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Abstract 
In the global context of GHG emissions reduction, insular isolated grids which are the most 

vulnerable systems in terms of fossil fuel dependency have to conduct their energy transition. 

Conventional units using fossil fuels are well adapted to those systems because they are 

dispatchable, reliable and flexible, so they can easily respond to grid requirements. Despite that, 

their large negative environmental impact and their dependence on geopolitical and economical 

context encourage islands to develop renewables. The Reunion Island wants to achieve a 100% 

renewable electricity mix by 2030. This ambitious goal can be achieved using the high solar 

resource’s potential in the region. However, this renewable potential is limited in the electricity 

mix because of issues related to uncertainty and variability of grid-connected PV systems.  

To deal with these issues a solution is to combined PV systems with storage systems to 

guarantee a firm power production. Considering the high costs for storage and the decreasing 

costs for PV systems, using overbuilding and curtailment could reduce the needs for storage and 

thus the cost related to it. The goal of this study is to develop an algorithm that will test and size 

this solution for the entire power production of the Reunion Island.  

To do so, satellite based data for solar resource (GHI and DNI) with resolutions of 1km² and 

15min over the year 2018 were available from the SUNY model. These data were evaluated by a 

comparison with 13 ground measurements stations for the GHI and two trackers for the DNI in 

terms of power and energy. It was shown that estimation errors were quite large (relative RMSE 

between 27.5% and 78.8%) and that stations with the higher altitudes were the one with highest 

errors.  

This solar resource was used as well as temperatures and installed PV capacities to model the 

entire PV production fleet of the island. Different models were tested using a representative PV 

installation for the entire island and its parameters were adjusted to fit the real PV power 

production of 2018. The model with the lowest relative RMSE for power comparison uses only 

efficiency, tilt and orientation angles with installed PV capacities gathered at each 63kV/15kV 

transformer’s zone to reach a relative RMSE of 14.3%. 

Using this model, the algorithm was developed to size PV production fleet, PHES and Li-ion 

batteries capacities for a given desired production profile. Different production profiles were 

tested to cover from 10% to 100% of the total electricity demand of the Reunion Island in 2030 

with different profile’s shapes. For each of these profiles, best configuration was chosen by 

minimizing the LCOE resulting in a range from 14.8c/kWh to 22.1c/kWh.  Order of magnitude 

for the different system parts were found to range from 0.5 to 5 GW for PV, 2 to 37 GWh for 

PHES and 3 to 70 MWh for Li-ion batteries. In some cases, curtailed energy could serve to cover 

the annual consumption of 44 000 hydrogen cars or the half of 2018 water consumption by 

using desalinization. Profiles to replace fossil fuels power production were tested and a 100% 

renewable mix could be achieved with 4 GW of PV, 27 GWh of PHES and 50 MWh of Li-ion 

batteries for a LCOE of 19.8c/kWh. This profile allows dividing by almost ten the estimated GHG 

emissions related to the electricity production in 2030.   

The final conclusion of this study is that variability and uncertainty of solar PV production can 

be overcome by using overbuilding, curtailment and storage to guarantee a firm power 

production profile, no matter the desired energy penetration rate and this without increasing 

the cost of electricity compared to the current mix.  
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Sammanfattning 
Med global kontexten av växthusgasersreduktion måste isolerad elnäter av öar, som är de 

sårbaraste systemerna för beroende av fossilt bränsler, förätta deras energisövergången. 

Eftersom konventionnela enheter, som användar sig av fossilt bränsler, är dispatchable, pålitlig 

och anpassningsbar, är de väl anpassad till de här systemerna. Trotts det, uppmuntrar deras 

stora negativ miljöseffekterna och deras beroenden av geopolitiska och ekonomiska kontexter 

öar att utveckla förnybar energi. Reunion Ön vilja uttföra en 100% förnybar elektrisk mix till 

2030. För att uttföra det här ambitiöst målet kan den regionspotentialen av solenergi bli 

exploatera. Den här potentialen är emellertid begränsad i den elektriska mixen på grund av 

problem relaterad av oregelbundenhet och osäkerhet av nätkopplad solceller (PV) systemer.  

För att hantera med de här problemen, kan PV system kombineras med lagringssystemer för att 

garantera en fast kraftsproduktion. Med tänke på stora priser för lagringssystemer och 

minskanda priser för PV systemer, kan användning av överbyggnad och avkortning reducera 

behoven för lagringssytermer och kostnader relaterad av dem. Målet av den här studien är att 

utveckla en algoritm, som ska testa och design den här lösningen för hela krasproduktion av 

Reunion Ön.  

För att göra det är solstrålningsdata (GHI och DNI) med en upplösning av 1 km² och 15 min på 

året 2018 tillgänglig från SUNY modell. De här data utvärderades av jämförelse med 13 

marksmåttenheter för GHI och två solspårare för DNI med avseende på kraft och energi. Det 

visas som beräkningsfelen är stor (relativa RMSE mellan 27.5% och 78.8%) och som 

marksmåttenheter med högre altituden är med de största felen.  

Den här solarstrålningen används med temperaturer och installerad PV kapaciteter för att 

modellera hela PV kraftsproduktion på ön. Olika modeller testades med en representativ PV 

system för hela ön och dessa parametrar modifierades för att passa den verklig PV 

kraftsproduktion av 2018. Modellen med den minsta relativ rms-värden för kraftsjämförelse 

använder sig av bara effektivitet, lutning och orientering vinklar med installerad PV kapaciteter 

samlade in på vardera 63kV/15kV transformatorsområden för att uttföra en relativ rms-värden 

av 14.3%. 

Med den här modellen utvecklas en algoritm som ritas PV produktion system, pumpkraftverk- 

och Li-ion batteriskapaciteter för en bestämd kraftsproduktion profil. Olika produktionsprofiler 

med olika profilsformer provas för att täcka 10% till 100% av total efterfrågan efter el för 

Reunion Ön på 2030 året. För varje profil valdes den layout med minst elprisen resulterar i ett 

omfång från 14.8 c€/kWh till 22.1 c€/kWh. Storlekar för olika delar av systemen är mellan 0.5 

till 5 GW för PV, 2 till 37 GWh för pumpkraftverk och 3 till 70 MWh för Li-ion batteri. I några fall 

skulle förkorta energi kunna fungera för att täcka årlig åtgång av 44 000 vätgasbilar eller hälften 

av vattensåtgång på året 2018 med användning av avsaltning.  Profilerna, som överensstämmar 

med fossilt bränsler kraftsproduktion, provas och en 100% förnybar elektrisk mix kan bli 

utföras med 4GW av PV, 27 GWh av pumpkraftverk och 50 MWh av Li-ion batteri med en elpris 

av 19.8 c€/kWh. Den här profilen minskas uppskattad växthusgaser relaterad av elproduktion 

på året 2030 med nittio procent. 

Studiens slutsats är som oregelbundenhet och osäkerhet av PV elproduktion kan bli lösas med 

användning av lagring, överbyggnad och avkortning för att garantera en fast 

kraftsproduktionsprofil, oberoende av önskade årlig energi och det utan att öka elprisen jämfört 

med nuvarande elmix.   
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Glossary 
AC: Alternative current 

ADEME: French Environment and Energy Management Agency 
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CAES: Compressed Air Energy Storage 

COP21: 21st Conference of the Parties 
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DNI: Direct Normal Irradiance 

EDF-SEI: Electricité de France - Solutions Energétiques Insulaires (first electricity producer and 
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OTEC: Ocean Thermal Energy Conversion 

PEPS: Production Electrique Photovoltaïque et Stockage d’énergie 

PHES : Pumped Hydroelectric Energy Storage 

PIMENT: Physics and Mathematical Engineering for Energy, Environment and Buildings 

laboratory 
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1 Introduction 
To reduce Green House Gases (GHG) emissions and respect the Paris Agreement, ambitious 

policies need to be led by the European Union especially in the energy sector. One of the main 

goals set by European Commission for this sector is to reach a totally decarbonised electricity 

mix with 80% renewable by 2050 [1]. In this context, insular isolated European grids which are 

the most vulnerable systems in terms of fossil fuel dependency have to conduct their energy 

transition. Conventional units using fossil fuels are well adapted to those systems because they 

are dispatchable, reliable and flexible, so they can easily respond to grid requirements. Despite 

that, their large negative environmental impact and their dependence on geopolitical and 

economical context encourage islands to develop renewable. As part of the European Union, the 

Reunion Island wants to take part in this energy transition and to be an example to follow for 

other European isolated insular systems by achieving a 100% renewable electricity mix by 2030. 

This ambitious goal could be reached using the high potential of the solar resource in the 

region[2]–[5]; the island is located near Madagascar in the Indian Ocean in tropical area. 

However, this renewable potential is limited in the electricity mix for now because of the issues 

related to uncertainty and variability of grid-connected photovoltaic (PV) systems. 

It is in this context that the PEPS (Production Electrique Photovoltaïque et Stockage d’énergie) 

project was launched in April 2018. This project is led by the PIMENT laboratory (University of 

the Reunion) in partnership with the Reunion’s administrative region, the ADEME (French 

Environment and Energy Management Agency), EDF-SEI (Electricité de France – Solutions 

Energétiques Insulaire, first electricity producer and supplier on the island and grid operator for 

the Reunion Island), the State University of New York at Albany and Clean power Research (a 

Californian company specialized in solar industry). The PEPS project aims at studying from a 

technical and an economical point of view the different solutions that can be used to easier the 

development of photovoltaic on the island and to assist grid operator to face an increasing PV 

penetration rate in the electricity mix which is for now limited to 35% of the power[3]. Among 

these different solutions, using a combination of overbuilding/curtailment and storage seems a 

promising way to explore and some research have already shown a potential for this solution in 

the United States for instance [6]–[8]. 

As part of the PEPS project, the work of this Master’s Thesis will focus on the application of the 

solution using overbuilding/curtailment with storage to the study case of the Reunion Island. 

The goal is to show how this technique allows increasing the PV penetration rate in the 

electricity mix by reducing issues related to variability and uncertainty of the solar resource. To 

do this, an algorithm that combines PV production, curtailment and storage will be developed to 

guarantee a desired PV production profile over a year. 

After some background elements (cf. part 2) on isolated insular systems like the Reunion Island, 

some possible solutions to deal with variability and uncertainty of solar resource will be given. 

The objective of this study and the global methodology related to the implementation of one of 

these solution will be presented in part 3. The PV production fleet of the Reunion Island will be 

modeled (cf. part 5) and compared to real production data. This model will use historical solar 

resource data from satellite based method (SUNY) that will be compared to ground measured 

data (cf. part 4). An algorithm to guarantee a production profile using storage and curtailment 

will be developed (cf. part 6) using the previously modeled PV fleet. Finally, this algorithm will 

estimate the needs for overbuilding and storage capacities for different scenarios and desired 

production profiles considering economic indicators like the cost of electricity.  
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2 Background 
To face climate change, 197 United Nations parties had gathered to the COP21 (2015) and 

ratified the Paris Agreement. This agreement aims to keep the global temperature rise of this 

century below 2°C above pre-industrial level and to help countries to adapt to impacts of climate 

change[9]. European Union ratified this agreement and must now conform to it. 

2.1 EU goals for 2050 
To respect this agreement, European Union wants to achieve a climate neutral Europe by 2050 

[10]. This goal implies policies in all sectors of the economy to adapt industry, mobility, 

agriculture and buildings to environmental requirements, and demand a radical change in the 

energy system that supplies each of these sectors with heat and electricity, and which is 

responsible for 75% of the European GHG emissions [1]. This radical change is expressed by the 

goal of the EU to reach a fully decarbonized energy system by 2050 and to have more than 80% 

of its electricity coming from renewable sources[1]. 

In 2016, when Paris Agreement came into force, renewable sources account for 29% of the 3255 

electrical TWh produced in Europe[11].As it can be seen in Figure 1, approximately 43% of the 

energy mix comes from carbonized sources such as coal or gas. 

 

Figure 1 : Electrical energy mix of the European Union (2016) 

From the 29% of renewable electricity, the first energy sources are hydro and wind with 

respectively 32% and 37% (cf. Figure 2) coming mainly from France and Sweden for 

hydropower (respectively 17% and 16% of European hydro energy in 2016) and Germany for 

wind power (26% of European wind energy in 2016). Electricity from biomass and solar sources 

come mainly from Germany (respectively 28% and 34%) mostly due to the fact that Germany is 

the largest electricity producer in Europe. When comparing countries by proportion in their 

electricity mix, Denmark has the largest proportion for wind (42%) and biomass (18%), Malta 

for solar (15%) and Luxembourg for hydropower (70%)[12]. 



12 
 

 

Figure 2 :Repartition of the renewable part of the energy mix (2016) 

With these examples, it can be seen that European countries have different potential for 

renewable energy sources leading to different electricity mixes. These differences between 

European countries are clearly shown by the histograms in Figure 3. 

 

Figure 3 : Different electrical energy production mixes from European countries for year 2016. [12] 

These mixes (cf. Figure 3) are the result of different resource potential and historical decisions. 

For instance, France has a high potential for hydropower and decided to invest massively in 

nuclear power, this explains the fact that more than 70% of French electricity comes from 

nuclear power. Countries have access to different fossil fuels they can exploit like Germany with 

coal, Ireland with natural gas and Bulgaria with uranium. Renewable potentials can also be seen 

in some countries like wind power for Denmark, Ireland and Portugal, solar power for Malta and 

Italy, biomass for Denmark or hydro for Luxembourg, Sweden and Croatia. 

However, it can be seen that among those European countries the most carbonized electricity 

systems are the one from insular systems like Malta and Cyprus. These two insular countries 
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have also the systems with some of the lowest renewable fractions in their electricity production 

(8.7% for Cyprus and 15.5% for Malta). The 15.5% renewable fraction for Malta is very recent 

(only 3.3% in 2014) and is due to the building of a connection between the island and Italian 

grid, so this connection allows to reduce the oil consumption of Malta leading to an increase of 

renewable fraction. A similar connection between Cyprus and Greece is currently in 

development but for now Cyprus is an isolated grid.  

Beside the negative impact of a low renewable fraction in terms of GHG emissions, there is no 

diversity in their electrical systems leading to a strong dependence on a unique resource: oil 

(91% for Cyprus and 84% for Malta). This strong dependence on oil implies dependency on 

producer countries leading to geopolitical issues but also on oil prices which has an important 

impact on countries’ economy.  

On the same scale of these two countries, many European islands belonging to countries like 

France, Portugal or Greece are also isolated and present the same issues with fossil fuel 

dependency. More than 15 million Europeans are living on 2200 islands [13] and among those 

islands, more than 5 million people are living in isolated insular system located in Europe like 

Crete or Shetland Islands, or in outermost regions, like Canary Islands or the Reunion Island. 

That is why, to deal with these issues from insular systems, European Commission launched the 

Clean Energy for Island Initiative. This initiative aims at promoting energy self-reliance, 

encourage reduction of fossil fuel imports, boost renewable energy on the island and support 

vulnerable islands communities[13]. 

2.2 Isolated insular grids 
As stated above, many insular systems are isolated grid, it means that they do not have a 

connection to a continental grid like the European one. So if power production is too low or too 

high on the island, there is no larger grid to send or receive electrical power. The insular system 

must take care of the supply/demand balance by itself.  

Moreover, isolated islands have usually a small population compared to mainland countries and 

present often high daily variations of energy demand. For instance, the mean difference between 

daily minimum and maximum power consumption of Reunion Island corresponds to 52% of the 

yearly average power consumption [2]. Seasonal variations can also be seen because of tourism 

periods and/or particular climates, it is the case for Tenerife in Canary Islands with a change of 

the daily maximum power demand from 578MW (08/02/2018) to 459MW (09/06/2018)[14]. 

These differences between minimum and maximum power demand implies small production 

plants to better adapt to the demand and reduce disturbances linked to a loss of power plant, 

that is why in French Islands, a unit peak power must not exceed 25% of average power in the 

grid[15]. 

To better understand why these characteristics of isolated insular systems lead to many issues, 

it is important to know how the grid management works. The first goal of the grid is to 

guarantee the supply/demand balance; it means that at each moment the electrical power 

produced need to be equal to the one consumed. To deliver electricity to consumers, this power 

supply needs to respect a specific voltage and frequency constraints. For European countries, 

frequency is fixed to 50Hz (between 49.5Hz and 50.5Hz) and different level of voltage can be 

used in the grid but when delivered to consumers, the voltage is equal to 230V (±10%) or 400V 
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for three-phases (European Standards EN 50 160). This power supply must be delivered without 

interruption, so the grid needs to be kept safe and stable by the grid operator. 

To respect these requirements, the grid operators forecast the load of the next day using 

historical and weather data. Knowing the future load and the different power systems available, 

it can dispatch the different production units to optimize the costs and prepare some back up 

plants as a reserve in case of forecasting error or loss of a power plant. Each power plant has 

specific characteristics like response time, availability, shutdown and start up times, capacity or 

cost of electricity that must be taken into account for the unit commitment. The next day, the 

grid operator needs to adapt the power production some hours ahead or in real time to be sure 

that supply and demand are balanced and that voltage and frequency requirements are 

respected. To do so, it can disconnect some installations; can reduce unit’s power production or 

can start up new plants from the reserve. Thus it can also deal with grid default like short-circuit, 

congestion or frequency and voltage variations to which insular systems are more vulnerable 

than interconnected grid. 

Grid frequency variations are linked to supply/demand balance, when power produced is higher 

than the load, the frequency increases and when it is lower, it decreases. To adjust the power 

balance and the frequency, the grid operator uses three types of reserve: primary, secondary and 

tertiary (cf. Figure 4). When load becomes higher than power produced, rotating synchronous 

generators connected to the grid reduce their speed (so the frequency is also reduced) to give a 

part of kinetic energy to compensate the power difference during the first milliseconds; this is 

the inertial response of the grid. The more you have inertia in the grid (rotating machines or 

very fast storage like batteries or capacities), the slower will be the frequency decrease. To 

stabilize the frequency, the primary reserve reacts automatically in less than 30 seconds. As 

synchronous generators are not usually working at their maximum capacity, the primary 

reserve will increase the power delivered by these generators to restore the supply/demand 

balance. After the primary reserve, the frequency is stabilized but is not equal to the initial 

frequency (50Hz for European grid) so the secondary reserve will react automatically to restore 

the initial frequency in less than 15 minutes. If the secondary reserve is not sufficient, the 

tertiary reserve can be used; it consists mainly of back up plants that can react between a few 

and 30 minutes. In most of the cases, the tertiary reserve is used to restore the initial primary 

and secondary reserves (reduce synchronous generators power to their usual power). This 

reserve definition is the one used by the French grid operators[16] but can be different in other 

countries. 
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Figure 4 : Illustration of the three different reserves[17] 

To respect these grid requirements, power systems use usually conventional units that are 

mature technologies and adapted to grid management. Coal power plants can be used as base 

load to provide inertia to the grid and cheap constant electricity production; natural gas and oil 

plants are easy to start-up and shutdown, they are flexible and adapted to peak demand, so they 

can also serve as tertiary reserve. All these conventional means are easily dispatchable, so they 

are well adapted to vulnerable grid locations like insular systems.  

This can be seen in Figure 5 that shows the omnipresence of conventional sources of energy in 

many European Islands. A large part of these energy mixes is covered by oil engines to give a 

high flexibility to the grid. For the biggest islands, coal can be used as based load; that is why 

they have a lower oil fraction. Canary Islands are a bit different as it is composed of many non-

interconnected islands, with a main one (Tenerife) that represents almost the half of the 

archipelago’s population. 

 

Figure 5 : Different energy mixes from European isolated islands for year 2016 [18]–[26] *Crete data are for 
2015 **For the Reunion Island and Guadeloupe, it is a mix of coal and bagasse 
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Even if they are well adapted to insular grids, a lot of issues are related to these conventional 

units. They have a strong environmental impact concerning GHG emissions, acidification or air 

pollution with volatile organic compounds, nitrogen oxides and particles that can lead to 

sanitary issues. Moreover, these insular economies are very sensitive to fossil fuel prices 

variations and geopolitical context due to their dependency on these resources. These are the 

reasons that encourage European Union to set up the 2050 goal of decarbonized electricity mix 

with 80% renewables. The question is now to know if renewable energies can meet the grid 

requirements as well as conventional units.  

2.3 Power production from renewables: Reunion Island case study 
The ability of renewables to meet the grid requirements was evaluated for the case study of the 

Reunion Island in the scope of the PEPS project (cf. part 1). The Reunion Island is a French 

isolated insular system, located in the Indian Ocean between Mauritius and Madagascar 

(cf.Figure 6) in a tropical area with different micro-climates. 

