑃𝐸𝑆, [
𝐺𝑊ℎ

𝑦𝑒𝑎𝑟
]), which describes the amount 

of primary energy that is required to meet the electric load. Grid electricity would be converted to primary 

energy using the average conversion efficiency of the energy system and introducing T&D losses. Wind 

energy is converted to primary by introducing T&D losses as well, while PV AC yield is converted to the 

DC yield by means of inverter efficiency. The same applies to CSP technology. 

Another monitored aspect would be the share of renewable energy fraction of the primary energy supply, 

namely the primary renewable energy fraction (𝑃𝑅𝐸𝐹, [%]).  

𝑃𝑅𝐸𝐹 =
𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑒𝑛𝑒𝑟𝑔𝑦

𝑃𝐸𝑆
 

Since potential energy systems could be temporarily off-grid, it would be interesting to analyse also the 

fraction of consumed electricity coming from the grid. This KPI, namely the grid penetration (𝐺𝑃, [%]), is 

defined as: 

𝐺𝑃 =
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑔𝑟𝑖𝑑

𝑇𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑡𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
 

The global energy performance of the installed renewable capacity would be quantified with the global 

capacity factor (𝐺𝐶𝐹, [%]), defined as the ratio of total renewable electricity production at location, and 

maximum energy yield.  

𝐺𝐶𝐹 =
𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑

8760 ∙ 𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
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The climate aspect would be considered as well and evaluated by determining yearly greenhouse gas 

emissions as kilotons of carbon dioxide equivalent (𝐸𝐶𝑂2, [
𝑘𝑡𝑜𝑛𝐶𝑂2,𝑒𝑞

𝑦𝑒𝑎𝑟
]). This KPI would be evaluated by 

referring to the Clean Energy Regulator spreadsheet, published by the Australian Government as an open-

access tool to determine the total carbon-dioxide equivalent emissions [100]. System carbon emissions only 

refer to those generated by the diesel generators and by the production of electricity for the grid. 

Economic aspects of each energy systems would be analysed as well, in the most holistic and comprehensive 

way possible. Three additional KPIs were defined. Firstly, annual system greenhouse gas emissions would 

be monetized, by dividing the total expenses for fossil fuel electricity generation with the total carbon 

dioxide emissions. This indicator was named Cost of Emission (𝐶𝑂𝐸, [
𝐴𝑈𝐷

𝑡𝑜𝑛𝐶𝑂2,𝑒𝑞
]). 

𝐶𝑂𝐸 =
𝐴𝑛𝑛𝑢𝑎𝑙 𝑔𝑟𝑖𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑒𝑥𝑝𝑒𝑛𝑠𝑒 + 𝑎𝑛𝑛𝑢𝑎𝑙 𝑑𝑖𝑒𝑠𝑒𝑙 𝑒𝑥𝑝𝑒𝑛𝑠𝑒 + 𝑑𝑖𝑒𝑠𝑒𝑙 𝑂𝑃𝐸𝑋

𝐸𝐶𝑂2
 

Yearly operational and maintenance expenses for the entire system would be analysed too. System Operation 

and Maintenance cost (𝑆𝑂&𝑀, [
𝑚𝐴𝑈𝐷

𝑦𝑒𝑎𝑟
]) is defined as following, where OPEX for each 𝑖 energy sources 

are summed. 

𝑆𝑂&𝑀 = 𝐴𝑛𝑛𝑢𝑎𝑙 𝑔𝑟𝑖𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑒𝑥𝑝𝑒𝑛𝑠𝑒 + 𝑎𝑛𝑛𝑢𝑎𝑙 𝑑𝑖𝑒𝑠𝑒𝑙 𝑒𝑥𝑝𝑒𝑛𝑠𝑒 + ∑ 𝑂𝑃𝐸𝑋𝑖
𝑖

 

Finally, the cost of renewable capacity and generation would be calculated with the Renewable Generation 

Cost (𝑅𝐺𝐶, [
𝐴𝑈𝐷

𝑀𝑊ℎ
]), an indicator similar to the Levelized Cost of Electricity. Here, discounted capital costs 

and operational expenses for each 𝑗 renewable energy technology are summed and divided by the total 

annual electricity production, as the sum of the energy yield of each 𝑗 renewable technology. 

𝑅𝐺𝐶 =
∑ 𝐹𝑅 ∙ 𝐶𝐴𝑃𝐸𝑋𝑗 + 𝑂𝑃𝐸𝑋𝑗𝑗

∑ 𝐴𝐸𝑃𝑗𝑗
 

Where 𝐹𝑅 is the capital recovery factor, defined as: 

𝐹𝑅 =  
𝑊𝐴𝐶𝐶 ∙ (1 + 𝑊𝐴𝐶𝐶)𝑛

(1 + 𝑊𝐴𝐶𝐶)𝑛 − 1
 

Where 𝑊𝐴𝐶𝐶 is the weighted Average Capital Cost and 𝑛 is the system lifetime.  

LCOE values would be calculated and compared for each renewable energy technology, using the RGC 

definition considering one technology at a time.  

More details about all the KPIs can be found in sections 4.4 and 4.5. 

4.4 Reference energy systems and base assumptions 

Before modelling how Azelio AB’s CSP technology would perform at such locations, it is necessary to 

model the reference energy systems (REF), including the existing power plants. 

Cloncurry is located at one end of a 66 kV distribution line connecting the town to Mount Isa [101], in the 

north-west region of Queensland. It is completely powered by natural gas power plants situated in Mount 

Isa, according to [89]. A CSP solar tower power plant with a capacity of 10 MW was to be installed in 2010, 

but the project was eventually cancelled due to light glare pollution [102]. A 30-MW PV has been proposed 

by Infigen Energy [103], but the status of this project is unknown. 

The town of Longreach, in Central West Queensland, lies approximately 700 km from the coast [104]. 

Situated at one end of a 66 kV line [101], it is also powered by Longreach Solar Farm by Canadian Solar 

[105], a 15 MWAC PV power plant. 
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Reference information is given in Table 6. 

Table 6: Reference energy systems at selected locations. Sources: Longreach solar farm [105] 

 Cloncurry Longreach 

Location 

information 

Name CLO LON 

Latitude -20.70 -23.43 

Longitude 140.51 144.27 

Elevation above sea level 

[m] 
200 193 

Solar PV farm 

AC Capacity [MW] 0.00 15.00 

DC Capacity [MW] 0.00 17.47 

DC-to-AC ratio 0.00 1.16 

Module None Canadian Solar 
MaxPower2 CS6U- 320 

Efficiency 0.00 17.23% 

Tracking None Single axis 

According to Energon Energy, Queensland’s main electricity distributor [101], distribution line ratings are 

shown in Table 7. Those values are consistent with the load curve given in Figure 31, hence confirming the 

assumptions of the curve. 

Table 7: Grid connections at locations 

Parameter Unit CLO LON 

Line current rating A 204 413 

Line voltage rating kV 66 66 

Line power rating MVA 13.5 27.3 

It is assumed that the electricity supply in Longreach would reflect Queensland energy mix, as previously 

described in section 4.2, while the grid serving Cloncurry would only be natural gas-powered, since the town 

is not connected other powerplants other than the gas-fired ones in Mount Isa. This reflects in different 

primary energy to electricity conversion efficiencies. 

It is assumed that each energy system includes two emergency diesel generators, with a nominal capacity of 

1 MW, for which fuel consumption is modelled as described in section 3.4.1. In the model, the diesel 

generators cannot be shut down or disconnected, hence they would be running above minimum load (20% 

of nominal capacity) at all times. 

Representations of the two reference energy systems in Wolfram SystemModeler are shown in Figure 32 

and Figure 33.  

In both cases, the EMS prioritizes the grid over the gensets. This means that the EMS determines a first 

power balance as supply minus demand.  

𝐵𝑎𝑙1 = {
−𝑃𝑑𝑒𝑚, 𝐶𝐿𝑂 − 𝑅𝐸𝐹

𝑃𝑃𝑉 − 𝑃𝑑𝑒𝑚, 𝐿𝑂𝑁 − 𝑅𝐸𝐹
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If this balance is negative, it is input to the grid which supplies the deficit (𝑃𝑔𝑟𝑖𝑑). At this point, a second 

balance is determined: 

𝐵𝑎𝑙2 = {
𝑃𝑔𝑟𝑖𝑑 − 𝑃𝑑𝑒𝑚, 𝐶𝐿𝑂 − 𝑅𝐸𝐹

𝑃𝑃𝑉 + 𝑃𝑔𝑟𝑖𝑑 − 𝑃𝑑𝑒𝑚, 𝐿𝑂𝑁 − 𝑅𝐸𝐹
 

In case there would still be a power deficit, this would be supplied by the gensets. 

The same load profile is considered for the two locations. Total electricity demand is equal to 72.86 GWh, 

with a maximum peak load of 15.47 MW in early September, while the minimum load is 4.34 MW in early 

January. This value, as the hourly demand, would remain constant in each scenario. Referring to [106], 

during storm season between October 2017 and April 2018 there were 13 major outage events in the 

distribution network of Queensland. Only two of them, for a total (maximum) of 300 hours, were rural 

locations as Cloncurry and Longreach. It was estimated that the total unsupplied demand amounted to 896 

MWh, and this value was used as reference to evaluate the annual energy deficit. 

 

Figure 32: Cloncurry reference energy system in Wolfram SystemModeler 

 

Figure 33: Longreach reference energy system in Wolfram SystemModeler 

Those systems are not ideal, as there are many sources of losses. Loss coefficients, listed in Table 8, were 

considered constant in each scenario. The table also shows efficiency values which are common to every 
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energy system modelled, such as the inverter efficiency, or primary energy to electricity conversion 

efficiency.  

Table 8: Constant losses and efficiency values 

Parameter Value Source 

Shading losses in the PV array 2.00% Assumed 

Soiling losses in the PV array 2.00% Assumed 

Mismatching losses in the PV array 4.00% Assumed 

Cabling losses in the PV array 3.00% Assumed 

T&D losses 6.00% Calculated, see section 4.1 

Inverter Efficiency 97.00% Assumed 

Primary energy to electricity conversion 

efficiency in Cloncurry 
38.20% 

Calculated as weighted average, see 

section 4.1 

Primary energy to electricity conversion 

efficiency in Longreach 
36.82% 

Calculated as weighted average, see 

section 4.1 

The total electricity delivered by the grid in Cloncurry is 72.79 GWh, to which corresponds 122.53 GWh of 

primary energy from natural gas. To this, 3.53 GWh generated by the two gensets are added to match the 

demand. During the year, the diesel generators deliver more than the minimum load only for 32.5 hours. 

Total consumption of diesel is 2.30 thousand cubic meters, equivalent to nearly 20 large road trains with 

120 cubic meters capacity [107], [108]. 

In Longreach, the distribution network supplies less 55% of the total consumption, since the solar farm is 

able to cover the energy demand during the day, as shown by the very high capacity factor (38.38%). Because 

of the high maximum capacity of the grid, the diesel generators are never called to work, but run at idle 

minimum load, consuming 2.29 thousand cubic meters of diesel. Therefore, the same result would be 

obtained in all the other grid-connected scenarios. 

Results for these energy systems are shown in Table 9. 

