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Abstract 9 

Variable renewables such as solar photovoltaics and wind power are key technologies for achieving the 10 

decarbonization of the power sector. However, they differ significantly from conventional power generation 11 

sources. As the share of variable renewables increases, these differences lead to numerous challenges in power 12 

systems. Failure to deal with these challenges may jeopardize power system reliability or the achievement of 13 

decarbonization targets. Various solution technologies are available to mitigate these challenges. The extant 14 

literature, however, lacks clarity on the scope of the challenges and the solution technologies to address them. 15 

This study provides a comprehensive overview of challenges and solution technologies among all domains of 16 

the power system. The interrelation matrix of challenges and solution technologies developed in this study 17 

provides important insights: First, solution technologies vary significantly in their potential to solve certain 18 

challenges. The solution potential of different technologies can therefore help prioritize solution technologies in 19 

addition to focusing on cost-effective options. Second, it is possible to identify groups of solution technologies 20 

that can help mitigate certain challenge groups. The categorization developed in this paper helps to better 21 

specify the need for specific solution technologies and enhances transparency of the complex process of 22 

renewable energy integration.  23 
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1. Introduction 1 

The deployment of renewable energy sources is a major lever to decarbonize the power sector and mitigate the 2 

effects of climate change [1]. In the last decades, there has been unprecedented growth in two technologies in 3 

particular—solar photovoltaics (PV) and wind power—with respective global shares of 4% and 7% in installed 4 

capacity and average annual increases of 27% and 13% over the last 5 years [2,3]. These variable renewables 5 

(VRE) differ in various aspects from conventional generation technologies. Mueller et al. [4] summarize those 6 

aspects in six characteristics: VRE generator output (1) varies due to its primary resource variability and (2) is 7 

unpredictable; (3) VRE generators are modular and small in size; (4) they are location-constrained; (5) unlike 8 

conventional generators, VRE generators are mostly non-synchronous types; and (6) they have low short-run 9 

costs. These characteristics create challenges in existing power systems. In this context, challenges are defined 10 

as causes that adversely affect the performance characteristics of an interconnected power system.1 Examples of 11 

such challenges include missing transmission grid capacity or insufficient generation adequacy, the latter of 12 

which relates to the ability of an existing generation portfolio to match power demand at all times [5–8].  13 

These challenges can be addressed by various solution technologies. In our context, these new or modified 14 

technologies mitigate the effects of one or more challenges2. Examples of solution technologies related to 15 

previously mentioned challenges include transmission grid expansions as well as distributed or centralized 16 

storage devices. Solution technologies are important for integrating VRE into power systems and ultimately 17 

achieving decarbonization targets, but deploying these technologies may create complications due to three 18 

primary reasons: First, the choice of solution technologies depends on various factors, such as cost, maturity, 19 

range of applications, and explicit or implicit technological preferences of firms or policy makers [9,10]. 20 

Second, decisions about the use of specific solution technologies are not made by a single entity but rather by a 21 

number of actors, including system operators, utilities or regulators [11,12]. Third, solution technology needs 22 

vary by region based on VRE share in power generator portfolios or individual power system configurations, 23 

such as island systems versus strongly interconnected systems [13,14].  24 

Most importantly, however, energy transition researchers and practitioners lack sufficient transparency 25 

regarding the scope of challenges and the available solution technologies to address these challenges [6,12,15]. 26 

Some authors offer analyses of individual challenges and propose specific solution technologies, such as voltage 27 

management solutions for transmission and distribution grids with high VRE penetration [16–18]. However, 28 

these studies may undervalue solution technologies that can potentially address a wider range of challenges such 29 

as battery storage, which can also help to address generation adequacy challenges. Similarly, others investigate 30 

scenarios for the deployment of specific solution technologies [19–21] such as increased transmission or storage 31 

capacities, but these studies only rarely consider substitution effects between the different solution technologies. 32 

Still other authors focus on several or aggregated challenges, particularly on the flexibility challenge [22–26], 33 

but define challenges on a rather aggregate level, which may lead to excluding certain solution technologies3. In 34 

                                                           
1 For the purpose of this study, an interconnected power system ranges from the generating unit on one side to 
the grid connection of the end user on the other side. 
2 Our review only covers solution technologies that are currently commercially available. 
3 Not differentiating between insufficient short- or long-term generation adequacy, for example, excludes 
demand response as solution technology since it is only effective in the shorter term. 
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summary, while individual challenges and solution technologies may be known, the literature lacks a transparent 1 

overview of each. This is specifically important for energy transition researchers as well as decision makers in 2 

policy and businesses who define strategies and technology roadmaps for the future development of power 3 

systems. This study offers such an overview by addressing the question what are the challenges of VRE 4 

integration and which solution technologies are available to address these challenges.  5 

This study is structured as follows: Section 2 describes the research approach consisting of three steps: First, 6 

data from a structured literature analysis is used to iteratively compile lists of challenges and solution 7 

technologies and map their interrelations. Second, to address the lack of consistency in identifying and 8 

classifying challenges, a root-cause analysis is used to structure the collected challenges. This approach helps to 9 

differentiate between the observable symptoms, i.e. changes in key performance characteristics of the electricity 10 

system, and the sequence of causes that can be traced back to the VRE characteristics. Third, the analysis is 11 

further complemented by information gained from expert interviews to ensure robustness of the results. In 12 

Section 3, results are presented regarding the challenges, solution technologies, and their interrelations, while 13 

relevant implications for firms and policy makers are discussed in Section 4. Section 5 concludes with the main 14 

contributions of the study and areas for future research. 15 

2. Method and Materials 16 

This section introduces the methodological approach and the data sources that form the basis of this analysis. 17 

The section is structured in three parts. First, it explains how challenges and solution technologies have been 18 

collected and clustered for this study. The second section introduces the logic of the root cause analysis that 19 

helped to structure the challenges in a consistent way. Third, the validation of the interrelation analysis through 20 

expert interviews is described. 21 

2.1 Collection of challenges and solution technologies 22 

The collection of challenges and solution technologies was based on a structured analysis of journal 23 

publications, conference proceedings, and grey literature from institutional authors written in English. The 24 

analyzed sample consisted of literature from two sources. The first source was a sample of publications retrieved 25 

from the Web of Science [27] database. This sample was developed in a two-step iterative process: (1) bottom-26 

up, by adapting the search query, and (2) top-down, by determining whether publications deemed relevant prior 27 

to the database search were included in the chosen sample. The sample was finalized in May 2019—the final 28 

search query, including further details on the search rationale, can be found in Appendix A. The second source 29 

consisted of studies by institutional authors who were not in Web of Science. These studies were obtained 30 

through a targeted web search for technical reports published by larger research and consulting institutions. Like 31 

the database query, this sample was collected in May 2019. In total, 130 studies were obtained and analyzed in 32 