  

Figure 6 : Reunion Island’s location[27] and energy mix for 2017 (Total production: 2986 GWh)[28] 

The Reunion Island has an ambitious goal in terms of renewable energy with a100% renewable 

electricity mix for 2030 and different studies shows that the renewable potential of the island 

could be sufficient to reach this goal [2], [4], [5]. Some renewable resources like solar, 

hydropower and biomass (bagasse and biogas) are already used on the island(cf. Figure 6), a 

very small fraction of electricity comes also from wind power (14 GWh) but other renewable 

sources were studied like geothermal, ocean thermal energy conversion (OTEC) or wave power 

[2]. 

However, all these sources have different potential or maturity level. OTEC and wave power are 

not enough mature for now, OTEC is under development but is too expensive and some practical 

issues related to bio fouling and civil and naval engineering need to be solved. Wave power was 

tested at a very small scale but potential is quite low and cyclonic conditions cause the 

destruction of the prototype [2]. Wind power must also face cyclonic conditions which increase 

the costs for each installation and reduce the capacity to produce during cyclonic periods[5]; 

another obstacle to wind power is the acceptance by local population of wind turbines. 

Geothermal energy could also not be accepted by local population and the actual potential is not 

sufficient to be economically viable [29]; the potential is also limited by the national park. This 

park also limits the sites for new hydropower capacities; most of them are already exploited and 

new environmental regulations increase installations costs [2]. Moreover, climate change will 

probably affect rainfalls that are the main resource for hydropower but these impacts are not 

known for now. Biomass potential is not fully exploited on the island but, due to the limited 
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space, could lead to land conflict between classical agriculture and biomass production. This 

biomass production could also lead to a high demand of water and fertilizer which can lead to 

environmental issues such as water contamination or soil degradation. 

Finally solar photovoltaic could be a good solution, it has lower GHG emissions than 

conventional sources, costs are getting lower and lower [30], the technology is already mature 

and well implemented on the island and the potential is high [3]. A simple calculation using 

yearly energy balance (Yearly energy demand divided by yearly GHI with an efficiency) can 

estimate very roughly the photovoltaic area needed to cover 100% of the electrical yearly 

energy demand with a perfect storage (no loss in storage): 15km² (0.6% of the Reunion Island’s 

area). A large part of this area could be found on rooftop, parking, greenhouses or roads which 

could take away the land conflict issue. Following the ADEME [2], a potential of approximately 

8km² can be found in actual urbanized area to install PV systems. 

However, PV integration leads to many issues considering grid requirements. The uncertainty 

due mainly to weather is a major problem for grid operator to know what will be the production 

one-day ahead for the dispatch or even a few hours ahead for adjustments during the day [31]–

[33]. Because of this uncertainty, the grid operator needs to plan a larger reserve which leads to 

higher operation costs [34]and the economical optimization made for the unit commitment one-

day ahead is often not reached because of unpredicted changes in PV production. This 

uncertainty is exacerbated by the fast and high variability of solar resource [33]; an example of 

the high variability can be seen in Figure 7. Around 1 pm, clouds cover an area with a high 

density of PV installations; this event leads to a fall of approximately 35MW (equivalent to a 

tenth of average total power demand) in less than 15 minutes. This was accompanied by a fall of 

frequency to approximately 49Hz that could cause black out if it was not corrected on time.  

 

Figure 7 : Illustration of solar resource variability on the Reunion Islandfrom EDF SEI (Frequency unit is Hz) 

 

Another issue related to PV is the lack of inertia [4], [35]. As stated above, the production losses 

were accompanied by a fall of grid frequency and whereas conventional units can react to this 

fall with the inertia of their synchronous machine (cf. section2.2), PV systems do not have 

inertia to take part in the grid primary reserve. Moreover when frequency is too low, a 

disconnection of other functioning PV systems can occur due to the limitations of inverters. 

Inverters can send power in a certain frequency range but when the grid frequency goes out of 

this range, the inverter cannot send the power to the grid and must disconnect; this effect could 

make the impact of power unit loss worse by increasing the power losses. 
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Because of production variability, PV integration can also lead to voltage issues when connected 

to large distribution grid [36], [37] but in the case of the small grid of the Reunion Island, these 

issues have low impact according to the grid operator.  

To be sure that the grid operator can handle any of these issues related to PV integration, a limit 

of 30% intermittent renewable energies in the electricity mix at each moment has been fixed 

[15]. This limit allows the grid operator to legally disconnect any intermittent systems that could 

increase risks for the grid. By increasing grid resiliency using more primary reserve and 

improved selection for power cut, a new limit of 35% was set up in 2018 [3]. 

Regarding the problematic of PV integration, a solution could be to use off-grid PV systems. This 

way, the grid sees neither the PV production variability, nor the variability of the house’s 

demand. For instance, individual houses equipped with PV panels and storage systems like 

batteries could be an alternative to grid connected PV installations. However, these kind of 

autonomous systems need a high storage capacity to be sure that load is met even during night 

or cloudy days, bringing high investment and operational costs. Moreover, batteries (usual 

storage systems for individual installation) require specific installations like an insulated local 

with controlled temperature and humidity to assure the security of the users and most of them 

are not adapted to tropical climate such as the Reunion Island, so lifetime are much lower than 

for the one obtained for standard conditions. A part of this information comes from interviews 

and discussions with industrial PV installers and their opinions on the future of PV systems on 

the Reunion Island were grid connected systems with auto-consumption more than autonomous 

systems. 

Considering this, it seems that the best solution for now is to have grid-connected PV systems 

but the issues related to variability and uncertainty on the solar resource are still obstacles to 

fully exploit the potential of solar resource on the island. Different solutions to deal with these 

issues are found in the literature and a quick summary of them is available in the following 

section. 

2.4 Solutions to increase penetration rate 
The article [6] gives a summary of six different solutions that are considered for now: load 

shaping, forecast improvement, geographical distribution, combination of different renewable 

energies, storage and curtailing/overbuilding. Some of these solutions are illustrated in Figure 

8. 
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Figure 8 : Illustration of different solutions to reduce issues related to PV integration [6] 

Load Shaping: This solution tries to reduce the difference between the resource availability and 

the demand, the idea is to encourage consumers, for instance via economic incentives, to shift 

their electrical consumption from period with low solar resource to period with high solar 

resource (cf. Figure 8). This solution can be used for the demand side but also for the supply 

side, both are well explained in [6]. From the supply side, subsidies to encourage PV production 

do not take into account the grid constraints leading to a very fast development of PV systems 

with high purchase cost for grid operator [15].They also do not take into account the real utility 

of the power produced and give the same price for a solar kWh during peak load and during low 

load which can be changed by a new remuneration for PV systems owner [6]. 

Forecast Improvement: From a more technological point of view; it is possible to reduce 

uncertainty on PV power output by improving weather forecasts at different timescale. In the 

years to come, PV plant operators may be asked in power purchase agreement to give 

predictions of their production for days, months or hours. So better forecast at these different 
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timescales could help to reduce financial risks linked to these predictions as explained in [38] 

but day scale forecasts are even more interesting to have better knowledge on one-day ahead PV 

power prediction. These day-ahead predictions can help the dispatcher to better know the 

reserve capacity needed for the next day, so it could reduce reserve demand, and a lower 

demand for startup and shutdown reserve back-up plant will reduce costs [39]. By acting as 

dispatchers using different forecast accuracies and different renewable penetration levels, 

Hodge et al. [40] and Brancucci et al. [30] showed that cost reductions related to back up plants 

operation are significant. Behrendt et al.[41] develop another way to improve PV power forecast 

using not only a value for global horizontal irradiance (GHI) but a spectral distribution of this 

irradiance. As PV cells are efficient in a certain range of solar spectrum, they showed that the 

yield of PV panels can differ of a few percents depending the type of panel (amorphous or 

polycrystalline). 

Geographical distribution: A lot of studies explore the benefits of geographical dispersion to 

reduce power production variability; already in 2001, Wiemken et al.[42] showed these benefits 

with a comparison between a unique PV system and 100 systems distributed over Germany. 

Spatial repartition allows to have decorrelated power production from different PV systems and 

this decorrelation leads to a smoothing effect [33] of global power output that can be seen in 

Figure 8. This correlation is linked to distances between the systems and timescale chosen but 

also with the cloud speed and the number of installations [43]. Hoff and Perez[44] tried also to 

estimate the correlation between PV systems using these different parameters and gave a first 

estimation of the optimum distribution for PV systems. An estimation of correlation coefficient 

using distance and timescale was also given by [45] to approximate the maximum power output 

variability of Japanese PV fleet. The effect of spatial repartition were also shown in Europe with 

Huber et al.[31] who shows the power variability decrease between regional scale, country scale 

and European scale. Even for some particular small scale regions like the Reunion Island, spatial 

repartition can show good results using the different microclimates of the island [3]. 

Combination of renewable energies: Another way to use decorrelation to reduce power 

output variability is to use decorrelated sources of energy. Hodge et al.[40] explain briefly how 

forecasting errors of wind and solar power output mutually compensate to reduce the 

forecasting error of the mix. Hydroelectricity can also be used with a wind/solar mix to decrease 

power output variability at different time scales (daily, monthly or yearly) as it is shown in [46] 

for different European locations or in [47] with a focus on Northern Italy. For the case of the 

Reunion Island, a mix of wind and solar power is not a really feasible solution for now as 

potential for PV is much easier to exploit than the one for wind power (cf. section 2.3). 

Storage: This kind of renewable mix can also be combined with storage to have even better 

results as it is shown in [40]. Different types of storage can serve different purposes: (i) they can 

be used for energy arbitrage by storing energy when the demand or prices are low and send it 

back for peak demand or higher prices; (ii) for variability decrease by smoothing the production 

of intermittent sources (cf. Figure 8);  (iii) for power balancing by acting as a tertiary reserve 

when power losses occur on the grid or (iv) for frequency regulation by adding inertia to the 

grid like primary or secondary reserves [48].Considering high costs for storage systems, Perez et 

al.[7], [8] developed a method to guarantee a PV production profile for the next day using 

storage and another solution: curtailment/overbuilding. 
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Curtailment/overbuilding: This solution consists in producing more power than what is 

needed by increasing the size of PV installations. Thus, if an installation is sized to deliver a 

certain nominal power, it is easier to guarantee this power, even when weather conditions are 

bad, and when produced power is too high compared to the nominal one, the exceeding part can 

be curtailed (cf. Figure 8). It is more interesting to use this solution in regions with large 

renewable potential and low installations costs. As stated above, the method developed in [7], 

[8] proposed an economical optimization between this solution and the storage solution to 

guarantee a PV production profile. This method, detailed in the next part, will inspire the 

algorithm described in part 6.  
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3 Objective and global methodology 
As it was explained in section 2.4, different solutions to increase penetration rate of solar PV can 

be found in literature. This study will only focus on the use of overbuilding, curtailment and 

storage to deal with the variability and uncertainty issues of solar PV. This part presents firstly 

the objective of this study and then, the global methodology to reach this objective in three steps. 

These three steps are the subjects of three distinct parts (cf. parts 4, 5 and 6) and detailed 

methodology and results for each of them are given in their corresponding part. 

3.1 Study objective 
The goal of this study is to show how overbuilding, curtailment and storage deal with these 

issues to deliver a firm PV power for different rates of energy penetration in the electricity mix 

and to design a suitable system to reach the goal of a 100% renewable electricity mix by 2030. 

To design this system, an algorithm that uses curtailment and sizes the storages needs will be 

developed and used to find an economical optimization between storage and overbuilding (cf. 

section 3.2 and part 6).  

This algorithm will need a modelling of PV production fleet of the Reunion Island, so the goal of 

part 5 will be to find a model that corresponds to the real PV power production and where the 

installed PV capacity can be modified. Different modelling methods that can be used are 

explained in section 3.4. 

To do so, the first step will be to find solar resource data that are representative of the potential 

on the Reunion Island and that cover at least a year with a sub-hour time step to see both the 

seasonal variations and fast weather changes. The source of this data is detailed in section 3.3 

and their assessment is the object of part 4. 

3.2 Description of the algorithm part 
The storage and curtailment/overbuilding method fits in a larger strategy to reduce issues with 

PV integration (cf. Figure 9). This solution is complementary to the other solutions presented 

above (cf. section 2.4) like geographical distribution and forecast improvement. By using 

historical solar resource, it is possible to have an idea of the current PV power production over 

the year thanks to a modeling of PV production fleet. To guarantee the desired production 

profile, storage and new PV systems (overbuilding) can be added to the previously modeled PV 

fleet. It is then possible to adjust the production using storage and curtailment to correspond to 

the wanted profile at each time of the year (cf. part 6). To complete this solution, an 

optimization of geographical distribution when adding new PV systems can be done to reduce 

variability of the resource. Solar resource can also be forecasted one day ahead to estimate for 

the next day the desired profile that reduces as much as possible the need for storage and 

curtailment with the current PV production fleet. In this study, the storage and curtailing 

method are used for PV only but can also be applied to combined wind and solar power. 

To apply this method to the case study of the Reunion Island, it is needed to model some of the 

different blocks present in Figure 9. First there is a need in historical solar resource data and 

then the PV production systems of the Reunion Island must be modeled. After this, PV capacities 

and storage can be added to the current PV production fleet. A control system to know when 

energy must be stored or curtailed to guarantee the profile is also needed. The solar resource 

forecast and the optimization of geographical distribution are not part of this study. 
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Figure 9 : Schematic of different solutions to reduce PV integration related issues 

3.3 Data resources for modeling 
As stated in Figure 9, a modeling of PV fleet needs solar resource data; it means irradiance 

values like GHI (Global Horizontal Irradiance), DNI (Direct Normal Irradiance) and DHI (Diffuse 

Horizontal Irradiance) for different locations on the island to consider the spatial distribution of 

the entire PV fleet and at different times to estimate the power production over one year. These 

values are well defined and explained in [49]. These irradiance data can be obtained from 

ground measurements using pyrheliometer (for DNI) and pyranometer (for GHI) or rotating 

shadowband radiometer (for DHI). These different instrumentations and the uncertainties 

related to them are described in [49], [50]. 

Apart from ground measurements, irradiances can be derived from geostationary satellite 

observations. Even if satellite-based methods are less accurate than ground measurements, it is 

easier to have irradiance values for an entire territory like the Reunion Island using satellite 

images than using pointground measurements stations. Two different methods can be used to 

derive irradiances from satellite: physical methods and empirical methods[50]. Physical 

methods use a model of the atmosphere to estimate the different parameters that affect 

irradiance (atmosphere composition, presence of aerosols, cloud properties, …) and satellite 

images to estimate the albedo and then, use these data to calculate surface radiation [51]. 

Empirical methods use satellite images to calculate a cloud index that represents the cloud cover 

of the sky (take the value 0 for clear sky conditions and close to 1 for cloudy days). This cloud 

index is then used in a linear relationship calibrated with ground measurements and clear sky 

conditions to derive irradiance [52]. Empirical methods take less computer time to run than 

physical methods but they neglect the variations of aerosols and atmosphere composition by 

using average data [50]. 

The data used in this study come from a satellite based semi-empirical method: the SUNY model 

which is a part of SolarAnywhere Resource Data Service. Semi-empirical method use physical 

model to calculate the different parameters of atmosphere and satellite images to estimate the 

cloud cover of the sky[52]. The SUNY model was developed by [53] who are partners of the PEPS 
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project and make these data available for this study. This model is designed to derive irradiance 

data from satellite images and forecast future irradiance for short and long term horizons[53], 

[54] but in this study, the forecasted irradiances will not be used. These data are composed of 

GHI, DNI and DHI with a spatial resolution of 1km and time resolution of 15min over the year 

2018 (cf. part 4). 

3.4 State of the art of modeling 
Thanks to EDF-SEI, the main electricity producer and supplier on the Reunion Island, it is 

possible to know some characteristics and production curves of the PV systems on the Reunion 

Island. So using these data and irradiances from previous section (3.3), it is possible to model 

the PV production fleet of the island and compare it to real power generation data. Different 

method can be used to model this PV fleet: statistical method and physical or component based 

modeling [55].Statistical methods try to find correlations between power output and irradiance 

data. It can be simple correlation like in these articles: [56], [57] where alternative current (AC) 

power output and irradiances are linked using a linear relationship or more complex ones using 

artificial neural network that estimates the power production from previous data [58] ; the  

principle is to find days with similar irradiances and estimate the power production regarding 

what was produced on those days.  

Physical methods use PV systems characteristics to find the power output; information on PV 

systems characteristics are available in this document [49]. Some of these characteristics are the 

location of the system, the tilt and orientation angles of the module, its temperature, its 

efficiency, the way it is mounted or the efficiency of the inverter. All these characteristics are not 

known for each PV systems but it is possible to use a representative PV fleet with known 

characteristics that can be up scaled to estimate the production of a larger one, like in [39] 

where they used a representative system of German PV fleet to estimate total PV production. An 

estimation of these characteristics can also be made like the estimation of module efficiency 

using a function of module temperature or empirical data to estimate different losses in the 

system [37]. Small scale systems can also be aggregated to estimate their production on a larger 

level using common characteristics for individual systems [59], this can be a good solution to 

estimate power output of individual systems from each city of the island.  

For this study, a physical modeling is possible regarding the data available and the quite small 

size of the PV production fleet (cf. part 5). This method can give a better understanding of the 

PV production systems compared to a statistical method which acts more like a “black box”. This 

way, it will be possible to add new PV (overbuilding) and storage systems with known 

characteristics to the current PV fleet using the same modeling method and to have a better 

control on each system production which can be useful for the curtailment part. This component 

based modeling will be done using MATLAB software and could be inspired by the modeling 

method of SAM (System Advisor Model) software like in [59]. 
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4 Solar resource evaluation 
For the historical solar resource bloc (cf. Figure 9), satellite based irradiances with a resolution 

of 1km² were chosen to have a better spatial coverage of the island. But ground measured data 

are also available at some points of the island and can be used to evaluate the accuracy of the 

satellite’s model. So the first part of the work will be to compare satellite based and ground 

measured data to find bias in satellite’s estimations that could impact the results of PV 

production modeling (cf. part 5). No method to correct these biases will be studied but could be 

a way to improve satellite’s estimation. The methodology for this evaluation will be presented 

below (cf. section 4.1) and the results will be presented in section 4.2. Some discussion on the 

results obtained and a conclusion are given in section 4.3. 

4.1 Methodology 
GHI and DNI coming from the SUNY model will be compared to ground measured GHI coming 

from Météo-France (the French weather forecast public institution) and to ground measured 

DNI from the PIMENT laboratory and another laboratory of the University of the Reunion Island, 

the Atmospheric Physics Laboratory, called LACY. 

As stated in section 3.3, satellite based data are less accurate than ground measured data so 

these latter can serve as a reference to evaluate the error made by the SUNY model. Despite 

these accuracy losses, satellite-based data give GHI and DNI with a spatial resolution of 1km²; 

such level of details is not achieved with the stations of Météo-France and the different 

laboratories that is why satellite data are used in this study.  

4.1.1 GHI comparison 

The GHI comparison will be led on 13stations of Météo-France distributed on the island as 

shown in Figure 10. For each station, GHI is given from the 1st of January 2017 to the 20th of 

December 2018 with a time step of 6min. As the satellite time step is 15min, the choice is made 

to compare directly values each 30min. Because of major deviations that could be linked to 

water vapor [60] or temporary vegetations masks that are not really representative of the site, 

measurements station cannot serve as references for low elevation angles. So, all data (GHI and 

DNI for the next section) corresponding to a solar elevation angle lower than 10° are not taken 

into account in this comparison. Night values are also removed because irradiances are null for 

these times and their impact will only be to decrease global error without showing a better 

accuracy in irradiance estimations. All missing data from stations or satellite are removed from 

the comparison. 

GHI from each station will be compared in terms of power and energy at different timescales 

(day, week, month, and year) to the closest satellite pixel. Moreover, the three other pixels that 

surround the station are part of the comparison. 
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Figure 10 : Map of 13 different stations of Météo-France 

4.1.2 DNI comparison 

As Météo-France stations do not measure DNI, the DNI comparison will be done on data from 

PIMENT and LACY laboratories. The sun tracker of PIMENT is located on the IUT Saint Pierre in 

the south-west of the island near the coast and the station of LACY is located near the Maïdo in 

the north-west inland at a high altitude (~2160m). Both stations measure GHI, DNI and DHI with 

a one minute time step so GHI and DNI comparisons will be made with a 15 min time step (Time 

step of the satellite data). Start and end times for PIMENT and LACY data are respectively 

23/11/2017 to 20/03/2019 and 11/01/2017 to 01/01/2019. 

Baseline Surface Radiation Network (BSRN) tests [61] were already made on these data and 

those which do not respect these tests were removed. These tests allow detecting anomalies in 

measurements systems and can serve to validate the coherence of measured or estimated 

irradiance data using a database that contains usual values for irradiance from the whole world. 

4.1.3 Error metrics 

Different indicators will be used to compare GHI and DNI data. First the error is calculated as the 

satellite data (GHI or DNI) minus the ground measured data for each time step. Then to give an 

idea of the error distribution, median, first and third quartiles will be calculated. The mean of the 

distribution will also be given by the Mean Bias Error (MBE) in absolute (1) and relative values 

by dividing it by the mean ground measured GHI. 

