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Abstract 

Hybrid energy systems are an interesting solution for the electrification of remote, off-grid users, which usually are 
obligated to satisfy their electricity demand by means of quite old technologies, like for example diesel generators. An 
energy mix including also renewable energy sources (such as wind and PV) would lead to a reduction of supply costs 
and is therefore being increasingly appreciated. 

In the present study, a sizing strategy was developed based on a long-term energy production cost analysis, able to 
predict the optimum configuration of a hybrid PV-wind-diesel stand-alone system. With respect to conventional 
practical design approaches already available in the literature, a more realistic description of the problem was here 
provided, since the present analysis relies in the use of actual machines data, realistic system constraints and cost 
functions, which led to the identification of some trends that are usually neglected by the optimization processes using 
continuous variables for the power outputs of renewable energy sources. 

The approach was tested on an isolated mountain chalet in Italian Alps. The hybrid system was optimized based on 
the maximum long-term saving with respect to a conventional diesel engine configuration. The results for this case 
study showed that the optimal solution was not that including the maximum allowed contribution from renewables, 
highlighting the existence of an optimized energy mix between the three sources. Accumulation batteries were also able 
to induce a reduction of both the fuel consumption and the engine transitory usage. According to the present results, a 
properly sized hybrid system could provide notable money and pollution savings for a remote consumer with respect to 
a diesel-only configuration. 
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Nomenclature 

A Total Area of Photovoltaic Panels [m2] 
APV_S Area of a Single Photovoltaic Panel [m2] 
b Parameter for the Electronic Devices Cost 
cf Initial Oil Price [€] 
CN Long Term Cost [€] 
E Energy [kWh] 
ef Oil Price Annual Escalation Rate 
FCn Fixed Maintenance and Operation Cost [€] 
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G Irradiance [W/m2] 
gm Annual Inflation Rate 
GPS Global Positioning System 
h Hours of Functioning [h] 
i Return on Investment Index 
IC Installation Cost [€] 
life Lifetime [h] 
LTS Long Term Savings [€] 
m Fixed O&M Costs Expressed as a Fraction of Initial Capital 
Mf Annual Fuel Consumption [l] 
NPV Number of Photovoltaic Panels 
PA Pinch Analysis 
PV Photovoltaic Panels 
P Power [W] 
PPVnom Power of Photovoltaic Panels [W] 
PPV_S Nominal Power of a Single Photovoltaic Panel [W] 
PWnom Power of the Wind Turbine [W] 
Q Capacity of the Battery Bank [Ah] 
Tm Temperature of the Photovoltaic Panel [K] 
VCn Variable Maintenance and Operation Cost [€] 
 
Greek letters 
α Specific Installation Cost of PV Panels [€/kW] 
γ Specific Installation Cost of the Diesel Generator [€/kW] 
ΔP Power Lack/Surplus [W] 
ηnom Nominal Efficiency of Photovoltaic Panels 
ηrel Relative Efficiency of Photovoltaic Panels 
λ Parameter for the Electronic Devices Cost 
ξ Parameter for the Battery Bank Cost 
τ Parameter for the Electronic Devices Cost 
ω Parameter for the Battery Bank Cost 
 
Subscripts 
0 Initial Investment 
BAT Battery 
DG Diesel Generator 
ELEC Electronic Components 
max Maximum 
min Minimum 
nom Nominal 
PV Photovoltaic Panel 
REN Renewables 
USER User 

1. Introduction 

Renewable energy deployment in off-grid systems is continuously growing both in developed and developing 
countries. According to [1], 1.16 billion people globally still have no access to the electricity grid. About 95% of these 
people live in the sub-Saharan Africa and South and East Asia, with the remainder spread almost equally across Middle 
East, Central Asia and South America [2]. In spite of the average technological level, however, in 2009 there was still 
also a small part (about 0.5 million people) of the EU residents who had not direct access to a local utility network [3]. 

Even in case of developed countries there are areas where the it is not possible to be connected to the grid due to 
local electrical network scarcity in the area (e.g. remote areas) or due to the prohibitively high connection cost (e.g. 
8000–11000 €/km [4]). Consequently, experiences of planned global rural electrification programs can be found in 
several countries [5-6], many of which include hybrid systems (e.g. [7]) integrating fossil fuels and renewable energies, 
managed following smart-grid approaches [8-9]. In particular, the larger and larger penetration of distributed renewable 
energy sources in micro-grids is leading the research to develop new and more refined strategies for a correct 
management of the power coming from renewables, especially focusing on forecasting models, demand response 
programs, accumulation systems and power routing models [10-13]. 



On the other hand, in many developing countries the population growth is far outpacing the extension of the grid. 
According to [14], the number of people living off the grid has grown by 114 million people on the African continent 
since 2000, with the absolute number that will continue to grow in the next decade. Off-grid renewable energy systems 
are then not only urgently needed to connect this vast number of people with a source of electricity, but also most 
appropriate to geographical constraints and cost for grid extension in many applications. At the same time, with 
declining cost and increasing performance for small hydro installations, solar photovoltaics (PV) and wind turbines, as 
well as declining costs and technological improvements in electricity storage and control systems, off-grid renewable 
energy systems could become an important growth market for the future deployment of renewables themselves. As 
discussed in [1], in the short- to medium-term, the market for off-grid renewable energy systems is expected to increase 
through the hybridization of existing diesel grids with wind, solar PV, biomass gasification and small hydropower, 
especially on islands and in rural areas. Furthermore, renewables in combination with batteries allow stand-alone 
operations and batteries are now a standard component of solar PV lighting systems and solar home systems (e.g. [15-
16]). To this purpose, increasing interest is being paid by researchers and industrial manufacturers in further analyzing 
and optimizing these systems. 

