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A B S T R A C T   

A weather-driven model is used to investigate the requirements for the backup generation (annual energy, power 
capacity and flexibility) in a power system with different penetrations of wind, solar photovoltaics, and hy-
droelectricity. The impact of interannual variability is assessed by using 26 years of weather data. The flexibility 
needed for the backup generation is found to be higher as the solar penetration increases since ramps caused by 
sunrises and sunsets are more significant than those caused by hour-to-hour wind fluctuations. The model is 
applied to the Spanish power system and two dispatch strategies for reservoir hydro and pumped hydro storage 
are evaluated. The currently installed gas power capacity is found to be sufficient to secure hourly demand for 
high renewable penetration.   

1. Introduction 

Power systems around the globe are rapidly changing pushed by the 
urgency to mitigate climate change but also pulled by the dramatic cost 
reduction experienced by renewable technologies. The Paris Agreement 
led the European Commission to propose a plan to achieve a climate- 
neutral economy by 2050 [1]. For 2030, European countries have 
developed their National Energy and Climate Plans (NECP), see e.g. 
Ref. [2], in which vast installation of wind and solar photovoltaic (PV) 
capacities are expected in the next decade. 

Increasing the share of Variable Renewable Energy Sources (VRES), i. 
e., wind and solar PV, challenges the design and operation of power 
systems. The literature on highly renewable power systems includes 
weather-driven models based on heuristics rules [3–7] and 
techno-economic optimization where power capacities and hourly dis-
patches are jointly optimized [8–13]. The former include a limited 
number of generation and storage technologies and have proven to be 
extremely valuable to unveil the main system dynamics in a variety of 
scenarios: different renewable penetration, wind-solar mix, etc. The 
weather-driven model approach has been used to estimate backup en-
ergy and power capacities [5,6], storage [5], and transmission capacity 
requirements [7]. Our paper contributes to the existing literature on 

weather-driven models by including: (1) hydroelectricity in the models, 
(2) two alternative dispatch strategies for hydro (storage-first and 
peak-shaving), (3) a simplified methodology to evaluate flexibility re-
quirements for the backup generation time series. Moreover, the use of 
26-year long weather time series, enables us to quantify the impact of 
interannual variability. We focus on the following research questions:  

a) What is the optimal wind-solar mix to minimize the required backup 
energy and capacity when hydroelectricity and storage are included?  

b) What is the flexibility required for backup energy in different 
scenarios? 

Flexibility is defined as the backup generation ability to respond to 
the changes in hourly mismatch between VRES generation and demand 
[11]. Following [14], we use an “offline” index to assess the required 
flexibility. Then, we investigate the optimal composition of the fleet of 
backup power plants needed to provide the required flexibility. 
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2. Methodology 

2.1. Renewable generation time series and mismatch 

In the weather-driven methodology, the mismatch ΔVRES(t) is defined 
as 

ΔVRES(t) = W(t) + S(t) − L(t) (1)  

where W(t) and S(t) are the wind and solar PV generation time series, 
and L(t) represents the electricity load. The wind fraction α =

〈W〉 /(〈S〉 +〈W〉) represents the ratio between average wind and average 
VRES generation. The ratio between average VRES energy and average 
load defines the VRES penetration γ = (〈S〉 + 〈W〉) /〈L〉. <> denotes the 
average of the time series. 

The time series for renewable technologies comprise 26-years 
(1991–2016) with hourly resolution. Wind and solar PV time series 
were obtained using reanalysis weather data, converted to electricity 
generation, and aggregated on country scale are openly available in 
Refs. [15,16]. For hydro, historical monthly values of inflow retrieved 
from Ref. [17] are used to estimate a constant hourly inflow per month. 
Load time series corresponding to years 2006–2016 are retrieved from 
Ref. [18]. They are duplicated to obtain load time series for the modeled 
period (1991–2016). 

2.2. Modelling hydro and storage dispatch 

When reservoir hydro and storage are included in the system, the 
mismatch Δ(t) is defined as: 

Δ(t) = ΔVRES(t) + H(t) (2)  

where H(t) represents the dispatch of reservoir hydro and storage 
technologies. For reservoir hydro, H(t) is positive or zero. When repre-
senting a storage technology, H(t) is positive when the storage dis-
charges and negative when it charges. The dispatch of reservoir hydro 
and storage can follow any of the two simplified strategies: 

Storage-first: Whenever the VRES mismatch is positive, the excess 
generation is stored. In case of a negative VRES mismatch, the genera-
tion deficit is covered with stored energy. This strategy is proven to be 
optimal to minimize the required backup energy [4]. 

Peak-shaving/Valley-filling: For a negative mismatch interval, the 
energy released from the storage is distributed among the interval hours 
to reduce extreme mismatch values. This strategy assumes a perfect 
foresight to so that the length of the negative interval is known. 

