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executive summary

Spurred on by ambitious national commitments, 
international agreements and rapid technological 
progress, national governments are increasingly 
choosing renewable energy to expand their power 
infrastructure. Renewables provided 23% of power 
generation worldwide by 2014. With the rapid 
adoption of more ambitious plans and policies, this 
could reach 45% by 2030 (IRENA, 2016a). 

Amid this accelerating transition, the variability 
of solar and wind energy – two key sources for 
renewable power generation – presents new 
challenges. Energy planners have always had to 
deal with variability and uncertainty to some extent, 
but the challenges that variable renewable energy 
(VRE) poses to the power sector are in many ways 
distinct. Proactive planners, in both developed and 
developing economies, will aim to address these 
challenges directly, starting with today’s long-term 
investment choices. 

Decision makers rely increasingly on techno-
economic assessments, both to inform policy 
development and to help set the right national 
targets for renewable power uptake. For that 
reason, the modelling of different possible future 
scenarios has become a critical planning tool in the 
power sector. Planners and modellers in certain 
markets have developed considerable knowledge on 
how to represent VRE in long-term models for power 
sector transition. 

Findings from AVRIL (“Addressing Variable 
Renewable Energy in Long-term Energy Planning”), 
a project by the International Renewable Energy 
Agency (IRENA), highlight the best practices in 
long-term planning for, and modelling of, high 
shares of VRE.1 The solutions presented here, 
although applicable in many countries, have been 
adapted to support energy planners and practitioners 
in developing and emerging economies, where the 
capacity to use the most resource-intensive methods 
of modelling may be unavailable.

The report includes two main parts:

Part One (“Planning the transition to variable 
renewables”) offers guidance to energy decision 
makers and planners by providing an overview of 
key long-term issues and concerns around the large-
scale integration of variable renewables into the 
power grid.

Part Two (“Long-term models for energy transition 
planning”) offers guidance to technical practitioners 
in the field of energy modelling, specifically with a 
catalogue of practical VRE modelling methodologies 
for long-term scenario planning.

1 This report focuses on a specific subset of the long-term energy planning field, namely techno-economic modelling of future scenarios.  
As such, it does not cover all issues related to long-term planning, particularly on the institutional side. For more detail on IRENA publications 
that cover the spectrum of issues in this field, see Appendix 1. Some key emerging areas in the techno-economic planning field, such as 
off-grid VRE and non-power sector coupling, are also omitted from this report; interesting planning work is emerging on these, and IRENA  
is following such trends closely.
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Planning Vre deployment: where to focus in the long term

guidance for decision makers:  
Planning the transition to variable renewables

Findings and recommendations from Part One of this report

Four key stages – spanning long-term to short-term 
time horizons – are standard in any cost-effective 
planning process for power sector transition. They 
are:

•	 Long-term generation expansion planning 
(typically spanning a period of 20-40 years), 

•	 Geo-spatial planning for transmission (typically 
spanning a period of 5-20 years), 

•	 Dispatch simulation (typically spanning a period 
of weeks to several years) and

•	 Technical network studies (typically spanning 
up to five years). 

Although these stages are equally important, they are 
often practiced in a fairly decoupled manner, due to 
varying time horizons and institutional jurisdictions. 
Different modelling tools also are available for each 

purpose, and planners should ensure that their 
overall approach is internally consistent. Long-term 
modelling and scenarios should set clear parameters 
for successive shorter-term ones, so that models, 
data and policy goals are aligned across different 
time horizons. Achieving this goal will require more 
active co-ordination among stakeholders in different 
stages of the planning process (Chapter 1).

Feedback between actual processes and different 
stakeholders must be taken into account when 
assessing high shares of VRE in a power system. This 
is because some spatial and operational issues – such 
as the need for greater flexibility in the system and 
additional transmission capacity – may significantly 
change the cost-effectiveness of long-term planning 
scenarios (Section 1.2). 

When planning for a high share of VRE in a power system, investments to address its deployment impact 
need to be taken into account, so as to avoid compromising a reliable supply of electricity. 

A range of planning solutions are available to integrate the unique properties of VRE into power system 
operation, but the relevance of different solutions to long-term investment requirements varies. 

•	 Highest relevance: firm capacity. The variability of VRE makes the concept of “capacity credit” – or 
the fraction of VRE capacity that is guaranteed to meet demand (known generally as “firm capacity”) – 
crucial to reflect in plans for the long-term expansion of electricity generation. This is essential if future 
power systems are to have sufficient supplies to cover periods when low amounts of VRE are available. 
(Section 2.2)

•	 High relevance: flexibility. As VRE generation increases and contributes to greater variability and 
uncertainly of supply, the flexibility of a system becomes more important. While smart planning of VRE 
deployment can limit the challenge of balancing supply and demand, high shares of VRE are likely to 
require more investment in flexibility measures to maintain balance at all times. (Section 2.3) 

Executive Summary
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guidance for decision makers:  
long-term models for transition planning

Findings and recommendations from Part Two of this report

•	 High relevance: transmission capacity. The availability of VRE resources depends on their location, and 
new capacity may need to be planned to transmit power from VRE resources that are far from centres 
of demand. Long-distance transmission lines also may need enhanced ways of controlling voltage.  
(Section 2.4) 

•	 Near-term/system-specific relevance: stability. Improved operational practices, and other technical 
solutions to maintain the capability to respond to contingency events and control voltage, are available at 
relatively modest cost. Technical challenges relevant to long-term planning and investment may emerge 
only at very high levels of VRE penetration. (Section 2.5) 

In presenting policy makers with a scenario for long-term electricity generation expansion, the scenario 
should explicitly address how to meet needs for firm capacity, flexibility and transmission capacity, 
specifically as driven by VRE deployment.

Investing in these three areas will have significant implications for cost-effectiveness over the long term. If 
institutional planning capabilities are insufficient, it could result in a substantial misallocation of capital and in 
a sub-optimal mix of power generation capacity. (Chapter 3)

VRE-grid integration studies typically are conducted to assess how much VRE a current system can 
accept. They generally are not meant to set a long-term limit on VRE penetration.  While near-term 
technical and institutional limitations are useful to address when making long-term plans, long-term decisions 
are primarily economic. 

Technical problems can be solved so long as there is a willingness to invest and to change operational 
practices. The key issue is how to reflect the costs of such solutions in long-term planning. 

Given the importance of model-based assessment 
in establishing long-term pathways for power sector 
transitions, models need to account for the long-
term investment implications of VRE deployment. 
There are several methods to achieve this. They are 
often complementary, but some are more complex 
than others. 

The availability of data and modelling expertise 
should be the guiding principle when selecting 

appropriate methods to represent the impact of 
VRE deployment in long-term models of electricity 
generation expansion.

Countries are advised to start simple when 
improving planning for a high share of VRE, and to 
take a strategic approach, over time, to advancing 
both the scope and quality of models and the 
capabilities of their staff.
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best practices: representing Vre in long-term planning models

In assessing methodologies and best practices to improve the representation of VRE in a power system, 
this report looks first at cross-cutting solutions (which can add value across a range of planning solutions) 
and then at complementary, tailored solutions, which more specifically address the needs for firm capacity, 
flexibility, transmission capacity and stability. 

•	 A cross-cutting solution (Chapter 4) 

Increasing the resolution of models in time and space: The resolution of time and geographic space in 
long-term generation expansion models is typically too coarse to fully represent the planning measures 
needed to address VRE impact. Increasing temporal and spatial resolution can, in principle, improve the 
accuracy of representing VRE contributions to firm capacity, transmission capacity requirements and 
flexibility in these models.  

General complexity: Low to medium

•	 Representing firm capacity (Chapter 5)

Improving “time-slice” calibration: Defining time slices (i.e., temporal model steps) more accurately, in 
order to capture key patterns in daily and seasonal variation, can better reveal the alignment between 
VRE generation and demand, making the VRE contribution to firm capacity more accurate. Defining 
time slices should be based on careful scrutiny of temporal variations both in load and in VRE generation, 
preferably for multiple years. Information on the availability of VRE (e.g., global re-analysis data) is 
increasingly available to support such an exercise. 

General complexity: Low to medium

Incorporating “capacity credit”: As an alternative to representing capacity credit based on the 
alignment of demand and supply within a model, externally defined capacity credit can be added to 
generation expansion models to reflect that contribution. By assigning capacity credit values to all 
capacity on the system, a model can be developed to ensure that system expansion maintains sufficient 
firm capacity. Capacity credit values can be incorporated simply as fixed throughout the model horizon, 
or as a function of the share of VRE. Methodologies are increasingly available to support the accurate 
estimation of capacity credit. 

General complexity: Low 

•	 Representing flexibility (Chapter 6) 

Incorporating flexibility constraints: A system’s flexibility can be represented in generation expansion 
models by first parameterising the ranges of operating flexibility (e.g., minimum load levels and cycling 
speed) for “flexibility provision” options – including dispatchable plant, storage, demand response and 
cross-border trade. Ramping requirements associated with the variabilities of demand and of VRE can be 
assessed separately and balanced collectively with available flexibility options at an aggregated system 
level. Using this “flexibility balance” approach, models can optimise investment in flexibility options to 
meet system requirements, as an additional constraint on the standard balancing of total power demand 
and supply.

General complexity: Low to medium

Executive Summary
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Validating flexibility balance: As an alternative to, or in addition to, incorporating flexibility constraints, 
results from generation expansion planning models can be further scrutinised using more detailed tools, 
with different degrees of complexity. Such validation tools scrutinise operational aspects of a power 
system and give high-level indications about whether the energy mixes resulting from generation 
expansion planning models would offer sufficient flexibility.

General complexity: Medium to high

Linking with production cost models: Production cost models can be used to validate results from 
long-term generation expansion models, or to correct such results if necessary. Such a “coupling” 
approach can translate a system’s needs for flexibility in operation (a focus of production cost models) 
into decisions around investment (a focus of generation expansion models). 

General complexity: High 

•	 Representing transmission capacity (Chapter 7) 
Linking grid investment needs with VRE expansion: Transmission costs related to VRE can be assessed 
outside a model and then added to VRE investment costs in a generic manner (e.g., establishing and 
implementing a per-unit transmission cost for VRE capacity). This simplified approach does not allow 
any assessment of trade-offs between VRE resource quality and additional transmission capacity 
investment, but can reflect generic effects of VRE-driven transmission needs on VRE investments.

General complexity: Low to Medium

Site-specific representation of generation and transmission:  The trade-off between VRE resource 
quality and additional transmission capacity investment can be assessed within a model by explicitly 
incorporating location-specific techno-economic characteristics of VRE. Practically, this can be achieved 
by incorporating clusters of VRE sites (or ‘zones’) as explicit options for investment. GIS-based tools and 
data are becoming increasingly available to allow for more accurate resource and siting assessments. 
Understanding and improving the representation of VRE resources in modelling will naturally help to 
make more accurate assessments of their associated needs for investment in transmission.

General complexity: Low to medium



15

•	 Representing stability (Chapter 8) 
Exploring possible constraints: Concerns about system stability at high VRE penetration levels – due 
primarily to operation with insufficient synchronous generators – currently may impose technical upper 
limits on instantaneous penetration in isolated systems. Such limits, and other potential bottlenecks in 
addressing near-term technical barriers, may need to be reflected as constraints in long-term generation 
expansion models, and explored as alternative scenarios.

General complexity: High 

Information and tools that address some of the key parameters discussed in this report – such as capacity 
credit, the flexibility characteristics of various resources, and transmission investment needs – are emerging, 
but they are scattered and are not necessarily in the public domain. Key points of reference are offered 
throughout this document. As countries plan their transition to a high share of VRE, the continued 
mapping of new tools and data will be highly beneficial. It is essential for practitioners, policy makers and 
the energy modelling community to exchange planning experiences. IRENA, in co-operation with energy 
planners and researchers, can provide critical support in these areas. This, in turn, should help to achieve a 
cost-effective long-term transition to renewables in the power sector. 

Executive Summary
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Spurred on by ambitious national commitments, international agreements and rapid technological 
progress, national governments are increasingly choosing renewable energy to expand their power 
infrastructure. Renewables provided 23% of power generation worldwide by 2014. With the rapid adoption 
of more ambitious plans and policies, this could reach 45% by 2030 (IRENA, 2016a). 

Amid this accelerating transition, the variability of solar and wind energy – two key sources for renewable 
power generation – presents new challenges. Energy planners have always had to deal with variability and 
uncertainty to some extent, but the challenges that variable renewable energy (VRE) poses to the power 
sector are in many ways distinct. Proactive planners, in both developed and developing economies, will aim 
to address these challenges directly, starting with today’s long-term investment choices. 

Decision makers increasingly rely on techno-economic assessments, both to inform policy development 
and to help set the right national targets for renewable power uptake. For that reason, the modelling of 
different possible future scenarios has become a critical planning tool in the power sector. Planners and 
modellers in certain markets have developed considerable knowledge on how to represent VRE in long-
term models for power sector transition.

The report includes two main parts:

Part One (“Planning the transition to variable renewables”) offers guidance to energy decision makers and 
planners by providing an overview of key long-term issues and concerns around the large-scale integration 
of variable renewables into the power grid.

Part Two (“Long-term models for energy transition planning”) offers guidance to technical practitioners 
in the field of energy modelling, specifically with a catalogue of practical VRE modelling methodologies for 
long-term scenario planning.

Introduction 
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Countries around the globe are turning their attention 
towards renewable energy as the world aspires to 
accelerate deployment of these technologies. In 2014 
renewable energy provided 23% of global power 
generation, a share that may reach 45% by 2030, 
as indicated in the global REmap analysis by the 
International Renewable Energy Agency (IRENA, 
2016a). Nationally, shares of renewable energy are 
expected to range from as low as 18% to as high as 94% 
by 2030 in the 40 different REmap countries analysed 
by IRENA. 

Reaching such high shares globally will require the use 
of a broad range of renewable energy technologies, 
based on hydropower, geothermal, bioenergy, solar, 
wind and ocean energy. The availability of all of these 
resources, apart from geothermal energy, is “variable” 
to different degrees and at different time scales – 
yearly, seasonal, monthly, daily, hourly and sub-hourly. 
Solar photovoltaics (PV) and wind generation have 
particularly pronounced variability, over shorter time 

scales, and this raises specific operational challenges 
when large amounts of wind and solar PV are 
integrated into the power system. As the proportion of 
these sources increases, some of the measures that are 
needed to integrate them have long-term investment 
implications that may not exist when shares of wind and 
solar PV remain low. 

The variable renewable energy (VRE) sources discussed 
in this report refer primarily to wind and solar PV, due to 
their unique relationship to system integration, their rapid 
deployment resulting from significant improvements 
in performance and cost competitiveness, and their 
vast untapped resource potential. All of these aspects 
make them critical technologies for future power-sector 
expansion, and – although there may be near-term 
technical, operational, regulatory and market limitations 
– good long-term planning can ensure a cost-effective 
system transition to high VRE shares and help prepare 
policy makers before any technical constraints emerge. 

the opportunity: power sector transformation 
with a high share of variable renewable 
energy

a proactive approach: Long-term transition 
planning to define pathways

As the ambitious shift towards renewable energy 
proceeds, different long-term scenarios – generally 
defined as covering the next 20-40 years – must be 
developed and reviewed, specifically to assess and 
compare the cost-effectiveness of different transition 
pathways. Various modelling tools are available to 
support such assessments, and these are discussed in 
depth in this report. Energy policy making has always 
benefited from quantitative scenarios created with 
these tools, using them to define long-term policy goals 
and the most economic investment pathways to reach 
them (Mai et al., 2013).2

Such scenarios have been used mainly at two levels. 
At the first level, global or regional energy scenarios – 
developed by international organisations, companies 
or research institutes – have been used primarily to 
identify and raise awareness of key policy questions 
and their implications for the long-term development 
of energy systems. These scenarios can be very 
influential in shaping the global policy debate. Priorities 
in energy policy are subject to change and may focus 
on the environmental domain (e.g., climate change and 
air pollution), the social domain (e.g., energy access 
and development, energy security and transportation 

2 The application of long-term energy models to inform energy policy-making has been discussed extensively in the literature. For example, 
Decision Maker’s Guide to Evaluating Scenarios, Modelling and Assumptions (Mai et al., 2013) – published by the RE-ASSUME program 
under the International Energy Agency Renewable Energy Technology Deployment (IEA-RETD) Implementation Agreement – addresses 
how energy scenarios and models have been used to inform policy decision making under uncertainty and describes common pitfalls in 
using such model results. The guide underlines that scenarios are not expected to predict the future and that models need to match the 
problem. Business-as-usual scenarios are developed as representations of the most likely outcomes under business-as-usual assumptions. 
They are not to be used as forecasts, but rather as points of reference against which diverse alternatives can be compared. The fact that the 
choice of model depends on the problem at hand suggests that there is no perfect model for universal application..
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policy) and/or the techno-economic domain (e.g., fossil 
resource availability, renewable energy integration and 
the hydrogen economy). 

On the second level, national governments develop 
long-term energy scenarios in order to quantitatively 
assess the direction of future energy policy and 
the implications of taking one pathway of energy 
sector development instead of others. In many cases, 
governments have adopted long-term models to help 
develop scenarios. Such models typically explore both 
a baseline, or normative, scenario and alternative policy 
scenarios that cover a broad range of uncertainties and 
policy options. 

Such scenarios form the basis of national long-term 
energy plans (often referred to as master plans), 
integrated energy plans or integrated resource plans, 
depending on the jurisdiction. A country’s national 
energy plans – and the process of planning – equip 
policy makers with an understanding of the complex 
economic, political and environmental interrelations 
and uncertainties surrounding energy systems. These 
long-term plans feature quantitative targets for the 
energy mix that realise a country’s overall policy 
goals, guiding the process of when, where and how 
to invest in the energy sector. Policy instruments and 
regulations are crafted to achieve these targets. (For 
more comprehensive discussion of energy planning 
purposes, processes and methodologies, see overviews 
provided in NASEO (2014), OLADE (n.d.) and Wilson 
and Biewald (2013)). 

The process described above, of developing long-term 
scenarios and national energy plans, is described in this 
report as “long-term energy planning”. 

Within the process of long-term energy planning, 
stakeholders in the power sector often use targeted 
modelling tools to develop more elaborate scenarios, 
so as to evaluate concrete, least-cost investment 
pathways to providing reliable and affordable 
electricity. Planning the deployment of renewables 
can be integrated throughout this process, in order to 

establish effective long-term renewable energy targets 
as part of an overall energy master plan (IRENA, 2015a). 
An illustrative example of how long-term power sector 
planning is performed in the US context – where it 
is called Integrated Resource Planning – is given in  
Figure 1, adapted from Wilson and Biewald (2013). 

A similar power sector planning process should be 
undertaken regardless of how the power sector is 
organised, whether market-based or otherwise. In 
either case, a long-term energy mix needs to be 
assessed to guide an appropriate set of policies. In a 
monopolised market, such a process is used by utilities 
to guide investments into generation. In liberalised 
power markets, long-term planning is important so as 
to craft appropriate rules and regulations to incentivise 
investment that aligns with long-term policy goals. 

As the share of VRE increases in power systems, 
concerns have been raised over the suitability of 
existing tools and methodologies for long-term energy 
planning, as they may not be equipped with sufficient 
detail to capture the techno-economic implications  
of integrating these sources. While more detailed 
“grid integration studies” have been conducted, they 
typically assess how current power systems need to be 
reinforced to achieve a higher share of VRE, and their 
link with long-term planning is not very well established. 

Long-term planning, when aiming at a transition to a 
system with a high share of VRE, needs to be adapted 
by ensuring clear linkages across studies that address 
different time horizons. In such a way, policy makers are 
assured that prescribed long-term renewable energy 
targets can be achieved without compromising the 
reliability of the power system, and that the long-term 
costs of achieving the transition have been assessed 
appropriately. Such an adapted approach of long-term 
planning for a higher share of VRE is referred to in this 
report as “transition planning”.

Introduction 
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The difference between “models” and “modelling tools” is important to establish at the outset  
of this report. 

Models are typically a set of mathematical equations with parameters. They are equipped with an 
algorithm to “solve” the equations and may have a graphical interface to help a user handle the equations 
and data. In this report, such interfaces are referred to as “modelling tools”, which are considered as 
“model generators” rather than as models themselves and typically come in the form of a software 
package. The distinction between models and modelling tools is not always made clear, but it is relevant 
in the context of this report. 

Many planners develop a national model using modelling tools. Indeed, developing such a model 
without the support of available modelling tools requires significant research and development (R&D) 
and is often beyond the scope of national planners. Some of the advanced solutions to improve the 
representation of VRE deployment impact in long-term generation capacity expansion models are 
“research grade”. These may be difficult for national planners, who are using (somewhat inflexible) 
modelling tools, to implement. This report takes such limitations into account in its recommendations.

Box 1 : Models and modelling tools

Load forecast

Uncertainty analysis Public review / 
approval

Supply

Monitor

Demand T&D

Define suitable resource mixes
Social 

environmental 
factors

Action plansAcquire resources

Identify goals Existing resources

Need for new resources

Figure 1: Flow chart for integrated resource planning 

Source: Wilson and Biewald, 2013
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This report addresses the issues described in the 
previous sections and is built on findings from IRENA’s 
Addressing Variable Renewable Energy in Long-term 
Energy Planning (AVRIL) project. This project, started 
in 2014, aims to help energy planners gain access to 
improved methodologies for assessing long-term 
investment strategies using long-term modelling tools, 
in order to plan a cost-effective, proactive transition to 
high shares of renewable energy. 

The primary target audience of this report is energy 
decision makers, such as a department head within a 
na tional utility, as well as energy planning practitioners 
and officials from government, utilities and regulatory 
bodies in emerging economies who are tasked with 
scenario-based long-term planning for expanding 
power generation capacity, and associated policy-
making. The publication also may be of interest to the 
research community, which may be able to identify and 
address existing methodological gaps in support of 
better long-term planning for a higher share of VRE. 

In recent years, with VRE becoming a key component 
of energy systems, the limitations of existing models 
in representing the challenges of large-scale VRE 
integration have become better understood. The energy

  

planning community can now access better information 
and better tools to reflect this emerging understanding,  
and this report brings together tested methodological 
practices to address the special characteristics of VRE 
in scenario-based long-term energy planning and 
modelling tools. 

The focus is on planning solutions to support VRE 
deployment in the power sector, as that is primarily 
where challenges are experienced. Planning in the 
power and energy sector is not necessarily distinguished 
in this report, as the former is a subset of the latter. The 
solutions discussed in this report focus specifically on 
the quantitative techno-economic aspect of power 
sector transformation. The institutional aspects of 
the transition planning process are outside the scope 
of discussion.3 Some of the institutional aspects of the 
transition to high shares of VRE – including stakeholder 
consultation surrounding energy planning, as well as 
regulation, market design and grid codes – have been 
addressed extensively in separate IRENA publications. 
Although linkages between long-term and near-term 
technical planning of VRE integration are discussed 
in this report, the focus is on cost-effective long-term 
integration, and separate IRENA publications deal more 
specifically with near-term planning.

scope, aim and intended audience  
of this report, and synergies with other  
irena power sector transformation work

Energy planning

Power planning

Institutional / social Environmental

NationalGlobal

Short-term 
planning

Long-term 
planning

Techno / economic

Figure 2: The focus of this report in the planning field

Introduction 

3 Some key emerging areas in the techno-economic planning field, such as off-grid VRE and sector coupling (i.e., linking power with other 
sectors like heat and transport), also are omitted from this report. Interesting planning work is emerging on these, and IRENA is following 
such trends closely. Although the distributed nature of some VRE is discussed briefly in this report, issues related specifically to distribution 
networks are not addressed.
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Full descriptions of IRENA publications that complement 
this report can be found in Appendix 1. 

In presenting methodologies and recommendations, 
this report focuses on the needs of developing and 
emerging economies, where data availability and 
resources – both human and computing – may be 
limited. Such economies also have the potential for 
high growth in their energy needs, which introduces 
significant uncertainties in conducting long-term 
techno-economic assessments and further emphasises 
the need to increase their capacity for long-term energy 
planning.

For the purpose of this document, the term “long-
term energy planning models” (used interchangeably 
with “long-term generation expansion models”) 
refers specifically to optimisation models that calculate 
capacity expansion paths on a planning time horizon of 
about 20-40 years. Modelling tools such as MESSAGE, 
TIMES, MARKAL, OSeMOSYS, WASP and BALMOREL 
serve as the interfaces to generate models in this 
category and are used to derive long-term investment 
plans for the energy or power sectors of many 
developing and emerging countries.4  

The remainder of the report, following this introduction, 
is composed of two main parts. The first is intended for 
decision makers and energy planners and clarifies key  
planning concepts and modelling tools with a focus 
on VRE. The second is a catalogue of practical VRE 
modelling methodologies for long-term scenario 
planning and is intended for technical practitioners. 

Part One (“Transition planning towards a high share 
of VRE”) first maps the process of comprehensive 
power-sector planning over a range of time horizons, 
to situate long-term planning and modelling in this 
process. Key focus areas for planners are established for 
each time horizon within the process, and an argument 
for an integrated, or internally consistent, approach for 
transition planning is put forward. 

Part One also establishes key planning solutions to 
address the impact of VRE deployment on power 
systems, as well as which solutions are most important 
from a long-term economic investment perspective. 

Part Two (“Long-term energy planning models for 
transition planning”) outlines different approaches 
that could allow better representation of VRE-driven 
planning in long-term models, building on the solutions 
highlighted in Part One. Descriptions of the approaches 
are complemented with examples of practical country 
application, as well as with references for useful data 
sources and methodologies. 

4 For a list of long-term planning models used for energy and power sector master plan development in selected countries, see Appendix 2. 
The full names of models used in abbreviated form in this report are given in Appendix 3. 
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In Part One of this report, two important sets of concepts are established and discussed in three chapters. 

Chapter 1 (“The planning process”) discusses power sector planning steps to address issues over different 
time horizons. Although the focus of the report is on long-term planning, this chapter aims to establish the 
links between that level and other steps that typically relate to shorter-term time horizons. The key message 
from this analysis is that although these planning steps often are practiced in a disconnected manner, they 
should be linked more clearly when planning a transition to high VRE shares, in order to capture unique VRE 
impacts that span time horizons. 

In order to identify issues that are potentially relevant to long-term planning, Chapter 2 (“Key planning 
implications of variable renewable energy deployment”) maps out the key characteristics of VRE sources, 
particularly in terms of their impact on functional properties of the power system, and discusses planning 
solutions to address that impact. 

Chapter 3 (“Key investment implications of variable renewable energy deployment”) then assesses which 
system properties and planning solutions are most relevant to long-term investment. This assessment then 
forms the basis for Part Two, which discusses practical methods to address these investment implications in 
long-term generation expansion models.

Part One
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Key points of Chapter 1

Four key stages – spanning from long-term to short-term time horizons – are standard in any cost-effective 
planning process for power sector transition. They are:

•	 Long-term generation expansion planning (typically spanning a period of 20-40 years), 

•	 Geo-spatial planning for transmission (typically spanning a period of 5-20 years),

•	 Dispatch simulation (typically spanning a period of weeks to several years) and

•	 Technical network studies (typically spanning up to five years). 

Although these stages are equally important, they are often practiced in a fairly decoupled manner due 
to varying time horizons and institutional jurisdictions. Different modelling tools also are available for 
each purpose, and planners should ensure that their overall approach is internally consistent. Long-term 
modelling and scenarios should set clear parameters for successive shorter-term ones, so that models, data 
and policy goals are aligned across different time horizons. Achieving this goal will require more active co-
ordination among stakeholders in different stages of the planning process.

Feedback between actual processes and different stakeholders must be taken into account when assessing 
high shares of VRE in a power system. This is because some spatial and operational issues – such as the 
need for greater flexibility in the system and additional transmission capacity – may significantly change 
the cost-effectiveness of long-term planning scenarios. 

1 the pLanning process

This chapter aims to establish what is expected of  
long-term techno-economic assessment in planning  
the transition to a power sector with a high share of  
VRE. In doing so, it outlines the components of the  
power sector planning process, focusing on techno-
economic assessments of possible pathways across 
different time horizons, and highlights the scope 
and characteristics of long-term techno-economic 
assessments in comparison to those for shorter-term 
issues (Section 1.1). Transition planning for a high share 
of VRE calls for a more integrated approach than is 
practiced traditionally, in which planning components 
across time horizons are internally consistent (Section 1.2).

 For reference, Appendix 2 presents a mapping of 
different types of assessment tools to the different 
planning stages identified in this chapter. This mapping 
establishes that different tools address different 
planning questions, and that long-term planning tools 
(or other models) are not necessarily meant to address 
all planning questions at once. 

Appendix 3 goes on to present over 30 different 
examples of planning tools used in national and regional 
studies. 
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1.1 outlining planning components:  
 techno-economic assessments across   
 planning time horizons

Generation expansion planning

Seasonally to sub-daily 
(static)

Seasonally to sub-daily 20-40 years

5-20 years

Weeks-years

Snapshot

Typical time resolution Typical timeframe

Planning time horizon

Hourly to sub-daily 

Sub-hourly to 
sub-seconds

Near-term Long-term

Geo spatial planning

Dispatch simulation

Technical network studies

Figure 3: Transition planning components and time horizon 

Thorough techno-economic assessments of possible 
pathways are critical in planning the transition to a 
power system with a high share of VRE, as they elucidate 
the implications of alternate policy choices. With that 
information, decision makers can take future actions 
more proactively and construct policies to meet multiple 
objectives that often are interrelated. Both near-term 
and long-term implications should be considered in the 
overall transition planning process, so as to understand 
and ensure the most cost-effective transition while 
meeting the non-techno-economic goals of a country’s 
energy policy. By building assessments on meaningful 
stakeholder consultation, decision makers also can 
ensure that a consensus is established around the 
legitimacy of results (NASEO, 2014; OLADE, n.d.; Wilson 
and Biewald, 2013).

Four key planning components are defined in  
Figure 3. Although depicted as separate, some of these 
steps are often combined in the actual execution of 
techno-economic assessments, as discussed later. In 
the figure, three time dimensions also are distinguished: 
the planning time horizon, which refers to how far in 
the future the specific planning analysis is relevant; 
the timeframe, which refers to the overall period of 
time that is subject to techno-economic analysis; and 
the time resolution, which refers to the granularity, 
or level of detail, of analysis within the timeframe. The 
discussion below focuses on planning aspects in relation 
to the time horizon; the issues of timeframe and time 
resolution are discussed fully in Appendix 2, in relation 
to modelling tools for each planning step.

Chapter 1: The Planning Process
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The four defined steps, and their associated planning 
time horizons, are:

1. Generation expansion planning – typically with a 
long planning horizon, 20-40 years or more. Such 
plans represent a broad political commitment to 
integrate renewable energy and are often linked with 
long-term targets. Frequently, they are published as 
an energy/electricity sector master plan.

2. Geo-spatial planning – primarily addresses the 
site location of VRE projects and the economics of 
long-term transmission expansion needs over 5-20 
years or more. Some countries practise long-term 
(15 years plus) transmission development planning 
while others focus only on current or near-term (e.g., 
5 years) network planning, often combined with 
technical network studies (see “ Technical network 
studies” below).

3. Dispatch simulation – within a planning timeframe 
of weeks to a year (or a few years at most) during 
which the generation capacity mix in an energy 
system remains constant. It is applied either to a 
current system or to a system at a future point in 
time. 

4. Technical network studies – used for detailed static 
or dynamic analysis of a system at a point in time, 
and typically applied to the current and near-term 
(e.g., 5 years) planning horizon, or longer-term for 
less detailed analysis. It primarily addresses network 
security issues so as to identify security bottlenecks 
in the grid, such as voltage control and stability.

Generation expansion planning is the central focus 
of this report. Table 17 in Appendix 3 presents a survey 
of tools used for generation expansion planning in the 
official national energy/electricity master plans of a 
selected group of countries. Many of the master plans 
surveyed in the Appendix have planning horizons of 

about 20 years. Common purposes of the generation 
capacity master plans include laying out the energy mix 
for future renewable target years, assessing economic 
and policy implications and their sensitivity to future 
uncertainties, and exploring alternative policy scenarios. 
Expertise in long-term scenario making often resides 
within a ministry responsible for energy policies or at 
governmental energy research institutions.5 In some 
cases, countries use modelling expertise within utility 
companies to elaborate power sector investment 
strategies. 

Geo-spatial planning, often in combination with technical 
network studies, is normally an integral part of the 
transmission planning conducted by transmission system 
operators (TSOs), regulators or the TSO-responsible 
unit within a utility. Geo-spatial planning refers here to 
planning practices that define a long-term vision for 
developing transmission lines, primarily on economic 
grounds. Traditional planning may not have considered 
this process of significant importance. However, a higher 
share of VRE may introduce a trade-off between the 
cost of transmission and the productivity of renewable 
generation,6 which raises the profile of geo-spatial 
planning in the overall planning process. Geo-spatial 
analysis itself is practised at a wide range of complexity, 
from drawing lines on a map to using sophisticated geo-
spatial planning tools. Results from that analysis can 
establish alternative transmission scenarios, to be further 
scrutinised by technical network studies. 

Dispatch simulation primarily analyses the best use of 
all available power plants, considering different dispatch 
patterns and maintenance scheduling, and sometimes 
takes into account transmission congestion that may 
influence their utilisation. It may be executed for a day, 
a week or years ahead of real-time operation. TSOs may 
use such simulations for operational planning of dispatch 
(e.g., a day or a week ahead), and power generators 

5 In some countries, domestic expertise is limited and consultancy firms are contracted for this purpose, which could result in limitations  
in adaptability as well as in the scope for timely updates.