The  motivation of the present study is to contribute to the development of robust techniques for a further 
development of design strategies for off-grid hybrid systems including renewables, batteries for energy storage and 
fossil-fuel generators. In particular, as will be shown later on, the purpose of the study is to show the impact on the best 
design trends of the real characteristics of the selected components. 

By looking first at the relevant technical literature on the general topic of sizing and management of micro-grids 
and/or off-grid hybrid systems, it is apparent that it is extremely vast. Among others, a great impulse to the study of 
hybrid renewable energy systems was given by the team of Prof. J.K. Kaldellis of TEI of Piraeus (Greece), who 
established a robust approach for the energy mix selection in small grids like those of Greek islands [17-18], as a 
function of many parameters like, for example, long term wind data [4], wind potential classes [19] or minimum long-
term electricity production cost [20]. 

Based on their experience, similar approaches have been replicated in the recent past by many researchers into 
different environments (e.g. [21-25]). The use of proper mixes of renewable energy sources also has some very 
interesting prospects in even smaller applications, i.e. in satisfying the energy demand of remote buildings [26] or 
residential complexes located in particular environments [27], far from the local electricity grid [28]. 

As correctly noticed by [16], from mathematical perspective, the sizing of a general hybrid energy system is “a 
constrained optimization problem that aims at minimizing an objective function subject to a set of constraints”. A first 
key element is then to identify the objective function to be optimized. With particular focus on single buildings or 
isolated users - like those investigated in the present study - one of the most common ones is of course the cost of 
energy consumption in the system [29]. The satisfaction of a given loading profile is the next class of objective 
functions [16]. In doing so, several additional functions can be related to the loading profile fulfillment, like peak 
shaving [30], load leveling and peak reducing [31], load shedding [32], and load shifting [33]. Minimizing 
environmental pollution can also be regarded as objective function [34]. 

A second important element to be considered is the sizing method, i.e. the modeling of the system under analysis, 
that is used to maximize one of the aforementioned functions. In this sense, recently some very interesting methods 
have been presented in the literature. For the sack of conciseness, the pinch analysis and the design space are here cited. 
Regarding the first, as discussed by [35], the pinch analysis (PA) “follows the laws of thermodynamics. The term 
‘Pinch’ represents a bottleneck for feasible heat recovery and can be developed either by graphical or numerical 
methods”. When dealing with different systems, the PA can be referred to different quantities or sources in the system: 
an overview of methods and approaches of the powerful method of PA can be found in [36]. Another technique is 
represented by the definition of a design space, i.e. a collector of all the feasible solution for a given system based on 
different constraints, within which the selected solution can be looked for (e.g. [37] and [38]). This method will be used 
in the present study, where the long-term savings will be used as the objective function and the design space will be 
defined numerically based on the constraints shown later on.  

Moving to the specific contribution of the present work, in the attempt of assessing a robust, but simple, approach to 
selection of the most promising energy mix for a remote off-grid users, a preliminary study of some of the present 
authors [39] has already assessed the feasibility of a hybrid energy system for the case study that will be used also for 
the present analysis. The hybrid system was composed by a diesel generator, PV panels, a wind turbine and a battery 
bank. In particular, the study led to the definition of an optimization strategy for the definition of the most effective 
energy mix under the “zero load rejection” principle, based on a long-term energy production cost analysis. 

The specific contribution of the present study with respect to the previous one, and to the relevant literature, is to 
show the effect on the final selection of the best mix of renewable energy sources of the characteristics of the 
commercial that are about to be used in a real application. In many published studies up to know, beyond the specific 
method or model used to schematize the system and its performance, the huge number of cases to be tested in the 
optimization analyses in fact led the authors to treat the variables used in describing the system (e.g. nominal power 
outputs of the different energy source and/or physical dimensions of the same) like continuous ones. The optimization 
strategy was then free to adjust their values to find the optimal energy mix, even though the configuration was not 
always exactly reproducible with real machines available in the market. Moreover, in defining them as continuous 
variables, some additional assumptions may be needed. For example, in [39] a procedure was proposed to define a 



generalized power curve of a wind turbine by averaging performance data of different commercial turbines of various 
sizes. By doing so, however, approximations are necessarily introduced. 

The goal fixed by the authors in the present study is then to assess the impact on the best energy mix selection of 
dealing with real devices and machines, i.e. a discrete and finite number of PV panels and commercial wind turbines 
having given nominal power outputs and performance curves. By doing so, the results are thought to more effectively 
represent the scenario of a real-life application, then providing more useful information for the installation of such a 
system. In particular, the influence of the real wind turbine power curve in relationship to its nominal efficiency is 
investigated in details in the study, together with the optimal number of PV panels needed once the turbine itself has 
been selected. Both analyses are also repeated in case an accumulation system is provided. The results confirmed that 
the configurations highlighted by a conventional optimization system can be notably modified by an approach based on 
real components’ data. 

