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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

This study analyses the performance of a battery storage system in abating the ramp rates of the power produced by a wind turbine. 
This approach can reduce the wind power fluctuations that are typical of small size wind farms and promote the wind energy 
integration in microgrids. Production data was generated from actual wind measurements over one year, and the capability of ramp 
abatement by varying battery capacity, battery power rating and ramp rate thresholds was investigated. The effect on battery 
degradation due to charge-discharge cycling required by the smoothing service was also estimated. Results suggest that good 
smoothing performance can be achieved with a wide range of power-capacity combinations, but the lifetime of the storage system 
can be as low as one year if its capacity is small. 
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1. Introduction 

Wind power is a continuously growing renewable energy source, reaching a technological maturity that makes it 
competitive on the market and viable without subsidies[1]. Integration of wind farm production into power grids poses 
many challenges due to the intermittent and fast-changing nature of the resource. Wind turbine production is typically 
characterized by strong ramp rates which may require production curtailment to prevent congestion or high investment 
in ancillary services [2]. Energy storage systems can help to reduce these negative impacts, but the economic impacts 
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are not negligible [3, 4]. Battery energy storage systems in particular have recently been investigated for their 
capability to provide decoupled voltage and frequency control even in a standalone network [5]. In [6] is shown how 
the demand response capability of electric vehicles to maintain the output wind power ramp rates between prescribed 
limits. Wind energy fluctuations can be particularly critical in microgrids or isolated users. Uriarte et al. [7] have 
investigated the effect of renewable sources ramp rates on the stability of microgrids that can be islanded from the 
main grid. On the other hand, wind power has a great potential to provide access to energy to remote communities 
that do not have access to the grid. The potential for sub-kilowatt wind turbines has been discussed in [8] and 0.8 
million off-grid households are already estimated to have reached energy access through small wind turbines[9]. Wind 
could also provide a huge opportunity to power community-scale microgrids or hybridize those that already exist but 
are powered by diesel generators [10,11]. Similar efforts have already been made in countries with huge resource 
potential such as Kenya, as reported in [12], where the integration of the renewable resources has not been seamless, 
and the majority of the demand is still served by diesel generators. Therefore, there is a need coming from various 
applications to make wind generation more dispatchable and more easily interconnectable with a power grid or with 
other energy sources in isolated system. Wind generation ramp rates end up causing voltage and frequency issues in 
grids or supply limitations in microgrids, which can effectively be limited using energy storage [13]. The first 
contribution of this paper, is to analyze the wind generation ramp smoothing in a realistic scenario, using actual wind 
production data to test the smoothing performance of a range of battery systems with various storage and power 
ratings. The second contribution is the investigation of the effect of different ramp rates thresholds and how their value 
affects the battery durability. 

2. Case Study 

2.1. Obtaining the actual power output of the turbine from the wind data 

The wind data used for the study comes from a wind farm in Costa Rica [14] with anemometers situated at a 50 m 
above the ground. The data series consisted in wind speed data averaged over 10 minutes, coupled with the standard 
deviation over that time span. The granularity of the data was subsequently increased to a 1-minute interval by 
generating 10 points randomly extracted from a gaussian distribution having the mean and the standard deviation 
obtained by the anemometers every 10 minutes. This a simplified, but conservative, approach as it does not take into 
account the autocorrelation typical of wind speed series. A more detailed analysis would be out of the scope of the 
study whose main purpose is to investigate the smoothing effect of energy storage on wind generation. In addition, by 
considering a Gaussian distribution, the “virtual” data points are more fluctuating in comparison to those generated 
by a distribution which respects the auto-correlation. This wind speed data was used to generate a correspondent set 
of generated power, by using a piece-wise fit based on the power curve of a commercial wind turbine with a rated 
power of 200 kW (Hummer H25.0-200KW) [15], which was considered as suitable for the case study. These power 
values should be considered as ideal, as they do not take into account the inertia of the turbine. Tang et al. [16] have 
shown that the actual turbine time constant τ is related to its natural time constant τ0 as reported in Eq. 1: 

 0
ratedv

v
     (1) 

The rated speed is a characteristic given by the manufacturer. In general terms, τ0 is the time constant of the turbine 
when reaching its rated rotational speed under its rated torque from a stop condition. To estimate the τ0 of the turbine 
based on its rated power, a two-term power function to fit the data presented in [16] was used. This dataset was used 
to adjust the ideal power output as obtained from the power curve by using, 
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where Δt is equal to the chosen sampling time, 60s. The final output of these processes is reported as histograms for 
wind speed and actual output power in Fig. 1. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2019.01.013&domain=pdf