May 2019.  33 

In order to reduce the sample size to studies that provide a comprehensive overview of challenges and solution 34 

technologies, the literature was categorized as follows: In the first step, the sample was split between studies that 35 

deal with single challenges or solution technologies (focus studies) and multiple challenges or solution 36 

technologies (systemic studies). In the second step, a distinction was made between studies which specifically 37 
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focus on challenges or solution technologies and other foci such as VRE diffusion or case studies of VRE 1 

integration in a specific region. This two-step process reduced the sample to 57 studies, of which 25 focus on 2 

market or regulatory issues and 32 present a technological or operational perspective on challenges and solution 3 

technologies for VRE integration. The studies of the latter group were subsequently used as a basis for 4 

extracting challenges and solution technologies. Focusing on studies with a technological and operational 5 

perspective eliminated ambiguity in identifying challenges, as doing so relies on underlying technical 6 

phenomena. This argument can be illustrated through the following example: Several studies [19,23] identify 7 

the merit-order effect as a result of increased VRE penetration at zero marginal cost as an important challenge 8 

for the integration of renewables. However, there are ambiguities in defining the challenge from an economic 9 

perspective, as lower spot market prices for power may be desirable from a societal perspective. However, 10 

defining the challenge from a technical perspective, i.e. insufficient generation adequacy, resolves this 11 

ambiguity because the potential effects (load shedding or black-outs) are not desirable for stakeholders. As this 12 

example illustrates, the chosen focus does not mean that institutional or organizational challenges are 13 

overlooked—by departing from a technical point of view, institutional or organizational changes are in fact 14 

measures that ultimately lead to a reconfiguration of the technical system, i.e. to increase the share of one or 15 

more solution technologies in the power system. Appendix B illustrates the literature analysis process and the 16 

relative size of the literature groups identified in the analysis, and Appendix C provides an overview of the 17 

studies reviewed in detail.  18 

The final sample constituted the body of literature for collecting challenges, solution technologies and their 19 

interrelations, and served as input for the interviews that were conducted at a later stage of the research process. 20 

Due to the intangible nature of challenges, their wording and descriptions vary among studies. Therefore, 21 

challenges were first collected in long form and then iteratively clustered, rephrased, and aggregated. For the 22 

collection of solution technologies, two requirements were defined. First, the technology in question needs to 23 

independently mitigate one or more of the challenges of VRE integration. This requirement is important because 24 

it prevents classifying sub-technologies as solution technologies. Smart meters are an example of such a sub-25 

technology: they enable technologies such as demand response, but do not independently mitigate VRE 26 

integration challenges. Therefore, demand response was classified as a solution technology, but smart meters 27 

were not. Second, the study followed the approach of Arthur [28] and defined solution technologies via their 28 

functions. This helps to exclude solution technologies that are only incrementally different from each other. 29 

Sticking with the example of demand response, the function of this technology is to reduce the power 30 

consumption of certain devices at a specified time. Yet, performing demand response operations with different 31 

devices, such as heat pumps or electric heaters, does not constitute different solution technologies since they 32 

ultimately serve the same function.  33 

The interrelations between challenges and solution technologies that this study developed were also based on the 34 

reviewed literature. To identify these interrelations, all solution technologies mentioned in connection with a 35 

specific challenge were listed. On this basis, an interrelation matrix between all challenges and solution 36 

technologies was built, which was subsequently validated through expert interviews.  37 
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2.2 Root cause analysis 1 

As mentioned in Section 2, the refined list of challenges from the reviewed literature still contained challenges 2 

with different levels of detail, as well as challenges with causal relations between each other. To analyze the 3 

interrelations between challenges and solution technologies, it is important that challenges are mutually 4 

exclusive4. Therefore, the study applied the root cause analysis methodology, a standard tool from the area of 5 

quality management. The objective of this method is to identify ultimate causes for specific problems or events 6 

through causal chains that lead from the observable symptom of the problem to its root cause [29]. For instance, 7 

Hare et al. [30] use this method to categorize failure modes of micro-grids in order to accelerate fault-finding 8 

and resolution. To apply this method, the symptoms of increased VRE penetration were identified from the 9 

literature sample. As stated in Section 1, these symptoms represent observable impacts that have an adverse 10 

effect on the performance characteristics of the power system. The challenges identified in the literature were 11 

then mapped using tree structures, each starting with a symptom and ending with one or more specific VRE 12 

characteristics as root causes. To ensure reliability of this approach, two authors independently created the tree 13 

structures. The agreement between authors was 90%. This process resulted in a mutually exclusive list of 14 

challenges structured via the observable symptoms of increased VRE penetration.  15 

2.3 Semi-structured interviews 16 

In order to ensure that the lists of challenges, solution technologies, and their interrelations were comprehensive, 17 

semi-structured interviews with different experts from the power sector were conducted. For this purpose, only 18 

interviewees with technical expertise in the overall power system or with different solution technologies were 19 

chosen. The expert sample covered representatives from technology providers, consultancies and system 20 

operators, as well as different power market participants. A total of fourteen interviews were conducted. All 21 

interviews lasted approximately 60 minutes. Table 1 provides an overview of the interviewees. In order to 22 

validate the findings of the analysis, the consolidated list of challenges, solution technologies, and interrelation 23 

matrix were sent to the interviewees prior to the interview. As the interviews progressed, there were increasingly 24 

fewer new insights gained from the interviewees. Therefore, the number of interviews was deemed sufficient to 25 

validate the findings of the analysis.  26 

Table 1  27 
Overview of expert interviews. 28 

 29 

                                                           
4 For solution technologies, mutual exclusiveness was established by differentiating each by their functions, as 
explained in the previous section. 

# Stakeholder Role
1 Policy consultancy Senior consultant
2 Power system consultancy Senior consultant
3 Storage technology provider Business developer for storage solutions
4 Transmission system operator Product manager for renewable energies
5 Demand response provider Operations manager
6 Transmission system technology provider Product manager for HVDC solutions
7 Generation technology provider Head of technical marketing for generators
8 Distribution system operator Head of innovation
9 Transmission system operator Head of innovation
10 Power system consultancy Senior power system consultant
11 Transmission system technology provider Senior design engineer for grid technologies
12 Smart grid technology provider Chief Operations Officer
13 Integrated electric utility Senior Transmission Technology Advisor
14 Electric utility Senior Technology Advisor
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3. Results 1 

This section is structured as follows: First, the challenge categories and the list of challenges compiled using the 2 

root cause analysis are presented. Second, the solution categories and the solution technologies are described in 3 

detail. Lastly, challenges and solution technologies are combined in an interrelation matrix and main 4 

observations are pointed out. 5 

3.1 Challenges 6 

Table 2 provides an overview of the eight symptoms of increasing VRE penetration identified through the 7 

review of the literature. The symptoms can be grouped into four categories that align with basic performance 8 

requirements of the power system. In the following, the categories are briefly characterized.  9 

