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Abstract: A massive integration of renewable energy sources is imperative to comply with the
greenhouse emissions reduction targets fixed to achieve the limitation of global warming. Nevertheless,
the present integration levels are still far from the targets. The main reason being the technical barriers
arising from their non-manageable features. Photovoltaic and wind sources are the widest spread,
as their maturity allows generation with a high-efficiency degree. A deep understanding of facilities’
performance and how they can match the energy demand is mandatory to reduce costs and extend
the technical limits and facilitate their penetration. In this paper, we present a novel methodology to
evaluate how photovoltaic–wind hybrid facilities, placed in an urban environment can give generation
patterns which will be able to match the demand profiles better than facilities installed individually.
This methodology has been applied to a broad number of locations spread over the whole planet. The
results show that with high homogeneity in terms of site weather characteristics, the hybrid facilities
improve the matching up to 15% over photovoltaic plants and up to 35% over wind.
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1. Introduction

On 12 December 2015, the 195 countries participating in 21st Conference of the Parties (Paris
Climate Change Conference) [1], organised by the United Nations Framework Convention on Climate
Change (UNFCCC) [2], signed the Paris Agreement [3]. This agreement aims to achieve, as soon as
possible, a reduction on the carbon emissions to hold the increase in the global average temperature to
well below 2 ◦C above pre-industrial levels. The generation and use of energy are the main contributors
to climate change, with 60% of the total greenhouse gases (GHG) emissions. The reduction in energy
sector emissions is mandatory to achieve the global warming objectives. Hence, the Paris Agreement
determines by 2030 there will be a substantial increase in the use of renewable energy sources (RES) in
the world energy mix.

This important agreement is one more step given in the fight against climate change, which has
been developed by the international community in the last decades. For this purpose, governments
and international organisations and institutions have designed scenarios, strategies and commitments
focused on the mitigation and reduction of the present emission levels. In all of them, high RES
penetration shares are mandatory, and, with this aim, ambitious plans have been determined.

Along these lines, the United States of America developed the SunShot Initiative [4], focused on
the solar photovoltaic renewable source (PV), favouring its integration by means of being competitive
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with the traditional generation forms before 2020, and the Wind Program [5], designed to speed up the
development and integration of wind energy. Likewise, the member countries of the European Union
established the Roadmap 2050 [6] to set up the paths to achieve the European commitment to reach in
2050 GHG emissions below 80% of 1990 levels.

Nowadays, the RES technologies with higher integration level are wind and photovoltaic. Figure 1
shows the time evolution of wind and PV installed power worldwide. At the end of 2017, the installed
power capacity was 384 GW in PV facilities and 494 GW in wind farms.
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Wind and PV electricity generation technologies presently offer technical and economic maturity
levels. They allow high-efficiency generation almost everywhere at such a low cost compared with the
traditional generation based on conventional thermal methods [9–15]. Moreover, among the renewable
energy sources, wind and PV electricity generation technologies present high degrees of sustainability
under multi-criteria analysis [16–18].

The International Energy Agency (IEA) remarks in its Energy Technology Perspectives 2017
(ETP2017) [19] that, the implementation of PV and onshore wind technologies are on-track to achieve
their integration targets. Nevertheless, penetration shares for these technologies are still far from
the targets fixed to contribute to the mitigation of GHG emissions. According to the IEA hi-Ren
scenario (the high-renewables scenario—hi-Ren scenario—sees energy systems radically transformed
to achieve the goal of limiting the global mean temperature increase to 2 ◦C target with a large share of
renewables, which requires fast and strong deployment of photovoltaic and wind power and solar
thermal electricity), the installed worldwide power capacity should reach 4674 GW by 2050 for PV and
2700 GW for onshore wind in the same period [20,21]. Innovative technical solutions and regulatory
measurements are required to boost a massive RES integration to close the huge gap between the
present status and the fixed targets in the next coming years.

The achievement of RES penetration targets is only feasible with actions addressed to facilitate
their use in three fields with massive energy consumption: transport, buildings and industry. Among
them, building integration shows the biggest potential to increase the share of RES in the energetic
mix [22,23].

The widest field for RES building integration is found in the urban environment. Considerable
research has been carried out to determine the PV [24–32] and wind potential [33–36] in urban areas
and buildings.

PV presents a characteristic that favours its massive penetration in the urban environment: the
dispersion degree. Solar radiation is received everywhere with such intensity levels that make possible
the production of electricity. In addition, PV building integration offers environmental advantages
as against its implementation on rural lands as the former gives a new value to the building roofs
and facades.
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In regard of wind energy, the installation of wind turbines in urban areas is not widely spread yet,
but there are technical solutions to efficiently take advantage of the urban wind stream with its special
characteristics of turbulence and direction variability [33,37–41].

