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Abstract—  Several research studies affirm that Tunisia is endowed 

with a good renewable energy potential but it is underexploited. By 

2030, The Tunisian Solar Plan considers a scenario of 30% 

renewable energy shared equitably between wind and solar 

energy. We focus on this scenario. We also look at a prospective 

scenario when 100 % of the electricity consumption might be 

supplied by renewable (Solar and wind Power). We analyse the 

energy balance defined as the time difference between generation 

and load. Results show that the optimal mix among renewable 

means of production depends on the equipment scenario and on 

the considered temporal scale. For 30% ER scenario, the most 

economical mix is made from 100% solar energy. For 100% RE 

scenario, results show that the share of wind power increases with 

the temporal scale (from daily to monthly). We note also that 

according to the energy balance analyse, the strategy envisaged by 

the Tunisian solar plan (i.e. 50% wind, 50% solar) results in higher 

balancing costs than using only wind power generation. 

 
Keywords— Tunisian Solar Plan, wind-solar mix, Optimal Mix, 

temporal scale, scenario, energy balance.  

 

 

I. INTRODUCTION 

To mitigate impacts of climate change which essentially 

refers to an increase in average global temperatures, changing 

in precipitation regimes and meteorological variability [1], an 

agreement was made by 195 countries [2]. This universal 

agreement was taken at the Paris climate conference (COP21) 

in December 2015. It sets out to hold the increase in global 

average temperature to well below 2°C and to achieve net zero 

emissions in the second half of this century [3]. To achieve this 

target, each country has prepared its national climate action plan 

to reduce gas emission.  

In this context, Tunisia has submitted its INDC (Intended 

nationally determined contributions) to the Conference of the 

Parties to the United Nations Framework Convention on 

Climate Change (UNFCCC) [4]. It contains the Tunisian action 

plan to contribute in minimizing climate change impacts. 

According to this INDC, Tunisia will reduce its carbon intensity 

by 41% in 2030, compared to the year 2010 [5]. Decrease in 

carbon emission would be about 26 million tCO2eq in 2030, and 

about 207 million tCO2eq for the period 2015-2030 [4]. In order 

to reach these goals, Tunisian stakeholders have devoted a large 

part of the plan for the use of renewable energy [4].   

Having regard to this plan, the share of renewable energy 

will be increased from 3% in 2016 to 30% in 2030 using Solar 

and wind energy (15%, 15%) [5]. This plan does not include the 

use of hydropower because Tunisia has no significant hydraulic 

resources. 

Actually, the total capacity of renewable energy installed in 

Tunisia is about 310MW. It is split between Wind Power (75%), 

Hydropower (20%) and Solar Power (5%) [7]. We notice that 

the share of Solar power is limited compared to its potential. 

Indeed, several studies confirms that from one year to another 

Tunisia receives approximatively a constant amount of 

radiation that varies between 2100 kWh/year/m2 in the far north 

to 5100 kWh/ year/m2 in the far south [8]. Considering this 

climatic situation, the estimate of the total solar capacity 

installed may vary between 34 to 844 GWC [7]. For Wind 

Power, a research carried out by ANME (Agence National pour 

la Maitrise de l’Energie) affirms that a total capacity of 8 GW 

can be installed mainly at three major areas: Northeast, Midwest 

and Southwest [9]. 

When comparing these results to the solar plan target, which 

is 3725 MW by 2030 (30% ER), we can assume that the future 

of Energy in Tunisia may be characterized with a more 

significant share of renewable sources. We can ever think about 

a 100% renewable energy scenario in as it was discussed for 

several regions in the world where renewable sources potential 

may be ever lower than the underexploited potential that exist 

in Tunisia.  

No one can deny that RE are intermittent sources, whose 

supply depends on out-of-control condition [23].  These sources 

are highly related to climate and weather variabilities [26]. This 

feature can disrupt the electrical network because an important 

of RE amount can be produced when consumption is low and 

vice versa. It is therefore crucial to make specific analyse of 

renewable energy integration to optimize the energy mix [25]. 

In this study, we define an energy mix as optimal if it allows 

minimizing the energy balance variability (i.e. the time 

variability of the difference between generation and 

consumption) [11,22]. This indicator is a good proxy of the 

balancing costs defined as the costs related to backup and 

storage operations required to balance the electricity network.  