For reservoir hydro, the maximum cumulative hydro generation 
every month is limited by the monthly inflow. A detailed mathematical 
and graphical definition of storage strategies is provided in the Sup-
plementary Materials. The time series H(t) are obtained by applying one 
of the two strategies to the technologies included in the scenario under 
analysis. For reservoir hydro, water inflow is used for charging, while for 
Pump Hydro Storage (PHS) and batteries, positive VRES mismatch is 
used for charging. When more than one storage technology is available, 
those with higher efficiency are dispatched first, i.e., the dispatch order 
is batteries, PHS, reservoir hydro. 

2.3. Backup energy, capacity and flexibility 

Backup generation is needed to supply the residual load when wind, 
solar, storage, and reservoir hydro dispatches are not enough. The re-
sidual load Δ−(t) = −min(Δ(t), 0) is defined as the negative part of the 
mismatch time series in (2). The residual load can be provided by con-
ventional units as Combined Cycle Gas Turbines (CCGT), Open Cycle 
Gas Turbines (OCGT), nuclear or coal power plants. The annual backup 
energy EB is defined as the sum of residual loads, and the backup ca-
pacity CB as the maximum value. 

EB =
∑

t
Δ−(t)CB = max(Δ−(t)) (3) 

Following [14], the flexibility index f of the residual load is calcu-
lated by 

f =
1/2

[
P − P

]
+ 1/4

[(
R + R

)
⋅δt

]

P
(4)  

where P/P is CB or 0, respectively. R/R is the absolute maximum power 
increment/decrement in an hour (δt = 1), also known as residual load 
ramp. A flexibility index of 1 denotes high residual load power variation 
between successive hours while f close to 0 indicates a smooth variation. 

The optimal composition of the backup generation fleet is assessed 
through an optimization problem that consists in the minimization of 
the annualized capital and operational costs of the complete backup 
fleet. This objective is under two constraints: 1) The backup generation 
must supply the residual load at every hour. 2) The flexibility of the 
backup generation fleet FLEXBG must be higher or equal to the flexibility 
f demanded by the residual load. The flexibility of the group of backup 
generation units is defined as: 

FLEXBG =
∑

n  ∈  BG

⎡

⎣ Pn
∑

n  ∈  BGPn
⋅ fn

⎤

⎦ (5)  

where, Pn and fn are the power capacity and flexibility of every unit n. fn 

is estimated by applying equation (4) setting P/P as maximum/mini-
mum power capacity of a unit n and R/R as ramping up/down capacity 
of a unit n. 

2.4. Scenarios under analysis 

Four different scenarios, which incorporate the technologies shown 
in Table 1, are investigated:  

• Scenario 0. (Wind and solar). This scenario is a base case in which 
wind and solar PV are the only renewable technologies available, 
that is H(t) = 0.  

• Scenario 1. (Wind, solar and hydro). Besides wind and solar PV, 
reservoir hydroelectricity is included as dispatchable technology.  

• Scenario 2. (Wind, solar, PHS and hydro). This scenario adds PHS 
that can store energy from the grid. Scenario 2 includes the PHS 
capacity currently available at the Spanish power system.  

• Scenario 3. (Wind, solar, batteries, PHS, and hydro). Batteries are 
added to Scenario 2. 

3. Results and discussion 

For Scenario 0, Fig. 1 shows the annual backup energy EB as a 
function of VRES penetration γ and wind fraction α. The red line depicts 
the optimal α that minimizes the backup energy for every γ. The hori-
zontal axis in Fig. 1 can be read as a pseudo-time evolution as it repre-
sents increasing VRES penetration in the power system. Minimum 
backup energy is achieved for high wind fractions since, in the absence 
of storage, increasing solar contribution will require significant backup 

Table 1 
Reservoir hydro and storage characteristics.   

Power Capacity 
[GW] 

Energy Capacity 
[GWh] 

Efficiency 

Reservoir 
hydro 

17 26,500 0.84 

PHS 3.5 73 0.84⋅0.84 =
0.7 

Batteries 70 730 0.9⋅0.9 = 0.81  
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generation during the nights. 
Table 2 summarizes the results when the model is applied to the 

different scenarios and storage strategies. All the cases impose that the 
energy generated by VRES plus storage and hydro must be equal, on 
average, to the energy demand over the year. The latter implies that 
annual energy backup and curtailed energy are equal. For Scenario 0, 
this is equivalent to set γ = 1. For Scenario 1, γ is lower than 1 because 
hydro is not included in the definition of γ. Scenarios 2 and 3 require 
higher γ values than Scenario 1 because the round-trip efficiency of the 
storage technologies is lower than one, and this is compensated by a 
higher VRES generation. It should be remarked that, due to the presence 
of storage, Scenarios 2 and 3 are able to effectively supply a higher 
percentage of hourly demand with VRES energy, compared to Scenario 
1. Regarding the wind to solar mix, Table 2 and Fig. 4 in Supplementary 
Materials show how the solar penetration increases (optimal α is 
reduced) when dispatchable technologies are aggregated since they 
contribute to balancing the diurnal generation pattern of solar PV. Solar 
penetration is particularly benefited when short-cycle storage is used, as 
previously shown [4,19]. 