In relation to PV–wind hybrid plants (PV+W hybrid hereinafter), extensive research has been
developed to quantify the synergies between solar and wind sources. A non-exhaustive list of references
is shown in Table 1.

Table 1. Literature review reference list.

Topic Reference

Smoothing resource and the correlation between the wind and solar PV resource [42]

Variability and determination of regional or local wind solar complementarity or synergy [43–47]

Determination of flexibility requirements of large-scale wind and PV penetration [48]

Impact of wind solar complementarities on storage sizing and use [49]

Effect of solar and wind resources complementarity in micro-hybrid system reliability [50]

Cities are big electricity consumers. Therefore, RES integration in urban areas would also offer
an important technical advantage because the generation would be placed near to the consumption
point. This solution would improve the whole electric system efficiency by reducing the transport
and distribution of electricity losses. Moreover, it is a clear example of distributed generation with
advantages associated with the control and management of the electric network [51–53].

But the integration of a massive share of variable RES (VRES) in the electric power grid implies
technical challenges and extra-costs. The electricity generated in PV and wind facilities have
a non-manageable character; which means that it is not possible to control the supply instantaneously
(except to reduce it) to match the demand. A high VRES penetration requires the application of measures
focused on planning, operation and flexibility of the whole system to respond to the uncertainty
and variability in the supply–demand balance in short timescales [54–56]. These measures present
estimable costs for the system that could reach 25–35 €/MWh in high penetration scenarios [57,58].

Extensive research has been recently carried out showing that, with the use of adequate
coordination control algorithms, large-scale systems made up of multiple individual subsystems
can together contribute efficiently in the achievement of global quantities of interest, even in the case
that some of the sub-systems became adversarial or non-cooperative due to bad functioning [59]. This
resilient performance is fully applicable to a massive integration of VRES based on the implementation
of individual small facilities.

Due to the aforementioned, a deep knowledge of the performance of the facilities and their
generation patterns becomes relevant. It is essential to understand how they could match the electricity
demand, with the aim to offer better control and management of the electricity fed into the grid and,
consequently, collaborate to reduce the technical barriers and to decrease the integration cost.

With this target as the main objective of our work, we have carried out a study under the novel
perspective to evaluate the supply–demand balance adaptation of PV+W hybrid plants integrated into
an urban environment. To have results applicable on a global scale, we have considered hundreds
of locations spread all over the world and multiple load profiles for the characterisation of demand.
This article first analyses if PV+W hybrid facilities present generation patterns that adapt better to
the demand profiles than if the facilities were installed individually, and second, determines a novel
methodology to quantify the adaptation degree.

The novelty of our work is fundamentally based on three main grounds:

• The evaluation of supply–demand balance adaptation of PV+W hybrid plants
• The hybrid plants are integrated into an urban environment
• The results are applicable on a global scale as we have considered real weather data from hundreds

of locations spread all over the world and multiple profiles for the characterisation of the demand.
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The main technical challenge arises from our requirement to obtain results applicable on a global
scale. With that aim, we have considered only real weather data from hundreds of meteorological
stations and multiple electricity load profiles for the characterisation of the demand in different seasons
and days. These requirements have obliged the authors to carry out extensive work to obtain and
validate the input data and get it homogeneous.

Below in Section 2, we introduce the methodology developed to evaluate and quantify the level of
adaptation of generation patterns to demand profiles. In Section 3, we present the results of applying
this methodology to a wide number of locations worldwide and carry out a sensitivity analysis of the
results. Finally, in Section 4, the conclusions of our study are discussed.

2. Methodology

Our work aims to analyse if the generation patterns of PV+W hybrid facilities match better with
the demand profiles than if the facilities were considered separately. We will not determine what
would be the absolute coverage of electricity that the facilities could provide to the whole electric
demand. This approach is like evaluating to what extent the generation and demand curves have the
same “shape”.

We propose the evaluation of the adaptation level by the determination of the matching factor
(ε). It will be calculated as the average quadratic error between the electric generation patterns and
the demand profiles, previously normalised and particularised for every single location under study,
as will be detailed below. In this way, ε would be zero when the adjustment is perfect; it means, when
the generation and demand curves have the same shape, and ε would rise to one when the difference
becomes higher. The proposed methodology to calculate ε is illustrated in Figure 2.
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The calculation starts with the collection of hourly climate data representative of an average year
in every single location included in the analysis. The data collected have been pressure p, temperature
T, wind speed v and irradiation G. To generalise the results, it is essential to count on climatologic data
for multiple locations spread around the Earth. With this data, together with the dimensioning and
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characterisation of a PV+W hybrid facility, we obtain yearly patterns of the foreseen generation for
every type of facility Epv

x , Ep
x y Epv+w

x .
Second, electricity demand profiles are required. To select the appropriate load profiles to be

utilised in the calculation of the matching factor, it is required to quantify to what extent the hybrid
facilities’ generation would contribute to the country-level aggregated load. With this aim, first we
have done a rough estimation of the amount of electricity that could be generated by hybrid facilities
placed in an urban environment (buildings) in a scenario of high penetration, and, second, we have
calculated the aggregated demand coverage on hourly basis. The hourly aggregated demand coverage
was calculated by using Equation (1):

