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International Requirements for Large 

Integration of Renewable Energy Sources 

A. Molina-García, A.D. Hansen, E. Muljadi, V. Gevorgian,  
J. Fortmann, E. Gómez-Lázaro 

I. GENERAL OVERVIEW 

Most European countries have concerns about the integration of large amounts of renewable 

energy sources (RES) into electric power systems, and this is currently a topic of growing interest. 

In January 2008, the European Commission published the 2020 package, which proposes 

committing the European Union to a 20% reduction in greenhouse gas emissions, to achieve a 

target of deriving 20% of the European Union’s final energy consumption from renewable 

sources, and to achieve 20% improvement in energy efficiency both by the year 2020 [1]. Member 

states have different individual goals to meet these overall objectives, and they each need to 

provide a detailed roadmap describing how they will meet these legally binding targets [2]. At 

this time, RES are an indispensable part of the global energy mix, which has been partially 

motivated by the continuous increases in hydropower as well as the rapid expansion of wind and 

solar photovoltaic (PV). The International Energy Agency’s 2012 edition of the World Energy 

Outlook stated that the rapid increases in RES integration are underpinned by falling technology 

costs as well as rising fossil-fuel prices and carbon pricing, but RES integration is also encouraged 

by continued subsidies: from $88 billion globally in 2011 (compared to $523 billion in fossil-fuel 

subsidies in 2012 [3], with a share of $131 billion for electricity generation) to an estimated $240 

billion in 2035 [4]. According to [3], in 2015 RES accounted for 22% of electricity generation, which 

was approximately the same level as gas and about one-half the level of coal. Projecting into the 

future, it is estimated that by 2035 RES will account for almost one-third of total electricity 

generation, becoming the world’s largest source of electrical power generation [3]. Nevertheless, 

to avoid excessive burdens on governments and consumers, subsidy measures to support new 

renewable energy projects need to be adjusted over time as power capacity increases and as the 

costs of renewable technologies fall [4]. Therefore, during the last decade, concerns about global 
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climate change, finite conventional resources, and decreasing costs of renewables have been 

major arguments to justify the inclusion of RES and energy-efficiency policies in a significant 

number of countries [5]. In fact, most developed countries have been promoting policy principles 

and incentives to turn efficient and renewable scenarios into reality, and several are pushing for 

major renewable energy integration [6], [7]. In this context, and aiming to reduce dependence on 

fossil fuels and foreign energy sources, electricity emerges as a sector wherein renewable energy 

policies and energy-efficient initiatives are most likely to be implemented because it can be 

generated from a large variety of fuels and technologies. 

 
Moreover, 75% of the energy consumed by the residential/commercial sector is in the form of 

electricity, and approximately 35% of industrial energy consumption is in the form of electricity 

[10]. Current climate policy agreements in Europe require a reduction of at least 80% of all 

carbon-dioxide (CO2) emissions by 2050, eventually leading to the full decarbonization of the 

power sector [11]. Consequently, in European countries the ratio of conventional power plants 

has been gradually decreasing while RES are becoming more relevant [12]. In this respect, nuclear 

energy could be considered an alternative and potential solution as a carbon-free energy source; 

however, as discussed in [14], nuclear technologies currently present some relevant drawbacks. 

For example, the Fukushima Daiichi incident has raised the public’s concerns about nuclear 

energy, emphasizing the fundamental safety weaknesses and potential inspiration for terrorism 

activities. Thus, despite significant growth in low-carbon sources of energy—shifts away from oil 

and coal toward natural gas and renewable sources—fossil fuels remain dominant in the global 

energy mix [15]. Displacing fossil fuel-based generation with renewable generation presents 

many desirable outcomes within the power sector, such as the reduction in pollution and CO2 

emissions. Also, resolving significant challenges can be met through these actions—for example, 

the reliable delivery of electrical power of acceptable quality nearly 100% of the time [16]. 

In the electrical sector, global installed capacity of RES was approximately 3.6 GW in 2000, 

representing 22.4% of new power capacity installations [17]. This capacity increased up to 47.4 

GW in 2013, accounting for more than 72% of new installations. In 2014, the share of renewables 

in total electricity production exceeded 22%; hydropower accounted for 16.4%, and variable 

renewable energy (VRE) (e.g., PV and wind) for 3.6%. A number of countries already have a 

significantly higher individual share of VRE than the global figure. Denmark, Spain, Ireland, and 

Germany, for example, each have a share of more than 15%. Actually, the increased penetration 
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of renewable energy to attain the goal of the Danish government to convert the present energy 

system into an entire renewable energy integrated system by the end of 2050 [17], will be 

accomplished by large scale of WP and PV plants. For example, the WP generation capacity in 