Sufficient power quality is the dominant performance requirement for end consumers. The power quality 10 

category comprises the requirements for uninterrupted power supply and stable conditions of voltage and 11 

current, as well as safe conditions in case of outages. The underlying VRE characteristics largely responsible for 12 

power quality challenges include the modularity of VRE generators and the fact that they are non-synchronous. 13 

The flow category is related to the efficient transmission and distribution of power. Root causes for challenges in 14 

the flow category are manifold in comparison to the other categories. VRE variability, modularity, and location-15 

constraints result in the largest share of flow challenges. The stability category is concerned with the control of 16 

frequency and voltage in the power system as well as system recovery after blackouts. Stability challenges are 17 

mostly caused by the modularity of VRE generators and the fact that those generators are non-synchronous. The 18 

power balance category comprises challenges connected to the short- to long-term balance of supply and 19 

demand of active power in the system. This includes the system-wide coordination of the ramp rate capacities 20 

and the minimum generation levels of a power system5. Balancing challenges are caused by VRE variability and 21 

uncertainty. In sum, the root cause analysis provides a consistent bottom-up categorization of challenges 22 

according to the symptoms present in power systems with increasing VRE penetration. A detailed overview of 23 

the relation between the challenges and their underlying VRE characteristics is included in Appendix D. 24 

Table 2 25 
Challenge categorization according to the root cause analysis. 26 

 27 

                                                           
5 Analytically, balancing challenges are addressed with the help of different concepts, such as net load or the 
load carrying capacity of renewables [24,71]. 

Category Symptom
- local trips, shorter lifetime or damage to equipment at end consumer
- safety hazards

- regional trips, shorter lifetime or damage to transmission and distribution equipment 
- loop flows, redispatch or curtailment due to congestion
- increased losses

- increased dynamic stability violations, redispatch or curtailment due to stability concerns
- controllability or resonance issues

Balance - increasing mismatches between supply & demand

Quality

Flow

Stability
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Figure 1 provides a schematic overview of the root cause analysis performed on a power grid symptom, in this 1 

case, mismatches between power supply and demand. This symptom is the origin of five causal chains that 2 

originate from different VRE characteristics. In order to ensure an appropriate level of granularity for further 3 

analysis, the cause immediately preceding the root cause is chosen as the challenge for the interrelation 4 

analysis6. It should be noted here that mismatches between supply and demand may have many other reasons in 5 

addition to increased VRE penetration. Lund et al. [24], for example, identify the limited dispatchability of coal 6 

and nuclear power plants as a reason for insufficient flexibility of power systems. However, since this study 7 

solely focuses on challenges of VRE integration, only root causes connected to increased VRE penetration were 8 

considered for this analysis.  9 

 10 

Fig. 1. Root cause analysis for balancing challenges (challenges in bold). 11 

Root cause analyses similar to that which is summarized in Figure 1 were performed for all eight symptoms 12 

caused by increased penetration of VRE. Table 3 summarizes the list of challenges, including a categorization 13 

and description of each challenge as well as a reference to the observable symptom. In total, 26 challenges were 14 

identified. The greatest number of challenges were connected to power flow and stability of the power system.  15 

                                                           
6 Choosing the root cause itself (on the right of Figure 2) always leads to one of the six VRE characteristics, 
while choosing higher level causes (on the left in Figure 2) would lead to defining challenges on a rather 
aggregated level to obtain meaningful results. 
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Table 3 

Challenges of VRE integration. 

[4–6,11,13,14,19,22,23,31–58] 

 

Cate-
gory Challenge Description Source

Increasing flicker
VRE generator feed-in via power electronic-based inverters increases flicker content locally. This leads to reduced equipment lifetime, trips or equipment damage at end 
consumers. [31,32]

Increasing harmonic distortions
VRE generator feed-in via power electronic-based inverters increases harmonic distortions. This leads to reduced equipment lifetime, trips or equipment damage at end 
consumers. [34,54]

Unreliable shut-down during 
blackouts

VRE generators that continue generating electricity within areas that are disconnected from the larger network constitute safety hazards for maintenance or repair 
operations. [30,35]

Increasing local voltage excursions
VRE generator feed-in in lower grid levels at times of low consumption increases the system voltage at end consumers. This leads to overloading and results in reduced 
equipment lifetime, trips or equipment damage. [13,18]

Increasing regional voltage 
excursions

VRE generator feed-in in radial distribution grid feeders increases the system voltage in these areas. This leads to overloading of feeder equipment and results in reduced 
lifetime, feeder trips or equipment damage. [34]

Missing distribution grid capacity
The existing distribution grid environment is insufficiently sized to accommodate power feed-ins from VRE generators. If insufficient sizing is recognized, this will result in 
curtailment of VRE generators. If insufficient sizing is unrecognized, this will result in reduced lifetime, feeder trips or equipment damage. [19,23]

Increasingly volatile flow patterns 
from lower grid levels

VRE generation on lower voltage levels makes power flows more volatile and less predictable. This leads to increased continuous or temporal curtailment of VRE 
generators. [41]

Inadequate protection design
Protection schemes in lower voltage grid areas are not designed for increasingly dynamic load flows due to VRE generation. Inadequate protection scheme design causes 
unintended trips or overloading, resulting in shorter lifetime or equipment damage. [33]

Increasing short-circuit currents
VRE generators connected on lower voltages levels increase short circuit currents in case of faults on the network. The increased currents can lead to further trips or 
equipment damage. [52]

Missing controllability of VRE 
generation

Small VRE generators are traditionally not equipped with a remote control interface. Uncontrolled feed-in of VRE generation leads to unplanned power flows resulting in 
reduced equipment lifetime, trips or equipment damage. [5,41]

Missing visibility of VRE generation
Grid equipment in the lower voltage levels do not measure load flow or equipment loading. VRE feed-in in these areas leads to unplanned flows that result in reduced 
lifetime, feeder trips or equipment damage. [39]

Narrow voltage trip limits
VRE generators are required to trip outside a specified voltage band. Increasing voltage deviations due to VRE generation therefore leads to increased tripping of VRE 
generators. This in turn causes trips in larger grid areas, shorter equipment lifetime or potential equipment damage. [33]

Missing transmission grid capacity
Insufficient transmission capacity between VRE generation and consumption locations leads to curtailment of VRE generation, redispatch activities or unintended 
transmission flow, such as loop flows. [23]

Increasing transmission distances
The location dependency of VRE generation requires increasingly long transmission distances between generation and consumption locations leading to higher transmission 
losses. [5]

Insufficient reactive power provision
In comparison to conventional generators, VRE generators have lower reactive power output. VRE deployment and simultaneous power transmission expansion requires 
higher levels of reactive power to maintain system voltage. The undersupply of reactive power leads to violations of dynamic stability regulations, redispatch or curtailment 
of VRE generation.