 
The paper is structured as follows. Section 2 presents the case study used for the analysis including the energy 

demand profile and the meteorological data of the site. Section 3 explains the modeling scheme of the system and 
highlights the main energy fluxes between the components. The characteristics of the system components, including 
sizes, chosen technology and efficiencies are then presented in Section 4, while Section 5 explains the assumptions and 
the modeling strategy based on the maximization of the economic long term savings. The results of the analysis, either 
including or not a battery accumulation system, are reported in Section 6. Section 7 finally draws some conclusions and 
future development of the study.   

2. Case study 

2.1 Energy consumption 

The selected case study was inspired to a typical mountain chalet located in the Italian Alps, already investigated in 
[39]. As a reference of the electrical energy consumption, the daily load profile described in [40] was considered. This 
daily load profile (Fig. 1), which, in absence of further details, was considered constant throughout the year in the 
present analysis, is characterized by a high electricity demand (due to the chalet’s facilities, the restaurant’s kitchen and 
the guest rooms), with three marked peaks and a maximum absorption of about 20 kW. As a baseline configuration (i.e. 
with no renewable energy sources), this load was considered as satisfied by means of a diesel generator with a nominal 
power of 21 kW [40]. In order to provide an overview of the global energy demand, Tab. 1 reports the aggregated 
energy consumptions of the baseline configuration. 

 
2.2 Meteorological data 

In order to estimate the optimal sizing of the wind turbine and the PV panels stack, a set of meteorological data was 
firstly defined by taking into account a reference location located in the North of Italy (mountain region). More 
specifically, the solar irradiation data was estimated by using PVGIS (Photovoltaic Geographical Information System) 
[41], which is able to provide the photovoltaic potential accounting for both temperature and turbidity. The solar 
irradiance of the site, acquired every 10 minutes, is presented in Fig. 2. 

As for the wind data, historical wind speed measurements (sampled every 10 minutes) were available thanks to a 
dedicated anemometric campaign carried out by the authors in partnership with a wind turbine installer (additional 
details cannot be reported here for confidentiality reasons) in an area close to the reference location and was considered 
as significant of the local wind conditions. As a further analysis, the calculated Weibull distribution (reported in Fig. 3) 
was compared to that obtained by using the average wind speed of the site taken from the wind atlas of RSE (Italy) [42] 
and a shape parameter of 1.4 (typical of mountain areas) with good agreement.   

3. System modeling 

A simplified scheme of the hybrid energy system and its energy fluxes is reported in Fig. 4. The final energy user is 
fed by the hybrid system whose main components are: 

 A stack of PV panels 

 A horizontal-axis wind turbine 

 A diesel generator, having a nominal power able to satisfy even the peak load 

 A bank of lead-acid batteries for energy accumulation 

The energy fluxes within the system have been modeled with a “zero load rejection” principle, basically aimed at 
maximizing the use of renewables when available. The algorithm describing the functioning of the hybrid system is 
schematized in Fig. 5. 



The control algorithm for the management of energy within the system was derived by the one presented in [39]. For 
completeness, the logical sequence of the algorithm can be summarized as follows: 

 Renewables have a nominal power PPVnom and PWnom for the photovoltaic panels and the wind turbine, respectively, 
according to the number of PV panels or the wind turbine that are selected in the design phase. For each source, an 
efficiency of energy conversion is also known as a function of the solar irradiance and temperature (for PV panels) 
or the wind speed (for the wind turbine). Based on the instantaneous meteorological conditions in the site (i.e. solar 
irradiance, temperature and wind speed) attended every 10 minutes during the year, the actual power produced by 
renewable sources is first calculated; 

 The power contribution of the renewable energy sources (PREN) is then compared with the actual user’s energy 
demand (PUSER) in the same instant. A linear interpolation of the user power request was performed to match the 
different timing between the meteorological data (every 10 minutes) and the user request (every 30 minutes).  

 In the first scenario, i.e. if an energy surplus occurs (PREN > PUSER), this exceeding energy is stored into the batteries 
bank if not yet fully charged (QMAX in Fig. 5) represents the maximum charge capacity of the accumulation system). 
Otherwise, the energy is necessarily dissipated. 

 In a second scenario, i.e. if an energy deficit occurs (PREN < PUSER) the energy accumulated in the batteries is 
primarily used to cover this deficit until the charge of the accumulation system reaches the discharge threshold (Q > 
QMIN). Beyond that condition, the diesel generation is activated to satisfy the energy demand. 

4. Selected systems components 

One of the key elements of the present study is represented by the fact that real machines and components are 
considered in the optimization analysis of the hybrid energy system. For this reason, much attention has been paid to the 
selection of data and characteristics of all the components. 

4.1 PV panels 

An available area exposed to the south direction and equal to 150 m2 was considered for the calculation of the 
maximum number of panels that could be installed, since it approximately corresponds to the favourably-exposed 
portion of the chalet roof. Indeed, as a rooftop installation was considered, a panel inclination of 18° was taken into 
account (i.e. the typical roof inclination in northern Italy). 