 𝑀𝐵𝐸 = ∑
𝐺𝐻𝐼𝑠𝑎𝑡,𝑖 − 𝐺𝐻𝐼𝑔𝑟𝑜𝑢𝑛𝑑,𝑖

𝑁

𝑁

𝑖=1

 (1) 

 

Root Square Mean Error (RMSE) and Mean absolute error (MAE) will be calculated with 

equations (2) and (3) and be also given in relative values. The same values are also calculated 

for DNI.  

 𝑅𝑀𝑆𝐸 = √∑
(𝐺𝐻𝐼𝑠𝑎𝑡,𝑖 −  𝐺𝐻𝐼𝑔𝑟𝑜𝑢𝑛𝑑,𝑖)²

𝑁

𝑁

𝑖=1

 (2) 
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 𝑀𝐴𝐸 = ∑
|𝐺𝐻𝐼𝑠𝑎𝑡,𝑖 − 𝐺𝐻𝐼𝑔𝑟𝑜𝑢𝑛𝑑,𝑖|

𝑁

𝑁

𝑖=1

 (3) 

With N the number of values. 

4.2 Results 
GHI and DNI from SUNY model are compared to ground measured GHI and DNI in order to 

evaluate the accuracy of solar resource data from satellite based method. GHI values are 

compared for 13 different Météo-France stations using instantaneous power but also using 

energy over different timescales. Then, DNI is compared for two different locations and its 

influence on the calculation of the global tilted irradiance is explored using data from Saint 

Pierre. 

4.2.1 GHI results 

Error metrics for two of the 13 different Météo-France stations are detailed here; results for the 

other stations are shown in Appendix (9.1). These two stations are the ones with the best and 

the worst RMSE, respectively Gillot (Station 10) near the Roland Garros Airport on the north 

coast and Petite France (Station 6) in the inland near the Maïdo, so station 6 is at a higher 

altitude than station 10 (1370m compared to 44m above sea level) (cf. Figure 10). 

Figure 11 and Figure 12 show the differences between GHI from Météo-France (continuous 

line) and GHI derived from satellite observations (dashed line) for the four pixels which are the 

closest to the meteorological station. Looking atFigure 11, it seems that the clear sky model 

from satellite estimations fit quite well the GHI for station 10 but underestimates GHI for station 

6. This clear sky model is the basis on which cloud index is used to estimate the real irradiance 

(cf. section 3.3). This underestimation can be caused by the use of a general clear sky model for 

the entire island that does not take into account altitude variations because with higher altitude, 

air mass (AM) is lower compared to the coast of the island and this implies higher irradiance for 

high altitude. It can also be seen that the satellite does not take into account masks due to the 

relief. From 7:00 to 8:30, shading effect due to the mountain obstruct irradiance coming from 

the sun for station 6. 

 

Figure 11 : GHI of a clear sky day for station 6: Petite France (left) and station 10: Gillot (right) 
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Figure 12 : GHI of a cloudy day for station 6: Petite France (left) and station 10: Gillot (right) 

In Figure 12, it seems that satellite observations give a quite good estimation of the shape of GHI 

for cloudy days on the coast but can only approximate a global trend without giving the 

stochastic variations for station 6. These large variations of the ground measured GHI are 

obtained for a point station whereas satellite based GHI is an average over 1km², this average 

have maybe smoothed these large variations. 

To have a global view of estimation error, Figure 13 and Figure 14 show the distribution of 

irradiance values and key indicators related to it (cf. section4.1.3). Latitude and longitude of the 

meteorological station are given and error is calculated as the difference between the satellite 

derived GHI and GHI from Météo-France. The linear regression estimates the relation between 

Météo-France and Satellite derived GHI, this relation is given by the equation with its coefficient 

of determination and give an idea of the range of values that are often overestimated or 

underestimated by comparison with the first bisector (y=x). The two black lines delimit values 

that have an absolute error lower than 10%. 

For station 10 (cf. Figure 14), it seems that GHI is slightly underestimated by satellite 

observations as the error median is equal to -23.395 W/m², especially for values higher than 

350 W/m² whereas it is globally overestimated for station 6 (cf. Figure 13) with a median error 

of 29.5 W/m².This overestimation is mostly due to the numerous low GHI values (<400W/m²) 

that are overestimated in the morning because of shading effect. 

Even if relative MBE and RMSE for station 10 (respectively -5.4% and 27.5%) can seem high, 

they are comparable to typical ranges for satellite observations [52] and to the station 6 with 

respectively 14.6% and 60.3% for the relative MAE and RMSE. This difference could be 

explained by different factors such as shading effects associated to local relief and buildings 

which are not taken into account by satellite estimations, the altitude of the site, the fast rate of 

weather changes due to cloud formations or high cloud speed …  
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Figure 13 :Satellite vs ground measured GHI distribution for station 6: Petite France 

 

Figure 14 : Satellite vs ground measured GHI distribution for station 10: Gillot 

In terms of energy, Figure 15 shows the distribution of relative errors for daily, weekly and 

monthly energies. These values are calculated using equation (4) with (𝐸𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒) a daily, weekly 

or monthly energy derived from satellite based GHI values and (𝐸𝑔𝑟𝑜𝑢𝑛𝑑) the energy for the 

same day, week or month but coming from ground measured GHI. 

 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑟𝑟𝑜𝑟 =
𝐸𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒 − 𝐸𝑔𝑟𝑜𝑢𝑛𝑑

𝐸𝑔𝑟𝑜𝑢𝑛𝑑
 (4) 

 

Missing data are removed from the calculation, so it happens sometimes that the daily energy 

comparison is only done over 8 hours because some hours are missing.  
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Figure 15 : GHI energy error distribution for station 6: Petite France (left) and station 10: Gillot (right) 

It can be seen from Figure 15that the maximum relative error for energy decreases with a larger 

temporal scale, from almost 200% and 50% for some days to less than 50% and 15% for all 

months. These error are quite large but the same order of magnitude can be found in literature 

[62]. It could be explained by the fact that the clear sky model that drives the envelope of the GHI 

is the same for the entire island without taking into account relief effects. Maximum relative 

errors are much higher for station 6 than for station 10 and energy is mostly overestimated for 

station 6 whereas it is often underestimated for station 10. 

To give an overview of the results obtained for each station, Figure 16 show maps with the 

relative mean bias error (MBE) and relative root mean square error (RMSE). The other key 

indicators and GHI distribution are given in Appendix (9.1). 

 

Figure 16 : Map of the GHI relative MBE (blue) and RMSE (red) for each station (in %) 

Looking at the distribution of MBE’s signs, GHI values from the south-western part of the island 

tend to be overestimated whereas values from the north-eastern part and center of the island 
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tend to be underestimated. This could be linked to the fact that the western part of the island is 

usually less cloudy than the eastern part and the satellite method tend to underestimate GHI for 

cloudy days. It seems that error values for stations near the coast are often lower than stations 

in the inland; this difference could come from the presence of masks due to relief that is more 

present in the inland or to the altitude of the station for instance. To see the influence of the 

altitude on the GHI error, it is possible to plot the RMSE of each station as a function of their 

altitude (cf. Figure 17). Two groups can be seen on this graph, a first one with low altitude 

(below 150m) and relative RMSE below 35% with an exception at 42.5% and a second one, 

more scattered with altitude higher than 500m and relative RMSE often higher than 40%. 

 

Figure 17 : GHI relative RMSE in function of the station’s altitude 

The same kind of maps can be done for energy comparisons (cf. Figure 18). Figure 18 shows 

the mean of the daily and yearly energy relative error distributions shown in Figure 15 but for 

each station. Both daily and yearly relative errors for energy give similar shapes for the error 

distribution with lowest values near the coast and highest values in the inland. Even if the 

timescale on which the energy is calculated is very different, the error values for daily and yearly 

energies are of the same order of magnitude because daily energy relative errors given are 

averaged over the whole year. 

Comparisons between satellite based and ground measured GHI for the 13 different stations 

shows that the SUNY model has some difficulties to estimate accurately the GHI for stations 

distributed over the Reunion Island. These difficulties could be linked to the global clear sky 

model used for the entire island, the smoothing effect over 1km² compared to ponctual 

measurements at a station, the different shading effects due to relief or buildings or even the fast 

changes in weather conditions with specific local cloud formation.  
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Figure 18 : Map of the mean daily (blue) and yearly (red) energy relative error for each station (in %) 

However, for coastal stations, where are located the major part of PV systems, relative MBE and 

RMSE stay in the range of correct estimation with values near 30% for the relative RMSE. 

Knowing the error coming from satellite GHI estimations, it is possible to have more perspective 

on the PV production modeling for individual installations and what can be expected from it. 

4.2.2 DNI results 

Since PV production models will need tilted irradiance (cf. 5.1.1), it is necessary to evaluate the 

accuracy of the DNI estimated by satellite method in addition to the GHI comparison. This 

evaluation will be led for two different locations Saint Pierre (south west coast) and the Maïdo 

(mountain in the north west inland) as explained in section 4.1.2. 

 

Figure 19: Satellite vs ground measured GHI distribution for Saint Pierre 
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Figure 20: Satellite vs ground measured GHI distribution for the Maïdo 

As shown in Figure 19 and Figure 20, the GHI comparisons between ground measured and 

satellite based data give a relative RMSE lower than their similar station from the previous 

section 4.2.1 with 24.7% for the coastal station (similar to station 10) and 53.1% for the inland 

station (similar to station 6). 

Looking now at the DNI for clear sky day (cf. Figure 21) and cloudy day (cf. Figure 22), it can be 

seen that SUNY model has more difficulties to fit the ground measured DNI even for a clear sky 

day. It is normal that the satellite does not see fast variations as time step for it is 15min whereas 

the one of the trackers is 1min, but even the global trend differs between satellite and ground 

station. In Figure 21, it seems that the clear sky model used by SUNY underestimates the DNI, 

which is maybe linked to the altitude of the station, but another phenomenon that is not taken 

into accounts by satellite estimation can be found inFigure 22. For cloudy moments of the day, 

SUNY estimates the DNI near zero but the station measures thin peaks with large amplitude; this 

can be an example of over-irradiance. Over-irradiance occurs when solar irradiance goes 

through clouds and is reflected and concentrated by the small droplets in the cloud to a small 

area, more information on this phenomenon can be found in [63], [64]. 

 

Figure 21: DNI of a clear sky day for Saint Pierre (left) and for the Maïdo (right) 



34 
 

 

Figure 22: DNI of a cloudy day for Saint Pierre (left) and for the Maïdo (right) 

This over-irradiance can be better seen when looking at the difference between satellite and 

ground measured GHI envelopes in Figure 23even if the difference is less striking for Saint 

Pierre. The amplitude difference of this over-irradiance is certainly due to the relief and latitude 

where clear sky irradiances are already high as explained in [63], [64]. This explains also why 

the GHI can reach values higher than the solar constant: 1367 W/m². Such high values were not 

seen in the GHI comparison section (4.2.1) because this phenomenon is very fast and the time 

step for Météo-France stations is 6min whereas the one used in this section for Saint Pierre and 

the Maïdo is 1min. 

 

Figure 23: Comparison of GHI envelope of values for Saint Pierre (left) and for the Maïdo (right) 

When looking at the DNI distributions in Figure 24 and Figure 25, a large increase of all error 

indicators compared to GHI ones can be observed for both stations with relative MBEs going 

from -6.2% and -20.4% to 19.9% and -25.9%, and relative RMSEs going from 24.7% and 53.1% 

to 49.9% and 73.8%. Distributions are also much more scattered than for the GHI and the gap 

between 1st and 3rd quartiles have increased a lot from 76.7 W/m² and 213.4 W/m² to 224.8 

W/m² and 305.5 W/m². 
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Figure 24:Satellite vs ground measured DNI distribution for Saint Pierre 

 

Figure 25: Satellite vs ground measured DNI distribution for the Maïdo 

The comparison between satellite based and ground measured DNI for two different locations 

shows that all error’s key indicators are much higher for DNI than for GHI. As satellite based DNI 

is required to calculate the global tilted irradiance (GTI) that will be used to model PV power 

production (cf. section 5.1.1), it is important to know what the real influence of very different 

DNI is on the calculation of the GTI. 

4.2.3 GTI sensitivity to DNI and comparison with GHI 

To evaluate GTI sensibility to DNI, GTIs will be calculated with two different DNIs. One of these 

DNI will be the ground measured DNI from the station located in Saint Pierre (4.2.2) and the 

other is derived from the ground measured GHI of the same station using a decomposition 

model (DISC) from the National Renewable Energy Laboratory (NREL). The distribution of these 

two different DNI is given in Figure 26 with ground measured DNI as the reference. With a 
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relative MBE of 25.7%, a relative RMSE of 49.7% and a very scattered distribution, these two 

DNI can be considered as different. 

 

Figure 26 : Decomposition vs ground measured DNI distribution for Saint Pierre 

Using these two different DNI, it is possible to calculate two different DHI using equation (8) and 

the ground measured GHI from the station in Saint Pierre. GTI is then calculated with equations 

(7) and (9) for a common panel configuration: facing north and with a tilt angle of 20° which 

corresponds approximately to the latitude of the Reunion Island. The comparison between the 

GTI calculated with ground measured DNI and the one from decomposition model is given in 

Figure 27. 

 

Figure 27 : GTI comparison for a 20° tilted panel facing north in Saint Pierre 

From this GTI comparison, it can be seen that for this configuration (tilt of 20° and facing north), 

very different DNI with the same GHI as reference give almost the same GTI. The relative RMSE 

is very low (3.2%) and more than 50% of the values have errors between -3.41 W/m² and 4.74 
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W/m² whereas GTI values can range from 0 to 1450 W/m². So it seems that, even if ground 

measured DNI and DNI from SUNY are different, satellite based DNI can be used to simulate PV 

power production without introducing a large bias compared to the one of the GHI estimation 

from SUNY. 

As different DNI and same GHI give similar GTI for a common configuration, another question 

that arises is to know if GHI can be used instead of GTI. Answers to this question could help to 

understand the difference that could occur between different models for PV production fleet (cf. 

section 5.1.1) and could give a first estimation of the gain in accuracy when increasing model 

complexity. 

Figure 28, Figure 29 and Figure 30 present relative MBE and RMSE between GTI and GHI for 

different module configuration. GHI values come directly from the station in Saint Pierre and GTI 

values are derived from this GHI and the DNI measured by the same station. The aim is to see the 

accuracy of using only GHI instead of GTI, so GTI is considered as the reference for error 

calculations. 

 

Figure 28 : Comparison of GTI and GHI for different orientation angles in St Pierre (tilt=20°) 

From Figure 28, it can be seen that the relative RMSE stays below 20% between -60°E and 90°E 

and that a minimum is reach near 0° (facing north) which is a common value for PV system’s 

orientation angle on the Reunion Island. However this minimum relative RMSE is approximately 

equal to 11% which is quite high and cannot be neglected in the PV production model. Minimum 

relative error regarding MBE and RMSE are not obtained for the same orientation angle due to 

errors that can compensate in the case of the MBE; that is why a null MBE can be obtained. It can 

be noticed that this null MBE is reached for an orientation angle near -20°E. This orientation 

angle reduces the energy received on the panel compared to a panel facing north, this way it 

compensates the gain in energy from a tilted panel compared to a horizontal one. Another 

interesting point is the maximum of the MBE relative error which is reached for an orientation 

angle near 40°E; it means that the energy received by the panel is the highest for this angle and 

not for a panel facing north as solar geometry could lead to think.   
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Lower absolute errors are obtained for lower tilt angles (cf. Figure 29 and Figure 30)and for tilt 

angles below 30°, GHI gives a better GTI approximation for a combination of modules with half 

facing east and half facing west than for modules only facing north. It can be seen from these two 

figures that energy received by a panel facing north is higher when inclined (for tilt<30°) 

whereas an inclined configuration East-West reduce the energy received compared to a 

horizontal panel. 

 

Figure 29 : Comparison of GTI and GHI for different tilt angles in St Pierre (facing north) 

 

Figure 30 : Comparison of GTI and GHI for different tilt angles in St Pierre (facing east and west) 

These approximation errors are quite high for the Reunion Island but are even higher for 

latitudes that are more distant from the equator. More explanations on this are given in 

Appendix (cf. section 9.2) with a comparison between the Reunion Island and a station in 

Estonia. 

Evaluation of GTI approximation by GHI in terms of yearly energy can be found in appendix (cf. 

section 9.3) with a table giving normalized yearly energy received by a module in function of its 

configuration (orientation and tilt angles). In addition, two maps giving optimal tilt and 
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orientation angles to receive the most energy over the year are presented with spatial scale of 

1km² which corresponds to the spatial scale of the satellite data that were used for these 

calculations. 

4.3 Discussion and conclusion 
From this comparison between satellite based data and ground measurements, it was shown 

that large errors are obtained for GHI: from 27.5% to 60.3% for the relative RMSE and from -

23.99% to 14.58% for the relative MBE. These errors are even large when it comes to DNI 

comparison with a maximum relative RMSE equal to 73.8% for the Maïdo station. These errors 

which are a bit larger than what is obtained in the literature [52] could be due to different 

factors. The altitude seems to have an impact on the global envelope of GHI and DNI so the same 

clear sky model cannot be applied to the entire island and must be modified following the 

altitude. The stations with higher altitude are also more sensitive than coastal stations 

concerning weather changes. Cloud formations in the inland and the relief of the island generate 

fast variations of GHI and DNI due to fast moving clouds. The relief of the island implies also 

shadowing effect that are not taken into account by the satellite method but that could have a 

large impact on the morning and evening ramps of the PV power production.  

A method to correct the bias of the satellite estimation could be realized with a different 

correction in function of latitude and location of the station. However, this correction is not part 

of this study so the data presented here will be used as they are for the PV production modeling. 

It was seen that coastal stations gave better results than inland ones and are more closer to 

usual range of estimation errors which an element to consider in PV production model as most 

of PV systems are located near the coast. 

The smoothing effects due to the size of the pixel used by satellite estimation (1km²) and the 

time step (15min) hide a part of the solar resource variability. This kind of variability is 

nonetheless also hidden when looking at a PV production fleet that is distributed over the entire 

island and as the goal of the next part is to model the total PV power production, the errors 

observed at each station could compensate to decrease the global error between real and 

modeled PV powers. Concerning this modeling and knowing that orientation and tilt angles are 

not available for each installation, real GTI calculations over the entire PV fleet cannot be made 

in this study, but can be done on simple installations with all necessary data to test the model. 

GTI approximation by GHI seems to include a quite large error especially for high tilts angles, so 

the model must take into account the effect of GTI. Moreover, even if real tilt and orientation 

angles are not available, these parameters can be used in the calculation of GTI to better adjust 

the PV production model for multiple systems to the real production. 
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5 PV fleet modeling 
Now the errors between satellite and ground measured data have been evaluated, the next step 

is to model PV fleet of the Reunion Island using the satellite data (second bloc of Figure 9). This 

PV production will be modeled using different level of complexity and system scales as 

presented in the methodology (cf. section 5.1) and will be evaluated by comparison with 

historical data from EDF-SEI and local producers. Results from these comparisons are presented 

in section 5.2 and are discussed in section 5.3. The goal of this part will be to choose a model 

that represents PV power production considering the existing installed PV capacities and to 

allow the power calculation with new PV capacities added. This way it will be possible to modify 

the existing PV fleet and to simulate its production for the algorithm presented in part 6. 

5.1 Methodology 
As stated in 3.4, a component based modeling will be done for different complexity level and 

system scales, from one installation to the entire PV fleet of the island. The scale of one 

installation (cf. section 5.1.1) allows knowing all characteristics of this installation and 

evaluating the models with different complexity to know what parameters and input data have 

the most impact on the production model. 

It can be seen from Table 1 that 3871 PV systems are installed on the island, so it is very 

complicated to have access to all tilts, orientations, module types or locations for each of these 

systems. Thus, it is not possible for this study to have a very detailed model of the entire PV fleet 

but systems can be aggregated to a larger spatial scale, for instance at transformers 

(63kV/15kV) level (cf. section 5.1.2). Aggregated capacities from EDF-SEI are available for each 

transformers zone but real production data are only given for the entire island, so the total PV 

production will be estimated using mean solar resource on these transformers zone and 

capacities given. 

System size (kVA) 0-2 2-9 9-36 36-100 100-1000 >1000 Total 

Number of installations 1977 482 1080 139 161 32 3871 

Cumulative power (kW) 4923 2925 18340 10538 43432 107628 187786 

Cumulative power (%) 2,6% 1,6% 9,8% 5,6% 23,1% 57,3% 100,0% 
Table 1: PV installations repartition for the Reunion Island in 2017 [28] 

Finally, this PV production model with mean solar resource for each transformer zone will be 

compared to a simpler model with mean solar resource at the entire grid’s scale (cf. 

section5.1.3). Then the best model to simulate the real PV production at the island’s scale will be 

selected to be used in scenarios with different installed capacities (cf. section 6.1.4). 