Denmark of 4792 MW, supplying 33.2% of total electricity consumption in 2013 [18], being 

increased to 6700 MW already in 2020 [19]. According to [20], the PV generation capacity in 

Denmark of 610 MW in 2014 will be increased at 1000 MW in 2020 [21]. The International 

Renewable Energy Agency (IRENA) analysis indicates that the global share of VRE can be expected 

to increase by as much as 20% by 2030 [22]. Wind and PV resources are among the top 

technologies, with more than 115.4 GW and 80 GW installed, respectively [23]. According to [24], 

no other technology has reached or will reach enough maturity to challenge PV, wind, or natural 

gas in the next five years. In fact, wind power had a record-breaking year in 2014 after passing 

50 GW for the first time, and it reached another milestone in 2015 as annual installations topped 

63 GW, a 22% increase. China led the way, with a record 30.8 GW of new installed capacity, 

breaking the previous record it had set (in 2014) for installations in a single year [25]. 

Nevertheless, other renewable technologies (hydropower, biomass,  concentrating solar power 

(CSP), geothermal, and ocean energies) have also increased in installed capacity during the past 

decade but to a lesser degree [26]. Figure 1 shows the global net additions to renewable power 

capacity, both historical and as forecasted. During the past three years, PV power plants have 

been the largest generation source in terms of installed capacity in Europe. Indeed, in 2013 the 

installation of PV power plants was more than 11 GW (31% of total capacity). This was only 

slightly behind wind power plants, with approximately 11.2 GW (31%); and natural gas, with 10.5 

GW (23%). The installations of the remaining resources, including renewables as conventional 

types of generation, are far from these values. Figure 2 shows the estimated share of RES in global 

final energy consumption. 
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Figure 1: Global net additions to renewable power capacity—historical and forecast [8] 

 

Figure 2: Estimated share of RES in global energy consumption [9] 

 

II. ANCILLARY SERVICES IN RES: COMPARISONS AMONG DIFFERENT COUNTRIES 

The forecasted integrations of high penetrations of RES, such as wind and PV, into the 

electricity supply around the world impose the requirement that they not be detrimental to the 

overall stability of the electric power systems. One way of ensuring this is to require RES to play 

a role not only in energy production but also in the delivery of ancillary services that are needed 

to ensure stability at both the transmission and distribution levels. Definitions of ancillary services 

can differ significantly [27]. Although some definitions emphasize the importance of ancillary 

services for system security and reliability, others mention the use of ancillary services to support 

electricity transfers from generation to load and to maintain power quality. Further, some definitions 

limit the contribution of ancillary services to the transmission network; others include distribution 

purposes as well. According to [28], ancillary services can be defined as all grid-support services 
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required by a transmission or distribution system operator to maintain the integrity and stability 

of the transmission or distribution system as well as power quality. Further, the amount of 

ancillary services needed for power systems in the future will increase with high shares of RES. 

 

As grid-connected RES technologies are achieving significant penetration levels, interest in 

analyzing the potential impacts of RES on the electric distribution grid is also increasing [29]. The 

primary focus of VRE, such as wind and PV, had been on the provision of energy. Early on, because 

most types of renewable generation were connected to the medium-voltage system, the 

corresponding distribution grid codes that applied treated these renewables comparable to loads 

(in this case “negative loads”) that had to be disconnected from the grid as fast as possible in the 

case of disturbances [30]. A gradual change in thinking began in 2001 when the German 

transmission system operator (TSO) E.ON Netz published a grid code [31] that required wind 

power plant operators to ride through disturbances and to provide additional functionality (in 

addition to feeding in power) to support the operation of the conventional power stations. These 

functionalities included the provision of reactive power, the remote controllability of active and 

reactive power, the capability to keep operating after grid faults, and the capability to perform 

frequency down-regulation (e.g., to reduce the active power output in the case of an increase in 

frequency).  

 

Today, such capabilities are usually referred to as ancillary services, and examples can be found 

in the literature—e.g., the authors of [32] focused on PV production for residential applications, 

and the authors of [33] analyzed intermittent wind resources. Indeed, with an aim toward 

maintaining continuity and security in electricity supply, most countries with increasing 

penetration levels of RES have developed specific requirements to connect them to the grid (also 

known as a grid code). Grid codes aim to avoid undesired disconnection under the presence of 

disturbances—mainly voltage dips—and they establish rules and limits for the active and reactive 

power as well as expected performance under frequency and voltage oscillations. These 

requirements have mainly focused on wind power plants [34] due to their major presence in 

current power systems. In fact, annual wind power installations in the European Union have 

increased steadily during the past 12 years—from 3.5 GW in 2000 to 11.2 GW in 2013, with an 

average annual growth rate of 11%. PV generation has become the third most important 

renewable source, after hydropower and wind power. Its growth has been considerably high 
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during the last few years. For example, at the end of 2009, cumulative installed PV capacity in the 