[40]

Decreasing level of short-circuit 
power 

VRE generators produce significantly less short-circuit power in comparison to synchronous generators. A low level of short-circuit power increases voltage instability and 
complicates fault detection. This leads to violations of dynamic stability regulations, redispatch or curtailment of VRE generation. [55,40]

Decreasing level of inertia 
VRE generators provide significantly less rotational inertia in comparison to synchronous generators. This leads to faster frequency excursions in cases of imbalance in 
supply and demand. Faster frequency changes violate dynamic stability regulations and lead to redispatch or curtailment of VRE generation. [4,40]

Inadequate coordination of 
frequency trip limits

VRE generators are required to trip outside a specified frequency band. With increasing VRE penetration levels this requirement leads to violations of stability regulation 
by tripping an increasing amount of generation at a specific point. [5,56]

Inadequate coordination of voltage 
trip limits

VRE generators are required to trip outside a specified voltage band. Increasing voltage deviations due to VRE generation therefore leads to increased tripping of VRE 
generators. This in turn leads to cascading trips, violations of dynamic stability regulations or amplification of stability incidents. [46]

Decreasing frequency control 
reserves

Short-term variability of VRE generation increases the need for frequency control reserves in order to stabilize system frequency. At the same time, VRE generators are not 
providing frequency reserves. The lack of these reserves leads to the violation of dynamic stability regulations, redispatch or curtailment of VRE generation. [46,57]

Increasing control interactions
VRE generators connected via controlled inverters can interact with the electricity grid leading to unobserved power oscillations. If uncontrolled they can lead to reduced 
equipment lifetime, trips or equipment damage. [35,45]

Insufficient short-term generation 
adequacy

Increasing VRE generation leads to changed performance requirements for conventional generation, like faster ramping requirements. Insufficient adequacy for these 
performance requirements can lead to predictable short-term mismatches between generation and load, redispatch or curtailment. [14]

Insufficient long-term generation 
adequacy 

Increasing VRE generation leads to changed performance requirements of conventional generation, like night-time or seasonal balancing of power generation. Insufficient 
adequacy for these performance requirements can lead to predictable long-term mismatches between generation and load. [22,23]

Insufficient firmness of VRE 
generators 

Variability of VRE generation increases the uncertainty of firm generation capacity estimations. This leads to higher reserve requirements and increasing unscheduled 
mismatches between generation and load, balancing power activation, redispatch or curtailment. [19,58]

Insufficient forecasting of VRE 
generators

Variability of VRE generation leads to increasing forecast inaccuracies. The results are unscheduled mismatches between generation and load, balancing power activation, 
redispatch or curtailment. [46,49]

Restricted dispatchability of VRE 
generators

The performance range of VRE generators is restricted by their fluctuating primary resource provision. Using VRE generators to balance unforeseen outages of other 
generators is therefore limited. This leads to unscheduled mismatches between generation and load and balancing power activation. [50]

Q
ua

lit
y

Fl
ow

St
ab

ili
ty

Ba
la

nc
e



- 9 - 

3.2 Solution technologies 1 

Similar to challenges, the literature does not provide means to categorize solution technologies. Most 2 

categorizations are implicit due to the focus of different studies. Studies on power system flexibility, for 3 

instance, primarily focus on technologies that generate or consume active power [14,23], while studies on 4 

electricity networks tend to focus on technologies for power transmission and distribution [40]. Overview 5 

studies, such as those comprehensively listing solution technologies, do not classify these technologies [5]. By 6 

establishing a categorization for solution technologies, this study (1) contributes to current debates on the 7 

transformation of the power sector, and (2) is able to draw higher level conclusions. Similar to Houseman [49], 8 

this study uses a top-down classification of two characteristics assigned to each solution technology. 9 

The first characteristic reflects a debate in the literature about whether the transformation of the power sector 10 

will lead to a more distributed system or whether it will remain centralized [59,60]. Therefore, this analysis 11 

differentiates between whether a solution technology is deployed in a distributed or centralized manner, i.e. 12 

whether it is deployed on higher voltage or lower voltage levels in the system. The second characteristic follows 13 

the implicit categorization between generation technologies on the one hand and transmission and distribution 14 

technologies on the other hand, as has been done in previous studies. Solution technologies are therefore 15 

classified as flexibility technologies, i.e. technologies that contribute to system flexibility by generating or 16 

consuming active power, or as grid technologies. Through the assignment of two characteristics per technology, 17 

solution technologies can be divided into four groups. Table 4 illustrates the nested hierarchy of groups 18 

including a description, a solution example, and potential applications of each solution technology. In total, 21 19 

solution technologies are identified, of which 10 solution technologies are distributed and 11 solution 20 

technologies are centralized. When differentiating grid versus flexibility technologies thirteen solution 21 

technologies are grid technologies, while eight are flexibility technologies.  22 

Interestingly, grid technologies, independent of whether they are distributed or centralized, serve more specific 23 

applications than flexibility technologies (see column application example). For example, the sole purpose of 24 

state estimation solutions for distribution grids is to measure or estimate the state of a certain grid area, while 25 

demand response, a flexibility technology, can serve several applications. Another observation is that, at first 26 

glance, distributed and centralized flexibility technologies seem to be quite similar. A closer look, however, 27 

reveals that the technologies largely differ in their design, their ability to serve different applications and their 28 

respective owners and operators. This can be illustrated with the case of distributed vs. centralized storage. 29 

Distributed storage technologies, on the one hand, are usually enclosed battery units installed at household-level. 30 

Their prime application to date is optimized self-consumption and the units are mostly owned by the households 31 

(i.e. the end consumers) themselves. Centralized storage, on the other hand, can, for example, be hydro pump-32 

storage units or large, connected stacks of batteries. Their prime application is short-term power supply for peak 33 

periods or maintaining power system stability. As opposed to distributed storage, centralized storage is usually 34 

owned by utilities or system operators. 35 

 36 
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Table 4 

Solution technologies for the integration of VRE. 