4.1.1 Selected panels 

A technical and market survey was preliminary carried out in order to select a PV panel technology suitable for the 
present application and ensuring a good price/quality ratio (e.g. [43-45]). On this basis, the polycrystalline silicon 
technology was identified as the most promising. More specifically, the SOLAR FABRIK PREMIUM L POLY 250 
panel was finally selected [46], having the main following characteristics: 

 Nominal power for single panel PPV_S = 250 W 

 Nominal efficiency ηnom = 15% 

 Dimensions [mm]: 998 x 1667 x 35 

 Area APV_S = 1.644 m2 (60 cells per module) 

The customer cost of this specific panel in Italy was assessed through a market analysis in August 2015 (e.g. [47]), 
equal to 0.62 €/W, for a global amount of 155 € per module. This cost represented the sell price of the panel only and 
was then quite far from the turnkey price of the system (ICPV), which was reconstructed after a further market analysis 
of the installation cost. Based on an available survey specifically referred to installations in Italy [48], the different 
components of the final price are reported in Tab. 2, leading to a total turnkey price of ICPV = 2220 €/kW. 

4.1.2 PV panels modeling 

The power coming from PV panels was calculated with the model developed by Suri et al. [49] to create the online 
database PVGIS. In the model, the actual power of the panels depends on the irradiance and the real module efficiency, 
which is a function of the irradiance and the module temperature (Eq. 1): 

 ),(),()( mrelnommPV TGGATGGAtP    (1) 

where G is the irradiance, A the area of the PV modules and η the actual module efficiency. This efficiency can be 
expressed as the product of the nominal efficiency ηnom (declared by the manufacturer) and the relative efficiency ηrel, 
depending on the irradiance and the module temperature. The nominal efficiency ηnom is calculated for a nominal 
irradiance of 1000 W/m2 and a module temperature of 25°C. 

The nominal power of the photovoltaic system can be then expressed by Eq. 2: 



 nomPVnom AP 1000  (2) 

Coupling Eq. 1 and Eq. 2, the actual power can be written as in Eq. 3: 
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i.e. the actual power PPV can be calculated at each instant when the irradiance of the site, the peak power of the 
photovoltaic system and the relative efficiency of the panels are known. 

In the preliminary study reported in [39], the area of the PV panels stack A was considered as a continuous variable, 
i.e. the panels were hypothetically assimilated to a virtual single panel of variable area. In the present study, conversely, 
the use of real commercial panels made the area a discrete variable, function of the number of panels NPV and their 
individual area APV_S. The global power coming from PV panels was then given by Eq. 4, where PPV_S is the nominal 
power of each panel. 

 SPVPVPVnom PNP _  (4) 

4.2 Wind turbine 

4.2.1 Turbines’ selection 

A detailed market survey was also carried out for the identification of proper wind turbines, among which one could 
choose the one to be installed. Based on previous results of [39], a range of nominal power between 1 and 25 kW was a 
priori imposed in the survey; moreover, for every considered rotor, the power curve declared by the manufacturer was 
accurately checked, discarding all those cases in which power coefficient values were higher than the standards or 
unconventional cut-in and cut-off limits were indicated. On these bases, 12 turbines were finally selected, having rated 
power values between 1.4 and 25 kW [50-61]. Figure 6 resumes the power curves of selected rotors; for the sake of 
simplicity, a constant cut-off wind speed of 25 m/s was imposed to all turbines as it is apparent by looking at Fig. 3 that 
wind speeds over this velocity rarely occur. All the turbines were supposed as installed at the same height above the 
ground, equal to 25 m (the largest turbine considered has a diameter of 10 m [61]). 

4.2.2 Installation cost 

The installation cost of small and medium-size wind turbines is somehow a controversial issue, since it is not always 
declared or easily arguable from published data. Based on a literature survey (e.g. [17-18]) and on the authors’ 
experience, a reference value of approximately 5000 €/kW can be suggested. This value is reasonably accurate for wind 
turbines up to nominal power outputs of 5 kW, while it can be substantially reduced when the size of the turbine 
increases [62]. For the purpose of the present study, a cost function, reported in Fig. 7 has been hypothesized based on 
data (empty dots in the figure) coming from the literature survey of [62] and from personal installation experience of the 
authors. 

4.3 Diesel generator 

Based on the peak energy consumption of the chalet, the selected diesel generator was the Perkins 404D-22G [63], 
having a nominal power of 21.3 kWe. The power-consumption curve was derived from [63] (Fig. 8) and used to 
estimate the consumption of the engine in different operational conditions. For load values less than 50%, the minimum 
value of 263 g/kWh was considered. A life time of 25000 hours was finally considered for the diesel generator [39]. 

Finally, the installation cost was estimated from the official catalog of the producer (ICDG = 5800 €), corresponding 
to a specific cost of 276 €/kW. This value was in line with the indication of a web-based market survey carried out on 
August 2015 for the Italian market. 

4.4 Batteries 

A lead acid battery bank was selected as energy storage. Selected batteries had an output voltage of 48 V, whereas a 
sensitivity analysis on battery capacity was carried out. In further detail, lead acid batteries were indeed selected since 
they ensure high reliability, low auto-consumption, good stability and an excellent cyclic behavior, particularly 
important for stand-alone applications [64]. Since it was not easy to estimate the lifetime in discharging cycles for the 
present application (the batteries indeed are expect to undergo many partial-discharging phases), an estimated lifetime 
of 61000 hours was considered, after which they must be replaced. 