European Union was approaching 17 GW, and one year later it accounted for approximately 30 

GW. In 2013, more than 136.7 GW of PV generation were installed globally—an amount capable 

of supplying at least 77 TWh of electricity every year [35]. Nevertheless, and despite the relevant 

presence of PV power plants in current power systems, few countries have developed specific 

technical requirements for these installations and their performance under disturbances. Usually 

these requirements have been quite similar to those for wind power plants, with the exception 

of the German Grid Code, which refers to technical guidelines and requirements specifically for 

the interconnection of PV [36]. 

Note that despite the increasing RES installations, the conceptual priority of RES in current grid 

codes is not to replace conventional generation but primarily to reduce consumption. This may 

be seen as a question of wording only, but with respect to the requirements this has a significant 

impact. For a long period of time, “negative loads” such as RES were considered to behave like 

typical loads connected to a distribution system—i.e., they should limit the impact on the grid by 

having a predefined power factor range and disconnect in the case of grid events such as relevant 

changes in voltage magnitude, voltage phase angle, or frequency. 

Largely resulting from pressure by TSOs, requirements for RES—even those connected to a 

distribution system—usually try to limit their impact on the grid. Features such as the capability 

to support the grid are often referred to as RES being “grid friendly,” and they are necessary to 

reduce possible impacts on the grid in the case of disturbances; however, note that these features 

always assume a stable grid consisting of a sufficient number of synchronous generators in 

operation that ensure basic services such as voltage stability (by providing voltage control and 

sufficient short-circuit power) and frequency stability (by providing primary control and system 

inertia). Today’s grid code requirements describing ancillary services are not intended to replace 

the basic services provided by conventional power stations. Also, today’s RES are neither allowed 

(by grid codes) nor capable (due to existing control and hardware design) to provide these 

services. The development of a next generation of RES that may provide such features on a larger 

scale (not only for a small, islanded system) is only beginning. 
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Figure 3: Net generation capacity added in 2000–2013 [9] 

 

 

Figure 4: New installed and decommissioned power capacity at the end of 2015 in the European Union [17]  

 
Figure 5: Renewable power capacity at the end of 2015 in the world, the 28 member states of the European Union (EU-28), the 
five major emerging national economies (Brazil, Russia, India, China, and South Africa; BRICS), and the top seven countries  [13]  
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A. Active Power Reserves and Frequency Control 

Frequency control services are related to the short-term balance of energy and frequency of a 

power system. According to the definition by the Union for the Coordination of the Transmission 

of Electricity [37], frequency control includes automatic (primary/secondary) and manual 

(tertiary) frequency regulation and operating reserves, as illustrated in Figure 6. This is the main 

service provided by generators (online for automatic services and online or offline for longer-

term activated services). It can also be provided from flexible loads and storage units. 

 

Figure 6: Principal frequency deviation and subsequent activation of reserves [38] 

According to the ENTSO-E classification [38], frequency control reserves are defined as frequency 

containment reserves, frequency restoration reserves, and replacement reserves; see Figure 6. In 

Denmark, the TSO (Energinet.dk) published an ancillary services strategy for 2011–2015 [39] that 

classifies the ancillary services into frequency-controlled reserves, secondary reserves, manual 

reserves, and regulating power and properties required to maintain power system stability (e.g., 

short-circuit power, continuous voltage control, voltage support during faults, and inertia). 

 
Recently, a demonstration project was conducted by the National Renewable Energy Laboratory in 

collaboration with Puerto Rico Electricity Power Authority (PREPA) to demonstrate the ability of a 

PV power plant to operate in spinning reserve mode by curtailment. Puerto Rico’s transmission 

system consists of 230-kV and 115-kV lines, 38-kV subtransmission lines, and 334 substations. 

PREPA’s typical summer daytime peak load is approximately 2.8 GW. Total installed generation in 
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the region has a capacity of 6 GW, with 173 MW of wind and PV generation; the rest is based on 

petroleum and natural gas. AES’s 20-MW Ilumina PV power plant, located in Guayama, Puerto Rico, 

consists of 40 inverters rated at 500 kWac each. Several solar irradiance sensors are placed 

strategically within the PV plant, and they are used to forecast the actual output of the PV plant. 