 

 

Solution Description Solution example Application example Sources
Modifications on distributed  VRE 
generators

Modifications in the  primary equipment, the control or operation of distributed 
VRE generators

Grid friendly PV plant Solar tracking, low voltage ride through, reactive power 
provision

[39,56]

Distributed conventional generators Conventional generators with increased performance in ramping capability, 
number of starts or partial load operation in commercial and household 
environments

Reciprocating engine Optimization of self-consumption, peak shaving, balancing 
power provision, peak load provision

[13]

Distributed storage Distributed storage devices in household, commercial or small industrial 
environments

Lithium(Li)-Ion battery,  lead acid battery Optimization of self-consumption, peak shaving, balancing 
power provision, peak load provision

[6]

Distributed demand response Controlled decrease or increase of electricity consumption of electric devices, 
mostly in households or commercial environments 

Control of an electric heater or heat pump Peak shaving, balancing power provision, peak load 
provision

[5,6]

Distribution grid reinforcement / 
expansion

Grid reinforcement or expansion in the distribution grid using conventional 
equipment

Overhead line, cable, transformer Transmission capacity increase, active and reactive power 
flow optimization, grid reliability improvement

[41]

Adapted equipment protection 
strategies

Revision of protection functions and protection schemes to ensure fault 
detection and prevent false protective events

Direct transfer trip scheme, reclosure 
interlock

Avoidance of relay desensitation, avoidance of nuisance 
tripping

[37]

Voltage management solutions for 
distribution grids

Devices that facilitate the control of voltage fluctuations in distribution grid 
areas or feeders

On-load tap changer for distribution 
transformers, static var compensator

Voltage control in distribution grid feeders [34,37]

State estimation solutions for 
distribution grids

Technology to measure and estimate the electric status of a network area Phasor measurement unit Real-time VRE feed-in monitoring and control [5] 

Current limiter devices Devices for limiting fault currents High impedance transformer, current 
limiting fuse

Fault current limitation [30,33]

Harmonic filters Devices to filter harmonic distortions Active or passive filters Reduction of harmonic distortions [32,54]
Modifications on large VRE 
generators

Modifications in the  primary equipment, the control or operation of large VRE 
generators

Grid friendly wind turbine Wind turbine deloading, low voltage ride through, synthetic 
inertia provision, reactive power provision

[5,6]

New or modified large conventional 
generators

Conventional generators with increased performance in ramping capability, 
number of starts or partial load operation in industrial or utility environments

Gas turbine, reciprocating engine Balancing power provision, peak load provision [14]

Centralized storage Storage devices in industrial or utility environments Pumped hydro storage, Li-Ion or lead acid 
battery, hydrogen storage

Balancing power provision, peak load provision [5,44] 

Centralized demand response Controlled decrease or increase of electricity consumption of electric devices at 
large consumers, mostly in industrial environments

Control of an aluminium smelter Peak shaving, balancing power provision, peak load 
provision

[5] 

VRE forecasting technology Technology to improve predictability of VRE production in the short and 
medium term

Probabilistic forecasting, meteorological 
forecasting

Day-ahead forecasting, nowcasting [13,37]

Transmission grid reinforcement / 
expansion

Grid reinforcement or expansion in the transmission grid using conventional 
equipment

Overhead line, cable, transformer Transmission capacity increase, active and reactive power 
flow optimization, grid reliability improvement

[14,39]

High-voltage direct current (HVDC) 
transmission systems

Technology for the conversion of high voltage alternating current to direct 
current and the transmission of high voltage direct current

Thyristor-based converter, transistor-based 
converter

Transmission capacity increase over long distances, active 
and reactive power flow control, grid reliability 
improvement

[40,56]

Power flow controller Technology to control active power flow in transmission grids Phase-shifting transformer, back-to-back 
HVDC, controllable series compensator

Temporary increase or decrease of transmission capacity, 
active and reactive power flow optimization

[5,40]

Reactive power controller Technology to control reactive power balance in transmission grids Static var compensator, static synchronous 
compensator

Prevention of fault induced delayed voltage recovery, 
reactive power support for the transmission connection of 
wind farms

[37,40]

Inertia or short-circuit power 
providers

Technologies that provide inertia or short-circuit power to stabilize grid areas 
during fault conditions

Flywheel Inertia provision, short circuit power increase, reactive 
power provision

[14]

Central feed-in monitoring & 
control

Means to enable monitoring and facilitate central control over distributed VRE 
generators

Supervisory Control and Data Acquisition 
(SCADA) integration

Real-time curtailment of VRE generators [58]
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3.3 Challenge – solution interrelations 1 

After determining both the challenges and solution technologies for VRE integration, this study analyzed which 2 

solution technologies address the identified challenges, as shown in Figure 2. Thereby, the “solution space” of a 3 

challenge refers to the number of solution technologies that address one challenge (on the right of Figure 2), and 4 

the “solution potential” of a solution technology refers to the number of challenges one solution technology 5 

could potentially address (on the bottom). Due to the qualitative nature of solution potential and solution space, 6 

numeric comparisons are of limited use. The values on the right side and the bottom of Figure 2 should therefore 7 

be seen merely as qualitative proxies to identify high, medium, or low solution space or potential. 8 

Three observations can be made when looking at the matrix from the solution perspective (i.e., interpreting the 9 

columns of the matrix): First, flexibility technologies have the highest solution potential overall and within 10 

single challenge categories. Within the flexibility technology group, modifications to distributed VRE 11 

generators and distributed conventional generators have the highest solution potential. In comparison, 12 

centralized demand response and new or modified large conventional generators have the lowest solution 13 

potential. Second, distributed solution technologies tend to have a higher solution potential than centralized 14 

solution technologies, with the exception of specific distributed grid technologies such as current limiter devices 15 

or harmonic filters. Third, grid technologies have unique value in specific challenges, such as power flow 16 

controllers and high-voltage direct current (HVDC) systems, for solving the issue of increasing transmission 17 

distances. Most challenges, however, can be addressed with flexibility technologies. 18 

By looking at which solution technologies contribute to solving corresponding challenges (i.e., interpreting the 19 

rows of the matrix), the following observations can be drawn. Quality challenges are local and location-20 

specific—they have a narrow solution space and can only be solved by distributed solution technologies. These 21 

can either be modified distributed VRE generators or add-on solution technologies, such as harmonic filters. 22 

Flow challenges can be solved with technologies from all groups. One notable exception is that of centralized 23 

flexibility technologies, which have limited contributions to solving flow problems. Challenges in this category 24 

have differing solution spaces, from rather narrow (e.g. increasing transmission distances) to rather broad (e.g. 25 

increasing regional voltage excursions). Stability challenges can only be solved by solution technologies 26 

coordinated on a system level, i.e. in a centralized manner. Therefore, unlike with flow challenges, distributed 27 

grid technologies do not help to solve stability challenges unless they get aggregated on a system level. 28 

Challenges in the stability category have a rather broad solution space, with the exception of increasing control 29 

interactions. Balancing challenges can be only solved by flexibility technologies since solving these challenges 30 

requires the generation or consumption of active power. A notable exception is improved VRE forecasting. 31 

Challenges in the balance category generally have a broad solution space, except for long-term generation 32 

adequacy, which may be indicative of the relative complexity for solving this challenge in comparison to others. 33 

 34 
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Fig. 2. Interrelations between challenges and solution technologies. 
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4. Discussion 1 

