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Abstract
The objective of this research work is to provide a effective assistance to all those who have to make decisions
concerning the planning and implementation of projects in the renewable energy. Indeed, The integration in the
Moroccan power grid of electrical power via Concentrating Solar Power (CSP) units using parabolic mirrors or solar
tower is expected to have a significant impact on the reliability of the electrical system. In this context. Therefore, in
this work, firstly, we assess the reliability of the Moroccan grid at hierarchical level HL1 (HL1: load covering under
the assumption of infinite node) by use of a non-sequential Monte Carlo simulation in which CSP units (with
parabolic through mirrors and with Solar tower) are introduced. Secondly objective of this paper is to assess the
reliability of the Moroccan grid with an expected common integration of 14% wind and 14% solar energy.
Keywords: Reliability, Renewable Energy;CSP energy; wind energy; photovoltaic energy; Parabolic trough collector; Solar tower

1.

Introduction

Morocco, which previously produced most of its electricity based on fossil resources, is currently
focusing its efforts on solar concentration technologies for the various benefits they provide, including:
possibility of hybridization (solar / fossil), possibility of poly-generation “electricity, heat and water” ...
In that way, it aims to install a large 500 MW solar plant in Ouarzazate where one part of the generation
will directly come from photovoltaic cells and the other one will be based on the use of CSP
(Concentrating Solar Power) units. As a fluctuating renewable energy source, the integration of this kind
of generation into the grid will clearly have a significant impact on the Moroccan electrical system in
terms of adequacy (ability of the system to cover the Moroccan electrical consumption).
Consequently, in this paper, initially, an estimation of the hourly power generated by a CSP, firstly
with parabolic mirrors and secondly with solar tower, is realized thanks to the use of the System Advisor
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Model (SAM) [1] initially developed by the National Renewable Energies Laboratory (NREL), the
National Laboratory of Sandi and supported by U.S. Department of Energy. Secondly, we introduce this
type of fluctuating generation in a non-sequential Monte Carlo simulation [2]-[4] in order to analyze its
impact on the adequacy of the electrical grid in Morocco. Finally, within the framework of the Moroccan
energy strategy that aims to increase the percentage of renewable energy in the electrical generation
system towards 42% (14% from hydropower, 14% from wind power and 14% from solar origin) by 2020,
the idea is to evaluate the reliability of the grid considering hydraulic generation as a conventional
generation type [8].
2.

Electrical power produced by a CSP unit

2.1.

CSP system architecture using parabolic trough mirrors

Regarding the electrical generation coming from solar technologies, the conversion of the light
based on the photovoltaic effect is not the only option. Indeed, with CSP technologies, another mean is
available in order to generate electricity at a large scale. Among the different CSP processes, units based
on the use of parabolic mirrors have been proved to be the most suited ones. The CSP system architecture
with use of parabolic mirrors modeled in this study is shown in Figure 1:

Fig.1. Studied CSP system Architecture

From Figure 1, the CSP technology converts sunlight into heat, thanks to the parabolic mirror. A
CSP power plant based on parabolic mirrors operates as follows: using large parabolic mirrors (SCE
Solar Collector Element) that are arranged in long rows (SCA Solar Collector Assembly), the direct
normal solar irradiation (DNI Direct Normal Irradiation) is concentrated and directed towards a receiver
(HCE Heat Collection Element), its intensity being consequently increased. The thermal oil (HTF :
Heat Transfer Fluid) flowing in the receiver is thus heated and pumped towards a heat exchanger in
order to generate steam for operating conventional electrical generators.
The advantage of this technology compared to the PV system comes from the fact that it can be
maintained during the night thanks to several thermal storage devices (TES Thermal Energy Storage)
(use of large tanks,…) and that it can be increased by the enlargement of the solar field thanks to solar
multiple [1].
2.2.

CSP system architecture using solar tower
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The CSP solar tower system uses many large heliostats (flat mirrors) to track the sun and reflect its
rays to focus on the receiver. The receiver is at the top of a tower of a given height, in which the
concentrated rays heat a fluid. The hot fluid can be used immediately to produce steam to electric power
produced, or to store for later use [15].
In a molten-salt solar power tower, liquid salt at 290°C is pumped from a “cold” storage tank through
the receiver where it is heated to 565°C and then on to a “hot” tank for storage. When power is needed
from the plant, hot salt is pumped to a steam generating system that produces superheated steam for a
conventional generator system. From the steam generator, the salt is returned to the cold tank where it is
stored and eventually reheated in the receiver.
Figure 2 represents the system architecture based on concentration solar tower used in our study,
and secondly it illustrates the principle of overall system operation.

Fig.2. CSP system architecture using solar tower

2.3.