 We present in this paper the analyse of the optimal mix for 

large intermittent energy share in Tunisia (wind and solar). In 

the literature, many studies investigated the design of the energy 

mix with high share of VREs in many countries in the world. 

These studies highlight that although the intermittency feature, 

VRE production can be adjustable to consumption needs when 

it is well-studied and sized [10-12,14,22]. For example, the 

scenario 100% of renewable energy was analysed for the mix 

wind-hydro in Mexico [10], this study shows that it is possible 
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to satisfy continuously the demand by combining wind power 

and hydropower. During the first five months of the year 

(January-May), the amount of water is limited so Hydropower 

can only compensate the Wind Power fluctuations. However, 

between June and December, the amount of available water 

exceeds the energy required. So that, this surplus of water could 

be stored for later use during the second half of the year. 

Hydropower was also combined with solar PV, for example the 

mix hydro-solar power analysis in Italy [11]. This work studies 

the effect of 100% renewable mix in northern Italy. Its results 

show that renewable energy sources are available at different 

times and are well complementary. This behaviour can be used 

to balance generation and load. The study of 100% renewable 

energy scenario in Italy illustrates that the optimal mix depends 

on the time resolution: at small time scales (hourly), this mix is 

composed of a large share of hydraulic power (75% hydro, 25 % 

Solar photovoltaic). For higher time scales (daily, monthly) 

optimal mix is obtained for a small share of hydropower (30% 

hydro, 70% solar photovoltaic). The Wind-Solar mix was also 

studied in Europe [12]. This analysis shows that these two 

energy sources have a strong seasonal pattern. The production 

of wind energy is higher in winter than in summer, and the 

opposite is true for solar energy. But when integrating these two 

sources for a very high share of renewable generation in Europe, 

complementarity between wind and solar can satisfy the 

seasonal pattern of consumption with an optimal mix composed 

by 55% wind power and 45% Solar Photovoltaic. Biomass was 

also integrated into the wind-photovoltaic mix in a study on 

Denmark [25]. This analysis shows that the Danish power 

system can be converted into 100% renewable energy by 

combining: 180 TJ / year of biomass, between 15 and 27 GW 

of wind energy and 5000 MW of photovoltaic energy. Another 

study affirms that the optimal mix for a 100% wind-

photovoltaic scenario in Europe reduces the required storage 

capacity by a factor of two compared to the storage capacity for 

a 100% wind or 100% photovoltaic mix [12]. 

The present paper analyses the Solar-Wind Power mix in 

Tunisia for two scenarios: 30% RE and 100% RE. The question 

of the optimal Solar-Wind Power mix for these scenarios is 

discusses as follow: In section two, study area and the data used 

are described. In section three, study framework is presented. 

Section four presents the results. Section five concludes and 

gives insights for future research needs.       

II. STUDY AREA AND DATA 

As it was pointed in the literatures [11,12,14,15], the analyse 

of renewable energy scenarios, needs an estimation of the 

produced and the consumed electricity, so that an understanding 

of meteorological variables that pilot these energies: wind speed 

data for wind power, solar radiation and temperature for solar 

power. 

We consider in this study 30% and 100% wind-solar 

scenarios, so we select 10 meteorological stations in Tunisia. 

Figure 1 shows the location of these stations. They are well 

spread across the country and can be used for giving a good 

estimate of the climate variability in Tunisia. The north is 

mainly temperate and it has mild, rainy winter and hot, dry 

summer whereas in the south, the climate is hot, arid and desert 

[16]. 

 

 
Fig. 1: The Ten Selected Stations In Tunisia 

We use pseudo-observations of wind speed (m/s), 

temperature (°c) and solar radiation (w/m2) from WRF model 

(Weather Research and Forecasting Model) [13].  Modelling 

time step is daily from 1980 to 2012. WRF outputs were 

validated in a previous work with measured data of National 

Meteorology Institute of Tunisia for the year 2012 [17].  

Observed electricity consumption and temperature are 

respectively provided by the National Electricity and Gas 

Company of Tunisia (STEG) and by weather underground [29] 

for the year 2014. These data are used for calibrating an 

electricity consumption modelling. Simulated daily electricity 

consumption are obtained from 1980 to 2012 via this modelling 

(see Section 3).  