This study provides three important insights relevant for VRE integration and the decarbonization of the power 2 

sector. The first two insights elucidate the processes that address the challenges of VRE integration within and 3 

among different power systems, while the third insight illustrates how the results of this study can improve 4 

policy making for the energy transition. 5 

The first point focuses on the solution space of the different challenges. While the observation that more than 6 

one type of technology can solve a specific challenge seems intuitive from an analytical standpoint, the expert 7 

interviews confirm that business and policy makers do not sufficiently recognize solution technologies as 8 

substitutes for solving certain challenges. This is particularly evident for technologies belonging to different 9 

categories. Not incorporating developments of other solution technologies can, however, reduce the market 10 

potential and economic viability of single technologies. Such misinterpretations can contribute to temporary 11 

market price declines, as is the case in Germany’s balancing power markets, where changes in the institutional 12 

framework and simultaneous development of storage, demand response and improved VRE forecasting has led 13 

to a significant decline in market size and prices over the last years [61]. To further illustrate this point, stability 14 

and balance challenges are used as an example. Interviewed experts clearly see other technologies in their 15 

respective category as substitutes for their own technology. For example, a demand response provider focused 16 

on centralized solutions would perceive large-scale storage and conventional generation as competitive 17 

technologies. Distributed flexibility technologies, however, are often out of focus when analyzing the 18 

competitive technology landscape. Such perceptions can be even more pronounced with respect to the potential 19 

influence of grid technologies on flexibility technologies. For example, improved VRE forecasting can 20 

significantly reduce the market size for demand response or storage technologies since these technologies are 21 

predominantly used in balancing markets whose market size is determined, among other factors, by the 22 

forecasting quality of the market participants. The reason for potentially underestimating cross-influences is 23 

primarily attributed to the lack of knowledge on the development of technologies in different technology groups. 24 

By providing an overview of the competitive landscape of technologies, analyses can be used to inform 25 

companies’ strategic decision-making, potentially making the energy transition process smoother. 26 

Second, the extant literature remains rather generic when specifying the deployment of portfolios of solution 27 

technologies for VRE integration in different regions. As a result, such recommendations fail to provide any 28 

guidance to firms and policy makers for developing adequate business strategies and policies. The interrelation 29 

matrix can assist in future decision-making when, for example, drafting national technology roadmaps or 30 

proposals for nationally determined contributions to power sector decarbonization in line with the Paris 31 

Agreement. This function of the interrelation matrix can be exemplified for each of the four challenge categories 32 

with historic examples from different countries. As mentioned in Section 4, quality challenges occur regionally 33 

in areas of high distributed VRE penetration and require the deployment of distributed flexibility and grid 34 

technologies. Regions with particularly high penetration of distributed VRE generators include Southern 35 

Germany, the southern part of the United Kingdom, and regions in the north and south of Italy [3]. While there 36 

is no data available on the deployment of distributed flexibility and grid technologies in these regions, data from 37 

Colak et al. [62] on smart grid RD&D projects show that these are high-priority technologies for firms and 38 
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policy makers in these countries. Countries facing flow challenges on a transmission level, such as Germany, 1 

require mostly centralized grid technologies, such as transmission grid reinforcement or expansion, HVDC 2 

transmission systems, or reactive power controllers. After an assessment phase to determine the size and design 3 

of these complex installations, German transmission system operators are currently working on several large 4 

projects utilizing these technologies7. Similar trends can be seen in Spain and Ireland, both of which face 5 

stability challenges. Here, transmission system operators have established means to centrally control VRE 6 

generators, either requiring VRE generators to support grid stability [63] or investigate possibilities to ease 7 

restrictions on the stability criteria of their grid codes8. Lastly, balance challenges are solved solely through 8 

flexibility technologies. California serves as a good example of this, as the state system operator faces 9 

difficulties in maintaining the power balance during sunset hours when VRE generation sharply decreases [64]. 10 

In order to address this challenge, California has introduced several new market products to incentivize 11 

investment in storage, flexible conventional generators, and system-friendly renewables [65]. Summing up, the 12 

interrelation matrix can serve as a guide for businesses and policy makers to identify groups of solution 13 

technologies that help mitigate prevalent challenges in specific regions and devise strategies and policy 14 

measures to support these technologies. 15 

The third point is linked to the debate around how actors should prioritize solution technologies to manage the 16 

integration of VRE and the energy transition. Agricola et al. [40], Bird et al. [13], and DNV GL [19] prioritize 17 

solution technologies for VRE integration via their cost or ease of implementation. While this perspective has its 18 

merits in the short term, it overlooks their differing solution potential to address challenges. Prioritizing solution 19 

technologies based on their solution potential would render flexibility technologies as most suitable for solving 20 

challenges of VRE integration. Extant literature [40,41] as well as the expert interviewees support the potential 21 

of flexibility technologies for solving stability challenges, provided they are given sufficient incentive to 22 

perform the required services. Therefore, the results of this analysis support the call for policy makers to adapt 23 

existing market rules or implement new deployment policies, such as updated remuneration schemes for reactive 24 

power or introducing regional power markets. However, solely ranking technologies by their solution potential 25 

does not account for (1) other solution technologies that can equally contribute to solving a challenge, and (2) 26 

differences in the solution space among challenges. When these factors are considered, technologies are ranked 27 

according to their potential to uniquely solve challenges. Doing so still largely gives preference to the 28 

deployment of flexibility technologies, specifically system-friendly centralized and distributed VRE. However, 29 

technologies that solve specific challenges, such as adapted equipment protection strategies, would gain higher 30 

importance following this perspective. At the same time, solution technologies including large and small 31 

demand response as well as new or modified large conventional generators would be lower priority due to their 32 

limited unique solution potential. The latter two examples are particularly relevant for the current debate on 33 

VRE integration, which emphasizes the deployment of small and large demand response and flexible large 34 

conventional generators. While these solutions may be cost-effective and realizable in the short term, they may 35 

                                                           
7 In 2015, German TSOs have awarded contracts for two high-voltage direct current transmission projects, 
several reactive power compensators and transmission grid expansion projects [72,73]. 
8 In 2016, the Irish transmission system operator also awarded contracts for a centralized battery storage as well 
as a flywheel to mitigate the decrease of inertia in the system (Interview #09). 
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not adequately address the scope of existing or potential challenges. In summation, it is assumed that the aspects 1 

discussed confirm the merits of this analysis for business and policy makers. 2 

However, this analysis also has limitations that are important to consider when interpreting the results. As stated 3 

in Section 1, the aim of this study is to examine the challenges that arise specifically due to the increasing 4 

penetration of VRE. Yet, power systems may also face additional challenges beyond those listed in this study. 5 