Based on the real-time forecast of the plant output, supervisory control is used to curtail the output 

of the PV plant partially by 20% (and subsequently 40%) to operate the PV plant with a spinning 

reserve of 20% from the maximum available power generation. The frequency control is 

demonstrated by the implementation of both the droop control and the automatic generation 

control. The demonstration projects were implemented successfully, as reported in [40]. 

 

B. Reactive Power Control/Voltage Control 

From a system point of view, voltage is the prerequisite for any kind of power transport. By 

changing the amount of reactive power provided to a grid (by changing the reactive power 

reference of power stations and active or passive sources), the power flow in the grid can be 

controlled. In most countries, RES play only a very limited role in controlling the voltage of 

transmission systems.  

 
 

Figure 7: Voltage deviation and subsequent activation of reserves [41] 

At the level of the distribution system, voltage control services focus on maintaining power 

system voltage within the prescribed bounds during normal operation and during—and 

especially following—disturbances by keeping the balance between generation and consumption 

of reactive power. Voltage control includes reactive power supply (injection or absorption), and 

it can be provided by dynamic sources (generators, synchronous compensators) and static 
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sources (capacitor banks, static voltage controllers, and FACTS 1  devices), including network 

equipment such as tap-changing transformers in the substations and loads. Voltage control has 

two targets: 

• Steady-state reactive power/voltage control: The aim is to keep the voltage profile close to 

the desired profile and within the tolerance band margins within the time frame of hours. 

This control is commonly achieved by injecting or absorbing reactive power at a voltage-

controlled node. The TSO dispatches the reactive power using the active and passive reactive 

power sources that belong to different levels—generation, transmission, and distribution—

using optimal power flow methods. Steady-state requirements are usually defined as power 

factor or voltage requirements at the level of a wind power plant, with typical response times 

in the range of seconds up to one minute. The integration of RES power stations into a power 

system has usually been facilitated with economic incentives. This is the case of reactive 

power generation. For example, in Spain in 2004 the Royal Decree 436/2004 introduced an 

incentive as a percentage of the average reference tariff. In 2007, a new incentive for reactive 

power was also introduced in Spain, IV.02, which had a scheme similar to that of the previous 

incentive. It is based on a reference value that is updated based on the Consumer Price Index 

minus a correction value. In this new scheme, hourly values are used instead of quarter-

hourly ones, and dispatches are introduced. This change was because dispatchers seek results 

at the wind power plant’s point of interconnection, but measurements are performed at the 

level of the wind power plant’s substation. The values (cent€/kWh) from these two schemes 

were 7.659 and 7.8441 in 2006 and 2007, respectively. This power factor incentive was 

suppressed in Spain in 2013. 

• Dynamic voltage stability: The aim is keep the network voltages in a dynamic time frame 

(seconds to minutes), thus preventing a slow voltage collapse event or limiting the depth and 

extension of an incident (e.g., loss of a main line, loss of generation unit). Dynamic voltage 

requirements are usually defined as reactive current response at the turbine level, with 

typical response times in the range of 30–50 ms. 

In traditional power systems, VRE proportion has been considered very small relative to 

conventional generating units. As the penetrations of RES increase—especially wind and solar—

grid codes compel renewable generation to contribute more significantly to power system 

                                                      
1 Flexible alternating current transmission system 
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voltage and reactive regulation [43]. Starting in 2006 [44], the capability to provide ancillary 

services, such as (limited) frequency control and voltage control, has become a requirement in 

grids that have a high penetration level of renewables. Nevertheless, knowledge gaps—especially 

at the level of distribution system operators—and thus the need for further research have been 

identified in the area of the provision of ancillary services from RES. For example, according to 

[43], in the context of ancillary services delivered from wind power plants, further investigations 

strengthening system reliability are necessary regarding faster and reliable communication (i.e., 

among wind power plants and system operator control rooms), dedicated tuning of the control 

strategies, estimation of available power, and coordination of offshore wind power plants to 

provide reactive power control or voltage control at their land-based point of coupling. In the 

context of ancillary services delivered from PV, further investigations are needed on available 

(regional) power estimation, faster and reliable communication and control within the plants, 

and improved control strategies. 

Grid code design depends a lot on the knowledge of the system operator and the size of the wind 

power plant. In the United States, large wind power plants interconnected to the transmission 

system are common, and as a result they are treated as power stations based on synchronous 

generators using classic (PI) voltage control. Power factor control is usually not allowed. In case 

the short-circuit power of the grid is considerably higher than the reactive power capability of 

the wind power plant, pure P-control of the voltage is used (“voltage static”) instead of a PI 

control. This is necessary because the reactive power capability of the wind power plant is too 

small to really control the voltage, and the controller of the wind power plant would be saturated. 