6 The trade-off refers to the potential benefit of locating renewable generation in areas with higher-quality resources against the cost of 
transmission investment. For example, there may be times when the cost of new transmission capacity, or increased congestion in existing 
capacity, outweighs the benefit of a marginally higher-quality VRE resource. The trade-off is driven mainly by the fact that transmission is 
often less costly when compared with generation, and that renewable resources vary dramatically with location (Madrigal and Stoft, 2012)
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may use it for fuel budgeting and maintenance planning 
(e.g., years ahead). Policy and regulatory bodies also 
use them to inform policy and regulatory decisions 
made during the planning process. Dispatch simulation 
is increasingly undertaken as a part of “VRE integration 
studies”, following recommendations by the research 
community (IEA Wind, 2013). 

Technical network studies may be used to complement 
geo-spatial planning. For a longer-term study, or for 
a study of many transmission capacity expansion 
alternatives, so-called steady-state technical network 
studies can be performed to gauge operation outcomes 
at a broader level of reliability criteria. For a study that 
requires more detailed operational results – e.g., one in 
which the economic alternatives to expand transmission 
are limited, or if other screening processes render an 
exhaustive identification of alternatives unnecessary 
(see Madrigal and Stoft, 2012) – shorter-term technical 
network studies with highly detailed steady-state and 
dynamic reliability criteria are required. 

The techno-economic assessments that accompany the 
steps described above are often conducted with tools 
that are tailored to their respective planning scope. For 
the sake of convenience in this report, these tools are 

categorised as long-term energy planning models; 
geo-spatial planning models; production cost models; 
and network analysis models (subdivided into static 

and dynamic grid models). Distinctions among these 

modelling types are not always stringent: advanced 

tools tend to cover multiple planning features. The tools 

used to assess near-term impact typically have narrower 

system boundaries and higher levels of detail, in terms 

of space, time and technical representation. Those used 

to assess long-term impact, by contrast, have wider 

system boundaries and longer planning time horizons 

and typically are associated with lower level of detail. 

For further discussion of the scope of these models, see 

Appendix 2. 

Beyond the components described above and in  

Figure 3, comprehensive transition planning also 

involves planning for institutional changes. These 

include, for example, dispatching rules, power market 

design, regulatory frameworks and subsidy schemes, 

and permitting processes (IRENA, forthcoming-d). 

As discussed in the introduction to this report, these 

institutional planning aspects are outside the scope 

of analysis here, as they are covered by other IRENA 

publications (see Appendix 1). That is not to say, however, 

that institutional aspects are not involved in techno-

economic assessments: institutional parameters play 

an integral role in defining scenario set-ups, and the 

techno-economic implications of alternative institutional 

parameters can be assessed to support decision making. 

Chapter 1: The Planning Process
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1.2 moving towards a more integrated    
 approach for transition planning

Investing in power sector infrastructure requires 
long lead times, and – given the long life of resulting 
projects – future investment options are influenced 
greatly by investments that are made today. Having 
a clearly specified long-term transition plan with an 
accompanying investment strategy allows transition 
planning components to be executed proactively, as 
opposed to taking a reactive approach triggered by the 
need to fix immediate, visible problems. Merely taking 
a short-term view is likely to result in delays, possible 
adequacy issues and economic inefficiency in the long 
term. 

Avoiding near-term inefficiencies due to a poorly 
specified long-term transition plan requires a more 
integrated approach, which moves from long-term 
through short-term planning steps, and establishes 
clear, internally consistent feedback loops within 
techno-economic assessments. 

Initially, a top-down approach to techno-economic 
planning and assessments is logical: steps would move 
from high-scope planning to high-detail analysis. First, 
long-term generation expansion planning defines future 
capacity mix. Having established that mix, a network 
investment plan is developed. The network topology 
and capacity mix are used to assess optimal dispatch, 
and that is used in analysis of load flows and stability 
to find weaknesses in system operation and to identify 
needs for network enhancements. Currently, routine 
analysis by power system operators often covers part 
of this process, performing optimal dispatch, then load 
flow and stability, analyses of the network. Planning 
consultancy firms often offer a planning service package 
in such a sequence.7 

Such a top-down approach to planning and assessment 
is crucial to ensure a cost-effective transition, but in 
many cases the planning steps described above are 
made in a fairly decoupled way. This has the potential 
to create issues if left unaddressed in the often complex 
transition to high shares of VRE. 

For example, planning for generation expansion cannot 
be done in isolation when assessing a long-term energy 

mix with high shares of VRE, because VRE investment is 
often constrained by location, and the costs of additional 
investment in transmission also must be accounted for. 
Decoupling the planning of generation and transmission 
investment may result in a system operator curtailing or 
rejecting the take-up of more renewable energy. 

In a decoupled approach, long-term plans are also 
sometimes presented without any reference to the 
relevance (or irrelevance) of short-term reliability issues. 
If short-term issues have accessible solutions, this has 
potential to create misplaced concerns among policy 
makers and system operators, who may begin to think 
that ambitious renewable energy targets derived from 
long-term plans are at odds with the reliable short-term 
provision of electricity. 

These issues of oversight and misplaced concern are 
common if steps in the planning and assessment process 
are not internally consistent and do not clearly address, 
in detail, the technical and economic implications of 
operating power systems with high shares of VRE. 
Establishing feedback loops within the long-term 
transition planning process and ensuring consistency 
across data sources and datasets employed at different 
stages can address the concerns of system operators 
and policy makers. A successfully integrated approach 
would ensure that the essential technical and economic 
impact of VRE deployment on the functional properties 
of power systems, rather than being overlooked, is 
accurately represented in all assessments and policies. 

The following two chapters go on to discuss the key 
implications of VRE deployment on long-term planning 
in more detail, and identify which system properties are 
most relevant when constructing an integrated long-
term transition plan. 

7 A three-step approach in the style described here is proposed by Mercados (AF-Mercados EMI, 2011). It starts with least-cost planning 
(optimising production and network expansion with a time horizon of 30 years), followed by a simulation of production and the network 
(with a time horizon of 10 years) and then simulation of the power system for normal and extreme load conditions
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Figure 4: Tools and analyses for energy system planning with feedback 

Box 2: Changing the planning paradigm: example of geo-spatial planning

The process of transmission expansion planning across the world is well documented in Madrigal and Stoft 
(2012). 

Long-term planning identifies overall transmission needs for a 5-20 year timeframe, given demand growth, 
the targeted energy mix, interconnection policies and VRE locations, among other factors. Short- to mid-
term planning – from the immediate future to the next two to five years – may or may not be directly 
linked to specific transmission projects. The mainstream approach for transmission planning is traditionally 
“reactive” – e.g., responding to individual interconnection requests, or addressing transmission bottlenecks 
when they force inefficient use of generation assets – and often involves delays due to long lead times for 
transmission projects.8 Proactive planning approaches, driven by the principle of long-term co-optimisation 
of transmission and generation planning, are increasingly being deployed as congestion in (or lack of) 
transmission becomes a prominent hurdle for renewable energy expansion. 
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Chapter 1: The Planning Process

8 The speed of network expansion has been identified as a common barrier for increasing the use of wind power in China, the US, Germany 
and Spain. In China, delays in grid expansion and lack of grid control and management technologies have caused massive curtailments: 
17.5% in 2011 and 21.7% in 2012 (Lacerda and van den Bergh, 2016).



Planning for the renewable future32

VRE-based power generators have distinct properties 
compared to conventional power generators, and 
those properties, in turn, have unique impacts on the 
functional properties and operation of a power system. 
Since planners must ensure that a reliable supply of 
power is maintained as the share of VRE in a system 
increases, they also should ensure that the rest of the 
system adapts in a co-evolutionary way. 

Numerous measures allow for proactive system 
adaptation to VRE. The key solution at the planning 

level is to acknowledge and prepare for these measures 
– especially in terms of their associated costs –  
at different stages. 

The primary purpose of this chapter is to establish a 
key group of unique VRE properties (Section 2.1) and 
how they impact planning towards a high share of 
VRE (Sections 2.2 to 2.5). Section 2.6 summarises this 
discussion and links it to Chapter 3, which evaluates the 
relative importance of particular VRE impacts in relation 
to long-term investment, primarily from an economic 
perspective.

2 Key pLanning impLications  
 of variabLe renewabLe  
 energy depLoyment 

Key points of Chapter 2

When planning for a high share of VRE in a power system, investments to address its deployment impact 
need to be taken into account, so as to avoid compromising a reliable supply of electricity. 

A range of planning solutions are available to integrate the unique properties of VRE into power system 
operation: 

•	 Planning for firm capacity. The variability of VRE makes the concept of “capacity credit” – or the 
fraction of VRE capacity that is guaranteed to meet demand (known generally as “firm capacity”) 
– crucial to reflect in plans for the long-term expansion of electricity generation. This is essential if 
future power systems are to have sufficient supplies to cover periods when low amounts of VRE 
are available.

•	 Planning for flexibility. As VRE generation increases and contributes to greater variability and 
uncertainly of supply, the flexibility of a system becomes more important. While smart planning of 
VRE deployment can limit the challenge of balancing supply and demand, high shares of VRE are 
likely to require more investment in flexibility measures to maintain balance at all times. 

•	 Planning for transmission capacity. The availability of VRE resources depends on their location, 
and new capacity may need to be planned to transmit power from VRE resources that are far from 
centres of demand. Long-distance transmission lines also may need enhanced ways of controlling 
voltage. 

•	 Planning for stability. Improved operational practices, and other technical solutions to maintain 
the capability to respond to contingency events and control voltage, are available at relatively 
modest cost. Technical challenges relevant to long-term planning and investment may emerge 
only at very high levels of VRE penetration. 
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2.1 Key properties of variable  
 renewable energy

The five main properties of VRE generators that 
distinguish them from conventional generators 
(discussed more fully in Sections 2.2 to 2.5) are as 
follows:

1. Due to its weather-dependent nature, VRE is 
limited in dispatchability (i.e., the ability to control its 
output) and has variable seasonal and diurnal (i.e., 
within-day) patterns of production.9

2. VRE generation can be forecast, but some 
uncertainty in forecasts remains.

3. VRE is location constrained, because its primary 
energy source cannot be transported, and VRE 
generators normally are built where the resources 
they need are good. These places may be far from 
centres of demand.

4. VRE resources are considered non-synchronous 
power sources (i.e., sources that have a power 
electronic interface with the grid, rather than a 
rotating mass that is directly connected).10 Under 
certain circumstances, they may pose challenges 
to the maintenance of system stability, which 
traditionally relies on the “inertia”11 provided by 
synchronous generators.

5. VRE generators are not necessarily connected to 
the transmission level of grid infrastructure and thus 
often feature as distributed generation.

These characteristics influence either the nature of, 
or requirements for, certain functional properties of 
the power system, the most important being: firm 
capacity, flexibility, transmission capacity, voltage 
control, and frequency and voltage response. These 
system properties are defined and discussed further in 
subsequent sections. 

Figure 5 schematically summarises which properties 
of VRE influence particular system-level functional 
properties, and where in the transition planning process 
those influences typically are considered.12 The figure 
does not intend to display a comprehensive overview 
of VRE impact on system operation; rather it focuses on 
the key areas in which VRE deployment has potential 
to influence the planning of power systems beyond 
straightforward changes to operational practice or 
technology adaptation. For a more detailed overview 
of VRE impact on system reliability and security, 
particularly in the context of developing and emerging 
countries, see Pöller (2014). The discussion in this 
section draws heavily on this literature as well. 

The economic implications of this picture, related 
specifically to long-term investment priorities, are 
discussed in Chapter 3. 
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Figure 5: Key links between variable renewable energy, power system properties and planning
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9 Sources that demonstrate pronounced variability within a short time period (e.g., sub-hourly), such as solar and wind, also are referred  
to as intermittent energy sources. 

10 A machine that has a rotating mass directly coupled to the grid is often referred to as synchronous. The European Network of Transmission 
System Operators (ENTSO-E) defines a “synchronous power generating module” as a “set of installations which can generate electrical 
energy such that the frequency of the generated voltage, the generator speed and the frequency of network voltage are in a constant ratio 
and thus in synchronism” (ENTSO-E, 2011).

11 Inertia is defined as the “stored rotating energy in a power system provided by synchronous and induction generation” (NERC and California 
ISO, 2013).

12 Note that VRE deployment does not necessarily influence the ability of a power system to provide the functional properties displayed;  
it may only require a different level of that provision.
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2.2 planning for adequate firm capacity 

Firm capacity is the amount of power generation 
that can be guaranteed to meet demand at any given 
time, even under adverse conditions (EIA, n.d.). Due 
to their variability – or, more specifically, due to the 
temporal mismatch between their variable generation 
and the variability of demand – VRE generators do 
not necessarily contribute their full capacity to firm 
capacity. They provide electricity, but their generation is 
weather-dependent, and not all of their nameplate (i.e., 
maximum) capacity can always be relied upon when 
determining adequacy, for example for times of peak 
demand. 

The fraction of VRE capacity that can be relied upon 
as firm capacity is known as its “capacity credit”. This 
should not be confused with the concept of “capacity 
factor”: capacity credit is determined primarily by how 
closely VRE generation matches demand, whereas 

capacity factor is determined primarily by the availability 
of VRE resources independent of the demand profile. 
Box 3 provides some common definitions of capacity 
credit used in the literature. 

The capacity credit of VRE is normally evaluated in 
so-called generation adequacy studies, prepared and 
published by responsible authorities under respective 
jurisdictions.13 Generation adequacy refers to the 
availability of sufficient generation to meet demand (i.e., 
firm capacity) at all times. The exact terminology and 
the methods of measurement to define the concept of 
generation adequacy vary across jurisdictions.  A typical 
generation adequacy study, for example, would consider 
the firm capacity of all power generation capacity on a 
system in any future year, and whether it is sufficient to 
cover peak demand. The sufficiency of firm capacity is 
normally determined by policy makers, and it may be 

 Box 3: Definitions of “capacity credit” in the literature

Capacity credit is the contribution that a given generator makes to overall system generation adequacy. This 
concept is sometimes also referred to as “capacity value”. Madaeni et al. (2012) define capacity value as “the 
contribution of a power plant to reliably meeting demand” and “the contribution that a plant makes toward 
the planning reserve margin”.

More technical definitions of capacity credit reflect primarily the metric used to quantify the concept. For 
example, Mills and Wiser (2012a) define capacity credit as “the amount of conventional generation that can 
be displaced without reducing the level of reliability relative to what it would have been without the VRE”, 
while Holttinen et al. (2009) refer to “the amount of additional load that can be served at the target reliability 
level with the addition of the generator in question”. 

Three commonly used metrics to measure capacity credit include equivalent conventional power (ECP), 
equivalent firm capacity (EFC); and the Effective Load Carrying Capability (ELCC) (Madaeni et al., 2012) sets 
out the following definitions:

•	 ECP: the amount of a different generating technology that can replace the new generator while 
maintaining the same system reliability level;

•	 EFC: the amount of a different fully reliable generating technology that can replace the new 
generator while maintaining the same system reliability level;

•	 ELCC: the amount by which the system’s loads can increase (when the generator is added to the 
system) while maintaining the same system reliability.

Some detailed examples of capacity credit calculations for generation adequacy studies, along with example 
ranges for wind and solar PV, are presented in Box 11 in Section 5.2. 

13 For example, in ENTSO-E (2015), generation adequacy is assessed over a 5-10 year forecast, using a concept of reliably available capacity 
(RAC). The contribution of VRE to RAC is evaluated at the hour of the expected daily peak, using solar and wind load factor during that hour. 
In OFGEM (2014), the equivalent firm capacity (EFC) of wind is used to represent capacity credit and reflects the average contribution of 
wind power to the UK de-rated margin (i.e., reserve margin above peak demand). More probabilistic metrics of generation adequacy, such 
as loss of load expectation (LOLE), loss of load probability (LOLP) and expected unserved energy (EUE), also are used commonly (CEER, 
2014).  
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affected by a system’s technological mix, the size of 
generation units, and their operational characteristics 
and strategies, as well as by market designs (Welsch 
et al., 2014a). The resulting margin of firm capacity 
required above peak demand is sometimes referred to 
as a reserve margin, and typically ranges from about 10 
to 25% of peak capacity.14 

Given the importance of having sufficient firm capacity 
to system reliability, understanding the relevant range 
of capacity credit values for VRE and matching the 
timing of VRE supply patterns with that of load patterns 
are key elements in long-term generation expansion 
planning. Temporal mismatch may cause a period when 
too much VRE is produced, which could lead to its being 
curtailed, or to a period of no production, which other 
capacity would be required to cover.  

Good statistical temporal matching, on the other hand, 
results in a higher capacity credit for VRE. In some 

geographical areas, for example, solar irradiance often 
coincides with the need for air conditioning, and so 
solar PV’s supply curve matches well with the overall  
pattern of electricity demand. The capacity credit of 
solar PV in such a system is likely to be high, particularly 
compared to what it would be in systems where peak 
demand occurs in the evenings, when sunlight is not 
available. 

The capacity credit for a given VRE technology is also 
specific to its location. When aggregated VRE sources  
are from dispersed, distant sites – and thus meteorological 
conditions are less correlated – the capacity credit is 
higher than from sites in one concentrated location. 
Planning for a balanced mix of VRE deployment over a 
large geographical area may smooth out seasonal and 
daily variability in supply, and this could increase the 
capacity credit of combined sources. 

14 In North America, for example, a reserve margin in the range of 12-17% is observed across North American Electric Reliability Corporation 
(NERC) sub-regions (Short et al., 2011). Reserve margins do not always fall within the specified range, however – e.g., in the UK, where 
projected winter reserve margins have been below 5% in recent years (OFGEM, 2015).   
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2.3 planning for system flexibility 

In order to keep a power system secure and reliable, 
demand and supply must be balanced at all times.15 Dealing 
with variability in the balancing process is not a new issue 
for power system operation, as demand has always been 
variable to some extent. The same can be said about 
uncertainty: the variability of demand is not necessarily 
known and has to be forecast by system operators in order 
to construct a dispatch schedule for supply. 

However, as the share of VRE supply increases in a 
system, the variability of VRE generation can potentially 
become more rapid, frequent and significant. 
Accordingly, the variability of “residual load” (also 
known as “net load”, i.e., demand minus VRE generation) 
also increases. The ability of the non-VRE portion of the 
power system to adjust its generation to meet residual 
load under normal operating conditions is referred to 
here as “flexibility” (see Box 4 for a discussion of other 
definitions of the term).

To be clear, such flexibility is required primarily because 
of the rate of change in the residual load, rather than  
the mismatch between demand and VRE generation 
(which was discussed in the previous section). Rapid 
changes in residual load make it more challenging 
to balance total demand and total supply at all 
times.16 A sufficient amount of flexibility is required to 
accommodate those changes. Insufficient flexibility 
could lead to load shedding (if the system cannot ramp 
up during periods of low VRE generation) or to VRE 
curtailment (if the system cannot ramp down during 
periods of high VRE production), in order to maintain 
balance and keep the system secure. 

In a more flexible system, dispatchable power plants 
need to be prepared to ramp up and down more 
quickly, more often and at a higher magnitude in order 
to accommodate the variable power generated from 
VRE. Typically, hydropower and gas-fired plants offer 
such fast ramping. With technical enhancements, other 
generating technologies that normally are considered to 
be inflexible – including VRE sources themselves – also 
can contribute to system flexibility (Jacobs et al., 2016). 

Other than the ramping capacity and products offered 
by power plants, the most common flexibility measures 
include storage technologies, demand response and 
cross-border trade. Storage technologies smooth out 
the variability of supply by shifting its timing, while 
demand-response measures similarly smooth out 
variability of demand, also by shifting its timing: both 
aim at better matching demand and supply. Cross-
border trade increasingly is used as a source of flexibility 
and provides access to additional generating resources 
when VRE suffers from low availability, or helps to 
evacuate it when it is being overproduced.17 

Reserve capacity set up to respond to uncertainty18 

also is considered to be part of flexibility, and this sub-
component sometimes is studied more exclusively 
due to its near-term relevance to operation planning. 
Reserve requirements are set by authorities to cope 
with unexpected deviations under both normal and 
emergency operating situations. Definitions of different 
types of reserves (and the requirements for them) are 
highly dependent on the jurisdiction.19 

15 The balance between demand and generation at a given point in time is indicated by the system frequency (Lannoye et al., 2012). System 
operators aim to maintain frequency within a prescribed range, since a large enough imbalance between demand and supply can cause 
frequency deviation that results in system damage or failure.    

16 For example, the timeframe relevant to the variability of wind and solar PV typically starts at about 10-15 minutes (during which the total 
output of wind and solar generation is expected to be relatively constant) (IRENA, forthcoming-a; Pöller, 2014), or even shorter in a small 
and isolated system where the whole system may be influenced by the same local climatic condition. Dispersing VRE resources over large 
geographical areas, or combining various technologies that use different resources (commonly uncorrelated, and sometimes correlated 
complementarily), typically can smooth out the variability of a portfolio of generators (IEA, 2014).  

17 While limiting VRE curtailment is an important driver of such measures (generating electricity from VRE has nearly zero marginal costs, 
so excessive curtailment may be considered as a sign that a system is badly designed), for planning purposes a strategic amount of 
curtailment may be part of a cost effective solution. Investing in additional sources of flexibility – such as new flexible plants or storage 
options – only to accommodate a short period of extreme variability is likely to be less cost effective than accepting some curtailment. A 
well-crafted long-term planning can help to design a system that can optimally minimise such a loss.  

18 The uncertainty is inherent in system variability, and to a large extent, is addressed by forecasting. The variability of VRE generation 
(together with the variability of the load) is forecast for a given dispatch-schedule timeframe, and a dispatch schedule is made accordingly. 
More accurate forecasting can reduce errors in the scheduling process. Deviations from the scheduled output level are still expected to 
occur, however, partly through inherent limits to forecasting and partly because dispatch scheduling time horizons are coarse compared to 
those typical for VRE variability. Using a five-minute dispatching schedule (as in Denmark, for example) instead of the commonly deployed 
one-hour one reduces such deviations from the scheduled output.
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Box 4: Definitions of “flexibility” in the literature

“Flexibility” is increasingly recognised as key to integrating VRE. Definitions of the concept vary in scope and 
detail, however, which leads to different metrics for measurement (an issue fully discussed in Section 6.1).

The International Energy Agency (2012) refers to flexibility as having three categories: stability, balancing 
and adequacy. Most definitions, implicitly or explicitly, define flexibility within the context of balancing, which 
refers primarily to regulation, load-following and scheduling. While balancing is linked with frequency control 
under normal operating conditions, stability is linked with post-contingency responses to get frequency and 
voltage back to a normal level. 

Some definitions of flexibility make explicit reference to its balancing aspect, describing it as “the extent 
to which a power system can adjust the balance of electricity production and consumption in response to 
variability, expected or otherwise” (IEA, 2011) or “the ability to make adjustments necessary to balancing 
supply and demand and maintain system reliability” (Dragoon and Papaefthymiou, 2015). The definition 
of operational flexibility used in EPRI (2014) is more detailed in this respect, describing it as “the ability to 
ramp and cycle resources to maintain a balance of supply and demand on timescales of hours and minutes 
through reliably operating a system at least cost”. 

Other definitions implicitly assume that “fluctuations” and “changes” are those occurring under normal 
operating conditions. These include definitions such as: “the ability of the power system to adapt to the 
growing fluctuations of supply and demand while, at the same time, maintaining system reliability” 
(from the Council of European Energy Regulators, 2016), “the ability of the power system to respond 
to change in different time scales” (from the experts report on wind integration studies from the  
IEA Wind Taskforce 25 (IEA Wind, 2013)) and “the ability of a power system to respond to changes in 
electricity demand and generation” (from the National Renewable Energy Laboratory (NREL); see (NREL, 
2015)). Sudden changes due to a contingency event (such as the failure of a generation unit in a system) 
are implicitly excluded. An important distinction here is that, under normal operation, needs are driven by 
weather conditions, whereas those following a contingency are not necessarily driven by VRE.

In Milligan et al. (2015), also from NREL, flexibility is defined to include time horizons of a month to sub-
seconds, but an explicit statement is made to exclude from its assessment the shortest time interval (in 
which inertia response is used as the first line of defence).

Müller (2013) describes the flexibility concept as usually referring to maintaining the active power balance 
of a power system on a time scale of a few minutes to several hours, but it also has been applied to issues 
relating to the reactive power balance in power systems, and to active power balance at shorter time scales (it 
has been termed “technical flexibility”). Ulbig and Andersson (2015) explicitly include contingency response 
as a part of flexibility.

In this report, the concept of flexibility is defined narrowly, limited to within the balancing context under 
normal operating conditions. 

Planners must ensure, through both long-term 
generation expansion planning and dispatch simulation, 
that the flexibility that has always been required of 

power systems is maintained and built upon alongside 
high shares of VRE.

19 Ela et al. (2011, 2010) provide an overview of definitions used in various jurisdictions and illustrate how the same terminologies are used to refer 
to different concepts. Below are some examples of how reserves with different activation times are referred to in various systems: 

•	 ENTSO-E: primary (30 seconds), secondary (15 minutes), tertiary (after 15 minutes)
•	 Irish system: regulating (30 seconds), operating (primary, 15 seconds; secondary, 15-75 seconds); tertiary, 5 minutes), replacement  

(20 minutes to 4 hours), substitute (4-24 hours), contingency (after 24 hours)
•	 NERC: Spinning (10 minutes), non-spinning (within 20 minutes), supplementary (30 minutes). 
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2.4 planning for transmission capacity  
 and voltage control 

The availability of VRE resources is location-specific: 
unlike coal or natural gas, the primary energy from wind 
and solar cannot be transported in its original form. This 
can constrain where plants can be sited. If a wind or solar 
resource location is far from centres of demand, power 
will need to be transported over long distances at a high 
voltage level. In some cases, geographic concentration 
of VRE deployment also may cause congestion in the 
existing transmission network. 

A lack of sufficient transmission capacity has been 
a major issue in some countries and has resulted in 
significant delays in implementing VRE projects or in a 
high degree of curtailment of VRE generation (Kies et al., 
2016; Lacerda and van den Bergh, 2016). A lack of strong 
grid infrastructure often is a particular challenge in 
developing and emerging countries, and their electricity 
networks may need to be substantially reinforced and 
extended, regardless of VRE deployment, especially in 
view of the fact that many countries’ overall generation 
and demand are growing.

For these reasons, sufficient and well-sited transmission 
capacity must be in place for generation expansion. 

Having a strong and extensive transmission grid in 
place allows a system to benefit from the smoothing 
out of VRE variability from geographically dispersed 
VRE sites, which requires balancing of generation over 
large areas. 

If the expansion of VRE does require the development 
of longer high-voltage transmission lines in a particular 
context, planners also should be aware of any 
additional challenges this poses to voltage control. 
Longer transmission lines, and the unique properties 
of VRE sources themselves, could require greater 
investment in voltage control assets in the network.20 

At the distribution level, VRE connected at low and mid 
voltage also has the potential to violate voltage limits, 
if unequipped with modern voltage control capabilities.

Despite the potential importance of the need to 
reinforce the distribution grid to accommodate 
high VRE deployment if it occurs at the level of the 
distribution network, this aspect is outside the scope 
of the current report, given that the priorities of many 
emerging economies focus more on the expansion of 
transmission-level generation capacity.

Chapter 2: Key Planning Implications of Variable Renewable Energy Deployment 

20 This is due to the fact that over longer distances, maintaining the appropriate amount of reactive power capability, which system operators 
rely on to balance electricity at the nodes of the transmission network, typically becomes more challenging (irrespective of a type of 
generation capacity). For VRE generators in particular, due to their non-synchronous nature (see Section 2.5 for detail), additional measures 
may need to be taken to equip them with modern control functions and capabilities so as to allow them to support voltage control. Some 
legacy solar PV and wind installations may not be equipped with such capabilities, which could cause voltage control problems, especially 
when their penetration in a particular system is high. However, state-of-art technologies typically come with these capabilities, and various 
smart grid technologies also can be used to address this issue, particularly at a distribution level.
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2.5 planning for stability  
 (frequency and voltage response)

A critical role of system operators is to maintain both 
frequency and voltage within acceptable limits. In 
less technical terms, frequency is the parameter of 
a power system that indicates whether there is an 
imbalance between “active” power generation and 
consumption, while voltage is the parameter that 
indicates imbalance in “reactive” power (Lannoye et al., 
2012; Pöller, 2014).21 Sudden system failures, referred to 
in this report as “contingency events”, can cause both 
voltage and frequency to go beyond accepted limits. 
Such contingency events are driven primarily by factors 
independent of VRE-specific qualities, such as the 
loss of a large generator (renewable or conventional), 
transmission line or sub-station in the power system. The 
ability to return to a state of normal operation following 
a contingency event is referred to as “stability”.22 

While deployment of VRE does not necessarily influence 
the occurrence of contingency events, it changes the 
system’s ability to respond to contingency-driven 
imbalances in active power (indicated by frequency) 
and reactive power (indicated by voltage). 

In the face of an active power imbalance following 
a contingency event, system operators can deploy 
successive “contingency reserves” with different 
response times to maintain the system’s frequency 
stability.23 How much frequency drops immediately 
following a contingency event (within a few seconds)  
is influenced by so-called “system inertia”. Inertia is  
provided by the rotating masses connected to the grid, 
and generators with such rotating masses are called 

“synchronous” generators. Conventional thermal 
generators are synchronous generators, whereas VRE 
generators are non-synchronous.24 Although inertia, 
therefore, is traditionally associated with conventional 
generators, wind generators can mimic synchronicity 
through so-called synthetic inertia, drawn from their 
rotating blades. 

Due to the dynamics described above, if large-scale 
VRE penetration leads to moments when a significant 
amount of wind or solar generation displaces non-
VRE generation, system inertia may not be sufficient 
to maintain stability during contingency events.25 
Smaller systems, which are more susceptible to smaller 
contingency events than bigger systems, may have 
to be particularly vigilant on this potential issue. In 
the process of transition, some power systems may 
be required to limit instantaneous VRE penetration 
to maintain system stability, or to deploy alternative 
technology solutions that provide frequency stability 
services. These include active power control services 
available to some types of VRE, or other fast frequency 
response assets such as energy storage systems and 
demand response. Regional interconnection also could 
expand the balancing area and accordingly increase the 
available inertia within an interconnected system.

On the network side, voltage levels disturbed by 
a contingency event also need to be stabilised 
immediately afterwards, by balancing the reactive 
power in the affected area (i.e., maintaining voltage 
stability). 

21 Active power can be thought of broadly as power that is actually consumed, and is balanced at a system level, while reactive power refers 
to power that assists in the delivery of active power, controls voltage and is balanced locally. ENTSO-E (2011) defines active power as, 
“the real component of the apparent power at fundamental frequency, expressed in watts or multiples thereof such as kilowatts (‘kW’) or 
megawatts (‘MW’)”, and reactive power as “the imaginary component of the apparent power at fundamental frequency, usually expressed 
in kilovar (‘kVAr’) or megavar (‘MVAr’)”.    

22 Stability has a number of elements. Kundur et al. (2004) propose a classification of various stability phenomena, suggesting that power 
system stability has three main aspects: rotor angle stability, frequency stability and voltage stability. These are then further divided into 
sub-categories. 

23 The amount of contingency reserves required by a system depends mainly on worst-case assumptions regarding large, unplanned power 
plant outages, and not on the variability of wind and solar energy (Pöller, 2014). Contingency reserves can be provided by both VRE and 
conventional generators. However, VRE is not typically chosen to participate in such reserves on economic grounds, as it would entail 
operation with limited output.  

24 Wind and PV inverters are “inertia-less” generators, meaning that they do not have any inertia (PV-inverters) or that the corresponding 
inertia is decoupled from the grid (variable speed wind generators) and will not release any energy to the grid in the case of frequency 
drops (Pöller, 2014).

25 In more technical terms, increasing non-synchronous generator penetration will effectively displace traditional synchronous generation in 
the system dispatch, reducing synchronous inertia in a system (O’Sullivan et al., 2014; Pöller, 2014).
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Although modern wind and solar PV generators are 
equipped with capability to participate in voltage 
control, if such an event takes place during a period 
of high wind and solar generation – in which many 
synchronous generators are disconnected – and VRE 
generators are located far from the affected area, 
sufficient reactive power may not be made available for 

balancing due to its limited ability to be transferred over 

long distances (Pöller, 2014). This impact typically can 

be mitigated at moderate cost by installing additional 

reactive power compensation assets.26

While this section describes the planning implications 
of high shares of VRE for two central areas of system 
stability (i.e., frequency and voltage stability), VRE 
deployment also has a number of more nuanced 
impacts on other aspects of stability. For a more 
detailed overview of the impacts of VRE deployment 

on system stability, see Pöller (2014).
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26 IRENA (forthcoming-a) discusses devices for voltage compensation in greater detail.
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The sections above have discussed properties of a 
power system that can be affected by VRE deployment. 
In order to summarise the implications of this for long-
term planning and to discuss them in the context of 
planning a reliable power system, this section has 
adopted a matrix from DNV GL (unpublished-a). The 
key system properties identified above – firm capacity, 
flexibility, transmission capacity, voltage control and 
stability – are placed in the matrix in Table 1. The matrix 
is formed by two axes. The first refers to adequacy and 
security, two principal dimensions for describing the 
reliability of a power system. Security has an additional 
dimension, stability.27 

Adequacy refers to the availability of sufficient 
generation and network capacity to serve the load at all 
times, particularly during peaks. Security refers to the 
robustness of the power system in continuing operation 
during both normal and contingency situations, i.e.,  

through reducing both the risk of contingency events  
occurring, and their impacts (Kundur et al., 2004; 
Pöller, 2014).28 Stability more specifically refers to 
the robustness of the power system in continuing to 
operate during contingency events. 