III. STUDY FRAMEWORK 

 

A. Wind Power  

To estimate the wind power, we use the model developed in 

Ref. [12]. This model simulates the generation from a 1MW 

wind turbine This model requires wind speed data at 80-meter 

altitude. 

The WRF wind speed data are available at the altitude of 

10m. To be used for power estimation, we can use the following 

scaling equation that links wind speeds to the corresponding 

heights and roughness [19].  

 

𝑉ℎ2
= (

ℎ2

ℎ1
)

𝐶

𝑋 𝑉ℎ2
                            (1) 

 

Where Vh1 and Vh2 are wind speeds (ms-1) approximatively 

at the altitude h1 and h2. C is an air friction, based on previous 

study [16], it is chosen equal to 0.23 (no dimension). 
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B. Solar Power 

For solar power estimation, a function that related the power 

to solar radiation R (wm-2) and air temperature Ta (°c) is used in 

this paper [27]. The following function (2) gives the power Ps 

(Watt) delivered by photovoltaic panel supposed installed 

horizontally [20]:  

 

𝑃𝑠 = 𝐴. 𝑅. (1 − 𝑡(𝑇𝑎 − 𝑇𝐶,𝑆𝑇𝐶 )– 𝑟. 𝑡. 𝑅)           (2) 

 

With t and r, are efficiency reduction factors related to 

temperature and radiation. A is a constant parameter which 

equals to the product of the surface area of the Photovoltaic 

panel (m2) by an efficiency coefficient (%). This coefficient is 

relative to the generator and conversion efficiencies from direct 

to alternative current defined under standard conditions, 

presented in Ref. [28] as cell temperature Tc,STC= 25°C, spectral 

distribution corresponding to an air mass of 1.5 and incidence 

irradiation RSTC =103 Wm-2 ). 

 

C. Energy load 

Several studies, [11,12,14,22,23], show that energy load is 

affected by economic, societal features and weather variability. 

Figure 2 shows lower electricity consumption during weekends 

(especially Sundays) than during weekdays. This results from 

decreasing economic activity during weekends and holidays. 

We also note higher consumption during the summer season 

than during the winter season. This can be explained by the 

Tunisian use of electricity where the need for cooling is greater 

than the need for heating.  

 

 
Fig. 2 Weekly and Annual Profiles normalized cycles of wind power 

generation (red), solar power generation (blue) and Electricity 

consumption (black for the year 2014).Data used for Energy modelling 

are meteorological measured data downloading form weather 

underground [29] . Wind and Solar power are then normalized by 

average energy load of the year 2014. 

 

We can conclude that electricity demand in Tunisia is highly 

related to temperature values. To better analyse these 

dependency, we present on Figure 3 the energy load against 

temperature of Tunisia in 2014.    

 

 

Fig. 3: Energy Load Against Temperature of Tunisia in 2014 [16] 

From Figure 3, we note that daily electricity consumption 

variability increases with temperature. We can also pick out 

three temperature ranges. The first one is when temperatures are 

under 15°C; for this range, consumption is slightly increasing 

when temperatures decrease. The second one, for temperatures 

between 15°C and 22°C, the consumptions are almost constants. 

And finally the third one; when temperatures are higher than 

22°C, electricity consumptions linearly increase with 

temperatures.  

Based on these results, the daily electric consumption in 

Tunisia can be estimated based on the heating and cooling 

degree-day method (Psiloglou et al. 2009) [21]  

 
𝐶𝐸𝐿𝐸𝐶(𝑡) = 𝑎1 × 𝑇𝑎(𝑡) + 𝑏1             𝑖𝑓  𝑇𝑎(𝑡) < 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝐶𝐸𝐿𝐸𝐶(𝑡) =  𝐶𝑠𝑡              𝑖𝑓  𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 < 𝑇𝑎(𝑡) < 𝑇ℎ𝑒𝑎𝑡𝑖𝑛𝑔

𝐶𝐸𝐿𝐸𝐶(𝑡) = 𝑎2 × 𝑇𝑎(𝑡) + 𝑏2            𝑖𝑓  𝑇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 < 𝑇𝑎(𝑡)

 (3) 

 

With:  

𝐶𝐸𝐿𝐸𝐶  (t) (MWh) the daily electric consumption for 

temperature T(t) (°C), a1, a2, b1 and b2 are model coefficient and 

Theating and Theating (°C) are air conditioning and heating 

temperature thresholds.  
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D. The energy balance of solar/wind scenarios:  

To optimize the wind-solar renewable mix for 30% RE and 

100% RE scenarios in Tunisia, we adopt the same method 

presented in [12,14,22]. Energy balance ∆(t), presented in 

formula (4), can be defined by the temporal differences between 

energy generation 𝑃𝑚𝑖𝑥(t) and consumption CELEC(t) at each 

time t. 