At the same time, the challenges listed in this analysis may also occur in power systems with low VRE 6 

penetration. When focusing on the challenges specific to this analysis, especially regarding the range of 7 

challenges one solution technology can address, the analysis does not attempt to quantify the extent to which 8 

one solution technology is able to solve a specific challenge. Additionally, future challenges could also be 9 

mitigated by developments that lie outside the scope of this analysis, such as new emerging solution 10 

technologies, changing frequency stability criteria or the widespread use of more resilient end-use appliances, 11 

such as variable frequency drives. In addition, this analysis does not consider the urgency of challenges, 12 

challenge-specific costs of solution technologies, or the feasibility of deploying solution technologies due to 13 

environmental constraints, for example in high altitude areas or deserts, and social constraints, such as the public 14 

acceptance of transmission lines. Such quantifications will be (1) highly context-specific due to the differing 15 

characteristics of power systems, and (2) prone to high levels of uncertainty when considering, for example, the 16 

cost and revenue potential of solution technologies for different applications. These limitations, however, 17 

highlight the need to think in terms of technology groups or portfolios instead of focusing on silver bullets for 18 

solving the challenges of VRE integration. 19 

5. Conclusion 20 

This paper identifies the challenges of integrating VRE into modern power systems and the solution 21 

technologies available to address these challenges. Thereby, the study provides an overview of the technological 22 

needs of power systems with increasing shares of VRE and adds transparency to the complex process of VRE 23 

integration. Building on the extant literature, the study collects existing challenges and solution technologies for 24 

the integration of VRE. In order to consistently structure the challenges of VRE integration, a root cause 25 

analysis is performed. The analysis is complemented with data from expert interviews that were particularly 26 

helpful for investigating the interrelations between challenges and solution technologies.  27 

Several insights can be drawn from this analysis: First, challenges of VRE integration affect all major 28 

performance characteristics of power systems. Second, while solution technologies vary significantly in the 29 

number of challenges they can address, flexibility technologies generally have a higher solution potential in 30 

comparison to grid technologies. Third, the analysis facilitates the identification of solution technologies for 31 

tackling challenges of different categories. One example is the need for centralized versus distributed solution 32 

technologies. Although distributed solution technologies mostly aid in solving challenges related to local power 33 

flow, centralized solution technologies help tackle stability challenges. 34 

The analysis makes two important contributions to the literature. First, existing challenges identified in the 35 

literature and in practice have been collected and structured with the help of a root cause analysis. This results in 36 

a mutually exclusive designation and categorization of challenges. Second, solution technologies are collected 37 

and categorized to examine which challenges a single solution technology is capable of addressing. Through the 38 
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analysis in this paper, both the solution potential of specific technologies and the solution space of single 1 

challenges can be identified. The solution potential is a measure that can be of importance for firms and policy 2 

makers in devising measures for promoting certain technologies, while the solution space can be understood as 3 

an explanatory factor for the complexity of specific challenges. 4 

This study constitutes a starting point for several strands of further research on this important topic. One 5 

potential research area is to quantify the interrelations between challenges and solution technologies by 6 

comparing cost estimates for different solution technologies or introducing comparative analyses of the overall 7 

environmental impacts of different solution technology combinations. This could be done with life-cycle 8 

assessments [66] or by measuring the VRE integration cost and externalities based on installed or projected 9 

capacities in the future [67]. Doing so could significantly enhance policy recommendations. Similarly, analyzing 10 

interdependencies between smaller groups of solution technologies or performing comparative case studies in 11 

specific regions may provide researchers a more systemic understanding of technical, economic, and 12 

environmental drivers and barriers for the deployment of solution technologies and the VRE integration process 13 

in power systems as a whole. Finally, analyzing drivers of the development of individual solution technologies 14 

for VRE integration could provide valuable insight into the sustainability transition of the power sector. In this 15 

context, it could be valuable to further investigate the relationship between geographical differences and power 16 

system characteristics on the one side and the occurrence of challenges and solution technologies on the other 17 

side. 18 

  19 
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Appendix A: Literature search query 1 

The following search query was used for extracting the literature sample from the Web of Science database: 2 

TS=( ( renewabl* NEAR (energy OR electr* OR power OR generat*) ) AND (intermitt* OR distributed 3 
OR non-synchronous OR fluctuat* OR volatil*) AND (integrat* OR grid OR *connect* OR network OR 4 
"power system*" OR "energy system*") AND (challeng* OR problem* OR issue* OR impact*) NOT 5 
model* NOT simul* NOT optim* NOT vehicl* ) AND TI=((challeng* OR issue*) AND (energ* OR grid 6 
OR network* or integrat*) NOT price* NOT tariff* NOT market* NOT waste* NOT osmosis NOT food) 7 

The search query excludes studies that deal with modeling, simulations, or optimizations since these studies 8 

have proven to be concerned with only one challenge. Similarly, studies that deal with analyzing prices or tariffs 9 

were excluded due to their focus on technical challenges rather than economical or organizational challenges. 10 

Further exclusions that target studies connected to transportation, waste management, or osmosis were added 11 

during the iterative process in order to eliminate studies outside the scope of the sample. 12 

  13 
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Appendix B: Literature sampling 1 

Fig. B 1 illustrates the process through which the sample was structured and reduced for analysis. The overall 2 

sample consists of 130 studies from two search processes (groups A and B in Fig. B 1). When analyzing this 3 

sample in more detail, it can be divided in two domains: about one third of the studies in the sample are focus 4 

studies that have a comparably narrow perspective on single challenges and solution technologies for VRE 5 

integration. The remaining two thirds are systemic studies that cover more than one challenge or solution 6 

technology. The systemic studies can be divided into three subgroups. The largest group of studies in this 7 

domain, covering about four fifths of the sample, are comprehensive challenges and solution studies. Studies in 8 

that category either analyze the current system and its needs and opportunities [6] or develop and investigate 9 

future scenarios [19,68]. The focus of these studies is typically either on the technological and operational side 10 

[40,44] or on regulatory and market issues [69,70]. Splitting comprehensive challenge and solution studies into 11 

two groups by focus results in two nearly equal groups: 32 studies focus on technological and operational issues, 12 

while the remaining 25 studies focus on regulatory and market issues. The research within this study focuses on 13 

comprehensive challenges and solution studies, which pertain to technological and operational issues (group C 14 

in Fig. B 1) for collecting challenges and solution technologies. 15 

 16 

Fig. B 1. Literature sample overview (number of studies indicated in brackets). 17 

  18 
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Appendix C Literature overview 1 

See Appendix Table C 1. 2 

Table C 1 3 
Detailed literature overview. 4 

 5 Author Thematic focus Literature source Discussion of interrelations Geographical focus, if any

Akom et al. 2018 [53]
Challenges and solution technologies for  power quality 
and flow challenges Conference paper only aggregated interrelations Ghana

Gupta and 
Seethalekshmi 2018 
[51]