The second axis distinguishes generation and networks. 
Demand-side measures and storage are broadly 
included under generation here, while networks include 
transmission and distribution grids.

There is clearly a diverse range of properties to consider 
while planning power systems to accommodate high 
shares of VRE, influencing different stages in the 
planning process, and different aspects of reliability. 
Deploying measures to maintain the system properties 
identified in this chapter often has material investment 
implications, and some are more significant (and thus 
particularly relevant for long-term planning) than others. 
The following chapter presents such an assessment.

2.6 summary of long-term planning     
 solutions for reliability with variable    
 renewable energy 

Table 1: Power system reliability: areas of focus for transition planning

Generation Networks

Adequacy Firm capacity Transmission capacity

Security of operation

Flexibility Voltage control capability

Stability  
(frequency and voltage response)

27 Pöller (2014) points out that different definitions are found in the literature for the terms reliability, security and stability, and refers to a 
summary in Kundur et al. (2004) as one of the most relevant and most widely accepted definitions: “Reliability of a power system refers 
to the probability of its satisfactory operation over the long run. It denotes the ability to supply adequate electric service on a nearly 
continuous basis, with few interruptions over an extended time period. Security of a power system refers to the degree of risk in its ability to 
survive imminent disturbances (contingencies) without interruption of customer service. It relates to robustness of the system to imminent 
disturbances and, hence, depends on the system operating condition as well as the contingent probability of disturbances. Stability of a 
power system refers to the continuance of intact operation following a disturbance. It depends on the operating condition and the nature 
of the physical disturbance.”  

28 While the focus of this report is at the scale of planning time horizons, system security assessments also are carried out at a more granular 
scale during system operation (e.g., “day-ahead congestion forecast”, “contingency analysis”, etc.) (Pöller, 2014). 
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3 Key investment impLications  
 of variabLe energy depLoyment

Key points of Chapter 3

Chapter 2 discussed how the characteristics of VRE 
change the requirements for particularly important 
functional properties of an entire power system, such 
as firm capacity, flexibility, transmission capacity, 
voltage control and stability. This chapter examines 
the investment implications of those changes, with the  

specific aim of segregating those that have major long-
term implications for investment from those with more 
modest long-term ones. This will provide a foundation 
for the discussion in Part Two on how to better reflect 
these implications in long-term planning models.

Various solutions exist for integrating the unique properties of VRE into power system operation, but some 
are more relevant than others to the long-term planning process: 

•	 Most relevant: plan for firm capacity

•	 High relevance: plan for flexibility 

•	 High relevance: plan for transmission capacity 

•	 Near-term/system-specific relevance: plan for stability 

In presenting policy makers with a scenario for long-term electricity generation expansion, the scenario 
should explicitly address how to meet needs for firm capacity, flexibility and transmission capacity, 
specifically as driven by VRE deployment.

Investing in these three areas will have significant implications for cost-effectiveness over the long term. If 
institutional planning capabilities are insufficient, it could result in a substantial misallocation of capital and 
in a sub-optimal mix of power generation capacity. 

VRE grid integration studies typically are conducted to assess how much VRE a current system can accept. 
They generally are not meant to set a long-term limit on VRE penetration. Although near-term technical 
and institutional limitations are useful to address when making long-term plans, long-term decisions are 
primarily economic. 

Technical problems can be solved so long as there is a willingness to invest and to change operational 
practices. The key issue is how to reflect the costs of such solutions in long-term planning. 

Chapter 3: Key Investment Implications of Variable Energy Deployment 
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The purpose of long-term transition planning is to 
identify a path for a cost-effective transition to a power 
system with a high share of VRE. With that in mind, 
the long-term investment implications associated 
with measures to promote VRE are crucial to assess. 
As discussed in Chapter 1, a full assessment of power 
system reliability is not designed to be performed over 
the long-term planning time horizon (e.g., 20-40 years 
plus). Rather, planning considerations (as summarised 
in Table 1, Section 2.6) should ideally be linked, so as 
to allow feedback into long-term generation expansion 
decisions. For that reason, economic implications must 
be considered, particularly where they are relevant to 
long-term investment. 

Table 2 summarises the assessment of the long-term 
investment implications of power system reliability 
aspects (as identified in Table 1). While continuing the 
previous chapter’s matrix of focus areas for transition 
planning, Table 2 suggests, by way of colour codes, 
how relevant each area is to long-term investment. 
This prioritisation is based on two main factors: 
economic impact on the cost competitiveness of 
different generation options, and the potential to create 
operational and technical constraints that may limit 
future VRE deployment.

Ensuring sufficient firm capacity is assessed to be the 
most relevant; ensuring flexibility and transmission 
capacity are assessed to be highly relevant; and frequency 
response from generation assets may be relevant for 
certain systems with a very high share of VRE. Voltage 
control capability and voltage response are assessed 
to have low long-term investment implications, despite 

their importance to operational planning with much 
shorter time horizons and the need for an inclusive 
planning process that acknowledges the critical 
links between short- and long-term perspectives (as 
discussed in Chapter 1).29 

These assessments are further elaborated in the 
sections below. 

Firm capacity: most relevant to long-term 
investment
Investment in the capacity to provide generation 
adequacy in a system with a high share of VRE is 
likely to be the most relevant to long-term planning. 
This is intuitive, given that significant investment will 
be required in VRE capacity itself for a large-scale 
transition. Investment to ensure sufficient firm capacity 
is especially important in many emerging countries, 
where rapidly growing electricity demand (sometimes 
around 5-10% a year) urgently requires capacity 
expansion.30 

Understanding VRE’s contribution to firm capacity (the 
concept of capacity credit discussed in Section 2.2 and 
elaborated in Section 5.2) over the course of a long-

term generation expansion plan can have significant 
investment implications. For example, a temporal match 
between future demand and VRE supply profiles could 
substantially improve the contribution of future VRE 
capacity investments to firm capacity, possibly leading 
to reducing the need for peak-capacity investment. 
Neglecting hypothetically low capacity credits at high 
VRE penetration could lead to insufficient capacity to 
cover demand at all times and entail further investment 
to meet generation adequacy requirements. 

Table 2: Long-term investment implications for transition planning

Most relevant High relevance Relevant in certain systems Near-term relevance

Generation Networks

Adequacy Firm capacity Transmission capacity

Security of operation
Flexibility Voltage control capability

 (frequency response...and voltage response)

29 The broad categorisations of relevance to long-term planning presented here are supported by a number of more in-depth studies on the 
overall system cost of VRE integration. See, for example, Ueckerdt et al. (2013) and Hirth et al. (2015)  

30 This sentiment is echoed in Pöller (2014).

Stability
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Notably, non-conventional measures, such as storage 
deployment and demand-side response, also can act as 
alternatives to investment in firm capacity. 

In certain systems, the nature of investment in capacity 
will be affected by lower utilisation of non-VRE 
generators as VRE deployment increases. For example, 
in mature power systems with existing and dispatchable 
generation capacity – which traditionally covers a near-
stable (or even declining) demand – the shift to high 
shares of VRE can result in systematically lower use of 
existing non-VRE generators. Such a systematic change 
in generation patterns can result in an enduring change 
in the competitiveness of power plants in a liberalised 
market context. Although questions about the recovery 
of investment costs for those plants affected by system 
transition need to be addressed in the near term, such 
questions are likely to become less significant as the 
mix of generation capacity develops over the long term 
towards greater flexibility. 

Flexibility: high relevance to long-term 
investment 
As discussed in Section 2.3, ensuring power system 
flexibility requires a design that complements the 
variability of VRE in the most cost-efficient way. Failing 
to deliver such a design could lead to VRE generation 
being excessively curtailed, which may imply cost-
inefficient utilisation of VRE.31 Developing countries 
with rapidly growing demand may have an advantage 
in the design of flexible power systems, as there is less 
risk that existing inflexible plants become sunk costs.

The central question regarding long-term investment 
for flexible system design surrounds the optimal mix 
of flexible generation and other flexibility measures to 
complement VRE’s fluctuating output. The economic 
viability of investing in unconventional power system 
flexibility measures, such as storage and demand-side 
management, also needs to be assessed. 

As a power system’s share of VRE grows, the costs 
linked to the limited flexibility of power plants – 

including the opportunity cost of not dispatching less-
expensive inflexible plants in favour of dispatching 
more-flexible but more expensive generators – may 
increase. While the system’s overall fuel cost saving 
due to VRE penetration may likely surpass the  
potential cost increase, long-term investment decisions 
that do not take into account the implications of 
balancing related costs in a more flexible system may 
turn out to be sub-optimal. 

Transmission capacity: high relevance to  
long-term investment 
In most cases, if VRE resources are not located near 
the existing electricity transmission network, increasing 
the share of VRE ultimately will require additional 
investments in the grid. 

Given that investment in generation often has higher 
absolute cost implications than transmission, a 
sequential approach of first defining the generation 
mix, then the optimal transmission capacity for 
that mix, is logical in principle, and often practiced. 
However, if the site specificity of VRE resources requires 
additional transmission expansion – and corresponding 
investment – ignoring transmission costs in planning 
long-term generation expansion may result in a sub-
optimal investment strategy. 

Furthermore, an economic trade-off may exist between 
transmission capacity investment and resource quality 
of generation at a given site: there may be times when 
the cost of new transmission capacity, or increased 
congestion in existing capacity, outweighs the benefit 
of a marginally higher-quality VRE resource.

Accounting for transmission investment in long-term 
planning of the generation mix may produce materially 
different results. Implementing a feedback loop or 
link between planning stages (discussed further in  
Chapter 7) can allow for more cost-effective investment. 

Chapter 3: Key Investment Implications of Variable Energy Deployment 

31 This is because the marginal production costs of VRE are near zero. As noted in Section 2.3, however, a strategic amount of curtailment may 
be part of a cost-effective planning solution.
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Frequency response at the generation level:  
system-specific relevance to long-term 
investment 
As discussed in Section 2 .5, if frequency stability is to 
be regained after a contingency event, there needs to be 
enough inertia and contingency reserves (reserves that 
can be deployed immediately following the contingency 
event) in the system in order to provide a response. 
Although VRE does not contribute to system inertia, VRE 
operation can be adapted to support frequency response 
(an adaptation referred to as synthetic inertia).31 The 
long-term investment implications of such operational 
adaptation are likely to be marginal when compared to 
the investment needs for power generation. 

Other technical solutions, including batteries, can 
support frequency response (IRENA, 2015b) and have 
been implemented in small-island systems achieving 
high shares of VRE. However, there are no examples 
yet of large interconnected systems that are balanced 
through renewable power. 

Stability constraints due to lack of system inertia 
may be relevant to long-term transition planning 
limiting long-term VRE investment opportunities. In 
Ireland, for example, a 50% maximum instantaneous 
penetration level of VRE was enforced (EirGrid 
and SONI, 2016). Whether such technical limits 
exist in different contexts, what their actual values would 
be, and how technological progress may affect them in  
the future, depend greatly on the specific system involved 
– although, as a general rule, such considerations are 
most acute for smaller and isolated systems. 

Voltage-control capability and voltage 
response: mainly relevant to near-term 
investment
Investment in control equipment and network 
enhancements is necessary to ensure voltage-control 
capability and to maintain a system’s secure operation  
with a high share of VRE.33 To address voltage control  

and stability issues, planning must also consider 
additional investment in reactive power compensation 
devices.34 The actual level of investment required in  
these areas is determined following criteria set out in 
the relevant grid codes, and can be system-specific. The 
topology of a network plays a big role, and evaluating 
the need for investment requires detailed network 
analysis. Typically, the investment required for voltage 
control is moderate or negligible compared to what is 
needed for power generation. 

The impact of VRE generators on voltage control, 
therefore, may be assigned a low priority in planning 
long-term generation expansion, except where a system 
is isolated. Measures to mitigate their impact on voltage 
control and voltage stability are readily available, and 
could be implemented at a comparatively low cost. 
Such adjustments are not expected significantly alter 
the long-term generation expansion path.

From concepts to modelling tools
This chapter has identified key aspects of VRE impact 
with long-term investment implications. 

Our assessment suggests that firm capacity, flexibility 
and transmission capacity have particularly significant 
long-term investment implications, whereas the other 
aspects discussed have limited long-term investment 
relevance, except in smaller or isolated systems. 

Based on this assessment, Part Two discusses how 
these important long-term investment implications 
are addressed in typical long-term planning tools, and 
presents different approaches that can better represent 
VRE impact from an investment perspective. 

32 For an overview of inertia response and frequency control techniques for renewable energy sources, see Dreidy et al. (2017).

33 As mentioned in Section 2.4, modern VRE generators are themselves equipped with advanced voltage control capabilities. 

34 IRENA (forthcoming-a) discusses this topic in greater detail. 
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Part Two of this report presents practical methods to represent, as effectively as possible, the impact 
of variable renewable energy (VRE) deployment on power system investment over the course of future 
decades. The focus is on the planning areas that were identified in Part One as being relevant for long-term 
investment.

Chapter 4 focuses on the challenge of the granularity of long-term generation expansion models in time 
and geographical scope. The resolution of these models typically is too coarse to represent VRE’s impacts 
on the key power system properties identified in Chapter 3, and increasing the resolution can, in principal, 
help better capture such impacts. 

Chapters 5-8 provide a catalogue of more specific practical methodologies to better represent VRE 
impacts in long-term generation expansion models, centred around representing firm capacity  
(Chapter 5), flexibility (Chapter 6), the transmission capacity of a grid (Chapter 7), and stability constraints 
(Chapter 8) in recent, innovative planning studies. 

Part Two as a whole is not designed to evaluate and compare different modelling tools per se, but rather to 
identify elements of the design and application of the various models available. The purpose is to improve 
the representation of VRE in long-term planning and generation expansion models. Modelling tools, 
meanwhile, continue to evolve and improve. 

Part Two
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4 a common chaLLenge:  
 Long-term modeL resoLution

Key points of Chapter 4

Given the importance of model-based assessment in establishing long-term pathways for power sector 
transitions, models need to account for the long-term investment implications of deploying VRE that were 
identified in Part One. There are a number of methods to achieve this, and they often are complementary, 
but some are more complex than others. Some are research grade, and energy planners in many developing 
and emerging countries that lack extensive modelling R&D may have difficulty implementing them.

The availability of data and modelling expertise should be the guiding principle when selecting appropriate 
methods to represent the impact of VRE deployment in long-term models of electricity generation 
expansion.

Countries are advised to start simple when improving planning for a high share of VRE, and to take a 
strategic approach, over time, to advancing both the scope and quality of models and the capabilities of 
their staff.  

Increasing the resolution of models in time and space: The resolution of time and geographic space in 
long-term generation expansion models is typically too coarse to fully represent the planning measures 
to address the various impacts of VRE that are identified earlier in this report. Increasing temporal and 
spatial resolution can, in principle, improve the accuracy of representing VRE contributions to firm capacity, 
transmission capacity requirements and flexibility in these models. 

General complexity: Low to medium

Long-term energy planning models used for generation 
expansion planning have a long (15-40 years plus) 
planning horizon. As discussed in the Introduction, 
such models are used to define investment paths 
and to inform long-term strategic decision making 
over the development of a national energy system, 
alongside long-term policy goals. Utility companies 
sometimes use more elaborated models, focusing only 
on the power sector, to define an optimal generation 
capacity expansion path. For reference, Table 17 in  
Appendix 3 summarises long-term planning models 
used in an extensive range of official national energy/
electricity master plans.

The long planning time horizon of these models is, 
somewhat by definition, their key common feature. This 
limits the level of detail in representing time periods 

in models, often because of limited computational 
capability to solve a model within a practical time. 
Section 4.1 discusses how temporal and spatial  
resolution is typically represented in long-term planning 
models, and how altering it can influence results.  
Section 4.2 discusses how increasing model resolution 
would improve the representation of VRE’s impact 
across the range of system properties noted in Part One.

Readers are reminded that “models” and “modelling 
tools” are distinguished in this report (see Box 1 in the 
Introduction). The targeted beneficiaries of this report 
are likely to use “modelling tools” to generate models, 
rather than to invest in R&D for their own model 
development. This distinction is relevant as it limits the 
solution sets discussed throughout these sections. 
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4.1 model resolution in time and space

Winter

Work

1 year

4 seasons per year 

Distinction between 
work day and weekend

Splitting days into 4 
characteristic blocks

1 week

1 day

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

WE

Spring Summer Autumn

Figure 6: Example of time slice definitions (32 time slices per year) 

Typically, two different temporal resolutions are 
incorporated in long-term generation expansion 
models. The first is used to describe the development 
of capital stocks and investment decisions. It has a very 
coarse granularity, using time steps of up to about five 
years. This is normally sufficient for the purposes of 
generation expansion planning given the long lifetimes 
of infrastructure and power plants, and the long 
planning horizon of 15-40 years plus.

The second temporal resolution aims at representing 
the operation of the power system – accounting for 
both the intra-annual variability of VRE supply and load 
– and the resulting flexibility requirements and relevant 
technical characteristics of dispatchable power plants. 

In order to represent the variability of demand, the  
8 760 hours that make up a year are broken down into 
time blocks (referred to here as “time slices”) that 
capture seasonal, weekly and daily variations. A rather 
small number of representative time slices – typically in 
the range of 12 to 64 – is used in long-term generation 
expansion models. To illustrate: seasonal demand 
variation can be represented by the four seasons; 
weekly demand variation can be represented by two 
contrasting types of day (weekdays versus weekends); 
and daily variation can be represented by four six-hour 
blocks – totalling 32 time slices (see Figure 6). Different 
modelling teams take different approaches in the way 
they define the time slices. 

When VRE is only a negligible part of the power system, 
such time slices are defined primarily according to the 
variability of demand (and according to the seasonality 
of river or reservoir levels, in a system with a high share 
of hydropower). As VRE increasingly penetrates the 
system, however, models need to capture the variability 
of its supply as well. 

Insufficient capture of the variability of supply could lead 
to a sub-optimal or even an inadequate capacity mix, 
as the costs linked with periods of VRE over- or under-
production are insufficiently represented, and the need 
for flexibility in the system may be underestimated. 

The geographical resolution in long-term generation 
expansion models is, furthermore, typically insufficient 
to capture certain impact of VRE that are driven by their 
location constrained nature.

The entire geographical area of these models is 
often divided into multiple sub-regions, allowing the 
spatial distribution of load, VRE resources and non-
VRE resources to be reflected. These sub-regions are 
represented in generation expansion models as nodes, 
which are associated with the aggregated demand of a 
given sub-region. Countries within a bigger region – or 
sub-regions within a country – can be represented by 
multiple nodes, and investment and trade in electricity 
nodes are determined to maximise benefits from the 
differences in the nodes’ costs in generating electricity 
at any time. 

Chapter 4: A Common Challenge: Long-term Model Resolution
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Box 5: Survey of modelling tools for generation expansion planning in the literature

However, the geographical resolution – represented by 
the number of nodes in a model – is typically limited 
in long-term generation expansion models. A country 
model application, for example, often has only one 
regional node, and thus transfers of power within the 
country (i.e., via domestic transmission lines) are not 
analysed. Regional applications of such models often 
incorporate regional nodes – where each country is 
represented by a node – thus allowing international 
power transfers to be assessed.

Although the geographical resolution of long-term 
generation expansion models is typically too coarse 

to represent VRE’s location specificity – and thus is 
not suited to representing long-term transmission 
investment needs accurately – models with multi-
regional nodes can provide a first-order approximation 
of the quantity and cost of the expansion of transmission 
that would be needed to accommodate increasing 
levels of VRE. The resulting scenarios also provide a 
somewhat co-ordinated expansion of generation and 
transmission capacities. 

Several comprehensive survey studies on energy planning tools have been published in recent years  
(see brief summaries below). 

These results, however, need to be used with caution. The models continue to evolve, particularly with ever-
increasing computing capabilities. Multiple versions of models have been released, and new functionalities 
tend to be added. The assessments below are static, made at the time of evaluation (with two of them 
conducted more than five years ago). Because IRENA experts do not have hands-on experience with all 
of the tools mentioned, the accuracy of the assessments made in the respective publications was not 
independently verified. 

Connolly et al. (2010) survey 37 computer tools for analysing renewable energy integration into various 
energy systems. Their features are assessed based on feedback from the developers of the tools: 24 out of 
37 tools have scenario timeframes longer than a few years, and 13 of these have external user-bases beyond 
their developers; 12 of these 13 (listed in Table 3) cover either the energy sector as a whole (8 tools) or just 
the electricity sector (4), the other one is a tool for a single-project assessment. As of the date of the survey 
(2009), Invert, LEAP, Mesap PlaNet, PERSEUS and RETScreen had simulated an electricity sector based on 
100% renewable energy. 

The authors define key model attributes to classify types of modelling tools. They are, among others:

•	 Simulation: simulates how a particular energy system supplies a given set of energy demands

•	 Equilibrium: seeks to explain how supply, demand and prices behave in an economy – or part of it –  
with several-to-many markets

•	 Top-down: determines increases in energy prices and demand using general macroeconomic data

•	 Bottom-up: first identifies and analyses energy technologies before working options for investment 
and alternatives

•	 Operation optimisation: optimises how an energy system operates

•	 Investment optimisation: optimises investments in a given energy system. 
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Table 3: Characteristics of selected long-term energy planning tools

Sectoral 
Scope Simulation Equilibrium Top-

down
Bottom        

-up
Operation 

optimaisation
Investment 

optimisation

Training needs

Basic Advanced

BALMOREL
electricity  
(+ partially 

heat)
Y partial Y Y Y 2 weeks*

EMCAS
electricity  
(+ partially 
transport)

Y Y Y 2 weeks 1 week

ENPEP- 
BALANCE energy Y Y Y 1 week 2 weeks

Invert energy Y Y Y 1 day

LEAP energy Y Y Y 3-4 days

MARKAL/
TIMES energy Y partial Y Y* Y some months

MESSAGE energy partial Y Y Y 2 weeks Several 
months*

MiniCAM35 energy Y partial Y Y Several 
months

Mesap 
PlaNet energy Y Y 5 days

PERSEUS energy Y Y Y 2 weeks

RETScreen electricity Y Y

WASP electricity Y Y* Y* Y 4-6 weeks

*Based on IRENA experts’ experience, some evaluations have been modified from the original publication.
Adapted from Connelly et al., 2010

Hall and Buckley (2016) survey energy system modelling in the UK, as discussed in 110 academic publications. 
These mention a total of 96 models: 86 papers mention the MARKAL model, 15 mention MESSAGE, followed 
by POLES, PRIMES (9 papers) and BREHOMES, ESME (8 papers). Twenty-two models are discussed and 
classified according to purpose: “general (forecasting, exploring, back casting); specific (energy demand, 
energy supply impacts, environmental appraisal, integrated approach, modular build-up); model structure 

Chapter 4: A Common Challenge: Long-term Model Resolution

35 IRENA notes that this model name has been officially changed back to GCAM since the time of the author’s original publication
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Table 4: Characteristics of selected long-term power sector planning tools 

Dispatch or 
planning

Objective 
function

Generation 
or network

Stochastic 
modelling

Reliability 
considered

Renewable 
energy volatility

Forecasting 
errors

Hydro 
modelling*

AURORAxmp D&P not clear G Y (only for 
dispatch) Y Y 2

EGEAS P G Y 0

WASP P system cost 
minimisation G Y Y N N 1

EMCAS D&P

system cost 
minimisation 

and  
maximisation 
of revenue of 

agents

G scenario 
approach 1

GEM P system cost 
minimisation G&N Y N N 1

Optgen P system cost 
minimisation G&N Y Y Y N 4

PLEXOS D&P system cost 
minimisation G&N Y Y Y Y 2

Ventyx 
System P minimisation 

of net present G&N Y Y Y 2

Optimizer
value of 
revenue 

requirements

UPLAN D&P

system cost 
minimisation 

and 
maximisation 
of consumer 

surplus

G&N Y Y Y Y 3

* Refers to hydropower resource modelling, scored according to how the value of water is calculated: Score 0 = not capable of modelling 
or no information available, score 1 = fixed energy, score 2 = fixed energy or calculation of approximation, score 3 = one type of water 
value calculated, score 4 = Stochastic Dual Dynamic Programming 

(degree of endogenisation on demand and supply sides); geographical coverage (global, regional, national, 
local, single project); sectoral coverage (energy, other specific sectors, overall economy); time horizon (short, 
medium, long-term); and time step (minutely, hourly, monthly, yearly, five yearly, user-defined).” Nine UK 
policy papers since 2008 are also reviewed, with 14 models mentioned (MARKAL most frequently).

Af-Mercados EMI (2011) surveys and evaluates 22 commercial power sector optimisation modelling tools. 
Five of them are planning tools with long-term planning horizons, four are dispatch and planning tools (see  
Table 4), and the rest are dispatch modelling tools. The evaluation is thorough and is focused on their 
suitability to model a power system with VRE. 

Source: Af-Mercados EMI, 2011



55

Table 5: Summary of existing co-optimisation models for planning generation and transmission

Krishnan et al. (2015) review models that co-optimise generation resources and transmission investment, 
distinguishing those used for national or regional-scale policy analysis from those used for detailed transmission 
planning. National Energy Modeling System (NEMS), ICF Integrated Planning Model (IPM), MARKAL/TIMES 
and WASP-IV are listed as examples of the former category. Examples of the latter are given in Table 5. Types 
of transmission investment representation in these models are distinguished based primarily on the model 
fidelity: the alternative current (AC) model, the direct current (DC) model, transshipment (or network flow) 
model and hybrid models.36 “Continuous” investment refers to a decision on how many transmission lines are 
to be built, while “binary” investment refers to a simplified decision whether or not a candidate transmission 
project is to be built.

Model name Transmission 
investments Sectors Time step / horizon

COMPETES AC/DC continuous Electric Samples of hour/yearly 
(sequential if multiple years)

GENTEP AC/DC  
binary/continuous

Electric  
(includes micro-grid)

Hourly or monthly or yearly/ 
multi-years

Iterative gen-trans  
co-optimisation

AC/DC  
binary/continuous Electric Hourly or monthly or yearly/ 

40 years

LIMES Continuous Electric
Aggregate hours  

(6 hours per time slice)  
in sampled days/40 years

Meta-Net Transshipment continuous Electric, fuel, transportation Hourly/yearly  
(sequential if multiple years)

NETPLAN Transshipment continuous Electric, fuel, transportation Hourly or monthly or yearly/ 
40 years

Prism 2.0: US-REGEN Transshipment continuous Electric, fuel, transportation Samples of hour/yearly 
(sequential if multiple years)

ReEDS DC (single stage lag in line 
impedance update) Electric Samples of hour/40 years  

(2-year sequence)

REMix AC/DC continuous Electric/heat hourly/multi-year

Stochastic Two-stage 
optimisation model AC binary Electric Hourly or daily/50 years  

(multi-stages)

SWITCH Continuous Electric Sampled hours in sampled days/
multi-year

Adapted from Krishnan et al., 2015

Chapter 4: A Common Challenge: Long-term Model Resolution

36 An AC model consists of a complete representation of real and reactive power flows in the transmission network, governed by electrical 
flows, which are expressed in terms of a non-linear function of network and network parameters (impedances). A DC model is a linearised 
approximation of a non-linear AC model and it does not incorporate voltage variables. A transshipment model similarly represents the 
transmission network to transportation pipelines, which move a commodity between nodes in a network subject to an efficiency parameter 
representing transportation losses. It does not incorporate voltage variables and the relationship of real power transfers with the bus angle 
difference and line impedance (Krishnan et al., 2015).
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4.2   a cross-cutting solution:  
   increasing temporal and spatial    
   resolution 

Generation expansion planning models are not designed 
to assess the full impact of VRE deployment on power 
system operation and reliability. Yet the key investment 
implications of the impact in each of these areas can 
be represented, to various degrees, in generation 
expansion planning models. Based on these investment 
implications, focus areas for transition planning 
for a high share of VRE were identified in Part One  
(Chapter 3), as summarised in Table 2. However, the 
low temporal and spatial resolution of models typically 
used for generation expansion planning limits the 
representation of these investment implications. 

Increasing a long-term generation planning model’s 
temporal and spatial resolution can, in principle, 
help to better capture the economic impact of VRE 
deployment: it does so by capturing the potential 
alignment of VRE supply and variable demand, the 
time-linked operational constraints of a power system 
(e.g., flexibility) and grid investment needs, among 
other aspects. Increasing model resolution also may 
function as an enabling requirement for implementing 
other solutions, something that will be discussed at 
times in the remainder of Part Two. 

Increasing resolution alone is not always sufficient 
to address some of the key impacts of VRE in a 
long-term generation planning model. To make this 
solution effective, it needs to be accompanied by 
other modelling improvements, which are the focus 
of subsequent chapters. Notably, in any modelling 
exercise, the appropriate level of detail is commonly 
espoused to be a function of the question asked, with 
more not necessarily being better (Merrick, 2016). Any 
given number of time slices or spatial clusters can 
be defined either wisely or poorly. Methods of better 
defining time slices, rather than merely increasing them, 
are discussed in Section 6.1. 

In addition, temporal and spatial resolution can be 
increased only to a limited extent, because a model’s 
computational time exponentially increases as the task 
becomes more complex.37 Furthermore, increasing a 
model’s resolution of time and space requires detailed 

datasets and calibration expertise, which may not be 
readily available to energy planners in all countries. 

Given the particular importance of increasing temporal 
and spatial resolution, we discuss these aspects 
further below. The improvement of temporal and 
spatial definition is discussed throughout the following 
chapters where relevant. 

Effects of increasing time resolution
When the temporal generation profile of VRE is well 
aligned with the temporal profile of demand, the 
value of the VRE source is considered to be high. With 
everything else being equal, investing in such VRE 
sources makes better economic sense than investing in 
those sources that are worse-aligned with the temporal 
profile of demand. Models with coarse time resolution 
are not able to take into account such economic 
implications appropriately in assessing the long-term 
capacity mix. 

Box 6 lists some studies that investigated, within long-
term energy models, the effects of increasing temporal 
resolutions on capacity and generation mix. As these 
studies demonstrate, the selection of a certain temporal 
resolution in a long-term generation expansion model 
strongly influences the resulting long-term generation 
and capacity mix. As the number of time slices is 
increased, a given model can often be seen to show 
VRE deployment more favourably.  Specifically, models 
with a higher time resolution tend to suggest that 
cost-effective long-term investment decisions lie less 
in inflexible baseload generation and more in flexible 
dispatchable generation. In other words, time resolution 
appears to be crucial to improve the representation 
of VRE deployment and the resulting investment 
implications in generation expansion models. 

One cannot, however, generalise that reduced time 
resolution would either overestimate or underestimate 
the resulting share of VRE (Merrick, 2016).

37 For example, an elaborated model run may take days or weeks. Such run times could serve as a significant impediment to model 
development and analysis tasks (21st Century Power Partnership, 2016).
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Generic (Merrick, 2016): A simple mathematical model is constructed in this study to investigate the impact 
of model time resolution choice on generation and capacity mix. Three time resolutions are analysed: 8 760, 
144 and 1 (the number of periods per year); 144 periods are based on 2 days from each month, and 6 blocks 
from each of these days. A representation of 144 periods overestimates the correlation between demand 
and solar PV, in comparison to the 8 760-period representation. Figure 7 shows that regardless of the PV 
cost assumption, the 144-period representation overestimates solar PV compared with the 8 760-period 
representation, while the 1-period representation either overestimates or underestimates depending on the 
PV cost assumption.

Box 6: Long-term generation expansion models: increasing time slices and its impact on results

Figure 7: Optimum capacity mix by temporal representation, with USD 1 per Watt PV case (left) 
 and USD 0.5 per Watt PV case (right) 
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Belgium (Poncelet et al., 2014): A simplified TIMES model, inspired by the Belgian power system, is developed 
in this study with a planning time horizon of 40 years. Two versions of the model are developed, one using 
12 time slices per year and the other using 8 760 time slices per year. In both models, a renewable electricity 
generation target share of 50% is imposed at the end of the planning period. The results of the models with 
low and high temporal resolutions are compared and differ in their anticipated curtailment and capacity mix. 
The model with a high resolution selects a more diversified VRE portfolio and invests more in mid-load plants 
(combined-cycle gas turbines – CCGTs). It also better captures the benefit of solar PV and invests more in 
the technology. By contrast, the lower-resolution version anticipates no curtailment. By using an operational 
(production cost) model, the low-resolution alternative’s long-term generation expansion plan is shown to 
fail to achieve the desired policy target, and to be costlier than the plan put forward by the high-temporal-
resolution one. 

Germany (Nahmmacher et al., 2014): A LIMES-EU model is developed in this study for the European Union 
with a planning time horizon of 40 years, configured with 8 to 800 time slices per year. The concept of 
seasons is not adopted in defining the time slices, but clusters of days with a similar load/solar/wind profile 
are defined: for each cluster a day is represented with 8 intra-day types. A carbon dioxide (CO2) reduction 
target is also imposed. The simulation results show that a lower number of clusters over-represents the 
contribution of wind (over 40% of generation from wind with an 8 time slice case, versus 30% with 800 time 
slices). With a higher number of clusters, nuclear is selected to meet the CO2 reduction goals (20% in the 800 
time slice case). Solar PV’s contribution remains rather constant across the time slices, presumably because 
the intra-day time slices are kept constant at 8.