∆(t) = β × 𝑃𝑚𝑖𝑥(t) − CELEC(t)                        (4) 

 

Where β is the rate of renewable energy in the electric 

production, for 30% RE scenario β is equal to 0.3 and for 100% 

RE scenario β is equal to 1. 𝑃𝑚𝑖𝑥(t)  is the total instantaneous 

production by renewable energy mix. To define the generated 

energy provided by the wind-solar mix, we consider that over 

the study period, average production is equal to the mean 

demand share considered in the scenario. For example, for a 

30% renewable scenario, average renewable generation equals 

to average 30% of the demand over study the period. 

 

𝑃𝑚𝑖𝑥(t) = α
Pw(𝑡)

〈Pw〉
× 〈CELEC〉 + (1 − α)

Ps(𝑡)

〈Ps〉
× 〈CELEC〉   (5)    

 

Where 〈Pw〉, 〈Ppv〉 and  〈CELEC〉 present averages of total 

wind production, total solar production and total load over the 

whole period of the study. α is the rate of wind power in the 

renewable energy scenario and 1- α is the rate of solar power.    

As already mentioned in this article, the optimal mix is 

obtained for the lowest energy balance variability which leads 

to minimum balancing costs. To analyse this balance, we 

consider the standard deviation of the energy balance (6) 

[11,12]: 

 

𝜎∆ = √〈∆2〉 − 〈∆〉2                                   (6) 

 

IV. INTERPRETATION AND RESULT 

 

A. Energy load and renewable power generation 

 

From the 2014 annual profiles of energy normalized cycles 

presented on Figure 2, we can notice the complementarity 

between solar and wind energy in Tunisia for this year. The two 

peaks of wind power production, which are respectively in 

March and December, correspond to a minimum of photovoltaic 

production; and the period of maximum solar production (June, 

July and August) coincides exactly with the minimum of wind 

production. So, based in these results, it seems interesting to 

combine wind and solar power to supply demand throughout the 

year. 

To better analysis the seasonal variability of RE production 

and demand, we model these energies over 33 years. Using 

WRF data and modelling method presented in section 2, wind, 

solar and energy load are modelled in Tunisia from 1980 to 

2012. For illustration, Figure 4 shows wind and solar 

generation, and electricity consumption for the last three years 

of the considered time period (2010-1012).  

 

 
Fig. 4: Modelled Consumption and Renewable energies from 2010 to 

2012 in Tunisia. 

For the three years, Figure 3 illustrates the same seasonal 

pattern of energies variability noted from annual profiles of 

2014 (Figure 3). For solar power, the cycle is frequently 

repeated. For wind power, the amplitude of maximum and 

minimum production changes from one year to another but we 

have always important amount of wind energy production in 

January, March and December.   

 When comparing RE to energy load, we note that wind 

energy variation doesn’t feat the consumption curve. In fact, for 

the annual cycle, they are in phase position. For solar power; 

however, production and demand are in line with each other.  

It is noticeable that in Tunisia, the spring season is the best 

period for RE production, and during this period consumption 

is low. This point has to be taken into consideration in the 

Energy Plan because this production could be stored or even 

exported in order to avoid plant curtailments.  

 

B. The 30% and 100% renewable energy scenarios  

 

We now focus on energy balance analyse. As already 

detailed, the optimal RE mix is obtained for the minimum 

energy balance variability. This optimum mix may also depend 

on temporal scale [11,15]. Thus, to identify the optimal RE mix 

for 30% and 100% RE scenarios in Tunisia; the energy balance 

standard deviation for the period 1980-2012 is calculated for 

different time scale: daily, weekly and monthly.   

Figure 5 depicts standard deviation values of balance energy 

for different wind fraction in the mix. For 30% ER and 100% 

ER scenarios, the standard deviation resulting from each mix 

(from 0% wind to 100% wind) is given. 