5.1.1 Modeling of one installation 

Electricity productions from two different PV plants are available thanks to an electricity 

producer (Albioma). The first plant (Supercash) is located on the south-west coast (Saint Pierre) 

and the second (Leclerc) on the west coast (Saint Leu).  

For both installations, daily produced energies are given for the whole year 2018 and 

characteristics of the PV installation are given (panel, inverter, tilt, orientation). As power is not 

available, the comparison will only be made on the daily energy using satellite data for solar 

resource and nearest measurement station of Météo France for the temperature.  
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Four different models will be tested to calculate the power in alternative current (𝑃𝐴𝐶): one 

using only GHI, installed capacity (𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑) and different efficiencies (panel, inverter and 

losses) (5), another where PV panel are not considered as horizontal planes but have different 

tilts and orientations (6) and two others similar to the previous ones but using also the influence 

of panel temperature (10) and (12). 

 𝑃𝐴𝐶 = 𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 ∙ 𝜂𝑙𝑜𝑠𝑠𝑒𝑠 ∙ 𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 ∙
𝐺𝐻𝐼

1000
 (5) 

 

 𝑃𝐴𝐶 = 𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 ∙ 𝜂𝑙𝑜𝑠𝑠𝑒𝑠 ∙ 𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 ∙
𝐺𝑇𝐼

1000
 (6) 

 

The denominator equal to 1000 𝑊/𝑚² in (5) and (6) corresponds to the irradiance at standard 

conditions. Global tilted irradiance (GTI) corresponds to the irradiance received by an inclined 

PV panel and is calculated using equation (7) with DNI from satellite, DHI and cosine 

effectiveness (cos(𝜃)). 

 𝐺𝑇𝐼 = 𝐷𝑁𝐼 ∙ cos(𝜃) + 𝐷𝐻𝐼 (7) 
 

As the satellite gives only GHI and DNI, it is possible to calculate DHI using solar zenith angle 

(𝜃𝑧) and the equation (8). 

 
 

𝐷𝐻𝐼 = 𝐺𝐻𝐼 − 𝐷𝑁𝐼 ∙ cos (𝜃𝑧) 
(8) 

Cosine effectiveness is calculated using solar zenith angle (𝜃𝑧), solar azimuth angle(γs), tilt angle 

(𝛽𝑐) and orientation angle of the collector (γc) as follows. 

 cos(𝜃) = cos(𝛽𝑐) ∙ cos(𝜃𝑧) + sin(𝛽𝑐) ∙ sin(𝜃𝑧) ∙ cos (γs − γc) (9) 
 

The influence of module temperature is modeled by a change in module efficiency using a 

temperature coefficient (𝛼 [%/°𝐶]) which is negative and linked to the type of module (thin film, 

poly-, mono-crystalline). For temperatures higher than 25°C, the module efficiency decreases 

(eq.(10)). 

 𝑃𝐴𝐶 = 𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 ∙ 𝜂𝑙𝑜𝑠𝑠𝑒𝑠 ∙ (1 + 𝛼(𝑇𝑚 − 25°𝐶)) ∙ 𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 ∙
𝐺𝐻𝐼

1000
 (10) 

 

The temperature of the module (𝑇𝑚) is calculated using the ambient temperature (Tamb) coming 

from Météo-France stations, the GHI or GTI depending on the chosen model and a parameter 

(γ [°C ∙ m2/W]) which is linked to the mounted type of the system (roof integrated, free 

standing,…). 

 Tm = Tamb + γ ∙ GHI (or γ ∙ GTI) (11) 
 

 𝑃𝐴𝐶 = 𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 ∙ 𝜂𝑙𝑜𝑠𝑠𝑒𝑠 ∙ (1 + 𝛼(𝑇𝑚 − 25°𝐶)) ∙ 𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 ∙
𝐺𝑇𝐼

1000
 (12) 
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All these equations for component based modeling of PV production fleet can be found in [37], 

[39], [65]. 

The same metrics as in 4.1.3 will be used to compare real production and modeled production. 

5.1.2 Modeling at 63kV/15kV transformers level 

After testing PV fleet models on single installations, modeling of the entire PV fleet will be made. 

To do this modeling, the ideal case would have been to know characteristics and location of each 

PV systems on the island. However, locations for each PV system are not known but aggregated 

capacities for each 63kV/15kV transformer’s zone are given by EDF-SEI. The grid is composed of 

18 of these zones distributed over the island (cf. Figure 31). 

 

Figure 31 : Map of the 63kV/15kV transformers and their related zones [2] 

As parameters like tilts, orientations or efficiencies for each PV systems on the island are not 

available and capacities are only given at the transformer’s scale, representative PV systems will 

be modeled for each of these zones. To model these representative systems, different 

approaches can be used. Considering the solar resources (satellite based GHI and DNI), averaged 

GHI and DNI can be used to simulate what is received by a representative installation of the 

zone. Another method could be to select a single or a few pixels from the zone as it was locations 

from the plants and to use the GHI and DNI from it instead of the average ones. Considering now 

the different characteristics of the plants (tilts, orientations, efficiencies), they can be attributed 

differently for each of the representative plants (one per transformer’s zone) or, to have a 

simpler model, can be considered the same for each plant. 

The choice was made to use the averaged GHI and DNI for each transformer’s zone and to use 

the same plant’s characteristics for each representative system. With this quite simple model, 

system identification could be led using brute-force search to estimate the five parameters (tilt, 

orientation, temperature’s coefficients and efficiency). This identification will be done with 

regular samplings of values for each parameters in the range presented in Table 2 to calculate 

the power production on a semester (21/06/2018 to 21/12/2018). Then power time series 

obtained by these calculations are compared to the real one given by EDF-SEI using the RMSE. 
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The set of parameters that gives the lowest RMSE is selected. The same estimation will be made 

for the three less complex models (equations (5), (6) and (10)). 

Parameters Efficiency (%) Tilt (°) Orientation (°E) 𝛼 (%/°C) 𝛾 (°C.m²/W) 
Min value 65 10 -60 -0.35 0.02 
Max value 99 20 60 -0.25 0.06 

Step 1 1 20 0.02 0.01 
Table 2 : Variation ranges for the different PV system’s parameters 

5.1.3 Mean solar resource over the entire grid 

This section aims at comparing the model using solar resource averaged over transformer’s 

zones and distributed capacities, and a simpler model where solar resource is averaged over the 

entire grid and capacities are not distributed over the island. This way, it will be possible to see 

what the gains of using a higher complexity level as in section 5.1.2 are.  

This comparison will be made considering the four different models developed in section 5.1.1 

and the different error metrics detailed in 4.1.3. The characteristics of the representative power 

plant will be estimated by minimizing the RMSE between real and modeled power for the four 

models as in section 5.1.2.  

The time step of the modeled power production will be the same as the satellite (15min) and 

real power will be given with a 5min time step, so the comparison will be done with a 15min 

time step. 

5.2 Results 
Four different models in terms of complexity are presented in this part; the comparison between 

these models is done on single installations and on the PV production of the entire island. First, 

at the installation’s scale, daily energies are compared to real production data over the year 

2018 in order to test the models with real characteristics of PV systems and see the impact of the 

different parameters (tilts and orientations, temperature coefficients, efficiencies). Then the real 

total production power of the island’s PV fleet is compared to the four models with total 

installed capacities distributed over the 18 transformer’s zone. Finally, the same comparison is 

done with the total PV production fleet seen as a unique PV system with an average GHI over the 

whole island.  

5.2.1 Installation scale 

The only data available for single installations are daily energies over the year 2018 for two sites 

Supercash in St Pierre (south-west coast) and Leclerc in St-Leu (west coast). Figure 32 shows 

the comparison between the four models detailed in section 5.1.1 and the real energy 

production for the Supercash installation in January and July. This installation is composed of 

four different PV arrays of polycrystalline modules. The tilt angle is equal to 10°, and 

orientations are equal to 42°E, -138°E, -48°E and 132°E with a total capacity of approximately 

418 kW installed. 
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Figure 32 : Daily energy comparison for Supercash installation (January and July) 

The impact of taking GTI instead of GHI seems to be much lower than the impact of using a 

model with temperature that reduces the energy production to fit to the real production. Even if 

some large errors occur, the models with temperature seem to fit correctly the trend of the real 

energy production. Errors can come from the model but also from the satellite based GHI that is 

not so well estimated and maybe also by some punctual events on the site (maintenance or 

default). The energy distributions for the four models over the whole year 2018 are given in 

Figure 33. Taking into account the temperature seems to avoid large errors than 50% error in 

daily energy which are present for GHI and GTI models.  

 

Figure 33 : Distribution of daily energy relative errors for Supercash installation 

The same comparison was led with the Leclerc site (cf. Figure 34 and Figure 35). This 

installation is composed of two panel arrays, one facing north and the second facing south. The 

tilt is the same for the two arrays and is equal to 3°. The installed capacity is approximately 

equal to 924 kW of polycrystalline modules. Compared to the previous site, this one shows that 

the models have difficulties to fit the trend of the production in January. Results for July seem 
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better but show again some errors especially for models with temperature. Large errors in 

January could be linked to clouds that are often present during this season. As pixel are covering 

1km², it is possible that clouds cover a part of the pixel but does not cover the PV systems 

located on this pixel leading to big difference in estimated solar resource and thus in PV power 

production.  

 

Figure 34 : Daily energy comparison for Leclerc installation (January and July) 

Despite this, when looking at relative energy error distributions for the four models, models 

with temperature seem to have the advantage in accuracy over the two other models mainly 

because they reduce the number of large errors. The difference between models with GTI and 

models with GHI is very small because of a very low tilt angle (only 3°). 

 

Figure 35 : Distribution of daily energy relative errors for Leclerc installation 

These two comparisons show that temperature must be considered when modelling production 

for single installations. Large errors most likely coming from errors in satellite based estimation 

can be found in daily energies in both cases. A study on locations with different magnitude of 
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errors for GHI estimation could be a good way to better see the impact of GHI estimation errors 

on the produced energy. Data were not available to have a comparison in terms of power and 

tilts angles were maybe too low in these installations to really evaluate the impact of taking GTI 

but these first tries on single installations lead to believe that temperature have to be tested in 

the entire PV fleet modelling.  

5.2.2 Substations zones 

As stated in section 5.1, characteristics and location for each PV systems are not available so the 

models presented here use aggregated capacities over the transformer’s zone and averaged DNI 

and GHI for each of these zones. Each model consists of 18 PV plants with the same panel 

configurations and efficiencies but with different capacities, solar resource and temperatures.  

Table 3 gives the estimated parameters (tilt, orientation, temperature coefficients and 

efficiency) for each model, these parameters are estimated by minimizing the RMSE when 

comparing the modelled power to the real one. 

 GHI GTI GHI + Temperature GTI + Temperature 
Efficiency 𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 ∙ 𝜂𝑙𝑜𝑠𝑠𝑒𝑠 [%] 0.66 0.65 0.73 0.67 

Tilt 𝛽𝑐 [°] 0 16 0 16 
Orientation 𝛾𝑐  [°E] 0 -20 0 -20 

Coefficient 𝛼 [%/°C] 0 0 -0.35 -0.25 
Coefficient 𝛾 [°C.m²/W] 0 0 0.04 0.02 

Table 3 : List of estimated parameters for the four models 

A clear sky day and a cloudy day are presented for the four models and the real power in Figure 

36.  It can be seen that the four models give correct amplitude for the middle of the clear sky 

day; models using GTI seem to give a better approximation for the sunrise and the end of the day 

due to the panel orientation but are a bit lower than the real power in the morning (from 8:00 to 

11:00). For the cloudy day, all models have difficulties to fit the variations of the real power 

production, they underestimate it. This can be due to the averaging of GHI over each zone that 

can reduce the real GHI received by the plants or even to an error in satellite based GHI 

estimation (cf. section 4.2). 

 

Figure 36 : Comparison of the 4 models using GHI and DNI averaged over transformer’s zone 

Error metrics for the four models over the year 2018 are presented in Table 4 ; parameter’s 

estimation was made only over a semester but models are tested over the whole year. By looking 

at the median errors which are close to zero, there is not any trend to over- or underestimate the 
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power for each model. However, the negative relative MBEs indicate that power 

underestimations are larger than overestimations, maybe due to the large errors for cloudy days 

like in Figure 36. Considering the relative MAE and RMSE, models using GTI seem to be better 

than models using only GHI and the GTI model gives better results than the GHI + Temperature 

model. The impact of using GTI is much bigger here than for single installations (cf. section 

5.2.1) and the one of temperature is reduced. The bigger impact of GTI can be due to the 

possibility for the tilts and orientation to be adjusted instead of being fixed by the characteristics 

of the plant. In the case of the tested single installations, tilts were quite low and panel arrays 

were associated in opposite direction (N-S or E-W) leading to less differences between GHI and 

GTI (cf. Figure 30). With one tilt and one orientation that can be adjusted, these two parameters 

have a larger room for manoeuvre to fit to the real production but also to compensate errors 

that comes from GHI estimation.   

 GHI GTI GHI + Temperature GTI + Temperature 
Median error (MW) -0.29 0.09 0.47 0.16 
Relative MBE (%) -3.13 -1.51 -1.21 -1.39 
Relative MAE (%) 13.4 10.7 13.3 10.9 

Relative RMSE (%) 17.4 14.3 17.1 14.5 
Table 4 : Error metrics for the four different models compared to real power production 

The lower impact of temperature for the entire PV fleet could be related to the GHI averaging. 

The module temperature depends on the ambient temperature but also on the GHI or GTI which 

has a high impact on it. The GHI averaging tends to reduce the peak of GHI that can happen for a 

single installation by smoothing it using spatial distribution, but these peaks are the moments 

when temperature has the more influence on module’s efficiency. Using averaged GHI implies an 

averaging of temperature modules and reduces the impact of temperature in the model. 

Moreover, the use of temperature in the model gives two parameters to adjust but needs to take 

into account the ambient temperature at each time step whereas the use of GTI only need to take 

into account DNI values that are already linked with GHI. That is why, the model with GTI only 

gives a lower RMSE than the one using GTI and temperature; in this case temperature is seen as 

a constraint instead of giving flexibility to the model. A model using only one pixel to estimate 

the GHI of each zone is available in Appendix (cf. section 9.4) to see the impact of averaged GHI. 

 

Figure 37 : GTI vs. Real power distribution (using averaged DNI and GHI over transformer’s zone) 
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Figure 37 gives a comparison between the GTI model (which was the one with the lowest 

RMSE) and the real power. This distribution shows better results than the one obtained for 

resource data comparison (cf. section 4.2) with a less scattered distribution than the one of the 

best station (cf. Figure 14) and a lower relative RMSE (14.3% compared to 27.5% for the best 

station). This error decrease from the solar resource used by the model to the result of the 

model can be explained by the aggregation and averaging of GHI and by the error compensations 

linked to parameters’ estimations. GHI aggregation and averaging take profits of the 

geographical dispersion to reduce the variability and thus decrease the error from solar 

resource estimation. The parameters are adjusted to the real power and have enough impact to 

compensate a part of the solar resource estimation. 

 

Figure 38 : Energy relative errors for the GTI model using averaged DNI and GHI over transformer’s zone 

In terms of energy, Figure 38 gives distributions of the daily, weekly and monthly relative errors 

for the GTI model. As in resource data comparison (cf. section 4.2.1), relative errors decrease 

with larger time intervals, from 40% for some days to less than 7% for all months and 1.5% for 

the year. As power error metrics, energy relative errors are lower for the production model than 

from satellite based estimation of GHI for one station. 

5.2.3 Entire grid 

To evaluate the gain of using distributed capacities over the island, the goal of this section is to 

apply an averaged GHI over the entire grid to a unique PV system. The method will be the same 

as the previous section with an estimation of the different parameters for each model (cf. Table 

5) and a comparison between them and the real power production.  

 GHI GTI GHI + Temperature GTI + Temperature 
Efficiency 𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 ∙ 𝜂𝑙𝑜𝑠𝑠𝑒𝑠 [%] 0.68 0.67 0.74 0.69 

Tilt 𝛽𝑐 [°] 0 16 0 15 
Orientation 𝛾𝑐  [°E] 0 -20 0 -20 

Coefficient 𝛼 [%/°C] 0 0 -0.35 -0.27 
Coefficient 𝛾 [°C.m²/W] 0 0 0.04 0.02 

Table 5 : List of estimated parameters for the four models 



49 
 

Figure 39 shows the same clear sky and cloudy days as Figure 36 but for the models with an 

averaged GHI over the entire grid. The models seem to be similar results than the one of the 

previous section for the clear sky day but are a bit less accurate for the cloudy day with lower 

amplitude of the two peaks around 10:00 and 13:00. 

 

Figure 39 : Comparison of the 4 models using GHI and DNI averaged over the grid’s area 

Looking at the error metrics results (cf. Table 6) for the four models, the same hierarchy can be 

observed with the GTI model that stays the best, followed closely by the GTI + Temperature 

model and the two others model using GHI with higher RMSE. The same behaviour as in section 

5.2.2 can be observed for median error and relative MBE.  

 GHI GTI GHI + Temperature GTI + Temperature 
Median error (MW) 0.00 0.51 0.55 0.67 
Relative MBE (%) -2.6 -1.0 -1.2 -0.7 
Relative MAE (%) 14.3 11.8 14.4 11.9 

Relative RMSE (%) 18.9 16.0 18.7 16.2 
Table 6 : Error metrics for the four different models compared to real power production 

Figure 40 and Figure 41 shows the results in terms of power and energy for the GTI model 

which has the lowest RMSE. Error metrics for the power comparison and energy relative errors 

are in the same order of magnitude as the one with GHI averaged over transformer’s zone. 

Compared to resource data comparison (cf. section 4.2), the same decrease as in the previous 

section for the RMSE can be observed. The decrease in RMSE from a pixel to an average over the 

island can be seen in Appendix (cf. section 9.5) where a certain number of pixels are randomly 

selected and used to calculate the total power production and the RMSE decreases with the 

number of selected points.  
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Figure 40 : GTI vs. Real power distribution (using averaged DNI and GHI over grid’s area) 

 

Figure 41 : Energy relative errors for the GTI model using averaged DNI and GHI over grid’s area 

The comparison between the best model with GHI averaged over the transformer’s zone and the 

one with GHI averaged over the entire grid indicates that the first one is the best. In both cases 

the GTI model was the best and the difference between these two is quite small with relative 

RMSEs equal to 14.3% for the first one and 16% for the second one. So the gain in terms of RMSE 

when increasing the complexity is not so high (only 1.7% difference). A real gain could be 

obtained by considering different plant characteristics for each transformer’s zone but the need 

to estimate five parameters for 18 systems that is to say 90 parameters requires much more 

calculation time or a different method to find the best system. The best case would be to have a 

database gathering locations and characteristics for each PV system on the island and to have 

better GHI estimation at each location by using ground measurements for instance. However, 

this is not part of the project and the main part of it, that is to say the algorithm using 

overbuilding, curtailment and storage will content itself with the GTI model using averaged GHI 

over transformer’s zone. 
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5.3 Discussion and conclusion 
The different model developed in this part have allowed to reach a correct estimation of the PV 

production fleet with a relative RMSE lower than 15% whereas the minimum relative RMSE for 

the solar resource was equal to 27.5%. A much more accurate model could be obtained by 

collecting data for each installation like type of panel, tilts and orientations, installed capacity 

and location. Considering the total number of installations (3871) and the capacities distribution 

(cf. Table 1), this database could be restricted to biggest systems of the fleet: installations 

>36kVA represent 332 systems and 86% of total installed PV capacities. However, these data 

were not available for this study.  

A compromise could be done by using the installed capacities at 63kV/15kV transformer’s zone 

with parameters identification for representative systems for each zone. This method implies to 

have production data for each transformer’s zone or to use a different method than brute-force 

to estimate the 90 parameters required to minimize the error with the real production of the 

island. Another alternative could be to use a small number of representative systems for the 

whole island like in [2] where they used four different configurations considering roofs’ 

inclinations. It means use a small number of configurations and a repartition of installed 

capacities among them for each transformer’s zone. This allows reducing the number of 

parameters to be tested and to see the impact of combining different system configurations.  

Apart from the use of database that gathers each PV systems, a question that could arise is the 

validity of identified parameters when changing the total PV capacities. As the algorithm 

presented in the next part will add new PV systems without going into configuration details, the 

real production of these systems could be different of what was expected with the model and its 

fixed parameters. The hypothesis was made here that model parameters will stay the same for 

future installed capacities but a more detailed study could be interesting to see how changing 

these parameters could impact the results of the algorithm. 
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6 Storage, overbuilding and curtailment algorithm 
This part gathers three blocks of Figure 9 (overbuilding, storage and curtailment) to obtain the 

desired production profile block. The goal of it is to develop an algorithm which uses 

overbuilding, curtailment and storage in addition to the PV production model developed in 

previous part to guarantee a production profile chosen by the user. This tool gives an estimation 

of the needed size for storage and overbuilding as well as economic indicators such as the 

levelized cost of electricity. 