Table 9: Energy KPIs for reference scenarios 

KPI Unit CLO-REF LON-REF 

PES GWh 145.41 143.30 

PREF % 0.00 38.09 

GP % 99.93 54.63 

GCF % NA 38.38 

ECO2 kton-CO2,eq 28.51 25.33 

Figure 34 shows the breakdown of PES in LON-REF. The large share of primary energy required for grid 

electricity generation stands out (47.61%). Also, it is interesting to note the fact that the share of PES 

required by the diesel generators is significant, even though they are sitting idle. It could be very interesting 

to further develop the models so to turn-off the gensets, so to decrease their impact in terms of costs and 

emissions. Longreach Solar Farm produces 50.43 GWh of useful energy, but only 33.06 GWh are actually 
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consumed by the power demand, due to a mismatch between supply and demand. The excess power 

generation is therefore dumped, since the modelling goal is to analyse grid disconnection possibilities. 

 

Figure 34: PES [GWh] in LON-REF 

Figure 35 shows the power profile in Longreach for four reference days, namely the Autumn equinox, the 

Winter solstice, the Spring equinox and the Summer solstice. As it can be seen, Longreach Solar farm is able 

to provide for the entire load during the day, with the grid ramping down as early as 07:00 during Summer 

solstice. During this day, the solar farm reaches peak power of just above 18 MW, generating around 10 

MW of excess power. Even in winter the system would generate excess power during the day. 

Figure 84 in Appendix A show the four reference days for CLO-REF. 
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▬ Demand     ▬ Grid     ▬ Gensets     ▬ PV 

Figure 35: Load and supply profile for Longreach Reference system during four reference days 
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4.5 Reference economic system and base assumptions 

The economic analysis presented in this work is based on four different references.  

Grid electricity prices, at 30-minute definition, was provided by Azelio AB from the same source for the 

energy demand in Queensland in 2015. The sources indicated the electricity price as recommended retail 

price and it was assumed as reference. The average electricity price is 52.52 AUD/MWh. 

Diesel prices in 2015 (AUD per litre of fuel) were provided by [109]. The annual report presented monthly 

average diesel price for several locations in the state, including Longreach and Cloncurry. Figure 36 shows 

these values, converted to AUD per MWh, together with monthly average Queensland electricity price. 

 

Figure 36: Diesel and electricity monthly average price 

A recent publication from the Australian Renewable Energy Agency [110] was taken as reference for all the 

renewable energy technology costs. The source presents a clear and detailed methodology to calculate the 

LCOE for both single technologies and energy systems. Additionally, it provided all the base assumptions 

required, specifically adapted to the Australian energy market. This document considers the effect of 

economy of scales: the larger the system capacity 𝑥, compared to a reference capacity 𝑦, the lower its initial 

investment 𝐶𝐴𝑃𝐸𝑋(𝑥). The scaling function is given in the following equation: 

𝐶𝐴𝑃𝐸𝑋(𝑥) = 𝐶𝐴𝑃𝐸𝑋(𝑦) ∙ (
𝑥

𝑦
)

𝑛

 

Where 𝑛 is the power law size exponent governing the scaling process.  

Regarding CSP technologies, the presented costs are for large scale solar tower designs, thus they do not 

apply to Azelio AB’s technology. As the company could not disclose costs, those provided by the source 

were taken as reference, and were object to the sensitivity analysis presented in section 6.4.  

Every assumption applied to the economic analysis is shown in Table 10 and in Table 11. Specific CAPEX 

for PV refers to AC nominal capacity of the solar array. CSP costs are divided into three different groups, 

namely solar field (with the reference capacity referring to the nominal receiver capacity), storage system 

(molten salts based), and final conversion (steam turbine). 

The WACC was set according to the source: 

𝑊𝐴𝐶𝐶 = 6.50% 
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Table 10: Reference costs and assumptions for PV arrays and wind power [110] 

Parameter Unit PV Wind power 

Specific CAPEX mAUD/MW 1.87 2.18 

Fixed OPEX % of CAPEX/year 1.00 2.00 

Variable OPEX AUD/MWh 0.00 0.00 

Baseline capacity MW 100.00 100.00 

Power law size exponent  0.89 0.9 

Lifetime years 30 30 

Table 11: Reference costs and assumptions for CSP [110] 

Parameter Unit Solar field Storage system Steam turbine 

Specific CAPEX mAUD/MW 0.46 26000 AUD/MWht 2.40 

Fixed OPEX % of CAPEX/year 2.00 2.00 2.00 

Variable OPEX AUD/MWh 0.00 0.00 0.00 

Baseline capacity MW 600.00 1429 MWht 100.00 

Power law size 

exponent 
- 0.90 0.80 0.70 

Lifetime Years 30.00 30.00 30.00 

Efficiency % - 100.00 42.00 

The only parameter that was modified from the reference was the final conversion efficiency, which was set 

to the average value of 28.00%. 

Diesel generators costs were not included in the previous analysis; thus, an additional source was required 

[111]. Costs in Table 12 refer to the US market and were converted to AUD at fixed exchange rate, as 

average 2015 exchange rate [112]. 

Table 12: Reference costs and assumptions for diesel generators [111] 

Parameter Unit Value 

CAPEX AUD/kW 664.68 

Fixed OPEX AUD/kW 19.94 

Variable OPEX AUD/MWh 19.94 

Lifetime Years 20.00 

While being aware of the time discrepancy between renewable costs (2018), diesel and electricity price (2015) 

and diesel generators costs (2015), it was decided to ignore it, since the last two sources refer to the same 

year, and the first one is specific for the Australian energy market. 

For each technology, the initial investment and all the maintenance costs would be divided into four 

different categories, following the LCOE methodology described in [110], namely: energy capture, initial 
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conversion, energy storage and final conversion. For solar PV array and wind farms, costs would be limited 

to the first category. On the other hand, for CSP, costs would be distributed between the heliostats and 

receiver (energy capture), TES system (energy storage) and Stirling engine (final conversion). LCOE for 

diesel generators considers only the last category. 

Economic KPIs are shown in Table 13. As it can be observed, the Cloncurry energy system has higher COE 

and SO&M values, since it does not include any renewable generation. In Longreach, OPEX for the solar 

farm represents 6.26% of the total SO&M. In this location, RGC value is comparable with the cost of 

electricity from the grid (48.11 AUD/MWh). 

Table 13: Economic KPIs for reference scenarios 

KPI Unit CLO-REF LON-REF 

COE AUD/ton-CO2,eq 281.62 207.17 

SO&M mAUD 8.03 5.59 

RGC AUD/MWh NA 59.33 

Longreach Solar Farm initial investment was estimated to be 34.56 mAUD, requiring an annual expense of 

0.35 mAUD/year to be operated and maintained. Using reference values introduced in Table 10, the LCOE 

of this power plant was estimated to be 59.33 AUD/MWh.  

4.6 Scenarios and model description 

Four different scenarios have been designed to understand how Cloncurry and Longreach could develop 

from an energy point of view.  

The first scenario is a business as usual scenario (BAU). In this case, both energy systems would develop as 

already announced or proposed by authorities and companies. This translates to the construction of a 

proposed 30 MW solar farm in Cloncurry, by Infigen Energy [103]. Since Infigen Energy has installed several 

solar power plants in Australia, and being most of them with fixed tilt, it was assumed that Cloncurry solar 

farm would be no different [103]. As no specific information about this project proposal was retrieved, it 

was assumed that the solar module would be the same as used in Longreach, to facilitate comparisons. In 

the BAU scenario, Longreach would not develop additional capacity.  

The second scenario introduces wind power. In the Wind Power scenario (WP), both Cloncurry and 

Longreach would install five 3.6 MW Vestas V136 wind turbines. This model was chosen because it is being 

installed near the town of Hughenden [97], which has a similar wind resource profile.  

The third scenario, Azelio One (AZ1) integrates Azelio’s CSP technology in the BAU scenario. The final 

scenario, Azelio Two (AZ2) adds Azelio’s CSP technology to the WP scenario.  

When writing about the scenario, the following nomenclature is adopted. Firstly, the location would be 

stated with the abbreviation (CLO or LON), followed by the scenario acronym (REF, BAU, WP, AZ1, 

AZ2).  

4.6.1 System designs 

The following tables (Table 14, Table 15, Table 16 and Table 17) show the system installed capacity and 

other technical parameters in each scenario, in each location. 

Representation in Wolfram SystemModeler of the BAU scenarios is shown in Figure 37. 
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Table 14: System parameters in BAU scenarios 

Parameter Unit CLO-BAU LON-BAU 

PV AC Capacity MW 30.00 15.00 

PV DC Capacity MW 36.00 17.40 

DC-to-AC ratio - 1.20 1.16 

Tracking - Fixed Single axis 

Grid connection - Yes Yes 

 

Figure 37: BAU energy system in Wolfram SystemModeler 

WP scenario design choices are given in Table 15 for the entire system, and in Table 16 for the wind turbine 

model and wind farm. Figure 39 represents the WP scenario. 

Table 15: System parameters in WP scenarios 

Parameter Unit CLO-WP LON-WP 

PV AC Capacity MW 30.00 15.00 

DC-to-AC ratio - 1.20 1.16 

Tracking - Fixed Single axis 

WF Capacity MW 18.00 18.00 

Number of WTs - 5.00 5.00 

Grid connection - Yes Yes 

The wind turbines are modelled using the power coefficient tables, referring to section 3.3.2.1. The power 

coefficient, as function of wind speed, was given by the site wind-turbine-models.com [113], and it is shown 

in Figure 38.  
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Figure 38: Vestas V136 power curve [113] 

Parameters used are shown in Table 16. The crosswind spacing ratio is approximately the same used in 

Hughenden wind farm [97] 

Table 16: Wind turbines parameters [114] 

Parameter Unit WP 

WT model - Vestas V136 

WT nominal power MW 3.60 

Cut-in wind speed m/s 3.00 

Cut-off wind speed m/s 22.50 

WT hub height m 132.00 

WT rotor diameter m 136.00 

Crosswind spacing ratio - 4.00 

Turbulence intensity - 0.05 

In both CSP scenarios, the capacity of the CSP park was designed to cover the power demand between 

midnight and the early hours of the morning before the solar farm would start producing. This translated 

to a 10 MW capacity, rounded to 950 units with a nominal capacity of 10.5 kW. By looking at the load 

profile in LON-REF for the four representative days (Figure 35), it can be observed that demand during 

the selected hours is between 5 MW and 9 MW; hence, 10 MW capacity is a conservative choice. 

Additionally, aiming for the maximum peak load (nearly 15.5 MW) could result in significative oversizing 

the system. Anyhow, different CSP capacity would be investigated as sensitivity analysis in section 6.1. Table 

17 shows the parameters of the CSP system in scenarios AZ1 and AZ2. 
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Figure 39: WP energy system in Wolfram SystemModeler 

Table 17: CSP park parameters in AZ1 and AZ2 

Parameter Unit AZ1, AZ2 

Nominal Capacity MWe  10.00 

CSP unit capacity kWe 10.50 

CSP units - 950.00 

Maximum storage capacity hours 13.00 

TES unit capacity kWht 611.00 

Heliostat area m2 240.00 

Number of heliostats - 80 

Both CSP energy systems are shown in Figure 40 and Figure 41. The block named “CSP demand” calculates 

the power ratio, as explained in section 3.1, taking the place of the component number 6. Thus, it requires 

two inputs as parameters, namely capacity of each CSP unit and number of CSP units, and one input from 

the EMS, being the power deficit after the first power balance. The “CSP park” ´blocks simply multiplies 

the output of the CSP model by the total number of CSP units, to calculate the total power generated by 

the entire CSP system.  

This latest process certainly represents a critical point. As the CSP park is represented by an upscaling on 

one single unit, uncertainties are introduced. It is believed that this could lead to oversizing, since the EMS 

has no detailed control over each unit, thus following the power demand could be more difficult. 