	 G.F. Frate et al. / Energy Procedia 159 (2019) 292–297� 293
 

Available online at www.sciencedirect.com 

ScienceDirect 

Energy Procedia 00 (2018) 000–000  
www.elsevier.com/locate/procedia 

 

1876-6102 Copyright © 2018 Elsevier Ltd. All rights reserved. 
Selection and peer-review under responsibility of the scientific committee of the Applied Energy Symposium and Forum, Renewable Energy 
Integration with Mini/Microgrids, REM 2018. 

Applied Energy Symposium and Forum, Renewable Energy Integration with Mini/Microgrids, 
REM 2018, 29–30 September 2018, Rhodes, Greece 

Ramp rate abatement for wind energy integration in microgrids 
G. F. Fratea, P. Cherubinia, C. Tacconellib, A. Micangelib, L. Ferraria,*, U. Desideria 

a Department of Energy, Systems, Territory and Constructions Engineering, University of Pisa, Largo Lucio Lazzarino, Pisa 56122, Italy 
b Department of Mechanical and Aerospace, Sapienza University of Rome, Via Eudossiana 18, Rome 00184, Rome 

Abstract 

This study analyses the performance of a battery storage system in abating the ramp rates of the power produced by a wind turbine. 
This approach can reduce the wind power fluctuations that are typical of small size wind farms and promote the wind energy 
integration in microgrids. Production data was generated from actual wind measurements over one year, and the capability of ramp 
abatement by varying battery capacity, battery power rating and ramp rate thresholds was investigated. The effect on battery 
degradation due to charge-discharge cycling required by the smoothing service was also estimated. Results suggest that good 
smoothing performance can be achieved with a wide range of power-capacity combinations, but the lifetime of the storage system 
can be as low as one year if its capacity is small. 
 
Copyright © 2018 Elsevier Ltd. All rights reserved. 
Selection and peer-review under responsibility of the scientific committee of the Applied Energy Symposium and Forum, 
Renewable Energy Integration with Mini/Microgrids, REM 2018. 

Keywords: wind energy; ramp rate abatment; battery storage; liftime estimation 

1. Introduction 

Wind power is a continuously growing renewable energy source, reaching a technological maturity that makes it 
competitive on the market and viable without subsidies[1]. Integration of wind farm production into power grids poses 
many challenges due to the intermittent and fast-changing nature of the resource. Wind turbine production is typically 
characterized by strong ramp rates which may require production curtailment to prevent congestion or high investment 
in ancillary services [2]. Energy storage systems can help to reduce these negative impacts, but the economic impacts 

 

 
* Corresponding author. Tel.: +39 050 221 7132; fax: +39 050 221 7333. 

E-mail address: lorenzo.ferrari@unipi.it 

 

Available online at www.sciencedirect.com 

ScienceDirect 

Energy Procedia 00 (2018) 000–000  
www.elsevier.com/locate/procedia 

 

1876-6102 Copyright © 2018 Elsevier Ltd. All rights reserved. 
Selection and peer-review under responsibility of the scientific committee of the Applied Energy Symposium and Forum, Renewable Energy 
Integration with Mini/Microgrids, REM 2018. 

Applied Energy Symposium and Forum, Renewable Energy Integration with Mini/Microgrids, 
REM 2018, 29–30 September 2018, Rhodes, Greece 

Ramp rate abatement for wind energy integration in microgrids 
G. F. Fratea, P. Cherubinia, C. Tacconellib, A. Micangelib, L. Ferraria,*, U. Desideria 

a Department of Energy, Systems, Territory and Constructions Engineering, University of Pisa, Largo Lucio Lazzarino, Pisa 56122, Italy 
b Department of Mechanical and Aerospace, Sapienza University of Rome, Via Eudossiana 18, Rome 00184, Rome 

Abstract 

This study analyses the performance of a battery storage system in abating the ramp rates of the power produced by a wind turbine. 
This approach can reduce the wind power fluctuations that are typical of small size wind farms and promote the wind energy 
integration in microgrids. Production data was generated from actual wind measurements over one year, and the capability of ramp 
abatement by varying battery capacity, battery power rating and ramp rate thresholds was investigated. The effect on battery 
degradation due to charge-discharge cycling required by the smoothing service was also estimated. Results suggest that good 
smoothing performance can be achieved with a wide range of power-capacity combinations, but the lifetime of the storage system 
can be as low as one year if its capacity is small. 
 