Chapter 4: A Common Challenge: Long-term Model Resolution
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Switzerland (Kannan and Turton, 2012): A TIMES model for electricity in Switzerland is developed in this study 
with a planning time horizon of 110 years. A year is divided into 4 seasons, 3 day types and 24 intra-day types. 
Two scenarios are generated using a low-time-resolution model (2 day types and 2 intra-day types) and an 
hourly resolution one, and the results are compared. In both scenarios, the low-resolution model invests more 
in baseload technologies and less in more flexible generation (for example, gas combined cycle). In one of the 
scenarios, the share of solar PV in 2080 is significantly higher in the high-resolution model than in the low-
resolution one (28% versus 15%) due to a better capture of diurnal matching between solar generation and 
demand. The authors note that, despite good data availability for Switzerland, the effort in preparing for this 
high time resolution was substantial and that they needed to make a number of assumptions. 

São Miguel Island, Portugal (Pina et al., 2011): A TIMES model for São Miguel Island is developed in this 
study with a planning horizon of 20 years. A year is divided into 4 seasons, 3 day types and 24 intra-day 
types (making a total of 288 time slices). The 24-hour division in each day enables the model to optimise the 
system, taking into account the existence of peak and off-peak hours and hourly variations in the production 
of renewable electricity. At least 25% of the electricity in each hour needs to be generated from thermal 
engines to represent the needs of the spinning reserve. The optimal penetration level of wind generation 
is analysed, and the results are compared with the results obtained with a lower-time-resolution version 
of the same model. The results indicate that lower-resolution models (with fewer than 8 daily time slices) 
overestimate wind capacity compared with the 1-hour resolution model. It is noted that changing the daily 
resolution from 12 to 24, and further to 48 (30-minute intervals), would not alter the results significantly. 

Texas (Nicolosi et al., 2011): A THEA model was developed in this study for the Texas electricity market with a 
planning time horizon of 22 years. Three versions of the model are developed with different numbers of time 
slices, 8 760, 288 and 16. The wind share of generation is set as an out-of-model assumption (exogenous). In 
one scenario, it is 4.8% at the end of the planning period (no increase from its start); in the other, it is 25%. 
Under both scenarios the low-resolution model under-represents the need for peaking plant capacity (e.g., 
open-cycle gas turbines (OCGTs), or gas/diesel reciprocating engines) and for total capacity requirement. 
This outcome is more pronounced in the high-wind scenario. In that scenario, the low-resolution model 
over-represents nuclear (35% versus 50%) and under-represents gas (30% versus 20%). As this scenario’s 
temporal resolution increases, the mix of conventional generation tends to move away from baseload plants 
towards intermediate and peaking ones that can cost-effectively meet the decreased capacity factor and 
flexibility needs of wind generation.

It is important to note – in addition to the caveats 
discussed earlier in this section regarding the 
appropriateness of the time resolution being driven by 
the question at hand – that the benefit of introducing 
higher temporal resolution needs to be assessed against 
the uncertainty of future evolution in demand levels 
and patterns (e.g., from improvements in efficiency, the 
diffusion of air conditioning, the rate of electrification 
or the uptake of electric vehicles), as well as against 
the uncertainty of VRE generation patterns (e.g., due 
to a change of climatic conditions, or technological 
improvement in harnessing solar and wind energy). 

Defining the temporal pattern of demand and, to a 
lesser degree, that of VRE, involves large uncertainties, 
given the long planning time horizon. This is particularly 
so when planning for a system in developing countries 
where energy demand is expected to increase rapidly, 
and where the shape may change radically from what 
it is currently. Given that even the most sophisticated 
tools are less useful without good data, high uncertainty 
in the evolution in the pattern of demand may not 
warrant the benefit of an unlimited increase in temporal 
resolution. 
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Regional Energy Deployment System (ReEDS) model (Short et al., 2011): From NREL, the ReEDS model is a 
generation expansion model with a planning horizon of 44 years, and covers the contiguous US. It uses 365 
resource supply regions, which are further grouped into 134 balancing areas. Much of the data put into the 
model comes from a detailed GIS model of the transmission grid and solar and wind resources, together with 
existing power plants. The fact that renewable resources are geographically disaggregated allows the model 
to calculate transmission distances and to assess the benefits of having dispersed installations – such as PV 
arrays, wind farms or concentrated solar power (CSP) plants – supplying electricity to a demand region. 

Resource Planning Model (RPM) (Mai et al., 2015): From NREL, RPM is a generation expansion model with a 
planning time horizon of over 20 years, and covers all or parts of western states in the US. It includes 17 521 
nodes, 4 300 generation units and 21 086 transmission lines. One or some of 36 balancing areas are defined 
as “focus regions”: 100 solar and 100 wind resource regions (zones) are produced for each version of RPM 
with a different focus region. These zones are built from 10-kilometre gridded hourly time series for 2006 for 
solar generation and from arc-minute (~2 kilometre) gridded 10-minute resolution time series data for 2004, 
2005 and 2006.

Solar and wind energy integrated with transmission and conventional sources (SWITCH) model (RAEL, 
2015): From the Renewable and Appropriate Energy Laboratory (RAEL) at the University of California, 
Berkeley, the SWITCH model is a generation expansion model that explicitly considers multiple load areas 
and transmission investment between those areas. Each load area is characterised with unique hourly time 
series for load, solar and wind availability data. The model comes with a post-optimisation dispatch tool. It 
has been applied to: the western US (with 50 load areas, a planning time horizon of 15 years and 144 time 
slices per year) (Nelson et al., 2012); Nicaragua (with 16 load areas, a planning time horizon of 16 years and 
288 time slices per year) (de Leon Barido et al., 2015); China (with 33 load areas, a 40-year planning time 
horizon and 144 time slices per year) (He et al., 2016); and Chile (with 23 load areas, a 20-year planning time 
horizon and 288 time slices per year) (Carvallo et al., 2014).

REMix (Borggrefe et al., 2014): Developed by the German Aerospace Center (DLR), the REMix model 
combines a long-term linear optimisation model (REMix Opti-Mo) with a high-resolution (i.e., 5 x 5 kilometre 
grid) renewable energy potential GIS dataset with hourly availability of renewable energy technologies 
(REMix-EnDaT). REMix OptiMo has 16 regional clusters (Europe and North Africa). An investment decision 
is optimised for a given year (e.g., 2020, 2030, 2050), without considering existing infrastructure. A year is 
represented by 8 760 time slices (hourly resolution). REMix-EnDaT provides maximum installable capacities 
and hourly time series of renewable power generation. 

Box 7: Models incorporating a greater amount of spatial detail

Effects of increasing spatial resolution
As noted in parts of Chapter 2, the physical location of 
VRE sites can affect VRE capacity credit, reflecting the 
different availability of resources and their temporal 
profiles. It also affects the flexibility needs of a system, 
which are driven by variability – something that can be 
collectively smoothed out with a greater geographical 
spread of sites. Having greater spatial resolution, or 
multiple nodes, in a model can thus allow for better  
analysis of transmission investment needs, by taking into  

account the flexibility options enabled by transmission 
between nodes, as well as the trade-offs between new 
transmission and the site-specific resource quality of 
VRE generation. 

Some generation expansion models incorporate a 
greater amount of spatial detail by linking directly to 
GIS data. Examples are included in Box 7. GIS data is 
pre-processed in these models and used in optimising 
long-term investment. 

Chapter 4: A Common Challenge: Long-term Model Resolution
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From general to impact-specific solutions 
As explained above, increasing model resolution alone 
will not necessarily improve the representation of the 
impact of VRE deployment, nor of implications for 
investment, as defined in Part One of this report. More 
issue-specific solutions are available to better represent 
the key system properties – i.e., firm capacity, flexibility, 
transmission capacity and frequency response – so as 
to provide a more accurate basis for long-term planning 
decisions. The remaining chapters present these 
solutions in more detail. Many are complementary, but 
some are more complex than others.

Some of the solutions relate to better preparation of 
input data and parameters – including better analysis 
of VRE’s temporal and spatial availability, better 
characterisation of the technical parameters of power 
plants, and better definition of constraints that emulate 
the system-wide impact of deploying VRE. Data and 
supporting tools for this type of input data preparation 
are increasingly available.   

Research-grade solutions are at the other end of 
the spectrum. They may be more difficult for energy 
planners in many developing and emerging countries to 
implement in the absence of extensive modelling R&D. 
They include some ways of linking long-term models 
with supplementary tools – particularly linking such 
generation expansion models with separate production 
cost models. This can help to validate – or even to 
correct – the results of long-term planning models. It is 
state-of-art, at least in the European context (Hidalgo 
González et al., 2015), but requires substantial expertise. 

The availability of data and modelling expertise 
therefore should be the guiding principle for selecting 
appropriate solutions to improve the representation of 
VRE impact in long-term generation expansion models. 
Countries are advised to start simple when improving 
energy planning for a high share of VRE, and to take a 
strategic approach, over time, to advancing the scope 
and quality of models and the capabilities of their staff.
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5 representing firm capacity 

Key points of Chapter 5

Improving “time slice” calibration: Defining time slices (i.e., temporal model steps) more accurately, in 
order to capture key patterns in daily and seasonal variation, can better reveal the alignment between VRE 
generation and demand, making the VRE contribution to firm capacity more accurate. Defining time slices 
should be based on careful scrutiny of temporal variations both in load and in VRE generation, preferably for 
multiple years. Information on the availability of VRE (e.g., global re-analysis data) is increasingly available 
to support such an exercise. 

General complexity: Low to medium

Incorporating “capacity credit”: As an alternative to representing capacity credit based on the alignment 
of demand and supply within a model, externally-defined capacity credit can be added to generation 
expansion models to reflect that contribution. By assigning capacity credit values to all capacity on the 
system, a model can be developed to ensure that system expansion maintains sufficient firm capacity. 
Capacity credit values can be incorporated simply as fixed throughout the model horizon, or as a function 
of the share of VRE. Methodologies are increasingly available to support the accurate estimation of capacity 
credit. 

General complexity: Low

As discussed in Part One (Chapter 2), generation 
adequacy is a key concept in long-term generation 
expansion planning. It refers to sufficient availability 
of firm capacity: capacity that can be counted on to 
serve the load at all times, especially during peak hours. 
The temporal matching of VRE supply and system 
demand profiles determines VRE’s contribution to 
firm capacity – its capacity credit – and has important 
economic implications. Representing these implications 
in generation expansion models is critical to make cost-
effective investments. 

Finer and better-defined representation of time within 
a long-term generation expansion model would make 
it possible to capture the temporal match between 
VRE availability and demand profile more accurately. 

Better capture of that matching can translate into 
more accurate capture of VRE’s economic value, and 
capacity credit for VRE can be implicitly derived by a 
comparison of model results with different VRE levels. 
A simplified approach – of introducing the exogenously 
defined capacity credit in a model constraint – also has 
been practiced, and can be applied in parallel to better-
defined time slices.

This chapter discusses the modelling solutions above 
in more detail. Section 5.1 describes ways to improve 
time slice definition for a better alignment with the 
VRE temporal profile. Section 5.2 then presents 
methodologies for integrating externally-defined 
capacity credit into long-term energy planning models. 

Chapter 5: Representing Firm Capacity
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5.1 better calibration of time slices using   
 variable renewable power generation   
 data

The capacity credit of VRE is implicitly computed in a 
long-term generation expansion model by comparing 
outcomes of multiple scenarios with different levels of 
VRE. It can be determined by analysing how much VRE 
can replace conventional capacity, i.e., the difference in 
conventional capacity between two scenarios, divided 
by the difference in the VRE (Nicolosi et al., 2011). 
Inefficient capture of variation by inadequately defined 
time slices can result in overstating or understating 
the capacity credit, which would misrepresent the real 
value of the capacity investment in VRE.38 

The time slice approach used in generation expansion 
models is a way of approximating variation, in terms 
of both supply and demand. The variability of VRE is 
typically represented by capacity factors associated 
with each time slice. The full range of real-life variability 
is under-represented in models due to the averaging 
implied by taking relatively coarse time slices (Poncelet 
et al., 2016a). As discussed in Chapter 4, increasing the 
number of time slices can help to better capture system 
variability, in principle. This is made more effective, 
however, when the time slices are wisely defined to 
match VRE’s daily and seasonal generation profiles 
(and hydro seasonality) better with corresponding 
demand profiles. 

In order to wisely define appropriate time slices, to 
reflect the actual pattern of variability, VRE outputs 
(either realised or potential) need to be carefully 
scrutinised. Pre-modelling analysis of VRE data would 
ideally be conducted at an hourly resolution, using 
historical data over multiple years (see Box 9 for useful 
sources for VRE data and supporting tools).

Solar irradiance has distinct daily and seasonal 
patterns. This is less the case for wind, particularly 
on a daily basis, as its patterns are often influenced 

by the prevailing local meteorological conditions at a 
given time. Seasonal variation is particularly relevant 
for both resources at higher latitudes, and there may 
be a temporal complementarity between global solar 
irradiance and wind speed.39 Understanding this 
complementarity can help in planning for the two VRE 
sources and ease overall variability.

In order to visualise the challenge of representing VRE 
production patterns, Figures 8 to 10 present plots of 
actual VRE generation profiles against approximated 
ones using highly aggregated time slices. Load, solar 
PV output and wind output are presented for the 
whole of Europe, and plotted against time-aggregated 
approximation made using 16 time slices, with 4 
seasons, 2 day types (weekday and weekend) and 2 
intra-day types (day and night). Each graph shows the 
original data in hourly resolution for one week each in 
summer and in winter, together with aggregated data 
for the same periods. 

Figure 8 shows that this highly aggregated 
approximation captures the variability of the load 
fairly well. By contrast, Figure 9 shows that capturing 
the variability of VRE supply with this approximation 
is difficult, especially for wind. Averaging causes solar 
PV’s daily peaks to be under-represented by about 
50% – and all of wind’s variability is lost by this time 
slice approximation, since wind power does not have a 
distinct daily profile and can vary substantially between 
days. 

Adding further intra-day time slices substantially 
increases the capture of solar PV’s variability. This can 
be seen in Figure 10, which plots the original data with 
four intra-day types, instead of the two types presented 
in Figure 9. 

38 For example, in the Texas case study presented in Box 6, where two scenarios with exogenously defined wind shares (low and high) are 
compared under three different time slice model configurations, one additional outcome of this scenario comparison is the implicit capacity 
credit for the additional wind capacity. In 2030 the wind capacity difference between the low- and high-wind scenarios is 32 gigawatts 
(GW). The difference in conventional capacity between the scenarios in the low-resolution case is 3 GW, in the medium-resolution case is 
2 GW and in the high-resolution case is 1.4 GW, which equals a capacity credit of 9.3%, 6.4% and 4.3%, respectively. Using lower temporal 
resolutions therefore is found to overstate the capacity value of wind energy, suggesting that the resulting capacity mix under the low-
resolution case misrepresented cost-optimal investment. 

39 For example, the solar resource may be high in the summer when wind is low, and vice versa in the winter; there is some evidence to support 
this in Europe (Golling, 2012).
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Figure 8: A time slice approximation of demand for a summer and a winter week in Europe

Figure 9: Solar PV power and wind power for a summer and a winter week in Europe,   
 compared to a time slice approximation with 16 time slices

Source: Ueckerdt et al., 2016

Solar PV in a summer week

Wind power in a summer week

Solar PV in a winter week

Wind power in a winter week

Source: Ueckerdt et al., 2016
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Figure 10: Solar PV data and approximation with 32 time slices for a summer and a winter week in Europe. Daily peaks  
 of solar PV can be much better captured with 32 compared to 16 time slices

Source: Ueckerdt et al., 2016

Source: Ludig et al., 2011

It is important to note that the benefits of increasing 
time slices are not necessarily universal – increases can 
have different results for the representation of solar, 
wind, or load, and for intra-day or seasonal application. 

While shorter intra-day time slices can significantly 
improve the representation of variability in solar output, 
they do not do so for wind, given its relatively less 
pronounced daily production pattern. This dynamic 
can be seen in Figure 11, which presents the effect 
of increasing intra-day time slices on the capture of 
demand, wind and solar variability in a German context, 
by averaging quarter-hourly data sets for demand, 

wind power consumption and solar power consumption

for 2007 over different hour-resolutions across the year 
(Ludig et al., 2011).40 

Defining seasonal time slices, which reflect seasonal 
patterns of VRE availability and/or demand changes, 
would improve the capture of variability in both solar 
and wind, as seasonal patterns for both sources exist in 
many areas of the world. Figure 12 provides an example 
of distinct seasonal wind patterns across different 
regions in the US.

40 Similar results are found in Poncelet et al. (2016a), where increasing the number of time slices from 12 (4 season and 3 intra-day types) 
to 288 (4 seasons, 3 types of day, 24 intraday types) only marginally improves the capture of temporal matching between load and wind 
availability. The findings are based on the analysis of Belgium data.

Figure 11: Share of variability covered by time slices of different length in Eastern Germany
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Figure 12: Monthly median wind plant capacity factors (%) in the US, 2001-13

Source: EIA, 2015

Swaziland (IRENA, 2016b): A SPLAT Swaziland model – a MESSAGE-based energy sector model – is 
developed in this study with a 25-year planning time horizon. A year is divided into 5 seasons, 10 intra-day 
blocks for weekdays and 6 intra-day blocks for weekends (a total of 80 time slices per year), based on the 
analysis of seasonal and diurnal data on potential VRE generation at promising sites, and on a time-varying 
tariff structure to reflect the demand pattern. The input values of electricity demand, as well as wind and 
solar capacity factors of VRE for each site, are determined by the mean values of the data points belonging 
to each time slice. 

Eastern Germany (Ludig et al., 2011): A LIMES (Long-term Investment Model for the Electricity Sector) model 
is developed in this study for Eastern Germany with a planning time horizon of 95 years. Based on the analysis 
of quarter-hourly datasets for demand, wind power consumption and solar power consumption for 2007, as 
presented in Figure 11, a year is divided into 16 time slices (4 seasons and 4 six-hour blocks of a day). The 
input values for electricity demand as well as wind and solar capacity factors are determined by calculating 
the mean values of the data points belonging to each time slice. 

United States (Short et al., 2011): A ReEDS model with a planning horizon of 44 years is developed in this 
study for the United States. It divides a year into 17 time slices (4 seasons and 4 intra-day blocks: night, 
morning, afternoon and evening) with an additional summer peak time slice. The peak time slice represents 
the 40 highest-demand hours of summer between 1 p.m. and 5 p.m.

Box 8: Country application examples: better calibration of time slices in generation expansion models

In parallel to efforts to more precisely represent 
variability of VRE production patterns, a so-called 
peak time slice – corresponding to short peak demand 
hours – is sometimes incorporated in model design. 
This allows for better representation of capacity 
requirements during such particularly important peak 
periods, which otherwise could be lost in the time slice 

averaging process. With VRE, partitioning time slices 
for peak pricing hours where demand is high and VRE 
generation is low is a particularly promising approach. 
The challenge is knowing a priori which hours those 
peak pricing ones might be, as that would endogenously 
depend on the level of VRE deployment (Merrick, 2016).

Chapter 5: Representing Firm Capacity
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More advanced approaches are emerging for time 
aggregation as sets of (not necessarily consecutive) 
“representative” days or weeks, selected on the basis 
of their similarity in the availability of VRE (e.g., high 
and low wind days).41 Such an approach would allow 
the better representation of “non-average” days, whose 
variability otherwise would have been averaged out. 
This improves the capture of variability over the concept 
of a season defined as a set of consecutive days. Using 
a well-selected set of representative days has been 
shown to capture temporal matching more accurately, 
even with only a limited number of time slices, especially 
for wind. Adding such clusters of periods with similar 
VRE pattern would allow better representation of “non- 
average” periods, especially for wind, which tends to 
have a less pronounced production pattern over days  

and seasons. This approach does, however, have several 
drawbacks: assessing inter-season storage options 
(e.g., through hydropower dams) is challenging, as is 
the matching of time slices across different regions to 
analyse inter-regional trade. 

Another variant of this advanced approach is clustering 
hours or days, based on the similarity of the alignment 
of demand and VRE generation. Such an approach is 
aimed at adding an additional layer to conventional time 
slice definitions, which are commonly set as intra-day 
blocks (consecutive hours) and seasons (consecutive 
days and weeks).42 

Examples of models with such novel approaches are 
summarised in Nahmmacher et al. (2016) and presented 
in Table 6.

Table 6: Examples of models with time slice approaches that deal specifically with more complex  
 variable renewable energy fluctuation patterns

Source: Nahmmacher et al., 2016

Model name Region Applied in
No. of 

time slices
Time slice specifications Data basis

GEMS + CEEM Germany DENA (2005) 432
4 seasons, 3 demand days and  
3 wind in-feed days per season,  

12 time slices per day
1994 - 2003

DIMENSION + 
INTRES

Europe Golling (2012) 192
2 seasons, 8 combinations of low/high 

wind days over all regions, 
 12 time slices per day

2006 - 2009

DIMENSION Europe
Nagl et al. 

(2013)
7200

10 simulated weather years with 30 days 
(2 seasons) each, hourly resolution

2006-2010

US-REGEN US
Blanford and 

Niemeyer (2011)
50

50 randomly selected weighted 
combinations of load and wind in-feed

2007

LiMES-EU+
Europe & 

Middle East and 
North Africa

Haller et al. 
(2012)

49
4 seasons, 3 VRE situations, 4 time slices 

per day (plus one peak time slice)
2009

URBS-EU Europe
Schaber et al. 

(2012)
8064

8 years with 6 representative weeks 
each, hourly resolution

2000-2007

- Texas US
de Sisternes 
and Webster 

(2013)
696

4 weeks (each 7 days) with hourly 
resolution (plus one peak day)

2009

41 For an overview of “representative days” and “weeks” methods, see Merrick (2016). 

42 For example, using data from Belgium, Poncelet et al. (2016a) showed that adding a time slice level to distinguish between three types of 
wind regimes (high, medium, low) to the original 12 time slices (leading to a total of 36 per year, in addition to 4 season and 3 intra-day 
types) reduces errors significantly in capturing the variability, while increasing the number of intra-day types from 3 to 24 (increasing the 
total number of time slices from 12 to 288) added only a marginal benefit. 
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Box 9: Supporting data and tools: Better calibration of time slices using variable renewable energy generation data

Supporting data and tools for better  
calibration of time slices 
As noted earlier in this section, historical analyses of 
load and VRE production (and/or availability) variation 
are needed in order to better calibrate time slices. 
Forward-looking VRE generation profiles can be 
established synthetically, by using data on wind speed 
and solar irradiance to represent “typical” daily and 
seasonal profiles.43

Examples of VRE datasets available online, and other 
supporting tools to help planners calibrate time slices 
better, are given in Box 9.

IRENA’s Global Atlas (IRENA, n.d.), a GIS repository of renewable energy resource information with rich 
visualisation, provides entry points for GIS data providers. 

High-resolution wind and solar time-series data, on a global scale, typically reside in the commercial domain 
and can be difficult for energy planners to obtain.

Time-series data with a coarse resolution are available in the format of so-called reanalysis data:44 3-D 
meteorological data, interpolated in time and space, from a finite set of imperfect, and not necessarily 
representative, irregularly distributed observations on a regular grid. These data combine surface and 
upper air observations, satellite data and the results of prediction models. When they are combined with 
diagnostic/prognostic meteorological models45 (also referred to as numerical weather prediction models 
in Gonzales Aparicio and Zucker (2015) – coarse reanalysis data can be downscaled by taking into account 
information on land use and topography, which typically are available at a much finer resolution.46 

Some useful global data sources from which wind speed and direction, Global Horizontal Irradiance, and 
Direct Normal Iirradiance can be downloaded for free (with some restrictions) include:

•	 SoDa Service from MINES ParisTech and Transvalor S.A. (Mines ParisTech and Armines, 2004) provides 
free access to wind speed and wind direction data from MERRA (©NASA), and solar irradiance values 
from HeliClim (©Armines/Transvalor) as well as from NASA-SSE (©NREL) 

•	 PVWatts Calculator from NREL (n.d.) provides solar PV generation profiles using site-specific data 
collected through the Solar and Wind Energy Resource Assessment (SWERA) project (outside North 
Africa)
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43 A statistical method of developing a synthetic diurnal wind profile from empirical data has been established and tested in Golling (2012). 
The method accounts for average wind fluctuations and gradients, which are typically cancelled out when diurnal profiles are created by 
empirical averages of just wind speed

44 Well-known reanalysis data include: ERA-Interim (1979 to present, with 6-hour intervals and 80-kilometre resolution – about 0.7 degree) 
from the European Centre for Medium-Range Weather Forecasts (ECMWF, n.d.); NCEP/NCAR Reanalysis data from the National Center 
for Atmospheric Research (1948 to present, with 6-hour intervals and 2.5-degree resolution) (NCAR, 2016a); and MERRA (Modern-Era 
Retrospective Analysis for Research and Applications) from NASA (1979 to the present, with 3-hour intervals with 0.5-degree latitude and 
0.66-degree longitude resolution, or with 6-hour intervals with 1.25-degree resolution) (NASA, 2016).

45 Examples include: the CALMET model from Exponent (2014);  the Weather Research and Forecasting model (WRF) from NCAR (n.d.); and 
the 5th generation mesoscale model (MM5) from Pennsylvania State University and NCAR. The NCAR Global Climate Four-Dimensional 
Data Assimilation (CFDDA) Hourly 40-kilometre Reanalysis dataset is developed using MM5 1985 to 2005, with hourly intervals with 
40-kilometre resolution (NCAR, 2016b).

46 A similar approach has been applied to future meteorological conditions, derived by global climate models at a coarse resolution, and 
downscaled by regional climate models and empirical statistical downscaling techniques (Gonzales Aparicio and Zucker, 2015).
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•	 Wind Potential Analysis from European Weather Consult (EWC) (2016) provides free trial access for up 
to one year to MERRA data (see footnote 44) corrected for observation data

•	 Renewables.ninja (Pfenninger and Staffell, 2016) provides free access to solar irradiation data, 
temperatures and wind speeds calibrated from a reanalysis dataset MERRA (©NASA) and CM-SAF 
SARH (©2015 EUMETSAT) and allows simulation of power outputs for solar PV and wind generation. 

Validating time slice calibration
Mathematical algorithms (e.g., optimisation) are rarely 
used in defining appropriate time slices47, and expert 
judgments more often are applied. For that reason, visual 
inspection of the so-called residual load duration curve 
(RLDC) is helpful in validating their time slice definition 
and complementing expert judgment. Residual load – 
also referred to as “net load” – is derived by subtracting 
the power generated by VRE from electricity demand at 
any given time. The RLDC – drawn by sorting the hourly 
residual load data for one year in descending order (see 
Figure 13) – captures the correlation of load profile with 
VRE supply (Ueckerdt et al., 2015). 

The RLDC can be constructed from modelled residual 
load data – approximated using time slices – and 
compared to actual RLDC. Visually inspecting the errors 
in a replicated RLDC can help to validate time slice 
design, as mentioned earlier.48 Figure 14, for example, 
shows hourly RLDCs compared against five different 
designs (in this example, they correspond to different 
numbers of time slices, i.e., 876, 438, 146, 73 and 24 a 
year). this shows how well different designs reproduce 
the actual RLDC. This particular example shows that 
some of the designs with a lower time resolution cannot 
replicate RLDC well, particularly for solar PV.

There are important considerations to take when 
assessing a given time slice definition; for example, 

if the time slice approximation results in a RLDC that  
is too flat, it can result in (Poncelet et al., 2016a):

1. the peak residual load to be underestimated,

2. the residual load in periods of high VRE generation 
to be overestimated, and

3. periods of excess electric energy generation (periods 
where RLDC becomes negative) potentially being 
underestimated. 

The first issue – underestimating peak residual load – 
implies that the capacity credit of VRE is overestimated. 
This means that the model results may not reflect 
sufficient firm capacity. An additional constraint to 
ensure sufficient firm capacity is crucial to obtain 
generation portfolios which can achieve a reasonable 
security of supply (this constraint is discussed in 
Section 5.2). The second issue – overestimation of the 
residual load during the period of high VRE production 
(or equally, underestimation of the VRE production) – 
results in an overestimation of the number of full load 
hours that can be obtained by baseload technologies. 
Finally, underestimating the excess generation due to 
high VRE production can result in an overestimation of 
the potential uptake of VRE. 

47 Exceptions include Golling (2012), Nahmmacher et al. (2016) and Poncelet et al. (2016b).

48 It is worth noting that the RLDC has also been used beyond validation purposes. An approach that uses the RLDC directly in a model, as 
substitute to time slices, has been implemented in models with particularly large geographical dimensions (e.g, world divided into several 
regions) and long-term time horizons (e.g., 100 years) – models that are typically designed to assess long-term build-up of global carbon 
emissions (e.g., Johnson et al. (2016), Ueckerdt et al. (2016, 2015b)). Unlike a time-slice approach, which defines a year with time slices of 
constant demand and supply, the RLDC approach defines a year with a simplified RLDC, parameterized by base-load capacity, intermediate-
load capacity, peak capacity, and overproduction of VRE (Ueckerdt et al., 2015b). The shape of the RLDC changes endogenously as the 
share of VRE increases, using sets of parameters that are pre-defined outside of the model for different combinations of solar and wind 
shares. Due to the loss of chronological information, the approach has the same drawbacks as the advanced approaches discussed above.
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Figure 13: Schematic presentation of residual load (in chronological order, left), and RLDC (right)

Figure 14: RLDC for wind power (left) and for solar PV (right) for hourly data (8 760 hours per year) compared with   
 approximated RLDC with a reduced temporal resolution of 876, 438, 146, 73 and 24 units per year

Source: Ueckerdt et al., 2015a 

Based on Ueckerdt et al. 2016)
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5.2 adding capacity credit constraints

Box 10: Country application examples: better representation of capacity credit

Ireland (Welsch et al., 2014a): An OSeMOSYS model for Ireland is developed in this study with a planning 
horizon of 30 years.  A year is divided into 4 seasons and 2 intra-day blocks (making a total of 8 time slices). 
The model ensures that the capacity credit of all the system’s generators always exceeds load by 20% by 
incorporating a constraint on its reserve margin. The capacity credit for wind is endogenously modelled 
as a function of wind penetration levels, the annual capacity factor of a wind generator, the availability of 
conventional plants and a geographic dispersion coefficient, following a methodology used in Voorspools 
and D’haeseleer (2006). 

Europe (Nijs et al., 2014): A JRC-EU-TIMES model is developed in this study with a planning horizon of 50 
years for 28 EU countries. Each year is divided into 4 seasons and 3 intra-day blocks (making a total of 12 
time slices). A reserve capacity constraint is introduced to ensure that the sum of the total capacity of power 
plants and storage technology is bigger than the peak demand. In defining the total capacity of power plants, 
the capacity of solar PV and wind is not counted, while 50% of hydropower capacity is counted. 

United States (Short et al., 2011; Sigrin et al., 2014): A ReEDS model is developed in this study for the United 
States with a planning horizon of 46 years. A year is divided into 4 seasons and 4 intra-day blocks with 
additional peak time (a total of 17 time slices) and into 356 spatial clusters called resource supply regions. 
Each technology in the model is given a specific capacity credit to define its contribution to the reserve 
margin for each time slice. All types of dispatchable power plants, including concentrated solar power (CSP) 
with storage, contribute their entire (nameplate) capacity towards it. Reserve margin constraints in models 
require firm capacity to exceed a pre-defined margin in all time slices. Capacity value is calculated internally 
before linear programming is performed for that period. The capacity credit is computed using a simplified 

As noted in the previous section, improving time slice 
definition is limited by the extent to which time slices 
can be increased, due to computational limitations. Thus 
a simplified constraint that represents the contribution 
of VRE to firm capacity – its capacity credit – can be 
introduced to ensure that generation adequacy is 
sufficiently represented. 49

In long-term generation expansion models themselves, 
capacity credit is normally incorporated as an 
exogenous parameter, calculated outside of the model. 
By assigning capacity credit values to different types of 
power plants, including VRE, a model can be developed 
to ensure that the expansion of capacity would result 
in sufficient firm capacity. The system’s reserve margin, 
defined in Section 2.2 as the policy-driven percentage 
of firm capacity above peak demand, can be placed 
in the model as a constraint or target which modelled 
expansion must meet. 

The capacity credits used in generation expansion 
models can be estimated for a specific power system, 
using hourly load and VRE supply data from that system, 
or based on general conservative values founded in 
engineering judgement (see Box 10 for examples). 
Where possible, distinct capacity credit estimates 
should be employed for different regions. 

Capacity credit values can be incorporated 
independently of the share of VRE, or as a function of 
that share. In either case, the capacity credit value itself 
or the value of the functional relationship may be kept 
static throughout the model horizon, or it can be made 
dynamic. Such a function can be defined separately 
for each aggregated technology. Alternatively, 
capacity credits can be defined for wind and solar PV 
combined, accounting for their correlation by using 
a single capacity credit function. Some models also 
assign capacity credit to non-VRE, taking into account 
unplanned maintenance needs.

49 For an overview of the concept of capacity credit, including technical definitions, see Section 2.2. 
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algorithm that approximates the effective load carrying capability (ELCC; see the discussion below under 
supporting data and tools) for each time slice, for every two-year period. The capacity credit for each time 
slice is based on the average capacity factor for the hours that it spans. 

United Kingdom (Anandarajah et al., 2009): A UK MARKAL elastic demand (MED) model for the UK is 
developed in this study with a planning horizon of 50 years. A peak demand constraint is specified, with 
the capacity credit specified differently for different types of technologies depending on their capacity. For 
example, a 28% capacity credit is specified for wind (both onshore and offshore) with capacity of 0-5 GW, 
18% for onshore and offshore wind, tidal and wave with capacity of 5-15 GW, and 8.6% for offshore wind 
above 15 GW. These parameters were calculated by use of an external tool, WASP.