Additionally, it could lead to lower system efficiencies: it could be better to disconnect some units and 

having the rest working at full capacity, rather than keeping the entire park at partial load. The possibility of 

dividing the CSP into two sub-parks, with different capacities, will be investigated as a sensitivity analysis 

case in section 6.2. 
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Figure 40: AZ1 energy system in Wolfram SystemModeler 

 

Figure 41: AZ2 energy system in Wolfram SystemModeler 

Apart from the different technologies deployed, the main difference between scenarios would be the EMS 

model.  
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In CLO-BAU scenario, the EMS would follow the same logic as in LON-REF. 

In the WP scenarios, the EMS would be the same for both locations. Wind power (𝑃𝑊𝐹) will have a high 

merit order and immediately dispatched. This is expressed by introducing wind power in the definition of 

the first power balance: 

𝐵𝑎𝑙1 = 𝑃𝑃𝑉 + 𝑃𝑊𝐹 − 𝑃𝑑𝑒𝑚 

Subsequently, remaining power deficit is supplied firstly by the distribution network and then by the diesel 

generators. 

In the CSP scenarios (AZ1 and AZ2), the first power balance is calculated as in the BAU or in the WP 

scenario, for AZ1 and AZ2 respectively. Then, the power deficit would be firstly addressed by CSP 

technology, followed by the grid and finally by the diesel generators. Following equations shows the 

definition of each power balance in AZ1 and AZ2 (wind power is in brackets): 

𝐵𝑎𝑙1 = 𝑃𝑃𝑉  (+𝑃𝑊𝐹) − 𝑃𝑑𝑒𝑚 

𝐵𝑎𝑙2 = 𝑃𝑃𝑉  (+𝑃𝑊𝐹) + 𝑃𝐶𝑆𝑃 − 𝑃𝑑𝑒𝑚 

𝐵𝑎𝑙3 = 𝑃𝑃𝑉  (+𝑃𝑊𝐹) + 𝑃𝐶𝑆𝑃 + 𝑃𝐺𝑟𝑖𝑑 − 𝑃𝑑𝑒𝑚 

𝐵𝑎𝑙4 = 𝑃𝑃𝑉  (+𝑃𝑊𝐹) + 𝑃𝐶𝑆𝑃 + 𝑃𝐺𝑟𝑖𝑑 + 𝑃𝐺𝑒𝑛𝑠𝑒𝑡 − 𝑃𝑑𝑒𝑚 

At each balance, power excesses and deficits are calculated.  

At this point, it would be interesting to analyse if it could be possible to disconnect the towns from the grid. 

This would be analysed in section 6.1. 
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5 Results 

5.1 Business As Usual scenario 

In the BAU scenario, the deployment of a 30 MW solar farm in Cloncurry has a significant impact on the 

energy system of this town. The solar farm delivers 85.40 GWh, an energy supply 15% larger than the yearly 

demand. Only 32.30 GWh are actually consumed, while the remaining must be fed to the electricity grid, 

which questions if it would make sense to disconnect this fringe-of-grid town from the electricity network, 

at least with this PV capacity installed. The over-production of the solar farm causes an increase in the PES 

by more than 23%, but this leads to a dramatic fall in carbon emissions (-35.34%) and grid penetration (-

44.30%). Also, the fuel consumption decreases just by 3.6 m3. The gensets supply power above the minimum 

load only for 17.5 hours in a year. Table 18 summarizes the KPIs for this scenario, comparing them to 

reference values. 

Table 18: Energy KPIs in CLO-BAU 

KPI Unit CLO-REF CLO-BAU Variation 

PES GWh 145.41 179.15 +23.20% 

PREF % 0.00 49.14 NA 

GP % 99.93 55.66 -44.30% 

GCF % NA 32.50 NA 

ECO2 kton-CO2,eq 28.51 18.44 -35.34% 

Figure 42 shows the power supply and demand for Winter and Summer Solstice respectively in CLO-BAU. 

In both cases, the ramping down of grid power during daylight hours can be appreciated. This happens 

every day of the year, due to the regularity of the solar farm power production. It is interesting to observe 

that the solar farm reaches a power output larger than the nominal capacity, which could be curtailed if 

causing problems at inverter level. Figure 85 in Appendix A shows all the reference days. 

  

▬ Demand     ▬ Grid     ▬ Gensets     ▬ PV 

Figure 42: Winter Solstice power supply and demand profile in CLO-BAU 



 

56 

BAU scenario for Longreach presents no difference with respect to reference scenario, since no potential 

or proposed power plants were found for this location or nearby areas. 

Annual electricity production (AEP) at both locations is shown in Figure 43. The difference between the 

energy yield of the two solar parks can be appreciated, in terms of energy excess as well. It can be noted that 

presence of the grid makes sure that the power demand is always met, as seen by the lack of energy deficits 

in both scenarios. A breakdown of excess energy is given in Figure 44. 

 

Figure 43: Comparison between locations in BAU, in terms of annual electricity production 

  

■ Gensets      ■ PV 

Figure 44: Energy excess breakdown in BAU scenarios as fraction of the total and absolute value in GWh 

The addition of the solar farm brings benefits to the economic system of Cloncurry. As Table 19 shows, 

annual operation expenses decrease by more than 27%, due to reduction of purchase of electricity from the 

grid and diesel fuel. To build Cloncurry Solar Farm it is estimated that 64.04 mAUD would be required 

(2.13 mAUD/MWAC installed), with an annual operational expense of 0.64 mAUD/year.  

Table 19: Economic KPIs in CLO-BAU 

KPI Unit CLO-REF CLO-BAU Variation 

COE AUD/ton-CO2,eq 281.62 281.79 +0.06% 

SO&M mAUD 8.03 5.84 -27.32% 

RGC AUD/MWh NA 64.93 NA 
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5.2 Wind Power scenario 

The introduction of wind power has a significant impact on both energy systems. In Cloncurry, the primary 

energy supply increases by more than 31%, with the wind farm yielding 42.50 GWh and performing with a 

27% capacity factor. This extra power determines a fall in grid penetration by nearly 67% compared to the 

reference scenario. CLO-WP has a large excess of electricity, which reaches more than 80 GWh per year. It 

was calculated that the wind farm delivers only 16.43 GWh to the end users, the rest being excess. Regarding 

the diesel generators in this scenario, they deliver just 20 MWh less compared to CLO-REF, which results 

in a decrease in diesel consumption by 6.17 m3 compared to the reference scenario.. Gensets working hours 

do not change compared to the BAU scenario, therefore it can be deduced that during peak demand hours 

the wind power is insufficient. Energy KPIs are summarized in Table 20.  

Table 20: Energy KPIs in CLO-WP 

KPI Unit CLO-REF CLO-WP Variation 

PES GWh 145.41 196.66 +31.36% 

PREF % 0.00 67.75 NA 

GP % 99.93 33.11 -66.86% 

GCF % NA 30.41 NA 

ECO2 kton-CO2,eq 28.51 13.30 -55.07 % 

Figure 45 and Figure 46 show the power profile of both generation and demand the 15th day of each month. 

Seasonal variance of both solar and wind resource can be appreciated. The two graphs clearly show the 

importance of the wind farm. In three different occasions the wind farm supplies around 15 MW constantly 

throughout the day (February, April and May). On the other hand, it may be commented that the wind 

resource is worse during late winter and spring (July, August and October), as it can be seen in Figure 46. 

Power supply and demand during four reference days is shown in Figure 86 in Appendix A. 

 

Figure 45: CLO-WP generation and demand power profile every 15th day of each month, from January to June 
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Figure 46: CLO-WP generation and demand power profile every 15th day of each month, from July to December 

A similar situation can be observed in Longreach. The wind farm here performs significantly better, with a 

capacity factor of nearly 34%. This, together with the solar farm energy production, generates a critical 

decrease in energy supplied by the grid, which falls by 63.64%. However, less than half of the total wind 

farm yield is actually consumed, the rest being added to the already significant energy excess, reaching 45.28 

GWh. Since the two renewable energy sources perform with high capacity factors (although the GCF slightly 

falls), the share of primary renewable energy nearly doubles. This leads to a significant change in the 

environmental impact on greenhouse gas emissions. The combined effect of the solar farm and the wind 

farm cuts almost in half the emissions of CO2,eq, decreasing from 25.33 kton-CO2,eq in LON-REF to 12.88 

kton-CO2,eq. Table 21 shows the energy KPIs for this scenario. 

Table 21: Energy KPIs in LON-WP 

KPI Unit LON-REF LON-WP Variation 

TPES GWh 143.30 156.34 9.10% 

PREF % 38.09 70.09 83.99% 

GP % 54.63 19.86 -63.64% 

GCF % 38.38 35.86 -6.56% 

ECO2 kton-CO2,eq 25.33 12.88 -49.17% 

Wind resource variability can be commented by observing Figure 47 and Figure 48, which shows power 

demand and supply in the same fashion previously used. It may appear that wind power production mostly 

peaks during the night, especially in summer and spring. 

Regarding the two gensets in LON-WP, they appear to be running idle, generating only excess power, 

precisely as in LON-REF (and LON-BAU). Power supply and demand during four reference days is shown 

in Figure 90 in Appendix A. 

Results from the two scenarios, in terms of AEP, are compared in Figure 49. As before, excess energy 

breakdown is shown as well, highlighting the mismatch between wind resource availability and demand, 

especially in Longreach (Figure 50)  
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Figure 47: LON-WP generation and demand power profile every 15th day of each month, from January to June 

 

Figure 48: LON-WP generation and demand power profile every 15th day of each month, from July to December 

 

Figure 49: Comparison between locations in WP, in terms of annual electricity production  
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■ Gensets      ■ PV     ■ Wind 

Figure 50: Energy excess breakdown in WP scenarios as fraction of the total and absolute value in GWh 

As GP and ECO2 decrease, the emission cost rises in both scenarios, as it can be appreciated in Table 22 

and Table 23. This increase is particularly significant in Longreach, where COE value grows by 54.37%. On 

the other hand, SO&M decreases significantly only in CLO-WP, falling by nearly one quarter. Regarding 

the RGC indicator, it can be concluded that in Longreach, the windfarm adds more costs than energy 

generation, as the +21.74% increase shows. 

Table 22: Economic KPIs in CLO-WP 

KPI Unit CLO-REF CLO-WP Variation 

COE AUD/ton-CO2,eq 281.62 340.98 +21.07% 

SO&M mAUD 8.03 6.11 -23.95% 

RGC AUD/MWh NA 78.52 NA 

Table 23: Economic KPIs in LON-WP 

KPI Unit LON-REF LON-WP Variation 

COE AUD/ton-CO2,eq 207.17 319.80 +54.37% 

SO&M mAUD 5.59 5.39 -3.54% 

RGC AUD/MWh 59.33 72.23 +21.74% 

The two wind farms are characterized by the same CAPEX (46.50 mAUD) and OPEX (0.93 mAUD/year), 

since they do not differ in design, but yield different LCOE values. In Cloncurry, the LCOE surpasses 0.10 

AUD/kWh, while in Longreach it is just below 0.085 AUD/kWh. The difference is generated by the better 

AEP in Longreach.  
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5.3 Azelio One scenario 

The deployment of Azelio’s CSP technology generates immediate benefits in both energy systems. In both 

locations, penetration of grid power decreases significantly, delivering power mostly in the evening, when 

CSP capacity is not enough.  

Starting with Cloncurry, grid penetration falls from nearly 100% in CLO-REF to 4.14%, cutting greenhouse 

gas emission by more than 76%. Looking at the performance of the CSP system, TES allows higher capacity 

factors than the solar farm (45.24% against 32.48%), with an AEP of 39.63 GWh, proving the competitive 

advantage of storage on traditional PV systems. This leads to a PREF of 82.22% and a GCF of 35.70%. 