Copyright © 2018 Elsevier Ltd. All rights reserved. 
Selection and peer-review under responsibility of the scientific committee of the Applied Energy Symposium and Forum, 
Renewable Energy Integration with Mini/Microgrids, REM 2018. 

Keywords: wind energy; ramp rate abatment; battery storage; liftime estimation 

1. Introduction 

Wind power is a continuously growing renewable energy source, reaching a technological maturity that makes it 
competitive on the market and viable without subsidies[1]. Integration of wind farm production into power grids poses 
many challenges due to the intermittent and fast-changing nature of the resource. Wind turbine production is typically 
characterized by strong ramp rates which may require production curtailment to prevent congestion or high investment 
in ancillary services [2]. Energy storage systems can help to reduce these negative impacts, but the economic impacts 

 

 
* Corresponding author. Tel.: +39 050 221 7132; fax: +39 050 221 7333. 

E-mail address: lorenzo.ferrari@unipi.it 

2 Author name / Energy Procedia 00 (2018) 000–000 

are not negligible [3, 4]. Battery energy storage systems in particular have recently been investigated for their 
capability to provide decoupled voltage and frequency control even in a standalone network [5]. In [6] is shown how 
the demand response capability of electric vehicles to maintain the output wind power ramp rates between prescribed 
limits. Wind energy fluctuations can be particularly critical in microgrids or isolated users. Uriarte et al. [7] have 
investigated the effect of renewable sources ramp rates on the stability of microgrids that can be islanded from the 
main grid. On the other hand, wind power has a great potential to provide access to energy to remote communities 
that do not have access to the grid. The potential for sub-kilowatt wind turbines has been discussed in [8] and 0.8 
million off-grid households are already estimated to have reached energy access through small wind turbines[9]. Wind 
could also provide a huge opportunity to power community-scale microgrids or hybridize those that already exist but 
are powered by diesel generators [10,11]. Similar efforts have already been made in countries with huge resource 
potential such as Kenya, as reported in [12], where the integration of the renewable resources has not been seamless, 
and the majority of the demand is still served by diesel generators. Therefore, there is a need coming from various 
applications to make wind generation more dispatchable and more easily interconnectable with a power grid or with 
other energy sources in isolated system. Wind generation ramp rates end up causing voltage and frequency issues in 
grids or supply limitations in microgrids, which can effectively be limited using energy storage [13]. The first 
contribution of this paper, is to analyze the wind generation ramp smoothing in a realistic scenario, using actual wind 
production data to test the smoothing performance of a range of battery systems with various storage and power 
ratings. The second contribution is the investigation of the effect of different ramp rates thresholds and how their value 
affects the battery durability. 

2. Case Study 

2.1. Obtaining the actual power output of the turbine from the wind data 

The wind data used for the study comes from a wind farm in Costa Rica [14] with anemometers situated at a 50 m 
above the ground. The data series consisted in wind speed data averaged over 10 minutes, coupled with the standard 
deviation over that time span. The granularity of the data was subsequently increased to a 1-minute interval by 
generating 10 points randomly extracted from a gaussian distribution having the mean and the standard deviation 
obtained by the anemometers every 10 minutes. This a simplified, but conservative, approach as it does not take into 
account the autocorrelation typical of wind speed series. A more detailed analysis would be out of the scope of the 
study whose main purpose is to investigate the smoothing effect of energy storage on wind generation. In addition, by 
considering a Gaussian distribution, the “virtual” data points are more fluctuating in comparison to those generated 
by a distribution which respects the auto-correlation. This wind speed data was used to generate a correspondent set 
of generated power, by using a piece-wise fit based on the power curve of a commercial wind turbine with a rated 
power of 200 kW (Hummer H25.0-200KW) [15], which was considered as suitable for the case study. These power 
values should be considered as ideal, as they do not take into account the inertia of the turbine. Tang et al. [16] have 
shown that the actual turbine time constant τ is related to its natural time constant τ0 as reported in Eq. 1: 
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The rated speed is a characteristic given by the manufacturer. In general terms, τ0 is the time constant of the turbine 
when reaching its rated rotational speed under its rated torque from a stop condition. To estimate the τ0 of the turbine 
based on its rated power, a two-term power function to fit the data presented in [16] was used. This dataset was used 
to adjust the ideal power output as obtained from the power curve by using, 
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where Δt is equal to the chosen sampling time, 60s. The final output of these processes is reported as histograms for 
wind speed and actual output power in Fig. 1. 
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Fig. 1. (a) Histogram of the wind data series. (b) Histogram of the actual output power obtained from the turbine power curve and accounting for 
the turbine inertia