Challenges for power quality, grid stability and 
protection requirements Conference paper

interrelations for system 
protection, stability and power 
quality challenges -

Sajadi et al. 2018 [52]
Challenges for dynamics, automation and control of 
electrical power systems Journal paper unrelated listing of challenges -

Liang (2017) [31] Challenges and solution technologies for the integration 
of VRE with a focus on power quality

Journal paper unrelated listing of solutions -

Tareen et al. (2017) 
[32]

Solution technologies for power quality challenges due 
to VRE

Journal paper interrelations for power quality 
challenges

-

Telukunta et al. (2017) 
[33]

Challenges for power system protection due to VRE 
integration

Journal paper unrelated listing of solutions -

Hung et al. (2016) [34] Technical and non-technical challenges of integrating 
renewable energy, with an emphasis on security of 
supply

Conference paper unrelated listing of solutions Australia, USA

Karimi et al. (2016) 
[35]

Challenges for the integration of PV into the 
distribution network

Journal paper interrelations for challenges in 
the distribution grid

-

Li et al. (2016) [36] Challenges for the integration of VRE into the 
distribution system

Conference paper unrelated listing of solutions -

Alet et al. (2015) [37] Challenges and solutions for the integration of PV into 
the power system

Conference paper only aggregated interrelations Europe

Stappel et al. (2015) 
[22]

Options and requirements for increasing the flexibility 
of power systems

Grey literature interrelations for system 
flexibility challenges

Austria, Belgium, France, 
Germany, Luxembourg, 
Netherlands

Chaitusaney (2014) 
[38]

Challenges and measures for integrating distributed 
generation and renewable energies

Conference paper no interrelations discussed Thailand

Krauter and Japs 
(2014) [39]

Challenges and measures for the integration of PV into 
the power system

Conference paper interrelations for system 
flexibility challenges

-

Agricola et al. (2014) 
[40]

Future provision of ancillary services in a system with 
high VRE penetration

Grey literature interrelations for system 
stability challenges

Germany

DNV GL (2014) [19] Technology and cost scenarios for future power systems 
with high VRE penetration

Grey literature interrelations for system 
flexibility challenges

Europe

Mueller et al. (2014) 
[4]

Investigation of power system properties and 
requirements for the integration of large shares of VRE 
generation

Grey literature interrelations for system 
flexibility challenges

Brazil, India, Italy, Japan, 
Norway, Sweden, USA

Meier (2014) [6] Identification of VRE integration challenges and 
resulting research priorities

Grey literature only aggregated interrelations USA

Van Hulle et al. (2014) 
[41]

Capability assessment of VRE generation for the 
provision of ancillary services

Grey literature investigation of challenges that 
can be addressed by one 
solution

Europe

Mirhosseini and 
Agelidis (2013) [42]

Challenges for the integration of large-scale PV systems 
into the power system

Conference paper no interrelations discussed -

Bird et al. (2013) [13] Challenges due to the variability of VRE generation and 
their solutions

Grey literature interrelations for system 
flexibility challenges

USA

Martinot (2013) [11] Investigation of future power system designs with high 
VRE penetration

Grey literature only aggregated interrelations China, Europe, Japan, USA

Anees (2012) [43] Challenges and solutions for the grid integration of large 
and small VRE generators

Conference paper only aggregated interrelations India

IEC MSB (2012) [44] Investigation of challenges and solutions for the 
integration of large-scale VRE generation with a focus 
on electric-energy storage

Grey literature interrelations for system 
flexibility challenges

Brazil, Canada, Denmark, 
Germany, Ireland, Japan, Spain, 
UK, USA

Katiraei and Aguero 
(2011) [45]

Challenges for the integration of PV generation Journal paper no interrelations discussed Canada, USA

Meier (2011) [46] Allocation of challenges for VRE integration along 
temporal and spatial dimensions

Conference paper no interrelations discussed USA

Zahedi (2011) [47] Challenges and benefits of increasing VRE penetration Journal paper no interrelations discussed -

Pierre et al. (2011) [23] Investigation of generation adequacy and flexibility 
options with decreasing conventional generation

Grey literature interrelations for system 
flexibility challenges

Europe

Chandler et al. (2011) 
[14]

Assessment of power system flexibility requirements Grey literature interrelations for system 
flexibility challenges

Canada, Denmark, Japan, 
Mexico, Norway,  Spain, 
Sweden, UK, USA

Sims et al. (2011) [48] Review of renewable energy technology characteristics 
and integration measures in different countries

Grey literature interrelations for system 
flexibility challenges

Canada, China, Denmark, 
Germany, Greece, Ireland, 
Portugal, Switzerland, USA

Kassakian et al. (2011) 
[5]

Challenges for the electricity grid, specifically with the 
integration of VRE

Grey literature only aggregated interrelations USA

Houseman (2009) [49] Challenges for the integration and operation of 
distributed and centralized renewable energy 
technologies

Conference paper only aggregated interrelations -

Guel and Stenzel 
(2005) [50]

Investigation of long- and short-term flexibility 
challenges and solutions for VRE integration

Grey literature interrelations for system 
flexibility challenges

Denmark, Germany
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Appendix D: Interrelations of challenges and VRE characteristics 1 

In the following, the relation between challenges and the underlying VRE characteristics is investigated. This 2 

investigation reveals that each challenge category has a predominant set of VRE characteristics that is 3 

responsible for most of the challenges in this category (see Table D 1).  4 

 5 
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Table D 1 

Relation between challenges and VRE characteristics9. 

 

                                                           
9 The VRE characteristic of low, short-run costs is excluded since it is not a technical integration issue. 

Variability Uncertainty Location-constraints Modularity Non-synchronous
Available power output 
fluctuates with 
availability of its 
resource

Resource availability can 
only be predicted with 
high accuracy in the 
short term

Resource quality is not 
equal across locations 

VRE generator scale is 
much smaller than 
conventional generators

VRE plants connect to 
the grid via power 
electronics

Increasing flicker content •
Increasing harmonic distortions •
Unrealiable shut-down during blackouts •
Increasing local voltage excursions • •
Increasing regional voltage excursions • •
Missing distribution grid capacity • •
Increasingly volatile flow patterns from lower grid levels • •
Inadequate protection design • •
Increasing short circuit currents •
Missing controllability of VRE output • •
Missing visibilty of VRE output • •
Narrow voltage trip limits •
Missing transmission grid capacity • •
Increasing transmission distances •
Insufficient reactive power provision • •
Decreasing level of short-circuit power •
Decreasing level of inertia •
Inadequate coordination of frequency trip limits •
Inadequate coordination of voltage trip limits •
Decreasing frequency control reserves • •
Increasing control interactions •
Insufficient short-term generation adequacy •
Insufficient long-term generation adequacy •
Insufficient firmness of VRE generators •
Insufficient forecasting of VRE generation •
Restricted dispatchablity of VRE generators • •
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