Finally, CSP AEP leads to a 7.79% increase in total PES compared to the reference case. Energy KPIs are 

summarized in Table 24. In this scenario, the gensets do not deliver useful power, but constantly run idle. 

Table 24: Energy KPIs in CLO-AZ1 

KPI Unit CLO-REF CLO-AZ1 Variation 

TPES GWh 145.41 156.73 +7.79% 

PREF % 0.00 82.22 NA 

GP % 99.93 4.14 -95.86% 

GCF % NA 35.67 NA 

ECO2 kton-CO2,eq 28.51 6.70 -76.49% 

As anticipated, the CSP park is not able to closely follow the load in the early morning hours, before ramping 

down as the PV farm starts producing. Figure 51 and Figure 52 clearly show the excess power production, 

which leads to a yearly CSP excess energy of 1.99 GWh. The reason behind this result could be lying in the 

control system and in the oversizing of one single park. However, it is interesting to observe that CSP ramps 

up and down with demand in the evening hours, thus the overproduction could be caused by a cumulative 

production of all the units running at low partial load, more specifically, below 50%. This theory is supported 

by the fact that the power ratio successfully follows the CSP demand. Power supply and demand during 

four reference days is shown in Figure 86 and Figure 87 in Appendix A. 

 

Figure 51: CLO-AZ1 CSP and grid generation and demand power profile every 15th day of each month, from January to June 
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Figure 52: CLO-AZ1 CSP and grid generation and demand power profile every 15th day of each month, from July to December 

To better evaluate the CSP performance, the temperature of the PCM will be analysed. Figure 53 shows 

how the TES temperature varies as function of time for the two selected days (Winter and Summer solstice 

respectively). As it can be noticed, the PCM temperature remains constant during the night (midnight to 

early sunlight hours), while the system produces almost constant power, sign of liquid-to-solid phase change. 

During the day, as CSP does not deliver any power, the PCM is fully melted. Firstly, PCM overgoes a phase 

change, between 09:00-13:00 during Winter solstice and between 08:00-10:00 during Summer solstice; 

secondly, it is overheated, reaching its maximum, allowed, temperature (630°C). Later, once the solar farm 

starts decreasing its power generation, the PCM is being firstly cooled to phase change temperature and 

then partially melted. Interestingly, sensible heat storage is able to provide for three hours of power 

production, between late afternoon and the first hours of the night, while phase change is actually 

approached after 20:00 in Winter solstice, and 21:00 during Summer solstice. Refer to Appendix B for more 

details. 

  

▬ CSP power     ▬ PCM Temperature 

Figure 53: CSP power production and TES PCM temperature during two representative days in CLO-AZ1 

In Longreach, CSP technology has even a larger impact than in Cloncurry, even though it has an AEP value 

of 39.5 GWh against the 39.6 GWh yield of Cloncurry. Anyhow, it causes a drop by more than 15% in PES. 

This is achieved because the solar PV farm is more adequately dimensioned to the demand, thus it does not 

critically overproduce; at the same time, the grid in Longreach has a higher carbon footprint, because of the 
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large share of electricity produced from coal. This considered, and thanks to TES system, grid penetration 

decreases to 4.51% and greenhouse gas emissions are cut by nearly 71% compared to the reference case. In 

this scenario, the PREF is more than doubled, as the GCF grows by almost 7%. Table 25 gives the results 

in terms of energy KPIs. 

Table 25: Energy KPIs in LON-AZ1 

KPI Unit LON-REF LON-AZ1 Variation 

PES GWh 143.30 121.14 -15.46% 

PREF % 38.09 76.68 101.31% 

GP % 54.63 4.51 -91.74% 

GCF % 38.38 41.05 6.97% 

ECO2 kton-CO2,eq 25.33 7.38 -70.87% 

As Figure 54 and Figure 55 show, the issues in following the load at night time is experienced also in 

Longreach, although in this case the annual CSP excess energy is larger (2.96 GWh). Power supply and 

demand during four reference days is shown in Figure 91 in Appendix A. 

In both scenarios, the presence of the grid ensures no power deficit at any moment. On the other hand, 

excess energy is significative in both cases. Comparison of AEP and energy excess can be observed in Figure 

56 and Figure 57 respectively. As previously, the gensets only deliver excess power (and energy) in both 

energy systems.  

 

Figure 54: LON-AZ1 generation and demand power profile every 15th day of each month, from January to June 



 

64 

 

Figure 55: LON-AZ1 generation and demand power profile every 15th day of each month, from July to December 

 

Figure 56: Comparison between locations in AZ1, in terms of annual electricity production 

  

■ Gensets      ■ PV     ■ CSP 

Figure 57: Energy excess breakdown in AZ1 scenarios as fraction of the total yearly excess and absolute value in GWh 

The trend in COE noted in BAU scenario is here confirmed, for both locations. Emitting greenhouse gases 

becomes more and more expensive as more renewable energy technology is deployed. This positively affects 
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even the total maintenance expense, especially in Cloncurry (-22.23% compared to reference scenario), while 

in Longreach a low increase is observed. RGC increases as well, doubling its value in Longreach. Economic 

KPIs are given in Table 26 and Table 27 

Table 26: Economic KPIs in CLO-AZ1 

KPI Unit CLO-REF CLO-AZ1 Variation 

COE AUD/ton-CO2,eq 281.62 537.44 90.84% 

SO&M mAUD 8.03 6.24 -22.23% 

RGC AUD/MWh NA 121.63 NA 

Table 27: Economic KPIs in LON-AZ1 

KPI Unit LON-REF LON-AZ1 Variation 

COE AUD/ton-CO2,eq 207.17 480.73 132.05% 

SO&M mAUD 5.59 5.89 5.38% 

RGC AUD/MWh 59.33 140.77 137.26% 

Installing the 10 MW CSP plant requires an initial investment of more than 100 mAUD (1.70 mAUD/MW, 

referring to the receiver capacity) and an operational expense of 2.00 mAUD/year. The two CSP parks yield 

similar LCOE values, being 0.208 AUD/kWh in Cloncurry and 0.223 AUD/kWh in Longreach. 

  



 

66 

5.4 Azelio Two scenario 

The combination of both wind power and CSP generates interesting results in both energy systems. In 

Cloncurry, the main effect is certainly the decrease of grid penetration, down to 1.65% only, as the electricity 

network delivers power only for a couple of hours per day. As GP falls, so does the yearly emissions (-

78.48%). At system level, the three renewable energy sources appear to be successfully integrated with each 

other, as it can be observed in Figure 58 and Figure 59. The presence of the wind farm reduces the working 

hours of the CSP system, which then yields an AEP of 27.39 GWh with a 31.26% capacity factor. Eventually, 

the GCF reaches 30.55% and the PREF surpasses 86%. Energy KPIs are shown in Table 28. 

Table 28: Energy KPIs in CLO-AZ2 

KPI Unit CLO-REF CLO-AZ2 Variation 

PES GWh 145.41 186.22 28.07% 

PREF % 0.00 86.67 NA 

GP % 99.93 1.65 -98.35% 

GCF % NA 30.55  NA 

ECO2 kton-CO2,eq 28.51 6.14 -78.48% 

In those days when the wind farm reaches high shares of the power generation, the CSP system does not 

deliver any power at all, as it can be seen in February, April, May and June. Power supply and demand during 

four reference days is shown in Figure 88 in Appendix A. 

 

Figure 58: CLO-AZ2 generation and demand power profile every 15th day of each month, from January to June 
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Figure 59: CLO-AZ2 generation and demand power profile every 15th day of each month, from July to December 

As expected, adding wind power requires flexibility from the CSP system, as this would need to rapidly 

ramp up and down at any moment. An example of this can be observed during winter solstice, when CSP 

power suddenly rises from 0 to 6 MW at 03:00 to cover a decrease in wind power. See Figure 60. Refer to 

Appendix B for more details. 

  

▬ CSP power     ▬ PCM Temperature 

Figure 60: CSP power production and TES PCM temperature during two representative days in CLO-AZ2 

In Longreach, energy from the grid falls below 500 MWh, corresponding to a GP of only 0.52%. This 

impacts the PES value as well, which increases compared to the reference system but by 6.59% only. 

Greenhouse gas emissions are significantly reduced, from 25.33 kton-CO2,eq to less than 6 kton-CO2,eq. Since 

the wind resource in Longreach is better than in Cloncurry, the CSP system delivers a lower AEP (slightly 

more than 20 GWh), generating a decrease in the GCF (-14.42%), compared to LON-REF. Anyhow, the 

PREF is certainly the KPI experiencing the largest change: +122%, form 38% to 85%. More details are 

given in Table 29.  
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Table 29: Energy KPIs in LON-AZ2 

KPI Unit LON-REF LON-AZ2 Variation 

PES GWh 143.30 152.75 6.59% 

PREF % 38.09 84.66 122.24% 

GP % 54.63 0.52 -99.04% 

GCF % 38.38 32.84 -14.42% 

ECO2 kton-CO2,eq 25.33 5.95 -76.51% 

Power profiles over selected days (15th of every month) is shown in Figure 61 and Figure 62. It can be 

observed that CSP seldom works at nominal power, and mostly for short periods of time. This can be clearly 

observed in summer months (January, February, March and December), when the wind farm is more 

productive at night-time. Looking at the power delivered by the grid, it can be noticed that it never reaches 

2 MW, and it is mostly concentrated during the evenings. Power supply and demand during four reference 

days is shown in Figure 92 in Appendix A. 

 

Figure 61: LON-AZ2 generation and demand power profile every 15th day of each month, from January to June 
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Figure 62: LON-AZ2 generation and demand power profile every 15th day of each month, from July to December 

While the temperature profile of the PCM over winter solstice is very similar to previous scenarios, a 

significant change is seen during summer solstice. Figure 63 clearly shows how CSP delivers power only in 

the hours before the solar PV farm starts producing, without even reaching phase-change temperature. In 

fact, PCM temperature drops from 620°C to 600°C in around three hours, then the material is heated to its 

maximum temperature and let be cooled until further need. Refer to Appendix B for more details. 

  

▬ CSP power     ▬ PCM Temperature 

Figure 63: CSP power production and TES PCM temperature during two representative days in LON-AZ2 

A comparison of AEP between the AZ2 scenarios is shown in Figure 64. It is interesting to notice the 

difference in CSP AEP, generated by the different wind farm AEP. Also, the excess energy is significant in 

these scenarios as well: in Cloncurry, it approaches 90 GWh, while in Longreach is nearly 55 GWh. As 

explained, these results are mostly dependent on the oversizing of the solar farm in Cloncurry, and on the 

good wind resource in Longreach.  

A breakdown of the annual excess energy is shown in Figure 65. Due to the control issues at low partial 

load, the CSP systems deliver an excess production of 3.39 GWh and 5.94 GWh in Cloncurry and Longreach 

respectively. The increase, compared to previous scenarios, is to be attributed to the variability of the wind 

power generation, which triggers inconstant power production in the CSP systems. As observed in BAU, 

WP and AZ1, the presence of the grid guarantees that the demand is always met, thus no energy deficit is 

registered. 
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Figure 64: Comparison between locations in AZ2, in terms of annual electricity production 

  

■ Gensets      ■ PV     ■ Wind      ■ CSP 

Figure 65: Energy excess breakdown in AZ2 scenarios as fraction of the total yearly excess and absolute value in GWh 

In these scenarios, the main variation can be observed again in terms of COE, which doubles in Cloncurry 

and grows by 172% in Longreach. System operational costs, on the other hand, present opposite trends, as 

they decrease in Cloncurry while rising in Longreach. RGC is now nearly 139 AUD/MWh in Longreach, 

while it almost reaches 127 AUD/MWh in Cloncurry. Results are shown in Table 30 and Table 31. 