5. Economic model and optimization strategy 

5.1 Economic model of the system 

The economic model of the system, used in the optimization process to define the convenience of each solution, was 
built in accordance to the one proposed in [17], even if improvements were provided in the modeling of the wind 



turbine cost function and in the modeling of maintenance costs. For the sake of completeness, the basic elements of the 
model are here presented and explained; for additional details please refer to [17]. 

The final goal of the economic model was the definition of the long term savings (LTS) for each design solution of 
the hybrid system. This was done by comparing the long term cost of the hybrid system (CN) to the expected costs 
deriving from the use of the diesel generator only (i.e. the baseline configuration). As in all complete economic 
analyses, the long term cost in an n-years’ time horizon has to account for the capital cost of the installed equipment 
(IC0) and the maintenance and operation costs of the same, that can be further divided into a fixed component (FCn) and 
a variable component (VCn). 

The installation cost IC0 is given by the sum of the market cost of the different component at year 0. In the present 
model, it is defined by Eq. 5, where proper cost functions for the market costs are introduced. 
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More in details, parameters α and γ are the specific installation costs, in €/kW, of the PV panels and the diesel 
generator, respectively. Parameters λ [€/kW], τ and b [€/kW] instead refer to installation costs of the electronic devices 
and then depend on the magnitude of the peak load and the total nominal power of renewables. Finally, factors ξ [€/Ah] 
and ω [cost.] describe the battery bank purchase costs, as reported in [39]. 

Function f1 is the complex cost function for the wind turbine described in Section 4.2.2 (Eq. 6). 
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The fixed maintenance and operation costs are instead described by Eq. 7: 
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Factor m represents the maintenance and operation costs, expressed as a fraction of the installation cost of the 
system components, while, as prescribed by [65], factor gm is the annual inflation rate, accounting for the annual 
changes in labor cost and spare part costs. In the formulation of Eq. 7, the fuel consumption cost is also considered, 
depending on the current fuel price cf, the annual fuel consumption Mf and the oil price escalation rate ef. 

The variable maintenance and operation costs are finally given by Eq. 8, where VCDG and VCBAT are the variable 
maintenance costs of the diesel generator and the battery bank, respectively. 

 BATDGn VCVCVC   (8) 

These costs have a discontinuous nature, i.e. they are introduced in the economic model of the system only when the 
lifetime of components is reached. On these bases, in the present model they were considered as described by Eqs. 9 
and 10, respectively, where hDG and hBAT are the diesel generator and batteries operational hours, lifeDG and lifeBAT the 
estimated diesel generator and battery bank lifetime, both considered for simplicity in hours. After the lifetime of the 
components is reached, the cost connected to their new buy is introduced in the model.  
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The selected parameters for the economic analysis are finally summarized in Tab. 3 [4, 48]. 
 

5.2 Strategy and goals of the optimization 

As discussed, the goal of the optimization was the definition of the best energy mix for the hybrid system, based on 
the maximization of the long terms savings in a 10-years period in comparison to the original solution with the diesel 
generator only. This timeline was chosen more on an economic basis than on an end-of-life reference. In [39], some of 
the authors carried out the same analysis not accounting for real machines, but treating the nominal power values of the 
PV panels and the wind turbine as continuous variables. This solution will be considered also in the present study for 
comparison purposes and will be referred to as “Case 1”. In this approach, the wind power will be managed using a 
reference power curve which was obtained by dividing the wind turbine curves for their relative peak power (i.e. 
P/Pnom) and calculating an average trend (see Fig. 9). By doing so, the reference curve can be considered somehow 
representative of the selected rotors, being also able to partially discard some peculiar trends like those of the stall 
controlled Montana 5.6 and Excel 7.5, or the strange peak power of the Antaris 9.5. Overall, it can be noticed that the 
reference curve is quite similar to at least four curves, corroborating the effectiveness of present assumptions. 



As a further analysis, in this study real machines are now considered. As a result, the rated power of PV panels is 
now a function of the number of selected modules, whereas the power of the wind turbine is directly dependent on the 
machine considered in each case. This new configuration will be referred to as “Case 2” in the continuation of the work. 
In comparison to previous studies where real turbine data was considered (e.g. [66]), the focus of the research was the 
identification of the energy mix (number of PV panels and wind turbine) that guarantees the highest long term saving.  

5.3 Optimization software 

The described model of the system (Fig. 5) was implemented in MATLAB®. The optimization process was 
performed by using ModeFrontier® with a design of experiments based on a Sobol pseudo random sequence. The 
experiments were uniformly distributed between the minimum and maximum values assigned to the input variables. 
The optimization method was the genetic algorithm Multi Objective Genetic Algorithm (MOGA-II) that was performed 
for 50 generations and a DNA mutation ratio of 0.05. 

As a reference value, the combination Sobol/MOGA-II analyzed with these settings leads to a total of 1000 design 
for each run in Case 1. The input variables of the optimization in Case 1 were the nominal wind and solar powers, 
which were varied from 0 to 25 and 15 kW, respectively. The variation steps were 0.1 kW for the wind power and 0.5 
kW for the solar power. In Case 2, conversely, the input parameters were the number of PV panels NPV and the wind 
turbine selected, with its rated power PWnom. 