Hourly aggregated demand coverage =
NB × AB ×CF ×AHIC

RHAD
(1)

where:

• NB is the number of buildings in the relevant country or region
• AB is the share of available buildings in the relevant country or region, defined as those buildings

where the installation of a PV+W hybrid facility would be feasible.
• CF is the capacity factor of the PV+W hybrid facility, defined for one specific period as the

electricity generated by the hybrid facility in one hour divided into its installed capacity.
• AHIC is an average PV+W hybrid installed capacity.
• RHAD is the hourly aggregated demand representative for the country or area under analysis.

To have an estimate in different scenarios, the calculation of the hourly aggregated demand
coverage was done for two regions (Europe and the United States) and a European country (Spain)
Table 2 shows the specifics of each region or country considered in the calculations.

Table 2. Region and country specifics for hourly aggregated demand coverage calculation.

Variable Spain (SP) Europe EU28 Countries (EU) US

NB 10,000,000
[60,61]

130,000,000
[62]

142,500,000
[63,64]

CF 50%

RHAD (MWh) 30,000
[65]

400,000
[66,67]

430,000
[68]

Table 3 shows the hourly aggregate demand coverage of the hybrid facilities for different values
of (i) AHIC and (ii) AB. To obtain conservative values, it was set up 50% of CF and limits of 15% for
AB and 10 kW for the AHIC. The results show that shares around 10% of hourly aggregated demand
coverage could be reached with moderated values of AB and AHIC. The hourly coverage might reach
levels over 20% in more optimistic scenarios.

Table 3. Hourly aggregated demand coverage.

AHIC (kW)

2 5 7.5 10

Country/Region SP EU US SP EU US SP EU US SP EU US

5.0% 1.7% 1.6% 1.7% 4.2% 4.1% 4.1% 6.3% 6.1% 6.2% 8.3% 8.1% 8.3%

7.5% 2.5% 2.4% 2.5% 6.3% 6.1% 6.2% 9.4% 9.1% 9.3% 12.5% 12.2% 12.4%

10.0% 3.3% 3.3% 3.3% 8.3% 8.1% 8.3% 12.5% 12.2% 12.4% 16.7% 16.3% 16.6%

12.5% 4.2% 4.1% 4.1% 10.4% 10.2% 10.4% 15.6% 15.2% 15.5% 20.8% 20.3% 20.7%

AB (%
share out
of total)

15.0% 5.0% 4.9% 5.0% 12.5% 12.2% 12.4% 18.8% 18.3% 18.6% 25.0% 24.4% 24.9%
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The level of coverage obtained should be considered in the management of ancillary services and
market operations. Based on the above, aggregated load profiles have been selected in the calculation
of the matching factor.

The demand evolution presents a high dependency on the climate, the distribution of the working
days and the consumer´s habits. One of the objectives of this study is to obtain results applicable globally.
Hence, we have utilised multiple profiles to characterise the electricity consumption everywhere.
The methodology here proposed includes the determination of 16 different hourly demand curve
profiles, as shown in Table 4, distinguishing between (i) the Northern or Southern hemisphere, (ii) the
year season and (iii) weekdays and weekends (bank holidays are included in the weekend day category).
Based on the above, the demand profiles used in the calculation for every location will be the eight
corresponding to the hemisphere where the location is placed.

Table 4. Hourly demand profiles.

Hemisphere Day
Season

Spring (S) Summer (U) Autumn (A) Winter (W)

Northern (N)
Weekday (D) LNSD LNUD LNAD LNWD

Weekend (E) LNSE LNUE LNAE LNWE

Southern (S)
Weekday (D) LSSD LSUD LSAD LSWD

Weekend (E) LSSE LSUE LSAE LSWE

As has been discussed before, our methodology is applied to quantify the adaptation degree of
the generation to the aggregate demand (i.e., for a country) and not only to local demand where the
facility is placed (household, garage, shopping centre, etc.). However, the absolute generation level
of every facility, even the aggregation of a high number of them cannot be compared to the global,
regional or national demand. We are, therefore, obliged to include in the methodology a mechanism
to eliminate the scale effect from ε calculation. The way we propose here is to determine normalised
patterns for both generation and demand profiles as follows:

1. Both demand profiles and generation patterns are considered on an hourly basis.
2. The normalisation period for generation and demand is daily.
3. The normalised demand profiles are obtained by dividing each hourly data into the respective

daily maximum.
4. The individual normalised PV and wind daily generation profiles are obtained by dividing each

hourly data into the respective daily maximum.
5. Three normalised generation profiles for the hybrid facility are obtained as per the following

methods:

• Method 1: By adding the individual PV and W (wind) normalised profiles:

epv+w
x = epv

x + ew
x (2)

• Method 2: By dividing every hourly data into the maximum value of both facilities.

epv+w
x =

Epv+w
x

max
(
Epv

x , Ew
x

) (3)

• Method 3: By dividing every hourly data into the daily maximum value of the hybrid facility.

epv+w
x =

Epv+w
x

max
(
Epv+w

x

) (4)
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These three methods to normalise the values of the hourly hybrid generation profiles do not
pretend to have a physical sense by themselves. Our methodology is oriented to find out how the
matching factor ε changes when the PV and wind facilities are considered together in a hybrid plant.
With this aim, what is relevant to quantify this change is to evaluate it by using the results obtained
with the same normalisation method.

Figure 3 shows, as an example, the normalised curves for one day in the period under analysis,
where it can be seen:

• The normalised demand hourly profiles for a weekday lx,y,D and for a weekend day lx,y,E.
• The normalised generation hourly patterns for the PV facility epv

x and the wind one ew
x .

• Three hourly generation patterns of the hybrid facility epv+w
x , each one normalised according to

the corresponding method.
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Once the normalised hourly patterns are determined, ε is calculated for every single location by
following the next steps:

1. The relevant eight normalised demand profiles are selected according to the site location in the
Northern or the Southern hemisphere (Table 4).

2. For every annual season, ε is calculated for weekdays (5) and for weekend days (6). The weighted
average value is calculated using (7):

εi
x,y,D =

∑
ni

x,y

[
lx,y,D − ei

x,y

]2

ni
x,y

(5)

εi
x,y,E =

∑
ni

x,y

[
lx,y,E − ei

x,y

]2

ni
x,y

(6)

εi
x,y =

5 εi
x,y,D + 2 εi

x,y,E

7
(7)

where:

• εi
x,y,D and εi

x,y,E are the matching factors in weekdays D and weekend days E, respectively,
for the facility type i, placed at the location x, during the season y.

• ni
x,y is the number of hours in the season y at the location x.
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• lx,y,D and lx,y,E are the normalised demand profiles in weekdays D and weekend days E,
respectively, at the hemisphere where is placed the location x, during the season y.

• ei
x,y is the generation pattern for the facility type i, placed at the location x, during the

season y.
• εi

x,y is the matching factor of the generation facility type i, placed at the location x, during the
season y.

3. Finally, the yearly matching factor for each type of facility and location is obtained by averaging
the factors calculated for every season as per (8):

εi
x = εi

xy =
εi

x.S + εi
x,U + εi

x,A + εi
x,W

4
(8)

2.1. Climatic Data

The climate raw data used in this article has been obtained from the Meteonorm database [69].
This commercial software provides, for an average climatic year, among other variables: hourly data of
pressure, temperature, superficial wind speed and solar irradiation incident on an optimally tilted
solar panel.

Meteonorm provides weather data everywhere on the planet by means of the interpolation
of registered variables in specific points. However, we have only used those locations where the
meteorological stations are placed and are logging the climatic variables directly. With this criterion,
844 locations spread over the whole planet were selected.

With the objective to generalise the results of the application of the methodology, the selected
locations have been classified following the Köppen–Geiger climatic regions, which divides the
Earth into regions according to their weather conditions [70,71]. Figure 4 shows the location of the
meteorological stations used in this study and their correspondence with the Köppen–Geiger regions.
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2.2. Solar PV and Wind Generation Patterns

To estimate the electricity generation, a PV+W hybrid facility prototype has been designed
according to the simplified diagram shown in Figure 5.Energies 2019, 12, x FOR PEER REVIEW 9 of 24 
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The electricity produced by the PV facility placed at the location x is calculated with the following
expression, adapted from [73]:

Epv
x = Gx·APV·PR·η·[1 + α(Tx − 293)] (9)

where:

• Gx is the total solar irradiation incident on an optimally tilted solar panel.
• APV the surface covered by solar panels.
• η is the solar PV panel efficiency.
• PR is the facility performance ratio.
• α is the maximum power temperature coefficient.
• Tx is the ambient temperature (the temperature coefficient should be applied to the difference

between the solar panel temperature and the standard value of 293 K. Nevertheless, as the solar
temperature is not available, the correction has been applied considering the ambient temperature).