Regarding the results on the storage-first strategy, it is shown how 
annual backup energy decreases as dispatchable technologies are 
aggregated. EB goes from 55 TWh in Scenario 0 to 6 TWh in Scenario 3. 
The percentage of the annual energy demand (252 TWh) covered with 
VRES, storage, and hydro, increases from 78.2% to 97.6%. To check that 
the operation of reservoir hydro is compatible with historical trends, 
Figs. 2 and 3 show the hydroelectricity generation and the filling level of 
hydro reservoirs. Scenarios 1 and 2 are very similar, because the energy 

capacity provided by PHS is small, and reservoir hydro resembles the 
historical operation. In Scenario 3, the presence of batteries operated 
also with storage-first strategy, together with a solar-dominant VRES 
generation, reduces the energy produced by reservoir hydro from 
February to June, which historically is a period with high 

Fig. 1. Colourmap showing the annual backup energy EB for Scenario 0 as a 
function of the VRES penetration γ and the wind fraction α for the year 2016 in 
Spain. The red line represents the optimum α, which minimizes EB for every γ. 
Black lines represent the flexibility index f of the system as a function of γ and α. 
Same figures for Scenarios 1, 2, and 3 are included in the Supplemen-
tary Materials. 

Table 2 
Power system characteristics for different scenarios and storage dispatch strategies. The first two columns refer to backup generation to ensure hourly demand. Values 
upfront (in the parenthesis) correspond to storage-first (peak-saving) strategy. Average and standard deviation values for the 26 years considered are reported.   

Strategy: Storage First (Peak Shaving) 

Backup Power Capacity, 
CB [GW] 

Annual Backup Energy, EB/ 
Curtailed energy [TWh] 

Demand covered with VRES 
+ Hydro [%] 

Flexibility, f γ α 

Scenario 
0 

33 ± 2 (33 ± 3) 55 ± 4 (55 ± 4) 78.2% (78.2%) 0.68 ± 0.03 (0.68 ±
0.03) 

1.00 ± 0.00 (1.00 
± 0.00) 

0.85 ± 0.05 (0.85 
± 0.05) 

Scenario 
1 

33 ± 2 (20 ± 1) 42 ± 5 (42 ± 5) 83.3% (83.3%) 0.77 ± 0.04 (0.77 ±
0.05) 

0.91 ± 0.03 (0.91 
± 0.03) 

0.84 ± 0.05 (0.84 
± 0.05) 

Scenario 
2 

33 ± 2 (19 ± 1) 36 ± 5 (36 ± 5) 85.7% (85.7%) 0.76 ± 0.04 (0.78 ±
0.06) 

0.92 ± 0.03 (0.92 
± 0.03) 

0.81 ± 0.05 (0.81 
± 0.05) 

Scenario 
3 

27 ± 8 (12 ± 3) 6 ± 2 (4 ± 2) 97.6% (98.4%) 0.90 ± 0.04 (0.93 ±
0.08) 

1.01 ± 0.02 (0.99 
± 0.03) 

0.36 ± 0.07 (0.33 
± 0.07)  

Fig. 2. Energy generated by reservoir hydro for Scenarios 1, 2 and 3 under the 
two different strategies. Black line represents the 26-years average monthly 
energy inflow for reservoir hydro power plants. Deviation in the historical data 
is indicated by the grey areas. 

Fig. 3. Storage filling level for reservoir hydro for Scenarios 1, 2 and 3 under 
the two different storage strategies. Black line represents the average historical 
reservoir hydro filling level for the last 26 years. Grey areas represent the de-
viation of reservoir level for the 26 years considered. 
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hydroelectricity production. Consequently, the filling level reaches 
higher values in those months, but it remains lower than the maximum 
energy capacity of reservoirs. 

Using the peak-shaving strategy, the results for hydro dispatch is 
similar. Scenarios 1 and 2 are within the range of historical values for 
every month, while for Scenario 3, the filling level of hydro reservoirs is 
high in spring-summer months. 

The described storage strategies represent two extreme behaviours 
for reservoir hydro. Storage-first strategy could be seen as naïve since it 
assumes that the hydro operator does not know the state of the system in 
successive hours, while peak-shaving strategy could be too optimistic 
since it assumes perfect foresight for the entire month. In principle, the 
Spanish reservoir hydro power plants operate somewhere between the 
two strategies. 