6. Results and discussion 

All the results presented in the study will be evaluated in comparison to the baseline solution, in which the entire 
energy demand of the user is covered by the diesel generator. According to the selected generator [63], the annual fuel 
consumption in these conditions is equal to 9434 l/year, whereas the overall cost of the system CNDG over 10 years is 
equal to 351.430 € (including initial costs, fuel consumption and maintenance). 

6.1 Case 1 - no battery 

The analysis of Case 1 results, with no storage system, is of particular interest to understand the quantitative 
response of the system and was considered very useful for the rest of the analysis. This case study, in fact, allows one to 
estimate the influence of photovoltaic or wind systems and the difference between solutions with the same rated 
powers. In particular, Fig. 10 reports the point cloud of all systems feasible solutions (LTS > 0) with given constraints. 
In the figure, the different solutions have been reported in a blue color scale in order to stress the influence of the 
photovoltaic power PPV. The left boundary of the cloud, ensuring the maximum long-term savings, corresponds to the 
maximum allowed photovoltaic power of 15 kW and is highlighted with yellow-filled marks. 

Upon examination of the figure, it is apparent that, as far as the installed photovoltaic power is reduced, the curves 
are shifted towards the upper left corner of the solution space, i.e. towards higher fuel consumptions and lower LTS, 
since the use of the diesel generator is progressively increased. According to previous results of [39], it is here 
confirmed that moving on the top limit of the cloud (from right to left), the configurations are characterized by a 
decreasing PWnom value, the diesel consumption grows in this direction, as the internal combustion engine usage 
increases, whereas the long term cost decreases due to the increasing cost of needed fuel. In the lower limit of the cloud, 
conversely, moving from the vertex to bottom left, the points are characterized by an increasing wind turbine nominal 
power. In this case, the annual diesel consumption decreases because the wind turbine is able to cover a greater portion 
of the load profile. The long term cost, however, decreases due to the higher costs of installation and maintenance of the 
turbine. In Fig. 10 some other relevant solutions at fixed wind power are also highlighted with a red color-scale, 
corresponding to rated power outputs of 12.5, 20 and 25 kW. As one can notice, in each of these curves, the point 
having the maximum LTS lies in the left boundary of the paraboloid, i.e. where the photovoltaic power is maximum. 
This result confirms that the PV panels appear as the most convenient solution for this specific application. Moreover, it 
is worth pointing out that the maximum LTS is not monotonic with the installed wind power, i.e. an optimum wind 
power value does exist, able to maximize the LTS in correspondence to the maximum PV power. 

To assess this observation, Fig. 11 describes how the nominal power of the wind turbine influences the system 
savings (in case the maximum PV power is installed). In the first part of the graph, the long term saving increases, 
reaching his maximum for a value of PWnom=20 kW (empty mark in the figure), and then decreases again. As discussed, 
after the peak the economic benefits coming from fuel savings are no longer able to counterpart the increased 
installation and maintenance costs of the turbine. 

 

6.2 Case 2 - no battery 

Moving now to the analysis of real-machines effects (again not accounting for an accumulation system), Fig. 12 
reports the feasible solutions in Case 2: as discussed, the wind power is now dependent on the specific turbine that is 
selected, i.e. it is not represented anymore by a continuous variable. Moreover, in each curve, the PV power is now a 
direct function of the number of installed panels. 



According to the results in Case 1, the right margin of each curve is characterized by a maximized photovoltaic 
power. The progressive increase of NPV in each curve induces a notable decrease of fuel consumption and an increase of 
LTS, thanks to the discussed suitability of solar power for the present application. The influence of PV panels’ number 
is almost constant for all wind turbines, i.e. the different curves are almost parallel. Upon examination of the cloud, it is 
also apparent that the same LTS can be achieved in several cases with different ratios between solar and wind power.  

The point at the extreme right of the cloud still represents the system configuration having the maximum LTS 
(68.223,00 €), now corresponding to the maximum number of PV panels (NPV = 60), i.e. PPVnom=15 kW, and the wind 
turbine having a rated power of PWnom=12 kW. This latter result is of particular interest since it differs from the optimal 
configuration in Case 1. In detail, if it is indeed true that larger wind turbines ensure very low fuel consumptions, in the 
present case the increase of installation cost, combined with the specific power coefficient curve of each rotor, makes a 
smaller wind turbine more convenient from an economic point of view, even if a larger use of the diesel generator is 
attended. This trend is also testified by Fig. 13, which reports the long-term savings of all solutions (different turbines 
are again displayed with dedicated marks) with NPV = 60 (right boundaries of all curves) as a function of the nominal 
wind power. Upon examination of the figure, it is again confirmed that, in general, higher LTS can be achieved in the 
right side of the solution space, i.e. for higher installed wind power. However, the use of real machines induces a 
“scatter” in the results, making different solutions more convenient due to more favorable combination between 
installation cost and efficiency. 

 

6.3 Comparative performance analysis between Case 1 and Case 2 

In Sections 6.1 and 6.2 the optimal energy mix for the analyzed system with no accumulation has been defined in 
Case 1 and Case 2, respectively. Some additional remarks can be done by comparing the performance of these 
configurations in the selected time-horizon of 10 years. To do so, Fig. 14 compares the installed power values for PV 
panels and the wind turbine in the two cases with the energy really harvested by the same; Fig. 15 instead compares the 
economic performance of the two systems. 