6.1 Algorithm functioning  
With the model of PV production fleet for the entire island developed in the previous part (5), it 

will be possible to model PV fleets with installed capacities that differ from the current one. 

Using these new PV fleets, an algorithm similar to the one of Marc Perez to guarantee a desired 

profile using overbuilding/curtailment and storage [7], [8] can be developed to the case of the 

Reunion Island. The functional specifications of this algorithm are detailed in section 6.1.1 with 

the different inputs and outputs required but also technical constraints that must be respected. 

After this, the functioning of the algorithm will be explained and illustrated with an example of a 

simple desired production profile to guarantee (cf. section 6.1.2). The economic model that uses 

algorithm’s results to calculate economic indicators will be presented in section 6.1.3. Finally, 

section 6.1.4 will aim at define the different scenarios that will be simulated using the algorithm 

and analyzed in the result section 6.2. 

6.1.1 Algorithm description 

The goal of this algorithm is to size a storage system that will be able to guarantee a desired 

profile considering a PV power production.  

6.1.1.1 Global view of the algorithm 

The schematic presented in Figure 42 shows the different steps of the algorithm and gathered 

these steps in three parts. The green part is the one that calculates the total power production 

profile of PV systems using solar resource, system parameters and installed capacities. This part 

corresponds to the modeling of the entire PV fleet using models already explained in part 5. The 

red part is the main part of the algorithm; this is where storage and curtailment take place. The 

blue part is the economic model that uses the results of the red part to derive investment costs 

and levelized cost of electricity (cf. section 6.1.3). 

The main part of this algorithm (red part) requires two inputs: PV power production and a 

desired production profile. In the case of this study, the PV power production is obtained using 

the model developed in part 5 and corresponds to a time series that covers one year with a time 

step of 15min. Characteristics of this time series are constrained by the solar resource data 

available and detailed in part 4 (time step of 15min for the year 2018). The desired profile is a 

time series with the same characteristics. 
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Figure 42 : Detailed schematic of algorithm’s functioning 

Outputs for this main part are: 

1. Time series for power and energy that are curtailed  

2. Time series for power that goes and comes to the storage part 

3. Time series for energy levels in storage 

4. Total energy produced by PV production over the year 

5. Proportion of total curtailed energy over the year 

6. Proportion of total storage’s energy losses over the year 

7. Capacities in terms of power and energy for storage 

To complete this part, the economic model detailed in section 6.1.3 adds two other outputs 

derived from these ones: investment costs and LCOE. 

Each part of the entire algorithm uses a category of parameters which are described in section 

6.1.1.4. The green part uses parameters related to the PV production fleet like panel 

configuration and repartition of installed capacities. The red part uses technical parameters for 

the storage model. The blue part uses economic parameters related to the different technologies 

used.  

6.1.1.2 PV fleet modeling 

To model the PV power production as in section 5.1.2, it needs solar resource data (GHI and DNI 

from satellite estimations) but also installed capacities for each 63kV/15kV transformer’s zone 

and PV system parameters (efficiency, tilt and orientation). Results from section 5.2 led to 

choose the GTI model but, if desired, the algorithm allows also choosing a model that includes 

temperatures’ effects or only GHI by changing the PV system parameters. 
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Concerning the repartition of installed PV capacities, an overbuilding factor is given as a ratio 

between total capacity and PV capacity needed to produce exactly the same amount of energy as 

the one required by the desired profile over the year. The current installed capacities are 

considered as minimum capacities on which new PV systems will be added. These PV systems 

can be added uniformly to each transformer’s zones or following a priority order. By specifying a 

priority order list, PV capacities will firstly be installed on zones with higher priorities. 

Maximum PV capacities for each transformer’s zone could also be given to take into account PV 

installation potentials (area that can be used to install systems) or maximum capacities that can 

be supported by the grid.  

In all cases studied after, there will be neither maximum capacity per zone, nor priority order for 

the zones so new capacities installed will be uniformly distributed over each zone.  

6.1.1.3 Storage modeling 

As it can be seen in Figure 43, different type of storage could be considered to guarantee the 

desired profile. The differences in terms of power output and energy capacities lead to different 

roles for these storages. Flywheels and electrochemical batteries usually have quite low energy 

capacity but have fast response time (the order of the milliseconds), so it can adapt to the load 

very quickly and serve to bring inertia to the grid as explained in section 2.2. Large Compressed 

Air Energy Storage (CAES) and Pumped Hydroelectric Energy Storage (PHES or PHS) have a 

much larger energy capacity than electrochemical batteries or flywheels so they are better to 

shift a part of the PV production. Even if these systems could have quite fast response time (a 

few minutes), they stay much slower than batteries and flywheels and cannot serve as primary 

reserve (cf. section 2.2). 

 

Figure 43: Different storage systems considering power output and energy stored [66] 

In this study, it was chosen to consider only two types of storages: one for shifting the energy 

and another one to take into account the need for inertia and fast response time even if this 

study does not quantify these needs. These two storages are PHES and Lithium-ion (Li-ion) 

batteries.   
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PHES was chosen because of the potential due to the relief of the island and the fact that this 

type of storage is currently studied on the island [2] from a micro-scale (a few MW with 4 to 5 

hours of discharge time) [67] to a much larger one (energy capacity of 15GWh for 6 or 18 hours) 

[68].  Other projects are also studied by EDF-SEI like a PHES using seawater with a power of 

50MW and an energy capacity of 750MWh corresponding to a volume of 2.4 millions of cubic 

meters with a 150m gross head [69].  

Regarding Li-ion batteries, they are already used by different electricity producers on the islands 

like Akuo or Albioma with power output of a few MW. These batteries are often used in the form 

of containers (volume equal to 6 x 2.5 x 4 cubic meter) that corresponds to modular design of 

batteries organized in strings with thermal control and safety management system included in it 

[70]. 

Both storages are modeled in a similar way with an efficiency that applies at each energy 

transfer, a maximum power and a losses coefficient to simulate the self-discharge at each time 

step. This self-discharge corresponds to a fraction of the maximum power of the storage 

modulated by its state of charge. This is why the algorithm is run a first time (cf. Figure 42) to 

estimate the storage energy capacities that will only be used in the calculation of self-discharge 

losses. Energy capacities for storages are results of the algorithm, they are considered infinite to 

be sure that the desired profile will be guarantee at each time step. No limit for the depth of 

discharge was set for both storages, so the results given by the algorithm are considering a 

100% depth of discharge but this can be changed in post-treatment of the results if desired. 

The only difference between the two storage systems is their role. The PHES has a maximum 

ramp value as a parameter to account for the response time of the storage. The Li-ion battery 

does not have this ramp limitation but it is only used when the maximum ramp of the PHES is 

reached to accompany it and be sure to respect the desired production profile.  

6.1.1.4 Parameters 

As stated in section 6.1.1.1, the algorithm needs three different categories of parameters: 

 technical parameters for PV power production and installed capacities (green part) 

 technical parameters for both storages (red part) 

 economical parameters for the entire system (blue part) 

All these parameters mentioned above are given in Table 7. 

PV system efficiency [%] 65  PV capacity costs [€/Wc] 2 
Tilt angle (°) 16  Li-ion energy capacity costs [€/kWh] 150 
Orientation angle (°E) -20  PHES energy capacity costs [€/kWh] 70 
Overbuilding factors [-] From 1 to 4  Li-ion power capacity costs [€/kW] 500 
Li-ion power ratio [-] From 0 to 1  PHES power capacity costs [€/kW] 50 
PHES power ratio [-] From 0 to 4  PV lifetime [years] 30 
Li-ion efficiency [%] 95  Li-ion lifetime [years] 10 
PHES efficiency [%] 75  PHES lifetime [years] 50 
Li-ion losses [%] 0.005  Discount rate [%] 2 
PHES losses [%] 0  O&M costs [%/year] 1 
Maximum PHES ramp [%] 25    

Table 7 : Input parameters for the algorithm[71] 
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PV system efficiency, tilt angle and orientation angle are coming from the results of part 5. The 

overbuilding factor is explained in section 6.1.1.2 and accounts for the total installed capacity. 

The range from 1 to 4 corresponds to the values that will be considered for an economical 

optimization explained in section 6.1.3. This optimization will consist on finding the 

configuration (overbuilding factor, Li-ion power ratio and PHES power ratio) that minimizes the 

LCOE for a given production profile. 

Storages’ power ratios are expressed as the ratio between the maximum power for storage and 

the maximum power difference between profile and PV production during the discharge. To be 

sure to guarantee the profile, the storage must be able to give the maximum power that is 

needed when PV production is below the desired profile. Losses are given as percentage of max 

power which will be self-discharged at each time step. In the case of the PHES, this parameter is 

difficult to estimate without a clear location and a hydrological study of the site, so it was 

decided to take the simple hypothesis that there is no self-discharge. 

The maximum ramp for the PHES is a percentage of the maximum PHES power that can be 

reached in a time step. In this project, solar resource data are given with 15 min time step, so it 

means that the PHES can reach its maximum power in one hour here. Values for maximum PHES 

ramps were found to be around 5 minutes to reach the maximum power [72]. Considering the 

time step of 15 min used here, a time to reach max power equal to one hour was chosen to really 

see the impact of a maximum ramp but a better analysis for the storage could be led with a much 

lower time step. Another reason to take a lower maximum ramp for PHES is that, even if 

common values seem higher than what is used here, the lifetime of the PHES turbine must be 

considered and fast modifications of the load can lead to higher stresses in it and more damages 

due to fatigue [72], [73]. All the parameters in the right column of Table 7 will be used to 

calculate investment costs and LCOE whose calculation details are available in section (cf.6.1.3). 

6.1.2 Illustration of the algorithm 

To illustrate the functioning of this algorithm, Figure 44 shows an example for one day. In this 

case the installed capacity is the existing capacity times an overbuilding factor of 1.4. Total 

power production is already known and gathers the yellow, the blue, the green and the white 

area of the figure. The desired profile (red line) is a daily trapeze beginning at 6:00 and finishing 

at 21:00, the high of the plateau is calculated for the yearly energy of the profile to be equal to 

the yearly energy produced by the existing PV fleet without the overbuilding factor. Different 

profiles will be explored in the result parts (cf. section 6.2).  

At 6:00, the PV systems do not produce so the storage must supply power to respect the desired 

profile. As the ramp can be respected by the PHES, only this one contributes to the power supply 

(red area), the Li-ion is only used to manage high ramps. PV systems begin to produce near 6:30 

and overtake the desired profile just after 7:30. At this moment, the PHES begins to store energy 

from power excess (green area) with respect to its maximum ramp and maximum power; in this 

case the maximum power for PHES is equal to 1.5 times the max power needed for the 

discharge. When excess power is still available and if needed, the Li-ion battery can store energy 

(blue area) with respect to its maximal power, corresponding here to 20% of the maximal 

discharge power. When storages are full or maximum powers are reached, excess power from 

PV systems is curtailed (white area). At mid-time, PHES is full and all excess power is curtailed; 

the limiting ramp of the PHES does not apply when stopping it (stop charge or stop discharge). 

Just before 18:00, PV power production goes below desired profile and the PHES begins to 
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supply the lacking power. However, the ramp required is higher than the maximum ramp for 

PHES so the Li-ion must help it to supply power and accompany the PHES’s power increase 

(pink area). At 21:00, no more power is demanded by the desired profile so the PHES can stop.  

 

Figure 44 : Illustration of algorithm functioning over one day 

The algorithm is built in a way that the storage can always give enough energy to supply the 

desired profile. It is considered as unlimited for discharge but can only store the energy it used. 

Bottom of Figure 45 shows the evolution of energy level in the storages over one year. The 

storage discharges when needed without limit like in early January and store the energy when 

possible. When the storage level is equal to 0, it means that it is full so the PV production is 

curtailed as it can be seen in top of the same figure. P total corresponds to the total PV power 

and the null powers in February correspond to missing data from solar resource.  

 

Figure 45 : Illustration of algorithm functioning over one year 
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To size the storage, the minimum of the storage’s energy level is used and corresponds to the 

maximum energy capacity needed for it; in this case it corresponds to approximately 1.5 GWh. 

As presented in Figure 42 a first estimation of storage capacities is done by running the 

algorithm a first time. Then, storage’s levels at the end of the year are used as the beginning 

storage levels for the second run of the algorithm. After the simulation, a comparison is made 

between storage levels at the beginning of the year and at the end of it to be sure that storage is 

not in deficit and that enough energy was stored during the year to reach the same storage level 

as the one at the beginning of the year.   

The results of the algorithm are power and energy (curtailed and to storages) at each time step, 

and storages’ capacities for power and energy. These lasts will be used for the economic 

calculations (blue part of Figure 42) which will be explained in the next section and give 

indicators to find an optimal design in terms of LCOE. More information about this algorithm can 

be found in Appendix (cf. section 9.6). 

6.1.3 Economic modeling 

To complete the technical analysis, an economical model was developed to estimate investment 

costs for the system and a levelized cost of electricity. To do it, economic parameters in Table 7 

are used. The lifetime for the PV systems is considered as the study period on which costs will be 

calculated. Investment costs for PV systems are obtained using equation (13) and are only paid 

the first year. 

𝐼𝐶𝑃𝑉 = (𝑇𝑜𝑡𝑎𝑙 𝑃𝑉 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 −  𝐸𝑥𝑖𝑠𝑡𝑖𝑛𝑔 𝑃𝑉 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦) ∙ 𝐶𝑜𝑠𝑡𝑠𝑃𝑉 (13) 
 

Investment costs paid the first year for the storages are calculated using a price for power and 

one for energy capacity (cf. equation (14)). 

𝐼𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒,1𝑠𝑡 𝑦𝑒𝑎𝑟 = 𝑃𝑜𝑤𝑒𝑟𝑚𝑎𝑥 ∙ 𝐶𝑜𝑠𝑡𝑠𝑝𝑜𝑤𝑒𝑟 + 𝐸𝑛𝑒𝑟𝑔𝑦𝑚𝑎𝑥 ∙ 𝐶𝑜𝑠𝑡𝑠𝑒𝑛𝑒𝑟𝑔𝑦 (14) 
 

Total investment costs for the first year are the sum of costs for PV, Li-ion and PHES for the first 

year: 

𝐼𝐶𝑡𝑜𝑡𝑎𝑙,1𝑠𝑡 𝑦𝑒𝑎𝑟 = 𝐼𝐶𝑃𝑉 + 𝐼𝐶𝑃𝐻𝐸𝑆,1𝑠𝑡 𝑦𝑒𝑎𝑟 + 𝐼𝐶𝐿𝑖−𝑖𝑜𝑛,1𝑠𝑡 𝑦𝑒𝑎𝑟 (15) 
 

These investment costs for the first year are used to calculate the operation and maintenance 

costs for each year of the study period (cf. equation (16)) which correspond to a percentage 

(𝑂&𝑀𝑝𝑒𝑟𝑐) of these investments costs. These costs are levelized using a discount rate (𝑑). 

𝑂&𝑀 𝑐𝑜𝑠𝑡𝑠 = ∑
𝑂&𝑀𝑝𝑒𝑟𝑐 ∙ 𝐼𝐶𝑡𝑜𝑡𝑎𝑙,1𝑠𝑡 𝑦𝑒𝑎𝑟

100 ∙ (1 + 𝑑)𝑛

𝑃𝑉 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

𝑛=1

 (16) 

 

Considering the different lifetime of the storages, other investment costs will be needed during 

the study period or a part of them can be salvaged. For instance, in the case of the Li-ion battery 

which has a lifetime of 10 years (three times less than the 30 years of the study period), they will 

be replaced two times. Equation (17) shows how these costs are calculated using discount rate.  
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𝐼𝐶𝐿𝑖−𝑖𝑜𝑛 = 𝐼𝐶𝐿𝑖−𝑖𝑜𝑛,1𝑠𝑡 𝑦𝑒𝑎𝑟 ∙ (1 +
1

(1 + 𝑑)𝐿𝑖−𝑖𝑜𝑛 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
+

1

(1 + 𝑑)2∙𝐿𝑖−𝑖𝑜𝑛 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
) (17) 

 

On the other hand, lifetime of the PHES (50 years) is higher than the study period so a part of the 

investment costs will return to the investor to consider the fact that the PHES is still usable for 

20 years. This way, the investment costs for PHES will be expressed as in equation (18). 

𝐼𝐶𝑃𝐻𝐸𝑆 = 𝐼𝐶𝑃𝐻𝐸𝑆,1𝑠𝑡 𝑦𝑒𝑎𝑟 ∙ (1 −
1

(1 + 𝑑)𝑃𝑉 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
∙ (1 −

𝑃𝑉 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

𝑃𝐻𝐸𝑆 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
)) (18) 

 

With these new investment costs calculated, it is possible to estimate the total costs for the 

system using equation (19). 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 = 𝐼𝐶𝑃𝑉 + 𝐼𝐶𝑃𝐻𝐸𝑆 + 𝐼𝐶𝐿𝑖−𝑖𝑜𝑛 + 𝑂&𝑀 𝑐𝑜𝑠𝑡𝑠 (19) 
 

Finally knowing the total costs for the system and the energy produced each year which is equal 

to the energy of the profile (curtailed energy is not considered here), it is possible to calculate 

the levelized cost of electricity (cf. equation (20) ). 

𝐿𝐶𝑂𝐸 =
𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠

∑
𝑌𝑒𝑎𝑟𝑙𝑦 𝐸𝑛𝑒𝑟𝑔𝑦 

(1+𝑑)𝑛

𝑃𝑉 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
𝑛=1

 (20) 

 

This LCOE will be the key indicator used to choose the optimal configuration of a system for a 

given profile. The goal of this optimization will be to minimize the function below: 

𝐿𝐶𝑂𝐸 = 𝑓(𝑂𝑣𝑒𝑟𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟, 𝐿𝑖 − 𝑖𝑜𝑛 𝑝𝑜𝑤𝑒𝑟 𝑟𝑎𝑡𝑖𝑜, 𝑃𝐻𝐸𝑆 𝑝𝑜𝑤𝑒𝑟 𝑟𝑎𝑡𝑖𝑜) (21) 
 

To do so, a simple brute-force search will be led in the limit of ranges for overbuilding factors 

and storages’ power ratio given in Table 7 for each desired profile to test. 

Taking back the example used in the previous section (cf. section 6.1.2), Figure 46 shows 

economic as well as technical results for this system. Regarding the cumulative distribution of 

storage energy levels, it is possible to see what the gain could be when decreasing profile 

requirements. If it is sufficient to guarantee the profile only during 99% of the time, the lowest 

energy levels can be excluded leading to a reduction of storage energy capacity needs and thus a 

reduction of LCOE. That is why three different investment costs and LCOEs are given (100%, 

99% and 95% of the time). Other indicators like the total energy produced, the curtailed energy 

or the losses from storage are given. Characteristics for both storages in terms of power and 

energy are also given. 
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Figure 46 : Storage energy levels cumulative distribution and example of results for the system 

6.1.4 Scenarios 

Using this algorithm, it will be possible to find the configuration that minimizes the LCOE for 

different desired production profiles. With the previous example of a daily trapeze profile, 

Figure 47 shows the LCOE obtained for different configurations. In this example, ramp’s 

requirements for the storage are quite low so the maximum Li-ion power ratio has not a real 

impact on the LCOE. Maximum power ratio for the PHES has an impact for low overbuilding 

factor but this impact is relatively small compared to the impact of overbuilding factor. By taking 

the minimum LCOE of this graph, it is possible to find the best configuration which here is an 

overbuilding factor of 1.4, a maximum power ratio of 1.6 for the PHES and 0.1 for the Li-ion 

battery. 

 

Figure 47 : Illustration of LCOE optimization for a trapeze profile 
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Figure 48 shows the evolution of the LCOE for when increasing overbuilding factor. The 

repartition of the different systems costs allows seeing that the proportion of storage in LCOE 

decrease with an increasing overbuilding factor. Considering costs from storage and PV systems, 

a compromise is made between them to find the minimum LCOE which is reached here with an 

overbuilding factor of 1.4.  

 

Figure 48: Evolution of LCOE with overbuilding factor and repartition of the costs 

Many different profiles will be tested using two distinct approaches.  

6.1.4.1 Energy penetration rate variations 

In the first one, evolution of technical indicators and LCOE will be studied with four different 

profiles and five different energy penetration rates for each of them. The four profiles will be: 

1. Constant profile: a profile that demands the same power at each time step no matter if it 

is day or night. 

2. Adapted trapeze profile: a daily trapeze that begins when the sun rises and ends when 

the sun sets; these moments are estimated using the zenith angle. The power required at 

the plateau is weighted by the daily average elevation angle, so the demand is higher in 

summer and lower in winter. 

3. Peak trapeze profile: it begins at 18:00 and finishes at 22:00, contrary to the adapted 

trapeze; its power for the plateau is the same over the whole year. 