The required backup power capacity shows the largest difference 
between strategies. If we focus on Scenario 2, the one resembling the 
technologies currently available in the Spanish power system, CB is 33 
GW for the storage-first strategy and 19 GW for the peak-shaving 
strategy. Since the current CCGT installed capacity in Spain is 26.4 
GW [17], proper operation of existing reservoir hydro, PHS and CCGT 
power plants should be able to achieve significantly large VRES pene-
tration in the system. 

Fig. 1 also shows the flexibility index f of the residual load time series 
calculated with eq. (4). f increases with γ but decreases with α, indi-
cating that the diurnal generation pattern of solar PV has a higher 
impact on flexibility requirements than hourly fluctuations in wind 
generation. This is in agreement with [11]. 

Table 2 provides the flexibility index for the residual load in every 
scenario evaluated. As dispatchable technologies are incorporated into 
the system, the optimal solar penetration increases, and so does the 
flexibility index. Once the flexibility required by the residual demand in 
every scenario is estimated, the remaining question is what kind of 
power units are needed in the backup generation fleet to supply the 
residual load with the required flexibility. To answer this question, we 
apply the optimization problem, described in section 2.3 and mathe-
matically in the Supplementary Materials. There are many types of 
power units with different cost and flexibility characteristics. For this 
reason, the optimization problem is defined as a function of the opera-
tional cost ratio β, and flexibility ratio ν of two kinds of power units 
named as fast and slow units. 

β = cOPER  slow  unit/cOPER  fast  unit ν = f slow  unit/f fast  unit (6) 

Fig. 4 shows the shadow cost, which is obtained by the dual Karush- 
Kuhn-Tucker variable of the flexibility constraint, for Scenario 2 under 

the peak-shaving strategy. Equivalent figures for other scenarios and 
storage strategy are provided in the Supplementary Materials. The 
shadow cost represents the marginal cost of covering an incremental 
amount of flexibility, that is, it provides an indication of the impact of 
the flexibility constraint on the cost of the backup generation. For 
instance, when the fast power unit is assumed to be a CCGT power plant 
with f fast  unit = 0.8 (P = 100%, P = 20%, R = R = 80%/h) and 
cOPER  fast  unit = 57.5 €/MWh, and the slow unit is assumed to be a nuclear 
power plant with f slow  unit = 0.2 (P=100%, P = 80%, R = R = 20%/h) 
with cOPER  slow  unit = 20 €/MWh, β = 0.35 and ν = 0.25 are obtained (red 
point on Fig. 4). This results into a shadow cost of flexibility of 0.23 M€. 

However, it is interesting to realize that Fig. 4 depicts zero value for 
the shadow cost for some β and ν combinations, which means that for 
such combinations, i.e. when slow and fast units are not very different, 
the flexibility constraint is not binding and it could be neglected when 
selecting the optimal backup fleet portfolio. 

The simplified weather-driven modelling approach that we have 
used in this paper entails some limitations. The most significant are the 
reduced number of technologies and the fact that we do not consider 
cost optimization. The latter is the main driver in techno-economic 
optimization models. These limitations might result in a too idealized 
operation of the energy system. However, by keeping the model simple 
we can explore a wide range of possibilities in terms of wind and solar 
penetration and obtain general but also robust estimations of the need 
for energy and backup capacities. 

4. Conclusions 

The weather-driven methodology has been applied to the Spanish 
power system. Our results indicate that a system with large renewable 
penetration is capable of supplying hourly electricity demand, con-
firming previous studies. Moreover, the parametrical sweeps imple-
mented in this work provide new insights on the capacity and flexibility 
requirement of backup generation under different penetration of wind, 
solar and hydroelectricity. First, for high renewable penetrations, higher 
wind to solar ratio translates into lower backup energy required to 
secure the hourly supply. This remains true unless large capacities of 
high-efficiency short-term storage are available to compensate for the 
daily fluctuations in solar generation. In practice, this means that the 
deployment of electric batteries, either static or in electric vehicles, or 
the extension of Pumped Hydro Storage is necessary to allow high solar 
penetrations in the grid. 

Second, as expected, the peak-shaving storage dispatch strategy re-
duces the required backup power capacity. This has a strong practical 
implication for the Spanish power system. Using that hydro dispatch 
strategy, the current CCGT power capacity would be enough to balance a 
system in which the sum of wind, solar, and hydro generation is, on 
average, equal to the electricity demand, even taking into consideration 
the interannual weather variability. Finally, we have found that the 
required flexibility for the backup generation increases with solar 
penetration because the predictable but significant power variation due 
to sunrises and sunsets induce higher ramps in the backup energy than 
those demanded by hour-to-hour wind fluctuations. 
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