Upon examination of Fig. 14, one can readily notice that the installation of a smaller wind turbine (-37.5% rated 
power) in Case 2 obviously leads to a reduction of harvested energy (-26.2%). However, due to a more rational 
exploitation of energy fluxes, the total dissipated energy is reduced by -27.5%. Focusing on Fig. 15, it is also apparent 
that the lower fuel saving in Case 2 is compensated by a notably lower installation cost of the system (due to the smaller 
wind turbine), which finally induce a LTS higher than in Case 1 by 12.3%. 

Discussed differences are significant of the potential impact of real machines on the optimization process of similar 
systems. In particular, since the function for the wind turbine installation cost is the same in Case 1 and Case 2 and 
optimal system configurations in the two cases always implies a maximum PV panels power, it should be attended the 
approximately the same optimal configuration is about to be obtained. However, the use of the specific power curve for 
the wind turbine instead of a reference curve induces a notable difference in the expected wind energy harvesting, 
leading to a different energy mix. To further analyze these aspects, the optimal solution of Case 2 was compared in Tab. 
4 with that having PWnom=20kW, i.e. the same optimal wind power expected by Case 1 analysis; as testified by Fig. 13, 
this configuration is in fact the second one in terms of LTS. 

Upon examination of the results, it is again apparent that the biggest difference is given by the relative increase of 
harvested energy due to the higher efficiency of the smaller turbine, which is able to compensate the higher fuel 
consumption and the proportionally higher installation cost of the turbine itself (see Fig. 8). Overall, the results 
demonstrate that the considered power curve of the selected wind turbine can have a major impact on the optimization 
analysis and then it is worth of accurate evaluation in similar studies. 

6.4  Sensitivity analysis on PV power 

An accurate analysis of Fig. 12 leads to the consideration that none of the curves presented a parabolic trend in Case 
2, which was however commonly seen in Case 1 (see Fig. 10). Since the optimal system configuration generally implies 
the highest available PV power, it was argued that the use of real machines/devices in Case 2 could benefit from a 
larger installed photovoltaic power. Of course, the following analysis somehow lies outside the proposed system, in 
which the area available for PV panels was limited to 150 m2; however, the analysis of optimal configurations in Case 2 
is of particular interest to further discuss the impact of real machines on the optimal energy mix. To this purpose, the 
analysis of section 6.2 was repeated with a doubled available number of PV panels, i.e. NPV=120. Under these 
preconditions, the new feasible system configurations are reported in Fig. 16. 

Results of Fig. 16 are indeed of particular interest. Sweeping the curves from left to right, the final point of each 
curves represents the configuration with the maximum number of PV panels, i.e. NPV=120. As a result, for the selected 
wind turbine, this configuration is the one with the lowest annual fuel consumption, since the use of renewables is 
maximized. It is also apparent, however, that for some curves (i.e. wind turbine selections), this configuration is also the 
one in fact giving the highest LTS, like in Case 1, whereas a different optimal configuration is achieved in many other 
cases. In these latter configurations, the increase of PV installation cost makes additional panels not convenient in 
comparison to the energy amount already harvested by means of the wind turbine. The discussed results are more 
effectively shown in Fig. 17, which reports the optimal number of PV panels (NPV) as a function of the selected nominal 
wind power in Case 2. Upon examination of the figure, it is apparent that only four turbines (i.e. the ones with the lower 



nominal power rates) lead to the use of the maximum number of panels available, whereas a quadratic decrease of NPV 
as a function of the nominal power is evident. In the same figure, the long-term savings of the different configurations is 
also reported, clearly showing that the largest savings are not obtained in correspondence to the largest installed power 
from renewables, but again for a medium-size, very efficient turbine (PWnom=12 kW) and a number of PV panels 
NPV=97. This latter value was indeed lower than the limit of 120, but higher than the original limit of 60 accounted for 
in the Case 1 analysis. 

 
6.5 Effects of the storage system 

The analysis of Case 1 and Case 2 configurations without energy accumulation is of specific interest to understand 
the physics of the system and the relative impact of each energy source. In a real-life design of such a complex hybrid 
system, however, the presence of a storage system is mandatory to rationalize the energy fluxes. In the present study, a 
sensitivity analysis on the battery capacity was then carried out with nominal batteries capacity ranging from 250 Ah to 
2250 Ah (the preliminary study reported in [39] indeed indicated a reference capacity of Qmax=1500 Ah). 

First, the impact of an energy accumulation on the performance of the energy system was assessed in the three 
relevant cases analyzed so far, i.e. Case 1 (Fig. 18), Case 2 (Fig. 19) and Case 2b (Fig. 20), which represents the Case 2 
approach with a maximum number of PV panels sufficient to identify the unconstrained optimal energy configuration. 
In all cases, new solutions are compared to the optimal ones without accumulation (light-grey clouds). 