(See also [46] as an application in Europe.) In case a wind power plant is too far from the high-

voltage grid, voltage excursions can be significantly limited if voltage control is used. In the case 

of short-circuit ratios (i.e., the grid’s short-circuit power divided by the wind power plant’s 

apparent power) of 5 and lower, usually voltage control is needed to keep the voltage within the 

normal operating range ([47], [48], [49]). In the United Kingdom, a proportional voltage control 

(“voltage static”) is commonly used. In Germany, power factor control had been common, but 

due to the improved voltage-stabilizing capability of voltage control, voltage static at the level of 

the wind power plant is becoming the preferred method of control for newer, interconnected, 

medium-voltage wind power plants.  
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III. RES UNDER DISTURBANCES: FAULT RIDE-THROUGH CAPABILITY 

With increasing penetration levels of renewable energy in power systems, mainly due to the 

integration of wind power plants, more responsibilities must be assumed by the wind power 

plants to support power system reliability [50]. In fact, before the fast increase of such distributed 

generation units at the low-voltage and medium-voltage levels of a grid, system operators 

traditionally controlled the grid through conventional power plants. This practice changed when 

significant amounts of wind and PV were integrated into the systems, and consequently 

renewables needed to be considered in planning and operating the grid [51]. For this reason, grid 

code requirements have been extended to low-voltage ride-through (LVRT) capability, which 

demands that generation units, including renewable power plants, stay online and supply a 

specified amount of reactive current to stabilize the voltage during faults. 

 

Figure 8. Different types of grid codes based on ENTSO-E [23] 

Generally, LVRT defines steady and dynamic performances of the renewables in three 

continuous periods after a grid fault occurrs: fault transient, fault continuous, and fault recovery 

[52], [53]. According to [54], fault ride-through requirements should be extended to smaller 

generation units mainly due to the following aspects: 

• Future generation systems will be based on a vast number of distributed, power electronics-
based generators and RES that are variable and only partly dispatchable. 

• To a significant extent, RES are connected to the distribution network. 

• The objective is to proportionally allocate the requirements for future generators 

throughout Europe on a level playing field. 
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• It is of increasing importance that a single system event should not result in a large-scale 

shutdown of generation. RES generators needs to be resilient to system faults by staying 

connected (and generating) during the initial voltage transients (as conventional generators 

do today). 

Grid codes, in the widest set of the term, involve a set of rules for power system and energy 

market operation. They enable network operators, generators, suppliers, and consumers to 

function more effectively across the market. Different types of grid codes are depicted in Figure 

4. Grid code requirements under voltage dips have typically been expressed as a function of 

positive-sequence voltage against time.  

This is the case for current requirements for wind power plants submitted to voltage dips, which 

vary significantly from one country to the next, depending on the penetration level of the 

renewable technology as well as on the robustness of the national or regional power system. 

There is considerable variation even within the European Union [56], although standardization is 

being implemented [38]. In Europe, countries that have high renewable power capacity, such as 

Germany and Spain, first developed specified requirements to ensure the continuity of the supply 

side in the presence of disturbances, mainly voltage dips, and connection and continuity 

requirements for RES are becoming more demanding. Figure 9 summarizes the current grid code 

requirements provided by most European countries for wind installations connected to the grid. 

In all cases, if the rms voltage trajectories remain above the minimum voltage limits, the 

generating units shall remain transiently stable and connected to the system, without tripping a 

close-up, solid, three-phase, short-circuit fault or any unbalanced short-circuit fault on the 

transmission system [57]. In [58], the problem of testing power electronics and control systems 

through a finite set of conceivable fault voltage waveforms is addressed by setting forth a 

powerful computational technique for the design verification of wind turbine power electronic 

drives, and computational technique for design verification has been proposed by [59]. 

The industry standard for wind turbine testing is the International Electrotechnical Commission 

(IEC) Standard 61400-21 [60], which describes the test procedures for active power, reactive 

power, and fault ride-through testing. IEC 61400-27 [61] describes the corresponding generic 

simulation models and verification procedures for mode validation.  
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Figure 9. Grid code requirements of wind power plants: comparative of rms-voltage-limiting curves at the point of interconnection 
[55] 

 
As variable generation units, PV power plants may lead to possible stability problems in power systems. 

Moreover, new power flow patterns should be studied in detail to evaluate the impact of high PV 

penetration on current electric grids [62]. In this context, and to avoid potential drawbacks associated with 

undesired PV power plant disconnections, TSOs have promoted strict technical requirements for RES 

connected to the grid and submitted to disturbances. Recent reports have focused on providing preliminary 

overviews about the risks for system stability caused by the disconnection of dispersed generation in case 

of over- or underfrequency events [63]. Different examples of grid code requirements can be found in 

various countries in Europe, such as Spain, Germany, and Italy. These countries have the biggest capacities 

of PV panels installed in Europe. The Spanish TSO (REE), as system operator of the national grid, developed 

the operation procedure Requirements for Response to Voltage Dips of Production Facilities under the 

Special Regime (P.O.12.3) [64]. These requirements were approved and issued in October 2006, and only 

wind power plants were called on to fulfill the specific requisites under the presence of such disturbances. 