 

Admin
Typewritten Text
Copyright IPCO-2017
ISSN 2356-5608




 
Fig. 5:Standard deviation of the energy balance for all possible wind 

fraction (0-1) in the mix and for the two scenarios( 30%RE, 100RE) 

for daily, weekly and monthly time step 

For the 30% renewable energy scenario, whatever the time 

step considered, the optima mix is obtained for 100% 

photovoltaic. Indeed, for such scenario the integration of wind 

power does not imply a decrease in energy balance time 

variability.  

However, for a 100% renewable energy scenario, the mix 

that allows minimizing the balance variability is composed by 

both solar and wind power. The share of wind in the optimal 

mix depends on the considered temporal scale. It goes from 20% 

for daily, to 50% for monthly; and it equals 30% for weekly.  

These results confirm that optimal mix for 100% RE scenario 

cannot be simply obtained because the three time steps must be 

taken into consideration. In addition to that, the storage, 

balancing capacity and electricity system potential in Tunisia 

should be viewed because these parameters highly effect the 

design of the mix.   

When comparing the result of this work to the Tunisian Solar 

Plan which investigates a 30% RE scenario shared equitably 

between solar and wind, we note that this decision matches 

better with the scenario 100% RE when considering the monthly 

time step.  However, when considering both the slight increase 

in energy balance variability when integrating wind power 

under the 30%, and the optimal mix obtained for the 100 %, one 

could think it is already worth investing in wind power too. This 

would facilitate further transition to 100 % renewable.   

V. CONCLUSIONS 

Tunisia is endowed with an important underexploited wind 

and solar potential but actually RE presents only 6% of the 

energy mix. By 2030, the Tunisian Solar Plan envisages a 30% 

RE scenario (50% wind, 50% solar). This target can be more 

ambitious because literature affirms the possibility to design the 

energy mix with high share of Renewables in many countries in 

the world. So, we study in this paper the two scenarios 100% 

and 30% ER in Tunisia.  

The analyse of renewable energy profiles in Tunisia shows a 

complementarity between solar and wind energy. The 

generation of wind power is mainly in Spring (March) and 

Winter (December). These periods correspond to a minimum of 

photovoltaic production which has its maximum production 

insummer and that coincides exactly with the minimum of wind 

production.  

When comparing generated RE to energy load, we note that 

solar power fits better the consumption profile because the pick 

of solar production coincides with the maximum demand. For 

wind energy profile, however, production and demand are in 

phase opposition.  

Based on the literature review, we study in this work the 

optimal wind-solar mix for the scenario 30% ER and 100% ER 

in Tunisia. By analysing all possible mix, we looked for the 

wind-solar optimal shares that give the minimum energy 

balance time variability. These mix lead to the lowest cost 

because minimising the variability reduces extra expense 

needed for balancing and storing. 

We consider for each scenario, three time steps; daily, 

weekly and monthly. Results show that the optimal mix for the 

scenario 30% ER is composed by 100% photovoltaic for the 

different time steps. But for the scenario 100% RE, the optimal 

wind share depends on the temporal scale: (20% for daily, 30% 

for weekly and 50% for monthly).  

To define the optimal mix for 100% RE scenario, rather than 

regarding the different time-scale at the same time, strategies 

and different organization forms of the electric production 

sector should be takin into consideration. But for 30% RE 

scenario, it is more economic to only invest in photovoltaic 

because the integration of wind power disrupts the balance and 

increases the variability.  

We can then conclude that, according to these analyse, the 

solar plan does not envisage the most economic renewable 

energy mix by 2030. Focusing only on the scenario 30%, it 

would be better to totally invest in photovoltaic because the mix 

(50% wind, 50% solar) matches well with the scenario 100% 

RE and not 30% RE. But Since wind power share increase with 

the level of equipment and considering the time required for 

building windmills and for connecting them to the grid, it would 

be wise integrating wind power even though it is not fully 

optimal for the 30 % scenario especially if we investigate a 

future with an important RE share (>30%).  

    In follow-up to this work, we propose to extend this study 

using smaller time measurements (1h, 10 min) to analyse the 

diurnal cycle of renewable production and to determine the 

optimal mix minimizing the balance from day to day. Further 

research taking account of special variability may optimize and 

facilitate the integration of RE because this lead to rational 

distribution of production means.  
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