4. Load profile: it corresponds to the total load from the Reunion Island over the year 2018 

multiplied by a setup factor. 

All of these profiles will be tested with different energy penetration rates (10%, 20%, 30%, 50% 

and 70%); it means that each profile will be adjusted to cover a certain percentage of the total 

energy demand of the Reunion Island. This demand will be an estimation of the demand in 2030. 

To do this estimation, the load from 2018 is multiplied by 1.2 to arrive to the same yearly energy 

demand and power order of magnitude as what was estimated by  [2], [74] in their business as 

usual scenario. This load profile is given by EDF-SEI with a 5 min time step but values are only 

taken with a 15min time step to have the same characteristics as the time series for PV power 

production. It was also chosen to adjust the profile to this load so when the power of the desired 

profile is higher than the power of the total load, profile’s power is changed to correspond to the 

total load. 
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The power growth of the different profiles to respect the energy demand is not done using the 

same method for each of them. The constant profile increases its power until it reaches the 

energy required. The adapted trapeze and the peak trapeze increase the power of their plateau 

until it becomes higher than the maximum power of the total load. If it is not sufficient, the 

adapted trapeze profile begins to produce with a constant power during the night and increase 

this power to reach the required energy. When it comes to the peak trapeze, it begins earlier to 

enlarge its base on the day side. The load profile increases as the multiplying factor increases. 

Details of the profiles and how they increase their yearly energy can be found in Appendix (cf. 

section 9.7). 

6.1.4.2 Deletion of existing production profiles 

The second approach will be to derive profile from existing production profile of other sources. 

As the goal for the Reunion Island is to reach 100% renewables for their electricity production in 

2030, it could be interesting to erase some production means like coal or diesel engine. 

Moreover, the profiles studied with the other approach are considered working alone and does 

not take into account the other energy sources and their constraints. As the deletion of fossil 

energy sources corresponds to real production profiles adapted to the other sources, this second 

approach could be better integrated in the real energy mix. These production profiles for each 

energy source type are given by EDF-SEI with a 5min time step over the year 2018 like the total 

load and values are also picked up each 15min to be similar to the PV power production time 

series. 

The idea is to take these profiles, multiplied by a factor 1.2 to consider the production in 2030, 

and to use them as desired production profile for PV. The five profiles to be tested will be  

1. Deletion of the oil sources (30% of produced electricity in 2018) [28], 

2. Deletion of 60% of coal and bagasse profile (the distinction between them is not made in 

given power data),  

3. Deletion of all coal and bagasse (38% of produced electricity in 2018),  

4. Deletion of oil, coal and bagasse, 

5. 100% solar scenario.  

The 60% part of coal and bagasse production for the second profile was chosen considering that 

plants associated to these sources of energy cannot run at part load below 40%, so this profile 

reduce the part of coal and bagasse but allows the same installed capacity to run. All of these 

systems include also the current solar PV production (8%) and are illustrated in Appendix (cf. 

section 9.7). 

6.2 Results 
As explained in section 6.1.4, two different approaches are presented here to exploit the 

overbuilding, curtailment and storage algorithm developed in section 6.1.1. First, different 

profiles to guarantee like constant power or daily trapeze are adjusted on the total estimated 

load for 2030 and tested over one year. The energy required by each of these profiles is equal to 

a percentage of yearly energy demand of the total load that evolves between 10% and 70%. 

Then, existing production profiles from 2018 are scaled up to the year 2030 and taken as desired 

profile to guarantee.  These production profiles are associated with fossil energy sources like oil 

or coal but a 100% solar power scenario was also tested. 
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6.2.1 Different penetration rates for different profiles 

Four different profiles (Constant, Adapted Trapeze, Peak Trapeze and Load) are tested with five 

level of energy penetration rate (10%, 20%, 30%, 50% and 70%). Details for these profiles can 

be found in section 6.1.4 and in Appendix (cf. section 9.7). For each of them, the configuration 

(maximum storages’ power and overbuilding factor) with the minimum LCOE was selected. 

Table 8 summarize the technical and economic results for each of these profiles, colors 

correspond to the one used in Figure 49. 

6.2.1.1 Comparison between profiles and energy penetration rates 

Regarding PV capacities installed, apart from Peak Trapeze profile, they increase proportionally 

with the increasing energy penetration rate. Considering the estimated potential for new PV 

installations [2], many systems given here have installed capacities above this potential limit 

(1.14 GW). However, this potential is estimated by taking only car parks and roofs of current 

buildings but some other surfaces like roads, agricultural surfaces with greenhouses, water 

ponds can also be exploited and future constructions will increase this potential. Almost every 

overbuilding factor is between 1.4 and 1.8. Lower values are often rejected because PV systems 

give not enough energy to supply the profile considering losses in storage and energy that 

cannot be stored because of maximum storages’ power.  

The optimal overbuilding factor stays the same in Load and Constant cases even if the energy 

penetration rate changes. The small difference for the Adapted Trapeze profile and the larger 

ones for the Peak Trapeze profile can be explained by the changes in profile’s shape. For 

penetration rate above 30%, the overbuilding factor changes for Adapted Trapeze because it 

begins to supply a constant power during nights to respect the energy demand without being 

higher than total load in terms of power (cf. section 9.7). In the case of Peak Trapeze, the 

difference occurs at the beginning as the power of the trapeze’s plateau is already higher than 

maximum total load power for an energy rate of 20%. So the trapeze begins earlier and a part of 

it is directly covered by the PV production without storage. The same phenomenon is observed 

with the curtailed energy proportion and storage energy losses. They stay the same with 

increasing penetration rate for Constant, Load and beginning of Adapted Trapeze but are 

different for the end of it and Peak Trapeze profile.  

In terms of energy efficiency, almost 45% of electricity produced for the Constant profile is not 

used whereas it represents only 30% in average for the Adapted Trapeze profile. This high 

difference could be explained by the fact that a frequent storage’s use implies losses due to 

cycle’s efficiency of storages and the Constant profile stores more energy daily than the Adapted 

Trapeze profile. That is why the storage energy losses are much bigger for the Constant profile 

than the Adapted Trapeze Profile with respectively 24% and often less than 7.2% when 

including also auto-discharge losses from the Li-ion batteries. The rest of the unused energy 

comes from the curtailed energy which is presented here as a wasted energy, but that can be 

used for other uses like hydrogen production or water desalinization (cf. section 6.2.1.2).  
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Profile Constant Adapted Trapeze Peak Trapeze Load 
Energy 

penetration 
rate [%] 

10 20 30 50 70 10 20 30 50 70 10 20 30 50 70 10 20 30 50 70 

Total energy 
produced 

[TWh] 
0.62 1.23 1.84 3.07 4.30 0.51 1.02 1.53 2.38 3.34 0.72 1.32 1.86 2.56 3.36 0.55 1.09 1.64 2.73 3.82 

Curtailed 
Energy [%] 

19.6 19.4 19.3 19.2 19.2 28.4 28.2 28.1 20.1 8.0 14.3 11.5 13.5 10.4 8.0 11.7 11.4 11.3 11.2 11.2 

Storage Energy 
losses [%] 

24.1 24.1 24.2 24.2 24.1 4.1 4.1 4.1 7.2 19.2 37.4 35.0 30.0 21.7 19.3 25.0 25.1 25.1 25.1 25.2 

Installed PV 
capacity [GW] 

0.57 1.14 1.71 2.85 3.99 0.47 0.94 1.42 2.21 3.10 0.67 1.22 1.73 2.37 3.12 0.51 1.01 1.52 2.53 3.54 

Overbuilding 
factor [-] 

1.8 1.8 1.8 1.8 1.8 1.5 1.5 1.5 1.4 1.4 2.1 1.9 1.8 1.5 1.4 1.6 1.6 1.6 1.6 1.6 

PHES energy 
capacity [GWh] 

2.7 5.5 8.2 13.7 19.4 6.4 12.9 19.4 22.3 30.7 4.3 8.6 11.7 17.8 27.9 3.6 7.3 10.9 18.2 25.6 

PHES power 
capacity [MW] 

162 325 487 811 1082 121 243 365 474 1019 420 546 665 776 1331 155 311 499 832 1165 

Li-ion energy 
capacity [MWh] 

9.1 18.2 27.3 45.5 70.6 5.4 10.8 16.2 28.3 18.8 3.3 16.0 19.6 34.3 58.4 7.5 15.0 20.2 33.8 47.5 

Li-ion power 
capacity [MW] 

32 66 99 166 245 21 41 61 107 70 14 60 74 129 88 27 56 76 128 179 

Total 
investment 

costs [Mrd €] 
1.02 2.42 3.82 6.61 9.41 0.99 2.37 3.74 5.59 7.98 1.37 2.83 4.08 5.82 8.04 0.93 2.24 3.55 6.18 8.8 

LCOE [c/kWh] 16.1 19.1 20.1 20.9 21.2 16.0 19.0 20.0 17.8 18.2 21.8 22.1 21.3 18.5 18.2 14.8 17.8 18.8 19.6 20.0 
 

Table 8: Results of optimal configuration for each profile and energy penetration rate 
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Figure 49: Evolution of needed storages’ capacities with increasing energy penetration rate 

It can be seen from Figure 49 that most of the time, optimal storages’ capacities in power and 

energy are proportional to the energy penetration rate. Some changes occur for Adapted 

Trapeze and Peak Trapeze profiles as they changed their shapes for energy penetration rate 

higher than 50%. 

It seems that the Constant profile needs the less energy capacity for the PHES; this may be due to 

the seasonal variations that occurs for Adapted Trapeze profile and with a smaller impact for 

Peak Trapeze (sunset time) and Load (seasonal consumptions) profiles. Adapted Trapeze is 

indeed the profile with the larger PHES energy capacity but looking at Figure 50, it is clear that 

this large capacity is only needed for summer especially in January. The profile is built to have a 

larger demand during summer when solar energy received should be higher than in winter but it 

does not take into account the rain season from January to March where many clouds decrease 

considerably the PV power production for some days. A lower production combined to a larger 

demand in January explains this need for a large storage system. 
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Figure 50: Powers and Storage levels for Adapted Trapeze with 30% energy penetration rate 

Ratio between PHES energy capacities and power capacities range from 10 to 50 hours but are 

often near 20 hours which is coherent with the usual role for PHES system, that is to say large 

energy capacity for energy displacement. Taking back the project example initiated by EDF-SEI 

[69] (cf. section 6.1.1.3) that can supply 50MW during 15 hours. Compared to the size of needed 

storages, the number of these systems should range from 4 to 41 to cover the PHES 

requirements of all systems presented here. For larger systems, the Australian Renewable 

Energy Agency [68] have estimated a potential higher than 55 GWh which is almost twice the 

value for the maximum PHES energy capacity required (30.7 GWh) all profiles included and can 

be reached in less than 5 systems on the island.  

Regarding Li-ion battery needs, Adapted Trapeze profile requires lower energy and power 

capacities because the profile tries to accompany the PV ramps and thus reduce storage ramp 

needs. In contrary, the Constant profile has to face PV ramps at the end of the day which often 

implies the use of the Li-ion battery as in Figure 51. When PV installed capacities become larger, 

ramps due to sunset are also going bigger and hard for the PHES to follow. A solution to reduce 

costs linked to the Li-ion and allows the PHES to follow larger ramps is sometimes to increase 

maximum PHES power. This is the reason why Li-ion power capacities for Peak and Adapted 

Trapeze profiles decrease suddenly for an energy rate of 70% (cf. Figure 49). 
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Figure 51: Powers for one day of the Constant profile with an energy penetration rate of 70% 

To illustrate the needs for Li-ion storage, the example of a SAFT Li-ion battery similar to the one 

used by local electricity producers (cf. section 6.1.1.3). This battery (SAFT Intensium Max+ 

20M) is a container that can supply 2.5 MW with an energy capacity of 1.1 MWh [70]. Taking the 

minimum and maximum requirements among all profiles, the number of containers needed is 

equal to respectively 6 and 98 containers. In both cases, the depth of discharge used for the 

battery is less than 65% which allows maintaining a correct lifetime of the battery. 

6.2.1.2 Valorization of curtailed energy: hydrogen production and desalinization 

When looking at Table 8, curtailed energy represents between 10% and 30% of total energy 

produced by PV production fleet. This energy considered as wasted could be used in different 

applications like hydrogen production or desalinization of seawater. 

For instance, using the case of the Adapted Trapeze with 30% energy penetration rate, the total 

curtailed energy is approximately equal to 430 GWh. Considering that 5 kWh are needed to 

produce one cubic meter of 𝐻2 using water electrolysis [75] and that the average consumption 

for hydrogen car is approximately 16.7 m3/100km [76], this yearly energy could be used to 

travel 523 millions of km which corresponds to more than 10% of the kilometers traveled each 

year on the Reunion Island (estimation using [2], [28], [77]) or to the annual consumption of 

more than 40 000 hydrogen cars. The same reasoning can be applied to other profiles (cf. Table 

9).  

Profile Constant Adapted Trapeze Peak Trapeze Load 
Energy 

penetration 
rate [%] 

10 70 10 70 10 70 10 70 

Curtailed 
Energy [GWh] 

122 826 145 267 103 269 64 428 

Number of cars 
[thousands] 

11,2 76,2 13,4 24,7 9,5 24,8 5,9 39,5 

Freshwater 
[𝟏𝟎𝟔 𝒎𝟑] 

30,4 206,4 36,2 66,8 25,7 67,2 16,1 107,0 

Table 9: Examples of curtailed energy’s valorisation 
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Another example is to use this energy for desalinization to supply water to the island. With an 

industrial reverse osmosis system that treats one cubic meter of water using 4 kWh of electricity 

[78], this energy can supply more than 107 millions of cubic meter of water which corresponds 

to half of the water consumption of the island in 2017 [79]. Results for other profiles are given in 

Table 9. 

This energy could also be used to develop another product of energy market corresponding to a 

power that is not guarantee but could be to a reduced price. Hydrogen production and water 

desalinization are examples of processes that do not need a guaranteed power supply but can 

adapt to the power production. Other processes like this can be found like producing cold to 

store it in thermal energy storage and use it for air conditioning systems.   

6.2.1.3 Economic results  

 

Figure 52: Evolution of LCOE with increasing energy penetration rates 

Finally, the economical results for each profile shows that investment costs increase with 

increasing energy penetration rate and that Constant and low energy Peak Trapeze profiles 

require the highest investment costs mainly due to overbuilding and Li-ion storage (cf. Table 8). 

LCOEs increase also when the profile stays unchanged as it can be seen in Figure 52 but this 

increase is lower and lower with the increasing energy rate. Minimum LCOE for all these tests is 

reached by the Load profile that produces 10% of the total energy demand but this profile does 

not stay the best when increasing the energy demand. Modification of profiles shape for Adapted 

and Peak Trapeze profiles reduce their LCOEs compared to their original shape and give them 

the lowest LCOE for high energy demand (50 and 70%).  

Using these results, a better analysis could be led to find the profile that minimizes the LCOE for 

different energy demand. However, this profile must integrate itself into an energy mix and must 

take into account the other energy sources with their constraints in terms of availability and 

response time. To do so the next section presents results for desired profile that corresponds to 

real production profiles. 
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6.2.2 Deletion of existing production profiles 

The profiles tested in this section gathered existing production profiles from 2018 and adjusted 

to the year 2030. Apart from a 100% solar system (Total Load profile), the goal is to erase 

production from fossil sources: oil and coal (bagasse and coal are not separated) in addition to 

existing PV production.  

6.2.2.1 Comparison between the different profiles 

These profiles are given in Appendix (cf. section 9.7) and results for each of them are given in 

Table 10. A line for the renewable fraction of the total electricity mix was added in this table to 

show how far these scenarios are from the 100% renewable electricity goal for 2030. 

Profile Oil 
60% of 

Coal and 
Bagasse 

Coal and 
Bagasse 

Oil, Coal 
and 

Bagasse 

Total 
Load 

Total energy produced [TWh] 2.10 1.74 2.78 4.29 5.45 

Curtailed Energy [%] 20.4 10.2 13.6 11.9 11.1 

Storage Energy losses [%] 19.8 22.0 22.8 24.4 25.2 

Installed PV capacity [GW] 1.95 1.61 2.58 3.99 5.06 

Overbuilding factor [-] 1.8 1.5 1.6 1.6 1.6 

PHES energy capacity [GWh] 13.30 11.62 18.17 26.84 36.54 

PHES power capacity [MW] 753 524 809 1274 1664 

Li-ion energy capacity [MWh] 20.5 20.0 35.0 56.0 68.0 

Li-ion power capacity [MW] 77 76 133 211 256 

Total investment costs [Mrd €] 4.65 3.79 6.27 9.84 12.74 

LCOE [c/kWh] 20.4 17.7 19.5 19.8 20.2 

Renewable fraction [%] 63.4 58.5 72.3 100 100 

Table 10: Results for the deletion of existing production profiles 

The deletion of oil production profile demands the highest overbuilding factor which could 

explain the highest LCOE observed. As oil units are flexible with fast response times, they are 

usually used to maintain the equilibrium between load and production, so the profile often 

presents more variability than the other profiles. This could be a reason to a higher demand in 

storage and in the scope of this LCOE minimizing a higher demand in overbuilding to decrease 

costs related to storage by decreasing their sizes.  

In previous section, LCOE was going higher with an increasing energy penetration rate for a 

given profile. This result could explain the fact that the 60% Coal and Bagasse and the oil, coal 

and bagasse profiles have lower LCOE than respectively Coal and Bagasse and total load because 

the energy needed by these lasts are higher and their shape are quite similar (cf. section 9.7).  

Here also, the needs for both storages’ capacities in power and energy increase with the 

increasing energy demand and apart from oil profile, curtailed energy and storage losses 

proportion stay in the same order of magnitude for all profiles.  

Considering now the renewable fraction of the electricity mix, all profiles are above 58% 

corresponding to PV energy penetration rate above 34% (hydro account for 20.4%, wind for 

0.4%, bio-energy for 0.4% and bagasse for 7.9% of existing load). For the 60% of Coal and 

Bagasse profile, the part of renewable fraction related to bagasse was decreased by a 60% 
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reduction. Another hypothesis could be to replace only the coal but the effect of using only 

bagasse at certain time were not known.  

6.2.2.2 GHG emissions reduction and economic impact 

The use of PV instead of oil or coal allows reducing GHG emissions from electricity production. 

Table 11 summarize data for GHG emissions depending of the type of energy sources. Storage 

systems’ GHG emissions are calculated using a value of 110 𝑡𝐶𝑂2
/𝑀𝑊ℎ𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑[80] for the Li-ion 

battery and 35.7𝑡𝐶𝑂2
/𝑀𝑊ℎ𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑+1.8𝑡𝐶𝑂2

/𝐺𝑊ℎ𝑠𝑡𝑜𝑟𝑒𝑑[81] for the PHES, these values are 

divided by the lifetime to have estimation for one year. Using these data, it is possible to estimate 

the GHG emissions of each profile and compare it to the current profile emissions. 

Energy’s source Oil Coal Bagasse Solar (PV) Hydro  Wind Biogas 
GHG emissions [𝑡𝐶𝑂2

/𝐺𝑊ℎ] 778 1050 23 44.3 13 13 11 
Table 11: GHG emissions by sources of energy [82], [83] 

For instance the replacement of oil electricity production, which accounts for 0.75 𝑀𝑡𝐶𝑂2
 

estimated for 2030), by PV production and storage systems gives a reduction of approximately 

0.66 𝑀𝑡𝐶𝑂2
 for the year 2030. This represents almost 35% of GHG emissions related to electricity 

production in 2017 [28]. Figure 53 presents the estimated GHG emissions that could be saved in 

2030 with each profile. These data are given as percentage of total estimated GHG emissions for 

electricity production in 2030. Solar PV and renewable fractions are also shown as percentage of 

the total energy produced. 

 

Figure 53: Estimated saved GHG emissions for 2030 as percentage of total estimated GHG emissions in 2030 

A comparison between the 100% solar scenario and the deletion of fossil fuels (oil and coal) 

shows that a same renewable fraction can be obtained with much lower PV and storage 

capacities with the second case. This is not surprising when taking into account the large 

hydroelectricity part and looking at the PV energy penetration rate of 78.8% compared to 100%. 

As GHG emissions are higher for PV systems than for hydroelectricity, a 100% solar scenario 

gives a GHG emissions reduction slightly lower than the one for fossil fuels deletion.  
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Figure 54: GHG emissions repartition for the deletion of oil, coal and bagasse in 2030 

It can be seen from Figure 54 that PV systems have the biggest proportion of GHG emissions in 

the estimated electricity mix for 2030 because of the very high installed capacities needed to 

cover almost 80% of the electrical energy demand. PHES have also a large impact compared to 

the Li-ion batteries but the capacities needed are much larger for PHES than for Li-ion (almost 

480 times larger). Even with these high capacities needed for PV and PHES, the system allows to 

reduce the GHG emissions to approximately 0.22 𝑀𝑡𝐶𝑂2
/𝑦𝑟 that being almost a tenth of the 

estimated emissions with an electricity mix similar to the current one for 2030. Compared to the 

total emissions due to combustion of coal and oil products on the island in 2017 (transportation 

included), it corresponds to a reduction of more than 40% of these emissions [28]. 