Supporting data and tools to derive the 
capacity credit
Unlike the raw data for time slice calibration discussed 
in the previous section, the data source for capacity 
credit estimates resides primarily in various system-
specific calculations that already have been performed, 
or in general estimation methodologies.

Estimates of capacity credit have been used by many 
utilities in the US – and by some system operators in 
Europe – in planning the expansion of generation, as 
well as in adequacy studies. Broadly speaking, there are 
two approaches for estimating capacity credit: methods 
based on reliability, and ones based on approximating 
time periods. 

The reliability-based methods use metrics such as 
equivalent conventional power (ECP), equivalent 
firm capacity (EFC) and the effective load carrying  
capability (ELCC) to quantify the concept of capacity 
credit. They refer to the amount of conventional generation 
that VRE can replace (ECP), the amount of fully reliable 
generation technology that VRE can replace (EFC) and 
the amount of demand that VRE can support to increase 
(ELCC) while maintaining the same level of system 
reliability (Madaeni et al., 2012). A general consensus is 
emerging that the preferred metric to evaluate VRE’s 
capacity credit is the ELCC (Rogers and Porter, 2012). 

In evaluating the system reliability with these metrics, 
probabilistic reliability indicators such as loss of load 
probability (LOLP), loss of load expectation (LOLE) and 
loss of energy expectation (LOEE) are used.50 

Calculating probabilistic evaluations of the adequacy 
of generation requires multiple simulations of a 
power system, with and without the VRE in question. 
This presents computational challenges, and several 
methodologies have been used to emulate the process 
more simply for the purposes of capacity credit 
assessment. Overviews of those methodologies are 
provided in Holttinen et al. (2009), Madaeni et al. (2012), 
NERC (2011) and Rogers and Porter (2012). For example, 
one simplified approach, by Garver, approximates ELCC 
based on a change of LOLE when VRE is added, with 
LOLE estimated by a formula that uses chronological 
load and VRE supply data (Madaeni et al., 2013). 

Time-period-based approximation methods evaluate 
capacity credits during critical periods for a system – 
primarily peak load hours – approximating them by 
a capacity factor for the VRE in question during such 
times (NERC, 2011). Capacity factor is taken to be the 
electricity generation over a given time period, divided 
by the product of nameplate capacity and the number 
of hours in that period. In 2012, a survey showed that 
10 out of 24 system operators in the US used the peak-
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50 LOLP is the probability that the load will exceed the available generation at a given time. LOLP as a definition gives the amount of time of 
system malfunction, but it lacks information on the importance (severity/amount of megawatts missing) of the outage. LOLE may be either 
the number of hours (usually expressed in hours per year) during which the load will not be met over a defined time period, or the number 
of days (usually expressed in days per year) during which the daily peak load will not be met over a defined time period. LOEE is the number 
of megawatt-hours, usually per year, of load that will not be met over a defined time period (Holttinen et al., 2009).



Planning for the renewable future72

Box 11: Existing estimates: capacity credit 

Figure 15: Capacity credit of wind power, results from eight studies

A large body of literature estimates capacity credits for US and European power systems. 

A review of studies for wind generators by Holttinen et al. (2016) shows that, when the production of wind 
power is strongly correlated with high load periods, capacity credit is calculated to be up to 40% of its 
installed capacity. When the local characteristics of wind correlate negatively with the load profile of a 
system, however – and in scenarios with a higher proportion of wind, capacity credit falls to 5%. The review 
also shows that most countries have a capacity credit of 20-35% of installed capacity for the first 5-10% 
share of wind. For a 20% share of wind in a system, the capacity credit is above 20% of the installed capacity 
(see Figure 15).
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Germany

Mid Norway (3WPP)

Mid Norway (1WPP)
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US Minnesota 2006

US California
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Ireland AIGS

Ireland Eirgrid 2015

UK Strbac et al, 2007

Source: Holttinen et al., 2016

time-based approach in their planning studies (Rogers 
and Porter, 2012). Holttinen et al. (2016) point out that 
time-period-based methods are potentially unreliable 
for wind power assessment, as individual years may 
have a large deviation of generation during peak load 
hours.

The World Energy Outlook (IEA, 2015) uses another 
simplified approach, calculating VRE’s capacity credit 
as the difference between peak load and the peak 
of the residual load (the load minus the VRE supply 
at a given time), divided by the VRE’s capacity. This 
difference is interpreted as the generation capacity that 
is not required due to the existence of the VRE capacity, 
i.e., this VRE capacity is considered “firm”. 

As an alternative to the methodologies described 
above, a rule-of-thumb approach is still widely used in 
generation adequacy studies. A survey conducted in 
October 2013 for European countries revealed that four 
countries consider VRE as non-available (0% available), 
while another four take a pre-defined percentage (5%, 
7%, 20%) as available generation. Only two countries 
conduct detailed modelling based on meteorological 
data, hub heights (for offshore wind farms) and detailed 
co-ordinates for generation sites (CEER, 2014). 
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NV Power: Perez et al (2008)

CA Case Study: Mills and Wiser (2012)

CA Case Study: Jones (2012)

APS - Tracking: R.W. Beck (2009)

APS - Fixed: R.W. Beck (2009)

WestConnect: GE Energy (2010)

Toronto: Pelland and Abboud (2008)

PGE: Perez et al (2008)

Figure 16: PV capacity credit estimates with increasing penetration levels

Source: Mills and Wiser, 2012b

For solar PV, capacity credit values range from 52% to 93% in the western US, depending on location and the 
plant’s ability to track the sun (Madaeni et al., 2013). Another study shows that capacity credit is high (60-
80%) in the US for a low penetration of solar and decreases with higher penetrations in systems where peak 
demand is much higher in summer than at the winter peak. By contrast, capacity credit is smaller, about 33%, 
for the systems of Portland, Oregon, where summer and winter peak load values are about the same (Perez 
et al., 2008).

The literature on VRE capacity credits for developing and emerging countries is scarce. Studies of the Mexican 
and South African power systems find capacity credit values for wind generators to settle around 20-30% 
depending on their siting and on wind’s share of the mix (Pöller, 2014). A specific study of wind capacity 
credit in Mexico by Yáñez et al. (2014) finds that the capacity credit starts around 50% and decreases to about 
25% at a penetration rate of 15%, when the wind sites are diversified.

While examples of different capacity credit estimates are presented in this box, readers are reminded that 
figures are not directly comparable when they are derived using different methods (Holttinen et al., 2009).
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6 representing fLexibiLity 

Key points of Chapter 6

Incorporating flexibility constraints: A system’s flexibility can be represented in generation expansion 
models by first parameterising the ranges of operating flexibility (e.g., minimum load levels and cycling 
speed) for “flexibility provision” options – including dispatchable plants, storage, demand response and 
cross-border trade. Ramping requirements associated with the variabilities of demand and of VRE can be 
assessed separately and balanced collectively with available flexibility options at an aggregated system 
level. Using this “flexibility balance” approach, models can optimise investment in flexibility options to meet 
system requirements, as an additional constraint to the standard balancing of total power demand and 
supply.

General complexity: Low to medium

Validating flexibility balance: As an alternative to, or in addition to, incorporating flexibility constraints, 
results from generation expansion planning models can be further scrutinised using more detailed tools, 
with different degrees of complexity. Such validation tools scrutinise operational aspects of a power system 
and give high-level indications about whether the energy mixes resulting from generation expansion 
planning models would offer sufficient flexibility.

General complexity: Medium to high

Linking with production cost models: Production cost models can be used to validate results from long-
term generation expansion models, or to correct such results if necessary. Such a “coupling” approach can 
translate a system’s needs for flexibility in operation (a focus of production cost models) into decisions 
around investment (a focus of generation expansion models). 

General complexity: High

In addition to securing generation adequacy in a power 
system, by ensuring sufficient firm capacity exists 
to meet demand (Chapter 5), long-term transition 
planning also must ensure that enough flexibility is 
present to address fluctuations in demand and in 
variable renewable energy. High penetration levels of 
VRE are likely to increase the variability that the rest of 
the system will need to accommodate, and at a shorter 
time scale (i.e., less than an hour upwards).

As discussed in Chapter 4, long-term generation 
expansion models are not typically designed to capture 
balancing needs at a sub-hourly level. If long-term 
investment decisions ignore such needs for flexibility, 
they tend to underestimate the value of investments 
in flexible power plants and other system services.  

This results in a long-term energy mix that is potentially 
both economically and technically inefficient.  

This chapter discusses three kinds of solutions to 
overcome the common limitations of representing 
flexibility in long-term energy planning models.  
Section 6.1 discusses ways to implement certain 
modelling constraints on flexibility provision – in 
particular “flexibility balancing” constraints, which can 
mimic the balancing requirements in high-VRE power 
systems. Section 6.2 discusses simplified validation 
tools to assess system flexibility. Finally, Section 6.3 
discusses an approach that links generation expansion 
models with production cost models, to achieve a 
more granular understanding of flexible operating 
requirements. 
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Flexibility is provided primarily by dispatchable power 
plants, demand response and cross-border trade. These 
flexibility options can help improve the response to 
fluctuations in residual load. 

Because flexibility is defined in reference to time (e.g., 
the ability to increase output within a given span 
of minutes), higher time resolution in a generation 
expansion model would enable better representation 
of flexibility provided by power plants, and by other 
sources of flexible operation by power plants and 
other flexibility options. A model’s ability to represent 
flexibility provision also depends on its technology 
resolution – i.e., some models operate at a technology-
type level, while others consider individual power plants 
and corresponding technical load-following constraints 
and cycling costs (Poncelet et al., 2016a). 

Generation expansion models with lower time 
resolution implicitly assume that power plants are fully 
flexible within a given time slice, and costs related to 
cycling are ignored. Case studies show that ignoring 
these restrictions for flexible operation may result in 
sub-optimal long-term investment decisions.51 

While representing these constraints directly in 
a generation expansion model is difficult due to 
their resolutions, simplified representation of these 
constraints has been practiced, as discussed below. 

Parameterising flexibility supply
Dispatchable power plants provide their flexibility 
through part-loaded synchronised generators and 
quick start/shutdown generators. The contribution of 
part-loaded synchronised generators is limited by their 
ramp-up rate as well as by their maximum capacity (in 
the case of ramp-up) or their minimum level of stable 
generation (in the case of ramp-down) (Ma et al., 2012). 

The five key technical parameters that determine the 
flexibility of dispatchable plants are:   

•	 The ramp rate (or ramping gradient) of a power 
plant: the rate at which a generator can change its 
output (in MW/timeframe, e.g., minute or hour).

•	 Start-up times: the time required for power to start 
up. Cold, warm and hot starts are distinguished 
depending on how long a power plant has been 
down.

•	 Minimum load levels: the minimum generation at 
which a power plant can be operated stably before it 
needs to be shut down. A plant can adjust its output 
between this and its rated capacity.

•	 Minimum down and up times: the lower limits of 
the time that a plant needs to be offline or online. In 
principle, these are not strict technical limits, but are 
supporting guidelines to avoid wear and tear that 
leads to high costs over the lifetime of a power plant.

•	 Partial load efficiency: the reduced efficiency of  
a power plant operated below its rated capacity.

How these parameters can be implemented in 
generation expansion models depends on the time 
and technical resolution of the model. Generation 
expansion models can incorporate these technical 
parameters to various degrees, depending on those 
resolutions. Simplified incorporation of the parameters 
into generation expansion models is discussed below.  

6.1 incorporating constraints on flexibility   
 provision

Chapter 6: Representing Flexibility

51 For example, Nweke et al. (2012) develop a model for the South Australia system using the long-term planning module of PLEXOS with a 
planning time horizon of 20 years, and 200 time slices per year. The model is run under two settings, one with operational constraints (i.e., 
minimum stable level, minimum up-and-down times, and start cost and shut-down costs) and one without them. The results show that 
the run with operational constraints significantly limits the investment in wind, compared to the run without (42% of the total capacity in 
comparison to 61%), builds more gas and geothermal plants and retires more existing coal.  
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Figure 17: Impacts of minimum generation on curtailment in Texas

Source: Denholm and Hand, 2011

Among the above technical parameters, minimum load 
is relatively straightforward to implement in long-term 
generation expansion models. Specifying the minimum 
load of different technologies can help to reflect how 
much excess VRE generation exists during periods of 
high VRE generation, due to limited flexibility of the 
rest of the power system to operate down. This point 
is illustrated in Figure 17, where an example from Texas 
shows how curtailment is reduced when the minimum 
load is reduced.52

Other technical parameters that describe flexibility are 
sometimes represented by constraints to limit how 
given technologies – including dispatchable plants, 
storage, demand response and interconnectors – can 
change their output across different time horizons. 
Typical parameters found in the literature are discussed 
in the following subsection.

For ramp rates, the relevant timeframe for ramping 
requirements, driven by the variability of VRE, could 
be as short as 15 minutes. This would be much shorter 

than the shortest time slice in typical generation 
expansion models, and, as a result, such models cannot 
normally directly represent ramping needs from VRE. 
For this reason, an additional constraint is practiced 
which demands that the ramping requirements be met 
by available flexibility options. In this approach, the 
ramping capability of power plants can be represented 
as the capacity for different categories of ramp rate 
(e.g., X MW for 15 minutes ramping, Y MW for one 
hour) for each technology modelled, and a system-
wide synthetic flexibility capacity can be computed, 
to be balanced against the ramping requirement due 
to VRE. A generation expansion model can then take 
these into account, optimising investments to meet 
flexibility requirement constraints. Such an approach - 
referred to here as a "flexibility balancing" approach 
— demands that flexibility requirements are separately 
analysed and established (a process discussed further 
in the following section).

A range of practical examples of flexibility 
parameterisation are presented in Box 12.

52 The upper chart represents a case that thermal generators cannot cycle below 21 GW. This is the result of baseload plants that cannot 
cycle, or thermal plants that must not be switched off because they are acting as reserves to accommodate uncertainty in the net load and 
increased ramp rates The lower chart shows a case where this collective minimum generation level is lowered to 13 GW. Such system-level 
overall minimum loading constraints depend largely on the mix of generation technologies in the system (Denholm and Hand, 2011).
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Box 12: Country application examples: representing power system flexibility in long-term generation    
 expansion models

Global (Johnson et al., 2016): A global MESSAGE model with 11 world regions is developed in this study with 
a planning time horizon of 100 years and one time slice per year. Flexibility needs are derived via a residual 
load duration curve (RLDC), which is pre-defined for different regions at different combinations and shares 
of solar PV and wind. The RLDCs are constructed synthetically using hourly time-series data for VRE supply 
and load. 

The fraction of the peak demand that is met by baseload is determined by the tail of the RLDC, and all 
generation above the baseload fraction defines the flexibility needs. For thermal power plants, two options 
– flexible operation and baseload operation – are introduced, and the sum of the flexible fraction of power 
plants needs to meet the system flexibility requirement. The flexible fraction of the operation is parameterised 
by an “operating reserve coefficient”. Flexible operation incurs penalties in the form of increased operation 
and maintenance costs (due to the increased wear and tear from fast ramping of units, and from starting and 
stopping units more frequently) and in reduced efficiency. Example of these parameters are given in Table 7. 

Furthermore, the negative RLDC implies excess VRE generation over demand, which is optimised either to 
be curtailed or stored for a later use. 

Table 7: Flexibility parameters by technology

Technology
Operating reserve 

coefficient  
(fraction of generation)

Cycling-related variable 
operation and maintenance 

cost (USD/MWh)

Efficiency penalty  
(% reduction)

Coal/biomass combustion and gas 
combined-cycle 0.53 0.58 - 1.56 6%

Gas and oil combustion 0.86 9.24 - 9.36 8%

Gas/hydrogen combustion 
turbine  1 12.47 N/A

Carbon Capture and Storage  
and nuclear  0.2 1.28 -1 .39 14%

Coal/biomass gasification   0 N/A N/A

Hydropower 0.66 N/A N/A

Geothermal 0.32 N/A N/A

Flexible CSP   1 N/A N/A

Baseload CSP 0.5 N/A N/A

Utility-scale hydrogen fuel cell 1 N/A N/A

Electricity storage   1 N/A N/A

Source: Johnson et al., 2016
*N/A: not applicable

Germany (Ueckerdt et al., 2015b): A REMIND-D model for Germany with a 100 year planning time horizon is 
developed in this study using the RLDC approach (see footnote 48) with a specific feature to address flexibility 
balance following Sullivan et al. (2013). Flexibility coefficients are attributed to each generating technology 
to represent the fraction of its generation that is considered to be flexible (if positive) and the additional 
flexible generation that would be required for each unit of the technology’s generation (if negative). These 
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coefficients are used in a flexibility constraint, which demands flexibility requirements associated with load 
(annual demand multiplied by the negative coefficient) and VRE (generation multiplied by the respective 
negative coefficient) are met by flexibility provided by other generation technologies (generation multiplied 
by the respective coefficient) in the model. The coefficients (Table 8) are taken from Sullivan et al. (2013), and 
are based on expert judgements, informed by a generic unit-commitment model for the US.

Table 8: Flexibility coefficient by technology 

Technologies Flexibility coefficient (fraction)

Load -0.1

Wind -0.08

Solar PV -0.05

Geothermal 0

Nuclear 0

Coal 0.15

Bio power 0.3

Gas-CC 0.5

Hydropower 0.5

H2 Electrolysis 0.5

Oil / gas steam 1

Electricity storage 1

Source: Sullivan et al. (2013)

Europe (Hidalgo González et al., 2015; Quoilin et al., 2015): A JRC-EU-TIMES model is developed in this study 
with a planning horizon of 50 years for 28 EU countries. Each year is divided into 4 seasons and 3 intra-day 
blocks (making a total of 12 time slices). Each intra-day block has two sub-periods: one with and one without 
excess variable VRE. Excess VRE generation (excess beyond demand) is defined within each time slice and is 
to be balanced via flexibility options, including flexible demand (mainly heat-related electricity appliances), 
curtailment, storage or conversion into another carrier (e.g., production of hydrogen by electrolysis). The 
amount of excess generation is defined as a linear function of the solar PV capacity factor and the installed 
capacity of solar PV, wind and dispatchable power plants. The function is parameterised based on statistical 
analysis of a unit commitment model Dispa-SET operation results for a wide set of simulations with alternative 
configurations of the power system. In addition, baseload power plans are allowed to vary their output on a 
seasonal basis only, while storage is modelled to move energy only between the time slices of a same season. 

Ireland (Welsch et al., 2014a, 2014b): In this study, flexibility balance is represented in an open-source energy 
system model (OSeMOSYS) of the Irish system up to 2050. The model has 12 time slices, representing 4 
seasons and 3 parts of the day. Ramping requirements are defined both for five minutes and for longer 
intervals (referred to in the paper as spinning and replacement reserves, respectively), and these are met by 
a combination of technologies, each with unique ramping capabilities. The ramping requirement is externally 
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Figure 18: Fluctuation of wind power production, sorted by size for different intervals of time   
(the x-axis displays the number of observations in the dataset) 

Source: Ludig et al., 2011

defined for given set targets for wind penetration. Two sub-technologies are modelled for both CCGT and 
OCGT – one which operates at near-maximum capacity, and another that can ramp down to a part load with 
reduced efficiency. The former can meet ramping needs over five minute intervals, while the latter is able to 
meet ramping needs over longer periods. The model further incorporates the minimum stable generation 
level, which limits cycling of generation technologies between that level and the maximum online capacity. 

Global (Pietzcker et al., 2014): Eleven regions, collectively representing the whole world, are analysed in this 
study using the REMIND long-term generation expansion model, with a 95-year planning time horizon. The 
need for flexibility – more specifically different types of storage (battery, hydrogen electrolyser, hydrogen 
turbine) and curtailment – is assumed to increase linearly with VRE’s share of total electricity production, 
although the first 7% is exempted (based on empirical experience that at a lower level of penetration, the 
existing flexibility of a system can absorb the VRE fluctuation). Storage and curtailment needs are able to be 
parameterised for each technology at different penetration levels. 

Eastern Germany (Ludig et al., 2011): A LIMES (Long-term Investment Model for the Electricity Sector) 
model is developed in this study for Eastern Germany with a planning time horizon of 95 years. The model 
has 12 times slices per year, which sufficiently cover the variability of solar PV and demand, but not the full 
variability of wind (see Eastern Germany example in Box 8). To overcome this, the flexibility requirement due 
to wind variability is investigated. Figure 18 shows how wind power generation changes over time, sorted by 
size for different intervals of time (e.g., the largest increase within two hours was 2 691 MW, the largest fall was 
2 645 MW). Based on this analysis, constraints requiring fast-ramping backup capacity and supplementary 
generation to balance VRE fluctuations are parameterised as a function of the model’s VRE capacity. Fast-
ramping backup capacity is considered to be provided by gas and oil turbines, natural gas combined-cycle 
(NGCC), hydropower and storage.
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Supporting data for parameterising  
flexibility provision
Data generally are available to provide either detailed 
or indicative information to parameterise the abilities 
and limitations of flexibility measures. Below is an 
overview of relevant parameters for the main sources 
of flexibility: dispatchable power plants, storage, 
demand response and interconnectors for cross-
border trade. 

Dispatchable power plants 

Power plants that traditionally have provided baseload 
generation – including nuclear, coal, biomass, certain 

steam turbines with oil and gas fuel, and, to a certain 
degree, CCGT – typically (but not always) have limited 
flexibility.53 Those designed to operate as mid-merit-
order plants – including flexible CCGT, more flexible 
coal, biogas and CSP – are more flexible. Those used 
to cover peak load – including reservoir hydropower 
and OCGT – are highly flexible (IEA, 2014). 

Box 13 summarises key technical parameters 
determining such scales of flexibility. 

Box 13: Flexibility parameters of dispatchable plants

The key parameters that define the flexibility of power plants, as detailed in various publications, are 
summarised below. Seven sources are used, denoted as: A (Schröder et al., 2013), B (IEA, 2014), C (Welsch 
et al., 2014a), D (Poncelet et al., 2016a), E (Vuorinen, 2016), F (Bruynooghe et al., 2010), G (Hout et al., 2014) 
and H (Ulam-Orgil et al., 2012). The maximum ramp rate is expressed as a percentage of net capacity per 
minute; start-up time is expressed in hours; minimum load is expressed as a percentage of net capacity; 
minimum up time and down time is expressed in hours; and part load efficiency (efficiency loss at minimum 
load) is expressed in percentage (%) or percentage points (% pt). The design characteristics of plants – 
rather than the fuel they use per se – lead to very different flexibility profiles (IEA, 2014). 

While Tables 8 to 13 present useful sources of information, further innovation may help increase the 
flexibility of power plants. Using current parameters for assessing future energy systems may overestimate 
the challenge of integrating VRE.

53 These technologies can be made to operate flexibly, with a range of new-build and retrofit options available (see, for example, the discussion 
of coal flexibility in Cochran et al. (2013)). 

Nuclear: Nuclear power plants also are typically run in baseload mode. Their flexibility is often regulated 
on safety grounds, but nuclear is operated with some flexibility in counties where its share in the system 
is high (see Table 10).

Table 9: Flexibility parameters for nuclear power plants found in the literature

Maximal ramp 
rate

Start-up time 
(cold/hot)

Minimum 
load

Minimum up/
down time

Part load 
efficiency Source

Nuclear 5 50 24/48 D

Nuclear 0.25-10 24-50 /<0.3 40-50 6-48 / 4-48 5% A

Nuclear 0-5 N/A / 2-48 40-100 B

Nuclear 1-5 E

Nuclear 5 F

Nuclear 20* 50 8 / 4 G

* % of capacity in one hour
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Table 10: Flexibility parameters for coal power plants found in the literature

Maximal ramp 
rate

Start-up time 
(cold/hot)

Minimum 
load

Minimum up/
down time

Part load 
efficiency Source

Coal 0.6-8 NA / 2-7 20-60 B

Coal (2020) 17.9* 64.3 C

Coal (Mongolia) 10-20 H

Standard coal 
(subcritical) 0.58-8 7.3-10 / 3 25-50 3-15 / 2-15 4% A

Subcritical pulverised coal 
plants 3 40 6 / 4 2% pt D

(Ultra-) supercritical 
pulverised coal plants 4 50 6 / 4 2% pt D

Advanced coal 
(supercritical) 0.66-8 4-12 / 1-5 20-50 4-6 / 4 2% pt A

Lignite 0.6-6 NA / 2-8 40-60 B

Lignite (new) 0.58-4 6-12.8 / 4 40-50 4 / 4 A

Lignite (old) 0.58-8 10-12.8 / 6 40-60 4-6 / 4-8 10% A

Lignite and Pulverised 
coal (PC) (before 2010) 40** 40 8 / 4 G

Lignite and PC (2010) 50** 35 8 / 4 G

Lignite and PC (after 
2010) 50** 30 8 / 4 G

Steam turbine plants 1-5 1-10 E

Integrated gasification 
combine cycle (IGCC) 
(before 2010)

30** 45 8 / 4 G

IGCC (before 2010) 40** 40 8 / 4 G

IGCC (after 2010) 40** 35 8 / 4 G

IGCC 4 50 4 / 1 8% pt D

IGCC (2050) 12* 47.7 C

* % of capacity in five minutes; ** % of capacity in one hour

Coal: Coal power plants traditionally have been run as baseload generators, and so are generally inflexible. 
However, they are increasingly being designed for more flexible operation (see Table 9).
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Table 11: Flexibility parameters for oil and gas power plants found in the literature

Maximal ramp 
rate

Start-up time 
(cold/hot)

Minimum 
load

Minimum up/
down time

Part load 
efficiency Source

OCGT 0.83-30 <1 / <0.17 10-50 0-6 / 0-6 20% A

Gas OCGT 7-30 NA / 0.1-1 0-30 B

OCGT (2020) 10* 55 C

OCGT (2050) 16.9* 17 C

OCGT 17.5 10 1 / 1 21% pt D

OCGT 100** 10 1 / 1 G

Aeroderivative gas 
turbine 20 5-10 E

Industrial gas turbine 20 10-20 E

Combustion engine bank 
CC 10-100 NA / 0.1-0.16 0 B

CCGT 0.83-12 2-5 / 0.5-2 30-50 1-6 / 1-6 5-9% A

CCGT 5-10 0.5-1 E

CCGT 7 3 / NA 40 F

CCGT (2020) 16.9* 42.2 C

CCGT - new (2020)*** 12* 52.9 C

CCGT 7 50 4 / 1 8% pt D

Gas CCGT 0.8-15 NA / 3 15-50 B

NGCC (before 2010) 50** 40 1 / 3 G

NGCC (2010) 60** 30 1 / 3 G

NGCC (after 2010) 80** 30 1 / 3 G

Oil 1-20 1 / NA 10-50 1-6 / 1-6 - A

Steam (oil / gas) 0.6-7 NA / 1-4 10-50 B

Distillate oil 10.1* 10.1 C

Gas engines 10-85 3-10 min E

Diesel engines 40 1-5 min 30-50 E

Heavy oil 20-35 H

Diesel oil H

Oil and gas: OCGT plants are typically flexible, and a subset of them, used as peaking plants, is highly 
flexible. CCGT plants are typically less flexible (see Table 11).

* % of capacity in five minutes; ** % of capacity in one hour; *** According to the authors of Source C, the higher minimum load figures 
from this source for newer CCGT represent an observed trend in the Irish market, and may not necessarily be representative
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Table 12: Flexibility parameters for hydropower plants found in the literature

Table 13: Flexibility parameters for combined heat and power plants found in the literature

Table 14: Flexibility parameters for other types of power plants found in the literature

Maximal ramp 
rate

Start-up time 
(cold/hot)

Minimum 
load

Minimum up/
down time

Part load 
efficiency Source

Hydro reservoir 15-25 NA / <0.1 5-6 B

Hydro run-of-river 5 NA / 0.16 50 B

Hydropower 12.8* 13.7 C

Pumped storage 17.1* 3.4 C

Maximal ramp 
rate

Start-up time 
(cold/hot)

Minimum 
load

Minimum up/
down time

Part load 
efficiency Source

CHP - coal 2-4 NA / 5-9 50-80 B

CHP - CCGT 2-8 NA / 2-3 40-80 B

CHP - steam turbine (oil / gas) 2 NA / 4 100 B

CHP 90* 10 1 / 1 G

Maximal ramp 
rate

Start-up time 
(cold/hot)

Minimum 
load

Minimum up/
down time

Part load 
efficiency Source

Peat (2020) 34.6* 69.2 C

Bioenergy 8 NA / 3 50 B

Biogas (2020) 0* 22.7 C

Waste (2020) 0* 23.8 C

Biomass (2050) 0* 34.2 C

Geothermal 5-6 NA / 1-2 10-20 B

Wind onshore  
(2020, 2050)

0* 0 C

Solar (2050) 0* 0 C

Solar CSP 4-8 NA / 1-4 20-30 B

Hydropower plants: Hydropower with a reservoir is highly flexible, with a low minimum load and a quick 
start up time (see Table 12).

* % of capacity in five minutes 

* % of capacity in five minutes 

* % of capacity in one hour

Combined heat and power (CHP): In most countries current CHP operational practice prioritises covering 
heat demand, making its electricity generation very inflexible (see Table 13). However, in Denmark, where  
electric boilers are installed, CHP plants are operated flexibly, even allowing even for negative generation 
(i.e., consumption of electricity) (IEA, 2014).

Other: See Table 14.
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Storage
Electricity storage systems are used primarily to shift 
the timing of electricity supply and demand, by storing 
and then dispatching energy.54 They can help smooth 
the production profile of VRE generators by avoiding 
abrupt fluctuations in generation due to changes in 
weather conditions, and by allowing predetermined 
generation profiles. The most common form of 
electricity storage (at 99% of total installed capacity) is 
pumped hydropower. Other forms, including batteries, 
are becoming increasingly important (IRENA, 2015c). 
All of the storage options described in this subsection 
can start up quickly, within minutes or seconds. 

The flexibility of storage systems is characterised 
primarily by:

•	 Power capability (MW): the amount of power that an 
installation can provide, and

•	 Storage capacity (MWh): the amount of energy that 
an installation can store and discharge per cycle. 

Parameters for key storage technologies are 
summarised in Table 15.

Demand response  
Demand response comprises techniques for reducing the 
load on an electric system during peak electricity usage 
or when renewable output drops. It includes: direct load 
control by utilities (typically used with large commercial 
and industrial customers), voluntary load reduction 
(typically activated by price signals) and dynamic 
demand (automated adjustment of power usage). 
Demand response can act as a virtual peaking plant, with 
known ability to ramp up to full capacity in five minutes – 
and even faster in the future (IRENA, 2013a). 

Table 15: Flexibility parameters of selected storage technologies

Box 14: Country application examples: demand-response assessment

Technology Typical power capability (MW) Discharge time

Pumped hydropower 100-5,000 Hours

CAES* 100-300 Hours

Li-ion battery** 0.001-20 Minutes to hours

NaS battery*** 0.001-5 Hours

Lead acid battery 1-200 Hours

*Compressed air energy storage; ** Lithium-ion; *** Sodium-sulphur 
Source: IEA, 2014

Western United States (Olsen et al., 2013): A comprehensive methodology is developed in this study to assess 
future profiles of demand-response availability and is implemented using 13 end-use loads within the Western 
Interconnection for the calendar year 2020. Annual load profiles are evaluated to obtain an estimate of the 
available amount to enable participation in several options – an energy and a capacity product, and three 
ancillary services – for each hour of that year. The availability profiles that result serve as inputs to a production 
cost model. This type of exercise can be useful for gauging the scale and characteristics of providing demand-
side flexibility in a balancing approach. 
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54 Electricity storage can provide other important services that help integrate VRE into a power system. They include: ancillary services such 
as regulation (frequency and primary response), reserves, voltage support, black start; transmission infrastructure services (transmission 
upgrade deferral and transmission congestion relief); distribution infrastructure services (distribution upgrade deferral and voltage 
support); customer energy management services (power quality, power reliability, retail electric energy time-shift, and demand charge 
management) (Akhil et al., 2013; IRENA, 2015b, 2015c). As discussed in Section 2.3, weather-driven variability of VRE does not necessarily 
influence system-level need for ancillary service, but it does influence system-level ability to provide these services. The need for ancillary 
service is not discussed in the context of flexibility but rather in the context of contingency response.
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Interconnectors for cross-border trade
Interconnectors allow the flexibilities of power 
systems to be shared by enabling the transfer of 
power from a surplus to a deficit area. The benefits are 
greater when areas with different generation and load 
characteristics are connected, although the flexibility 
of the interconnector depends on operational 
agreements between the interconnected systems. 
Best practices suggest that flexibility can be deployed 
by this means on an hour-by-hour basis (IRENA,  
forthcoming-d). Outside Europe and the US, however, 
trading agreements based on long-term bilateral 
power purchase agreements (PPAs) are common.55 

Using interconnection capacity for short-term trade 
has been less common, and institutional frameworks 
for such exchanges may be underdeveloped in many 
power systems (IEA, 2014).

Incorporating flexibility balance 
A “flexibility balancing” approach has been practiced 
in some long-term modelling exercises to incorporate 
a system’s flexibility needs. It requires calculating a 
“flexibility requirement” for an entire system, based 
on the variabilities of demand and VRE, and balancing 
it with a range of flexibility provision options at an 
aggregated system level. This level of balancing in 
the model represents an additional constraint to the 
standard balancing of total power demand and supply. 
Some practical examples of the flexibility balancing 
approach were given in Box 15.