Nowadays there are different technologies used in the manufacturing of solar panels; the most
widely used is multi-crystalline silicon cells [74]. For the calculation of the electricity generation, it was
selected a commercial solar panel manufactured with multi-crystalline silicon cells and an efficiency η
of 15.5%. The rest of the solar panel characteristics are shown in Table 5.

Table 5. Solar panel characteristics [75].

Characteristic Value

Manufacturer Trina Solar

Model TSM-PC14

Cell type Si Multicrystalline

Maximum Power (STC conditions) 300 W

Efficiency (η) 15.5%

Dimensions (h ×w × d) 1956 × 992 × 40 mm3

Temperature Coefficient of maximum power (α) −0.41%/K
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The PV facilities present current PR values in the 60 to 90% range [76,77], therefore, in this study,
a mean value of 75% was considered for PR.

The area for solar panels was set up in 23.2 m2 because it is a medium size surface suitable to be
placed on every roof, pergola, etc. According to the characteristics of the solar panel selected, this area
means 12 solar panels giving a power capacity of 3.6 kW.

For the wind facility, a vertical-axis wind turbine generator (VAWT) was selected. These types of
wind turbines are more efficient in locations where the wind stream presents both high turbulence
and continuous variations in the direction, such as in the urban environment [33,37,41]. The VAWT
considered in the calculations has a nameplate power of 3.5 kW, similar to the PV installed capacity.
Figure 6 shows the VAWT power curve for standard density (ρstd = 1.225 kg/cm2).
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The electricity produced by the wind facility is calculated according to the following equation
(adapted from [79]):

Ew
x = ρ·

Px

ρstd
·t (10)

where:

• P is the output power from the power curve corresponding with the wind speed incident on the el
VAWT (Figure 6).

• ρ is the air density.
• t is the time.

Finally, the electricity produced by the PV+W hybrid facility is:

Epv+w
x = Epv

x + Ew
x (11)

The energy produced was calculated for each type of facility (PV, wind and PV+W hybrid) in all
locations, obtaining the evolution in an average year with climatic conditions characterised for the
variables defined in Chapter 2.1. Figure 7 shows, as an example, the generation curves of the PV, wind
and hybrid facilities in an average month of May at one of the locations considered in this study.
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Figure 7. Time evolution of the generation in May.

One interesting result of this first step of the calculation is the contribution of the electricity sources,
PV and wind, to the total hybrid facility production. Table 6 shows the PV Facility contribution to the
total generation in the group of different climatic regions. Despite the PV and wind capacity being
similar, the contribution of PV is a majority with 84% on average; going from 71% in polar climate
zones to 91% in tropical areas. This predominance of PV is justified because the facility locations were
not chosen with the criterion of having a relevant wind resource.

Table 6. PV contribution to the PV+W hybrid-facility generation. (See Figure 4 for climate zone
codification).

Climate Zone n◦ Stations Epv
x

Epv+w
x

Climate Zone n◦ Stations Epv
x

Epv+w
x

Arid 109 0.89 Tropical 66 0.91
BSh 16 0.90 Af 21 0.89
BSk 46 0.86 Am 8 0.93
BWh 27 0.90 As 4 0.87
BWk 20 0.92 Aw 33 0.92

Cold 188 0.83 Temperate 459 0.84
Dfa 29 0.78 Cfa 192 0.87
Dfb 90 0.83 Cfb 162 0.78
Dfc 40 0.81 Cfc 4 0.68
Dfd 4 0.93 Csa 45 0.85
Dsa 1 1.00 Csb 34 0.87
Dsb 3 0.93 Cwa 17 0.91
Dsc 1 0.82 Cwb 5 0.96
Dwa 10 0.88
Dwb 5 0.88 Polar 32 0.71
Dwc 5 0.95 EF 2 0.33

ET 30 0.74
Global 854 0.84842

2.3. Demand Load Profiles

The demand profiles were defined using real data provided from the commercial companies and
distributor and transport system operators detailed in Table 7.
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Table 7. Demand load profiles data source [65,80–84].

Hemisphere Distributor/Operator Country

North

Red Eléctrica de España Spain

PJM USA–Northeast

Midcontinent Independent System Operator USA–West

Northwest PowerPool USA–Northwest

South
National Electricity Coordinator Chile

Australian Energy Market Operation Western Australia

From all the sources, real hourly demand curves for the 365 days of 2015 were obtained. Then,
to determine the sixteen standard demand profiles used in ε calculation (Table 4), the next steps
were followed:

1. The curves from every load profile were normalised dividing each hourly data into its respective
daily maximum.

2. Once normalised, the curves were separated out from the season and from weekday and
weekend days.

3. It was obtained average normalised curves for both hemispheres.

The normalised demand profiles obtained are shown in Figures 8–11.
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3. Results

Once the normalised generation patterns and demand profiles have been determined, it is possible
to obtain ε by applying Equations (5)–(8). The calculation was made individually for the 844 locations
defined in Section 2.1 by using a Microsoft VBA macro programme in Excel.