 

Figure 55: Repartition of investment costs for the deletion of oil, coal and bagasse 

Considering costs, this scenario where oil, coal and bagasse are replaced by solar PV and storage 

needs less than 10 billion Euros to install PV and storage systems. The repartition between costs 

related to PV, PHES and Li-ion batteries is given in Figure 55. Here also, PV has the biggest 

proportion in investment costs due to very high needed capacities to install: almost 4 GW which 

is more than 20 times the current installed capacity. In terms of LCOE, this scenario gives a value 

of 19.8c/kWh which is a bit lower than the average cost of electricity for the year 2016 

(20.7c/kWh) and 2017 (20.1c/kWh) [84]. Moreover it reduces considerably the dependency on 

fossil fuels by reaching the goal of 100% renewable electricity mix by 2030. 
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6.3 Discussion and conclusion 
This algorithm is able to give a first estimation of PV and storages sizes needed to guarantee a 

desired profile. However, a more accurate sizing could be performed using a smaller time step 

for solar resource and profile to guarantee. A time step of one minute instead of the 15 minutes 

used here could better reflect the needs for the Li-ion battery and the ramp limitation for the 

PHES.  The sizing could also be more accurate by using historical data for more than one year to 

take into account differences that can occurs between solar resource of different years.  

Considering the storage modeling, a lifetime in cycles instead of years for the battery could give 

a better estimation of the battery needs over the lifetime of the system. The model of auto-

discharge could be improved especially for the PHES for which it was chosen not to consider this 

auto-discharge. Other parameters such as the depth of discharge could also be added as the 

results given in this study are considering the possibility of a 100% depth of discharge. The 

choice was also made to use only PHES and Li-ion battery to accompany the ramps, but the Li-

ion battery could also sere to shift a part of the energy which is not done here. Other type of 

storage like flywheels or compressed air may also be considered and back up sources of power 

like gas turbines could be added to the system to reduce costs due to very large storages. 

The large storages’ sizes found in the results imply larger costs but also a need for a high 

potential for PHES. Even if this potential was estimated to be sufficient by the Australian Energy 

Agency [68], more accurate studies for each site considered must be led both in technical, social 

and environmental terms. Environmental impact and population’s acceptation could be real 

obstacles to such large systems. For now it seems that existing studies are more focused on 

smaller systems [67], [69].  

The same issue regarding potential on the island can be observed for PV systems. The large 

demand of PV capacities required by the high energy demand and the overbuilding is in most of 

the cases presented higher than the potential estimated by the ADEME [2]. Even if this study 

does not take into account some surfaces that could be used to install PV systems, a more 

detailed study needs to be done to estimate current and future potential that is available without 

exacerbate land conflict on the island. 

Despite the use of Li-ion batteries, the inertia of the different presented systems was not studied. 

A better algorithm could take into account the need for inertia in the grid and if possible, 

simulate specific events like a fall in production or grid voltage to evaluate the response of the 

system. Examples of such tests can be found in the report of the ADEME [2]. 

Environmental analysis performed for the scenarios with deletion of oil, coal and/or bagasse 

must be moderated as values taken for GHG emissions were averaged values and they must be 

adapted to the Reunion Island which cannot be done without detailed life cycle analysis for each 

part of the system. Other pollutions could also have been considered given the recycling 

difficulties for batteries and PV on the island or the impact of PHES on local environment.  

Finally, regarding the economic model, parameters like prices were chosen considering a part of 

the current literature and some field surveys with the local producers. However, these costs 

seem to evolve quite fast and it could be interesting to perform a sensitivity analysis on the 

different prices, operation and maintenance costs or even lifetimes to see how these variations 

impact the balance between overbuilding and storage and change the optimal design of the 

systems. 
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7 Global conclusion 
This study was divided into three different parts: a solar resource data evaluation, a modeling of 

the existing PV production fleet on the Reunion Island and the development of an algorithm that 

uses overbuilding, curtailment and storage to guarantee a desired production profile. 

In the first part (cf. part 4), it was shown that satellite based data from the SUNY model allows 

to capture the global trend of solar irradiances but face difficulties when it comes to capture the 

fast variations especially for high altitude. The power comparison between these satellite data 

and ground measured data gave relative RMSEs from 27.5% to 60.3% and relative MBEs from -

23.99% to 14.58%. These errors are even large when it comes to DNI comparison with a 

maximum relative RMSE equal to 73.8%. In terms of energy, relative errors for GHI decrease 

with the comparison period: maximum relative error for a day was above 200% whereas the 

maximum one for the year was below 20%. A way to improve these satellite estimations could 

be to consider variations of the clear-sky model with altitude instead of using the same clear sky 

model for the entire island. 

For the second part (cf. part 5), the goal was to model the existing PV production fleet using the 

solar resource evaluated in the previous part. Four different models where tried with different 

scales and parameters (efficiency, tilt, orientation, temperature coefficients) but the one giving 

the minimum relative RMSE was the ‘GTI’ model using only efficiency, tilt and orientation for a 

unique representative system and installed capacities distributed over the 63kV/15kV 

transformer’s zone. This model succeeded to give a relative RMSE of 14.3% when compared to 

real power production data for the year 2018 with 15min time step. Better models could be 

developed if more data were available like locations and configurations of PV systems with 

installed capacities higher than 36kVA. However, this model was considered sufficient to be used 

in the third part. 

Finally, this third part (cf. part 6) uses solar resource data from the first part and PV production 

model from the second part to develop an algorithm that uses overbuilding, curtailment and 

storage to guarantee a desired production profile. Using this algorithm and given desired 

production profiles for 2030 it was possible to see how to size PV fleet and storage systems 

(PHES and Li-ion batteries) to supply a firm power production at reasonable costs and for any 

energy penetration rate wanted. Storage needed capacities in terms of energy ranged from 2.7 

GWh to 36.7 GWh for PHES and 3.3 MWh to 70.6 MWh for Li-ion batteries following the part of 

the total energy demand covered by PV production. Curtailed energy that can represent almost 

30% of total energy produced by PV in some cases could be valorized by producing hydrogen to 

supply cars (often more than 10 000 cars) or by desalinizing of seawater (often more than 30 

million of cubic meter). By estimated production profiles from fossil fuel sources for the year 

2030, it was possible to replace these sources by PV production and storage with a better 

integration in the electricity mix. It was shown that a 100% renewable electricity mix with a high 

proportion of solar PV (almost 80%) could divide estimated GHG emissions related to electricity 

mix in 2030 by almost ten without increasing cost of electricity (LCOE approximately equal to 

19.8c/kWh). However, a more accurate estimation of PV installations surfaces and PHES 

potentials must be led to better study the feasibility of the system proposed. Detailed research 

on the future potentials for other renewables and how to dispatch them in the electricity mix are 

also necessary to reach the goal of 100% renewable electricity by 2030 for the Reunion Island.  
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9 Appendix 

9.1 GHI comparison for each station 
This section presents the results for GHI comparison between satellite based data and ground 

measured data. Figure 56 shows the repartition of the different stations of Météo-France, 

Figure 57 to Figure 63 present results for each of these stations and Table 12 and Table 13 

summarize the key indicators (cf.4.1.3) for each station. 

 

Figure 56 : Map of 13 different stations of Météo-France 

Figure 57 shows the distribution of GHI for station 1. The two black lines delimit values that 

have an absolute error lower than 10%. Linear regression and y=x straight line give estimation 

of what range of values are overestimated or underestimated. For the first station, satellite 

method tend to overestimate GHI below 450W/m² and underestimate values higher than 

600W/m². Same pictures are available for the twelve other stations in Figure 58 and Figure 59. 

 

Figure 57 : Satellite vs ground measured GHI distribution for station 1 
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Figure 58 :Satellite vs ground measured GHI distribution for stations 2 to 7 

 

Figure 59 : Satellite vs ground measured GHI distribution for stations 8 to 13 

Table 12 and Table 13 give error’s key indicators to give an overview of the error distribution 

(1st and 3rd quartile and median) and relative values of MBE, MAE and RMSE to compare the 

different station amongst them. The coefficients of determination R² are associated with linear 

regressions given in previous GHI distribution graphs. It can be seen from these tables that 

relative RMSE range from 28% for station 10 (Gillot) to 60% for station 6 (Petite France). More 

results for these stations are available in section 4.2.1. 
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Station 1 2 3 4 5 6 7 

Latitude (°N) -21,27 -21,13 -20,95 -21,07 -21,13 -21,05 -21,07 
Longitude (°E) 55,38 55,63 55,28 55,72 55,30 55,35 55,38 
Error Median (W/m²) -4,28 -22,78 -7,22 -33,50 17,67 29,50 -75,83 
1st Quartile (W/m²) -53,21 -97,05 -49,28 -82,67 -44,22 -42,33 -191,93 
3rd Quartile (W/m²) 53,49 54,11 42,94 30,89 131,78 125,56 4,11 
MBE (W/m²) 5,48 -33,22 -3,42 -31,50 50,14 41,74 -113,36 
Relative MBE 1,2% -8,4% -0,7% -6,6% 14,1% 14,6% -24,0% 
MAE (W/m²) 97,00 120,19 84,33 99,90 130,87 122,24 181,00 
Relative MAE 21,6% 30,3% 17,8% 20,8% 36,8% 42,7% 38,3% 
RMSE (W/m²) 150,70 175,45 132,50 145,25 189,90 172,94 263,80 
Relative RMSE 33,5% 44,2% 28,0% 30,3% 53,4% 60,3% 55,8% 
R² 0,71 0,64 0,78 0,79 0,52 0,52 0,40 

Table 12 :Satellite vs ground measured GHI error key indicators for stations 1 to 7 

Station 8 9 10 11 12 13 

Latitude (°N) -21,10 -21,37 -20,90 -21,22 -21,22 -21,13 
Longitude (°E) 55,25 55,73 55,53 55,68 55,57 55,47 
Error Median (W/m²) -10,28 4,56 -23,40 -58,00 -39,44 -15,89 
1st Quartile (W/m²) -58,39 -45,96 -63,97 -119,39 -101,72 -74,43 
3rd Quartile (W/m²) 67,39 98,94 20,31 39,06 38,61 81,28 
MBE (W/m²) 1,51 30,32 -27,07 -44,20 -47,15 -6,68 
Relative MBE 0,3% 7,8% -5,4% -9,3% -10,5% -1,5% 
MAE (W/m²) 102,80 112,15 88,45 122,60 128,30 119,13 
Relative MAE 21,7% 28,8% 17,6% 25,7% 28,4% 27,2% 
RMSE (W/m²) 152,52 165,52 137,96 163,61 191,72 173,25 
Relative RMSE 32,2% 42,5% 27,5% 34,3% 42,5% 39,6% 
R² 0,74 0,69 0,79 0,74 0,61 0,69 

Table 13 :Satellite vs ground measured GHI error key indicators for stations 8 to 13 

Figure 60 to Figure 63 present GHI comparisons in terms of daily, weekly and monthly energy. 

These distributions are composed of relative errors on the energy and looking at the first station 

in Figure 60, large difference can be observed with values above 50% for daily energy.  
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Figure 60 :GHI energy error distribution for station 1 

 

Figure 61 : GHI energy error distribution for stations 2 to 5 
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Figure 62 : GHI energy error distribution for stations 6 to 9 

 

Figure 63 : GHI energy error distribution for stations 10 to 13 

For the major part of these 13 stations, relative errors on energy decrease when increasing the 

time scale; monthly errors are usually lower than daily errors. Some likely explanations for these 

errors can be found in section 4.2.1. 
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9.2 Approximation of GTI by GHI 
This section aims to explore the influence of latitude on the error made by approximating GTI by 

GHI. To do this, relative MBE and RMSE were calculated for different panel configurations using 

DNI and GHI from Saint Pierre on the Reunion Island (latitude=-21.34°N) and from Tõravere in 

Estonia (latitude=58.26°N). Results for Saint Pierre are detailed in section 4.2.3. 

 

Figure 64 :Comparison of GTI and GHI for different orientation angles in St Pierre (left) and Tõravere (right) 
(tilt=20°) 

Figure 64 shows the evolution of MBE and RMSE as a function of orientation angle (in °E) for a 

module with a tilt angle of 20°. 0° corresponds to a module facing north and 180° to a module 

facing south and as the two cities are not in the same hemisphere, tested orientation angles are 

not the same but aims the same points in the sky. It can be seen that relative MBE and RMSE are 

much higher for Tõravere than for Saint Pierre with a maximum relative RMSE at 41% for 

Tõravere. These higher error values are confirmed with Figure 65 and Figure 66 where 

maximum relative RMSE (tilt=30°) from Tõravere is almost three times the one for Saint Pierre 

in the case of a panel facing respectively south and north. This difference is a bit less pronounced 

for a west-east panel configuration where Tõravere has a maximum relative RMSE 

approximately equal to 1.5 times the one of Saint Pierre. 

 

Figure 65 :Comparison of GTI and GHI for different tilt angles in St Pierre (left) and Tõravere (right) (facing 
north for St Pierre and south forTõravere) 
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Figure 66 :Comparison of GTI and GHI for different tilt angles in St Pierre (left) and Tõravere (right) (facing 
east and west) 

This comparison is only made between two locations so it is not possible to really conclude on 

the importance of latitude on the difference between GHI and GTI. However, it can be noticed 

that for many configurations, Saint Pierre has much lower relative RMSE. 

 

9.3 Optimal angles map 
This section shows some elements concerning the optimal configuration for a solar panel on the 

Reunion Island using satellite data for solar resource and yearly energy received to select the 

optimal tilt and orientation angles. As an example, Table 14 presents yearly energy received by 

a panel in Saint Pierre normalized by the maximum which is obtained for a tilt angle equal to 25° 

and an orientation angle of 30°E. This way, it is also possible to see the energy difference when 

taking the GHI instead of GTI for different configuration. Energy received using GHI is 

approximately equal to 95% (first column: tilt=0°) of the maximum energy that can received a 

panel. For common module configuration, i.e. tilt angle below 30° and orientation angle between 

-90°E and 90°E, the yearly energy difference between GHI and GTI is lower than 12% of the 

yearly energy received by the optimal configuration. 
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Table 14 : Optimal panel configuration for Saint Pierre (row corresponds to same orientation angles and 
column to same tilt angles) 

In theory, using only solar geometry, the optimal configuration should be around 20° for the tilt 

angle and facing north for the entire island. However using satellite data seems to give another 

optimum for Saint Pierre with a slightly higher tilt angle (25°) and a different orientation angle 

(30°E). Applying the same method over the entire island with a resolution of 1km² allows 

drawing optimal tilt and orientation angles maps (cf. Figure 67 and Figure 68). 

 

Figure 67 : Map of the optimum tilt angle using satellite data (resolution=1km²) 
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Figure 68 : Map of the optimum orientation angle using satellite data (resolution=1km²) 

With these maps, it can be seen that despite the theoretical optimal configuration, many 

different configurations appear for the optimum and different zones can be defined. Optimal tilt 

angle near the theoretical 20° can be found near the coast, the volcano in the South East and in 

the three cirques. In the rest of the inland, optimal tilt angles is higher with approximately 30° or 

even higher near 40° in the North West of the island. For the orientation angles, similar zones 

can be seen; volcano and eastern coast have a low orientation angle corresponding to a panel 

facing north. The rest of the coast and the cirques have orientation angles that begin to go to the 

East with 20°E to 35°E and some regions in the North West are more facing the East than the 

North with optimal orientation angles higher than 50°E. 

This difference in optimal orientations can be explained by the fact that the weather of the island 

is usually sunny in the morning and after clouds formation in the inland, becomes cloudy during 

the afternoon. With this kind of weather, the optimal configuration for panel is not to face solar 

when it is solar noon but to take profit of the sunny morning by orientate the panel to maximize 

GTI when there is no cloud. That is why, the North West zone, which is the one where clouds 

usually go from the inland to the coast, presents the higher tilt angles and the closest to the east 

orientation angles. For the cirques and the volcano, weather changes are less clear and these 

regions have high level of irradiance, so the weather does not impact optimal angles as much as 

in the North-West. 

In contrary of the theoretical analyze with sun geometry, satellite model can see the weather 

evolution which can explain differences in optimal angles. But it cannot see the relief and 

shadowing effects due to masks, so it could be interesting to redo these maps and see masks 

impact on the optimal panel configuration. For instance, optimal orientation angles for panel in 

the North-West turn them to the east but the satellite does not take into account the mountains 

that are just between the North-West and the sun and that obstruct a part of sun radiation from 

the morning. 
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9.4 Comparison between PV production model with and without averaged 

GHI 
This section presents the modeling of existing PV production fleet using installed capacities 

distributed over each transformer’s zone but punctual GHI and DNI from each of these zones 

instead of averaged values over the zone as in section 5.2.2. Table 15 shows the identified 

parameters for the four different models tested. Pixels representing the zones were chosen 

randomly. Parameters stay almost the same as what was obtained with the averaged GHI.  

 GHI GTI GHI + Temperature GTI + Temperature 
Efficiency 𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 ∙ 𝜂𝑙𝑜𝑠𝑠𝑒𝑠 [%] 0.65 0.65 0.73 0.66 

Tilt 𝛽𝑐 [°] 0 15 0 15 
Orientation 𝛾𝑐  [°E] 0 -20 0 -20 

Coefficient 𝛼 [%/°C] 0 0 -0.33 -0.29 
Coefficient 𝛾 [°C.m²/W] 0 0 0.05 0.02 

Table 15: List of estimated parameters for the four models  

As it can be seen from Figure 69, temperatures have a little bit more impact than what was seen 

with averaged GHI over transformers’ zone but this impact stay relatively small. 

 

Figure 69: Comparison of the 4 models using punctual GHI and DNI from transformer’s zones 

Table 16 gives the error metrics for the four different models. Results are a bit better than 

averaged GHI over the entire island (16%) but worse than the averaged GHI over transformer’s 

zone (14.3%).  

 GHI GTI GHI + Temperature GTI + Temperature 
Median error (MW) -0.04 0.95 0.50 0.21 
Relative MBE (%) -2.55 0.67 -1.28 -1.41 
Relative MAE (%) 13.8 11.3 13.8 11.7 

Relative RMSE (%) 18.1 15.2 17.9 15.6 
Table 16: Error metrics for the four different models compared to real power production 

The lowest relative RMSE is 15.2% and is obtained for the GTI model like the two others 

modelling approach (cf. sections 5.1.2 and 5.1.3). More detailed results for this model are 

presented in Figure 70 for the power comparison and in Figure 71 for the energy. Results are 

similar to what was obtained in section 5.2.2 and 5.2.3. 
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Figure 70: GTI vs. Real power distribution (using punctual DNI and GHI over transformer’s zone) 

 

Figure 71: Energy relative errors for the GTI model using ponctual DNI and GHI over transformer’s zone 

This section showed that GHI averaged over transformer’s zone method was better than taking 

punctual GHI. However, the gains obtained by this average are less than one percent on the 

relative RMSE, so it is possible to imagine that one ground measured station located in each of 

the transformer’s zone could be used to model the PV production fleet. This method allows 

modeling the PV fleet without the need in satellite data for each pixel and keeping a correct 

accuracy compared to what was obtained in section 5.2.2. Moreover, available ground measured 

data have a lower time step (6min compared to 15min) which could be better for the algorithm 

part. 
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9.5 Influence of the number of points to model the total power production 
The goal of this section is to evaluate the number of points needed to capture the averaged GHI 

over the entire island. If the number of points is quite low, it is possible to imagine that satellite 

based data for each pixel could be replaced by a small number of ground measured stations. This 

would allow having an easier access to data but also to reduce the time step for time series; 

SUNY model have a time step of 15min whereas Météo France’s stations have a time step of 

6min and trackers used for the DNI a time step of 1min (cf. section 4.1).   

 

Figure 72: Evolution of relative RMSE for power comparison with GHI model 

In Figure 72, different numbers of points from 1 to 60 are compared to the real power 

production using the simple GHI model and total installed PV capacity (cf. section 5.1.3). For 

each number of points, these points are randomly selected 1000 times and relative RMSE’s 

distribution indicators like mean or quartiles are given in this figure. Taking the example of 20 

points, 20 points are randomly selected over the entire island. The GHI data corresponding to 

these 20 points are averaged and used to model the PV power production. A relative RMSE is 

calculated by comparing this modeled power with the real power production. This operation is 

repeated 1000 times and RMSE’s minimum, maximum, mean, 1st and 3rd quartiles are calculated. 

