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Supporters of this Expert Training Series



 Professor in the Electrical Power Department of Technical
University of Catalonia (UPC)

 Directive board member of the research group CITCEA-UPC,
where he leads the group of power systems dominated by
power electronics, including renewable energy (PV and wind),
HVDC transmission systems and other power converter based
systems (energy storage, EV chargers)

 20+ years of experience in the fields of renewable energy, power
electronics and power systems. Involved in a number of research
projects and contracts of technology transfer to industry.

 Coauthor of 3 books, 7 patents and > 100 journal publications,
mainly in the field of power electronics in power systems and
grid integration of renewables.

 Supervision of 18 doctoral theses and >60 Bachelor and Master
theses.

Expert Trainer: Prof Oriol Gomis-Bellmunt



This Training is 
part of Module 4, 
and focuses on the 
issue of planning 
of transmission 
systems with PV.

Overview of Training Course Modules

4
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Outline

• Introduction
• Challenges for the transmission systems 

and the system operation
• Transmission system planning
• Example studies
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Global investments worldwide

World Energy Investment 2019, IEA
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Global investments worldwide – electrical 
power sector

World Energy Investment 2019, IEA
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Global investments worldwide – electrical 
power sector - networks

World Energy Investment 2019, IEA
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Global investments worldwide – electrical 
power sector - networks

World Energy Investment 2019, IEA
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System integration

IEA (2019), "Status of Power System Transformation 2019"
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System integration in different countries

IEA (2019), "Status of Power System Transformation 2019"
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Challenging the transmission system

• PV generation has strong variability and limited 
predictability. This is an important difference with 
conventional thermal and hydro power generation with 
controllable output.

• PV power plant output varies periodically in different time 
scales (years, seasons, days) 

• High penetration of PV generation is a challenge for the 
transmission system:
– Demand-generation balancing
– Frequency fluctuations
– Voltage and power flow issues
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Transmission system planning

• In conventional systems, the planning is oriented to ensure the 
correct performance of the system to meet the peak load.

• In systems with significant penetration of renewables, the 
system energy and power needs has to be satisfied 
continuously. Non-dispatchable renewables (wind and PV) are 
generation sources which cannot be considered (power) 
capacity sources. The power capacity we expect from them 
has to be much lower than the nominal power and changes 
during the time depending on the resource availability.

• This implies that the system needs to take into account the so-
called net-load (considering non-dispatchable generation) 
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PV variability and conceptual solutions

Perez et al “Achieving very high PV penetration – The need for an effective electricity remuneration framework and a central role for grid 
operators” Energy Policy 2016
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Transmission system planning

• Transmission system planning needs to study the system 
impact of variable generation, considering how the load 
and variable generation changes. Studies need to take 
into account the potential accuracy of forecast systems 
which will be employed.  This is important for the 
transmission system planning, because the deviations 
will need to be balanced by the rest of the network using 
the transmission network.

• It needs to be ensured that the system include sufficient 
flexibility
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Impact of system flexibility on curtailed 
energy

Denholm and Hand, “Grid flexibility and storage required to achieve very high penetration of variable renewable electricity“ Energy 
Policy
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How is the flexibility achieved?

Haas et al “Challenges and trends of energy storage expansion planning for flexibility provision in low-carbon 
power systems – a review” Renewable and Sustainable Energy Reviews



18

Renewable energy zone (REZ) transmission 
planning process 

Lee et al. NREL,  Renewable energy zone transmission planning process: A guidebook
for practitioners

• Transmission planning decisions need to be 
made well in advance of  renewable generation 
development decisions. Wind and solar power 
pants are located where the resource is, typically 
far away from load centers. 
• Transmission system access to these areas may 
require 5–10 years to plan and construct; wind 
and solar generation projects only require 1–3 
years to construct. 
• Financing for these remote generation projects 
is not available without transmission access, but 
transmission lines cannot be built without a 
demonstrated need for service. 
• Renewable energy planning that does not 
consider transmission expansion may limit 
countries to less economical renewable energy 
development. 
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Renewable energy zone (REZ) transmission 
planning process 

Lee et al. NREL,  Renewable energy zone transmission planning process: A guidebook for practitioners

Resource assessment → Candidate zones selection →  Transmission planning
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Transmission system planning
• Adaptation or expansion of the transmission system can be needed, as 

the integration of massive amount of renewables can changes 
significantly the power flows. This can be achieved with
– Conventional solutions: Building new lines and substations.
– Flexible power system solutions: 

• Using power electronics (FACTS, HVDC) to better control the system.
• Using energy storage systems or demand side management.

• Studies need to consider also outages in the systems and ensure safe 
system operation in these conditions:  security constrained power flow 
analysis.

• These studies can take into account that modern power systems offer 
more controllability and flexibility and therefore corrective actions can 
be rapidly provided from several system units (like power electronics 
based converters)
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Analysis needed

Transmission Planning Studies for the Renewable Energy Zone (REZ) Process, N Lee, C Barrows, NREL, USA
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An example large scale PV Integration 
study -> impact on reserves

PNNL-20677, Large-Scale PV Integration Study, Pacific Northwest National Laboratory

• The study considers almost 900 MW of PV in Nevada (USA).
• PV plants range in size from 5 MW to over 300 MW at ten locations. 
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PV production variability

PNNL-20677, Large-Scale PV Integration Study, Pacific Northwest National Laboratory
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Impact on reserves – regulation capacity

PNNL-20677, Large-Scale PV Integration Study, Pacific Northwest National Laboratory

Additional reserve needed for PV installation
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Impact on reserves

PNNL-20677, Large-Scale PV Integration Study, Pacific Northwest National Laboratory

Additional ramping capability needed for PV installation
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Summary

• Transmission system planning including 
large PV power plants is challenging as it 
has to consider the intermittency and non-
dispatch-ability of PV.

• The additional costs related to operation 
and reserves are relevant and need to be 
studied for each system.

• Generation cost, power flow and stability 
studies are needed.



Thanks for your attention!
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