In November 2010, the RD 1565/2010 was proposed and issued [65], supposing an extension of the 

previous continuity requirements to PV power plants in response to voltage dips. In German, in 2008 BDEW 

published the Technical Guideline: Generating Plants Connected to the Medium-Voltage Network—
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Guideline for Generating Plants Connection to and Parallel Operation with the Medium-Voltage Network 

[66]. This revised version of the German grid code proposes two types of generation power plants—type-1 

and type-2—depending on their performance under disturbances: type-1 includes generating plants 

wherein synchronous generators are either directly connected to the grid or only through the generator 

transformer; whereas the rest of the power plants—including RES—are classified as type-2. The general 

rules in Italy can be summarized in the following reports: CEI 0-16 (which references technical rules for the 

connection of active and passive consumers to the high-voltage and medium-voltage electrical networks of 

distribution companies), CEI 11-20 (which discusses electrical energy production systems and 

uninterruptible power systems connected to the low-voltage and medium-voltage networks), and CEI 11-

32 (which discusses electrical energy production systems connected to the high-voltage network). CEI 0-21 

discusses the technical requirements for the interconnection of PV power plants. European grid codes thus 

present specific criteria for the interconnection of PV power plants and their performance under 

disturbances. In an attempt to compare these different requirements, Figure 6 shows the voltage-rms 

limitations for PV power plants at the point of interconnection. Both magnitude and the duration of the 

voltage dips according to the different European grid codes are depicted, characterizing the severity of their 

requirements and emphasizing their differences. These differences are pointed out by some authors as 

major obstacles to the deployment of distributed energy renewable sources, such as PV [67], [68]. Today, 

in an attempt to establish general rules to which new generators must adhere, the latest draft of the 

Network Code on Requirements for Generators (provided by ENTSO-E) gives guidance on the 

implementation processes for all generators wishing to connect below 110 kV and within the European 

Union; see Figure 10 and Table 1. Most developed countries are carefully observing the development of 

growing installed capacities and promoting initiatives to develop new disconnection rules for PV panels 

based on system requirements. These requirements need to be in line with the current draft version for 

the ENTSO-E network code. In general, contributions including both characterization and classification 

techniques for power disturbances can be found in [69], [70], [71]; however, only a few contributions 

present power quality surveys of renewable power installations [72], [73], [74], [75].  
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Figure 10. Guideline for grid code requirements: voltage-limiting curves for generating units at the point of 

interconnection [38] 

TABLE I 
GUIDELINEd FOR GRID CODE REQUIREMENTS: PARAMETERS FOR TIMES AND VOLTAGES WITHIN RANGES DEFINED BY THE NETWORK CODE [38] 

 
 Voltage parameters (pu) Time parameters (sec) Voltage parameters (pu) Time parameters (sec) 

Uret 0.05 – 0.3 tclear 0.14 – 
0.25 

Uret 0.05 – 0.15 tclear 0.14 – 
0.25 

Uclear 0.7 – 0.9 trec1 tclear Uclear Uret – 0.15 trec1 tclear 
Urec1 Uclear trec2 trec1 – 0.7 Urec1 Uclear trec2 trec1 
Urec2 0.85 – 0.9 and Uclear trec3 trec2 – 1.5 Urec2 0.85 trec3 1.5 – 3.0 

 

However, there is a lack of contributions focused on comparing real voltage dips to current 

requirements and estimating how severe and close to the rms-voltage limits the collected events 

are. According to the specific literature, representations usually reduce the analysis of events in 

terms of two main characteristics: minimum rms-voltage compared to time duration. These 

studies imply an important simplification of disturbances, neglecting the rms-voltage evolution 

during the event. In fact, apart from the residual rms-voltage, the severity of the faults is highly 

dependent on the voltage evolution along the disturbance as well as the point-on-wave initiation 

[76]. Therefore, a comparison between rms-voltage limits and real voltage dips based on the 

entire rms-voltage dip trajectory versus time initially appears to be more appropriate, and it is 

proposed by several authors as a relevant field of study for future work. 