3. Power smoothing algorithm

The calculations have been made by accounting for three different maximum ramp rates, defined as the difference 
between the powers generated at two consecutive time steps, calculated as a percentage of the turbine power rating. 
The thresholds are set at 5%, 7.5%, 10%. A variation limit within the 10% of the rated power capacity per minute is 
reported in the Nordic Grid Code [17] and by the Puerto Rico Electric Power Authority[18], for example. However, 
the application of more stringent conditions, as could be needed in isolated system, was simulated as well. Lithium-
Ion batteries were considered as a storage with a roundtrip efficiency of ηrt = 0.9, charge and discharge efficiencies 
assumed to be constant and both equal to ηc = ηd = 0.91/2. State of Charge (SoC) was always bound to be between 0.2 
and 0.95 to prevent a quick battery degradation. Several combinations of battery capacities and power output have 
been considered. As a reference value for sizing the battery, the average hourly energy production was obtained from 
the power output of the turbine (Ēh) and ten values of Cb were tested, ranging from 0.1 Ēh to 0.5∙Ēh . Similarly, for the 
battery power output, the rated power of the turbine was taken as a reference and ten values of Pb ranging from 0.1∙Prated

to 0.5∙Prated were considered. The model takes into input the actual power output from the turbine and the maximum 
ramp size; in case the ramp exceeds the set threshold, a battery charging or discharging is necessary according to the 
sign of the violation. In case of a positive violation (battery charging) one has to consider the energy to be charged, 
the power of the battery and current SoC. Therefore, the battery is charged by considering the minimum among:

• The amount of energy to be charged into the battery to limit the ramp to the prescribed value;
• The energy that can be charged in a minute using the full power of the battery;
• The available storage capacity given by the difference between the current SoC and the maximum one.

The same logic is applied in case of a negative violation by considering the discharge capabilities of the battery.
The overall procedure is outlined in Fig. 2.

Fig. 2. Schematics of the power smoothing algorithm
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In case a ramp size violation occurs, after the battery intervention, the new SoC and the modified output power are 
calculated and their value updated. This repeats for every time step. In case of a positive violation, the SoC has to be 
updated, depending on one of the three scenarios outlined above, with the following equation,
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 
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(3)

where P0 is the power output the turbine would have without the battery intervention and P the power output after the 
ramp violation correction, ρmax is the maximum allowed ramp rate with respect to Prated (ρmax = 0.05, 0.075, 0.1).
The output power in case of a positive violation is calculated with,
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Analogously, the same must been done in case of a negative violation for the SoC and the output power,
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As a final output of the model, a series of smoothed power production profiles obtained for different combinations 
of capacity and power ratings of the batteries was obtained. These profiles have been compared with the non-smoothed 
profile of wind generation, to obtain a ramp abatement ratio, defined as,

1
ramp violations in the smoothed profile

abatement ratio
ramp violations without the battery

  (7)

The results have been reported in Fig. 3 in terms of abatement ratio for different capacity and power of the batteries.
In particular, γb=Cb/Ēh (ratio of battery capacity over the average hourly production of the wind turbine) and πb =
Pb/Prated (ratio of the battery power over the rated power of the turbine) have been used. This allows for a better 
comparison of the relative values of the energy capacity and power ratings of the wind turbine and the tested battery 
system, while giving an idea of the energy content associated with the fluctuations of wind power output exceeding
the prescribed ramp thresholds. Furthermore, the battery size expressed as (theorical) run-time hours at maximum 
discharge power are reported. These lines indicate batteries having the same ratio of capacity (kWh) over power (kW).

Fig. 3. Contour lines plot of the abatement ratio provided by the batteries, plotted against their nondimensionalized power (πb = Pb/Prated) and 
capacity (γb=Cb/Ēh). The dashed lines indicate the run-time hours at maximum discharge power. (a) 5% max ramp ratio (b) 7.5 % (c) 10%.