System Advisor Model

System Advisor Model (SAM) is an economic and performance model designed in order to facilitate
the decision-making process for people involved in the renewable energy industry. SAM makes
performance predictions and cost estimations for renewable energy sources connected to the grid. Those
computations are practically based on installation and operational costs.
In our study, the idea is to use the performance part of the SAM in order to estimate the time evolution
of the electrical power generated by a CSP with parabolic mirror and with solar tower. In this context, the
diagrams of Figure 3a and 3b clearly explains the principle followed in order to calculate the hourly value
of the generated electrical power. Concerning the time evolution for the DNI in Ouarzazate area, it is
obtained by use of the model helioclim3 (HC3v3) [5]-[6].

(a)
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(b)
Fig.3. Diagram of a CSP in SAM with : (a) parabolic mirrors, (b) Solar tower

2.4.

Estimation of the CSP generated hourly power

In this section, the aim is to determine the electrical power generated by a CSP with parabolic mirrors
and solar tower. Indeed, the hourly evolution of the generated electrical power depends, in addition to the
DNI and the ambient temperature, on the multiple solar shares (SM) and on the heat storage as shown in
figure 4. On the opposite, a PV system only depends on meteorological data (solar irradiation and
ambient temperature) for a given installed capacity. Table 1 and 2 shows respectively the technical
specifications of the CSP system with parabolic collectors and solar tower modeled in SAM. We note
here, that the technical characteristics of the tower and the receiver depend on multiple solar (SM).
Table 1. Technical data for the modeled CSP system with parabolic mirrors
Rated power :
Steam turbine inlet requirements :
Performance of the steam turbine in design
The inlet temperature of the solar array in design :
The outlet temperature of the solar array in design :
The optical performance
Collector type
Receiver Type
HTF
Storage HTF fluid

250 MW
Temperature : 300 ° C , Pressure : 100 bar
0.39 (39%)
293 ° C
393 ° C
0.720607
Luz LS-3
Solel UVAC 3
Therminol VP-1 Diphenyl biphenyl oxide
Solar salt

Table 2. Technical data for the modeled CSP system with solar tower
Rated power :
Steam turbine inlet requirements :
Performance of the steam turbine in design
The inlet temperature of the solar array in design :
The outlet temperature of the solar array in design :
Heliostat width
Heliostat height
Ratio of reflective area to profile
HTF

250 MW
Temperature : 300 ° C ; Pressure : 100 bar
0.39 (39%)
290 ° C
565 ° C
10m
10m
0.97
Salt (60% NaNo3,40% KNO3)
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(a)

(b)

Fig.4. Hourly gross electrical power (MW) generated by a 250 MW for SM=1: (a) parabolic mirrors, (b) Solar tower

3.

Non sequential Monte Carlo Simulation (MCS)

In order to estimate the reliability indices [7] relative to the Moroccan electrical grid, a non-sequential
Monte Carlo simulation has been implemented. This simulation represents the “life of the grid” as a set of
events that change the system state. Note that each generated system state is considered on an hourly
basis in our simulation. Moreover, depending on the studied hierarchical level, the events recognized by
the algorithm are load changes, possible failures or maintenance of generation units (hierarchical level
HL1) but also any overload or unavailability of lines (weather, falling branches, ...) in the case of the
hierarchical level HL2 (HL2: Generation + Transmission). Note that, in this paper, the reliability
evaluation will be limited to the hierarchical level HL1.
Within the context of our study, each classical generation unit (thermal, gas turbine,…) can be
characterized by two distinct states: fully available and unavailable. During the Monte Carlo simulation,
a uniformly distributed (in the interval [0, 1]) number μ is then sampled for each generation unit in order
to determine its operational state by use of the following process [8]:
x If μ≤ FOR (Forced Outage Rate: rate of unplanned downtime associated with a conventional
generation unit), the unit is assumed to be unavailable.
x If μ> FOR, the generation unit is fully available.
Therefore, for each system state, the total generated power is equal to the addition of the
contributions of each conventional unit (taking into account the availability status of the latter) which are
then added to hourly wind power and / or photovoltaic/CSP generation.
4.

Reliability indices : well-being analysis of the electrical system

The electrical system reliability indices are calculated by comparing, during each generated state, the
global generated electrical power with the load consumption. The indices considered in our study are
called "well-being" indices of the electrical system. These indices were introduced in 1999 by Roy
Billinton [2] and expressed in terms of healthy, marginal and risky states by use of the following
definitions:
x
Healthy state: The global available power, even if the biggest generation unit is stopped, can
cover the required load within adequate operating conditions of the electrical grid.
x
Marginal state: The global available power is greater than the corresponding hourly load and
permits to cover the latter within adequate operating conditions. However, if the biggest generation unit is
stopped, the available power becomes lower than the needed load.
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x
Risky state: The available global power is directly below the needed consumption and does
consequently not permit to adequately cover the latter.
During the electrical system “well-being” analysis, reliability indices are defined as follows:
Healthy state probability = P H

nH
N  8760

Marginal state probability = P M

nM
N  8760

nR
N  8760
Where n(H), n(M) and n(R) are respectively the number of healthy, marginal and risky states
simulated during the Monte Carlo algorithm and N is the total number of simulated years.
Risky state probability = P R

5.