It can be seen from this figure that from approximately 35 points, almost each curve begins to 

reach an asymptote. Considering the fact that Météo France owes 31 stations distributed over 

the island with pyranometers, it seems possible to model the PV power production with a 

relative RMSE near 22%, which is quite correct regarding the simplicity of this model. Moreover, 

the efficiency parameter is not identified for each of these systems, so it stays a very simple 

mean to gain a bit more in accuracy. This technique could also be used to evaluate the number of 

stations to install over a region to have a simple model of PV power production when other data 

are not available. 
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9.6 Details for curtailment and storage algorithm 
This section presents the details of the main part of the algorithm. 

Inputs :  
 Total PV power : 𝑃𝑡𝑜𝑡𝑎𝑙 (list [W]) 
 Desired Profile : 𝑃𝑝𝑟𝑜𝑓𝑖𝑙𝑒 (list [W]) 

 Initial Li-ion energy level : 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑖𝑛𝑖 (scalar [Wh]) 

 Initial PHES energy level : 𝐸𝑃𝐻𝐸𝑆,𝑖𝑛𝑖 (scalar [Wh]) 

 Li-ion efficiency : 𝜂𝐿𝑖−𝑖𝑜𝑛 (scalar [-]) 
 PHES efficiency : 𝜂𝑃𝐻𝐸𝑆 (scalar [-]) 
 Li-ion losses parameter : 𝑙𝐿𝑖−𝑖𝑜𝑛 (scalar [-]) 
 PHES losses parameter : 𝑙𝑃𝐻𝐸𝑆 (scalar [-]) 
 Estimated Li-ion energy capacity : 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 (scalar [Wh]) 

 Estimated PHES energy capacity : 𝐸𝑃𝐻𝐸𝑆,𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 (scalar [Wh]) 

 Maximum Li-ion power : 𝑃𝐿𝑖−𝑖𝑜𝑛,𝑚𝑎𝑥 (scalar [W]) 

 Maximum PHES power : 𝑃𝑃𝐻𝐸𝑆,𝑚𝑎𝑥 (scalar [W]) 

 Maximum PHES power ramp : 𝑟𝑚𝑎𝑥 (scalar [-]) 
 Time step : 𝑑𝑡 (scalar [hours])   

 
Outputs : 

 Power curtailed : 𝑃𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑 (list [W]) 
 Energy curtailed : 𝐸𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑 (list [Wh]) 
 Power to Li-ion : 𝑃𝐿𝑖−𝑖𝑜𝑛 (list [W]) 
 Li-ion energy level : 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑙𝑒𝑣𝑒𝑙 (list [Wh]) 

 Power to PHES : 𝑃𝑃𝐻𝐸𝑆 (list [W]) 
 PHES energy level : 𝐸𝑃𝐻𝐸𝑆,𝑙𝑒𝑣𝑒𝑙 (list [Wh]) 

 
 
% First value of the year 
𝐼𝐹 (𝑃𝑡𝑜𝑡𝑎𝑙  (𝑑𝑡) >  𝑃𝑝𝑟𝑜𝑓𝑖𝑙𝑒  (𝑑𝑡)) 

 𝑃𝑃𝐻𝐸𝑆 (𝑑𝑡) = 𝑀𝐼𝑁𝐼𝑀𝑈𝑀(𝑃𝑃𝐻𝐸𝑆,𝑚𝑎𝑥, 𝑟𝑚𝑎𝑥 ∙ 𝑃𝑃𝐻𝐸𝑆,𝑚𝑎𝑥, 𝑃𝑡𝑜𝑡𝑎𝑙 (𝑑𝑡) − 𝑃𝑝𝑟𝑜𝑓𝑖𝑙𝑒 (𝑑𝑡));  % [𝑊] 
 𝐸𝑃𝐻𝐸𝑆,𝑡𝑒𝑚𝑝 = 𝜂𝑃𝐻𝐸𝑆 ∙ 𝑃𝑃𝐻𝐸𝑆 (𝑑𝑡) ∙ 𝑑𝑡;  % [𝑊ℎ] 

 
  𝐼𝐹 ( 𝐸𝑃𝐻𝐸𝑆,𝑡𝑒𝑚𝑝 + 𝐸𝑃𝐻𝐸𝑆,𝑖𝑛𝑖 <= 0 ) 
  𝐸𝑃𝐻𝐸𝑆,𝑙𝑒𝑣𝑒𝑙  (𝑑𝑡) = 𝐸𝑃𝐻𝐸𝑆,𝑡𝑒𝑚𝑝 + 𝐸𝑃𝐻𝐸𝑆,𝑖𝑛𝑖;  % [𝑊ℎ] 
 𝐸𝐿𝑆𝐸 
  𝐸𝑃𝐻𝐸𝑆,𝑡𝑒𝑚𝑝 = −𝐸𝑃𝐻𝐸𝑆,𝑖𝑛𝑖;  % [𝑊ℎ] 

  𝑃𝑃𝐻𝐸𝑆 (𝑑𝑡) =
𝐸𝑃𝐻𝐸𝑆,𝑡𝑒𝑚𝑝

𝜂𝑃𝐻𝐸𝑆∙𝑑𝑡
;  % [𝑊] 

 𝐼𝐹 𝐸𝑁𝐷 

 
 𝑃𝐿𝑖−𝑖𝑜𝑛 (𝑑𝑡) = 𝑚𝑖𝑛(𝑃𝐿𝑖−𝑖𝑜𝑛,𝑚𝑎𝑥, 𝑃𝑡𝑜𝑡𝑎𝑙 (𝑑𝑡) − 𝑃𝑝𝑟𝑜𝑓𝑖𝑙𝑒 (𝑑𝑡) −  𝑃𝑃𝐻𝐸𝑆 (𝑑𝑡));  % [𝑊] 
 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑡𝑒𝑚𝑝 = 𝜂𝐿𝑖−𝑖𝑜𝑛 ∙ 𝑃𝐿𝑖−𝑖𝑜𝑛 (𝑑𝑡) ∙ 𝑑𝑡;  % [𝑊ℎ] 
  
 𝐼𝐹 ( 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑡𝑒𝑚𝑝 + 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑖𝑛𝑖 <= 0 ) 
  𝐸𝐿𝑖−𝑖𝑜𝑛,𝑙𝑒𝑣𝑒𝑙  (𝑑𝑡) = 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑡𝑒𝑚𝑝 + 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑖𝑛𝑖;  % [𝑊ℎ] 
 𝐸𝐿𝑆𝐸 
  𝐸𝐿𝑖−𝑖𝑜𝑛,𝑡𝑒𝑚𝑝 = −𝐸𝐿𝑖−𝑖𝑜𝑛,𝑖𝑛𝑖;  % [𝑊ℎ] 

  𝑃𝐿𝑖−𝑖𝑜𝑛 (𝑑𝑡) =
𝐸𝐿𝑖−𝑖𝑜𝑛,𝑡𝑒𝑚𝑝

𝜂𝐿𝑖−𝑖𝑜𝑛∙𝑑𝑡
;  % [𝑊] 

 𝐼𝐹 𝐸𝑁𝐷 
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 𝑃𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑  (𝑑𝑡) =  𝑃𝑡𝑜𝑡𝑎𝑙  (𝑑𝑡) −  𝑃_𝑝𝑟𝑜𝑓𝑖𝑙𝑒 (𝑑𝑡) −  𝐸𝑃𝐻𝐸𝑆,𝑡𝑒𝑚𝑝 (𝑑𝑡) −  𝑃𝐿𝑖−𝑖𝑜𝑛 (𝑑𝑡);  % [𝑊] 

 𝐸𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑  (𝑑𝑡) =  𝑃𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑 (𝑑𝑡) ∙ 𝑑𝑡;  % [𝑊ℎ] 
 

𝐸𝐿𝑆𝐸 
 𝑃𝑃𝐻𝐸𝑆 (𝑑𝑡) = 𝑀𝐴𝑋𝐼𝑀𝑈𝑀(𝑃𝑡𝑜𝑡𝑎𝑙  (𝑑𝑡) −  𝑃𝑝𝑟𝑜𝑓𝑖𝑙𝑒 (𝑑𝑡), − 𝑟𝑚𝑎𝑥 ∗ 𝑃𝑃𝐻𝐸𝑆,𝑚𝑎𝑥);  % [𝑊] 

               𝐸𝑃𝐻𝐸𝑆,𝑙𝑒𝑣𝑒𝑙  (1) =  
𝑃𝑃𝐻𝐸𝑆 (𝑑𝑡)∙𝑑𝑡

𝜂𝑃𝐻𝐸𝑆
+ 𝐸𝑃𝐻𝐸𝑆,𝑖𝑛𝑖;  % {𝑊ℎ] 

 𝑃𝐿𝑖−𝑖𝑜𝑛 (𝑑𝑡) =  𝑃𝑡𝑜𝑡𝑎𝑙  (𝑑𝑡) −  𝑃𝑝𝑟𝑜𝑓𝑖𝑙𝑒  (𝑑𝑡) −  𝑃𝑃𝐻𝐸𝑆 (𝑑𝑡);  % [𝑊] 

 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑙𝑒𝑣𝑒𝑙  (𝑑𝑡) =  
𝑃𝐿𝑖−𝑖𝑜𝑛 (𝑑𝑡)∙𝑑𝑡

𝜂𝑃𝐻𝐸𝑆
+ 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑖𝑛𝑖;  % [𝑊ℎ] 

 
𝐼𝐹 𝐸𝑁𝐷 

 
%%% 

 
% 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑙𝑜𝑜𝑝 𝑎𝑡 𝑒𝑎𝑐ℎ 𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝 

 
𝐹𝑂𝑅 𝑡 = 2 ∙ 𝑑𝑡: … : 𝑂𝑛𝑒 𝑦𝑒𝑎𝑟 
% 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑙𝑜𝑠𝑠𝑒𝑠 𝑎𝑡 𝑒𝑎𝑐ℎ 𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝 
 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑙𝑒𝑣𝑒𝑙(𝑡 − 𝑑𝑡) =  𝐸𝐿𝑖−𝑖𝑜𝑛,𝑙𝑒𝑣𝑒𝑙(𝑡 − 𝑑𝑡) −  𝑙𝐿𝑖−𝑖𝑜𝑛 ∙ 𝑃𝐿𝑖−𝑖𝑜𝑛,𝑚𝑎𝑥 ∙ 𝑑𝑡 ∙ (1 −
𝐸𝐿𝑖−𝑖𝑜𝑛,𝑙𝑒𝑣𝑒𝑙(𝑡−𝑑𝑡)

𝐸𝐿𝑖−𝑖𝑜𝑛,𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑
)+;  % [𝑊ℎ] 

 𝐸𝑃𝐻𝐸𝑆,𝑙𝑒𝑣𝑒𝑙  (𝑡 − 𝑑𝑡) =  𝐸𝑃𝐻𝐸𝑆,𝑙𝑒𝑣𝑒𝑙(𝑡 − 𝑑𝑡) − 𝑙𝑃𝐻𝐸𝑆 ∙ 𝑃𝑃𝐻𝐸𝑆,𝑚𝑎𝑥 ∙ 𝑑𝑡 ∙ (1 −
𝐸𝑃𝐻𝐸𝑆,𝑙𝑒𝑣𝑒𝑙 (𝑡−𝑑𝑡)

𝐸𝑃𝐻𝐸𝑆,𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑
)+;  % [𝑊ℎ] 

  
 % 𝐼𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ℎ𝑖𝑔ℎ𝑒𝑟 𝑡ℎ𝑎𝑛 𝑙𝑜𝑎𝑑 
 𝐼𝐹 ( 𝑃𝑡𝑜𝑡𝑎𝑙  (𝑗) >  𝑃𝑝𝑟𝑜𝑓𝑖𝑙𝑒  (𝑗) ) 
  % 𝑆𝑇𝐸𝑃 𝑝𝑜𝑤𝑒𝑟 𝑎𝑛𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 
  𝑃𝑃𝐻𝐸𝑆 (𝑡) = 𝑀𝐼𝑁𝐼𝑀𝑈𝑀(𝑃𝑃𝐻𝐸𝑆,𝑚𝑎𝑥, (𝑃𝑃𝐻𝐸𝑆 (𝑡 − 𝑑𝑡) +  𝑟𝑚𝑎𝑥 ∗ 𝑃𝑃𝐻𝐸𝑆,𝑚𝑎𝑥)+,  
𝑃𝑡𝑜𝑡𝑎𝑙 (𝑡) −  𝑃𝑝𝑟𝑜𝑓𝑖𝑙𝑒  (𝑡)); 
  𝐸𝑃𝐻𝐸𝑆,𝑡𝑒𝑚𝑝 = 𝜂𝑃𝐻𝐸𝑆 ∗ 𝑃𝑃𝐻𝐸𝑆 (𝑡) ∗ 𝑑𝑡; 
  
  𝐼𝐹 ( 𝐸𝑃𝐻𝐸𝑆,𝑡𝑒𝑚𝑝 + 𝐸𝑃𝐻𝐸𝑆,𝑙𝑒𝑣𝑒𝑙 (𝑡 − 𝑑𝑡) <= 0 ) 
   𝐸𝑃𝐻𝐸𝑆,𝑙𝑒𝑣𝑒𝑙  (𝑡) = 𝐸𝑃𝐻𝐸𝑆,𝑡𝑒𝑚𝑝 + 𝐸𝑃𝐻𝐸𝑆,𝑙𝑒𝑣𝑒𝑙  (𝑡 − 𝑑𝑡); 
  𝐸𝐿𝑆𝐸 
   𝐸𝑃𝐻𝐸𝑆,𝑡𝑒𝑚𝑝 = −𝐸𝑃𝐻𝐸𝑆,𝑙𝑒𝑣𝑒𝑙 (𝑡 − 𝑑𝑡); 

   𝑃𝑃𝐻𝐸𝑆 (𝑡) =
𝐸𝑃𝐻𝐸𝑆,𝑡𝑒𝑚𝑝

𝜂𝑃𝐻𝐸𝑆∙𝑑𝑡
; 

  𝐼𝐹 𝐸𝑁𝐷 
  
  % 𝐿𝑖 − 𝑖𝑜𝑛 𝑝𝑜𝑤𝑒𝑟 𝑎𝑛𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 
  𝑃𝐿𝑖−𝑖𝑜𝑛 (𝑡) = 𝑀𝐼𝑁𝐼𝑀𝑈𝑀(𝑃𝐿𝑖−𝑖𝑜𝑛,𝑚𝑎𝑥 , 𝑃𝑡𝑜𝑡𝑎𝑙 (𝑡) −  𝑃𝑝𝑟𝑜𝑓𝑖𝑙𝑒  (𝑡) − 𝑃𝑃𝐻𝐸𝑆 (𝑡)); 
  𝐸𝐿𝑖−𝑖𝑜𝑛,𝑡𝑒𝑚𝑝 = 𝜂𝐿𝑖−𝑖𝑜𝑛 ∙ 𝑃𝐿𝑖−𝑖𝑜𝑛 (𝑡) ∙ 𝑑𝑡; 
  
  𝐼𝐹 ( 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑡𝑒𝑚𝑝 + 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑙𝑒𝑣𝑒𝑙  (𝑡 − 𝑑𝑡) <= 0 ) 
   𝐸𝐿𝑖−𝑖𝑜𝑛,𝑙𝑒𝑣𝑒𝑙  (𝑡) = 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑡𝑒𝑚𝑝 + 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑙𝑒𝑣𝑒𝑙  (𝑡 − 𝑑𝑡); 
  𝐸𝐿𝑆𝐸 
   𝐸𝐿𝑖−𝑖𝑜𝑛,𝑡𝑒𝑚𝑝 = −𝐸𝐿𝑖−𝑖𝑜𝑛,𝑙𝑒𝑣𝑒𝑙  (𝑡 − 𝑑𝑡); 

   𝑃𝐿𝑖−𝑖𝑜𝑛 (𝑡) =
𝐸𝐿𝑖−𝑖𝑜𝑛,𝑡𝑒𝑚𝑝

𝜂𝐿𝑖−𝑖𝑜𝑛∙𝑑𝑡
; 

  𝐼𝐹 𝐸𝑁𝐷 
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  % 𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡 
  𝑃𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑  (𝑡) =  𝑃𝑡𝑜𝑡𝑎𝑙 (𝑡) −  𝑃𝑝𝑟𝑜𝑓𝑖𝑙𝑒  (𝑡) − 𝑃𝑃𝐻𝐸𝑆 (𝑡) − 𝑃𝐿𝑖−𝑖𝑜𝑛 (𝑡);                     
  𝐸𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑  (𝑡) =  𝑃𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑 (𝑡) ∙ 𝑑𝑡;  
  
 % 𝐼𝑓 𝑙𝑜𝑎𝑑 𝑖𝑠 ℎ𝑖𝑔ℎ𝑒𝑟 𝑡ℎ𝑎𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 
 𝐸𝐿𝑆𝐸 
  𝑃𝑃𝐻𝐸𝑆 (𝑡) = 𝑀𝐴𝑋𝐼𝑀𝑈𝑀(𝑃𝑡𝑜𝑡𝑎𝑙(𝑡) −  𝑃𝑝𝑟𝑜𝑓𝑖𝑙𝑒(𝑡), (𝑃𝑃𝐻𝐸𝑆 (𝑡 − 𝑑𝑡) −  𝑟𝑚𝑎𝑥 ∗

𝑃𝑃𝐻𝐸𝑆,𝑚𝑎𝑥)−); 

  𝐸𝑃𝐻𝐸𝑆,𝑙𝑒𝑣𝑒𝑙  (𝑡) =  
𝑃𝑃𝐻𝐸𝑆 (𝑡)∙𝑑𝑡

𝜂𝑃𝐻𝐸𝑆
+ 𝐸𝑃𝐻𝐸𝑆,𝑙𝑒𝑣𝑒𝑙  (𝑡 − 𝑑𝑡); 

  𝑃𝐿𝑖−𝑖𝑜𝑛 (𝑡) =  𝑃𝑡𝑜𝑡𝑎𝑙  (𝑡) − 𝑃𝑝𝑟𝑜𝑓𝑖𝑙𝑒 (𝑡) −  𝑃𝑃𝐻𝐸𝑆 (𝑡); 

  𝐸𝐿𝑖−𝑖𝑜𝑛,𝑙𝑒𝑣𝑒𝑙  (𝑡) =  
𝑃𝐿𝑖−𝑖𝑜𝑛 (𝑡)∙𝑑𝑡

𝜂𝐿𝑖−𝑖𝑜𝑛
+ 𝐸𝐿𝑖−𝑖𝑜𝑛,𝑙𝑒𝑣𝑒𝑙  (𝑡 − 𝑑𝑡); 

  
 𝐼𝐹 𝐸𝑁𝐷 
𝐹𝑂𝑅 𝐸𝑁𝐷 
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9.7 Tested desired production profiles 
This section presents all the desired profiles used in this study.  

 

Figure 73: Evolution of Constant profile with increasing energy penetration rate 

The Constant profile shown in Figure 73 increases its power until it reaches the required energy 

penetration rate. When its power is higher than the estimated total load for 2030, it adapts to 

this load. 

 

Figure 74: Evolution of Adapted Trapeze profile with increasing energy penetration rate 

The Adapted Trapeze profile presented in Figure 74 is a daily trapeze that begins and ends with 

respectively sunrise and sunsets. These times are estimated using solar zenith angle and the 

power of its plateau is modulated by the daily average of this angle to be adapted for seasonal 

changes in solar resource. To reach the required energy penetration rate, it increases the power 

of its plateau until it goes higher than the maximum power of the total load. In this case (50% 
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and 70% in the figure), no more energy can be demanded during the day so it begins to supply 

power during the night with a constant power delivered all the night. 

 

Figure 75: Evolution of Peak Trapeze profile with increasing energy penetration rate 

The Peak Trapeze profile illustrated in Figure 75 corresponds to a daily trapeze that begins at 

18:00 and finishes at 22:00 to supply the power for the peak demand of the evening. This profile 

increases the power of its plateau like the Adapted Trapeze to reach the required energy 

penetration rate. However, when its plateau’s power is higher than maximum load power, the 

trapeze begins earlier in the day to supply power when there is sunlight and keeps the same 

ending time. The slope of the trapeze stays the same but the beginning time is earlier.  

 

Figure 76: Evolution of Load profile with increasing energy penetration rate 

The Load profile given in Figure 76 is only the total estimated load for 2030 multiplied by a 

factor to respect the energy penetration rate. Due to the way it is built, it never goes higher than 

the total load. 
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Figure 77: Deletion of estimated fossil fuels production profiles 

Finally, Figure 77 shows the different profiles used in the second section of algorithm results 

(cf. section 6.2.2). These profiles correspond to electricity produced from fossil fuel energy 

sources like oil and coal added to the current PV production.  For instance, the Oil profile is 

constructed by taking the production profiles from oil and solar PV, adding them and 

multiplying the result by 1.2 to estimate them in 2030. For the 60% of Coal and Bagasse profile, 

a factor 0.6 applied to the power at each time; a better profile would have been to make a 

distinction between seasons for bagasse and replace only coal power production. The total load 

profile corresponds to a 100% solar power production. 

 