The results, sorted by the Köppen–Geiger climate areas, are shown in Table 8.
The global matching factor obtained for PV facilities εPV is 0.46. As it can be noted, this value is

quite homogeneous in all the climatic regions.
The global matching factor for the wind facilities εW is 0.6, that means 30% worse adaptation

to demand profiles than PV plants. The results present a low dispersion degree with respect to the
climatic areas. The minimum value of 0.56 is obtained for polar climates (−5% out of global value),
while the maximum, 0.63, is found for tropical climates (+7% out of global).

For PV+W hybrid plants, depending on the normalisation method, the results obtained for εPV+W

go from 0.4 if the method 1 is used, to 0.42 if the method 2 is used and 0.43 if the method 3 is used.
Once again, the minimum factor is obtained for sites located in polar climates and the maximum for
tropical areas. The degree of dispersion is also very negligible.

Figure 12 illustrates the comparison of the matching factor for the PV+W hybrid plants εPV+W

versus PV facilities εPV. As it can be noted, in a global context, the adaptation of the hybrid facility
is 15% higher for the method 1, 9% higher for the method 2 and 7.7% for the method 3. The highest
improvement is given for polar climate areas and the lowest for arid and tropical areas.
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Table 8. εpv, εw and εpv+w for every single individual Köeppen–Geiger climatic regions (See Figure 4
for climate zone codification).