Table 30: Economic KPIs in CLO-AZ2 

KPI Unit CLO-REF CLO-AZ2 Variation 

COE AUD/ton-CO2,eq 281.62 572.38 +103.24% 

SO&M mAUD 8.03 7.09 -11.75% 

RGC AUD/MWh NA 126.90 NA 

Table 31: Economic KPIs in LON-AZ2 

KPI Unit LON-REF LON-AZ2 Variation 

COE AUD/ton-CO2,eq 207.17 564.48 +172.47% 

SO&M mAUD 5.59 6.64 +18.66% 

RGC AUD/MWh 59.33 138.62 +133.63% 
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5.5 Scenario comparison 

Table 32 and Table 33 show the KPIs in each scenario in Cloncurry and Longreach respectively. Generally 

speaking, as the system complexity is increased by the addition of more and different energy sources, an 

increase of PREF can be observed, to which corresponds a significant decrease in greenhouse gas emissions. 

PES, on the other hand, experience an increase, due to excess energy from solar and wind power, but then 

decreases as CSP is integrated in the energy system. Regarding grid penetration, this dramatically falls as the 

system grows in complexity. 

In Cloncurry, the oversizing of the solar farm generates a significant excess energy, which affects the final 

value of PES much more than the fall of GP. In each scenario, this KPI is critically larger than the reference 

value, especially in WP and AZ2 scenarios. Regarding PREF, this peaks in AZ2, with a value nearly twice 

as large as the one recorded in BAU. As more technologies are deployed, the GCF slightly varies: from a 

maximum of nearly 36% in AZ1 to a minimum of 30.4 % in AZ2. It appears that a combination of wind 

power and CSP is suboptimal in terms of capacity factors, even though it yields the best results in other 

fields. Together with GP, ECO2 is the other KPI mostly affected by the renewable energy technologies 

introduced. 

Table 32: Cloncurry scenario comparison, energy KPIs 

KPI Unit CLO-REF CLO-BAU CLO-WP CLO-AZ1 CLO-AZ2 

PES GWh 145.41 179.15 196.66 156.73 186.22 

PREF % 0.00 49.14 67.75 82.22 86.67 

GP % 99.93 55.66 33.11 4.14 1.65 

GCF % NA 32.50 30.41 35.67 30.55 

ECO2 kton-CO2,eq 28.51 18.44 13.30 6.70 6.14 

LON-AZ1 is the only scenario that yields a PES value lower than the reference one. As suggested in section 

5.3, this is generated by the combined effect of right dimensioning of the PV solar farm and by the drastic 

fall of GP. As observed in Cloncurry, PREF increases at any new scenario, and tops in AZ2. It is interesting 

to compare AZ1 and AZ2 with each other: the presence of the wind farm impacts mostly PES, which is 

nearly 30 GWh larger in AZ2 compared to AZ1. It additionally affects the GP, which is circa 11% of AZ1’s 

GP. However, the decrease in ECO2 from AZ1 and AZ2 is not as significant (-19.37%). Most important, 

CSP in AZ2 yields a lower capacity factor, which has a significant effect on the GCF: in fact, this KPI falls 

by more than 20% when passing from AZ1 and AZ2, sign that the CSP system in AZ2 could have been 

possibly oversized.  

Table 33: Longreach scenario comparison, energy KPIs 

KPI Unit LON-REF LON-BAU LON-WP LON-AZ1 LON-AZ2 

PES GWh 143.30 143.30 156.34 121.14 152.75 

PREF % 38.09 38.09 70.09 76.68 84.66 

GP % 54.63 54.63 19.86 4.51 0.52 

GCF % 38.38 38.38 35.86 41.05 32.84 

ECO2 kton-CO2,eq 25.33 25.33 12.88 7.38 5.95 
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Figure 66 show the absolute variation of KPIs value in each scenario. 

   

  

■ Cloncurry 

■ Longreach 

Figure 66: Absolute difference between energy KPIs and reference values in each scenario 

Regarding the annual electricity production, a comparison of such indicator between each scenario is shown 

in Figure 67 and Figure 68. Among both Cloncurry and Longreach scenarios, the main observation concerns 

the grid AEP, which is dramatically reduced. Additionally, excess energy increase when moving from 

scenario to the next, topping in CLO-AZ2. The increase in excess energy between BAU and AZ1, and WP 

and AZ2 is simply due to excess power from the CSP system. In any case, Cloncurry and Longreach do not 

experience energy deficits. 
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Figure 67: AEP comparison in Cloncurry scenarios 

 

Figure 68: AEP comparison in Longreach scenarios 

A comparison of all the economic KPIs in each scenario is shown in Table 34 and in Table 35. Starting 

from the first KPI, a constant increase can be observed. This trend is caused by the decrease in system 

emissions, which is not adequately counterbalanced by the decrease in GP and gensets AEP. Regarding 

system operational expenses, this indicator increases when passing from scenario to the next at both 

locations. The only decrease is experienced in Cloncurry, from REF to BAU scenario. Generally, the 
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increase is caused by the additional capacity introduced in each scenario. Looking at the breakdown of this 

indicator, shown in Figure 69, it can be observed that the annual expense for diesel fuel represents the 

largest share in each scenario. Considering that in Longreach scenarios the two gensets do not supply power 

to the demand, it can be concluded that fuel expenses could be avoided. Thus, the value of this KPI could 

be drastically reduced if better management of the diesel generators was introduced. CSP OPEX covers 

around 30% in both AZ1 and AZ2 scenarios. RGC increases as well in each scenario. The only exception 

is between LON-AZ1 and LON-AZ2, proving that the PV-Wind-CSP combination is a slightly cheaper 

option than just PV-CSP. Anyhow, the increase in RGC shows that the additional investments for new 

technology is not paired by an adequate increase in AEP.  

Compared to the average retail electricity price (52.52 AUD/MWh), every scenario yields higher RGCs. 

Table 34: Cloncurry scenario comparison, economic KPIs 

KPI Unit CLO-REF CLO-BAU CLO-WP CLO-AZ1 CLO-AZ2 

COE AUD/ton-CO2,eq 281.62 281.79 340.98 537.44 572.38 

SO&M mAUD 8.03 5.84 6.11 6.24 7.09 

RGC AUD/MWh NA 64.93 78.52 121.63 126.90 

Table 35: Longreach scenario comparison, economic KPIs 

KPI Unit LON-REF LON-BAU LON-WP LON-AZ1 LON-AZ2 

COE AUD/ton-CO2,eq 207.17 207.17 319.80 480.73 564.48 

SO&M mAUD 5.59 5.59 5.39 5.89 6.64 

RGC AUD/MWh 59.33 59.33 72.23 140.77 138.62 

 

  

■ Gensets fuel     ■ Gensets OPEX     ■ Grid electricity     ■ PV OPEX     ■ Wind OPEX     ■ CSP OPEX 

Figure 69: SO&M breakdown in each scenario and location 

A comparison of absolute difference between economic KPIs from each scenario and the reference value 

is given in Figure 70. Increases in emission costs are higher in Longreach scenarios because they reduce 
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emissions more critically. Interestingly, when compared to reference values, SO&M in Longreach increases 

only in CSP scenarios, while it globally decreases in the wind scenario. Finally, RGC values are generally 

better and closer to the reference one in Longreach. This can be seen in AZ2 scenarios: because of the 

better wind resource, the RGC does not vary as much as in Cloncurry.  

  

 

■ Cloncurry 

■ Longreach 

Figure 70: Absolute difference between economic KPIs and reference values in each scenario 
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6 Sensitivity analysis and optimization 

To achieve a better understanding of how the different energy technology interacts with each other, and to 

achieve an optimized system, it is necessary to perform a sensitivity analysis.  

Four different sensitivity analysis cases (SAC) would be introduced. First of all, the CSP capacity will be 

varied, in order to test different energy systems, both on- and off-grid. Second, a new control strategy will 

be tested on the CSP system, by dividing it into two different parks with different number of units. The 

third SAC varies the merit order after all the renewable energy source, prioritizing the cheapest option 

between the grid and the diesel generators. Finally, since the reference costs for CSP presented in section 

4.5 are for large CSP plants, different costs would be applied, to analyse the variation of CSP LCOE and 

RGC.  

6.1 Sensitivity analysis case 1: CSP capacity and grid 

connection 

In this analysis, three additional CSP capacities will be modelled and compared to the nominal one 

introduced in AZ1 and AZ2 scenarios: 15 MW, 7.5 MW and 5 MW. The first capacity represents the optimal 

CSP capacity in order to cover demand evening peak, but it would result largely oversized for the rest of the 

day. 7.5 MW represents, on the other hand, the size of a park that would cover the average demand load 

between midnight and sunrise. Finally, the last CSP size of 5 MW represents an under-dimensioned CSP 

system, introduced for comparison. Table 36 shows the parameters introduced.  

Table 36: SAC 1 parameters and reference system 

Case CSP capacity Number of CSP units 

Case 1 15 MW 1430 

Reference case in on-grid systems / 

Case 2 in off-grid systems 
10 MW 950 

Case 3 7.5 MW 715 

Case 4 5 MW 475 

Each case will be tested in both locations, in both CSP scenarios, and with both on- and off-grid systems. 

Results will be compared in terms of KPIs, CSP AEP and excess and deficit energy. 

6.1.1 On-grid  

Figure 71 shows the AEP of the different CSP capacities in AZ1 and AZ2 in Cloncurry and Longreach 

energy systems. As imagined, the AEP increases when the capacity is set to maximum (15 MW) and 

decreases in the other two cases. The peak AEP is reached in LON-AZ1 with 15 MW CSP, surpassing 50 

GWh. Interestingly, the capacity factors follow the exact opposite trend: as the capacity of the CSP system 

decreases, CF rises, with highest values in case 4 in AZ1 (58.80% and 56.10% in Cloncurry and Longreach 

respectively). This proves that the 5 MW CSP power plant would work at nominal capacity most of the 

time, as expected, since it is under-sized for the power demand.  

In terms of KPIs, the PES reaches a minimum in case 3 in both AZ1 and AZ2 at both locations. 7.5 MW 

appears thus to be the optimal capacity to reduce CSP excess energy and grid penetration at the same. PREF 

follow the exact same trend as PES. The most significant variations can be observed in GP (Figure 72). The 

maximum CSP capacity is almost sufficient to take both Cloncurry and Longreach off the grid. In those two 

cases, GP falls to 0.6% and 0.2% respectively. An additional diesel generator or a battery energy storage 

system would be enough to disconnect the two towns from the local distribution grid. The GCF seems not 
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to be strongly affected by the change in CSP capacity, while ECO2 follow the same trend of GP, since all 

system emissions come from the electricity network. 

See Table 42 in Appendix C for more details. 

  

■ CSP AEP     ▬ AZ1 reference value     ▬ AZ2 reference value 

Figure 71: CSP AEP comparison in grid-connected energy systems 

  

■ GP     ▬ AZ1 reference value     ▬ AZ2 reference value 

Figure 72: GP comparison in grid-connected energy systems 

6.1.2 Off-grid 

It is necessary to point out that due to its merit order, CSP power production would not change between 

on-grid and off-grid systems. In fact, CSP has higher priority compared to the grid and the gensets, thus 

demand would be always addressed firstly by this technology, and only its deficit would be supplied by the 

grid and the diesel generators. This reflects in no variation in terms of GCF and CSP AEP, since they are 

not influenced by the presence of the distribution network.  