Upon examination of the results, it is apparent that in all the optimization strategies, the introduction of an 
accumulation system provides great benefits in terms of reduction of fuel consumption and increase of the long term 
savings, which were more than doubled with respect to previous analyses. In further detail, in case of continuous-
variable optimization (Case 1 - Fig. 18) the maximum LTS was increased by 110%, in case of real wind turbine curves 
(Case 2 - Fig. 19) by approximately 90%, while in case of unconstrained NPV (Case 2b - Fig. 20) again by 
approximately 90%. This result is in line with the former results of [39] and with the relevant technical literature (e.g. 
[18] or [20]). 

Once the benefits of accumulation have been assessed, a sensitivity analysis on the battery capacity was carried out 
in both optimization strategies. The most relevant results of this analysis are reported in Fig. 21, where the parameters 
of the optimal solutions (i.e. the vertices of the solutions clouds of Fig. 18 and Fig. 19) are reported as a function of the 
battery capacity in Case 1 and Case 2 (analogous trends than Case 2 were indeed obtained for Case 2b). The results 
clearly showed that the performance of the energy system is monotonically increased by a superior capacity of the 
accumulation system. In both optimization strategies, however, the trends flatten in correspondence to the highest 
capacity tested (Qmax=2250 Ah), corresponding to the condition in which the increased cost of a larger accumulation 
system does not provide any more sufficient savings coming from a reduced dissipation of renewables. 

Finally, in order to understand more in details the impact of the accumulation system on the system configuration, 
Tab. 5 compares the optimal energy mixes in Case 2 for the four analyzed battery pack capacities. 

Beyond the discussed monotonic increase of the LTS with the batteries capacity, Tab. 5 provides a very interesting 
insight on the effect of the accumulation system. In further detail, it is worth remarking that the introduction of the 
accumulation did not alter the optimal sizing of renewables, i.e. PPVnom and PWnom are always the ones found in the 
analysis of Case 2 with no batteries.  

This result is indeed of particular relevance, since it could be expected that the presence of an accumulation system 
should have led to the selection of smaller machines, with a consequent reduction of the capital cost of the system. 
Conversely, Tab. 5 clearly shows that the increase of LTS is only connected to the reduction of dissipated energy 
coming from renewable source through a more rational management of energy fluxes. By doing so, the use of the diesel 
generator to compensate peak loads can be substantially reduced, with notable money savings, by far higher than the 
increases in the capital cost of the batteries themselves. 

6.6 Daily load profiles analysis 

The impact on the accumulation system, discussed in Section 6.5, is even more evident if one analyzes the daily 
coverage of the user demand with the different system configurations. For example, Fig. 22 reports the comparison of 
daily profiles coverage for June 21st of optimized systems in Case 2 with or without the accumulation system (Qmax = 
1500 Ah). Upon examination of the comparison, one can readily notice that the power coming from renewables is now 
more rationally exploited in case of the system with the battery bank, with a reduction of the energy from renewables 
that is dissipated of more than 96%. This power is now used either to satisfy the user demand or to re-charge the 
batteries. In particular, it is worth noticing that, for this specific day of the year and system configuration, the battery is 
able to completely replacing the diesel generator, simply making use of energy surplus coming from renewable sources. 

7. Conclusions 

In the study, a sizing strategy, based on a long-term energy production cost analysis, was used to assess the optimum 
configuration of a hybrid PV-wind-diesel stand-alone system, representing an isolated mountain chalet in Italian Alps. 



In particular, the results of a conventional optimization strategy, threating rated power values of renewable source as 
continuous variables to create the available design space, were compared to those of a strategy making use of real 
machines data and realistic constraints. 

Results first showed that, in case the real characteristics of commercial PV panels and wind turbines are considered, 
the optimal energy mix for the system is changed. In detail, it was found that if it is indeed true that larger wind turbines 
ensure very low fuel consumptions, in the present case the increase of installation cost, combined with the specific 
power coefficient curve of each rotor, made a smaller wind turbine (12 kW vs. 15 kW) more convenient from an 
economic point of view, even if a larger use of the diesel generator is attended. 

Depending on the site, it was also noticed that the effective wind turbine power curve can have a major impact on 
the sizing of the system. More in detail, it was observed that, even if the PV panels were in general the more convenient 
source included in the system, an optimal panel number can be anyhow identified for the system, once the wind turbine 
was selected, in correspondence to the point in which the higher installation cost is not anymore compensated by the 
reduction of fuel consumption. For the specific case study, where the installation available area only allowed a number 
of panels equal to 120, this limit was reached as the best compromise only for the four wind turbines with the lower 
rated power outputs. For higher wind capacities, the optimal number of PV panels was progressively reduced of more 
than 35%.  

The capacity of the battery pack did not alter the optimal energy mix previously identified for renewables without 
accounting for accumulation, since the primary convenience of batteries was the minimization of the use of diesel 
generator during the year and not the replacement of renewables in satisfying the energy demand of the user. 
Notwithstanding the above, the use of a properly sized battery pack can notably rationalize the exploitation (and hence 
the convenience) of renewables. As an example, for the considered site the best configuration with a battery pack of 
1500 Ah was able to ensure a reduction of the dissipated power from renewables during the day up to more than 110%.  

Given the present interest in similar applications, the present study demonstrates once more that the identification of 
realistic data prior to undertaking the optimization of small hybrid energy systems is essential to identify really feasible 
solutions and is then a mandatory requirement for designers facing real-life applications. 
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