  

Synchronous Power Generating Modules Power Park Modules 
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IV. RENEWABLE ENERGY CURTAILMENT 

Increasing wind and solar penetration levels may drive a power system to encounter 

transmission, distribution, or operational constraints, forcing the TSOs to take into account the 

performance of these spatially distributed renewable power plants [77]. Therefore, high levels of 

wind and solar power generation can be challenging to integrate into power systems because of 

their variability [78] and limits in predictability, leading to use curtailments, or less wind or solar 

power than is potentially available at that time [79], [80], [81]; however, curtailment of power 

stations has been a normal practice since the beginning of the electric power industry [82]. Taking 

into account the constraints imposed by flexibility in a specific power system, different solutions 

can be used to accommodate variable generation during these situations [83], such as 

dispatchable power plants, energy storage, interconnection capacity, or demand-side response 

[84]. The need for energy curtailment for variable generation is applied during a limited time, or 

transition phase, before some changes can be programmed to the grid—infrastructural, 

operational, or institutional. Even interannual oscillations in variable generation should be taken 

into account. Figure 11 shows the influence of the month on the global variable power generation 

in Spain, taking into account three typical technologies: wind, PV, and CSP. Data clearly show 

variability in the months and among the years. 

 
There are many reasons for RES curtailment, including lack of transmission and distribution 

availability or system balancing challenges. Moreover, RES curtailment is a very complex issue 

because the coincidence in the time of the curtailment, network thermal congestion, or system-

wide inertial stability problems carry out to the interaction among different sources of 

curtailment [85]. The main reasons in power systems with very high wind energy penetration 

targets are related to the lack of available transmission during a particular interval to incorporate 

some or all of the variable generation and system balancing issues [86]. In [87], a comparison of 

different levels of curtailment takes into account variable energy penetration ratios in selected 

countries/areas. For example, in the United States the Electric Reliability Council of Texas 

achieves upward primary frequency reserves from curtailed wind generation. The value of these 

ancillary services implies that curtailment does not need to be seen as a waste of energy. China 

can be considered an extreme example, because in 2013 approximately 16.23 TWh of wind 
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generation was curtailed (10.74% of total wind generation), and this value was even an 

improvement from the 20.82 TWh curtailed in 2012. 

 

   
   
 (a) Solar PV generation (b) CSP generation 

 

 
(c) Wind generation 

Figure 11: Variable generation in Spain  
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Transmission congestion is usually related to the development timescales of variable 

generation power plants. They can generally evolve much more quickly than the new required 

transmission projects, leading to a timing mismatch in construction between wind development 

and new transmission [88]. It may take 5–10 years to plan (or more, depending on the country), 

permit, and construct a transmission line, whereas a wind or solar project can be planned, 

permitted, and constructed in 1–3 years [88], [89], [90]. System balancing issues typically occur 

with high wind generation at night, when loads are low and thermal units are pushed down 

against their minimum operating constraints, and the generation excess cannot be exported to 

other balancing areas due to transmission constraints [91]. In some countries, such as Spain, 

variable generation, mainly wind, may be curtailed after other power plants are pushed down 

against their minimum operating constraints, reducing or even removing power imports reduced. 

The low capacity factor of variable generation and the uncertainty and variability associated with 

it, together with the system flexibility, are the main reasons for this kind of curtailment [84]. In 

countries with large amounts of wind power, this issue could be regulated somehow. For Spain’s 

power system, this kind of curtailment is referred to in the Non-Integrable Wind Power Excess 

and is defined in the Operational Procedure 3.7 [92]. On the other hand, in the distribution 

system, curtailment can occur to avoid high penetrations or back-feeding, in which more energy 

is produced at the feeder level than consumed. In some cases, high penetrations of solar PV 

generation on feeders can lead to voltage control issues due to the variability of the resource 

[93]. 

Curtailments can be related to other reasons as well, such as grid stability and short-circuit 

power, mainly due to disturbances and voltage dips affecting the network. Such curtailment 

measures though are more likely to be observed in small, isolated systems, such as Ireland [94]. 

It has been identified that higher, instantaneous system, nonsysnchronous penetration levels 

may require wind power curtailment, unless no other measures to maintain the system stability 

are considered. In many countries this issue is partially solved due to the fact that most wind 

power plants and solar PV power converters can support LVRT [94]. In Spain, approximately 95% 

of wind generation is certified under LVRT requirements, and therefore curtailment due to 

voltage dips has not been an issue since 2009. 
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In Spain, curtailments can be classified, according to market procedures, in two categories: real 

time and programmed. Real-time curtailments are obtained from the intraday markets. On the 

other hand, programmed curtailments are set before the day-ahead market is closed (Basic 

Operation Program, PDBF). The former is partially compensated as a function of daily market 

price, and the latter is not economically compensated [96]. In the case of wind generation, in 