The Moroccan electrical park and the evolution of the load.

In this study, we consider the conventional generation park that was operating in Morocco by the end
of 2008. The total installed capacity reached 5178 MW (without consideration of wind, photovoltaic and
CSP generation) divided in 1265 MW of hydraulic type, 2786.2 MW of thermal, 662.8 MW of gas
turbine type and 464 MW STEP type [9],[10]. Table 3 shows the FOR associated with each type of
conventional generation [8]. Concerning the load, references [10] and 13] present in detail the steps
followed in order to estimate hourly evolution.
Table 3. FOR parameters for each type of conventional generation units [8]
Type of production units
Hydraulic
STEP
Gas turbine
Thermal

6.

FOR a%
1.5
1.5
1.2
2.5

Simulation results

6.1.
Estimated reliability indices for the Moroccan electrical system with the introduction of 250 MW
CSP generation
In this section, the aim is to show the effect of CSP electrical generation on the reliability of the
Moroccan grid by introducing this kind of energy as well as fluctuating wind and photovoltaic units in the
developed Monte Carlo simulation. Firstly, the recorded simulation results with the Moroccan park
described in section (5) and the only integration of CSP are proposed in table 4 and 5 for each value of
solar multiple and with a storage duration equal to Flh = 6h.
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Table 4. Simulation results with 250 MW of CSP generation using parabolic trough mirrors (with Flh = 6h) for the Moroccan
electrical load of 2009
Well-being System Indices
Installed Capacity (MW)
Simulated annual gross energy (GWh)
Probability of the healthy state P (H)
Marginal probability of the state P (M)
Probability risk P (R) = LOLP

SM = 1
250
384.41
0.7365
0.2566
0.0069

SM = 1.5
250
581.62
0.7463
0.2473
0.0064

The solar multiple (SM)
SM = 2
SM = 2.5
250
250
774.42
887.46
0.7560
0.7614
0.2378
0 2325
0.0062
0.0061

SM = 3
250
952.56
0.7651
0.2288
0.0061

SM = 3.5
250
992.38
0.7670
0.2270
0.0060

Table 5. Simulation results with 250 MW of CSP generation using solar tower (with Flh = 6h) for the Moroccan electrical load of
2009
Well-being System Indices
Installed Capacity (MW)
Simulated annual gross energy (GWh)
Probability of the healthy state P (H)
Marginal probability of the state P (M)
Probability risk P (R) = LOLP

SM = 1
250
346.43
0.7362
02568
0.0070

SM = 1.5
250
582.36
0.7483
0.2452
0.0065

The solar multiple (SM)
SM = 2
SM = 2.5
250
250
832.83
1021.30
0.7600
0 .7696
0.2338
0.2243
0.0062
0.0061

SM = 3
250
1081.10
0.7732
0.2208
0.0060

SM = 3.5
250
1111.00
0.7748
0.2193
0.0059

First, in the case of the integration of power produced by CSP unit based on the parabolic mirrors, we
see from the results of Table 4 that the increase of SM from 1 to 3.5, while keeping the same installed
capacity, decreases the probability of finding the system in a risky state (P(R) = 0.0069 for SM = 1 and
P(R) = 0.0060 for SM = 3.5). The same observation is taken in the case of integration of power produced
by CSP unit based on solar tower (P(R) = 0.0070 for SM = 1 and P(R) = 0.0059 for SM = 3.5). This result
is confirmed by Figures 5 and 6 where it can be observed that the global generated power is greater with
SM equal to 3.5. This result demonstrates the interest of increasing the original size of the solar field
(which corresponds to SM = 1) by increasing the SM system in order to meet the economic constraints of
the project on the one hand and, on the other hand, to achieve an efficient way to meet any increase of the
load.