The flexibility requirements for a given source of VRE 
– or for a system as a whole – can be established by 
analysing fluctuations in both VRE generation and 
the load pattern. These analyses, discussed alongside 
specific examples in Box 16 below produce metrics 
(often expressed in units of capacity or production) 
that measure flexibility requirements over different 
timeframes, to be filled by flexible supply or system 
services. Some requirements may be established on 

the basis of carefully scrutinised empirical or synthetic 
data, while others exist as “rules of thumb”, based on 
informed expert opinions.56 Flexibility requirements 
for different ranges of probability (e.g., a rare 
occurrence of extreme variability) may need to be 
established and implemented in long-term generation 
expansion models so as to assess the “right” level of 
curtailment within a range of probabilities. 

Such an approach provides a first-order approximation 
for meeting a system’s flexibility needs, but it does 
not ensure that ramping services actually would be 
available to be deployed at a given point in time, 
because availability depends on a power plant’s 
operating status at that moment. A model’s ability 
to represent operational status depends on the time 
resolution of its dispatch representation. Due to the 
limited ability of long-term models to represent 
dispatch, the above approach also does not fully 
account for operational status, as well as for the 
costs related to additional wear and tear from heavy 
ramping duty at dispatchable power plants. Solutions 
for linking long-term models to more detailed 
representations of dispatch in production cost models 
are discussed in Section 6.3.

Supporting data and tools for 
parameterising flexibility requirements
In general, the flexibility requirements for a system 
can be calculated in a straightforward manner by 
analysing chronological VRE and load data, and 
determining the rate and scale of fluctuations in the 
residual load (the load minus VRE generation at a 
given point in time). The resulting metrics are often 
referred to as “ramping requirements” or “ramp 
rate requirements”. Notably, this terminology does 
not preclude flexibility provision by demand-side 
and storage measures, which can make important 
contributions.

55 Case studies of 12 regional markets and cross-border power projects from 2010 (ESMAP, 2010) indicate that 7 of those analysed have 
been operated primarily based on such long-term bilateral trade agreements (Greater Mekong Sub-region, Southern Africa Power Pool, 
Argentina-Brazil Garabi Project, Nile Basin Initiative, Mozambique Cahora Bassa project, Mali Manantali project, Laos Nam Theun 2 project).

56 While a link between VRE share and flexibility deployment may be established, it is highly system dependent, as it depends on how 
much flexibility already exists in the system and how VRE collectively fluctuates. It is thus important to note that the “rules of thumb” are 
accordingly highly system specific and cannot be applied directly to other types of systems (Jones, 2014).
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An analysis of load and wind generation data from 28 
balancing authorities (ranging from 2 GW to 15 GW 
in size) in the Western US shows that the ramping 
requirement is larger at longer time intervals (ramp 
duration), provided that anomalies in the data are 
cleared up (King et al., 2011). Sub-hourly ramping 
requirements, for example, would be relatively 
small compared with hourly and multi-hourly ones. 

This is illustrated by ramp rate envelopes, shown in  
Figure 19, which are plotted as the maximum (in a 
year) and average (an average of daily maxima) ramp 
rate requirements for different ramp durations. Similar 
plots can be drawn for different percentiles of data. 
More specific examples of flexibility requirement 
parameterisation are provided in Box 15. 

Figure 19: Sample ramp rate envelopes according to the percentile of data

Source: King et al., 2011
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Box 15: Country application examples: flexibility requirements in practice

Dominican Republic (IRENA, 2016c): An ambitious renewables scenario for 2030 suggests that the 
installed capacity of solar PV and wind would reach 4.1 GW (against a 4.6 GW peak). At this level of VRE 
penetration, a one-hour ramp requirement would be around 1 000 MW, and a six-hour ramp requirement 
would be around 2 000 MW. Of these amounts, around 400 MW for a one-hour requirement and 1 000 MW 
for a six-hour requirement are due to the variation of VRE beyond pure load variation.

Figure 20: Ramp duration curve for 2015 and 2030 with REmap variable renewable energy, 
 average ramp rate envelopes for 2015 and 2030

Barbados (GE Energy Management Energy Consulting, 2015): A reserve to respond to short-term (less 
than 10 minutes) variability in wind and solar power output is computed in this study based on an analysis 
of 10-minute-resolution data on wind and solar generation. The 99.9 percentile fluctuation of combined 
wind and solar output is found to be about 16 MW (for 45 MW of distributed PV, 20 MW of central PV and 
15 MW of wind) and about 5 MW for wind alone. 

Western United States (PacifiCorp, 2015): Ramp reserve (the capacity to follow predicted VRE and load 
variations in all timeframes) and regulation reserve (the capacity set aside to meet forecasting errors) 
are estimated separately in this study, based on historical data of load and wind generation at 10-minute 
intervals. In practice, ramp reserve is computed as an inter-hourly variation, calculated as the difference 
of residual load (load minus wind generation) at the start of each hour. Regulation reserve is determined 
from intra-hourly variation: deviations from scheduled wind output and scheduled load are computed 
for every 10 minutes and hour as forecasting errors. Reserve requirements for each month at different 
forecast levels are determined by applying a 99.7% percentile confidence interval. For a system with a 
share of wind amounting to 2.5 GW of its total 12 GW capacity, the additional reserve required due to 
wind variation alone is estimated to be 12 MW (for ramp reserve) and 174 MW (for regulation reserve). For 
comparison, the corresponding reserve requirement (both ramp and regulation) due to variation in load 
is estimated to be 441 MW. 

Source: IRENA, 2016c
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Unspecified (generic Europe) (Welsch et al., 2014b): Ramping needs for half-hour and four-hour 
timeframes are estimated in this study to be “three times the sum of the root-mean-square of standard 
deviations of demand and wind forecast. The standard deviation of the demand forecast error is assumed 
to be +- 1% over the half-hour interval, and +-2% over the four-hour interval”. The standard deviation of the 
wind forecast error is assumed to be +-1.4% and +-6%. The capacity of the largest plant (1.6 GW) is added 
to the upwards ramping needs to account for the contingency reserve. For a hypothetical system with a 
peak demand of 126 GW, the maximum upwards ramping needs for a half-hour interval is estimated to be 
6.5 GW, and downwards is estimatedto be 4.9 GW. Four-hour ramping needs are estimated to be 17.1 GW 
for upwards and 15.5 GW for downwards. 

Ireland (EirGrid and SONI, 2013): This study finds that at the current wind penetration level (1.8 GW 
in 2012), ramp rates of +/- 300-350 MW/hour are common. In the future, when up to 6 GW of wind 
generation will be installed, the corresponding ramp rate could be +/- 1 200 MW/hour. 
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6.2 validating flexibility balance in a system

Box 16: Flexibility assessment tools

InFLEXion (EPRI, 2016, 2014): InFLEXion was developed by the Electric Power Research Institute (EPRI) 
in the US, and a beta version has been released (EPRI, 2015). However, neither the tool nor its application 
are fully available in the public domain. It provides a screening level to a more detailed assessment of the 
flexibility of a power system, depending on data availability, and consists of a chronological assessment of 
ramping needs (upwards and downwards for a set time duration) and of the frequency of their occurrence 
by the hour of the day and by month. The flexible resources available are compared with the required 
ramping needs in order to assess flexibility system-wide. Flexibility can be drawn from online (the so-
called spinning reserve) and offline sources: online flexibility is limited to a range between the current 
production level and maximum output. InFLEXion assesses the flexibility that the resource fleet can 
technically offer in each period, taking into account the dispatching pattern. Three flexibility metrics are 
computed, based on chronological analysis of flexibility requirements and supply – the period of flexibility 
deficit, expected unserved ramping and insufficient expectation of the ramping resource. Unlike FAST2 
below, the tool does not explicitly assess flexibility resources beyond dispatchable generators – such as 
storage, demand response and interconnectors. 

FlexAssessment (Hidalgo González et al., 2015): Developed by EDF R&D as part of a suite of planning 
models used for internal purposes, FlexAssessment is similar to the InFLEXion tool described below in 
that it assesses flexibility based on chronological dispatch and uses the number of periods of insufficient 
flexibility as an assessment metric. It is used to validate the robustness of simulated operation, as 
suggested by EDF’s production cost model (CONTINENTAL). A feedback loop is being established into 
the capacity expansion model (MADONE) to incorporate flexibility requirements so as to correct for 
operational inconsistencies that FlexAssessment suggests.

Revised Flexibility Assessment Tool (FAST2) (IEA, 2014; Müller, 2013): Developed by the IEA, FAST2 
allows an initial, high-level assessment of power system flexibility based on a chronological hourly 
matching of load and VRE supply. It calculates flexibility requirements from hourly load and VRE generation 
data over a period and matches it against flexibility provisions from flexible plants, interconnections, 
demand-side response, pumped hydropower storage and interconnectors – while taking into account 
existing inflexibility due to the minimum generation requirements of dispatchable plants. Its output is the 
number of hours with insufficient flexibility for different hypothetical levels of VRE penetration. Such an 
assessment can be conducted, in the long-term planning context, as ex-post validation of model results 
for a single future year. 

As discussed in the previous section, adding 
constraints to long-term generation expansion models 
under a flexibility balance approach is often a first-
order approximation of flexibility needs and measures, 
given the issue of time resolution. The results from 
such a model can be further scrutinised using more 
detailed assessment tools, to validate whether there is 
sufficient flexibility in place. 

Supplementary tools with different degrees of 
complexity have been proposed and applied to assess 
flexibility in demand and supply for power systems 

(see Box 16). These tools are based on a chronological 
assessment of variability – introduced by load as well 
as by VRE – at different time horizons. Flexibility in 
supply is assessed primarily through the ramping 
capability of power plants at different time horizons, 
allowing a snap-shot assessment of the operation of a 
current or future power system. 

Full assessment requires a simulation of dispatch, 
which can be done though a production cost model, 
an approach discussed in Section 6.3. 
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6.3 coupling with production cost models 

Production cost models have been used to validate, 
and in some cases to correct, results from long-term 
generation expansion models to complement their 
inherent limitations in time resolution (and the level 
of operational detail linked with it). Such an approach 
– often referred to as a “coupling” approach – can 
translate flexibility requirements in operation (the 
focus of production models) into flexibility investment 
decisions (the focus of generation expansion models). 
Examples of their application in particular countries 
are given in Box 17, and a detailed description of the 
general model category can be found in Appendix 2.

Production cost models simulate decisions on 
economic unit commitment and dispatch at hourly 
time resolutions or less, typically over a timeframe 
of one year, and directly consider the operational 
constraints associated with flexibility issues discussed 
in the previous section. Simulating dispatch requires 
inputting a pre-fixed capacity mix, which is, in turn, an 
output of generation expansion models. The primary 
metric for comparison is made up of generation 
outputs from both models for a given capacity mix, 
and it is interlinked with curtailment of generation. 
Inefficiently representing flexibility needs and 
provision in long-term generation expansion models 
may suggest a capacity expansion mix with insufficient 
flexibility, which – when run through a production cost 
model – may result in large curtailment in order to 
retain the secure operation of a system.57 

Economic dispatch decisions by production cost 
models can account for short-term (hourly or 
shorter) variability in VRE and load, and for technical 
constraints on the flexible operation of generation 
units (e.g., minimum up and down times, ramp-up 
and -down constraints, start-up times, part-load 
efficiencies) and the costs associated with them. 

Most “coupling” attempts are unidirectional (i.e., 
from long-term generation expansion models to 
production models) and are aimed primarily at 

validating improved features of long-term generation 
expansion models (e.g., through imitating some of the 
operational constraints, with higher time resolution). 
Important, and less important, operational constraints 
can be identified through such validation exercises 
(e.g., Deane et al., 2015; Poncelet et al., 2016a; Welsch 
et al., 2014a). The findings, however, may be highly 
system-specific: global understanding still has to be 
built on what is important in which types of systems. 

Other coupling attempts aim to introduce feedback 
loops from production cost models into capacity 
expansion models, so as to correct for inconsistencies 
and, ultimately, to find convergence between the 
outputs from the two model types. After running 
through a production cost model, capacity or capacity 
factor can be adjusted to correct for production 
inconsistencies. This bi-directional “coupling” of 
models is the most sophisticated mode, and the 
adjustment of capacity based on production cost 
model results is often based on expert judgment, 
rather than on systematic criteria. Moreover, the 
reliable convergence of the two models requires 
further research.58 

Another type of feedback loop into long-term 
generation expansion models is the introduction 
of model constraints parameterised through a 
production cost model run. Production cost models 
can compute aggregated parameters that reflect the 
technical and economic impacts of VRE, including 
flexibility requirements (as discussed in Section 6.1), 
VRE balancing costs, capacity reserve demand and 
capacity credit for VRE. 

This model coupling approach is emerging as the 
most preferred solution, at least in Europe (Hidalgo 
González et al., 2015), but applying it requires a high 
degree of model expertise as well as computational 
resources and data, and has been done mostly at a 
research-grade level. 

Chapter 6: Representing Flexibility

57 As shown in Poncelet et al. (2014), VRE may be curtailed instead of operating more flexible units, if start-up costs do not economically 
justify such operation. Silva et al. in Hidalgo González et al. (2015) show that the MADONE model for Europe – developed using the TIMES 
model framework with 288 time slices – systematically underestimates generation from mid-merit technologies when compared with the 
results from their production cost model (the CONTINENT model with investment loops)

58 An alternative to this approach, of incorporating feedback loops from production models into generation expansion models, is emerging 
–  a group of models that incorporates investment decisions into production models. For an example of this emerging approach, see de 
Sisternes et al. (2016).
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Box 17: Country application examples: soft-linking

Ireland (Deane et al., 2015): In this study, soft-linking methodology is applied to the Irish TIMES model (a 
generation expansion model with 12 time slices in a year), coupling it with a PLEXOS model (a dispatch 
model for the power sector applied with half-hourly temporal resolution). The power sector results – 
capacity mix and electricity sector demand – are taken from the Irish TIMES model for 2020 and used 
as inputs to the PLEXOS model. This system is simulated in PLEXOS to calculate the optimal generation 
mix, which is then compared to the generation mix from the Irish TIMES. The comparison shows that 
more flexible resources are deployed in the optimal generation mix from the PLEXOS model than in the 
one from the TIMES model, including increased production of CCGT generators, reduced use of inflexible 
coal generation and greater use of pumped storage to provide spinning reserve. The results of this study 
identify an overestimation of installed wind capacity in the original TIMES results, leading to 8% of wind 
generation curtailment. This insight is fed back into TIMES through a constraint on annual generation for 
this resource.

Greece (Tigas et al., 2015): A TIMES is developed in this study to to analyse the Greek energy system with 
a planning horizon of 38 years and with 14 geographical clusters. A year is divided into 4 seasons and 4 
intra-day blocks (a total of 16 time slices in a year). The model is soft-linked with PropSim (Probabilistic 
simulation for electricity), an in-house modelling tool, to compute a synthetic residual duration curve based 
on externally defined hourly load and VRE generation time-profile data, and to simulate the operation of a 
power system for a given time interval. Peak-load capacity requirement and the balancing units’ capacity 
required to cover the residual load hourly variation, as well as the storage capacity required to restrict 
energy curtailment, are then computed. These requirements are fed back into the TIMES-Greece model 
(including the costs linked to balancing units and storage), together with the corrected utilisation factors 
of VRE in each geographical cluster. The two models are used iteratively until the solutions from them 
converge.  

Europe (DNV GL Energy, 2014): In this study the PLEXOS model (a production cost model with a 
capacity expansion module) provides generation capacities for Europe, which are then included in the 
DSIM (Dynamic System Investment Model, developed at Imperial College), which optimises short-term 
operation of the European power system on an hourly basis for a full year. It also assesses transmission 
network reinforcements, annual production costs and additional generation capacity to meet reliability 
requirements.

Portugal (Pina et al., 2013): A framework that soft-links the TIMES long-term energy planning model to 
the EnergyPLAN short-term operational model is applied in this study to Portugal for a 2005 to 2050 
horizon. Each year of results from TIMES is used to create an installed generation capacity mix within the 
EnergyPLAN model, which simulates constraints over the amount of installed capacity that the system 
can handle per year, subject to certain criteria. If the installed capacity from renewable sources does not 
produce 90% of available yearly output in EnergyPLAN, it is revised downwards so that it produces the 
maximum energy available to it. The results show that this soft-linking approach can avoid overinvestment 
and reduce the production of excess electricity.

Tokyo, Japan (Zhang et al., 2013): This analysis soft-couples a long-term planning model with an hour-by-
hour simulation model, and applies the integrated model framework to the Tokyo area. If the capacity mix 
provided by the long-term model does not allow for balancing power supply and demand in every hour of 
a year, the mix is adjusted to increase the capacity of peaking gas power plants in the simulation tool until 
full balancing is achieved. These adjustments are then fed back into the long-term model.
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United States (NREL, 2012): In this study, the long-term generation expansion model ReEDS is validated 
by the production cost/stationary network analysis model GridView (developed by ABB) for the US power 
system. GridView uses ReEDS’ scenario results for transmission and generation capacities in 2050 as 
an input, and separately explores the hourly operation of the power system, also considering a DC load 
flow assessment and numerous operational constraints. Most importantly, GridView finds that the ReEDS’ 
transmission system is sufficient to serve all hourly loads in the high-penetration renewable electricity 
futures that are modelled (80% renewable energy, with nearly 50% VRE). In this way, highly resolved 
models can validate whether long-term model results for investment in transmission are technically 
sufficient and realistic in cost terms.

East Africa (SNC-Lavalin and Parsons Brinckerhoff, 2011): Two models are soft-linked in this study: 
OPTGEN, a long-term model for determining the least-cost expansion plan (generation and transmission) 
of a multiregional hydro-thermal system, and SDDP, a probabilistic multi-area hydro-thermal production 
costing model. Given the OPTGEN model’s investment decisions, SDDP provides an operational analysis 
which is then fed back into OPTGEN. The modelling approach is used to develop the Eastern Africa Power 
Pool Master Plan for 2013-2038. 

Chapter 6: Representing Flexibility
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7 representing transmission    
 capacity

Key points of Chapter 7 

As discussed in Chapter 2, variable renewable energy 
is constrained by its location. Sites with good VRE 
resources may be located far from demand centres or 
existing transmission lines. VRE therefore is likely to 
need more substantial investments in transmission than 
most thermal power plants, which are less location-
constrained. As a result, for some VRE projects, 
proximity to demand centres may compensate for 
a less attractive quality of the resource. There also 
may be trade-offs between investing in centralised 
VRE with substantial transmission costs and in 
distributed VRE, which does not require significant 
grid infrastructure investment.

In addition to the more generic solutions for better 
transmission representation discussed in Section 4.2, 
which involve increasing the spatial resolution of a 
generation expansion model, this chapter presents 
two specific approaches for better incorporating the 
transmission cost requirements of VRE deployment 
into long-term modelling. Section 7.1 discusses 
a simplified model representation of VRE-linked 
transmission investment needs in the model.  
Section 7.2 then discusses approaches to have better 
spatial representations in generation expansion 
models, based primarily on pre-processed GIS 
resource data. 

Linking grid investment needs with VRE expansion: Transmission costs related to VRE can be assessed 
outside a model and then added to VRE investment costs in a generic manner (e.g., establishing and 
implementing a per-unit transmission cost for VRE capacity). This simplified approach does not allow any 
assessment of trade-offs between VRE resource quality and additional transmission capacity investment, but 
can reflect generic effects of VRE-driven transmission needs on VRE investments.

General complexity: Low to medium

Site-specific representation of generation and transmission: The trade-off between VRE resource quality 
and additional transmission capacity investment can be assessed within a model by explicitly incorporating 
location-specific techno-economic characteristics of VRE. Practically, this can be achieved by incorporating 
clusters of VRE sites (or ”zones”) as explicit options for investment. GIS-based tools and data are becoming 
increasingly available to allow for more accurate resource and siting assessments. Understanding and 
improving the representation of VRE resources in modelling will naturally help to make more accurate 
assessments of their associated needs for investment in transmission.

General complexity: Low to medium
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7.1 Linking grid investment needs with    
 variable renewable energy expansion

A first-order approximation of transmission investment 
costs associated with VRE deployment may be 
established by rule of thumb, through linking such 
investment needs with the share of VRE in a system. 
The grid investment costs associated with one unit of 
VRE capacity, for example, can be parameterised to 
increase with this share to account for the need for 
new connections. The increasing cost of transmission 
investment can represent the need for increasingly 
long-distance lines as VRE generation outgrows 
nearby centres of energy demand. Two practical 
examples of such an approach are given in Box 18.

Supporting data and tools for linking grid 
investment needs with variable renewable 
energy expansion
A number of existing sources have attempted to 
estimate additional costs of transmission due to VRE 
expansion, covering a range of different systems. 
For example, a survey of grid reinforcement costs 
related purely to wind power in Denmark, Germany, 
Ireland, the Netherlands and Portugal (by Holttinen 

et al., 2011) suggests that additional investment is in 
the range of EUR 50 to EUR 270 per kW of wind at 
penetration between 15% and 55% of gross demand 
(energy). Another survey (DNV GL, unpublished-a) 
shows that the transmission cost of VRE integration 
into the grid is in the range of USD 1/MWh to  
USD 12.5/MWh in Europe, and much higher –  
USD 12-29/MWh – in the Eastern US. Such studies 
can provide the basic data necessary to incorporate 
first-order transmission cost estimates for future VRE 
expansion.

If existing studies of VRE-driven transmission costs are 
unavailable, DNV GL (unpublished-a) presents a more 
general methodology to estimate transmission and 
distribution requirements that follow from national 
generation expansion plans. The methodology begins 
by developing a “virtual” transmission grid, specifying 
nodes for VRE generation and load centres, and 
estimating distances between nodes using Google 
Earth. Each node can be represented by an aggregated 
set of nodes if necessary. 

Box 18: Country application examples: representing transmission capacity in long-term generation expansion models

Global (Pietzcker et al., 2014): A REMIND model with a 100-year planning time horizon, covering 11 regions 
to collectively represent the world, is developed in this study with a specific feature to address transmission 
grid costs associated with VRE deployment. Transmission grid costs are assumed to increase with VRE’s 
share of the total electricity production, although the first 7% is exempted on the assumption that it would 
serve more localised demand. The extra length of transmission grid necessitated by the expansion of VRE 
is estimated using a formula based on the maximum grid length for a given generation level. For each kW 
of electricity replaced by VRE per year, the formula adds a high-voltage direct current (HVDC) grid of 210 
kW kilometres for solar PV, 4 800 kW kilometres for CSP and 2 630 kW kilometres for wind.

Southern Africa (IRENA, 2013b): Eleven Southern African countries are modelled in this study to assess 
generation expansion scenarios with renewables, using the MESSAGE/SPLAT model with a planning time 
horizon of 20 years. Each country represents a separate node. Based on prior analysis, USD 365/kW is 
added to wind investment costs to account for additional transmission investment, although this cost is 
omitted for capacity under a 5% share of generation. The study also differentiates between transmission 
and distribution efficiency losses in delivering electricity to three generically represented consumer 
groups (industry – low transmission loss; urban – modest transmission and distribution losses; rural – 
high transmission and distribution losses) and can therefore assess the competitiveness of distributed 
renewable energy (no transmission and distribution required) against VRE with grid extension.  

Chapter 7: Representing Transmission Capacity
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Box 19: Country application examples: assessing transmission and distribution investment needs

Dominican Republic (Jil, 2016): Building on the DNV GL (unpublished a, b) methodology, the need for 
transmission investment to incorporate 2,300 MW of wind and 1,760 MW of solar PV in 2030 is is estimated 
for the Dominican Republic in this study. Sixteen nodes are defined, and, using Power Factory software  
(a network analysis tool; see Appendix 2 for details), transfer capacity limits between each pair of nodes 
are assessed for the current system. Building on that, residual load duration curves (RLDC) are established 
for each node in 2030. The assessment is made for three scenarios, differentiated by assumptions on 
transmission capacity margins. The results indicate that about USD 50 million to USD 170 million of 
investment in transmission (corresponding to 520 MW to 2,050 MW of transmission capacity addition) is 
required to accommodate solar PV and wind at the specified levels. 

Morocco (DNV GL, unpublished b): Using the methodology described in the section above, transmission 
and distribution expansion needs associated with wind penetration levels of 3,100 MW for 2020 and  
6,200 MW for 2030 are estimated in this study. These levels correspond to 35% and 57% of expected 
peak load in the respective years. For transmission lines, eight nodes are defined, and it is estimated that  
6,400 MW and 9,800 MW of investment would be needed to accommodate the additional wind capacity 
in the respective years. This translates into USD 590 million and USD 1,200 million, respectively (with an 
assumption of 5% curtailment). With 0% curtailment, the transmission investment costs almost double, 
while with 10% curtailment, the cost falls by about 20%, in both 2020 and 2030.  Solar PV installation –  
721 MW by 2030 (corresponding to 1.5% of total consumption) – would require additional investment in the 
distribution network. An indicative assessment shows that at up to about a 15% share of total production, 
investment needs at the distribution level are negligible. Beyond that point, EUR 4/MWh may be required 
as a network reinforcement cost. 

Europe (Scholz et al., 2016): The ADVANCE project makes use of the very detailed, hourly dispatch and 
investment power sector model REMIX to scan a large range of VRE shares and mix of solar and wind 
in order to analyse the resulting need for grid extension. These detailed scenario results can then be 
used to parameterise a grid cost function that can be implemented into long-term models. A similar 
parametric study by Schaber et al. (2012) contains a systematic analysis of transmission grid extensions 
and associated costs as a function of the share and mix of VRE in Europe. 

A synthetic residual load curve is then created for 
each node over the course of the forecast horizon, 
and the tail of the curve – the negative residual load 
– is taken to be the VRE generation that needs to be 
transmitted to other nodes (or otherwise curtailed). 
The transmission investment costs for a given set 
of nodes is reached by multiplying the transmission 
capacity, distance, transmission technology costs and 
multipliers reflecting topologies. 

Under this particular methodology, distribution 
capacity expansion is assessed using a more generic 

approach, assuming linear cost increases after  
a certain threshold level. The parameters to define the 
threshold level and the slope of the linear function are 
taken based on subjective expert assessments. Those 
assessments are based on factors such as strong 
correlation between VRE production and peak load, 
weak grid (low headroom), use of demand response 
and smart grid technologies, and capped injection by 
rooftop solar PV. 

Examples of the approaches described above are 
discussed in Box 19.



97

Box 20: Country application examples: site-specific representation of generation and transmission

Swaziland (IRENA, 2016b): In this study, a SPLAT Swaziland model – already discussed in Box 8 – 
incorporates 5 solar PV zones and 17 wind zones as separate investment options. Capacity factors for 
each time slice, infrastructure costs (new transmission line to connect to the nearest sub-station, and road 
construction to connect to the nearest road infrastructure), maximum generation capacity, and suitable 
turbine types (for wind) are defined for each zone, based on hourly VRE generation profile data for 14 
years, as defined in IRENA and LBNL (2015). Trade-offs between good VRE resources far from existing 
transmission lines, and the cost of new transmission investment to reach those resources, are assessed by 
incorporating a transmission cost mark-up to site-specific costs. 

Greece (Tigas et al., 2015): A TIMES model is developed in this study to analyse the Greek energy system 
with a planning horizon of 38 years, and includes 14 regions representing different economic characteristics 
for a single set of renewable energy sources. The model is designed to optimise investment in renewable 
energy sources, which then drive transmission investment in different regions. Technical constraints, such 
as congestion and overloading, are explicitly taken into account in assessing transmission investment, by 
incorporating direct current power flow analysis into the model. 

Nicaragua (de Leon Barido et al., 2015): A SWITCH model is developed in this study to to analyse the 
Nicaraguan power system with a planning time horizon of 16 years, using 16 “load zones”. The model 
makes use of high-resolution hourly profiles of national electricity demand and power production for 
every generation unit, which are available as open-access data from the Nicaraguan National Dispatch 
Center. Synthetic hourly load profiles as well as VRE availability profiles (in a form of hourly capacity 
factor) for solar and wind are developed for the 16 load zones analysed. The hourly profiles are further 
developed into 24 typical daily profiles, with 12 intra-day blocks, and incorporated into the model. The 
model then takes into account the maximum transfer capacity of transmission lines, modelling them as a 

7.2 site-specific representation of     
 generation and transmission needs

As discussed in Section 4.1, nodes are often 
implemented in long-term generation expansion 
models to represent the particular demand and supply 
of an area, and investment in transmission capacity 
can be optimised jointly with generation expansion.

By introducing more nodes in the model, and 
characterising them with better node-specific demand 
and VRE availability data (ideally with temporal 
profiles), transmission investment needs associated 
with different VRE locations can be assessed more 
realistically. While more robust, this approach does 
require significant VRE data pre-processing efforts. 

As an alternative to analysing transmission investment 
needs between a given set of nodes, another approach 
exists to incorporate impacts of VRE’s general site-
specific nature on transmission needs. 

This can be achieved by incorporating clusters 
of VRE sites (or “zones”) as explicit options for 

investment, distinguished by such techno-economic  
characteristics as VRE generation profiles (i.e., 
temporal availability and the resulting capacity 
factors), together with the costs that they would 
incur for additional transmission (based on proximity 
to existing infrastructure and site topography). 
Such costs can be assessed separately prior to the 
modelling analysis. Information on VRE zones, and 
their associated techno-economic characteristics, are 
increasingly available through global GIS datasets and 
are becoming more accessible for planning purposes. 
More specific examples of these sources of information 
are discussed in Box 21 in the following sub-section.

Box 20 presents a range of practical country-level 
experiences with the use of GIS data for generation 
capacity expansion model. 

Chapter 7: Representing Transmission Capacity
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generic transportation network with maximum transfer capabilities equal to the sum of the thermal limits 
of individual transmission lines between each pair of load zones. It does not model the electric properties 
of the transmission network.  

Chile (Carvallo et al., 2014): A SWITCH model is developed in this study to to analyse the Chilean power 
system with a planning time horizon of 20 years, using 23 “load zones”. The load zones are defined to 
represent the geographical division and marginal cost subsystems used by system operators. Existing 
load and generation are allocated to these nodes based on their location in the power grid, and future 
projects are assigned to the particular load area in which they will be built. Existing transmission is reduced 
to corridors between adjacent and non-adjacent load areas, and future transmission is built based on 
existing corridors and potential new corridors defined by the user. Using the model, a scenario is developed 
to investigate the impacts of restriction on transmission expansions. Analysis shows that such limitation 
would result in curtailment of VRE, with additional coal power plants needed to compensate this. The 
results indicate the importance of transmission lines for accessing flexibility across load zones. While 
restricted transmission expansion would reduce transmission-related costs by 20%, it would increase 
generation-related costs over sevenfold for the same amount of VRE generation on the grid. 
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Supporting data and tools for site-specific 
representation of generation  
and transmission needs
To support the characterisation of different nodes, or 
zones of VRE resources, GIS-based maps of relevant 
resource data are increasingly available. These can 

enable planners to better represent and understand  
the investment implications of VRE location in 
the process of generation expansion planning.  

Specific examples of this type of data, from IRENA’s 
Global Atlas tool, are discussed in Box 21.

Box 21: Useful data sources: GIS data for transmission assessment

Figure 21: Zone ranking sorted by levelised cost of electricity (above) and by cumulative zone score

Source: IRENA and LBNL, 2015

Southern and Eastern Africa (IRENA and LBNL, 2015) In this study, multi-criteria analysis for planning 
renewable energy identifies geographical zones with good renewable energy resources and provides 
planners with techno-economic parameters for identified zones. It assesses wind, solar PV and CSP. 
Parameters included capacity factors, distances to load centres, existing transmission and road 
infrastructure, and environmental footprint, among others. Based on these, each identified VRE zone 
is characterised with a unique levelised cost of electricity (LCOE), taking into account not only capacity 
factors, but also transmission investment and infrastructure costs, and (in the case of wind) suitable types 
of turbines.
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Global (IRENA, n.d.): IRENA’s Global Atlas hosts GIS data on power sector infrastructure. These include 
“Global power lines, substations, and generators” from the OpenStreetMap 2015 extract (© OpenStreetMap 
contributors)59, “Transmission lines” from the ECOWAS Regional Centre for Renewable Energy and Energy 
Efficiency (ECREEE)60 and “Power and Gas Grid Map of South Asia” from NREL61 .

Figure 22: Kenya wind zones as shown in the interactive PDF map 

Figure 23: Excerpt from IRENA’s Global Atlas (layer: global power lines, substations and generators) 

Source: IRENA and LBNL, 2015

Source: OpenStreetMap 2015 Extract © OpenStreetMap contributors

59 This map shows the power lines, substations and power generators for the whole world. The power lines have been reviewed for positional 
accuracy using Google satellite maps. Most of the lines checked on the map seem to correspond with their actual location, as confirmed 
by high-resolution aerial images from the satellite maps. Limitations on the dataset include incompleteness in certain areas and less 
information on the voltage capacity of some of the lines. This dataset was extracted from the OpenStreetMap initiative. OpenStreetMap®  
is open data, licensed under the Open Data Commons Open Database License (ODbL) by the OpenStreetMap Foundation (OSMF).

60 The dataset gives information on low, medium and high voltage transmission lines that was originally compiled for the World-Bank-led 
Infrastructure Consortium for Africa (ICA). In 2012 the dataset was updated by ECREEE. Grid connections in the ECOWAS region are 
represented, as estimated by the Environmental Systems Research Institute.

61 NREL’s Power and Gas Grid Map of South Asia was prepared for the US Agency for International Development (USAID) under the SARI/
Energy program, for selected South Asian countries, and covers the transmission lines and power plant infrastructure as of 2006.
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8 representing stabiLity  
 constraints on variabLe 
 renewabLe energy penetration 

Key points of Chapter 8 

Exploring possible constraints: Concerns about system stability at high VRE penetration levels – due 
primarily to operation with insufficient synchronous generators – currently may impose technical upper limits 
on instantaneous penetration in isolated systems. Such limits, and other potential bottlenecks in addressing 
near-term technical barriers, may need to be reflected as constraints in long-term generation expansion 
models, and explored as alternative scenarios.