Spain set points due to real time curtailments are calculated and delivered—through the Control 

Centre of Renewable Energies (CECRE)—with maximum wind nodal production, and wind power 

plants affected must adapt their production to the given set point within 15 minutes. CECRE is an 

operating unit within the power control center (CECOEL) that is connected to 98.6% of installed 

wind power capacity in Spain, whereas the remaining wind power (1.4%) is estimated. CECRE has 

been in operation since 2006, and it is considered a worldwide pioneering initiative to monitor 

and control renewable power plants, specifically wind power plants. CECRE does not tele-

command generation equipment; this function is done by generation control centers. The 

telecommunication deployment of almost 800 wind power plants has been accomplished by 

aggregating power stations larger than 10 MW. Measurements such as active and reactive power, 

voltage, connectivity, temperature, and wind speed and wind direction are taken from wind 

power plants every 12 seconds and sent to a Renewable Energy Resource Control Centre (RESCC). 

 
TABLE II 

WIND GENERATION AND CURTAILMENT DATA BY COUNTRY (2013) [79] 

Country China Germany (2012) Ireland Italy Spain United States 

Electricity generation 
(TWh) 

5372 577 26 290 284 4066 

Wind generation (GWh) 142,000 50,600 5872 14,811 54,338 167,840 

Wind/electricity generation 2.6% 9.8% 22.5% 5.1% 19.2% 4.1% 

Wind curtailment (GWh) 16,230 358 196 152 1166 — 

Wind 
Curtailment/generation 

11% 0.7% 3% 1% 2% 1–3% 
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Curtailment data during 2013 for different countries are shown in Table 2 [79]. Wind 

curtailment typically ranged from approximately 1%–3% of wind generation levels, although 

China exceeds this range, getting 11%. The implementation of curtailment in a power system is a 

complex issue because under certain conditions some events can produce severe deviations from 

the original set points of the TSO. In [94], a curtailment event with an overresponse in the level 

of the curtailment is described. It is shown that the Spanish TSO imposed different set points by 

taking into account the Non-Integrable Wind Power Excess. This example occurred in January 

2010, and the final curtailment due to the overresponse in the wind power generation was more 

than four times the wind power curtailment originally required. Although this type of event could 

be classified as exceptional, the operation of the power system can be put at risk, even with from 

an economic point of view, because upward reserves are used for balancing, which increases the 

associated costs. Therefore, the evolution of the flexibility exhibited in the power system is 

related to the level of curtailment applied to variable generation. An example of this relationship 

is shown in [96] using the parameter, Pflex1, in which values are referred to the registered values 

during a year. Two case studies representing curtailments in wind generation in two situations 

are examined: low power demand (off-peak periods) and high wind power contribution in the 

first case, and during high wind power forecast error stages in the second case. 

 

The parameter  (pu), shows the availability of flexible generation 
during the curtailment compared to the ordinary power system operation. Pmax−year is the 

maximum yearly power value for that technology, Pmin−year is the minimum yearly power value for 

that technology, and P the power value for the considered time period. 

Figure 12 shows the evolution of generation—wind and nuclear power—during Easter 2013. 

On March 31, due to the large amount of wind generation in conjunction with the significant 

amount of rainfall, saturation of the hydraulic reserves occurred. Moreover, due to the holiday 

season, this is one of the periods of the year with lower power consumption. So reserves for the 

pumped storage hydropower could not be used, and most of the hydraulic power plant became 

unmanaged. The result was a huge amount of curtailment in wind generation, reducing at the 

same time the nuclear generation, approximately 1,000 MW; see Figure 12c. The evolution of the 

flexibility in the power system is shown in Figure 12b, wherein eight steps are considered, taking 

into account the flexibility imposed by the hydropower generation, pumped hydropower 
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generation, combined-cycle gas turbine, and the demand, together with the international 

imported/exported electricity. The figure clearly shows the evolution of Pflex with changes in the 

hydropower generation together with the international import/export. This phenomenon has 

occurred several times in Spain, although not as severe, due to the explosive cyclogenesis and 

heavy rainfall combined with high wind production; therefore, increasing the flexibility of the 

system is the best way to reduce curtailments. The methods of increasing system flexibility 

depend on the power system, with different possibilities taking into account the proportions of 

each method [97], [98], [99]. The main ones are grid capacity, physical additions to the system 

(such as storage or new transmission lines [100], [90]), power system operational changes (such 

as economic dispatch or improved forecasting [102]), and institutional changes (such as access to 

new markets [102]). 

 

 
 (a) Wind power generation (b) Flexibility evolution 
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(c) Nuclear power generation 

Figure 12: Evolution of wind and nuclear power generation during Easter 2013 in Spain 
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