A high abatement rate of 85% can be obtained with battery power and capacity ranging from Pb = 0.3∙Prated and
Cb=0.1∙Ēh, for the 5% case, to Pb = 0.4∙Prated and Cb=0.2∙Ēh for the 10% case. However, for this system it is not 
possible to abate all the fluctuations: only with a maximum ramp rate of 5% batteries that have half of the power rating 
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• The amount of energy to be charged into the battery to limit the ramp to the prescribed value;
• The energy that can be charged in a minute using the full power of the battery;
• The available storage capacity given by the difference between the current SoC and the maximum one.

The same logic is applied in case of a negative violation by considering the discharge capabilities of the battery.
The overall procedure is outlined in Fig. 2.

Fig. 2. Schematics of the power smoothing algorithm
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In case a ramp size violation occurs, after the battery intervention, the new SoC and the modified output power are 
calculated and their value updated. This repeats for every time step. In case of a positive violation, the SoC has to be 
updated, depending on one of the three scenarios outlined above, with the following equation,
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where P0 is the power output the turbine would have without the battery intervention and P the power output after the 
ramp violation correction, ρmax is the maximum allowed ramp rate with respect to Prated (ρmax = 0.05, 0.075, 0.1).
The output power in case of a positive violation is calculated with,
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Analogously, the same must been done in case of a negative violation for the SoC and the output power,
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As a final output of the model, a series of smoothed power production profiles obtained for different combinations 
of capacity and power ratings of the batteries was obtained. These profiles have been compared with the non-smoothed 
profile of wind generation, to obtain a ramp abatement ratio, defined as,

1
ramp violations in the smoothed profile

abatement ratio
ramp violations without the battery

  (7)

The results have been reported in Fig. 3 in terms of abatement ratio for different capacity and power of the batteries.
In particular, γb=Cb/Ēh (ratio of battery capacity over the average hourly production of the wind turbine) and πb =
Pb/Prated (ratio of the battery power over the rated power of the turbine) have been used. This allows for a better 
comparison of the relative values of the energy capacity and power ratings of the wind turbine and the tested battery 
system, while giving an idea of the energy content associated with the fluctuations of wind power output exceeding
the prescribed ramp thresholds. Furthermore, the battery size expressed as (theorical) run-time hours at maximum 
discharge power are reported. These lines indicate batteries having the same ratio of capacity (kWh) over power (kW).

Fig. 3. Contour lines plot of the abatement ratio provided by the batteries, plotted against their nondimensionalized power (πb = Pb/Prated) and 
capacity (γb=Cb/Ēh). The dashed lines indicate the run-time hours at maximum discharge power. (a) 5% max ramp ratio (b) 7.5 % (c) 10%.

A high abatement rate of 85% can be obtained with battery power and capacity ranging from Pb = 0.3∙Prated and
Cb=0.1∙Ēh, for the 5% case, to Pb = 0.4∙Prated and Cb=0.2∙Ēh for the 10% case. However, for this system it is not 
possible to abate all the fluctuations: only with a maximum ramp rate of 5% batteries that have half of the power rating 
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of the wind turbine and about half of its average hourly generation capacity are able to abate more than 90% of the 
ramp violations. Whereas, if the allowed ramps are larger the associated energy flows are bigger, and in the 
investigated range no combination of power and capacity can reach the same goal.

4. Battery degradation

The lifetime of a battery can be expressed as a number of full charge-discharge cycles it can sustain. However, the
batteries performing such power-smoothing service actually undergo through an irregular pattern of micro charge-
discharge cycles. The Rainflow Counting Algorithm is a technique commonly applied to estimate the battery life [19]
by considering a finite number of cycle depth intervals (δm, which is scaled with respect to the allowable Depth of 
Discharge of the battery, thus comprised between 0 and 1) and counting the number of cycles in each of discharge 
range. The relative annual battery degradation, Db, can be obtained by summing up the effect of all the M cycle depth 
intervals, through [20]:

 
1

M
B

b m m
m

D N A 


  (8)

Eq. 9 requires two empirical parameters, A and B, which are to be determined for each specific battery. However, 
a number of values for A and B are reported in the literature [19–22], and the values A=1000 and B=-1/5 have been 
chosen. Similarly to Fig. 3, Fig. 4 reports the results in term of battery lifetime Lb, which is the multiplicative inverse 
of the relative annual degradation (i.e. Lb = 1/Db) as a function of πb and γb.

Fig. 4. Life-time in years of the batteries, plotted against their nondimensionalized power and capacity. (a) 5% max ramp ratio (b) 7.5 % (c) 10%.