(a)

(b)

Fig.5. Evolution of the simulated power generation in Morocco with 250 MW CSP parabolic mirrors generation for (a) SM = 1, (b)
SM = 3.5.
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(a)

(b)

Fig.6. Evolution of the simulated power generation in Morocco with 250 MW CSP solar tower generations for (a) SM = 1, (b) SM =
3.5

According to these Figures 5 and 6, the observation that can be drawn is that the fluctuation of the
total electricity production in the SM = 1 case clearly meet the seasonal changes in the two case. On the
opposite, by increasing SM and depending on its value, the effect of seasonal changes gradually
disappears as we clearly see in Figures 5b and 6b so that the hourly power output increases in the first and
last period of the year (low DNI), which effectively reduces the risk of finding states of load nonrecovery.
6.2. Reliability of the electrical system with the introduction of 14% wind and 14% solar generations
In this section, the aim is to assess the reliability of the Moroccan power grid in the case of the
integration of 14% wind and 14% solar energy. To this end, we launched the Monte Carlo simulation tool
with the conventional generation system described in section (5.1). Five cases were simulated:
x
Case 1: With the addition of 14% of the total generation coming from wind, 7% from
photovoltaic origin and 7% from CSP using parabolic through mirrors.
x
Case 2: With the addition of 14% coming from wind energy and 14% from photovoltaic origin.
x
Case 3: With the addition of 14% coming from wind energy and 14% from CSP using parabolic
through mirrors.
x
Case 4: With the addition of 14% of the total generation coming from wind, 7% from
photovoltaic origin and 7% from CSP using solar tower.
x
Case 5: With the addition of 14% coming from wind energy and 14% from CSP using solar
tower.
Concerning photovoltaic generation, references [12] [13] and [14] present in detail the software steps
followed in order to estimate hourly evolution of the generated PV power. In the same way, wind power
hourly sampling is detailed in reference [10]. For the CSP model, the following parameters were selected
SM = 2 .5 and Flh = 6h.
In tables 7 and 8, the impact of a 10% and a 20% increase of the 2009 Moroccan load was also
analyzed.
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Table 6. Simulation results for the 2009 Moroccan load.
Reliability indices
Global installed capacity (MW)
P (H)
P (M)
P (R)

Case 1
7191.6
0.9457
0.0534
0.0009

Case 2
7191.6
0.9372
0.0617
0.0011

Case 3
7191.6
0.9444
0.0547
0.0009

Case 4
7191.6
0.9494
0.0497
0.0009

Case 5
7191.6
0.9495
0.0496
0.0009

From table 6, we clearly see that the risk of not covering the load is the same in both cases 1, 3, 4 and
5. This result can be explained by the installation of CSP electrical generation that permits to generate
electricity during nights and less adapted seasons (winter) thanks to thermal storage devices and/or solar
multiple. This observation is confirmed in case 2 where an increase of the probability of risky states is
recorded. Indeed, in this second case, only photovoltaic generation is considered and this kind of
generation can currently not be efficiently stored in comparison with CSP. This result tends to point out
the interest towards investments in the CSP field.
Table 7. Simulation results for a 10% increase in the 2009 Moroccan load.
Reliability indices
Global installed capacity (MW)
P (H)
P (M)
P (R)

Case 1
7191.6
0.8732
0.1239
0.0029

Case 2
7191.6
0.8565
0.1403
0.0032

Case 3
7191.6
0.8796
0.1176
0.0028

Case 4
7191.6
0.8806
0.1166
0.0028

Case 5
7191.6
0.8903
0.1070
0.0027

Case 3
7191.6
0.7748
0.2147
0.0105

Case 4
7191.6
0.7681
0.2221
0.0098

Case 5
7191.6
0.7901
0.2002
0.0097

Table 8. Simulation results for a 20% increase in the 2009 Moroccan load.
Reliability indices
Global installed capacity (MW)
P (H)
P (M)
P (R)

Case 1
7191.6
0.7614
0.2280
0.0106

Case 2
7191.6
0.7378
0.2501
0.0121

According to Tables 7 and 8, the risk of load non-recovery remains approximately the same for both
cases 1 and 3 on the one hand, on other hand, for both cases 4 and 5. Again, case 2 gives the worst results
in terms of adequacy of the system when the load is increased. This result therefore confirms the interest
of investing in CSP units on basis of their great thermal storage properties.
7. Conclustion
In this paper, we firstly evaluated the reliability of the Moroccan grid with CSP integration (with
parabolic trough mirrors and with solar tower) for the hierarchical level HL1 (HL1) using a nonsequential Monte Carlo simulation. In this context, the simulation results show that, by increasing the
solar multiple (SM), the risk of not covering the load logically decreases. Therefore expanding the size of
solar fields is needed in order to better satisfy any increase in the load. Secondly, we analyzed the
reliability of the Moroccan power grid with a penetration of 28% from renewable sources (14% from
wind energy and 14% from solar origin in both photovoltaic and CSP forms). In that way, we have

122

Mohamed Oukili et al. / Energy Procedia 42 (2013) 113 – 122

noticed that, when the load increases, there is a significant increase in the risk of load non-recovery.
Hence, the need to efficiently adapt the installed power coming from renewable energies (from wind,
original CSP or photovoltaic energy) is real. In this context, the collected simulation results have shown a
great interest, from the electrical grid adequacy point of view, for CSP units given their increased thermal
storage capabilities.
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