General complexity: High

As discussed in Section 3.1, maintaining both inertia 
and frequency response capability is relevant in long-
term transition planning due to the consequences of 
these for stability in certain power systems with a 
dominant share of VRE. Small and isolated systems 
are more likely to be faced by such challenges sooner 
than large interconnected ones.

VRE can, technically, provide services that contribute 
to the stability of power systems – e.g., reactive 
power support, frequency support, contingency 
reserves, balancing services and black start62 – and 
advanced grid codes already take into account the 
need for active VRE participation in providing them 
(Dragoon and Papaefthymiou, 2015; IRENA, 2016d). 
Nonetheless, at a very high share of VRE, a lack of 
inertia – leading to insufficient frequency response 
capability – may force system operators to consider 
technical limits on instantaneous VRE penetration 
(the VRE share of overall generation at a given time). 

For example, DigSILENT and Ecofys (2010) estimated 
that a restriction on instantaneous penetration of 
inertia-less generation of 70% needs to be in place in 
the Irish power system for the year 2020 if no inertia 
– such as emulated inertia from wind turbines – is 
added to the system. Determining an appropriate level 
for such a limit, however, requires running dynamic 
stability studies, which need a high level of technical 
detail on a system.

Due to their requirements for data, stability studies 
are more meaningfully applied in assessing a present 
system or a configuration in the very near future, and 
may not be as suitable for assessing a hypothetical 
system in the distant future, particularly in emerging 
countries where systems are expected to evolve 
dramatically. Although technical VRE penetration 
limits may be suggested under the configuration of 
a current system, they may not necessarily persist in 
the long term. Yet, long-term generation expansion 
models could still incorporate indicative limits on VRE’s 
instantaneous penetration as one of the scenarios for 
different levels of interconnection envisaged for the 
future. 

The same principle can be applied to the incorporation 
of other operational constraints into generation 
expansion scenarios. Operational bottlenecks of 
current systems are typically identified through so-
called VRE integration studies (e.g., World Bank, 2013). 
Such studies may be either technical or institutional, 
and include, for example, transmission bottlenecks 
and limitations in interconnectivity to neighbouring 
systems. 

Chapter 8: Representing Stability Constraints on Variable Renewable Energy Penetration

62 As per ENTSO-E (2011), black start refers to “the procedure of reestablishing the electricity supply within a control area after a total 
disruption of the supply”.
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Planning impact addressed Solutions Complexity of implementation

All Increasing temporal and spatial resolution (Section 4.2)

Firm capacity Better calibration of time slice using VRE generation 
data (Section 5.1)

Firm capacity Incorporating capacity credit (Section 5.2)

Flexibility Incorporating constraints on flexibility provision 
(Section 6.1)

Flexibility Validating flexibility balance in a system  (Section 6.2)

Flexibility Coupling with production cost models (Section 6.3)

Transmission capacity Linking investment needs with VRE expansion (Section 
7.1)

Transmission capacity Site-specific representation of generation and 
transmission needs (Section 7.2)

Stability constraints Representing stability constraints (Chapter 8)

concLusions 

Techno-economic modelling of future scenarios for 
the power sector has become a critical tool in planning 
the transition to renewable energy. Decision makers 
increasingly rely on model assessments to inform the 
development of policy and national renewable targets. 
A large body of knowledge has now been developed 
in this field, particularly around how to represent VRE 
in long-term models of generation expansion.   

Long-term planning priorities, largely in the context of 
developing and emerging countries, were assessed in 
this report. We found the most relevant areas of focus 
to be ensuring firm capacity, flexibility, transmission 
capacity and – in certain contexts – stability. 
Addressing these priorities explicitly in long-term 
generation expansion planning scenarios is critical for 
building consensus across stakeholders, who often 
are responsible for planning with different areas of 
focus and time horizons. 

Modelling tools to support long-term planning are 
increasingly capable of dealing with larger amounts 
of data, and new modelling solutions are consistently 
being invented and implemented. In emerging 
economies, where data availability and technical 
resources may be limited, the guiding principle 
for selecting appropriate solutions to improve the 
modelling of VRE deployment for long-term planning 
should be the availability of data and modelling 
expertise. Countries are advised to start simple 

when improving energy planning for a high share of 
VRE, and to take a strategic approach, over time, to 
advancing the scope and quality of models and the 
capabilities of their staff.

Many of the solutions presented here can be readily 
implemented within existing generation expansion 
tools, or regardless of the tools in use. For example, 
pre-processing of VRE data to extract key temporal 
and spatial features does not necessarily require 
major resources. Using pre-defined constraints or 
parameters to mimic more complex changes due to 
VRE deployment also can be implemented quickly 
using standard tools. More advanced solutions 
include the use of supplementary tools, such as the 
visualisation of load duration curves, to validate model 
results and the accuracy of VRE representation. The 
most advanced solutions involve linking generation 
expansion models with production cost models for 
such validation, or corrective, purposes. 

Table 16 lists the range of solutions discussed in this 
report and includes a highly indicative assessment of 
their implementation complexity. In reality, planners 
must first understand the details of a solution, including 
its requirements and alternatives, before gauging 
its complexity in the context of specific national 
circumstances. The difficulty of implementation also 
is likely to evolve over time as solutions are constantly 
reassessed and improved. 

Table 16: List of the solutions discussed in this report

HighLow
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In addition to planning solutions for large-scale 
VRE deployment, this report provided a number of 
key points of reference for data and tools to aid in 
implementing solutions. 

Collecting data systematically, and mapping tools 
better, will continue to be major drivers of countries’ 
ability to plan long-term transitions to a high share 
of VRE. New knowledge about, and experiences 

of, long-term planning with VRE are growing 
rapidly. Exchanging experiences in planning among 
practitioners, policy makers and the energy modelling 
community is essential, as we are still in the learning 
process. IRENA – and energy planners and researchers 
– can help improve these key areas, and thus to 
accelerate a cost-effective power sector transition to 
renewable energy. 

Conclusions



Planning for the renewable future104

references

21st Century Power Partnership, (2016). Supporting Next-Generation Planning Modelling Practices at South Africa’s 
Power Utility Eskom. National Renewable Energy Laboratory (NREL).

Af-Mercados EMI, (2011). Guide des Outils de Planification du Systeme Electrique pour Ameliorer l’Integration du 
l'Energie Renouvelable - Application a la Region du Maghreb. [Guide for Utilities for Planning Electrical Systems to 
Improve the Integration of Renewable Energy — Application to the Maghreb Region].

Akhil, A.A., Huff, G., Currier, A.B., Kaun, B.C., Rastler, D.M., Chen, S.B., Cotter, A.L., Bradshaw, D.T., Gauntlett, W.D., 
(2013). DOE/EPRI 2013 Electricity Storage Handbook in Collaboration with NRECA (No. SAND2013-5131). Sandia 
National Laboratories, California, US.

Anandarajah, G., Strachan, N., Ekins, P., Kannan, R., Hughes, N., (2009). Pathways to a Low Carbon Economy: Energy 
Systems Modelling (UKERC Energy 2050 Research Report 1 No. UKERC/RR/ESM/2009/001). UK Energy Research 
Centre (UKERC) and King’s College London, UK.

Bali, E., (2015). Renewables Energy Integration in Long-Term Energy Planning - Tunisian Case: Current Situation and 
Challenges. Tunisian Company of Electricity and Gas, Expert Workshop Addressing Variable Renewables in Long-
Term Planning (AVRIL), Bonn, Germany.

Blanford, G., Niemeyer, V., (2011). “Examining the role of renewable resources in a regional electricity model for the 
US”. 30th international energy workshop, Stanford University, US.

Borggrefe, F., Scholz, Y., Pregger, T., (2014). “Integrating renewable energies - estimating needs for flexibility, 
competition of technologies and the impact of grid extensions”. Presented at the International Workshop on 
“Addressing Flexibility in Energy System Models,” DLR - German Aerospace Center, Institute of Engineering 
Thermodynamics, Petten, The Netherlands.

Botswana Ministry of Finance and Development Planning, (2009). National Development Plan 10. Gaborone, 
Botswana.

BREE, (2014). Australian Energy Projections to 2049-50. Bureau of Resources and Energy Economics 
(Commonwealth of Australia), Canberra, Australia.

Bruynooghe, C., Eriksson, A., Fulli, G., (2010). “Load-following operating mode at Nuclear Power Plants (NPPs) and 
incidence on Operation and Maintenance (O&M) costs. Compatibility with wind power variability”. Publ. Off. Eur. 
Union, JRC Scientific and Technical Reports SPNR/POS/10 03 004 Rev. 05. doi:10.2790/2571.

Carvallo, J.P., Hidalgo González, P., Kammen, D.M., (2014). Envisioning a Sustainable Chile — Five Findings about the 
Future of the Chilean Electricity and Energy System. University of California, Berkeley, California, US.

CEER, (2016). Scoping of Flexible Response. Council of European Energy Regulators (CEER).

CEER, (2014). Assessment of Electricity Generation Adequacy in European Countries (No. C13-NaN-32–3). Council 
of European Energy Regulators (CEER), Brussels, Belgium.

Cochran, D.J., Lew, D., Kumar, N., (2013). Flexible Coal: Evolution from Baseload to Peaking Plant  
(No. BR-6A20-60575). National Renewable Energy Laboratory, Golden, Colorado, US.

Comisión Nacional de Energía, (2004). Plan Energético Nacional 2004-2015 [National Energy Comission, National 
Energy Plan 2004-2015]. Comisión Nacional de Energía, Santo Domingo, República Dominicana.

Connolly, D., Lund, H., Mathiesen, B.V., Leahy, M., (2010). “A review of computer tools for analysing the integration of 
renewable energy into various energy systems”. Appl. Energy 87, 1059–1082. doi:10.1016/j.apenergy.2009.09.026.



105

De Leon Barido, D.P., Johnston, J., Moncada, M.V., Callaway, D., Kammen, D.M., (2015). “Evidence and future scenarios 
of a low-carbon energy transition in Central America: a case study in Nicaragua”. Environ. Res. Lett. 10, 104002. 
doi:10.1088/1748-9326/10/10/104002.

Deane, P., Gracceva, F., Chiodi, A., Gargiulo, M., Gallachóir, B.Ó., (2015). “Soft-linking exercises between TIMES, 
power system models and housing stock models”, in: Giannakidis, G., Labriet, M., Ó Gallachóir, B., Tosato, G. (Eds.), 
Informing Energy and Climate Policies Using Energy Systems Models: Insights from Scenario Analysis Increasing 
the Evidence Base.

De Sisternes, F.J., Jenkins, J.D., Botterud, A., (2016). “The value of energy storage in decarbonizing the electricity 
sector”. Appl. Energy 175 (2016), 368–379. doi:http://dx.doi.org/10.1016/j.apenergy.2016.05.014.

De Sisternes, F.J., Webster, M.D., (2013). Optimal Selection of Sample Weeks for Approximating the Net Load in 
Generation Planning Problems. Mass. Inst. Technol. MIT Eng. Syst. Div. ESD, ESD Working Paper Series.

Delarue, E., (2009). Modeling Electricity Generation Systems — Development and Application of Electricity 
Generation Optimization and Simulation Models, with Particular Focus on CO2 Emissions (PhD). Katholieke 
Universiteit Leuven, Leuven, Belgium.

Delgado Contreras, N.R., (2016). La Planeación del Sistema Eléctrico Nacional y el Futuro de la Capacidad de 
Generación en Manos del Estado [Planning the National Electricity System and the Future of Governmental 
Generation Capacity].

DENA, (2005). Planning of the Grid Integration of Wind Energy in Germany Onshore and Offshore up to the Year 
2020 (Dena Grid study) (Summary of the Essential Results of the Study). Deutsche Energie-Agentur GmbH, Berlin, 
Germany.

Denholm, P., Hand, M., (2011). “Grid flexibility and storage required to achieve very high penetration of variable 
renewable electricity”. Energy Policy 39, 1817–1830. doi:10.1016/j.enpol.2011.01.019.

Diakov, V., Cole, W., Sullivan, P., Brinkman, G., Margolis, R., (2015). Improving Power System Modeling: A Tool to 
Link Capacity Expansion and Production Cost Models (Technical Report No. NREL/TP-6A20-64905). National 
Renewable Energy Laboratory (NREL), Golden, Colorado, US.

DigSILENT, Ecofys, (2010). All Island TSO Faciliation of Renewables Studies (No. PEGEDE083532).

DNV GL, unpublished-a. Study on Investments in Renewable Energy Grid Integration Technologies: Final report 
(Submitted in September 2015), Final report submitted to IRENA under a consultancy contract, “Study on 
Investment in Renewable Energy Grid Integration Technologies.” Bonn, Germany.

DNV GL, unpublished-b. Guide for the Estimation of RE Driven Transmission Grid Expansion, Final report submitted 
to IRENA under a consultancy contract. Bonn, Germany

DNV GL Energy, (2014). Integration of Renewable Energy in Europe. DNV GL Energy.

Dominion, (2016). Dominion Virginia Power's and Dominion North Carolina Power’s Report of Its Integrated 
Resource Plan.

Dragoon, K., Papaefthymiou, G., (2015). Power System Flexibility Strategic Roadmap - Preparing Power Systems 
to Supply Reliable Power from Variable Energy Resources (No. POWDE15750). Ecofys Germany GmbH, Berlin, 
Germany.

Dreidy, M., Mokhlis, H., Mekhilef, S., (2017). “Inertia response and frequency control techniques for renewable energy 
sources: a review”. Renew. Sustain. Energy Rev. 69, 144–155. doi:10.1016/j.rser.2016.11.170.

References



Planning for the renewable future106

Echinope, V., (2014). Infrastructura de la Calidad para Calentadores Solares de Agua y Pequeños Aerogeneradores 
[Quality Infrastructure for Solar Thermal Water Heaters and Small Wind Power].

ECMWF, n.d. ERA-Interim | ECMWF [WWW Document]. ECMWF - Eur. Cent. Medium-Range Weather Forecasts.  
www.ecmwf.int/en/research/climate-reanalysis/era-interim (accessed 6.5.16).

EIA, (2015). “Wind generation seasonal patterns vary across the United States” [WWW Document]. Today Energy. 
www.eia.gov/todayinenergy/detail.php?id=20112 (accessed 12.11.16).

EIA, n.d. Glossary [WWW Document]. Indep. Stat. Anal. www.eia.gov/tools/glossary/ (accessed 1.10.17).

EirGrid, SONI, (2016). DS3 Programme Operational Capability Outlook 2016.

EirGrid, SONI, (2013). DS3: Frequency Control Workstream. EirGrid and System Operator for Northern Ireland 
(SONI).

Ela, E., Kirby, B., Lannoye, E., Milligan, M., Flynn, D., Zavadil, B., O’Malley, M., (2010). “Evolution of operating reserve 
determination in wind power integration studies”, in: 2010 IEEE Power and Energy Society General Meeting. 
Presented at the 2010 IEEE Power and Energy Society General Meeting, pp. 1–8. doi:10.1109/PES.2010.5589272.

Ela, E., Milligan, M., Kirby, B., (2011). Operating Reserves and Variable Generation (No. NREL/TP-5500-51978). 
National Renewable Energy Laboratory (NREL), Golden, Colorado, US.

Energy Commission of Nigeria, (2014). National Energy Masterplan (Draft Revised Edition). Abuja, Nigeria.

ENTSO-E, (2015). Scenario Outlook & Adequacy Forecast 2015. European Network of Transmission System 
Operators for Electricity (ENTSO-E).

ENTSO-E, (2011). ENTSO-E Definitions and Acronyms [WWW Document]. ENTSO-E Metadata Repos.  www.emr.
entsoe.eu/glossary/bin/view/GlossaryCode/GlossaryIndex (accessed 10.27.16).

EPRI, (2016). Power System Flexibility Assessment InFLEXion Flexibility Assessment Tool, Electric Power Research 
Institute.

EPRI, (2015). PRE-SW: System Flexibility Screening and Assessment Tool (InFLEXion) v4.0 — Beta [WWW 
Document]. Electr. Power Res. Inst. EPRI.  www.epri.com/abstracts/Pages/ProductAbstract.aspx?Product
Id=000000003002005760 (accessed 8.23.16).

EPRI, (2014). “Metrics for quantifying flexibility in power system planning”, Technical Paper Series. Electric Power 
Research Institute (EPRI).

ERC, (2011). Updated Cost Power Development Plan, Study period: 2011-2031. Energy Regulatory Commission, 
Kenya.

ERI RAS and ACRF, (2015). World Energy Markets Evolution and Its Consequences for Russia. The Energy Research 
Institute of the Russian Academy of Sciences (ERI RAS) and The Analytical Center for the Government of the 
Russian Federation (ACRF), Moscow.

ESMAP, (2010). Regional Power Sector Integration Lessons from Global Case Studies (No. Briefing Note 004/10). 
The World Bank, Washington, DC, US.

ESRI, (2010). GIS Best Practices — GIS for Renewable Energy. Environmental Systems Research Institute (ESRI).

ETESA, (2016). Plan de Expansión del Sistema Interconectado Nacional 2015-2029 [Electric Transmission Company, 
Expansion Plan for the National Interconnected System 2015 - 2029] (No. ETE-GTR-GLP-002-2016). Empresa de 
Transmisión Eléctrica, S.A., Panama.

http://www.ecmwf.int/en/research/climate-reanalysis/era-interim
http://www.eia.gov/todayinenergy/detail.php%3Fid%3D20112
www.eia.gov/tools/glossary/
https://www.entsoe.eu/data/data-portal/glossary/Pages/home.aspx
https://www.entsoe.eu/data/data-portal/glossary/Pages/home.aspx
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx%3FProductId%3D000000003002005760
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx%3FProductId%3D000000003002005760


107

EWC, (2016). Wind Potential Analysis [WWW Document]. Eur. Weather Consult EWC.  www.weather-consult.com/
en/windpotenzialanalyseinfo (accessed 1.11.16).

Exponent, (2014). Official CALPUFF Modeling System [WWW Document]. Expon. — Eng. Sci. Consult.  www.src.
com/ (accessed 6.5.16).

FICHTNER GmbH & Co. KG, (2013). Islamic Republic of Afghanistan: Power Sector Master Plan (Financed by the 
Japan Fund for Poverty Reduction).

Filali, M., (2015). Moroccan Power System. Expert Workshop Addressing Variable Renewables in Long-Term Planning 
(AVRIL), Bonn, Germany.

GE Energy Management Energy Consulting, (2015). Executive Summary Report, Barbados Wind and Solar 
Integration Study. Barbados Light and Power Company Limited.

Ghana Energy Commission, (2006). Strategic National Energy Plan (SNEP) 2006-2020.

Golling, C., (2012). A Cost-Efficient Expansion of Renewable Energy Sources in the European Electricity System: 
An Integrated Modelling Approach with a Particular Emphasis on Diurnal and Seasonal Patterns, Schriften des 
energiewirtschaftlichen Instituts. Oldenbourg Industrieverlag, Munich, Germany.

Gonzales Aparicio, I., Zucker, A., (2015). Meteorological Data for RES-E Integration Studies — State of the Art Review 
(No. EUR 27587). Joint Research Centre (JRC) (European Union).

Government of Italy, (2013). Strategia Energetica Nazionale: Per un’Energia più Competitiva e Sostenibile [National 
Energy Strategy: For more Competitive and Sustainable Energy].

Hall, L.M.H., Buckley, A.R., (2016). “A review of energy systems models in the UK: prevalent usage and categorisation”. 
Appl. Energy 169, 607–628. doi:10.1016/j.apenergy.2016.02.044.

Haller, M., Ludig, S., Bauer, N., (2012). “Decarbonization scenarios for the EU and MENA power system: considering 
spatial distribution and short-term dynamics of renewable generation”. Energy Policy 47, 282–290. doi:10.1016/j.
enpol.2012.04.069.

He, G., Avrin, A.-P., Nelson, J.H., Johnston, J., Mileva, A., Tian, J., Kammen, D.M., (2016). “SWITCH-China: a systems 
approach to decarbonizing China’s power system”. Environ. Sci. Technol. 50, 5467–5473. doi:10.1021/acs.est.6b01345.

Hidalgo González, I., Ruiz Castello, P., Sgobbi, A., Nijs, W., Quoilin, S., Zucker, A., Thiel, C., (2015). Addressing 
Flexibility in Energy System Models (Science and Policy Report No. EUR 27183). Institute for Energy and Transport, 
Joint Research Centre (European Union), Luxembourg.

Hirth, L., Ueckerdt, F., Edenhofer, O., (2015). “Integration costs revisited – an economic framework for wind and 
solar variability”. Renew. Energy 74, 925–939. doi:10.1016/j.renene.2014.08.065.

Holttinen, H., Kiviluoma, J., Forcione, A., Milligan, M., Smith, C.J., Dillon, J., Dobschinski, J., Roon, S. van, Cutululis, 
N., Orths, A., Eriksen, P.B., Carlini, E.M., Estanqueiro, A., Bessa, R., Söder, L., Farahmand, H., Torres, J.R., Jianhua, 
B., Kondoh, J., Pineda, I., Strbac, G., (2016). “Design and operation of power systems with large amounts of wind 
power” (Final summary report No. 268), IEA Wind Task 25. VTT.

Holttinen, H., Meibom, P., Orths, A., Lange, B., O’Malley, M., Tande, J.O., Estanqueiro, A., Gomez, E., Söder, L., Strbac, 
G., Smith, J.C., van Hulle, F., (2011). Impacts of Large Amounts of Wind Power on Design and Operation of Power 
Systems, Results of IEA Collaboration. Wind Energy 14, 179–192. doi:10.1002/we.410.

References

http://www.weather-consult.com/en/windpotenzialanalyseinfo
http://www.weather-consult.com/en/windpotenzialanalyseinfo
http://www.src.com/
http://www.src.com/


Planning for the renewable future108

Holttinen, H., Meibom, P., Orths, A., van Hulle, F., Lange, B., O’Malley, M., Pierik, J., Ummels, B., Tande, J.O., Estanqueiro, 
A., Matos, M., Gomez, E., Söder, L., Strbac, G., Shakoor, A., Ricardo, J., Smith, J.C., Milligan, M.R., Ela, E., VTT Technical 
Research Centre of Finland, National Renewable Energy Laboratory (NREL), (2009). Design and Operation of 
Power Systems with Large Amounts of Wind Power: Final Report, IEA Wind Task 25, Phase One, 2006-2008. VTT 
Technical Research Centre of Finland, Espoo, Finland.

Holttinen H, Meibom P, Orths A, Hulle F.V, Lange B, O’Malley M, Pierik J, Ummels B, Tande J.O, Estanqueiro A, Matos 
M, Soder L, Strbac G, Shakoor A, Ricardo J, Smith J.C, Milligan M, Ela E, (2009). Design and Operation of Power 
Systems with Large Amounts of Wind Power.

Hout, M. van, Koutstaal, P., Ozdemir, O., Seebregts, A., (2014). Quantifying Flexibility Markets (No. ECN-E--14-039). 
Energy Research Centre of The Netherlands (ECN), Petten, The Netherlands.

IEA, (2015). World Energy Model Documentation. Organisation for Economic Co-operation and Development 
(OECD), International Energy Agency (IEA), Paris, France.

IEA, (2014). The Power of Transformation: Wind, Sun and the Economics of Flexible Power Systems. Organisation 
for Economic Co-operation and Development (OECD), International Energy Agency (IEA), Paris, France.

IEA, (2012). Energy Technology Perspectives 2012 — Pathways to a Clean Energy System. Organisation for Economic 
Co-operation and Development (OECD), International Energy Agency (IEA), Paris, France.

IEA, (2011). Harnessing Variable Renewables — A Guide to the Balancing Challenge. Organisation for Economic  
Co-operation and Development (OECD), International Energy Agency (IEA), Paris, France.

IEA Wind, (2013). Expert Group Report on Recommended Practices — 16. Wind Integration Studies.

IRENA, (forthcoming-a). "Planning of Electricity Grids in Small Island Developing States with Variable Renewable 
Energy – A Methodological Guide". International Renewable Energy Agency (IRENA), Abu Dhabi, UAE.

IRENA, (forthcoming-b). "Methodology for the Stability Assessment of Isolated Power Systems". International 
Renewable Energy Agency (IRENA), Abu Dhabi, UAE.

IRENA, (forthcoming-c). "Adapting electricity market design to high shares of variable renewable energy". 
International Renewable Energy Agency (IRENA), Abu Dhabi, UAE.

IRENA, (forthcoming-d). "Practitioner’s Guide to Grid Integration of Variable Renewable Energy" – Electricity 
(Draft). International Renewable Energy Agency (IRENA) and Energinet.dk, Abu Dhabi, UAE.

IRENA, (2016a). REmap 2030 — A Renewable Energy Roadmap [WWW Document]. REmap.  www.irena.org/
remap/ (accessed 12.9.16).

IRENA, (2016b). IRENA-Swaziland Energy Planning Capacity-Building Programme: Scenario Building [WWW 
Document]. Events Arch.  www.irena.org/menu/index.aspx?mnu=Subcat&PriMenuID=30&CatID=79&Subcat
ID=2743 (accessed 12.9.16).

IRENA, (2016c). REmap Renewable Energy Prospects: Dominican Republic. International Renewable Energy 
Agency (IRENA), Abu Dhabi, UAE.

IRENA, (2016d). Scaling Up Variable Renewable Power: The Role of Grid Codes. International Renewable Energy 
Agency (IRENA), Abu Dhabi, UAE.

IRENA, (2016e). Workshop Summary: First Stakeholder Consultation Workshop in Support of Regulatory 
Approaches for Long-Term Electricity Resource Planning, Swakopmund, Namibia.

http://www.irena.org/remap/
http://www.irena.org/remap/
http://www.irena.org/menu/index.aspx%3Fmnu%3DSubcat%26PriMenuID%3D30%26CatID%3D79%26SubcatID%3D2743
http://www.irena.org/menu/index.aspx%3Fmnu%3DSubcat%26PriMenuID%3D30%26CatID%3D79%26SubcatID%3D2743
http://www.irena.org/DocumentDownloads/Publications/IRENA_REmap_Dominican_Republic_summary_2016_EN.PDF
http://www.irena.org/DocumentDownloads/Publications/IRENA_REmap_Dominican_Republic_summary_2016_EN.PDF
http://www.irena.org/DocumentDownloads/Publications/IRENA_Grid_Codes_2016.pdf
http://www.irena.org/DocumentDownloads/Publications/IRENA_Grid_Codes_2016.pdf


109

IRENA, (2015a). Renewable Energy Target Setting. IRENA, Abu Dhabi, UAE.

IRENA, (2015b). Battery Storage for Renewables: Market Status and Technology Outlook. IRENA, Abu Dhabi, UAE.

IRENA, (2015c). Renewables and Electricity Storage. A Technology Roadmap for REmap 2030, International 
Renewable Energy Agency (IRENA), Abu Dhabi, UAE.

IRENA, (2013a). Smart Grids and Renewables: A Guide for Effective Deployment (working paper). International 
Renewable Energy Agency (IRENA), Abu Dhabi, UAE.

IRENA, (2013b). Southern African Power Pool: Planning and Prospects for Renewable Energy. International 
Renewable Energy Agency (IRENA), Abu Dhabi, UAE.

IRENA, n.d. Global Atlas for Renewable Energy [WWW Document].  http://irena.masdar.ac.ae/ (accessed 4.7.16).

IRENA and LBNL, (2015). Renewable Energy Zones for the Africa Clean Energy Corridor — Multi-Criteria Analysis 
for Planning Renewable Energy. International Renewable Energy Agency (IRENA) and Lawrence Berkeley National 
Laboratory (LBNL), Abu Dhabi, UAE.

Jacobs, D.D., Couture, T.D., Zinaman, O., Cochran, D.J., (2016). RE Transition — Transitioning to Policy Frameworks 
for Cost-Competitive Renewables. IEA Technology Collaboration Programme for Renewable Energy Technology 
Deployment (IEA-RETD), Utrecht, The Netherlands.

Jil, T., (2016). "Development of Methodological Guidelines for the Integration of Variable Renewable Energies in 
a Small Island Developing State (SIDS): Assessing Transmission Costs Associated with VRE  Dominican Republic 
Practical Case" (Master Thesis Report). European Joint Masters in Management and Engineering of Environment 
and Energy, Bonn, Germany.

Johnson, N., Strubegger, M., McPherson, M., Parkinson, S.C., Krey, V., Sullivan, P., (2016). “A reduced-form approach 
for representing the impacts of wind and solar PV deployment on the structure and operation of the electricity 
system”. Energy Econ. doi:10.1016/j.eneco.2016.07.010.

Jones, L.E., (2014). Renewable Energy Integration: Practical Management of Variability, Uncertainty and Flexibility 
in Power Grids. Elsevier, AP, Amsterdam, The Netherlands; Boston, Massachusetts, US.

Kannan, R., Turton, H., (2012). A Long-Term Electricity Dispatch Model with the TIMES Framework. Environmental 
Model. Assess. 18.

Kies, A., Schyska, B., von Bremen, L., (2016). “Curtailment in a highly renewable power system and its effect on 
capacity factors”. Energies 9, 510. doi:10.3390/en9070510.

King, J., Kirby, B., Milligan, M., Beuning, S., (2011). Flexibility Reserve Reductions from an Energy Imbalance Market 
with High Levels of Wind Energy in the Western Interconnection (Technical Report No. NREL/TP-5500-52330). 
National Renewable Energy Laboratory (NREL), Golden, Colorado, US.

Krishnan, V., Ho, J., Hobbs, B.F., Liu, A.L., McCalley, J.D., Shahidehpour, M., Zheng, Q.P., (2015). “Co-optimization of 
electricity transmission and generation resources for planning and policy analysis: review of concepts and modeling 
approaches”. Springer-Verl. Berl. Heidelb. 2015, Energy Syst 36. doi:DOI 10.1007/s12667-015-0158-4.

Kundur, P., Paserba, J., Ajjarapu, V., Andersson, G., Bose, A., Canizares, C., Hatziargyriou, N., Hill, D., Stankovic, 
A., Taylor, C., Van Cutsem, T., Vittal, V., (2004). “Definition and classification of power system stability” IEEE/
CIGRE Joint Task Force on Stability Terms and Definitions. IEEE Trans. Power Syst. 19, 1387–1401. doi:10.1109/
TPWRS.2004.825981.

References

http://www.irena.org/DocumentDownloads/Publications/IRENA_RE_Target_Setting_2015.pdf
http://www.irena.org/documentdownloads/publications/irena_battery_storage_report_2015.pdf
https://www.irena.org/DocumentDownloads/Publications/IRENA_REmap_Electricity_Storage_2015.pdf
https://www.irena.org/DocumentDownloads/Publications/smart_grids.pdf
https://www.irena.org/DocumentDownloads/Publications/SAPP.pdf
http://irena.masdar.ac.ae
http://www.irena.org/DocumentDownloads/Publications/IRENA-LBNL_Africa%2520RE%2520_CEC_2015.pdf
http://www.irena.org/DocumentDownloads/Publications/IRENA-LBNL_Africa%2520RE%2520_CEC_2015.pdf


Planning for the renewable future110

Lacerda, J.S., van den Bergh, J.C.J.M., (2016). “Mismatch of wind power capacity and generation: causing factors, 
GHG emissions and potential policy responses”. J. Clean. Prod. 128, 178–189. doi:10.1016/j.jclepro.2015.08.005.

Lannoye, E., Flynn, D., O’Malley, M., (2012). “Assessment of power system flexibility: a high-level approach”. IEEE, 
pp. 1–8. doi:10.1109/PESGM.2012.6345435.

Lee, N.C., Leal, V.M.S., (2014). “A review of energy planning practices of members of the Economic Community of 
West African States”. Renew. Sustain. Energy Rev. 31, 202–220. doi:10.1016/j.rser.2013.11.044.

LEI, (2016). NEWS — Preparation and Publication Material of Lithuanian National Energy Strategy [WWW 
Document]. Lith. Energy Inst.  www.lei.lt/main.php?m=237&l=3423&k=9&i=0 (accessed 9.24.16).

LEI, (2015). Nacionalinè Energetikos Strategija, Pirminis projektas diskusijoms (National energy strategy, first draft, 
subject to discussions) (8-19/31/17-1604.15.15). Lithuanian Energy Institute (LEI), Kaunas, Lithuania

Ludig, S., Haller, M., Schmid, E., Bauer, N., (2011). “Fluctuating renewables in a long-term climate change mitigation 
strategy”. Energy 36, 6674–6685. doi:10.1016/j.energy.2011.08.021.

Ma, J., Kirschen, D.S., Ochoa, L.F., Silva, V., Belhomme, R., (2012). “Evaluating and planning flexibility in sustainable 
power systems”. IEEE Transactions on Sustainable Energy 4, 200–209. doi:10.1109/TSTE.2012.2212471.

Madaeni, S.H., Sioshansi, R., Denholm, P., (2013). “Comparing capacity value estimation techniques for photovoltaic 
solar power”. IEEE J. Photovolt. 3, 407–415. doi:10.1109/JPHOTOV.2012.2217114.

Madaeni, S.H., Sioshansi, R., Denholm, P., (2012). Comparison of Capacity Value Methods for Photovoltaics in the 
Western United States (No. NREL/TP-6A20-54704). National Renewable Energy Laboratory (NREL), Golden, 
Colorado, US

Madrigal, M., Stoft, S., (2012). Transmission Expansion for Renewable Energy Scale-Up: Emerging Lessons and 
Recommendations. The World Bank, Washington, DC, US.