Method 1 Method 2 Method 3

epv+w=epv+ew epv+w=
Epv+w

max(Epv,Ew) epv+w=
Epv+w

max(Epv+w)
Climate
Zone

n◦

Stations
εpv εw

εpv+w εpv+w

εpv
εpv+w

εw εpv+w εpv+w

εpv
εpv+w

εw εpv+w εpv+w

εpv
εpv+w

εw

Arid 109 0.46 0.60 0.40 −12% −33% 0.43 −6% −28% 0.43 −5% −27%

BSh 16 0.46 0.59 0.40 −12% −32% 0.43 −6% −27% 0.43 −5% −26%

BSk 46 0.46 0.59 0.39 −14% −33% 0.42 −8% −28% 0.43 −6% −27%

BWh 27 0.45 0.58 0.40 −12% −31% 0.43 −6% −26% 0.43 −5% −25%

BWk 20 0.45 0.65 0.42 −6% −35% 0.44 −3% −32% 0.44 −3% −32%

Cold 188 0.47 0.61 0.40 −6% −35% 0.42 −9% −30% 0.43 −8% −29%

Dfa 29 0.47 0.55 0.37 −20% −33% 0.41 −12% −26% 0.42 −11% −25%

Dfb 90 0.47 0.60 0.39 −16% −35% 0.42 −10% −30% 0.43 −8% −29%

Dfc 40 0.47 0.62 0.40 −16% −36% 0.42 −11% −32% 0.43 −10% −31%

Dfd 4 0.47 0.71 0.46 −4% −37% 0.47 −2% −35% 0.47 −1% −35%

Dsa 1 0.46 0.76 0.46 0% −40% 0.46 0% −40% 0.46 0% −40%

Dsb 3 0.46 0.65 0.42 −9% −36% 0.44 −4% −32% 0.45 −3% −32%

Dsc 1 0.47 0.60 0.37 −20% −38% 0.41 −13% −32% 0.41 −11% −31%

Dwa 10 0.47 0.64 0.42 −10% −35% 0.44 −6% −31% 0.44 −5% −31%

Dwb 5 0.46 0.64 0.41 −11% -36% 0.44 −6% −32% 0.44 −5% −31%

Dwc 5 0.45 0.68 0.43 −5% −37% 0.44 −2% −35% 0.45 −2% −35%

Polar 32 0.47 0.56 0.37 −22% −34% 0.38 −19% −31% 0.39 −17% −30%

EF 2 0.49 0.34 0.26 −48% −24% 0.25 −49% −27% 0.26 −48% −25%

ET 30 0.47 0.57 0.37 −20% −34% 0.39 −16% −31% 0.40 −15% −30%

Temperate459 0.47 0.61 0.39 −15% −35% 0.42 −9% −30% 0.43 −8% −29%

Cfa 192 0.47 0.60 0.40 −15% −34% 0.43 −8% −29% 0.43 −7% −28%

Cfb 162 0.47 0.59 0.38 −19% −36% 0.41 −13% −31% 0.42 −11% −29%

Cfc 4 0.47 0.54 0.35 −25% −35% 0.39 −18% −29% 0.39 −16% −28%

Csa 45 0.46 0.62 0.41 −11% −35% 0.43 −7% −31% 0.43 −6% −30%

Csb 34 0.46 0.63 0.41 −12% −36% 0.43 −6% −32% 0.44 −5% −31%

Cwa 17 0.46 0.64 0.42 −10% −35% 0.44 −5% −31% 0.44 −4% −30%

Cwb 5 0.45 0.67 0.43 −5% −36% 0.44 −2% −34% 0.45 −2% −33%

Tropical 66 0.46 0.63 0.41 −10% −34% 0.44 −5% −30% 0.44 −4% −29%

Af 21 0.46 0.62 0.41 −11% −34% 0.43 −6% −29% 0.44 −5% −29%

Am 8 0.46 0.64 0.42 −9% −35% 0.44 −4% −31% 0.45 −3% −30%

As 4 0.46 0.55 0.39 −16% −30% 0.42 −8% −23% 0.43 −6% −22%

Aw 33 0.46 0.64 0.42 −9% −35% 0.44 −5% −31% 0.44 −4% −30%

Global 854 0.46 0.60 0.4 −15% −35% 0.42 −8.9% −30% 0.43 −7.7% −29%

The comparison of the matching factor for the PV+W hybrid facility εPV+W versus wind εW is
shown in Figure 13. The adaptation is much higher in this case than when it is compared with the PV
facility; as it has obtained an improvement of 35% for the method 1, 30% for the method 2 and 29% for
the method 3. The values are quite similar in all the climate areas.
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3.1. Sensitivity Analysis

It is mandatory to check if the methodology here proposed would give stable results in case of
the variation of the relevant variables considered in the calculations. The technical characteristics of
the facilities, as well as the performance parameters of the equipment, are quite steady and will be
under control with adequate maintenance. The more relevant variations can arise from (i) deviations
or errors in the evaluation of the solar and wind resource at the location or the use of non-optimised
facilities (i.e., tilt or azimuth angles of the PV facility different from the ideal) and (ii) different power
capacity of the facilities. In this way, to determine the robustness of the methodology two sensitivity
analyses were carried out with respect to those variables.

3.1.1. Sensitivity Related to Errors in the Resource Valuation

To evaluate the variations in the valuation of the resource produced by errors, spatial smoothing
effector the installation of the facilities (non-optimisation), the electricity generated is calculated by
means of a modification of the Formulas (9) and (10) to include the multiplying factors fpv and fw to
simulate the variation of the solar irradiance and wind resource. The methodology was applied for a
wide variation range of the multiplying factors between 0.7 to 1.3 which represents a variation of ±30%
in the renewable resources.

Epv
x

(
fpv

)
= fpv·Gx·APV·PR·η·[1 + α(Tx − 293)] (12)
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Ew
x ( fw) = ρ·

Px( fw)
ρstd

·t (13)

The variation of εPV+W with the multiplication factors is illustrated in the Figure 14. As it can be
shown, the methodology is robust because:

1. εPV+W hardly varies with changes of the irradiation for the three normalisation methods.
2. The effect of variations in wind resource is quite limited. For increases in the mean wind speed of

30% (fw = 1.3) εPV+W rises about 5%, while a decrement of 30% (fw = 0.7) produces a variation
range from −5%, (normalisation method 3) to −8% (normalisation method 1).
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3.1.2. Sensitivity Related to the Power Capacity of the Facilities

We applied the methodology considering generation patterns of a PV+W hybrid facility with
twice the power capacity of the facility previously considered to evaluate the potential variations in the
results produced by changes on the installed power capacity of the wind and PV facilities. The solar
panel and VAWT used now have the following characteristics:

1. A commercial solar panel manufactured with multi-crystalline silicon cells and an efficiency η of
17.5%. The rest of the solar panel characteristics are shown in the Table 9.

Table 9. Solar panel characteristics [85].

Characteristic Value

Manufacturer Trina Solar

Model TSM-PD14

Cell type Si Multicrystalline

Maximum Power (STC conditions) 320 W

Efficiency (η) 17.5%

Dimensions (h ×w × d) 1960 × 992 × 40 mm3

Temperature Coefficient of maximum power (α) −0.41%/K



Energies 2019, 12, 1780 17 of 24

2. For the wind facility, a vertical-axis wind turbine generator was selected with a nameplate power
capacity of 6 kW (similar to the PV facility capacity). Figure 15 shows the VAWT power curve for
standard density (ρstd = 1.225 kg/cm2).
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Figure 16 illustrates the comparison of the matching factor for PV+W hybrid plants εPV+W versus
PV εPV obtained for facilities with a power capacity of 3.6 kW and 6 kW. In a global context, the
adaptation obtained for the 6 kW facility is 19% higher for the method 1, 15% higher for the method 2
and 13% for the method 3. When it is compared with the 3.6 kW, the improvement of the 6 kW facility
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The matching factor for the PV+W hybrid εPV+W versus wind facilities εW obtained for the
facilities of 3.6 kW and 6 kW is compared in Figure 17. As was obtained for the 3.6 kW facility, the
improvement of the matching factor obtained for the 6 kW facility is better when it is compared with
the wind facility than when it is compared with the PV facility. The improvement now reaches 32% for
method 1, 28% for method 2 and 27% for method 3. The values maintain quite similar ranges in all the
climate areas.