As Cloncurry and Longreach are disconnected from the electricity network, the importance of the diesel 

generators increases. As it can be seen in Figure 73, the demand supplied by the two gensets rises as the 
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CSP capacity is reduced. This reflects in higher system emissions (Figure 74), as the consumption of diesel 

is now as much as double the value of grid-connected systems. At the same time, the PREF decreases from 

one case to the next. In terms of PES, a slight decrease can be observed between the different cases, mainly 

caused by the fact the annual energy deficit increases. In fact, as it can be observed in Figure 75, there is 

only one cases of successful disconnection from the grid, being case 1 in LON-AZ2. However, it is necessary 

to point out that the deficit with case 2 LON-AZ1 is only 10 MWh, while in Cloncurry it reaches a minimum 

in AZ2 case 1 (20 MWh), followed by case 2 (80 MWh). In other cases, the energy deficit reaches significant 

values, as in the case of AZ1 with 5 MW CSP. Anyhow, five cases out of eight yields a deficit below the 

reference value (896 MWh). The presence of the wind farm generates a sharp decrease in energy deficit. 

Such that, even in case 4, the final deficit is below 3 GWh in Cloncurry and just above 1 GWh in Longreach.  

Adding one extra diesel generator could further decrease this value. Simulations of case 2 for both CSP 

scenarios, with three 1-MW gensets, delivered an annual energy deficit of 520 MWh in AZ1 and 1.6 MWh 

in AZ2 in Longreach. Similar results have been obtained for Cloncurry (232 MWh in AZ1 and 35 MWh in 

AZ2). Testing of case 3 with additional backup power produced a minimum annual energy deficit in LON-

AZ2 (66 MWh). Therefore, it can be concluded that 10 MW CSP and one additional 1 MW diesel generator 

are sufficient to minimize the annual energy deficit and allow off-grid operation. Other possibilities could 

be demand-side management, planned outages and power shedding. 

 

Figure 73: Gensets AEP in off-grid energy systems 

 

Figure 74: ECO2 comparison in off-grid energy systems 
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Figure 75: Annual energy deficit in off-grid energy systems 

All the results are summarized in Table 43 in Appendix C. 

6.1.3 On-grid / off-grid economic comparison  

Comparison of on-grid and off-grid configuration in terms of economic KPIs is hereby presented.  

It is important to underline the fact that, since renewable generation precedes both the grid and the gensets 

thanks to high merit order number, there was no change in RGC between on- and off-grid systems. Figure 

76 shows the different RGC values for each CSP capacity, in both Cloncurry and Longreach. The cheapest 

energy system appears to be CLO-AZ1 with only 5 MW CSP, reaching an RGC of just above 100 

AUD/MWh. Additionally, this capacity always yields the lowest renewable generation cost, probably 

because of the large solar farm, delivering more than 80 GWh yearly. On the other hand, 15 MW CSP 

represents the most expensive choice. This solution, in fact, is characterized by the lowest GCF in both 

AZ1 and AZ2 scenarios, therefore such large CSP investment (nearly 140 mAUD) is not justified by high 

CSP capacity factor. The main difference between Cloncurry and Longreach is in the relation between AZ1 

and AZ2 scenarios. In the first location, the wind farm adds costs to the system, while in the second 

community it causes a decrease in RGC.  

 

Figure 76: RGC for different CSP capacities 
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Contrary to what expected, system OPEX increase in off-grid systems, as Figure 77 demonstrates. Even 

though purchase of power from the grid is avoided in off-grid systems, the amount of diesel fuel required 

is now higher. This leads to higher OPEX for the gensets, which subsequently drags the global SO&M up. 

The increase is significant with low CSP capacities, especially in CLO-AZ2. On the other hand, for higher 

capacities, SO&M rises slightly, since 15 MW and 10 MW are capacities sufficient to supply the demand 

with low diesel generator AEP, as it was concluded from Figure 73.  

  

■ AZ1 on-grid     ■ AZ1 off-grid     ■ AZ2 on-grid     ■ AZ2 off-grid 

Figure 77: SO&M comparison between on-grid and off-grid systems in Cloncurry and Longreach 

COE is higher in off-grid systems compared to on-grid systems too. On- and off-grid systems share similar 

values of ECO2, usually higher in the latter case. However, the increase in gensets AEP drives a significant 

increase in related OPEX, therefore this indicator is higher in off-grid systems. As for the previous KPI, 

the difference is more significant for low CSP capacities, to which corresponds a higher diesel generator 

utilization. 

More detailed results are shown in Table 44 and Table 45 in Appendix C. 

6.2 Sensitivity analysis case 2: CSP subsystems 

As results from AZ1 and AZ2 scenarios show, the CSP system delivers excess power when at low partial 

load. This reflects into a significative, and certainly avoidable, excess energy production, and in extra 

operation hours, which would then increase the operation and maintenance costs of the technology and 

affect its lifetime as well.  

The possibility of splitting the entire CSP system into two separate parks with different capacities could 

address this issue. To test this possibility, grid connected CLO-AZ1 scenario was chosen. It is important to 

notice that, since CSP has higher merit order than the grid, the behaviour of the CSP system would be 

independent from the presence of the grid.  

The 10 MW CSP park included in AZ1 scenario was divided into two subsystems, CSP1 and CSP2, of 

different sizes, as function of the total installed CSP capacity. Five different combinations (cases) were 

investigated (Table 37).  
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Table 37: SAC2 parameters 

Case 
CSP 1 CSP 2 

MW Units Size MW Units 

Case 1 9 855 10% 1 95 

Case 2 8 760 20% 2 190 

Case 3 7 665 30% 3 285 

Case 4 6 570 40% 4 380 

Case 5 5 475 50% 5 475 

Figure 78 shows the power demand and total CSP power production during four reference days in 

Cloncurry, between midnight and 10:00. In this way, the focus would be only on the early hours of the day, 

when the demand is between 4 and 9.5 MW. As it can be appreciated, each case generates excess of power. 

In the first three cases, the total CSP power follows the trend of the demand, with case 1 being the closest. 

If case 1 is isolated, its over-generation is delivered by CSP1 park, as the smaller subsystem is often shut 

down as the demand approaches its minimum around 04:00. Case 4 and 5, on the other hand, appears to 

face more issues. Case 4 is very interesting: in fact, it presents both moments when the overgeneration is 

significant (e.g. Autumn equinox and Summer solstice), but also times when it perfectly follows the demand, 

as seen in Winter solstice, as the demand descends to its lowest peak. This happens any time the second 

CSP park does not produce any power. Finally, splitting the CSP system into two halves (Case 5) would not 

generate any benefit, rather yield a constant power output around 8 MW during the morning hours. 

Regarding the evening peak, all the cases perform similarly, and follow the demand without excess, as this 

decreases after 21:00.  

As Table 38 shows, splitting the CSP system yields higher annual excess compared to the reference CLO-

AZ1 with one single system. The higher excess, minimized in case 1, induces higher capacity factors, as 

expected. Grid penetration appears to fall, due to better coverage of CSP system during evening hours, and 

because of the excess generation. This is certainly a good sign, showing that dividing the CSP park affects 

positively the system by reducing the grid penetration. 

Table 38: SAC2 case comparison 

Case 

CSP 1 CSP 2 CSP tot 
EXC 

CSP 
GP 

AEP CF AEP CF AEP CF 

[GWh] [%] [GWh] [%] [GWh] [%] [GWh] [%] 

REF - - - - 39.63 45.24 1.99 4.14 

Case 1 37.31 47.33 3.12 35.66 40.44 46.16 2.05 2.71 

Case 2 34.84 49.72 6.81 38.86 41.65 47.55 3.31 2.74 

Case 3 32.52 53.03 10.30 39.18 42.81 48.87 4.50 2.82 

Case 4 29.89 56.86 13.31 38.00 43.20 49.32 5.02 2.91 

Case 5 25.79 58.89 18.52 42.28 44.31 50.59 6.11 2.86 
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▪ ▪ Demand     ▬ Case 1 total CSP power     ▬ Case 2 total CSP power 

▬ Case 3 total CSP power     ▬ Case 4 total CSP power     ▬ Case 5 total CSP power 

Figure 78: CSP power generation in SAC2 and power demand in Cloncurry for reference days 

A further development of this SAC could be introducing a minimum power threshold on the power output 

addressed by CSP2. In this way, low partial load on CSP2 could be avoided. In other words, the second CSP 

park would deliver power only if it surpasses the lower limit set by the threshold. Nevertheless, this solution 

could generate a larger power deficit after the CSP systems, which would be addressed by the grid, if present. 

Hence, PES, GP, and ECO2 would increase, to the detriment of PREF and GCF.  

Table 39 shows the power threshold for each case, set to 50% of the nominal capacity of CPS2.  

Figure 80 shows the power profile, in the same fashion as Figure 78, for each case after applying the power 

threshold. As it can be appreciated, adding the threshold yields better results in terms of CSP load following. 

Excess power between midnight and sunrise is now strongly limited, if not completely avoided. Yearly 

excess energy generated by the CSP system now falls below the reference case, with a minimum of 650 



 

83 

MWh in case 5. However, these results are paired, as anticipated by an increase in energy supplied by the 

grid and a decrease in the capacity factor of the second, smaller, CSP system, which then affects the overall 

system performance. The chart in Figure 79 shows the correlation between annual CSP energy excess and 

grid penetration. Only in case 1 the system is able to decrease both grid penetration and energy excess from 

the CSP system with respect to the reference case. More detailed results are given in Table 40. 

Table 39: Power threshold in CSP2 

Case Power threshold [MW] 

Case 1 0.5 

Case 2 1.0 

Case 3 1.5 

Case 4 2.0 

Case 5 2.5 

Table 40: SAC2 with power threshold case comparison 

Case 

CSP 1 CSP 2 CSP tot EXC 

CSP 
GP 

AEP CF AEP CF AEP CF 

[GWh] [%] [GWh] [%] [GWh] [%] [GWh] [%] 

REF - - - - 39.63 45.24 1.99 4.14 

Case 1 37.31 47.33 2.20 25.11 39.51 45.11 1.53 3.29 

Case 2 34.84 49.72 3.15 17.98 37.99 43.37 1.16 4.87 

Case 3 32.51 53.02 5.11 19.44 37.62 42.95 0.98 5.13 

Case 4 29.89 56.86 7.48 21.36 37.37 42.66 0.83 5.26 

Case 5 25.79 58.89 10.33 23.59 36.13 41.24 0.65 6.71 

 

Figure 79: Correlation between yearly CSP energy excess and grid penetration in SAC2 with power threshold 
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▪ ▪ Demand     ▬ Case 1 total CSP power     ▬ Case 2 total CSP power 

▬ Case 3 total CSP power     ▬ Case 4 total CSP power     ▬ Case 5 total CSP power 

Figure 80: CSP power generation in SAC2 with power threshold and power demand in Cloncurry for reference days 

6.3 Sensitivity analysis case 3: economic dispatching 

In this sensitivity analysis, a different dispatching strategy was introduced. The EMS was modified so that, 

at any timestep, it would compare the electricity and diesel price per unit energy and prioritize the cheapest 

option. This new strategy was applied to both locations and to both CSP scenarios. It was assumed that 

variable renewable energy sources would always have the priority, followed by the CSP park, which is 

assumed to be cheaper than the grid.  

Results from this SAC would be compared with those presented in sections 5.3 and 5.4.  
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As it can be observed in Figure 36, the monthly average diesel price is always higher than the corresponding 

electricity price, therefore no significant changes are expected.  