Mai, T., Barrows, C., Lopez, A., Hale, E., Dyson, M., Eurek, K., (2015). Implications of Model Structure and Detail for 
Utility Planning: Scenario Case Studies Using the Resource Planning Model (No. NREL/TP-6A20-63972). National 
Renewable Energy Laboratory (NREL), Golden, Colorado, US.

Mai, T., Logan, J., Blair, N., Sullivan, P., Bazilian, M., (2013). RE-ASSUME: A Decision Maker’s Guide to Evaluating 
Energy Scenarios, Modeling, and Assumptions (No. 1090954). International Energy Agency — Renewable Energy 
Technology Deployment.

Makhijani, S., Ochs, A., Weber, M., Konold, M., Lucky, M., Ahmed, A., (2013). Jamaica Sustainable Energy Roadmap: 
Pathways to an Affordable, Reliable, Low-Emission Electricity System. Worldwatch Institute, Washington, DC.

MBIE, (2016). “Electricity demand and generation scenarios”. Ministry of Business, Innovation and Employment 
(MBIE), Wellington, New Zealand.

MEECC, (2010). National Renewable Energy Action Plan in the Scope of Directive 2009/28/EC. Ministry for the 
Environment, Energy and Climate Change (MEECC).

Merrick, J.H., (2016). “On representation of temporal variability in electricity capacity planning models”. Energy 
Econ. 59, 261–274. doi:10.1016/j.eneco.2016.08.001.

Milligan, M., Frew, B., Zhou, E., Arent, D.J., (2015). Advancing System Flexibility for High Penetration Renewable 
Integration (No. NREL/TP-6A20-64864). National Renewable Energy Laboratory (NREL), Golden, Colorado, US.

www.lei.lt/main.php%3Fm%3D237%26l%3D3423%26k%3D9%26i%3D0%20


111

Mills, A.D., Wiser, R.H., (2012a). Changes in the Economic Value of Variable Generation at High Penetration Levels:  
A Pilot Case Study of California. Energy Technologies Area (ETA), Lawrence Berkeley National Laboratory, Berkeley, 
California, US.

Mills, A.D., Wiser, R.H., (2012b). An Evaluation of Solar Valuation Methods Used in Utility Planning and Procurement 
Processes (No. LBNL-5933E). Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California, US.

Mines ParisTech, Armines, (2004). Maps of Irradiation, Irradiance, and UV [WWW Document]. SoDa — Sol. Energy 
Serv. Prof.  www.soda-is.com/eng/map/maps_for_free.html (accessed 12.9.16).

Ministerio de Hidrocarburos y Energía, (2014). Plan Eléctrico del Estado Plurinacional de Bolivia 2025 [Ministry 
of Hydrocarbons and Energy, The Electrical Plan for the Plurinational State of Bolivia] (No. Primera Edición [First 
Edition]). La Paz, Bolivia.

Ministerstwo Gospodarki, (2009). Prognoza Zapotrzebowania Na Paliwa I Energię Do 2030 Roku [Ministry of 
Economy, Demand forecast for fuels and energy until 2030]. Ministerstwo Gospodarki, Warsaw, Poland.

MME and EPE, (2007). Plano Nacional de Energia 2030 [Ministry of Mines and Energy & Company of Energy 
Research, National Energy Plan 2030]. Ministério de Minas e Energia (MME) and Empresa de Pesquisa Energética 
(EPE), Rio de Janeiro, Brazil.

MPEMR, (2011). Power System Master Plan 2010. People’s Republic of Bangladesh, Ministry of Power, Energy and 
Mineral Resources (MPEMR); Japan International Cooperation Agency (JICA); The Tokyo Electric Power Co., Inc. 
(TEPCO), Bangladesh.

Müller, S., (2013). Evaluation of Power System Flexibility Adequacy — The Flexibility Assessment Tool (FAST2). 
Presented at the 12th International Workshop on Large-Scale Integration of Wind Power into Power Systems as 
well as on Transmission Networks for Offshore Wind Power Plants, Organisation for Economic Co-operation and 
Development (OECD), International Energy Agency (IEA), London, UK.

Nagl, S., Fursch, M., Lindenberger, D., (2013). “The costs of electricity systems with a high share of 
fluctuating renewables: a stochastic investment and dispatch optimization model for Europe”. Energy J. 34. 
doi:10.5547/01956574.34.4.8.

Nahmmacher, P., Schmid, E., Hirth, L., Knopf, B., (2016). “Carpe diem: a novel approach to select representative days 
for long-term power system modelling”. Energy 112, 430–442. doi:10.1016/j.energy.2016.06.081.

Nahmmacher, P., Schmid, E., Hirth, L., Knopf, B., (2014). “Carpe diem: a novel approach to select representative days 
for long-term power system models with high shares of renewable energy sources” (SSRN Scholarly Paper No. ID 
2537072). Social Science Research Network, Rochester, NY.

NASA, (2016). MERRA: Modern-Era Retrospective Analysis for Research and Applications [WWW Document]. 
Glob. Model. Assim. Off.  https://gmao.gsfc.nasa.gov/reanalysis/MERRA/ (accessed 11.1.16).

NASEO, (2014). State Energy Planning Guidelines — A Guide to Develop a Comprehensive State Energy Plan Plus 
Supplemental Policy and Program Options. National Association of State Energy Officials (NASEO), Arlington, 
Virginia, US.

NCAR, (2016a). NCEP/NCAR Global Reanalysis Products, 1948-continuing [WWW Document]. Res. Data Arch. — 
Comput. Inf. Syst. Lab.  http://rda.ucar.edu/datasets/ds090.0/ (accessed 6.5.16).

NCAR, (2016b). NCAR Global Climate Four-Dimensional Data Assimilation (CFDDA) Hourly 40 km Reanalysis 
[WWW Document]. Res. Data Arch. — Comput. Inf. Syst. Lab.  http://rda.ucar.edu/datasets/ds604.0/  
(accessed 6.5.16).

References

http://www.soda-is.com/eng/map/maps_for_free.html
https://gmao.gsfc.nasa.gov/reanalysis/MERRA/
http://rda.ucar.edu/datasets/ds090.0/
http://rda.ucar.edu/datasets/ds604.0/


Planning for the renewable future112

NCAR, n.d. The Weather Research & Forecasting Model [WWW Document].  www.wrf-model.org/index.php 
(accessed 6.5.16).

NEC, (2013). Making the Right Choice for a Sustainable Energy Future: The Emergence of a “Green Economy.” 
National Energy Commission of Mauritius.

Nelson, J., Johnston, J., Mileva, A., Fripp, M., Hoffman, I., Petros-Good, A., Blanco, C., Kammen, D.M., (2012). “High-
resolution modeling of the Western North American Power System demonstrates low-cost and low-carbon 
futures”. Energy Policy 43, 436–447. doi:10.1016/j.enpol.2012.01.031.

NERC, (2011). Methods to Model and Calculate Capacity Contributions of Variable Generation for Resource 
Adequacy Planning. North American Electric Reliability Corporation (NERC), New Jersey, US.

NERC, California ISO, (2013). Maintaining Bulk Power System Reliability While Integrating Variable Energy 
Resources — CAISO Approach. North American Electric Reliability Corporation (NERC), California Independent 
System Operator Corporation (California ISO).

Nicolosi, M., Mills, A., Wiser, R., (2011). The Importance of High Temporal Resolution in Modeling Renewable Energy 
Penetration Scenarios. Lawrence Berkeley Natl. Lab. Berkeley Calif. US.

Nijs, W., Simoes, S., Ruiz, P., Sgobbi, A., Thiel, C., (2014). “Assessing the role of electricity storage in EU28 until 
2050”. IEEE, pp. 1–6. doi:10.1109/EEM.2014.6861273.

Northwest Power and Conservation Council, (2016). Seventh Northwest Conservation and Electric Power Plan. 
Northwest Power and Conservation Council.

NREL, (2015). “Sources of operational flexibility”, NREL/FS-6A20-63039. National Renewable Energy Laboratory 
(NREL) in Greening the Grid, Golden, Colorado, US.

NREL, (2012). Renewable Electricity Futures Study, NREL/TP -6A20- 52409. National Renewable Energy 
Laboratory., Golden, Colorado, US.

NREL, n.d. NREL’s PVWatts® Calculator [WWW Document]. PVWatts® Calc.  http://pvwatts.nrel.gov/  
(accessed 11.1.16).

Nweke, C.I., Leanez, F., Drayton, G.R., Kolhe, M., (2012). “Benefits of chronological optimization in capacity planning 
for electricity markets”. IEEE, pp. 1–6. doi:10.1109/PowerCon.2012.6401421

OFGEM, (2015). Electricity Security of Supply Report. Office of Gas & Electricity Markets (OFGEM), London, UK.

OFGEM, (2014). Electricity Capacity Assessment Report 2014. Office of Gas & Electricity Markets (OFGEM),  
London, UK.

OLADE, n.d. Planning Manual — Latin American Energy Organization (OLADE) [WWW Document]. Planif. 
Energética — Plan. Man.  www.olade.org/progproy/energy-planning/planning-manual/?lang=en (accessed 11.21.16).

Olsen, D.J., Matson, N., Sohn, M.D., Rose, C., Dudley, J., Goli, S., Kiliccote, S., Hummon, M., Palchak, D., Denholm, P., 
Jorgenson, J., Ma, O., (2013). Grid Integration of Aggregated Demand Response, Part I: Load Availability Profiles and 
Constraints for the Western Interconnection (No. LBNL-6417E). Lawrence Berkeley National Laboratory, Berkeley, 
California, US.

O’Sullivan, J., Rogers, A., Flynn, D., Smith, P., Mullane, A., O’Malley, M., (2014). “Studying the maximum instantaneous 
non-synchronous generation in an island system — frequency stability challenges in Ireland”. IEEE Trans. Power 
Syst. 29, 2943–2951. doi:10.1109/TPWRS.2014.2316974

http://www.wrf-model.org/index.php
http://pvwatts.nrel.gov/
http://www.olade.org/progproy/energy-planning/planning-manual/%3Flang%3Den


113

PacifiCorp, (2015). 2015 Integrated Resource Plan. Pacific Power Rocky Mountain Power (Pacific Corp), Portland, 
Oregon, US.

Perez, R., Taylor, M., Hoff, T., Ross, J.P., (2008). “Reaching consensus in the definition of photovoltaics capacity 
credit in the USA: a practical application of satellite-derived solar resource data”. IEEE J. Sel. Top. Appl. Earth Obs. 
Remote Sens. 1, 28–33. doi:10.1109/JSTARS.2008.2004362

Pfenninger, S., Staffell, I., (2016). Renewables.ninja [WWW Document].  https://beta.renewables.ninja/ (accessed 
12.9.16).

Philippine Department of Energy, n.d. Philippine Energy Plan 2012-2030. Department of Energy, Taguig City.

Pietzcker, R.C., Stetter, D., Manger, S., Luderer, G., (2014). “Using the sun to decarbonize the power sector: the 
economic potential of photovoltaics and concentrating solar power”. Appl. Energy 135, 704–720. doi:10.1016/j.
apenergy.2014.08.011.

Pina, A., Silva, C.A., Ferrão, P., (2013). “High-resolution modeling framework for planning electricity systems with 
high penetration of renewables”. Appl. Energy 112, 215–223. doi:10.1016/j.apenergy.2013.05.074.

Pina, A., Silva, C., Ferrão, P., (2011). “Modeling hourly electricity dynamics for policy making in long-term scenarios”. 
Energy Policy 39, 4692–4702. doi:10.1016/j.enpol.2011.06.062.

Pöller, M., (2014). Technology: Power System Security in Developing and Emerging Countries (No. Paper # 05), VRE 
Discussion Series. Deutsche Gesellschaft für Internationale  Zusammenarbeit (GIZ) GmbH, Eschborn, Germany.

Poncelet, K., Delarue, E., Duerinck, J., Six, D., D’haeseleer, W., (2014). The Importance of Integrating the Variability 
of Renewables in Long-term Energy Planning Models (TME Working Paper — Energy and Environment No. WP 
EN2014-20). KU Leuven.

Poncelet, K., Delarue, E., Six, D., Duerinck, J., D’haeseleer, W., (2016a). “Impact of the level of temporal and operational 
detail in energy-system planning models”. Appl. Energy 162, 631–643. doi:10.1016/j.apenergy.2015.10.100.

Poncelet, K., Hoschle, H., Delarue, E., Virag, A., D’haeseleer, W., (2016b). “Selecting representative days for capturing 
the implications of integrating intermittent renewables in generation expansion planning problems”. IEEE Trans. 
Power Syst. 1–1. doi:10.1109/TPWRS.2016.2596803.

Quoilin, S., Nijs, W., Gonzalez, I.H., Zucker, A., Thiel, C., (2015). “Evaluation of simplified flexibility evaluation tools 
using a unit commitment model”. IEEE, Petten, The Netherlands, pp. 1–5. doi:10.1109/EEM.2015.7216757.

RAEL, (2015). SWITCH — A Capacity Expansion Model for the Electricity Sector [WWW Document]. Renew. 
Appropr. Energy Lab.  https://rael.berkeley.edu/project/switch/ (accessed 11.3.13).

Rogers, J., Porter, K., (2012). Summary of Time Period-Based and Other Approximation Methods for Determining 
the Capacity Value of Wind and Solar in the United States (No. NREL/SR-5500-54338). National Renewable Energy 
Laboratory (NREL), Columbia, Maryland, US.

Schaber, K., Steinke, F., Hamacher, T., (2012). “Transmission grid extensions for the integration of variable renewable 
energies in Europe: who benefits where?” Energy Policy 43, 123–135. doi:10.1016/j.enpol.2011.12.040.

Scholz, Y., Gils, H.C., Pietzcker, R., (2016). “Application of a high-detail energy system model to derive power sector 
characteristics at high wind and solar shares”. Energy Econ. doi:10.1016/j.eneco.2016.06.021.

Schröder, A., Kunz, F., Meiss, J., Mendelevitch, R., von Hirschhausen, C., (2013). Current and Prospective Costs 
of Electricity Generation until 2050 (Data Documentation No. 68). DIW Berlin, German Institute for Economic 
Research, Berlin, Germany.

References

https://beta.renewables.ninja/%20
%20https://rael.berkeley.edu/project/switch/


Planning for the renewable future114

Secretaría de Energía, (2016). Programa de Desarrollo del Sistema Eléctrico Nacional 2016 - 2030 [Ministry of 
Energy, Development Programme of the National Electricity System 2016-2030], PRODESEN. Secretaría de 
Energía, Mexico.

Secretaría Nacional de Energía, (2016). Plan Energético Nacional 2015-2050 [National Ministry of Energy, National 
Energy Plan 2015-2050] (No. No. 28003-A). Panama.

Short, W., Sullivan, P., Trieu, M., Mowers, M., Uriarte, C., Blair, N., Heimiller, D., Martinez, A., (2011). Regional Energy 
Deployment System (ReEDS) (Technical Report No. NREL/TP-6A20-46534). National Renewable Energy 
Laboratory (NREL), Golden, Colorado, US.

Sigrin, B., Sullivan, P., Ibanez, E., Margolis, R.M., (2014). Representation of the Solar Capacity Value in the ReEDS 
Capacity Expansion Model. Presented at the IEEE Photovoltaic Specialists Conference, National Renewable Energy 
Laboratory (NREL), Golden, Colorado, US.

SNC-Lavalin, Parsons Brinckerhoff, (2011). Regional Power System Master Plan and Grid Code Study. Eastern Africa 
Power Pool (EAPP) and East African Community (EAC), Montreal, Quebec, Canada.

South Africa DOE, (2013a). Draft 2012 Integrated Energy Planning Report — Annexure B — Model Input and 
Assumptions (Optimisation model). South Africa Department of Energy, Pretoria, South Africa, www.energy.gov.
za/files/IEP/IEP_Publications/ANNEXURE-B-Model-Input-and-Assumptions-Sep2013.pdf (accessed 10.1.17).

South Africa DOE, (2013b). Integrated Resource Plan for Electricity (IRP) 2010-2030 Update Report 2013. South 
Africa Department of Energy, Pretoria, South Africa, www.doe-irp.co.za/content/IRP2010_updatea.pdf (accessed 
10.1.17).

Sullivan, P., Krey, V., Riahi, K., (2013). “Impacts of considering electric sector variability and reliability in the 
MESSAGE model”. Energy Strategy Rev., Future Energy Systems and Market Integration of Wind Power 1, 157–163. 
doi:10.1016/j.esr.2013.01.001.

Thomas, K., Vollmer, C., Werner, K., Lehmann, H., Müschen, K., (2010). Energieziel 2050: 100% Strom Aus 
Erneuerbaren Quellen [Department of Environment, Energy target 2050: 100% Electricity from Renewable Energy 
Sources]. Umweltbundesamt, Dessau-Roßlau, Germany.

Tigas, K., Giannakidis, G., Mantzaris, J., Lalas, D., Sakellaridis, N., Nakos, C., Vougiouklakis, Y., Theofilidi, M., Pyrgioti, E., 
Alexandridis, A.T., (2015). “Wide scale penetration of renewable electricity in the Greek energy system in view of the 
European decarbonization targets for 2050”. Renew. Sustain. Energy Rev. 42, 158–169. doi:10.1016/j.rser.2014.10.007

Tucson Electric Power Company, (2014). 2014 Integrated Resource Plan. Tucson Electric Power Company.

Ueckerdt, F., Pietzcker, R., Scholz, Y., Stetter, D., Giannousakis, A., Luderer, G., (2016). “Decarbonizing global power 
supply under region-specific consideration of challenges and options of integrating variable renewables in the 
REMIND model”. Energy Econ. doi:10.1016/j.eneco.2016.05.012.

Ueckerdt, F., Brecha, R., Luderer, G., (2015a). “Analyzing major challenges of wind and solar variability in power 
systems”. Renew. Energy 81, 1–10. doi:10.1016/j.renene.2015.03.002.

Ueckerdt, F., Brecha, R., Luderer, G., Sullivan, P., Schmid, E., Bauer, N., Böttger, D., Pietzcker, R., (2015b). “Representing 
power sector variability and the integration of variable renewables in long-term energy-economy models using 
residual load duration curves”. Energy 90, Part 2, 1799–1814. doi:10.1016/j.energy.2015.07.006.

Ueckerdt, F., Hirth, L., Luderer, G., Edenhofer, O., (2013). “System LCOE: What are the costs of variable renewables?” 
Energy 63, 61–75. doi:10.1016/j.energy.2013.10.072.

http://www.energy.gov.za/files/IEP/IEP_Publications/ANNEXURE-B-Model-Input-and-Assumptions-Sep2013.pdf
http://www.energy.gov.za/files/IEP/IEP_Publications/ANNEXURE-B-Model-Input-and-Assumptions-Sep2013.pdf
http://www.doe-irp.co.za/content/IRP2010_updatea.pdf


115

Ulam-Orgil, C., Lee, H.-W., Kang, Y.-C., (2012). "Evaluation of the wind power penetration limit and wind 
energy penetration in the Mongolian Central Power System”. J. Electr. Eng. Technol. 7, 852–858. doi:10.5370/
JEET.2012.7.6.852.

Ulbig, A., Andersson, G., (2015). “Analyzing operational flexibility of electric power systems”. Int. J. Electr. Power 
Energy Syst. 72, 155–164. doi:10.1016/j.ijepes.2015.02.028.

Voorspools, K.R., D’haeseleer, W.D., (2006). “An analytical formula for the capacity credit of wind power”. Renew. 
Energy 31, 45–54. doi:10.1016/j.renene.2005.03.017.

Vuorinen, A., (2016). Combustion Engine Power Plants. Ekoenergo OY, Aalto University, Espoo, Finland, www.
ekoenergo.fi/page62.php (accessed 10.1.17).

Welsch, M., Deane, P., Howells, M., Ó Gallachóir, B., Rogan, F., Bazilian, M., Rogner, H.-H., (2014a). “Incorporating 
flexibility requirements into long-term energy system models – a case study on high levels of renewable electricity 
penetration in Ireland”. Appl. Energy 135, 600–615. doi:10.1016/j.apenergy.2014.08.072.

Welsch, M., Howells, M., Hesamzadeh, M.R., Ó Gallachóir, B., Deane, P., Strachan, N., Bazilian, M., Kammen, D.M., 
Jones, L., Strbac, G., Rogner, H.-H., (2014b). “Supporting security and adequacy in future energy systems: the need 
to enhance long-term energy system models to better treat issues related to variability”. Int. J. Energy Res. 39, 
377–396. doi:10.1002/er.3250.

Wilson, R., Biewald, B., (2013). Best Practices in Electric Utility Integrated Resource Planning — Examples of State 
Regulations and Recent Utility Plans. Synapse Energy Economics and the Regulatory Assistance Project (RAP).

World Bank, (2013). “A Guide to Operational Impact Analysis of Variable Renewables — Application to the 
Philippines” (No. 90279). The World Bank Group.

Yáñez, J.P., Kunith, A., Chávez-Arroyo, R., Romo-Perea, A., Probst, O., (2014). “Assessment of the capacity credit of 
wind power in Mexico”. Renew. Energy 72, 62–78. doi:10.1016/j.renene.2014.06.038.

Zhang, Q., Mclellan, B.C., Tezuka, T., Ishihara, K.N., (2013). “An integrated model for long-term power generation 
planning toward future smart electricity systems”. Appl. Energy 112, 1424–1437. doi:10.1016/j.apenergy.2013.03.073.

References

http://www.ekoenergo.fi/page62.php%20
http://www.ekoenergo.fi/page62.php%20


Planning for the renewable future116

appendix 1:   
description of other  
irena power sector  
transformation work 

The focus of this report is on methodologies for 
techno-economic assessment of long-term generation 
capacity expansion. IRENA publishes additional 
materials that address other aspects of planning 
a transition to higher shares of VRE. In particular, 
institutional aspects including regulation, market 
design and grid codes, as well as short-term network 
planning methodologies, have been extensively 
addressed in a number of IRENA publications, which 
are listed below. These aspects are not discussed fully 
in the present report, and references are made as 
appropriate. 

Regulatory oversight of long-term power system 
planning, a project being implemented with the 
Council for Scientific and Industrial Research (CSIR) 
of South Africa and the Regulatory Assistance 
Project (RAP) of the United States, analyses the key 
institutional aspects surrounding developing and 
implementing long-term electricity plans in Southern 
Africa. It aims to propose an appropriate governance 
structure to support a long-term plan with a higher 
share of renewable energy. 

Practitioner's guide to grid integration of variable 
renewable energy – electricity (draft), prepared in 
co-operation with Energinet (IRENA, forthcoming-d), 
maps out the planning process for integrating VRE 
into a power system. It gives an overarching issue 
list, covering the overall planning of the energy 
system (the topic of this report), system operation, 
merit order of dispatch and the power market, the 
regulatory framework and subsidy schemes, and the 
permitting process.   

Planning of electricity grids in small-island 
developing states with variable renewable energy 
– a methodological guide (draft), prepared in co-
operation with Tractebel (IRENA, forthcoming-a) 
elaborates on VRE integration planning methodologies 
in small-island states. It covers mainly network and 
system operation planning. 

Methodology for the stability assessment of isolated 
power systems (draft), prepared in co-operation 
with Darmstadt University of Germany (IRENA, 
forthcoming-b), discusses the methodology for 
stability assessment (technical network studies as 
defined in Figure 3 of this report).

Study on investments in renewable energy grid 
integration technologies (draft), prepared in co-
operation with (DNV-GL, unpublished-a) describes 
a screening methodology to assess investment 
needs in transmission and distribution networks 
so as to connect and integrate renewable power 
generation capacity into existing and expanding grid 
infrastructure. 

Scaling up variable renewable power: the role 
of grid codes, prepared in co-operation with 
Energynautics GmbH (IRENA, 2016d), particularly 
discusses the process and best practices to elaborate 
and to implement a grid connection code to support 
technical integration of VRE into electricity grids. 

Adapting market design to the growing VRE 
generation and to the changing ownership structure 
in the electricity sector, prepared in co-operation with 
Comillas University (IRENA, forthcoming-c), discusses 
how governments can adapt their market rules and 
policies to take into consideration the evolution of the 
ownership structure in the electricity sector and to 
efficiently support the growth of renewable energy.
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appendix 2:   
planning support tools 

Long-term energy planning models
(time resolution: hours - seasons)

Geo-spatial planning models
(time resolution: hours - seasons)

Production cost models
(time resolution: minutes - hours)

Static grid models
(time resolution: single point)

Dynamic grid models
(time resolution: milliseconds - minutes)

Low detail / 
Wide scope

High detail / 
Narrow scope

Generation and 
network capacities

Network topology

Highly-resolved dispatch 
and operational details

Steady state grid currents 
and voltages

Figure 24: Tools and analyses for energy system planning and how they can interact

Specific tools are tailored to different scopes of 
planning. The discussion in Section 1.1 mentioned four 
categories of major planning steps with different time 
horizons: generation expansion planning; geo-spatial 
planning; dispatch planning; and technical network 
studies. Four modelling categories are identified for 
each step: long-term energy planning models; geo-
spatial planning models; production cost models; 
and network analysis models (subdivided into static 
and dynamic grid models). Distinctions among these 
modelling types are typically not stringent: advanced 
tools tend to cover multiple planning features. The 
tools used to assess near-term impacts typically have 
narrower system boundaries and higher levels of detail, 
in terms of space, time and technical representation. 
Those used to assess long-term impacts, by contrast, 
have wider system boundaries, have longer planning 
time horizons and typically are associated with low 
levels of detail. 

Figure 24 summarises how these models interact in a 
somewhat hierarchical manner. Typical characteristics 
of modelling tools relevant to each type are discussed 
below, and examples of commonly used modelling 
tools are given. Full names of abbreviated tools 
mentioned in this section are given in Appendix 4, 
along with the developers of the tools and links to the 
relevant websites. 

Long-term energy planning models
Long-term energy planning models – generally 
characterised by a wide scope and low level of 
temporal detail – determine the optimal long-term mix 
of technologies and the investment paths that lead 
to it. They are used by national and regional energy 
planners to develop energy master plans and to 
inform energy policy decision makers, and their time 
horizon typically ranges from 20 to 40 years, or even 
longer, in this context. They also are used for national 
or regional planning studies of energy sub-sectors 
such as the power sector, where investment decisions 
for generation capacity – whether at an aggregated 
or individual project level – are determined for each 
year, or at specific time intervals (e.g., every five years) 
during the planning time horizon. 

Long-term planning models dedicated to the power 
sector have been developed to capture more sector-
specific detail, without the exercise becoming 
computationally unwieldly. These aim primarily to 
calculate a path for power generation expansion 
which combines technologies that collectively meet 
variable demand: thus they are referred to here as 
“generation expansion models”. Typically, they 
cannot model detailed system dispatch for analysis 
over long planning time horizons, and instead employ 
reduced-form dispatch approaches in such cases 
(Diakov et al., 2015). Long-term planning models also 
typically optimise power trade and transfer capacities 
between regional clusters, when these are defined.

Appendix 2: Planning Support Tools
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Examples of long-term generation expansion 
modelling tools used in national and regional energy 
planning include MESSAGE, TIMES, MARKAL and 
OSeMOSYS, while dedicated power sector models 
include WASP, BALMOREL and PLEXOS-LT. Common 
features of long-term generation expansion modelling 
tools are discussed in Chapter 5.

Geo-spatial planning models
Better availability of GIS data and tools is making it 
easier for planners to assess the location-specific 
techno-economic performance of renewables, and 
investment needs for clusters of renewable energy 
projects. Various geo-spatial planning models have 
been developed to assist such assessments. Geo-
spatial planning models are increasingly used to 
assess alternative geo-referenced network topologies, 
replacing expert-judgement-based assessment. Such 
an assessment needs to factor in siting considerations 
for generation and the location of load centres, as well 
as physical topography and land use (e.g., mountain, 
valley and water bodies). This process of analysing 
network topography is a typical starting point for 
more detailed technical network studies.63 

Greater geo-spatial detail around various aspects of 
energy systems may be of less relevance to a system 
with predominantly thermal generation plants. 
Although locational constraints around air pollution 
and water are increasingly impacting site selection for 
thermal generators, their techno-economic attributes 
are not typically location-specific, and using expert 
knowledge to draw on a map might provide sufficient 
levels of geo-spatial detail for high-level planning 
purposes.

As location-constrained VRE becomes an increasingly 
important part of future energy systems, geo-spatial 
models may have an important role to complement 
decision making around long-term generation 
expansion, allowing it to take into account the economic 

trade-off between location-specific VRE productivity 
and transmission investment needs. State-of-the-art 
tools also are beginning to incorporate GIS elements 
into system-level optimisation models, but a generic 
method for such integration is not yet commonly 
available. Expanding static geo-spatial information 
into more dynamic energy planning is something that 
could be considered as a high priority for institutions 
and future research.

Further detail around the more recent uses of geo-
spatial planning described above can be found in 
Chapter 7, along with examples. Specific examples 
of actual GIS software often used in the renewable 
energy context are ArcGIS (e.g., ESRI, 2010), Quantum 
GIS, gvSIG, ILWIS and Global Mapper. 

Production cost models
Production cost models simulate routine power 
system operations at a relatively high time resolution 
– an hour or less. They use detailed information 
on loads, transmission and the fleet of generators; 
minimise the costs of production; and follow reliability 
requirements (Diakov et al., 2015). They also assess 
the cost of optimal unit commitment and economic 
dispatch of a power system64, typically in a one-year 
timeframe, during which the mix of capacity is held 
constant. 

This category of models typically requires such inputs 
as generation unit capacity by type, and sometimes 
includes the location of plants and network 
topography. Some of these inputs can be fed in from 
the outputs of long-term energy planning and geo-
spatial planning models. The operational constraints 
of individual power plants – such as the minimum 
generation limit, minimum up/down times, ramp rates 
and start-up costs – are normally taken into account in 
production cost models, and many of them also take 
into consideration network constraints for economic 
dispatch. 

63 For example, a full economic assessment of alternative transmission topologies, which would account for other trade-offs such as network 
congestion versus VRE curtailment, requires the production cost and static grid models described further below.

64 Unit commitment is the process of deciding the on/off status of generating units at each power station for dispatch during the next days. 
Economic dispatch is the process of deciding the power outputs from the committed generation units. The simulation of optimal unit 
commitment or dispatch is not limited to production cost models: standalone unit commitment and/or dispatch models are also available 
without explicit cost-quantifying functionality, and are often used for real-time scheduling or other operational analyses. 
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Production cost models are suited to evaluate the 
techno-economic implications (including the impacts 
on market prices) of alternative operating policies, 
and market architectures (e.g., capacity markets and 
ancillary services). Such models also can be used to 
verify whether a given mix of generation capacity is 
flexible enough to supply load at all times. Normally, 
investment costs are outside the scope of production 
cost models, so they are not meant to serve as the 
sole basis for long-term investment decision making. 

Commercial and non-commercial production cost 
modelling software is available. Examples include 
PLEXOS (which also includes a capacity expansion 
module), PROMOD, U-Plan, GTMax (Generation 
and Transmission Maximization), GridView, GRARE, 
EnergyPLAN, Dispa-SET and SIVAEL. 

Network analysis models
Network analysis typically is conducted at two levels: 
static network analysis (i.e., load-flow analysis) and 
dynamic network analysis (i.e., grid stability studies).65 
Both types of analyses are implemented to evaluate a 
network at a particular given point in time – for a given 
capacity mix, for a given network infrastructure and 
its topography, and for a given dispatch scenario (all 
of which together are referred to as an “operational 
point”). They both aim to evaluate technical 
bottlenecks in a system so as to maintain the required 
levels of reliability (for a definition of a “reliable” power 
system, see Section 3.6). 

Load-flow analysis is performed using static grid 
models, so as to assess needs for enhancing the grid, 
primarily to avoid network congestion. For planning 
purposes, this often is combined with geo-spatial 
analysis to assess the adequacy of a set of alternative 
network topologies (i.e., whether a transmission 
network has sufficient transport capacity) for a 
given year, or with a production cost model to assess 
thereliability of cost-optimal dispatch for a given  

network topography. A simple version of load-flow 
 analysis66 is often directly incorporated in a production 
cost model. 

Stability studies are performed using dynamic grid 
models, in order to simulate how a power system 
reacts after a disturbance (referred to in this report 
as a contingency event) and to check if it returns 
to normal operational conditions afterwards. This 
dynamic simulation has a temporal resolution of 
milliseconds, and is performed within a timeframe 
of seconds to minutes. Such studies require detailed 
representation of the network and typically focus on 
assessing the system in the present- to near-future, 
rather than at a point far ahead, due to the detail 
necessary for the analysis. 

Dynamic grid modelling tools are typically available 
as add-ons to a load-flow analysis model package. 
Examples of commercially available tools for load-
flow and stability analysis include PowerFactory 
(DIgSILENT GmbH), PSS®E (Siemens PTI), NEPLAN 
(NEPLAN AG), ANATEM (CEPEL), ETAP (ETAP), 
EUROSTAG (Tractebel), PowerWorld Simulator 
(PowerWorld Corporation) and PSLF (GE). 

Appendix 2: Planning Support Tools

65 Detailed descriptions of these analyses are given in IRENA (forthcoming-a)..

66 A simplified variant of full load flow is called DC load flow. In a DC flow model, the representation of voltage is simplified. A full load flow 
model is referred to as AC load flow. In a full AC load flow model, each node is characterised by four variables: active-power injection, 
reactive power injection, voltage angle and voltage level (Delarue, 2009).
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Appendix 4: List of the models mentioned in this report
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