By comparing Fig. 3 and Fig. 4, it can be seen that the iso-abatement curves are “more vertical” meaning that the 
smoothing capability depends more on the power of the batteries, whereas their durability increases more with their 
capacity, being the iso-lifetime curves “more horizontal”. Thus, the minimum power-capacity pairings capable of 
guaranteeing an 85% abatement rate lead to a short lifetime, of about one year. In case (c), a 4 year durability can be 
reached at Cb=0.5∙Ēh, which paired with a power Pb = 0.4∙Prated enables an 85% ramp abatement ratio. The battery 
installations lasting longer than 6 years lead to an abatement ratio that can reach 70 to 75% for the three cases.

5. Conclusions

This study shows the capability of a Li-Ion battery systems in effectively abating the ramp rates of wind power
production systems. Actual wind data from a windfarm in Costa Rica coupled with a 200kW wind turbine was used 
as a reference. A wide range of batteries capacities and powers and three values for the ramp rate threshold have been 
investigated. High abatement rate can be obtained with a wide range of battery power and capacity. On the other hand, 
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the limited lifespan of battery systems showing good ramp abatement performances suggests that a thorough economic 
analysis has to be conducted, comparing the benefit coming from the smoothing effect with the investment cost 
necessary to achieve it. Furthermore, the usage of hybrid energy storage systems, comprising flywheels or ultra-
capacitors, shall be looked upon as they can help decouple the power and energy requirements of the storage systems 
and reduce the cycling stress on the batteries.
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of the wind turbine and about half of its average hourly generation capacity are able to abate more than 90% of the 
ramp violations. Whereas, if the allowed ramps are larger the associated energy flows are bigger, and in the 
investigated range no combination of power and capacity can reach the same goal.

4. Battery degradation

The lifetime of a battery can be expressed as a number of full charge-discharge cycles it can sustain. However, the
batteries performing such power-smoothing service actually undergo through an irregular pattern of micro charge-
discharge cycles. The Rainflow Counting Algorithm is a technique commonly applied to estimate the battery life [19]
by considering a finite number of cycle depth intervals (δm, which is scaled with respect to the allowable Depth of 
Discharge of the battery, thus comprised between 0 and 1) and counting the number of cycles in each of discharge 
range. The relative annual battery degradation, Db, can be obtained by summing up the effect of all the M cycle depth 
intervals, through [20]:

 
1

M
B

b m m
m

D N A 


  (8)

Eq. 9 requires two empirical parameters, A and B, which are to be determined for each specific battery. However, 
a number of values for A and B are reported in the literature [19–22], and the values A=1000 and B=-1/5 have been 
chosen. Similarly to Fig. 3, Fig. 4 reports the results in term of battery lifetime Lb, which is the multiplicative inverse 
of the relative annual degradation (i.e. Lb = 1/Db) as a function of πb and γb.

Fig. 4. Life-time in years of the batteries, plotted against their nondimensionalized power and capacity. (a) 5% max ramp ratio (b) 7.5 % (c) 10%.

By comparing Fig. 3 and Fig. 4, it can be seen that the iso-abatement curves are “more vertical” meaning that the 
smoothing capability depends more on the power of the batteries, whereas their durability increases more with their 
capacity, being the iso-lifetime curves “more horizontal”. Thus, the minimum power-capacity pairings capable of 
guaranteeing an 85% abatement rate lead to a short lifetime, of about one year. In case (c), a 4 year durability can be 
reached at Cb=0.5∙Ēh, which paired with a power Pb = 0.4∙Prated enables an 85% ramp abatement ratio. The battery 
installations lasting longer than 6 years lead to an abatement ratio that can reach 70 to 75% for the three cases.

5. Conclusions

This study shows the capability of a Li-Ion battery systems in effectively abating the ramp rates of wind power
production systems. Actual wind data from a windfarm in Costa Rica coupled with a 200kW wind turbine was used 
as a reference. A wide range of batteries capacities and powers and three values for the ramp rate threshold have been 
investigated. High abatement rate can be obtained with a wide range of battery power and capacity. On the other hand, 
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the limited lifespan of battery systems showing good ramp abatement performances suggests that a thorough economic 
analysis has to be conducted, comparing the benefit coming from the smoothing effect with the investment cost 
necessary to achieve it. Furthermore, the usage of hybrid energy storage systems, comprising flywheels or ultra-
capacitors, shall be looked upon as they can help decouple the power and energy requirements of the storage systems 
and reduce the cycling stress on the batteries.
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