The variation of εPV+W with the multiplication factors introduced in the Chapter 3.1.1. for the
6 kW PV+W hybrid facility is illustrated in the Figure 18. As it can be shown, for the new capacity
the methodology also presents a robust performance because the results hardly vary with changes of
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the irradiation for the three normalisation methods. Once again, the effect of variations in the wind
resource is quite limited.
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4. Discussion

In this paper, we have analysed the behaviour of PV+W hybrid facilities placed in urban areas
from the point of view of the adaptability of their generation patterns to the aggregate demand profiles.
With this aim, we have designed a novel methodology that includes the definition and calculation of
the matching factor (ε) to evaluate and quantify the adaptation level. The novelty of our work is based
on three main grounds: (i) the evaluation of supply–demand balance adaptation of PV+W hybrid
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plants, (ii) the integration of the hybrid plants into an urban environment and (iii) the applicability of
the results on a global scale.

The analysis of the generation patterns shows that, in a PV+W hybrid plant where the PV and
wind facilities have similar installed power capacity, the PV is always the main contributor in the total
energy production in all climate conditions, presenting a global value of 84%, varying from 71% in
polar areas to 91% in tropical zones. The main reason for this performance is that the facilities are not
placed following a criterion of high-wind-resource location which is common in urban areas.

The results show that PV facilities match demand profiles better than wind energy. The global
matching factor obtained for PV εPV is 0.46 while for wind εW is 0.6, which means 30% worse adaptation
level. The difference, once again, is homogeneous in all climate conditions.

Likewise, hybrid plants adapt better to the demand than when the facilities are independently
evaluated. The hybrid plants present εPV+W in the 0.4 to 0.43 range, depending on the normalisation
method used, which means an improvement between 7.7% and 15% in comparison with the adaptation
of PV facilities and between 29% and 35% in comparison with wind plants. Once again, the results are
homogeneous for all the climate zones.

The proposed methodology has been found robust because the results obtained do not vary
substantially with respect to the variation of the solar irradiation or the mean wind speed at the
location under study. The methodology also gives comparable results for facilities with different
power capacity.

5. Conclusions

An important technical challenge for a massive RES integration is the lack of manageability of
the generation to match the demand. A high RES penetration requires the application of measures
focused on planning, operation and flexibility of the whole system to respond to the uncertainty and
variability in the supply–demand balance in short timescales. These measures present tangible costs to
the system.

The results of this study lead us to state that the implementation of PV+W hybrid plants in urban
areas would widen the RES integration limits and reduce the cost of high RES penetration because of
the improvement of the manageability derived of a better adaptation to the demand profiles.

Additionally, our work gives valuable and quantifiable support to decision-makers to favour RES
penetration into the urban environment, which constitutes a perfect example of distributed generation,
with the advantages that this type of generation presents for the electric system.

As a result, a massive installation of PV+W hybrid plants would bring benefits for the whole
electric system. Therefore, the author’s workgroup of the Department of Electrical, Electronic and
Control Engineering [87] propose and recommend the implementation of PV+W hybrid plants.

A massive integration into the urban environment presents financial, technical and regulatory
barriers. The adequation of existing buildings could require the evaluation of subsidies to avoid
financial constraints that could slow down the integration. Moreover, the facilities integrated into
the urban environment will be likely owned by consumers (i.e., particulars or small/medium size
companies) that could use part of the generation for self-consumption. This situation will require
specific legislation to regulate the energy trading and implement technical requirements to avoid
negative impact on the distribution networks.
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Nomenclature

General
APV PV area
E Energy generated (Wh)
e Normalised energy generated
G Yearly solar irradiation (insolation) in Wh/m2 incident on an optimally tilted solar panel
i Facility type: PV (Photovoltaic), W (Wind) or PV+W (Hybrid)
L Load electricity demand profile (Wh)
l Normalised load electricity demand profile
P Power (W)
PR Performance ratio of the PV facility
PV Photovoltaic electricity source
RES Renewable Energy Source
Subscripts
x Location
y Season: S (spring), U (summer), A (autumn), W (winter).
z Day type: D (weekday), E (weekend).
Greeks
α Temperature coefficient of maximum power
ε Matching factor
η Solar panel efficiency
ρ Air density
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