Generally speaking, no significant variation is detected in the energy KPIs. As it can be observed in Table 

41, only grid penetration presents slight changes, as it decreases by few percentual decimal points. Main 

changes can be observed among the system costs. In fact, as Figure 81 shows, the dispatching strategy 

reduces the annual expenses for grid electricity in each scenario, topping at nearly 40% in LON-AZ2. The 

decrease in diesel costs is not as significant, remaining always below 1%. This happens because the annual 

electricity production of the gensets is very similar to reference cases, as diesel consumption slightly 

increases due to the dispatching rules.  

RGC is independent from this dispatching strategy, since renewable energy sources are not affected by lower 

merit order dispatch rules. On the other hand, this strategy has an impact on both COE and SO&M. In 

both cases, a decrease is recorded. In fact, COE falls by around 6 AUD/ton-CO2,eq in any case but LON-

AZ2, where the difference is lower. In this scenario, emitting technology do not deliver a significant amount 

of power to the systems, as shown by low GP values, therefore the dispatching strategy do not notably 

change emission costs. The main impact of this SAC can be noted in SO&M: since the cheapest option is 

always prioritize, annual system costs decreases up to 330 thousand AUD, in Cloncurry, while the difference 

is lower in Longreach scenarios. 

Table 41: SAC3 results 

KPI 
LON-AZ1 LON-AZ2 CLO-AZ1 CLO-AZ2 

SAC3 REF SAC3 REF SAC3 REF SAC3 REF 

PES [GWh] 121.15 121.14 152.77 152.75 156.77 156.73 186.21 186.22 

PREF [%] 76.68 76.68 84.66 84.66 82.21 82.22 86.67 86.67 

GP [%] 4.44 4.51 0.51 0.52 4.07 4.14 1.61 1.65 

GCF [%] 41.05 41.05 32.85 32.84 35.68 35.67 30.55 30.55 

ECO2 [kton-CO2,eq] 7.38 7.38 5.95 5.95 6.71 6.70 6.14 6.14 

Diesel consumption 

[million litres] 
2.30 2.29 2.29 2.29 2.30 2.29 2.29 2.29 

Grid costs  

[AUD/MWh] 
46.54 65.26 40.89 67.40 47.88 65.31 58.91 88.90 

Diesel costs 

[AUD/MWh] 
913.63 919.75 919.16 919.75 934.65 940.65 937.43 940.65 

COE [AUD/ton-CO2,eq] 474.07 480.73 563.12 564.48 530.74 537.44 567.13 572.38 

SO&M [mAUD] 5.84 5.89 6.63 6.64 5.91 6.24 6.76 7.09 
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■ SAC3     ■ REF 

Figure 81: Annual grid and diesel cost per unit energy dispatched comparison in SAC3 

It can thus be concluded that the dispatch strategy brings economic benefits without adding complexity to 

the system or, more important, significantly affect its energy performance.  

6.4 Sensitivity analysis case 4: CSP costs 

As explained in section 4.5, the reference costs for the CSP technology applies to large-scale CSP solar 

tower, therefore are not representative of Azelio’s CSP technology. It is difficult, anyhow to conclude 

directly if this technology would be cheaper or more expensive. On one hand, it is smaller in scale and it 

requires less components, which would generally decrease costs; on the other hand, it is a new technology, 

using PCM storage, which is more expensive than molten salts.  

To understand how different CSP costs would impact the entire system, four multipliers (0.5, 0.75, 1.25 and 

1.50) were applied to: 

Case 1. Total CSP CAPEX; 

Case 2. TES CAPEX; 

Case 3. OPEX; 

Case 4. AEP. 

Cases would be compared by means of RGC and CSP LCOE in Cloncurry CSP scenarios.  

Figure 82 shows the results for RGC in both CLO-AZ1 and CLO-AZ2, while CSP LCOE is given in Figure 

83. For the first three cases, RGC values increase linearly with the multiplier, and the reference value (100%) 

represents a symmetry centre. Different trends are noted for Case 4, where to lower AEPs correspond 

higher LCOE, in a non-linear relation. 

Focusing on Figure 82, it can be observed that Case 1 has the most significant impact on the entire RGC 

value, which falls by nearly 32% in CLO-AZ1, and by more than 24% in CLO-AZ2 Symmetrically, the 

highest RGC values are experienced for a 150% increase in CSP CAPEX. TES cost variation seems to affect 

systems costs in a lesser way, while Case 3 does not almost impact the RGC. On the contrary, AEP proves 

to have a strong impact on RGC, especially in CLO-AZ1, where the 10-MW CSP plant is high in merit 

order. A 150% increase in AEP would lead to the lowest RGC value (105 AUD/MWh) in CLO-AZ1.  
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▬ Case 1     ▬ Case 2     ▬ Case 3     ▬ Case 4 

Figure 82: Comparison of RGC in SAC4 

Cost variations have a larger impact on CSP LCOE, as it can be appreciated in Figure 83. While the first 

cases show similar trends as in RGC values, variation of CSP AEP yields a wide range of LCOE values. If 

the energy yield of the CSP park diminishes, CSP LCOE can surpass 400 AUD/MWh in AZ1 or approach 

650 AUD/MWh in AZ2, values significantly larger than the reference one (207.50 AUD/MWh and 318.68 

AUD/MWh in AZ1 and AZ2 respectively). It is interesting to notice that an increase of AEP does not 

implies a sharp LCOE decrease. More specifically, in the best cases this indicator would fall to 138.38 

AUD/MWh in CLO-AZ1 and to 212.45 AUD/MWh in CLO-AZ2, decreasing by one third compared to 

the reference value in both cases. 

  

▬ Case 1     ▬ Case 2     ▬ Case 3     ▬ Case 4 

Figure 83: Comparison of CSP LCOE in SAC4 
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7 Conclusions 

This thesis presented the work performed during a four-month-long internship at Azelio AB in Gothenburg. 

As one of the goals of this master’s thesis was to develop energy performance models for common energy 

technology, this project started with an intensive literature review about the Modelica language, the 

modelling tool, and existing models. This led to the design of five technology models, namely: traditional 

and bifacial PV modules and solar farm, wind turbines and wind farm, battery energy storage, diesel 

generators. Generally speaking, these models use technical parameters, hourly meteorological data and 

electricity demand to estimate electrical power output at any timestep. A very simple model to simulate 

connection to an electricity network was developed as well. The models were designed in order to develop 

a simulation tool for microgrid energy systems, which would then integrate the CSP technology developed 

at Azelio AB. To manage the different energy sources, an energy management system was designed based 

on merit order and power balance. 

As the models were validated, case studies were designed, in order to test them and further understand their 

behaviour. Two remote communities in Queensland, Australia, were chosen as example of fringe-of-grid 

locations that could benefit from developing independent microgrid energy systems by deploying renewable 

energy sources and concentrated solar power. Therefore, four different scenarios were designed to test 

different energy systems and to understand which energy mix could guarantee grid independence. To 

compare results, KPIs were introduced, both of energy and economic nature.  

From the results presented in section 5, it can be concluded that at both locations the solar resource is 

extremely good and abundant, leading to high capacity factors for both the solar farm and the CSP park. 

The wind farm, on the other hand, does not perform as well, but certainly plays a significant role in achieving 

energy independence from the grid. It was demonstrated this CSP technology is able to follow the demand 

well and to ramp up and down very quickly, and therefore represents a suitable alternative to grid 

connection. The best-performing energy system proved to be the so-called Azelio Two scenario, introducing 

10 MW CSP capacity to 15/30 MW solar farm and 18 MW wind farm. This scenario yielded the highest 

PREF, as well as the lowest GP and ECO2. 

The sensitivity analysis described in section 6.1 showed that a capacity of 10 MW for the CSP park is 

insufficient to completely cover the electricity demand of those communities, even though the annual energy 

deficit is extremely low. However, introducing one additional backup diesel generator, or demand-side 

strategies to shift peak loads, would definitely change this conclusion, making even 7.5 MW a sufficient CSP 

capacity, with reasonable annual energy deficit values. 

Results showed also that the CSP system could be better controlled if divided into two different parks and 

by introducing a power threshold that would disconnect the second cluster of CSP units. The sensitivity 

analysis shown in 6.2 concluded that a 9/1 MW division is the optimal choice.  

Economic dispatching was also tested. Introduced as a sensitivity analysis case in section 6.3, it proved that 

economic benefits, in terms of decreases of annual expenses for diesel fuel and grid connections would be 

experienced if the energy management system could be able to select the cheapest option between the 

gensets or distribution network.  

Economic analysis was performed using reference costs for a much larger CSP system, therefore, the results 

shown should be considered as qualitative indicators. This said, on-grid systems proved to be cheaper than 

off-grid ones, mainly due to lower consumption of diesel fuel. Anyhow, the benefits of not being connected 

to the local distribution network were evaluated only as avoided annual expenses for electricity, thus other 

possible benefits were excluded. A sensitivity analysis was introduced to understand the impacts of cost 

variation on different components.  

It is interesting to comment that the RGC values shown in Table 34 and in Table 35 are consistent with 

what published in [90]. In this case, the authors had determined the LCOE for an off-grid energy system 

including 10 MW PV, 2 MW storage with Lithium-ion batteries, 12 MW solar tower CSP and 10 MW back 
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up capacity with diesel generators, using the average power demand introduced in Figure 31. Costs used in 

this document were provided by ITP Energised Group, and therefore it was assumed they would be 

consistent with what the same company published in [110]. The LCOE for an off-grid location would be 

100-120 AUD/MWh in 2025, thus cost reductions were assumed between 2018 and 2025. Apart from this, 

another difference could be found in the inclusion of the diesel generator in the system LCOE, while in the 

present work it was excluded. It was decided that excluding gensets from calculations would produce more 

realistic results, since no control strategy was implanted on the diesel generators, which therefore run 

constantly and consume millions of litres of fuel per year without delivering almost any useful power.  

In any case, Azelio’s CSP technology was proved to be suited for the chosen case study locations, due its 

TES system and its flexibility, which make it completely dispatchable.  

7.1 Future works and recommendations 

There are several ways in which this work could be further developed, which is far from being flowless. 

Introducing a better control strategy on diesel generators would certainly be the next steps. The lack of any 

way to start or stop the gensets strongly affects both economic and energy KPIs. It would also allow the 

introduction of a global LCOE value for off-grid systems. Another interesting development would be in 

improve the battery model, where the many assumptions on the electric behaviour may excessively idealise 

the model. At this point it would be possible to introduce a scenario with two storage technologies, batteries 

and CSP TES system. Finally, bifacial PV modules could be introduced in any scenario, and perform a cost 

benefits analysis from the comparison with the results from traditional PV modules. 
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Appendix A Power supply and demand for reference 

days 

 

  

  

▬ Demand     ▬ Grid     ▬ Gensets 

Figure 84: Reference days for CLO-REF 
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▬ Demand     ▬ Grid     ▬ Gensets     ▬ PV 

Figure 85: Reference days for CLO-BAU 
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▬ Demand     ▬ Grid     ▬ Gensets     ▬ PV     ▬ Wind 

Figure 86: Reference days for CLO-WP 
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▬ Demand     ▬ Grid     ▬ Gensets     ▬ PV     ▬ CSP 

Figure 87: Reference days for CLO-AZ1 
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▬ Demand     ▬ Grid     ▬ Gensets     ▬ PV     ▬ Wind     ▬ CSP 

Figure 88: Reference days for CLO-AZ2 
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▬ Demand     ▬ Grid     ▬ Gensets     ▬ PV 

Figure 89: Reference days for LON-REF and LON-BAU 
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▬ Demand     ▬ Grid     ▬ Gensets     ▬ PV     ▬ Wind 

Figure 90: Reference days for LON-WP 
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▬ Demand     ▬ Grid     ▬ Gensets     ▬ PV     ▬ CSP 

Figure 91: Reference days for LON-AZ1 
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▬ Demand     ▬ Grid     ▬ Gensets     ▬ PV     ▬ Wind     ▬ CSP 

Figure 92: Reference days for LON-AZ2 
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Appendix B PCM temperature and CSP power 

  

  

▬ CSP power     ▬ PCM Temperature 

Figure 93: PCM temperature and CSP power in CLO-AZ1 

  

  

▬ CSP power     ▬ PCM Temperature 

Figure 94: PCM temperature and CSP power in CLO-AZ2 
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▬ CSP power     ▬ PCM Temperature 

Figure 95: PCM temperature and CSP power in LON-AZ1 

  

  
▬ CSP power     ▬ PCM Temperature 

Figure 96: PCM temperature and CSP power in LON-AZ2  
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Appendix C Sensitivity analysis results 

Table 42: Energy results from SAC1 for on-grid energy systems 

System 
PES PREF GP GCF ECO2 EXC DEF 

[GWh] [%] [%] [%] [kton CO2 eq] [GWh] [GWh] 

CLO-AZ1 

Ref 156.73 82.22 4.14 35.67 6.70 58.93 0.00 

Case 1 164.55 84.76 1.86 34.32 6.19 67.64 0.00 

Case 3 158.49 77.42 10.60 36.23 8.17 57.64 0.00 

Case 4 162.94 70.3% 20.86 36.24 10.51 57.16 0.00 

 

CLO-AZ2 

Ref 186.22 86.67 1.65 30.55 6.14 87.30 0.00 

Case 1 194.11 87.88 0.60 29.74 5.90 95.40 0.00 

Case 3 185.06 84.95 4.12 31.09 6.70 85.05 0.00 

Case 4 186.36 81.49 9.53 31.44 7.93 83.76 0.00 

 

LON-AZ1 

Ref 129.27 76.68 4.51 41.05 7.38 23.98 0.00 

Case 1 129.27 80.44 2.06 38.35 6.50 33.03 0.00 

Case 3 129.27 70.28 11.37 42.22 9.83 22.26 0.00 

Case 4 127.27 61.56 21.65 42.81 13.52 21.51 0.00 

 

LON-AZ2 

Ref 152.75 84.66 0.52 32.84 5.95 54.92 0.00 

Case 1 160.19 85.62 0.19 31.23 5.83 62.28 0.00 

Case 3 161.74 84.83 1.44 37.02 6.28 52.24 0.00 

Case 4 149.83 81.54 4.03 35.03 7.21 50.36 0.00 
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Table 43: Energy results from SAC1 for off-grid energy systems 

System 
PES  PREF  GP  GCF  ECO2 EXC  DEF  

[GWh] [%] [%] [%] [kton CO2 eq] [GWh] [GWh] 

CLO-AZ1 

Case 1 164.49 84.79 0.00 34.32 6.32 67.25 0.07 

Case 2 156.16 82.52 0.00 35.67 6.90 58.16 0.41 

Case 3 154.60 79.36 0.00 36.23 8.06 56.30 2.69 

Case 4 151.29 75.72 0.00 36.24 9.28 55.45 7.84 

 

CLO-AZ2 

Case 1 194.02 87.89 0.00 29.73 5.94 95.26 0.02 

Case 2 186.07 62.46 0.00 30.55 6.23 86.93 0.08 

Case 3 184.01 60.88 0.00 31.09 6.77 84.38 0.71 

Case 4 181.98 58.60 0.00 31.43 7.62 82.76 2.99 

 

LON-AZ1 

Case 1 128.93 80.58 0.00 38.35 6.33 32.65 0.21 

Case 2 128.93 77.33 0.00 41.05 6.86 23.25 0.79 

Case 3 128.93 73.00 0.00 42.22 8.02 20.96 3.38 

Case 4 113.49 68.14 0.00 42.81 9.14 19.87 8.74 

 

LON-AZ2 

Case 1 160.15 85.63 0.00 31.23 5.81 62.23 0.00 

Case 2 152.65 84.70 0.00 32.84 5.90 54.78 0.01 

Case 3 161.37 84.98 0.00 37.02 6.12 51.95 0.18 

Case 4 148.13 82.34 0.00 35.03 6.61 49.83 1.07 
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Table 44: Economic indicators for on-grid CSP systems in SAC1 

System 

CAPEX 

[mAUD] 

OPEX 

[mAUD] 

LCOE 

[AUD/MWh] 
RGC 

[AUD/MWh] 

Annual Grid 

Expense 

[AUD/MWh] 

SO&M 

[mAUD] 

COE 

[AUD/ 

kton-CO2,eq] DG CSP REN DG REN Grid PV Wind CSP DG 

C
L

O
-A

Z
1 Case 1 $1.33 $137.79 $201.83 $3.41 $3.40 $0.06 $64.93 $0.00 $240.62 $1 006.40 $139.31 $44.31 $6.86 $560.34 

Case 2 $1.33 $100.06 $164.10 $3.41 $2.64 $0.20 $64.93 $0.00 $207.50 $1 006.40 $121.63 $65.31 $6.24 $537.44 

Case 3 $1.33 $79.87 $143.91 $3.41 $2.24 $0.43 $64.93 $0.00 $209.83 $1 006.40 $111.37 $55.22 $6.07 $468.91 

Case 4 $1.33 $58.13 $122.17 $3.41 $1.80 $0.39 $64.93 $0.00 $199.69 $1 006.40 $100.41 $25.92 $5.60 $361.62 
 

C
L

O
-A

Z
2
 Case 1 $1.33 $137.79 $248.41 $3.41 $4.33 $0.03 $64.93 $105.85 $327.99 $1 006.94 $142.25 $58.15 $7.76 $582.07 

Case 2 $1.33 $100.06 $210.68 $3.41 $3.57 $0.11 $64.93 $105.85 $318.68 $1 006.40 $126.90 $88.90 $7.09 $572.38 

Case 3 $1.33 $79.87 $190.49 $3.41 $3.17 $0.21 $64.93 $105.85 $300.64 $1 006.40 $130.80 $71.59 $6.79 $540.47 

Case 4 $1.33 $58.13 $168.75 $3.41 $2.73 $0.43 $64.93 $105.85 $283.17 $1 006.40 $118.04 $61.23 $6.57 $483.06 
 

L
O

N
-A

Z
1 Case 1 $1.33 $137.79 $172.34 $3.33 $3.10 $0.07 $59.33 $0.00 $239.17 $985.50 $161.75 $46.12 $6.50 $523.42 

Case 2 $1.33 $100.06 $134.62 $3.33 $2.35 $0.21 $59.33 $0.00 $222.98 $985.50 $140.77 $65.26 $5.89 $480.73 

Case 3 $1.33 $79.87 $114.43 $3.33 $1.94 $0.46 $59.33 $0.00 $215.35 $985.50 $128.66 $55.91 $5.74 $386.00 

Case 4 $1.33 $58.13 $92.69 $3.33 $1.51 $0.85 $59.33 $0.00 $209.44 $985.50 $114.78 $54.09 $5.69 $309.69 
 

L
O

N
-A

Z
2
 Case 1 $1.33 $137.79 $218.92 $3.33 $4.03 $0.01 $59.33 $84.44 $424.98 $985.50 $158.32 $84.31 $7.38 $573.54 

Case 2 $1.33 $100.06 $181.20 $3.33 $3.28 $0.03 $59.33 $84.44 $430.31 $985.50 $138.62 $67.40 $6.64 $564.48 

Case 3 $1.33 $79.87 $161.01 $3.33 $2.87 $0.07 $59.33 $84.44 $415.48 $985.50 $126.28 $68.80 $6.28 $542.33 

Case 4 $1.33 $58.13 $139.27 $3.33 $2.44 $0.20 $59.33 $84.44 $393.45 $985.50 $112.35 $68.83 $5.97 $490.52 
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Table 45: Economic indicators for off-grid CSP systems in SAC1 

System 

CAPEX 

[mAUD] 

OPEX 

[mAUD] 

LCOE 

[AUD/MWh] 
RGC 

[AUD/MWh] 

Annual Grid 

Expense 

 [AUD/MWh] 

SO&M 

[mAUD] 

COE 

[AUD/ 

kton-CO2,eq] DG CSP REN DG REN Grid PV Wind CSP DG 

C
L

O
-A

Z
1 Case 1 $1.33 $137.79 $201.83 $3.75 $3.40 $0.00 $64.93 $0.00 $240.62 $876.38 $139.31 $0.00 $7.14 $592.29 

Case 2 $1.33 $100.06 $164.10 $4.09 $2.64 $0.00 $64.93 $0.00 $207.50 $789.11 $121.63 $0.00 $6.74 $593.33 

Case 3 $1.33 $79.87 $143.91 $4.80 $2.24 $0.00 $64.93 $0.00 $209.83 $681.00 $111.37 $0.00 $7.03 $594.76 

Case 4 $1.33 $58.13 $122.17 $5.53 $1.80 $0.00 $64.93 $0.00 $199.69 $615.42 $100.41 $0.00 $7.34 $596.21 
 

C
L

O
-A

Z
2
 Case 1 $1.33 $137.79 $248.41 $3.51 $4.33 $0.00 $64.93 $105.85 $327.99 $959.32 $142.25 $0.00 $7.84 $591.47 

Case 2 $1.33 $100.06 $210.68 $3.69 $3.57 $0.00 $64.93 $105.85 $318.68 $893.35 $126.90 $0.00 $7.26 $592.02 

Case 3 $1.33 $79.87 $190.49 $4.02 $3.17 $0.00 $64.93 $105.85 $300.64 $805.25 $130.80 $0.00 $7.19 $592.94 

Case 4 $1.33 $58.13 $168.75 $4.53 $2.73 $0.00 $64.93 $105.85 $283.17 $714.69 $118.04 $0.00 $7.26 $594.29 
 

L
O

N
-A

Z
1 Case 1 $1.33 $137.79 $172.34 $3.67 $3.10 $0.00 $59.33 $0.00 $239.17 $857.26 $161.75 $0.00 $6.77 $579.36 

Case 2 $1.33 $100.06 $134.62 $3.99 $2.35 $0.00 $59.33 $0.00 $222.98 $777.02 $140.77 $0.00 $6.33 $580.61 

Case 3 $1.33 $79.87 $114.43 $4.67 $1.94 $0.00 $59.33 $0.00 $215.35 $669.99 $128.66 $0.00 $6.61 $582.16 

Case 4 $1.33 $58.13 $92.69 $5.34 $1.51 $0.00 $59.33 $0.00 $209.44 $609.30 $114.78 $0.00 $6.85 $583.97 
 

L
O

N
-A

Z
2
 Case 1 $1.33 $137.79 $218.92 $3.36 $4.03 $0.00 $59.33 $84.44 $424.98 $970.84 $158.32 $0.00 $7.40 $578.47 

Case 2 $1.33 $100.06 $181.20 $3.42 $3.28 $0.00 $59.33 $84.44 $430.31 $947.94 $138.62 $0.00 $6.69 $578.64 

Case 3 $1.33 $79.87 $161.01 $3.55 $2.87 $0.00 $59.33 $84.44 $415.48 $897.19 $126.28 $0.00 $6.42 $579.17 

Case 4 $1.33 $58.13 $139.27 $3.84 $2.44 $0.00 $59.33 $84.44 $393.45 $811.71 $112.35 $0.00 $6.28 $580.52 
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